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4 Interplanetary Communication System Appendix
4.1 Mission Design
4.1.1 Trade Space of Solutions
This section of the report contains the alternative design architectures considered for the
Mars orbiting satellite(s) and Mars relay satellite(s) as well as the methodology used to decide the
final solution, which is described earlier in the Results section of this report. See Table 4.1.1.1 for
a summary of the trade space developed for the Mars orbiting satellite(s).
Table 4.1.1.1: Summary of Mars satellite trade study.

Percent Coverage per

Areosynchronous

Single Molniya

Circular Walker-

Orbit

Orbit

Delta

100%

57%

100%

0

10.32 hr.

0

∞

15.73 hr.

2.6 hr.

Day
Maximum Coverage
Gap
Max Dwell Time per

Day
We define the percent coverage per day as the total number of hours that the satellite maintains
Altitude(s)
17100 km
130-19000 km
500-4500 km
line of sight coverage with the colony divided by Mars’ sidereal day. This allows us to understand
very easily whether we can maintain constant line of sight coverage with the colony. We define
the maximum coverage gap to be the maximum time period when line of sight coverage with the
colony is lost and then reestablished. It is important to minimize the maximum coverage gap to 0
hours because then we have no gaps in coverage and are able to maintain constant coverage with
the colony. Finally, we define the maximum dwell time as the maximum time period that a satellite
is able to maintain line of sight coverage with the colony. Maximizing the dwell time means
minimizing the number of satellites because each satellite would provide coverage of the colony
for a relatively longer time period. However, this comes at a cost because if a satellite were to fail,
the maximum gap in coverage would then be equal to the maximum dwell time. Therefore, max
dwell time provides a good measure of the Mars satellite system’s level of redundancy. The
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aforementioned coverage parameters are used to evaluate the proposed satellite design
architectures.
The trade space for the relay satellite included 3 main options.
1. Constellation of heliocentric satellites
2. Using the cycler as a relay
3. Triangular Lagrange point relay
Several important metrics require analysis when determining which of the three methods to
implement. The two most important metrics are the required number of satellites and the maximum
distance the satellite would need to communicate.
Table 4.1.1.1.1: Trade space for relay satellites.

Method

Number of Satellites

Maximum Distance

Heliocentric

3-6

~200 million km

Cycler

N/A

400 million km

Lagrange Point

1

400 million km

Looking at these quantities, we notice a couple things. First, the heliocentric method requires the
most satellites. Talking with communications and control, it became apparent that the number of
satellites is the most costly metric in the system. Therefore, we rule out the heliocentric method.
Now, we are deciding between the use of the cycler as a relay and putting a satellite at a
Lagrange point. However, the use of the cycler requires that a cycler always be flying and to always
be in a position to relay data when the Earth and Mars are in conjunction and opposition. These
constraints prove too much to assume. Therefore, we are left with the only feasible option which
is the placement of a satellite at either L4 or L5.
Geometrically, the L4 and L5 points are the same and offer the same benefit. However, due
to the existence of more information regarding transfers to L5, we elect to choose L5. This could
be switched with no effect on the results however.
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4.1.1.1 Trade Space of Solutions for Mars Orbiting Satellite
We considered three main satellite architectures for providing communication between the
Mars ground station located at Chryse Planitia and orbiting satellites. The three potential satellite
architectures are included below.
1. Circular Walker-Delta Constellation at Low Mars Orbit
2. Molniya Orbit
3. Areosynchronous Orbit
We are mainly interested in minimizing the number of satellites required to maintain constant
communication between the Mars ground stations and Earth ground stations. We will use this
objective along with coverage characteristics like dwell time, coverage time, and gap time to
evaluate the optimality of each satellite architecture.
We eliminated the circular Walker-Delta constellation at Low Mars Orbit (LMO) option
very quickly. See Fig. 4.1.1.1.2 Error! Reference source not found. for an example circular
Walker-Delta constellation modeled in System Toolkit (STK). Fig. 4.1.1.1.2 contains an STK
model with three example circular Walker-Delta constellations at various altitudes. The image
shows that as altitude increases, the required number of satellites to provide constant coverage
decreases. In order to provide constant line of sight coverage between the colony located at Chryse
Planitia and satellites orbiting at LMO, a minimum of three satellites are needed at an altitude of
approximately 4500 km. If we moved the satellite constellation even closer to the surface of Mars,
the number of satellites required to maintain constant line of sight with the colony increases up to
nine satellites. It is important to note that as we move the satellites closer to Mars, we begin
decreasing the dwell time of each satellite. This means that each satellite provides coverage of the
colony for a shorter time. Minimizing the dwell time of the satellite is great because if a satellite
were to fail, coverage of the colony would be lost for a time period equal to the dwell time of the
constellation. The number of satellites required to maintain constant coverage at various altitudes
is shown in Fig. 4.1.1.1.1.

Purdue University | PROJECT DESTINY

A. Murali | 4-3

Interplanetary Communication System Appendix

Fig. 4.1.1.1.1: Minimum number of satellites required for full coverage of colony.
Plot credit to RJ Power.

Fig. 4.1.1.1.2 Example circular Walker-Delta Constellations at various altitudes.
Image credit to RJ Power.
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Additionally, at low altitudes, the design life of the satellites decreases because maneuver
costs increase in magnitude. Therefore, the lower the altitude of the constellation, the greater
number of satellites required to provide full coverage. The circular Walker-Delta constellation at
LMO achieves a 100% coverage of the colony per day with a maximum dwell time of 2.6 hours
per day. At LMO altitudes, each satellite will have a relatively shorter lifespan. Based on the
analysis done to obtain Error! Reference source not found., the team came to the conclusion that
the satellite(s) orbiting Mars should operate at altitudes beyond 4500 km. Therefore, we discount
the circular Walker-Delta constellation at LMO as a feasible solution to our design problem.
Molniya orbits are a class of highly eccentric orbits at large inclinations. Satellites in
Molniya orbits tend to occupy most their time at apogee allowing for extended viewing of Mars’
northern latitude surface. Molniya orbits were used extensively by the Soviet Union for Earthbased communication in the mid-1960s. Molniya orbits have perigees over the Southern
Hemisphere and apogees over the Northern Hemisphere allowing for coverage of latitudes above
80 degrees north [9]. See Fig. 4.1.1.1.3 for an example satellite in a Molniya orbit around Mars.

Fig. 4.1.1.1.3: Sample Molniya orbit around Mars. Image credit to Abishek Murali.

Unfortunately, there are a number of problems with using Molniya orbits in the context of our
problem. Most notably, the colony is located at Chryse Planitia, which is located at a latitude of
28.4 degrees north. As described earlier, Molniya orbits typically provide coverage for the upper
Northern Hemisphere because they are inclined by a little over 63º and have apogees over the
Northern Hemisphere. Using Molniya orbits to provide coverage for such a low latitude region as
our colony is impractical. A single Molniya orbit is capable of providing 57% coverage of the
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colony per day with a maximum dwell time of approximately 15.73 hours per day. With a single
Molniya orbit, we are able to provide coverage of the colony for over 50% of a given day.
Unfortunately, if a satellite in a Molniya orbit were to fail, we would lose coverage of the colony
for 15.73 hours, which is very disadvantageous. For constant coverage, at least three Molniya
orbits are necessary. Therefore, the minimum number of satellites required to provide constant
coverage in a Molniya orbit is equal to the minimum number of satellites required to provide
constant coverage in a circular Walker-Delta constellation at LMO. However, we quickly lose the
benefits of Molniya orbits and incur heavy costs when discussing satellite lifetime and potential
orbit decay.
Satellites in lower altitude orbits have lower lifetimes compared to satellites at relatively
higher orbits. Molniya orbits with especially low periapsis radii are impacted by Mars’ atmosphere
and experience drag. Atmospheric drag can cause the satellite’s orbit to decay rapidly over time.
While this problem is avoidable by increasing the periapsis radii beyond 600km, other costs still
exist with Molniya orbits. If we want to avoid argument of perigee rotation due to J2, the Molniya
orbit needs to be inclined to the critical inclination of approximately 63º. Insertion into a highly
elliptical, highly inclined orbit around Mars is exceedingly difficult and impractical for this
problem. The aforementioned issue as well orbital decay lead us to discount Molniya orbits as a
viable solution.
The final design architecture to evaluate is a satellite orbiting Mars in an areosynchronous
orbit. An areosynchronous orbit is a circular orbit around Mars with an orbital period equal to
Mars’ sidereal day. This architecture would require the fewest number of satellites because one
satellite can maintain a fixed line of sight with the colony. However, a single satellite in
areosynchronous orbit is insufficient in the larger architecture of the system. A single
areosynchronous satellite provides no redundancy and, more importantly, can be shadowed by
Mars blocking line of sight between the areosynchronous satellite and the relay satellite. Therefore,
we combine the first and third proposed design architectures and arrive at an areosynchronous
Walker-Delta constellation as our solution. With a design architecture chosen, we can now
construct a transfer trajectory between Earth and Mars using Lambert’s theorem. This is explained
in detail in Section 4.1.2.2.
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4.1.2 Theory behind established solutions
4.1.2.1 Theory Behind the L5 Orbit
The theory behind the analysis of the L5 orbit begins with us assuming the conditions of
the Circular Restricted Three Body Problem (CR3BP). We do this to enable determination of
Lagrange point locations, simulation without directly integrating with ephemeris, and to generally
allow for the solution to the problem. This approach is standard in the field and has been
demonstrated to offer a great first step approximation of real world solutions. The assumptions are
as follows:


The mass of the spacecraft is negligible with respect to the mass of the Sun and Earth



The primary orbits are closed and circular



Mass of the Sun is greater than the mass of the Earth

These assumptions are appropriate for the system we are analyzing. Thus, the next step is the
solving of the system dynamics.
We begin by laying out the geometry of the system and defining some key parameters.
These parameters are: the characteristic length, 𝑙 ∗ ; the characteristic mass, 𝑚∗ ; the characteristic
time, 𝑡 ∗ , and the mass ratio, 𝜇. Equations 4.1.2.1.1-4.1.2.1.4 define these parameters with the
values shown in Fig. 4.1.2.1.1Error! Reference source not found.. With these quantities, the
system becomes the following adapted from [1].
𝑙 ∗ = 𝐷1 + 𝐷2

(4.1.2.1. 1)

𝑚∗ = 𝑚𝑒𝑎𝑟𝑡ℎ + 𝑚𝑠𝑢𝑛

(4.1.2.1. 2)

∗

𝑙∗ 3
𝑡 =
𝐺𝑚∗

(4.1.2.1. 3)

𝑚𝑠𝑝𝑎𝑐𝑒𝑐𝑟𝑎𝑓𝑡
𝑚∗

(4.1.2.1. 4)

𝜇=
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Fig. 4.1.2.1.1 Geometry of the CR3BP defined using relative quantities and parameters defined in
equations 1-4.

Given these quantities, we can now write out the equations of motion, Equations 4.1.2.1.54.1.2.1.7 [1]. These equations define the motion of a particle, in our case the spacecraft, in the
system.
𝑥̈ − 2𝑦̇ − 𝑥 = −

(1 − 𝜇)(𝑥 + 𝑚𝑢) 𝜇(𝑥 − 1 + 𝜇)
−
𝑑3
𝑟3
(1 − 𝜇)𝑦 𝜇𝑦
− 3
𝑑3
𝑟
(1 − 𝜇)𝑧 𝜇𝑧
𝑧̈ = −
− 3
𝑑3
𝑟

𝑦̈ + 2𝑥̇ − 𝑦 = −

(4.1.2.1. 5)
(4.1.2.1. 6)
(4.1.2.1. 7)

Where
1

𝑑 = [(𝑥 + 𝜇)2 + 𝑦 2 + 𝑧 2 ]2

(4.1.2.1. 8)
1

𝑟 = [(𝑥 − 1 + 𝜇)2 + 𝑦 2 + 𝑧 2 ]2

(4.1.2.1. 9)

Furthermore, we define two more quantities which will allow for checking of the accuracy
of the solution. The first is the pseudopotential defined in Equation 4.1.2.1.10 [1].
𝑈∗ =

1−𝜇 𝜇 1 2
+ + (𝑥 + 𝑦 2 )
𝑑
𝑟 2
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The second is the Jacobi constant given in Equation 4.1.2.1.11. The Jacobi constant
remains constant over the course of a ballistic trajectory, so when integrating the trajectory we
calculate the change in the Jacobi to determine how accurate the integration is.
𝐶 = 2𝑈 ∗ − 𝑉 2

(4.1.2.1. 11)

We find the location of the Lagrange/Libration points by determining the points at which
𝛁𝑈 ∗ = 0. When looking at this gradient, we see that there are several points along the line in
between the Sun and Earth, called the collinear points, and points off this line called the triangular
points. The collinear points can be obtained by setting the y and z values to zero and finding 𝑥𝑒𝑞 ,
this expression is given in Equation 4.1.2.1.12.
−

(1 − 𝜇)(𝑥𝑒𝑞 + 𝜇)
|𝑥𝑒𝑞 + 𝜇|

3

−

𝜇(𝑥𝑒𝑞 − 1 + 𝜇)
|𝑥𝑒𝑞 − 1 + 𝜇|

3

+ 𝑥𝑒𝑞 = 0

(4.1.2.1. 12)

The triangular points can be found from symmetry and turn out to be:
𝑥4,5 =

1
−𝜇
2

𝑦4,5 = ±

√3
2

Table 4.1.2.1.1 gives the locations at which this is true in the Sun-Earth system. Note that
these values are given in the non-dimensional units where 1 𝑛𝑑 = 𝑙 ∗ .
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Table 4.1.2.1.1: Lagrange point locations for Sun-Earth system

Lagrange Point

x

y

z

L1

0.990..

0

0

L2

1.010…

0

L3

-1.000…

0

L4

0.499…

0.866…

0

L5

0.499…

-0.866…

0

Fig. 4.1.2.1.2 Location of the Lagrange points for the Sun-Earth system. Credit: R. Power

Now all the pieces are in place for analysis. The first step in this analysis is ensuring that
if a spacecraft is placed at L5 there will always be a line of sight either to the spacecraft or to Earth.
In order for a line of sight to exist between two of the points, the line must be more than 3 degrees
off of the edge of the sun. This is shown in Fig. 4.1.2.1.3.
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Fig. 4.1.2.1.3 Line of sight restriction on the communication links. Credit: R. Power

With this understanding, we can generate the visible regions in space. Fig. 4.1.2.1.4 shows
the visibility regions when we apply the 3 degree requirement to the L5 and Earth satellites. The
purple circle represents Mars’ orbit. From this image we can see that, for all points along Mars’
orbit, a line of sight exists with either L5 or Earth.

Fig. 4.1.2.1.4 Visibility region with satellites at Earth and Sun-Earth L5. Purple circle is
approximation of Mars' orbit in Sun-Earth rotating frame. Credit: R. Power
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Now that we have established the continuous existence of a line of sight, we can determine
what the time history of distances is.
The refined development of the communications satellites requires knowledge of the
distances over which these satellites must communicate. This includes the link from Earth to Mars
and from L5 to Mars. Not only are these distances important but the active times also bear
importance. This active time is the time in which the satellite serves as the link between Earth and
Mars. Therefore, three main points must be address: develop a scheme to select the active satellite
at a given geometry, use this scheme to produce a time-history of activity, define and find the
relevant metrics from this time-history.
The determination of the active satellite is simply answering the following question: at time
t, which satellite does it make the most sense to use to communicate with the Mars constellation
to relay the data back to Earth? At each given time, we can either select the Earth satellite or the
L5 satellite. The fundamental rule that allows for the development of the solution is to minimize
the distance the signal must travel at each time instant. This stems from a desire to minimize the
required power of the satellite. In an optimization mindset, this is the objective function we are
trying to minimize. However, as with any optimization, constraints follow.
The first of these constraints is opposition, which occurs when the relay satellite of interest
(either Earth or L5) lies in between the Sun and Mars. Such a configuration causes interference
when Mars is attempting to read data sent to it from the satellite. However, as was shown earlier,
when one of the satellites is in opposition, the other is not. This means that the link exists, but may
not be the shortest distance.
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The second constraint is conjunction, which occurs when the sun lies between the relay
satellite and Mars. This clearly causes an issue due to the Sun blocking the signal. A depiction of
these two situations is shown in Fig. 4.1.2.1.5.

Fig. 4.1.2.1.5 Depiction of opposition (above) and conjunction (below) situations in which the active
satellite may not have the lowest distance. Credit: R. Power

Given these parameters, the algorithm can thus be developed for determining the active
satellite at each given instant in time.
1. Integrate the 3-D orbits of Mars, Earth, and Sun-Earth L5 point in heliocentric frame. This
assumed that the L5 point simply followed behind Earth by 60° in Earth’s orbit.
Additionally, a 2-body model was used for each of the integrations. The mean orbital
parameters were taken from Nasa Fact Sheets [2].
2. At each time step along the integration, determine the vectors from L5 to Mars and Earth
to Mars, i.e.

𝐿5 𝑚𝑎𝑟𝑠

𝑟̅

and

𝐿5 𝑒𝑎𝑟𝑡ℎ

𝑟̅

.

3. Determine the angular radius of the Sun from each point and add the acceptable offset.
𝜃 = tan−1 (
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4. Using the dot product, determine if the angle between the

𝐿5 𝑚𝑎𝑟𝑠

𝑟̅

and

𝐿5 𝑒𝑎𝑟𝑡ℎ

𝑟̅

vectors

with the vector from the satellite to the sun is less than or equal to 𝜃. If so, that relay point
is infeasible.
𝑟𝑒𝑙𝑎𝑦 𝑚𝑎𝑟𝑠

cos(𝜙) =

𝑟̂

||

𝑟𝑒𝑙𝑎𝑦 𝑚𝑎𝑟𝑠
𝑟̂
||

⋅ −𝑟̂

(4.1.2.1. 14)

If 𝜙 is lesser or equal to 𝜃 then the point is infeasible. Furthermore, if cos(𝜙) < 0 , then
there is a risk of conjunction. In this case the angle between the Mars  Earth vector and
Mars Sun vector is compared to determine if conjunction occurred.

Using the scheme developed in the previous section, we develop the time history of the
distance. Fig. 4.1.2.1.6 shows the data the algorithm interprets.

Fig. 4.1.2.1.6 Distance and visibility of Mars from Each satellite. One curve for L5 and one for Earth
colorized to represent when line of sight exists. Credit: R. Power

Using this data the algorithm determines the shortest distance at each time step and returns
that value if it is feasible and returns the other value if not. This was done over the 100 year mission
plan to obtain the data from Fig. 4.1.2.1.7.
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Fig. 4.1.2.1.7 Minimum feasible connection distance over the 100-year course of the mission. This
gives the min and max values each satellite must communicate over.

From this analysis, several very important metrics can be determined. Minimum and
maximum distances that satellites must communicate are used to size antenna apertures and power
systems. Additionally, we find that the active times of the satellites at L5 and those at Earth are
the same, meaning no special care needs to be taken on one versus the other. These metrics are
given in Table 4.1.2.1.2.
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Table 4.1.2.1.2 Satellite design metrics arising from feasible distance time history analysis.

Metric

Quantity

Maximum Distance

2.5783 AU

Minimum Distance

0.3880 AU

Maximum Active Time

1.1754 yr

(Earth)
Maximum Active Time

1.1699 yr

(L5)
Active Time (Earth)

49.97 %

Active Time (L5)

50.03 %

Periodicity

16 yr

Now that the sizing metrics for the satellite have been determined, we must determine an
appropriate trajectory to insert a spacecraft into orbit around L5. This process is currently heavily
researched. Sood and Howell give an optimized trajectory from a 1000 km parking orbit around
Earth to Sun-Earth L5 in [2]. We replicate this trajectory to validate both it and our model in Fig.
4.1.2.1.8.

Fig. 4.1.2.1.8 Spacecraft trajectory from 1000 km parking orbit around Earth to Sun-Earth L5.
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Comparison between our output and that from [2] demonstrated good agreement. TOF as
well as trajectory insertion Δ𝑉 matched to sufficient significance. The ability for us to use this
trajectory allows for an optimized solution to the problem, something the team itself could not
have done effectively.
With a transfer trajectory, we need a stable orbit around L5 for insertion of the spacecraft.
The stability of the L5 point lends itself to its use as a relay. Greenspan gives a good analysis of
the stability of the triangular points, but some is reproduced here for reference [3].
The stability of the triangular points comes from the analysis of the linearization of the
nonlinear equations of motion about the points themselves. First, the state variables are perturbed
from the equilibrium condition (Lagrange point) and substituted into the nonlinear equations of
motion. Second order infinitesimal terms are ignored. This gives the following system of linear
differential equations.
0
𝛿𝑥
0
𝛿𝑦
0
𝑑 𝛿𝑧
′
=
−𝑈𝑥𝑥
𝑑𝑡 𝛿𝑥̇
′
𝛿𝑦̇
−𝑈𝑥𝑦
{ 𝛿𝑧̇ } [ 0

0
0
0
′
−𝑈𝑥𝑦
′
−𝑈𝑦𝑦
0

0
0
0
0
0
′
−𝑈𝑧𝑧

1
0
0
0
−2Ω
0

0
1
0
2Ω
0
0

0 𝛿𝑥
0 𝛿𝑦
1 𝛿𝑧
0 𝛿𝑥̇
0 𝛿𝑦̇
0] { 𝛿𝑧̇ }

Note in the notation used here that Ω is the angular frequency of the rotating reference frame. This
is a product of the way in which Greenspan formulated the problem, its importance to our analysis
is minimal.
Noticing that the z components can be separated out from the x and y, we can solve for two
of the six eigenvalues characterizing the system.
𝑑 𝛿𝑧
0
{ }=[ ′
−𝑈𝑧𝑧
𝑑𝑡 𝛿𝑧̇

1 𝛿𝑧
]{ }
0 𝛿𝑧̇

′
Because 𝑈𝑧𝑧
> 0, this yields two purely imaginary eigenvalues. Because of this, we know that the

triangular points cannot be asymptotically stable, however marginal stability may be possible. By
pulling out the z terms, we have simplified our linear system to the following.
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0
𝛿𝑥
0
𝑑 𝛿𝑦
{ } = −𝑈 ′
𝑥𝑥
𝑑𝑡 𝛿𝑥̇
′
𝛿𝑦̇
−𝑈
[ 𝑥𝑦

0
0
′
−𝑈𝑥𝑦
′
−𝑈𝑦𝑦

1
0
0
−2Ω

0
𝛿𝑥
1
𝛿𝑦
2Ω {𝛿𝑥̇ }
0 ] 𝛿𝑦̇

Using the expression for pseudopotential mentioned earlier and the location of the L5 triangular
point, the eigenvalues of the system can be obtained. Greenspan did this for us already and provides
the following requirement for stability.
𝑚1 25 + 3√69
≥
≈ 24.96
𝑚2
2
Looking at our two bodies, the Sun and the Earth we determine that the triangular points clearly
meet this criterion.
𝑚1
𝑚𝑠𝑢𝑛
1,988,500
=
=
= 3.3𝑒5
𝑚2 𝑚𝑒𝑎𝑟𝑡ℎ
5.9724
Recalling that we obtained two marginally stable eigenvalues, we can classify the triangular points
as marginally stable. This suits their application as a stations for a relay points as we do not expect
to see movement outside the magnitude of our own perturbation.
This stability analysis justifies further search into stable orbits around L5. Many different
types of orbits exist around this point, however for the purpose of simplicity we restrict our search
to planar orbits. Luckily, again Sood and Howell have determined an orbit and the corresponding
insertion [2]. However, the state values of the orbits were not given. A search is then conducted
by iterating through possible initial states until marginal stability is reached. Fig. 4.1.2.2.9 depicts
this orbit.
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Fig. 4.1.2.2.9 Stable L5 orbit determined by analyzing work by Sood and Howell [2]. The red dot is
the Sun-Earth Lagrange point 5. Orbit runs counter-clockwise. Credit: R. Power with inspiration
from Sood and Howell [2]

To demonstrate the stability of the orbit, we propagate the orbit for 223 years and observe
the deviation. This is shown in Fig. 4.1.2.2.10.

Fig. 4.1.2.2.10 Long duration orbital propagation. Very little deviation observed, confirming regional
stability. Credit: R. Power with inspiration from Sood and Howell [2]
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Fig. 4.1.2.2.10 shows very little deviation from the initial orbit over a long integration
period. As the lifetime of the satellites is 15 years, this length of time spent on orbit would never
be reached. However, it serves as a reinforcement of the earlier stability analysis and gives hint as
to the likelihood that a decommissioned satellite would stay in the area.
The final component of the spacecraft’s lifetime is the deorbiting maneuver. Several
options for this exist. A key question to answer is whether a deorbiting maneuver is required in the
first place. From the long duration integration of the satellite in Fig. 4.1.2.2.10, we can see that
without propulsive deorbiting, the satellite would remain in the local space indefinitely for all
intents and purposes. Because of this, deorbiting capabilities are useful for this satellite
architecture.
Following satellite design, it was determined from the propulsion capabilities that enough
fuel for a 0.7 km/s deorbiting maneuver could be provided. From this constraint, we can
demonstrate that this fuel allotment allows for the deorbiting of the satellite. A specific deorbiting
maneuver will not be determined as it is highly dependent on mission parameters not covered in
this feasibility analysis. However, the capability will be demonstrated.
A couple of different options are possible for this maneuvers. The first is a deorbiting
maneuver which puts the spacecraft on a ballistic trajectory to enter cis-lunar space. This orbit can
be changed as to re-enter Earth’s atmosphere and burn up on impact. Alternatively, this orbit cold
be combined with an intercept mission to place the spacecraft in a graveyard orbit or perhaps repair
it and send back out to L5. An example orbit that demonstrates this capability is the orbit shown in
Fig. 4.1.2.2.12. This orbit is an example of an orbit which could be intercepted on its closest
approach to Earth.
An alternative method for deorbiting is putting the spacecraft into a heliocentric graveyard
orbit. This orbit would maintain its heliocentric radius and simply orbit outside of L5. This orbit
can be seen in Fig. 4.1.2.2.11.
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Fig. 4.1.2.2.12 Deorbiting maneuver which places the spacecraft in cis-lunar space.

Fig. 4.1.2.2.11 Deorbiting maneuver which places the spacecraft in a heliocentric graveyard orbit.
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Comparing these two alternatives, it becomes clear that the heliocentric graveyard orbit
requires much less fuel to deorbit. However, by implementing this deorbiting maneuver, the
spacecraft will return to the L5 space periodically and less control of its movement is obtained. The
insertion into Earth’s space is more demanding on the propulsion system, however more control
of the spacecraft’s fate is had.
However, we only wanted to demonstrate the feasibility of deorbiting the satellite with this
amount of fuel and have done so. Now, the entire mission architecture can be visualized and total
Δ𝑉 requirements can be obtained. Fig. 4.1.2.2.13 shows the overall system architecture.

Fig. 4.1.2.2.13 Overall L5 system map

Table 4.1.2.1.3 Velocity changing maneuver breakdown

Burn

𝚫𝑽

Insertion into transfer

3.041 km/s

Insertion into L5 orbit

0.559 km/s

Deorbiting Maneuver

<0.7 km/s

Total Δ𝑉

4.3 km/s
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4.1.2.2 Mars Satellite
There are two approaches to mission planning that we can take when designing transfer
trajectories. The first approach is, given a transfer orbit, to relate the time of flight when we specify
the initial and final positions. The second approach is to determine the orbit that passes through a
departure point and a target point. In our problem, we do not have a predefined transfer trajectory.
Additionally, we would be unnecessarily constraining our solution if we chose one transfer
trajectory to use every synodic cycle. For the aforementioned reasons, we will use the latter
approach to design a transfer trajectory between Earth and Mars to deliver our Mars satellites to
areosynchronous orbit. More specifically, we will construct a transfer trajectory using Lambert’s
Theorems.
Before we begin establishing the required geometric and analytic relationships, it is
important to note that Lambert’s theorem allows us to solve a special class of boundary value twobody problems. The boundary values are the initial and final positions of the trajectory. Solving
the boundary value problem allows us to construct a conic path that connects the departure and
target point under the influence of an attracting body.
Now, let us establish the geometric relationships that we will employ. We first construct a
space triangle, which is a triangle that connects the departure and arrival point to the attracting
body. A generalized space triangle is included in Fig. 4.1.2.2.14.

Fig. 4.1.2.2.14: A generalized space triangle with departure point, P1, arrival point, P2, and attracting
body, O. Image credit to Abishek Murali.
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Because we are constructing a conic trajectory between P1 and P2, we must define a vacant focus,
F based on the type of conic trajectory we wish to use. For practical applications, we are interested
in elliptical and hyperbolic transfer trajectories but we also study the parabolic transfer trajectory
as a delimiting case.
When studying the elliptical transfer trajectory, we define the vacant focus as the
intersection of two circles centered at P1 and P2 with radii 2𝑎 − 𝑟1 and 2𝑎 − 𝑟2 . See Fig. 4.1.2.2.15
for a visual representation of the above statement.
P1

O

P2

F

Fig. 4.1.2.2.15: Space triangle with reference ellipse and vacant focus. Image credit to Abishek Murali.

Once the vacant focus, F, is specified, we can classify the resulting transfer orbit. Elliptical
transfers are traditionally classified as type A or type B. Type A transfers correspond to when the
vacant focus is not between the chord and the arc. Type B transfers correspond to when the vacant
focus is between the chord and the arc. Type 1 transfers have transfer angles less than 180 degrees
and Type 2 transfers have transfer angle greater than 180 degrees. Two types of elliptical lambert
arcs exist, the Type 1A and the type 2B transfers.
Hyperbolic transfer arcs are similar in manner to the elliptical transfer arcs. Much like the
elliptical transfer arc, we either classify the hyperbolic transfer arc as a Type 1H or Type 2H
transfer. The Type 1 and 2 designation still corresponds to the value of the transfer angle and the
H represents a hyperbolic transfer. Unlike elliptical transfer arcs, no Type A or Type B hyperbolic
transfers exist.
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Now that we have a better understanding of the geometry and the classification of the
various Lambert arcs, we examine the Lambert algorithm. The Lambert algorithm requires the
departure and target points in the inertial frame as well as the desired transfer time of flight as
inputs. The output of the algorithm is a fully constructed transfer arc allowing us to get from the
departure point to the arrival point. The algorithm is as follows.
1. Distinguish angular separation (transfer angle) between the departure and arrival
point. Identify the transfer angle as greater than 180 degrees of less than 180
degrees. This allows us to determine whether the transfer is a Type 1 or Type 2
transfer.
2. We then calculate the parabolic time of flight and compare it with the inputted
desired time of flight.
𝑇𝑂𝐹𝑑𝑒𝑠𝑖𝑟𝑒𝑑 < 𝑇𝑂𝐹𝑝𝑎𝑟 : 𝐻𝑦𝑝𝑒𝑟𝑏𝑜𝑙𝑖𝑐 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟

(4.1.2.2.1)

𝑇𝑂𝐹𝑑𝑒𝑠𝑖𝑟𝑒𝑑 > 𝑇𝑂𝐹𝑝𝑎𝑟 : 𝐸𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑎𝑙 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟

(4.1.2.2.2)

We can then classify the transfer arc as hyperbolic or elliptic. At this point, the
transfer arc is fully determined.
3. We then guess the semi-major axis of our transfer arc.
4. Iterate on the semi-major axis using Lambert’s equation until convergence.
We will now go over a few of the basic analytic relationships needed to use the algorithm
described above. More specifically, we will discuss how to calculate the parabolic time of flight,
how to determine select transfer arc parameters, and describe in slightly more detail how to iterate
the semi-major axis. Note that we will skip the derivation of the analytic relationships as this is
beyond the scope of the report.
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We use the following analytic relationships to obtain the parabolic transfer arc time of
flight. These relationships can be derived from Kepler’s equation and are applicable for Type 1
and Type 2 transfer arcs.
1

2

3

3

1

2

3

3

𝑇𝑂𝐹1 = 3 √𝜇 [𝑠 2 − (𝑠 − 𝑐)2 ]
𝑇𝑂𝐹2 = 3 √𝜇 [𝑠 2 + (𝑠 − 𝑐)2 ]

𝑇𝐴 < 180𝑜

(4.1.2.2.3)

𝑇𝐴 > 180𝑜

(4.1.2.2.4)

1

𝑠 = 2 (𝑟1 + 𝑟2 + 𝑐)

(4.1.2.2.5)

For both the Type 1 and Type 2 transfer, if the desired time of flight is greater than 𝑇𝑂𝐹1 or 𝑇𝑂𝐹2 ,
then the transfer arc is elliptical. Otherwise, the transfer arc must be hyperbolic to satisfy time of
flight constraints.
Once we classify the orbit type using the parabolic transfer arc time of flight, we can begin
iterating the semi-major axis of the transfer arc until we converge. Convergence is specified by
Lambert’s equation, which is given below.
3

𝛼+𝛽

√𝜇(𝑡2 − 𝑡1 ) = 𝑎2 [(𝛼 − 𝛽) − 2 𝑐𝑜𝑠 (

2

𝛼−𝛽

) 𝑠𝑖𝑛 (

2

)]

(4.1.2.2.6)

The parameter (𝑡2 − 𝑡1 ) is the same as the desired time of flight, which is an input to the algorithm.
The parameters 𝛼 and 𝛽 are purely geometric angles and have no physical significance. We define
the two angles based on the transfer type using the following analytic relationships given below.
For a Type 2B Elliptical Transfer:
(𝑠−𝑐)

𝑠

𝛼 = 2𝜋 − 2 𝑠𝑖𝑛−1 (√2𝑎) , 𝛽 = −2 𝑠𝑖𝑛−1 (√

2𝑎

)

(4.1.2.2.7)

For a Type 2A Elliptical Transfer:
(𝑠−𝑐)

𝑠

𝛼 = 2 𝑠𝑖𝑛−1 (√2𝑎) , 𝛽 = −2 𝑠𝑖𝑛−1 (√

2𝑎

)

(4.1.2.2.8)

For a Type 1H Hyperbolic Transfer:
𝑠

(𝑠−𝑐)

𝛼 = 2 𝑠𝑖𝑛ℎ−1 (√2|𝑎|) , 𝛽 = 2 𝑠𝑖𝑛ℎ−1 (√ 2|𝑎| )
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For a Type 2H Hyperbolic Transfer:
(𝑠−𝑐)

𝑠

𝛼 = 2𝜋 − 2 𝑠𝑖𝑛ℎ−1 (√2|𝑎|) , 𝛽 = 2 𝑠𝑖𝑛ℎ−1 (√ 2|𝑎| )

(4.1.2.2.10)

Varying the semi-major axis results in the variation of 𝛼 and 𝛽. Therefore, Lambert’s equation is
a transcendental equation and can only be solved using root-finding methods. We employ a
rudimentary form of Newton’s method within the algorithm to solve Lambert’s equation and
obtain the semi-major axis of the orbit. Once we know the semi-major axis of the orbit, the
eccentricity and all other required orbital parameters are obtained. This fully determines the orbit
and allows us to use visualization tools like System Toolkit (STK) to simulate/model the transfer
arc.
We can also use the departure and arrival information along the transfer arc to obtain the
impulse required by our spacecraft to embark on the constructed transfer. We can do this via basic
vector math. An example departure vector diagram is given below to illustrate how one might
solve for the impulse needed to get on a transfer arc.

̅̅̅̅̅
Δ𝑉
𝐷

̅̅̅
𝑉𝐷
Δ𝛾

𝑉̅1

Fig. 4.1.2.2.16: Example departure vector diagram to get on transfer arc.

Through the algorithm explained previously in this report, we know the velocity required
to get on the transfer arc, which is ̅̅̅
𝑉𝐷 in Fig. 4.1.2.2.16. Based on inputted state information, we
also know the velocity of the spacecraft prior to embarking on its transfer arc, which is 𝑉̅1 in Fig.
4.1.2.2.16. Using the two pieces of state information that we know, we can easily obtain the
̅̅̅̅̅
required impulse needed to embark on the tranasfer arc, which is Δ𝑉
𝐷 in Fig. 4.1.2.2.16.
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An arrival vector diagram is not included but the general methodology used to construct
the departure vector diagram can be used to construct an arrival vector diagram. We can use an
arrival vector diagram to obtain the impulse required to insert into the arrival orbit at the arrival
point.
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4.1.2.3 LMO Analysis
When placing satellites for Interplanetary Communications, one option is to consider a
constellation of low planetary orbits. We first must recognize the metrics, by which the proposed
orbits are chosen: coverage time, number of satellites required, and insertion energy. In this study,
we vary the periapsis altitude and the eccentricity, in order to create a full spectrum of orbits.
Notable types of orbits, such as the Molniya orbit and the Tundra Orbits, provide clues as to what
might be the optimal orbital parameters.
The Molniya and Tundra orbits optimize coverage by aligning the apoapsis of the orbit
with the desired area of coverage. The eccentricity of these orbits provides the advantage of
extending loiter time, while lowering the overall period of the orbit. We attempt to do the same in
our analysis of possible orbits. This is done by aligning the periapsis of the orbit on the opposite
side of the planet and propagating the trajectory for one revolution. All of the orbits are inclined
to the latitude of the colony. Once the orbits have been propagated in Matlab, the process of
determining the duration of coverage begins. The Fig. below depicts the constellation concept for
eccentric Low Mars Orbit (LMO) communications satellites.

Fig. 4.1.2.17: The Fig. above depicts 5 eccentric orbits staggered around the planet Mars to provide
coverages at all longitudes.
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4.1.2.3.1

Methodology

At each true anomaly value for each orbit, an algorithm determines whether the colony is
visible. Visibility requires that the colony and the satellite satisfy two conditions: that the satellite
and colony are on the same hemisphere and that the satellite and the colony are not obstructed by
horizon. First, we check whether the satellite is on the same hemisphere as the colony. By taking
the dot product of the position vector, we can obtain the angle between the satellite and the colony,
relative to the center of the planet. If this angle is less than 90 degrees, then we can conclude that
the satellite and the colony lie on the same hemisphere. Next, we check whether not the colony
lies beyond the horizon. This is important: a signal sent to or from the satellite cannot bend along
the horizon to the colony. This check is done by applying the idea of tangents to the problem.
When the colony is at the horizon, the angle between the colony position vector and the line of
sight vector is exactly 90 degrees. Beyond the horizon, however, and this angle becomes acute.

Fig. 4.1.2.3.1.1: The Fig. above depicts the mathematical logic used to determine line of sight with
between the orbiting satellite and colony.

Once the process of determining coverage is complete, the time of coverage is calculated
by obtaining the corresponding mean anomaly, or time past periapsis, from the true anomaly
values. We then obtain the values of time past periapsis when the satellite first has line of sight
with the colony and when the satellite last has line of sight with the colony. Subtracting the time
past periapsis values from the start and end of coverage reveals how long the satellite can maintain
line of sight with the colony.
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4.1.2.3.2

Analysis

After the coverage times are tabulated, the selecting optimal orbits becomes the next
challenge. Contour plots are useful for visualizing variations when comparing outputs to two
dependent variables. Fig. 4.1.2.3.2.1 depicts the total time of coverage when eccentricity and
periapsis radius are varied.

Fig. 4.1.2.3.2.1: Contour plot of Time of Orbital Coverage varied with the eccentricity and periapsis
altitude of the orbit.

To get an idea of how many orbits are needed, we divide the time of orbital coverage by
the orbital period of each orbit. This gives us the percentage of each orbit that has line of sight
with the colony. Inverting the percentage should then give us the number of satellites needed. For
example, a satellite orbit that can maintain line of sight for 50% of the orbit would likely need at
least two satellites in similar orbits to provide continuous coverage. Fig. 4.1.2.3.2.2 illustrates this
trend below.
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Fig. 4.1.2.3.2.2: Contour plot of Percentage of Orbital Coverage varied with the eccentricity and
periapsis altitude of the orbit.

We now take the inverse the percentage values plotted above, and then round up to the
nearest whole number to determine how many satellites are required for each orbit. These results
are shown in Fig. 4.1.2.3.2.3. Due to the discrete nature of satellites, this contour plot is much
choppier, since it is not possible to send up fractions of a satellite.
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Fig. 4.1.2.3.2.3: Contour plot of number of Satellites required varied with the eccentricity and
periapsis altitude of the orbit.

Using basic orbital mechanics, we also examine the trade-off between number of satellites
and the Free Space path loss that corresponds to each orbit. The largest path loss occurs when the
satellite is at apoapsis in its orbit. In general, this path loss varies with the square of the distance
the signal travels. As a result, we create another contour plot of the greatest signal path loss for
each orbit, based on the altitude at apoapsis. In order to facilitate the trade space later on, we
nondimensionalize this distance over the radius of Mars. Fig. 4.1.2.3.2.4 plots the resulting data
below.
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Fig. 4.1.2.3.2.4: Contour plot of number of Satellites required varied with the eccentricity and
periapsis altitude of the orbit.

It is clear that the path loss remains rather minimal for most of the orbits before growing
exponentially near the top. This provides ample room to work with when selecting various orbits
for our satellites. The relationship between the number of satellites required and the path loss is
key, so we attempt to compare the two values by plotting them against each other. In the next Fig.,
the number of satellites required is compared to the apoapsis altitude directly. We fit an exponential
curve to this graph to better understand the trend. Ideally, in selecting a constellation, we want to
minimize both values.
It is important to note, that while minimizing both criteria optimizes the given constellation,
this does not consider cost. The main limiting factor, in terms of cost, is the orbital energy of the
constellation. We determine this by calculating the orbital energy for each orbit, given by the
equation below:
𝜀 = − 2𝑟

𝜇

𝑝 (1+𝑒)
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µ is the gravitational parameter of the planet and we divide this value by the periapsis radius and
the eccentricity. We then multiply the total energy for each orbit by the number of satellites in
order to obtain the total orbital energy of the constellation. Like Fig. 4.1.2.3.2.5, this plot is jagged
given that only an integer number satellites can exist at any given time. These values for orbital
energy are plotted below in Fig. 4.1.2.3.2.5.

Fig. 4.1.2.3.2.5: Contour plot of Constellation Orbital Energy required varied with the eccentricity and
periapsis altitude of the orbit.

The red regions at the top are not ideal given the high energies required. These red regions
also correspond to the higher path losses shown in Fig. 4.1.2.3.2.4. This information, however is
not as useful, without knowing the ∆V required to insert the satellites into these orbits. With all
the data gathered above, we now attempt to create a trade space of the orbits. A basic unweighted
score is determined by adding the number of satellites required to the nondimensional path loss
values obtained in Fig. 4.1.2.3.2.4. Since the objective is to minimize both values, the orbit with
the lower unweighted scores become regions of interest to examine further. These regions are
denoted by the darker shades of blue in Fig. 4.1.2.3.2.6. From the unweighted score alone, the best
eccentricity and altitude pairing occurs at an eccentricity of 0.28 and an altitude of 310 km.
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Fig. 4.1.2.3.2.6: Contour plot of Unweighted Score varied with the eccentricity and periapsis altitude
of the orbit to develop a basic trade space.

Overall, when compared to other options for placing satellites, such as a constellation that
employs Areosynchronous orbits, this constellation was not selected for the final design. As a
result, much of the analysis work remains unfinished. For example, the effects of the sidereal
motion of Mars remains unexplored. If this effect were included, we would likely have to filter for
orbits with periods are precise fractions of the sidereal period. This is to ensure that the
constellation continually repeats the same level of coverage over its life time. A more rigorous
trade space would also be explored in future work, in order to optimize this system.
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4.1.2.4 Deorbit Procedures around Earth and Mars
It is important to dispose of satellites properly at the end of their lifetime to mitigate space
debris and reduce the impact that decommissioned satellites can have on operational satellites.
Initially, we decided to deorbit the satellites around Earth and Mars by providing an impulse large
enough to send the satellites into their respective planet’s atmosphere. The satellites would then
burn up during re-entry. By performing iterative analysis in STK using high fidelity propagators
that take atmospheric effects and gravitational perturbations into account, we can quickly find that
full deorbit of satellites around Earth and Mars is impractical.

Fig. 4.1.2.4.1: Example deorbit maneuver from geosynchronous altitude where satellite provides a 1.6
km/s impulse in the anti-velocity direction. Image credit to Abishek Murali.
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In order to fully deorbit a satellite at geosynchronous altitudes, the satellite must be capable
of providing a single impulse greater than 1.5 km/s. This maneuver is shown in Fig. 4.1.2.4.1
below. The blue orbit represents a geosynchronous orbit and the red orbit corresponds to the
trajectory of the satellite after it performs a 1.6 km/s deorbit burn. The required propellant mass to
perform such an impulse is extremely large requiring satellite propellant tanks to increase in size
significantly.
In fact, if we were to give the satellites the capability of performing a 1.5+ km/s impulse, they
would increase in size so much that they would no longer fit inside the Falcon Heavy payload
fairing.
In order to fully deorbit a satellite at areosynchronous altitudes, the satellite must be capable
of providing a single impulse greater than 0.67 km/s. An example of this maneuver is not included
because it is nearly identical in appearance to the maneuver shown in Fig. 4.1.2.4.1. If the satellite
were to impart an impulse lesser than 0.67 km/s, the satellite could take over 30 years to fully
deorbit. This large deorbit time is mainly because Mars’ atmosphere is much less dense than
Earth’s. Therefore, atmospheric drag during atmospheric passes has less of an impact on orbital
decay around Mars compared to Earth. By doing iterative analysis in STK, it is clear that full
deorbit of our satellites in geosynchronous and areosynchronous orbit is not a viable solution.
Luckily, the Inter-Agency Space Debris Coordination Committee (IADC) offers us a
temporary solution to our problem. The IADC is an international forum of governmental bodies
that coordinate activities related to man-made and natural debris in space. In September of 2007,
the committee outlined specific debris mitigation strategies that organizations should take into
account to satisfy the following principles [10].
The most pertinent guideline to our system is the principle of removing spacecraft that have
reached the end of their mission operations for the useful densely populated orbit regions. IADC
has specified protected regions in Low Earth Orbit (LEO) and geosynchronous orbit where
satellites can be decommissioned at the end of missions. A graphic of the protected region,
recreated from IADC guidelines, is given in Fig. 4.1.2..
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LEO Region

15º
Geosynch.
region

15º

Fig. 4.1.2.4.2: LEO and geosynchronous regions where satellites can be decommissioned. Image credit to Abishek
Murali.

We will take advantage of this protected region to decommission the satellites orbiting both
Earth, which results in huge ΔV savings. These savings mean feasible satellite sizes that can be
launched into orbit using the Falcon Heavy system. We will also define a protected region around
Mars at an orbital altitude of 17,423 km. This is generally within the areosynchronous region
around Mars and provides a good decommissioning altitude. See the results section for to
understand how we use these protected regions around Earth and Mars to deorbit our satellites.
From the results section, we see significant decreases in required ΔV to decommission the Earth
and Mars orbiting satellites allowing us to mitigate the harmful impacts of space debris build up.
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4.1.3 Alternate System Architecture
One of the main requirements for Project Destiny is to provide continuous HD
communication between Earth and the Martian colony. We analyzed multiple possible solutions
which generally consisted of ground stations on Earth, satellites orbiting Earth, Mars, and the Sun,
and the colony on Mars. The alternate system architecture discussed here consists of 3 Earth
ground stations, 2 satellites orbiting Mars, and 4 satellites orbiting the Sun. Fig. 4.1.3.1 shows the
full system architecture with the Mars satellite system in red, the Earth ground station system in
blue, and the satellites orbiting the Sun in green.

Fig. 4.1.3.1: Overview of the alternate system architecture. Credit: A. Birky

After developing the general overview of this system of ground stations and satellites, we
fine-tuned the system in order to optimize the time of possible communication between Earth and
the Martian colony. A more detailed description of each of the system components is given below.
4.1.3.1 Earth Ground Stations
There are three Earth ground stations in this alternate communication system. They are
spaced 120° apart along the Earth’s equator. We chose this spacing to ensure that at least one
ground station always has direct line-of-sight contact with either Mars or a satellite orbiting the
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Sun. This selection is supported by the Deep Space Network infrastructure which consists of three
ground stations spaced approximately 120° (longitudinally) apart near the Earth’s equator.
4.1.3.2 Heliocentric Satellites
There are four satellites orbiting the Sun (heliocentric satellites) with two satellites orbiting
in the Earth ecliptic plane and the other two satellites inclined 30° out of the ecliptic plane. This
system allows for continuous line-of-sight contact from either Earth directly to Mars or from Earth
to a satellite orbiting the Sun to Mars. Fig. 4.1.3.2 and Fig. 4.1.3.3 Fig. 4.1.3.3 Heliocentric satellite
allows for communication during opposition.Credit: A. Birkyshow how the satellites orbiting the Sun

allow for line-of-sight contact when Earth and Mars are not able to directly communicate because
of interference from the Sun. This includes the times when Earth and Mars are directly aligned but
on the same side of the Sun as radiation still degrades the signal. Sending the signal from Earth to
a satellite orbiting the Sun and then to Mars is necessary in this scenario as is shown in Fig. 4.1.3.3.

Fig. 4.1.3.2: Heliocentric satellite allows for communication when Mars and Earth
are in conjunction. Credit: A. Birky
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Fig. 4.1.3.3 Heliocentric satellite allows for communication during
opposition.Credit: A. Birky

Fig. 4.1.3.4 shows the two pairs of satellites in their respective orbits around the Sun with
one pair of satellites inclined 30° to the ecliptic plane. The inclined orbit allows for line-of-sight
communication in the case where Earth, Mars, and one set of satellites are all aligned with each
other and in the same plane as is seen in Fig. 4.1.3.5.

Fig. 4.1.3.4: The inclined pair of heliocentric satellites guarantees a communication path when
Earth, Mars, and the other pair of satellites align. Credit: A. Birky
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Fig. 4.1.3.5: Two pairs of satellites orbit the Sun with one pair inclined relative to the Ecliptic
plane. Credit: A. Birky

This would essentially mean all three bodies are in conjunction or opposition which would
negate the benefit of having the Sun-orbiting satellites. Placing a second pair of satellites in an
inclined orbit around the Sun ensures line-of-sight contact while avoiding interference from the
Sun’s radiation.
4.1.3.3 Satellites orbiting Mars
Two satellites orbit Mars in an aerosynchronous orbit which has an altitude of 17050 km as
is shown in Fig. 4.1.3.6. The satellites are spaced 180° apart in order to ensure that at least one
satellite has a line of sight to the Martian colony at all times. This is much the same idea as the
ground stations at Earth being equally spaced to ensure constant communication is available.
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Fig. 4.1.3.6 Two satellites in aerosynchronous orbit around Mars. Credit: A. Birky

4.1.3.4 STK Simulation
The entire alternate system architecture was simulated in STK in order to determine the
time of contact between Earth ground stations and the Martian colony. The simulation included
1. Heliocentric satellites propagated using point masses of all planets in the solar system
2. Mars-orbiting satellites propagated using point masses of the Sun and Mars
3. Earth ground stations
The simulation was run for 780 days (~1 synodic period) and the contact time was determined
for that time period. Using two satellites in orbit around Mars and three Earth ground stations
ensures line-of-sight communication between Earth and Mars for the entire synodic period.
In order to calculate this coverage time, the Mars satellites, heliocentric satellites, and Earth
ground stations were all assigned antennas in the STK model. We gave these antennas a 1 degree
cone angle in order to closely simulate “line”-of-sight contact and then set each antenna to track
the other relevant antennas in the system. By doing this, STK is able to calculate the percent of
time that each antenna is able to “see” the other antennas. We used this percentage of time to
verify that a line of sight is maintained throughout the entire synodic cycle.
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4.1.3.5 Alternate System Architecture Summary
We have now given an overview of all three components of the alternate system architecture.
Table 4.1.3.5.1 summarizes the key information for the entire alternate communication system.
Table 4.1.3.5.1 Overview of the Alternate System Architecture

Component

Quantity

Semimajor axis
(km)

Inclination

Spacing

Earth ground station

3

-

23.44°

0°,120°,240°

Mars satellites

2

17050

25.19°

0°,180°

Sun satellites

1

1.80e9

0°

0°

1

1.80e9

0°

180°

1

1.80e9

30°

0.439°

1

1.80e9

30°

180.439°
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4.2 Comm & Control
4.2.1 LBA Theory
4.2.1.1 Radio Frequency Link Budget Analysis
4.2.1.1.1 Nomenclature
𝐵𝐸𝑅
𝑐
𝐶/𝑁𝑜

= 𝐵𝑖𝑡 𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒
= 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡, 𝑚⁄𝑠
= 𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑡𝑜 𝑛𝑜𝑖𝑠𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜, 𝑑𝐵 − 𝐻𝑧

𝐷𝑟

= 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚

𝐷𝑡

= 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡 𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚

𝑒𝑟

= 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑃𝑜𝑖𝑛𝑡𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟, 𝑑𝑒𝑔

𝑒𝑡

= 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡 𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑃𝑜𝑖𝑛𝑡𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟, 𝑑𝑒𝑔

𝐸𝐼𝑅𝑃
𝐸𝑏 /𝑁𝑜

= 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑅𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟, 𝑑𝐵𝑊
= 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑏𝑖𝑡 𝑡𝑜 𝑛𝑜𝑖𝑠𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝑑𝐵

𝑓𝐻𝑧

= 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝐻𝑧

𝑓𝐺𝐻𝑧

= 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝐺𝐻𝑧

𝐺𝑝𝑡

= 𝑃𝑒𝑎𝑘 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑔𝑎𝑖𝑛, 𝑑𝐵𝑖

𝐺𝑟

= 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑔𝑎𝑖𝑛, 𝑑𝐵𝑖

𝐺𝑟𝑝

= 𝑃𝑒𝑎𝑘 𝑟𝑒𝑐𝑒𝑖𝑣𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑔𝑎𝑖𝑛, 𝑑𝐵𝑖

𝐺𝑡

= 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑔𝑎𝑖𝑛, 𝑑𝐵𝑖

𝐿𝑎

= 𝑃𝑟𝑜𝑝𝑜𝑔𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠, 𝑑𝐵

𝐿𝐼𝑚𝑝

=

𝐼𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠, 𝑑𝐵

𝐿𝑙

= 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 𝑙𝑖𝑛𝑒 𝑙𝑜𝑠𝑠, 𝑑𝐵

𝐿𝑝𝑟

= 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑝𝑜𝑖𝑛𝑡𝑖𝑛𝑔 𝑙𝑜𝑠𝑠, 𝑑𝐵

𝐿𝑠

= 𝑆𝑝𝑎𝑐𝑒 𝑙𝑜𝑠𝑠, dB

𝑃

= 𝑃𝑜𝑤𝑒𝑟, 𝑑𝐵𝑊

𝑅

= 𝐷𝑎𝑡𝑎 𝑟𝑎𝑡𝑒, 𝑏𝑝𝑠

𝑆

= 𝑃𝑟𝑜𝑝𝑜𝑔𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑚

𝑇𝑠

= 𝑆𝑦𝑠𝑡𝑒𝑚 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝐾

𝜃𝑟

= 𝑅𝑒𝑐𝑒𝑖𝑣𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑏𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ, 𝑑𝑒𝑔
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𝜃𝑡

= 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑏𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ, 𝑑𝑒𝑔

𝜆

= 𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ, 𝑚

𝜂

= 𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

4.2.1.1.2 Link Budget Introduction
We design communication links between each node by performing link budget analysis on
the link. Link budget analysis is a method of analytically determining the feasibility of link design
working given the parameters of antenna size, data rate, carrier frequency, propagation path length,
satellite efficiency, and transmitter power. Additional inputs are transmitter line loss, bit error rate,
implementation loss estimate, system noise temperature, and required ratio of received energy per
bit to noise density.
To understand link budget analysis, we must look at the link design equations. Link design
equations are typically expressed in terms of decibels (dB). The governing link design equation is
the ratio of received energy per bit to noise density in Eqn. 4.2.1.1.1
𝐸𝑏
𝑁𝑜

= 𝑃 + 𝐿𝑙 + 𝐺𝑡 + 𝐿𝑝𝑟 + 𝐿𝑠 + 𝐿𝑎 + 𝐺𝑟 + 228.6 − 10 𝑙𝑜𝑔10 𝑇𝑠 − 10 𝑙𝑜𝑔10 𝑅

Eqn. 4.2.1.1.2

4.2.1.1.3 Transmit Antenna Parameters
The Effective Isotropic Radiated Power is the combination of transmitter power, line loss,
and net transmit antenna gain and is given by Eqn. 4.2.1.1.3.
𝐸𝐼𝑅𝑃 = 𝑃 + 𝐿𝑙 + 𝐺𝑡

Eqn. 4.2.1.1.4

We note that line loss and power are system inputs, but be must calculate the net transmit
antenna gain. Before we can determine the net transmit antenna gain, we must calculate the
transmit antenna half-power beam width, peak gain, and pointing loss. We find half-power beam
width using Eqn. 4.2.1.1.5.
𝜃𝑡 =

𝜆∗𝐷𝑡 ∗180

Eqn. 4.2.1.1.6

𝜋

We then use Eqn. 4.2.1.1.7 and Eqn. 4.2.1.1.8 to find the peak transmit gain and pointing
loss.
𝐺𝑝𝑡 = 10𝑙𝑜𝑔10
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2

𝑒

𝐿𝑝𝑡 = −12 (𝜃𝑡 )

Eqn. 4.2.1.1.10

𝑡

Finally, we calculate the net transmit antenna gain using Eqn. 4.2.1.1.11.
𝐺𝑡 = 𝐺𝑝𝑡 + 𝐿𝑝𝑡

Eqn. 4.2.1.1.12

4.2.1.1.4 Receive Antenna Parameters
Before we can determine the receive antenna gain, we must calculate the receive antenna
half-power beam width, peak gain, and pointing loss. We find half-power beam width using Eqn.
4.2.1.1.13.
𝜃𝑟 = 𝑓

21

Eqn. 4.2.1.1.14

𝐺𝐻𝑧 ∗𝐷𝑟

We then use Eqn. 4.2.1.1.15 and Eqn. 4.2.1.1.16 to find the peak receive gain and pointing
loss.
𝐺𝑝𝑡 = 20𝑙𝑜𝑔10 𝜋 + 20𝑙𝑜𝑔10 𝐷𝑟 + 20𝑙𝑜𝑔10 𝑓𝐻𝑧 + 10𝑙𝑜𝑔10 𝜂 + 20𝑙𝑜𝑔10 𝑐 Eqn. 4.2.1.1.17
𝑒

𝐿𝑝𝑟 = −12 (𝜃𝑟 )

2

𝑟

Eqn. 4.2.1.1.18

Finally, we calculate the net transmit antenna gain using Eqn. 4.2.1.1.19.
𝐺𝑟 = 𝐺𝑝𝑟 + 𝐿𝑝𝑟

Eqn. 4.2.1.1.20

4.2.1.1.5 Space Loss
The loss of signal strength resulting from a signal wave traveling to the receiving
antenna. We calculate space loss using Eqn. 4.2.1.1.21.
𝐿𝑆 = 147.55 − 20 𝑙𝑜𝑔 𝑆 − 20 𝑙𝑜𝑔 𝑓

Eqn. 4.2.1.1.22

4.2.1.1.6 Link Margin
The margin of a link shows the feasibility of a communication system working. A positive
link margin means the system works and can tolerate additional attenuation up to the magnitude
of the margin before the system is insufficient to communicate the signal. For space applications,
systems are designed with a few additional dB of link margin for unaccounted for attenuations
such as solar interference. The link margin is determined by Eqn. 4.2.1.1.23
𝑀𝑎𝑟𝑔𝑖𝑛 =

𝐸𝑏
𝑁𝑜

𝐸

− 𝑅𝑒𝑞. 𝑁𝑏 + 𝐿𝐼𝑚𝑝
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4.2.1.2

Optical LBA Theory

Traditional link budget analysis theory focuses on radio frequency signals. So, when
performing a link budget analysis of free space optical communication systems we needed to tailor
our link budget analysis for the optical spectrum. The main change was how we calculated the
transmitter antenna gain. Additional equations for required received power and required laser
transmission power were used to assist in our optical link budget analysis were made as well.
The difference in performance between optical and radio frequency communication systems
comes largely from the antenna transmitting gain. For example, an optical transmitter with a 15
cm diameter aperture transmitting a 600 THz signal has a transmitter gain of 122 dB [1]. The
Arecibo radio observatory, one of the largest radio frequency antennas in the world with a diameter
of 210 m, has a transmitter gain of 70 dB [2]. This increase allows optical communication systems
to be smaller and require less power.
Previously in our radio frequency link budget analysis, we used an estimation for the
transmitter antenna gain based off of existing radio frequency antennas. For our optical link budget
analysis, we assumed a circular lens antenna with a transmitter gain described by [1]:

𝐺𝑂𝑇 =

16
𝜃𝑇2

(4.2.1.1.1)

Here θT is the transmitting divergent angle given by:

𝜃𝑇 ≈

𝜆

(4.2.1.1.2)

𝑑

Where λ is the wavelength of the signal used, and d is the diameter of the transmitting
aperture. Substituting equation 4.2.1.1.2 into equation 4.2.1.1.1 gives:
𝐺𝑂𝑇 =

16𝑑2
𝜆2

(4.2.1.1.3)

Similar to radio frequency link budget analysis, it is convenient to convert our gains and
losses into decibels. This changes the Gain equation to be simply:
𝐺𝑂𝑇 = 10 log(16) + 20 log(𝑑) − 20log(𝜆)

(4.2.1.1.4)

A useful tool when performing link budget analysis is an estimation of the required received
power of the signal. To calculate this value we used the following equation [1]:
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𝑃𝑅𝑟𝑒𝑞 =

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑅𝑐
𝜆

(4.2.1.1.5)

Here Nphotons is the number of photons required to be received for one bit of data, R is the
data rate of the link, and c is the speed of light. This equation can also be converted to dB for
convenience:
𝑃𝑅𝑟𝑒𝑞 = 10log10 (𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ) + 10log10 (𝑅) + 10log10 (𝑐) − 10log10 (𝜆) (4.2.1.1.6)
The next parameter calculated was the losses that occur when sending an optical signal
through space. This value was calculated by combining several equations for loss which are
identical to the radio frequency link budget analysis. The losses for an optical signal sent through
vacuum are:
𝐶𝐿𝑜𝑠𝑠 = 𝐺𝑇𝑟𝑎𝑛𝑠 + 𝐺𝑟𝑒𝑐𝑖𝑣𝑒 + 𝐿𝑝𝑟 + 𝐿𝑖𝑚𝑝 + 𝐿𝑠𝑝𝑎𝑐𝑒 + 𝐿𝑎

(4.2.1.1.7)

Here the losses are identical to the losses explained in the radio frequency link budget
analysis. Now that we have the losses we can use them to calculate the required laser power for
our transmitter. This is given by simply subtracting CLoss from the required received decibel power
(PRreq) as shown by the following equation:
𝑃𝑅𝐿𝑃 = 𝑃𝑅𝑟𝑒𝑞 − 𝐶𝐿𝑜𝑠𝑠

(4.2.1.1.8)

The above equation gives the required laser power in decibels, but for power it can be
helpful to view that in watts. To convert back to watts you simply take the inverse log of equation
4.2.1.1.8.
It is important to note that optical communication systems suffer significant losses when
transmitting through atmosphere. Weather effects will further reduce the margin. For this project
these losses were not included in the link budget analysis due to the fact that optical communication
was only used for communication through space.
4.2.2 RF Frequency Selection
This section of the report contains the process to select the radio frequency used for the
Earth and Mars orbiting satellites. For the purpose of selecting a method of interplanetary
communication a table of available radio frequencies was created to assist in the selection. The
majority of radio frequencies around Earth have a specified purpose, and our communication
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system was designed to use frequencies that are specified for deep space research (DSR). Table
4.2.1.2.1 Frequency Allocation
reflects data compiled from the FCC online table of frequency Allocations for radio
frequencies [3].
Table 4.2.1.2.1 Frequency Allocation

Frequency Allocations
Frequency

FCC Allocation

International Allocation

2.110 – 2.120

Public Mobile

DSR (Earth to space)

2.290 – 2.300

DSR (space to Earth)

DSR (space to Earth)

5.650 – 5.725

Radiolocation

DSR

7.145 – 7.190

DSR (Earth to space)

SR (Earth to space)

8.400 – 8.450

DSR (space to Earth)

SR (space to Earth)

12.75 – 13.25

Earth to space mobile

DSR

16.60 – 17.10

DSR (Earth to space)

DSR (Earth to space)

21.10 – 21.20

DSR passive

Space Exploration (passive)

31.80 – 32.30

DSR (Space to Earth)

DSR (space to Earth)

34.20 – 34.70

DSR (Earth to space)

DSR(Earth to space)

Based purely on the availability of the frequencies, the ranges most suitable for the
interplanetary communication system are: 7.145 – 7.190 GHz and 34.20 – 34.70 GHz for Earth to
space communications and 8.400 – 8.450 GHz and 31.80 – 32.30 GHz for space to Earth
communications. While the 7.145 – 7.190 GHz and 8.400 – 8.450 GHz ranges are specified purely
for deep space research they are currently being used by other spacecraft operating in deep space.
However, at the time of implementation of the interplanetary communication system these bands
may be free. This analysis assumes that communication to and from the Mars colony are allowed
use of bands allocated to deep space research.
For our purposes we will be using a 32 GHz signal from our orbiting satellites to our ground
stations for the purposes of interplanetary communications. To simplify our link budget analysis
we use 32 GHz as the frequency of signal for all uplinks and downlinks for our satellites. We chose
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a radio frequency signal because these frequencies are not as easily blocked as optical lasers by
weather and dust found in the atmospheres of Earth and Mars [1].
4.2.3 Data Rate
4.2.3.1 One Hundred Person Model
There are three main specifications that our interplanetary communication system must meet:


Two way continuous high definition video communication must be provided at all times



Two minutes of standard definition must be provided to each colonist every day



Science data must be allocated for rover and lab instruments

Our requirements come from the mission specifications, project management, and the science
team, respectively. These requirements apply to every 100 colonists.
We assume that we can use an M-JPEG technique to compress video with a 20:1 compression
ratio. Additionally, we assume that the standard definition video data can be transferred over the
period of a day on Earth.
To calculate data rates for HD Video, we use Eqn. 4.2.3.1.1 with inputs of pixel counts, color
depth, and frame rate [14].
Data Rate = Horizontal Pixels x Vertical Pixels x Color Depth x Frame Rate

Eqn. 4.2.3.1.2

The input variables found in Table 4.2.3.1.1 for high definition [11-13] provide us with enough
information to calculate an uncompressed data rate.
Table 4.2.3.1.1 HD Video Parameter Definition

Variable Name

Value

Units

Frame Rate

24

frames per second [fps]

Resolution

1280 x 720

Color Depth

8

pixels [px]
bit [bit]

We determine an uncompressed data rate:
Data Rate = 1280 x 720 x 8 x 24 = 177 Mbps
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Using a M-JPEG technique to compress the video with a 20:1 compression ratio [15]:
Data Rate = 177 Mbps / 20 = 8.85 Mbps
We arrive at a data rate for the HD video requirement of 8.85 Mbps.
Data transfer of the equivalent data to a two-minute standard definition video per colonist per
day is 6750 Megabits/day/colonist.
6750

𝑀𝑒𝑔𝑎𝑏𝑖𝑡𝑠
𝑐𝑜𝑙𝑜𝑛𝑖𝑠𝑡 × 1 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 × 100 𝑐𝑜𝑙𝑜𝑛𝑖𝑠𝑡𝑠 ÷ 24 ℎ𝑜𝑢𝑟𝑠 ÷ 60 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 ÷ 60 𝑠𝑒𝑐𝑜𝑛𝑑𝑠
𝑑𝑎𝑦
20
𝑑𝑎𝑦
ℎ𝑜𝑢𝑟
𝑚𝑖𝑛𝑢𝑡𝑒

= 0.390625 𝑀𝑏𝑝𝑠

Required science data is defined as 250,000 bps for either the uplink or downlink in our
system.
In addition to meeting the system specifications, we want to provide excess data for
anything else that might require data transfer between Earth and Mars and has not been considered
in our analysis. As there is no substantial data to specifically define these needs, a simple rounding
of the data rate is applied. This results in a total data rate of 10 Mbps, after rounding. Look at this
Table 4.2.3.1.2
Table 4.2.3.1.2 Data allocation for 100 person model

Data Allocation

Data Rate

Continuous two way HD Video

8.850 Mbps

SD two-minute video per colonist per day

0.391 Mbps

Science Data

0.250 Mbps

Miscellaneous excess data (Science, luxury, etc.)

0.509 Mbps

Total

10.00 Mbps
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4.2.3.2 Million Person Model
We assume the data allocations determined for the 100 person model are necessary for
every increment of 100 people added to our colony as it grows. We can scale data requirements
for the standard population model by extension of the linear relationship between data rate and
colonists.
𝐷𝑎𝑡𝑎 𝑅𝑎𝑡𝑒 =

1.0𝐸7 𝑏𝑖𝑡𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
∗ 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
100 𝑐𝑜𝑙𝑜𝑛𝑖𝑠𝑡𝑠

The required data rate for our population model can be found in Fig. 4.2.3.1

Fig. 4.2.3.1 Required data rate for standard population model
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4.2.4 Radio Frequency 100 Person Colony Solution
4.2.4.1 Overview
We first consider an initial satellite system with which we can support a 100-person colony
that meets our requirements. We recall that the required data rate for 100 people is 10 Mbps. For
continuous coverage, we launch 4 satellites separated by 90o in a heliocentric orbit and 2 satellites
in Areosynchronous orbits around Mars above out colony location. Additionally, we use three
ground stations on Earth that are placed by approximately 120o around the Earth and a Mars ground
station at our colony location. A depiction of our 100 person radio frequency system can be found
in Fig. 4.2.4.1.

Fig. 4.2.4.1 100 person radio frequency system

4.2.4.2 Sizing
We perform iterative link budgets on our system adjusting the input power and antenna
sizes for each of the satellites and ground stations in our system until every link has an allowable
margin. Allowable link margins for the radio frequency 100-person system are greater than 3 dB
of margin for links through an atmosphere and greater than 1 dB for links through space. Finally,
we arrive at a system with allowable link margins and determine required communications power
and antenna sizes for each satellite and ground station. Link budgets for the relay satellite and and
Mars satellite are in Table 4.2.4.2.1 and link budgets for the ground station transmission links are
in Table 4.2.4.2.2.
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Table 4.2.4.2.1 Relay and Mars satellite link budgets

Parameter

Units

Frequency
Path Length
Data Rate
Transmitter Power
Transmitter Diameter
Pointing Error
Line Loss
Efficiency
Receiver Diameter
Receiver Pointing Error
Transmission Path Loss
Receiver Temp
Space Loss
Power Received
Margin

GHz
m
Mbps
W
m
deg
dB
dB
deg
dB
K
dB
dBW
dB

Relay Sat to
Earth Ground
32
1.74E11
10
3000
18
6.00E-03
-1
0.55
20
6.00E-03
-0.5
290
-287
-118
3.2

Relay Sat to
Mars Sat
32
1.74E11
10
3200
15
6.00E-03
-1
0.55
15
6.00E-03
-0.5
218
-287
-122
1.2

Mars Sat to
Relay Sat
32
1.74E11
10
4200
15
6.00E-03
-1
0.55
15
6.00E-03
-0.5
290
-287
-119
1.1

Mars Sat to
Mars Ground
32
1.71E7
10
700
0.5
6.00E-03
-1
0.55
0.5
6.00E-03
-3.35
218
-207
-207
3.6

Table 4.2.4.2.2 Ground station link budgets

Parameter

Units

Earth Ground to Relay Sat

Mars Ground to Mars Sat

Frequency
Path Length
Data Rate
Transmitter Power
Transmitter Diameter
Pointing Error
Line Loss
Efficiency
Receiver Diameter
Receiver Pointing Error
Transmission Path Loss
Receiver Temp
Space Loss
Power Received
Margin

GHz
m
Mbps
W
m
deg
dB
dB
deg
dB
K
dB
dBW
dB

32
1.74E11
10
3000
20
6.00E-03
-1
0.55
18
6.00E-03
-0.5
218
-287
-118
4.5

32
1.71E7
10
1000
0.5
6.00E-03
-1
0.55
0.5
6.00E-03
-3.35
290
-287
-118
3.9
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4.2.4.3 Comments on use of radio frequency and future considerations
Most satellites in Earth’s orbit use radio frequency systems to communicate. Radio
frequency communications are limited in the ability to transmit at high data rates and high power
requirements, especially at long distances such as between Earth and Mars and at high data rates
as required by our colony’s population. To overcome the high required data rates and long
transmissions path loss, optical communications must be used. Although optical communications
are a developing method of communication, optical communication addresses some of the
limitations of radio frequency communications. When we use optical communication systems in
our satellites, we have the potential to achieve:


Reduction in communication system power requirements



Reduction in mass of spacecraft



Increase in data rate capabilities by up to 20x

We note that the benefits of optical communications ultimately result in a reduction of the
total number of satellites required to meet the needs of the communication needs of the Martian
colony as compared to radio frequency methods. Additionally, the optical communication
spectrum has not been regulated meaning that we do not need to worry about available frequency
allocations.
However, we must consider the shortcomings of optical communications. The most notable
disadvantage of optical communication is that laser communications can easily be interfered.
These interferences are largely due to atmospheric phenomena such as clouds and mist.
4.2.5 Astromesh
For radio frequency communication systems, we use Northrop Grumman’s deployable
Astromesh reflector technology [16]. The Astromesh is a low in mass and compact enough to meet
our requirements for packing. Astromesh reflectors can range in size from 3 to 50 meters, but for
our purposes we will only use 5 m reflectors for any radio frequency data link.
4.2.6 Optical Pointing Angle
For optical laser communication links, we must use two apertures to maintain continuous
two-way coverage. Because of long delays in data transfer due to the far distances over which we
must communicate, we must consider a point ahead angle [6]. A point ahead angle means that the
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aperture must point ahead in the path of the receiving satellite when transmitting and the signal
will be received when the satellite reaches that part of its orbit. With the point ahead angle
considered, one aperture points ahead and transmits and the other receives data from the other
satellite in the link.
4.2.7 Million Person Colony Solution
We scale the 100-person optical system to meet the needs of the million-person colony by
considering the standard population model. Recall the data rate requirements. Note that as our
colony grows to a population of one million people, the data loads required by the colony is
substantially higher than that of the 100-person colony. The data loads are so significant that a
single satellite at each communication node cannot reasonably handle all of the colony’s data. Note
that there are two coupled factors at play here: a satellite with high capabilities is desired and a
satellite
At the point at which an additional satellite is needed, the next consideration is satellite
customization. For the ease of manufacturing and design, we select a standardized satellite variant
for each of the communication nodes – Earth Satellites, Relay Satellites, and Mars Satellites. As
more satellites are needed throughout our mission, we simply deploy additional satellites.
The satellite components are constrained in terms mass and volume to fit into a SpaceX
Falcon Heavy payload fairing. The available power is determined from the available volume for
solar arrays to fit into the Falcon Heavy payload fairing. Additionally, we assume the optical
satellite component technologies are able to be manufactured as similar technologies of this
magnitude have yet to be created.
4.2.7.1 Sizing
We perform iterative link budget analysis on our system adjusting the input power
allocations, antenna and aperture sizes, and number of satellites for each of the satellites and
ground stations in our system until every link has an allowable margin. For this system, allowable
link margins are greater than 5 dB of margin for links through an atmosphere and greater than 1
dB for links through space. We perform this iterative process for every cycle’s required data rate.
Finally, we arrive at a system with allowable link margins and determine required communications
power and antenna sizes for each satellite and ground station for every cycle. Link budgets for the
Earth satellites, Relay satellites, and Mars satellites at synodic cycle 46, when our population
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reaches one million people, are found in Table 4.2.7.1.1, Table 4.2.7.1.2, and Table 4.2.7.1.3,
respectively.
Table 4.2.7.1.1 Earth Satellite Link Budgets at Cycle 46

Parameter

Units

Earth Sat to
Earth Ground

Earth Sat to
Relay Sat

Frequency
Path Length
Data Rate
Transmitter Power
Transmitter Diameter
Pointing Error
Line Loss
Efficiency
Receiver Diameter
Receiver Pointing Error
Transmission Path Loss
Receiver Temperature
Space Loss
Power Received
Power Margin
𝑅𝑒𝑞. 𝐸𝑏 /𝑁𝑜
Implementation Loss
Margin

GHz
m
Mbps
W
m
deg
dB
dB
deg
dB
K
dB
dBW
dB
dB
dB
dB

32
3.58E+07
2.01E+10
47
5
4.00E-05
-1
0.55
20
4.00E-05
-0.5
290
-213.63
-82.60
10.3
-2
6.06

3.00E+05
3.86E+11
2.01E+10
46953
1
4.00E-05
-1
0.55
1
4.00E-05
-0.5
290
-373.72
-69.11
-1.6E-07
10.3
-20
1.54
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Table 4.2.7.1.2 Relay Satellite Link Budgets at Cycle 46

Parameter

Units

Relay Sat to Mars
Sat

Relay Sat to Earth
Sat

Frequency
Path Length
Data Rate
Transmitter Power
Transmitter Diameter
Pointing Error
Line Loss
Efficiency
Receiver Diameter
Receiver Pointing Error
Transmission Path Loss
Receiver Temperature
Space Loss
Power Received
Power Margin
𝑅𝑒𝑞. 𝐸𝑏 /𝑁𝑜
Implementation Loss
Margin

GHz
m
Mbps
W
m
deg
dB
dB
deg
dB
K
dB
dBW
dB
dB
dB
dB

3.00E+05
3.86E+11
1E+10
16600
1
4.00E-05
-1
0.55
1
4.00E-05
-0.5
218
-373.72
-69.11
-1.6E-07
10.3
-20
1.28

3.00E+05
1.5E+11
1E+10
3400
1
4.00E-05
-1
0.55
1
4.00E-05
-0.5
290
-365.51
-72.31
-8.1E-08
10.3
-20
1.35

Table 4.2.7.1.3 Mars Satellite Link Budgets at Cycle 46

Parameter

Units

Mars Sat to Mars
Ground

Mars Sat to Relay
Sat

Frequency
Path Length
Data Rate
Transmitter Power
Transmitter Diameter
Pointing Error
Line Loss
Efficiency
Receiver Diameter
Receiver Pointing Error
Transmission Path Loss
Receiver Temperature
Space Loss
Power Received
Power Margin
𝑅𝑒𝑞. 𝐸𝑏 /𝑁𝑜
Implementation Loss
Margin

GHz
m
Mbps
W
m
deg
dB
dB
deg
dB
K
dB
dBW
dB
dB
dB
dB

32
3.58E+07
9.12E+09
60
5
4.00E-05
-1
0.55
5
4.00E-05
-0.5
218
-207.21
-87.16
10.3
-2
6.16

3.00E+05
3.86E+11
9.12E+09
19940
1
4.00E-05
-1
0.55
1
4.00E-05
-0.5
290
-373.72
-72.83
-7.5E-08
10.3
-20
1.25
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4.2.7.2 Mars Ground Stations
The Mars ground station system is mounted on top of the colony’s water tower and will
feature two 5-meter radio frequency dishes operating at a 32 GHz carrier frequency. The power
necessary to operate the Mars ground station is from the main power source of the colony.
4.2.7.3 Communication Nodes

For ease of identifying satellite locations, we identify communication nodes to describe the
location of eat satellite. Note that communication nodes that have a number-letter combination are
at the same orbit or planet, but are separated by approximately 120o from each of the other nodes.
Table 4.2.7.3.1 describes the location of each of the nodes and communication aspects of the
system at that node. Fig. 4.2.7.1

A visual depiction of the interplanetary communication

system.Fig. 4.2.7.1 presents a visual representation of the interplanetary communication system
architecture.

Table 4.2.7.3.1 Interplanetary Communication System Nodes

Location

Earth Ground

Earth Geosynchronous Orbit
Earth – Sun L5

Mars Areosynchronus Orbit

Mars Ground

Node

Details

1A

One 20 m RF dish

1B

One 20 m RF dish

1C

One 20 m RF dish

2A

One 5 m RF dish and two 1 m optical apertures per satellite

2B

One 5 m RF dish and two 1 m optical apertures per satellite

2C

One 5 m RF dish and two 1 m optical apertures per satellite

3

Four 1 m optical apertures per satellite

4A

One 5 m RF dish and two 1 m optical apertures per satellite

4B

One 5 m RF dish and two 1 m optical apertures per satellite

4C

One 5 m RF dish and two 1 m optical apertures per satellite

5

Two 5 m RF dish mounted on colony water tower
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Fig. 4.2.7.1 A visual depiction of the interplanetary communication system.

4.2.7.4 Deployment Timeline
With satellite constraints of mass, power, and volume set by the Falcon Heavy payload
fairing, we can determine the quantity of satellites needed at each communication node as the
colony population grows. We can use each satellite to its maximum capabilities before requiring
another satellite at the communication node. When the required data rate exceeds the satellite’s
capabilities, another satellite is required and the satellites equally share the data rate load at that
node. Fig. 4.2.7.2 shows the required number of satellites at each communication node for each
synodic cycle.
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Fig. 4.2.7.2 Satellites Required per Synodic Cycle

We now know the number of satellites required to meet the data transfer needs of the
population for each cycle. We consider two main satellite deployment timelines methods.
In the first method, all satellites are launched to replace the previous set of satellites and
are replaced at the end of their lifetime. This method requires the quantity of satellites launched to
be capable of handling the data rate demands at the end of its 15-year design lifetime. Additionally,
this method requires a high quantity of satellites to be launched during the launching cycles and
could lead to potential knowledge gaps in technology development and manufacturing when only
launching about every 15 years. The satellite deployment timeline for this method can be seen in
Fig. 4.2.7.3.
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Fig. 4.2.7.3 The non-staggered satellite deployment timeline.

The second method of satellite deployment method launches satellites as they are needed
and staggers the launches. To determine a staggered satellite deployment timeline, we must
consider two cases that require a satellite to be deployed, a satellite must be replaced once its 15year design lifetime expires or another satellite is needed to meet the needs of the population.
Additionally, satellites are to be launched the cycle before they are needed so they can be activated
before they are needed. A staggered deployment method minimizes the number of required
launches required per cycle and is more sustainable in that there will be consistent launches every
cycle and a catastrophe will not occur if a single launch cycle is delayed or fails. The timeline for
this method can be seen in Fig. 4.2.7.4.
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Fig. 4.2.7.4 The staggered satellite deployment timeline.

The satellite launch timeline details are found in Table 4.2.7.4.1. Note that Earth satellites
and Mars Satellites are deployed in sets of three, because a satellite needs to be deployed to each
communication node.
Table 4.2.7.4.1 Satellite launch timelines.

Cycle
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Earth Satellites
3
0
0
0
0
0
3
0
0
0
0
0
3
3
0
0
0
0

System Launch Type
Relay Satellites
Mars Satellites
1
3
0
0
0
0
0
0
0
0
0
0
1
3
0
0
1
3
0
0
0
0
0
0
1
6
1
0
1
3
0
0
0
3
1
0
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7
0
0
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0
7
0
4
0
0
0
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4
4
0
3
1
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
Total

3
3
0
0
0
3
3
3
0
0
0
3
3
3
3
0
0
3
3
3
3
0
0
6
3
3
3
0
0
66

1
1
1
0
1
1
1
1
2
0
1
1
2
1
2
0
1
2
2
1
2
1
1
2
2
2
2
0
0
41

6
0
6
0
3
0
9
0
6
0
6
0
9
0
9
0
6
0
12
0
9
0
9
0
12
0
12
0
0
135

10
4
7
0
4
4
13
4
8
0
7
4
14
4
14
0
7
5
17
4
14
1
10
8
17
5
17
0
0
242

Note that the total number of satellites launched using the staggered method is less than
that of the launch at design lifetime method. Decreasing the number of satellites that must be
launched is highly beneficial to our mission as launch costs are quite expensive. Additionally, the
remaining lifetime of the deployed satellites at 100 years using the staggered launch method is
greater than that of our staggered launch method.
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4.2.8 Optical Pointing Error and Frequency Selection
4.2.8.1 Allowable Pointing Error

The main characteristic of optical communication that limits the growth of the technology
is the miniscule pointing error required by both the transmitting and receiving aperture for the
signal to transmit. Because we cannot find a concrete method to determine the minimum pointing
error allowance of an optical signal, we define the pointing allowance as the half-power beam
width of the signal, or the angle tolerance at which half (3 dB) of the signal’s communications
power is transmitted. The half-power beam width is dependent on the transmission frequency and
the transmitting aperture diameter. We calculate the half-power beam width, and therefore the
pointing allowance, to be 1.70E-04 deg.
4.2.8.2 Selecting a Pointing Control Mechanism

To define the control system and architecture of the satellites, we performed research on
existing optical communications systems. When researching these systems, we focused
specifically on gathering information about each mechanism to control aperture pointing. Because
optical communication is an emerging technology, few pointing control systems have been
successfully built and tested. We researched three existing optical communication applications:
Optical Payload for Lasercomm Science (OPALS), Lunar Laser Communication Demonstration
(LLCD), and Deep Space Optical Communications (DSOC). Because each mission had different
applications, hardware, and entry dates into service, we compared them to determine a model off
which to base our optical pointing system.
Optical Payload for Lasercomm Science (OPALS):
OPALS is one of the first successful applications of optical communication. The OPALS
system is mounted on the International Space Station, giving it a maximum propagation length of
400 km. The system has the capability of transferring data at a rate of 50 MBPS, but the
instrumentation is typically used for testing and science purposes only, not to communicate with
the astronauts. For this reason, a high reliability is not as necessary. This system provides a
pointing accuracy up to 4.58E-03 deg, more than an order of magnitude more than the required
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pointing accuracy of 1.70E-04 deg. The pointing control system hardware used is a 2-axis gimbal
system, which gives the antenna two degrees of freedom for precision pointing. Because OPALS
is mounted on the International Space Station, a third degree of freedom for pointing is
unnecessary, as the aperture will always be pointing in the same general vicinity. The system tracks
the target using closed-loop dead reckoning. The added mass and power of the OPALS pointing
control system is 154 kg and 200 W, respectively. [4]
Lunar Laser Communication Demonstration (LLCD):
Another successful application of optical communication is LLCD. The LLCD satellite
captures lunar science information and transmits it back to Earth via optical communication.
LLCD has a very high data rate of 622 Mbps used for high-reliability communication. The
hardware of this system is similar to that of the OPALS, a two-axis gimbal with closed loop
control. However, as this system was developed after OPALS, the mass and power requirements
of the system have been refined to 30 kg and 90 W, respectively. The decreased mass and power
comes from the added necessity of not relying on the International Space Station for attitude
control. The thruster attitude control system of satellite provides an overall third degree of freedom
for the pointing mechanism to track a target over a large swath. This system provides a pointing
accuracy of up to 5.73E-04. [5]
Deep Space Optical Communications (DSOC):
We research a final optical communication system, DSOC. The DSOC is unlike the
previous systems as it is not yet built or tested, although it currently maintains a technology
readiness level of TRL-6. The DSOC is designed for deep space communication with a maximum
propagation length of up to 228 million km. DSOC provides a date rate of 100 Mbps, which is in
between the two previously researched systems. The hardware of this system is similar to that of
the previous two, with a two-axis gimbal mechanism. However, the DSOC relies on advanced
instrumentation to control the movements of the mechanism. DSOC uses two instruments currently
in development, a photon counting camera and an isolation pointing assembly, to determine the
angle within a pointing allowance of 2.15E-04. The additional mass and power requirements of
the entire system are 59 kg and 166 W, respectively. [6]
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A summary of the parameters that are relevant to the analysis are shown below in Table
4.2.8.2.1.
Table 4.2.8.2.1 Breakdown of Mass, Power, and Other Parameters

Mission

Max Propagation
Length (km)

Application

Data Rate

Mass

Power

Pointing

(Mbps)

(kg)

(W)

Accuracy (deg)

OPALS

400 km

ISS

50

154

200

4.58E-03

LLCD

384E+03

Lunar

622

30

90

5.73E-04

DSOC

228E+06

Deep Space

100

59

166

2.15E-04

For the Earth, Relay and Mars satellites, we selected a pointing control system identical to
that of DSOC for several reasons. First, with a maximum propagation length near average distance
between Mars and Earth, the DSOC system has the closest application to our interplanetary
communications satellites. With the other two systems designed for propagation lengths at least
three orders of magnitude smaller than the distance between Earth and Mars, this criterion alone
eliminates OPALS and LLCS as possibilities. The other major deciding factor is the allowable
pointing error achieved. The DSOC can achieve a pointing accuracy up to 2.15E-04 deg. This
accuracy is still too large to match our required value, but it is the closest application in existence
that approaches our requirement. We consider this discrepancy when determining the operating
frequency. Implementing a pointing system based on the DSOC adds extra power and mass
requirements of 118 kg and 332 W per satellite, respectively, due to a pointing system each for the
transmitting and receiving apertures. These added requirements to the system are negligible when
considering the total mass, power, and volume breakdown of the satellites.
4.2.8.3 Optical Frequency Selection
We account for the discrepancy between the desired pointing accuracy and the allowed
pointing accuracy using a parameter called the pointing margin. The pointing margin (p) is defined
as the difference between the required pointing allowance and the pointing allowance provided by
our architecture, based off the DSOC.
p = 2.15E-04 deg - 1.70E-04 deg = 4.5E-05 deg = 7.8E-07 rad
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From the pointing error margin, the pointing loss in decibels can be calculated over a range of
optical frequencies. A frequency is then selected to minimize the pointing loss for the given
pointing error margin. From Fig. 4.2.8.1, a frequency of 300 THz was selected.

Fig. 4.2.8.1 Each geosynchronous satellite can communicate with up to seven different cyclers.

The final results of the optical pointing accuracy and frequency selection analysis are
summarized below in Table 4.2.8.3.1. The selected frequency of 300 THz must be staggered
between satellites to limit signal interference, but 300 THz remains the worst case. For simplicity,
the values of pointing loss and pointing error are constant at the worst-case scenario throughout
the link budget analysis, adding a slight factor of safety to the design. In application, the pointing
error and pointing loss will change as the frequency changes.
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Table 4.2.8.3.1 Inputs into 100-person colony link budget analysis

Parameter

Unit

Value

Frequency

THz

300

Pointing Loss

dB

-5

Pointing Error

deg

1.70E-04

4.2.8.4 Disruption Tolerant Networking
In the case of delay and potential disruptions to our system’s telecommunications, we will
use NASA’s Delay/Disruption Tolerant Networking (DTN). DTN is a computer networking
system that ensures reliability of data transfer using a store-forwarding technique that only
forwards data, if a link is available. Although, this system would only be used when a link is not
available, this tool will greatly enhance our system’s reliability.
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4.2.8.5

10 mbps Optical Cross links

For our 10 mbps optical interplanetary communication system we first used a 472 THz signal
to test the feasibility of optical links. This signal was chosen because it is within the optical
frequency range of the electromagnetic spectrum. The Earth, Mars, and Relay satellites only use
optical signals for the crosslinks between them. Uplinks and Downlinks between the satellites and
the ground stations are still accomplished with a 32 GHz signal. The full link budget is detailed
below in Table 4.2.8.5.1 for the crosslink between the Earth and Relay satellites, and Table
4.2.8.5.2
Table 4.2.8.5.1 Link Budget for 10 mbps 472 THz Cross Link between the Relay and Earth Satellites

Relay Sat to Earth

Earth Sat to Relay

Crosslink

Crosslink

THz

472

472

Path Length

m

1.6 E+11

1.6 E+11

Data Rate

mbps

10

10

Transmitter Power

W

168

168

Transmitter Diameter

m

0.35

0.25

Pointing Error

deg

1.74E-04

1.74E-04

Line Loss

dB

-1

-1

Efficiency

-

0.5

0.5

Receiver Diameter

dB

0.25

0.35

Receiver Pointing Error

deg

0.000174

0.000174

Transmission Path Loss

dB

-0.5

-0.5

Receiver Temp

K

290

290

Margin

dB

10.5

10.5

Space Loss

dB

-370

-370

Power Received

dBW

-93.1

-93.1

Parameter

Units

Frequency
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Table 4.2.8.5.2 Link Budget for 10 mbps 472 THz Cross Link between the Relay and Earth Satellites

Mars Sat to Relay

Relay Sat to Mars

Crosslink

Crosslink

THz

472

472

Path Length

m

3.8 E+11

3.8 E+11

Data Rate

mbps

10

10

Transmitter Power

W

168

168

Transmitter Diameter

m

0.35

0.35

Pointing Error

deg

1.74E-04

1.74E-04

Line Loss

dB

-1

-1

Efficiency

-

0.5

0.5

Receiver Diameter

dB

0.35

0.35

Receiver Pointing Error

deg

0.000174

0.000174

Transmission Path Loss

dB

-0.5

-0.5

Receiver Temp

K

219

290

Margin

dB

5.94

7.17

Space Loss

dB

-377

-377

Power Received

dBW

-97.7

-97.7

Parameter

Units

Frequency

The results of the preliminary optical link budget analysis showed significant power and
antenna size savings over our previous 32 GHz crosslinks. The margin of the 472 THz cross link
is over ten dB for the cross link from the relay to Earth Satellites. A margin larger than ten dB is
over designed, so for future link budgets we will reduce the gains in the communication system.
We also have additional parameters given in Table 4.2.8.5.3 for the cross link from the Earth
satellite to the relay. Using equation 1.2.5.1.3 we are able to calculate the Transmitter Gain in dB
for our crosslinks. For our 472 THz optical link budget, the transmitter gain is 132 dB. This is
significantly higher than the peak gains of our radio frequency cross links. Next we can see that
the receiver gain is 119 dB which is also larger than the receiver gain for radio frequency links.
Table 4.2.8.5.3 also includes the required laser power. The Earth sat to relay cross link
requires 82.3 W for the data to be received. Since we used 168 W for the link budget we know we
have selected more power than needed for this cross link. Table 4.2.8.5.4 shows the parameters of
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the crosslink from the relay satellite to the Earth satellite. The transmitter gain is 129 dB which
different from the crosslink in the other direction due to the size difference of the apertures for
each satellite. Again the required laser power for this link is 82.3 W which is lower than the power
we chose for this link.
Table 4.2.8.5.3 Parameters for 10mbps 472 THz Cross Link from Earth to Relay Satellite

Parameter

Units

Relay Sat to Earth

Transmitter Gain

dB

132

Receiver Gain

dB

119

Receiver Required Power

dBW

-93.1

Required Laser Power

W

82.3

Table 4.2.8.5.4 Parameters for 10mbps 472 THz Cross Link from Relay to Earth Satellite

Parameter

Units

Earth Sat to Relay

Transmitter Gain

dB

129

Receiver Gain

dB

122

Receiver Required Power

dBW

-93.1

Required Laser Power

W

82.3

Table 4.2.8.5.5 shows additional parameters for the cross link from the relay sat to the Mars
satellite. Because of the change in the distance of the link the required laser power is higher than
for the crosslink from Earth to the relay. You can also see that even though the receiving and
transmitting apertures have the same diameter and efficiencies, the gains they provide are different.
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Table 4.2.8.5.5 Parameters for 10mbps 472 THz Cross Link from Relay to Mars Satellite

Parameter

Units

Relay Sat to Earth

Transmitter Gain

dB

132

Receiver Gain

dB

122

Receiver Required Power

dBW

-97.7

Required Laser Power

W

140

Table 4.2.8.5.6 shows additional parameters for the cross link from the Mars satellite to the
relay satellite. When comparing the required laser power for this link you can see that the power
required is slightly lower than the previous link. This is due to the difference in system noise
temperature between the two satellites.
Table 4.2.8.5.6 Parameters for 10mbps 472 THz Cross Link from Mars to Relay Satellite

Parameter

Units

Earth Sat to Relay

Transmitter Gain

dB

132

Receiver Gain

dB

122

Receiver Required Power

dBW

-97.7

Required Laser Power

W

139

After the 472 THz link budget was completed we analyzed the performance of various optical
frequencies as seen in section 4.2.8.3. We then are able to choose values for transmitter power,
transmitter aperture diameter, and receiver aperture diameter for the 10 mbps interplanetary
connection with the 300 THz signal.
4.2.8.6

10 mbps 300 THz Optical Link Budget

For the initial link budget design we choose our link budget to support 100 persons. The
requirement for one two-way high definition video channel per 100 person is one ten mbps link
per 100 colonists. For this link budget we wanted the margin for our satellite crosslinks to be
greater than one dB but no larger than four dB. A margin greater than one ensures that the signal
is strong enough so there is some protection against noise. A margin greater than 10 is too high,
since the signal is significantly stronger than it needs to be. We want to keep the margin below ten
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dB so that we do not overdesign the communication link. The Link budget for our 10mpbs 300
THz Optical signal is shown below in Table 4.2.8.6.1 and Table 4.2.8.6.2.
Table 4.2.8.6.1 Link Budget for 10 mbps 300 THz Cross Link between the Relay and Earth Satellites

Relay Sat to Earth

Earth Sat to Relay

Crosslink

Crosslink

THz

300

300

Path Length

m

1.5 E+11

1.5 E+11

Data Rate

mbps

10

10

Transmitter Power

W

600

600

Transmitter Diameter

m

0.10

0.25

Pointing Error

deg

1.74E-04

1.74E-04

Line Loss

dB

-1

-1

Efficiency

-

0.5

0.5

Receiver Diameter

dB

0.35

0.10

Receiver Pointing Error

deg

0.000174

0.000174

Transmission Path Loss

dB

-0.5

-0.5

Receiver Temp

K

290

290

Margin

dB

4.97

4.71

Space Loss

dB

-366

-366

Power Received

dBW

-99.5

-99.0

Parameter

Units

Frequency
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Table 4.2.8.6.2 Link Budget for 10 mbps 300 THz Cross Link between the Relay and Mars Satellites

Relay Sat to Mars

Mars Sat to Relay

Crosslink

Crosslink

THz

300

300

Path Length

m

4.0 E+11

4.0 E+11

Data Rate

mbps

10

10

Transmitter Power

W

450

450

Transmitter Diameter

m

0.35

0.35

Pointing Error

deg

1.74E-04

1.74E-04

Line Loss

dB

-1

-1

Efficiency

-

0.5

0.5

Receiver Diameter

dB

0.35

0.35

Receiver Pointing Error

deg

0.000174

0.000174

Transmission Path Loss

dB

-0.5

-0.5

Receiver Temp

K

218

290

Margin

dB

1.23

1.66

Space Loss

dB

-374

-374

Power Received

dBW

-103

-103

Parameter

Units

Frequency

Table 4.2.8.6.1 and Table 4.2.8.6.2 show the link budget for 300 THz. Here we can see that
the margins for these link budgets have decreased significantly. The link budget in Table 4.2.8.6.1
features transmitter and receiver apertures that differ significantly. The first link budget, which
links the relay and the Earth satellite has a margin above 4 dB, but it it’s still closer to our targeted
margin which is between 1 and 4.
Table 4.2.8.6.3 Parameters for 10mbps 300 THz Cross Link from Earth to Relay Satellite

Parameter

Units

Relay Sat to Earth

Transmitter Gain

dB

117

Receiver Gain

dB

118

Receiver Required Power

dBW

-98.6

Required Laser Power

W

242

Purdue University | PROJECT DESTINY

J. Rivera | 4-78

Interplanetary Communication System Appendix

Table 4.2.8.6.3 shows additional parameters for the communication link between the Earth
satellite and the relay satellite. The transmitter gain and receiver gain are very close to each other,
even though the diameter of the receiver aperture is a greater than the transmitter aperture diameter
by a factor of three. The required laser power is higher as well for this crosslink. This is because
we chose aperture sizes that are relatively small for this portion of the link.
Table 4.2.8.6.4 Parameters for 10mbps 300 THz Cross Link from Relay to Earth Satellite

Parameter

Units

Earth Sat to Relay

Transmitter Gain

dB

128

Receiver Gain

dB

107

Receiver Required Power

dBW

-98.6

Required Laser Power

W

242

Table 4.2.8.6.4 shows that the transmitter Gain is higher for the Earth satellite, the relay
satellite’s receiving gain is smaller with a gain of just 107 dB. This is because the link from the
Earth satellite to the relay is a constant 1.5 x 1011 m link. This allows us to choose aperture
diameters for the crosslinks that face from the relay satellite to Earth to be smaller.
Table 4.2.8.6.5 Parameters for 10mbps 300 THz Cross Link from Relay to Mars Satellite

Parameter

Units

Relay Sat to Mars

Transmitter Gain

dB

125

Receiver Gain

dB

115

Receiver Required Power

dBW

-98.6

Required Laser Power

W

361

Table 4.2.8.6.5 and Table 4.2.8.6.6 show that the link between the relay satellite and the
Mars satellite are essentially the same
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Table 4.2.8.6.6Parameters for 10mbps 300 THz Cross Link from Mars to Relay Satellite

Parameter

Units

Mars Sat to Relay

Transmitter Gain

dB

125

Receiver Gain

dB

115

Receiver Required Power

dBW

-98.6

Required Laser Power

W

361

4.2.9 Control
This section of the report contains the process used to determine non-gravitational forces,
moments, and the sizing of attitude control systems to compensate. Forces that cause accelerations
greater than 3σaccel (3 x 10-12 km / s2) need to be modeled when designing the orbit trajectory in
order to avoid a higher orbital maintenance propellant requirement [5SMAD]. The small pointing
error margin required for the optical communication apertures necessitates the use of 3 axis
stabilization [7].
4.2.10.1

Summary of Nongravitational Forces

For nongraviational forces, we analyzed forces from electromagnetic radiation, and
particulate sources. The summary of significant nongraviataional forces and moments acting on
each satellite.
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Table 4.2.10.1.1 Summary of Significant Nongravitational Forces

Nongravitational Satellite Forces
Satellite

Earth

Mars

Force Type

Force [N]

Acceleration [km/s^2]

Solar Radiation

1.09E-03

2.97E-10

Transmission

8.67E-05

2.35E-11

Reflected Solar

4.66E-06

1.26E-12

Solar Radiation

4.86E-04

6.37E-11

Transmission

6.67E-05

8.73E-12

Reflected Solar

2.36E-07

3.08E-14

Solar Radiation

1.11E-03

1.84E-10

Transmission

1.00E-04

1.65E-11

Relay

Solar radiation is the largest nongravitational force that acts on the satellites. The next
highest force is the force due to transmission of electromagnetic radiation from the optical
communication apertures. Reflected solar radiation is the force due to sunlight reflected off by
Earth or Mars on the satellites that orbit them.
For each satellite, the acceleration from solar radiation and transmission are both greater
than 3σ. For the Earth satellite, the acceleration due to reflected solar radiation is also higher than
3σ. Additional forces are tabulated below. This means that when designing the orbits of these
communication satellites, these forces will need to be modeled in addition to gravitational forces.
By modeling these forces, we reduce the amount of propellant needed to maintain the orbit.
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Table 4.2.10.1.2 Nongravitational Forces on Earth Satellite

Earth Sat
Force Type

Force (N)

Acceleration [km / s^2]

Solar Radiation

1.09E-03

2.97E-10

Transmission

8.67E-05

2.35E-11

Reflected Solar

4.66E-06

1.26E-12

Planet Thermal Rad.

3.18E-06

8.62E-13

Solar Wind

3.72E-07

1.01E-13

Newtonian Drag

1.58E-08

4.27E-15

Cosmic Ray

1.59E-11

4.30E-15

Meteor

8.79E-10

2.38E-16

In addition to the three forces that cause accelerations above 3σ (3x10-12 km/s2), Planet
Thermal Radiation from Earth causes an acceleration that is within one order of magnitude of 3σ.
This means that this force may need to be included in the modeling of the orbit for the Earth
satellite. The other forces that act on the Earth satellite cause accelerations that are several orders
of magnitude below 3σ, so it is safe to not model them.

Table 4.2.10.1.3 Nongravitational Forces on Mars Satellite

Mars Sat
Force Type

Force [N]

Acceleration [km / s^2]

Solar Radiation

4.86E-04

6.37E-11

Transmission

6.67E-05

8.73E-12

Reflected Solar

2.36E-07

3.08E-14

Planet Thermal Rad.

5.25E-07

6.87E-14

Solar Wind

1.65E-07

2.16E-14

Newtonian Drag

7.15E-09

9.36E-16

Cosmic Ray

1.59E-11

2.08E-15
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For the satellite that orbits Mars, only solar radiation and Transmission forces cause
accelerations that are greater than 3σ. The other forces are several orders of magnitude below 3σ.
This means that only solar radiation and transmission forces need to be modeled in the orbit design
of the Mars satellite.
Table 4.2.10.1.4 Nongravitational Forces on Relay Satellite

Relay Sat
Force Type

Force (N)

Acceleration [km / s^2]

Solar Radiation

1.11E-03

1.84E-10

Transmission

1.00E-04

1.65E-11

Solar Wind

3.79E-07

6.24E-14

Newtonian Drag

1.57E-06

2.59E-13

Cosmic Ray

1.59E-11

2.61E-15

For the relay satellite, only forces from solar radiation and optical transmission cause
accelerations larger than 3σ as seen. The other forces are at least 1 order of magnitude below 3σ.
Since the relay satellite is not near any planetary body it does not experience reflected solar
radiation or planetary thermal radiation. However, since the satellite is placed at L5, a stable point
in space, there may be a higher concentration of meteoroids than interplanetary space. It would be
helpful to have accurate data on this when designing the relay satellite. It may be helpful to
4.2.10.2 Determination of Solar Radiation Force
Solar radiation, the largest nongravitaional force acting on the communication satellites,
was determined by estimating the sun facing area of the satellite. This was done using the following
equation:

𝐴𝑆𝑢𝑛𝑓𝑎𝑐𝑖𝑛𝑔 = 𝐴𝑠𝑜𝑙𝑎𝑟𝑝𝑎𝑛𝑒𝑙 +

(ℎ𝑤+ℎ𝑙)
2

(4.2.10.2Error! Reference source not

found..1)
Here the area of the solar panels is added to the average area of the satellite bus that faces
the sun. For the average area of the satellite bus that faces the sun: h is the bus height, w is the bus
width, and l is the bus length.
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We determined the solar radiation force using the following equation [6]:
𝑓

𝐹𝑠𝑜𝑙𝑎𝑟 = 𝑘𝑒𝑙𝑚 𝐴𝑆𝑢𝑛𝑓𝑎𝑐𝑖𝑛𝑔 (𝑟 𝑜 )

(4.2.10.2.2)

𝑠𝑠

Here kelm is the spectral reflectivity of the satellite’s surface, fo is the solar radiation at one
AU, and rss is the radial distance from the sun in AU. For our satellite, kelm was 1.5 to reflect a
surface that is between a black body (kelm = 1) and a perfectly reflective surface (kelm = 2). For the
Earth and Relay satellites, rss = 1 AU. For the Mars satellite rss = 1.38 AU which was chosen for
the worst case when Mars is at perihelion.
The acceleration from solar radiation was calculated by dividing the force on each satellite
by the satellite’s mass as shown below:
𝑎𝑠𝑜𝑙𝑎𝑟 =

𝐹𝑠𝑜𝑙𝑎𝑟

(4.2.10.2.3)

𝑚𝑠𝑎𝑡

4.2.10.3 Determination of Communication Transmission Force
The electromagnetic radiation emitted by the satellite’s communication systems imparts a
force on the satellites that emit them. For our communication satellites, the optical transmission
apertures are the main source.The optical transmission force was determined by dividing the power
transmitted by the satellite by the speed of light, as seen in the following equation [9]:
𝐹𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =

𝑃𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑
𝑐

(4.2.10.3.1)

The relay satellite has two optical apertures, and its transmission force is higher as a result
of this.
4.2.10.4 Determination of Reflected Solar Radiation Force
Solar radiation that reflects off of nearby planets also imparts a force on satellites. Two of
our communication satellite types are near planetary bodies: the Earth and Mars satellites. Since
the relay satellite is positioned at the Earth Sun L5 point, it does not experience this force.
Similar to the solar radiation force, we must first determine the area of the satellite that
faces the planet. To do this we averaged the area facing the planet of the satellite using the
following equation:
𝐴𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑆𝑜𝑙𝑎𝑟 =

𝐴𝑆𝑢𝑛𝑓𝑎𝑐𝑖𝑛𝑔 + 𝑙 ℎ
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Here, we used the sun facing area calculated with equation 1, and l is the bus length, and h
is the satellite bus height.
We determined the reflected solar radiation force using the following equation [6]:
2

𝐹𝑅𝑒𝑓𝑒𝑐𝑡𝑒𝑑𝑆𝑜𝑙𝑎𝑟 =

2𝑘𝑒𝑙𝑚 𝐴𝑝𝑙𝑎𝑛𝑒𝑡𝑓𝑎𝑐𝑖𝑛𝑔 0.39(𝑟𝑝 ) 𝑓𝑜

(4.2.10.4.2)

2 (𝑆
2
3𝑐 𝑟𝑠𝑠
𝑎𝑙𝑡 )

Where Aplanetfacing is the surface area of the satellite facing the reflecting planetary body, rp
is the radius of the reflecting planetary body, Salt is the altitude of the satellite relative to the
reflecting planetary body in AU.
4.2.10.5 Determination of Planetary Thermal Radiation Force
Planetary bodies also emit thermal radiation which also imparts a force on orbiting
satellites. To calculate this force we used the following equation [9]:

𝐹𝑃𝑙𝑎𝑛𝑒𝑡𝑎𝑟𝑦𝑇ℎ𝑒𝑟𝑚𝑎𝑙 =

𝑘𝑒𝑙𝑚 𝐴𝑃𝑙𝑎𝑛𝑒𝑡𝐹𝑎𝑐𝑖𝑛𝑔 𝜎𝑇 4 𝑟𝑝2
𝑐(𝑆𝑎𝑙𝑡 )2

(4.2.10.5.1)

Here, T is the temperature of the planetary body in K. It is important to note that σ in the
above equation is the Stephan Boltzmann Constant and not σaccel.
Determination of Glactic Cosmic Radiation Force
4.2.10.6 Determination of Particle Collision Forces
As the satellites orbit the planets they will be hit by particles such as micrometeorites or
nucleons. That impose an impulsive force on the satellites with each impact [3]. To calculate this
force we assume the satellites can be modeled as an effective flat plate area. The average force due
to collisions with particles of mass m and relative velocity VR is given by:
𝐹 = 𝜌𝑉 2𝑅

(4.2.10.6.1)

The sun emits a stream of charged particles called solar wind. These particles impact
spacecraft and impart a force. To calculate this force we used the following equation:
𝐹𝑆𝑜𝑙𝑎𝑟𝑊𝑖𝑛𝑑 = 𝐴𝑆𝑢𝑛𝐹𝑎𝑐𝑖𝑛𝑔 ∗

𝑃𝑆𝑜𝑙𝑎𝑟𝑊𝑖𝑛𝑑
2
𝑟𝑠𝑠

(4.2.10.6.2)

Here PSolarWind is the pressure of solar wind at 1 AU. We again use ASunFacing as the area of
the satellite that faces the sun.
Purdue University | PROJECT DESTINY

J. Rivera | 4-85

Interplanetary Communication System Appendix

4.2.10.7 Determination of Meteoroid Force
Micrometeorites also impact spacecraft and impart forces. The force micrometeorites
impart on a space craft is dependent on the effective area that faces in the direction of the velocity
vector of the space craft. This was calculated by taking the average surface area of the satellites
normal to their velocity vector as shown by the following equation.
𝐴𝑣 =

(𝐴𝑆𝑢𝑛𝑓𝑎𝑐𝑖𝑛𝑔 +𝑤 ℎ)
2

(4.2.10.7.1)

To calculate the force imparted by micrometeorites, we use an estimation of the average
meteoroid mass flux around Earth. This value for ρV = 6.13 x 10-16 kg/m2. We then combine this
with the velocity of the satellites to find the average force of micrometeorites using the following
equation:
𝐹𝑚𝑒𝑡 = 𝜌𝑉𝑚 𝑉𝑠

(4.2.10.7.2)

4.2.10.8 Determination of Newtonian Drag Force
Small amounts of gaseous particles impact space craft. This creates a drag force on the
space craft slowing it down. The particle densities in geosynchronous, areosynchronous, and
interplanetary space were found for each respective satellite and used to compute this drag force.
This force was calculated using the following equation [1]:
2
𝐹𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 = 𝑉𝑠𝑎𝑡
𝜌𝑠𝑝𝑎𝑐𝑒 𝐴𝑉

(4.2.10.8.1)

Where Vsat is the velocity of the satellite, and ρspace is the density of gaseous particles in the
region of space the satellite operates in. Again we use the approximate area of the satellite that is
normal to the velocity vector. For this calculation we assume that the satellite area acts as a flat
plate. It is important to note that ρspace is dependent on the environment of the satellite
4.2.10.9 Determination of Disturbance Torques
Attitude control systems are sized based on the largest disturbance torques. For our
communication satellites the largest disturbance torque comes from the transmission force. While
solar radiation imparts the largest nongravitational force, we orient the communication satellite so
that the solar radiation force is balanced. We designed the communication satellites in a way that
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minimizes the difference between our communication satellite’s center of solar pressure and center
of mass.
The position of the optical transmission apertures is on the side of the satellite. To calculate
the torque due to transmission we simply multiplied the force by the distance from the center of
the satellite to the aperture (this assumes that the center of the satellite is the center of mass). This
is shown in the following equation:
𝑙

𝑇𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝐹𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ∗ 2

(4.2.10.9.1)

Here, l is the length of the satellite bus, since the aperture is on one of the edges of the
satellite we find the moment arm by dividing l by 2. Using the transmission torque we can calculate
the angular acceleration it imparts on the satellite.
𝜔̇ =

𝑇𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
𝐼𝑆𝑎𝑡𝑦

(4.2.10.9.2)

Here ISaty is the moment of inertia of the satellite about the y axis. Table 4.2.10.9.1 shows
the Torque and angular acceleration that the optical apertures impart on each communication
satellites.
Table 4.2.10.9.1: Optical Transmission Torques

Optical Transmission Torques
Angular Acceleration

Satellite

Torque [N m]

Earth

3.88E-05

2.53E-09

Relay

5.82E-05

7.85E-09

Mars

2.73E-05

2.75E-09

[rad/s]

The torques for each satellite are on the order of 10-5 N m. The angular acceleration for
each satellite is on the order of 10-9 rad / second for each satellite. The relay satellite has the largest
torques and angular acceleration due to the fact that it has two transmitting apertures. Once we
determined the torques acting on the satellite, we were able to begin to size the attitude control
system.
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4.2.10.10Attitude Control Sizing
To determine attitude control sizing we first needed to calculate the momentum that each
satellite accumulates over time. We choose this time to be the period of the satellite’s orbit. The
following equation calculates momentum accumulation per period [SMAD]:

𝐻𝑝𝑒𝑟𝑖𝑜𝑑 = 𝑇𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑃𝑒𝑟𝑖𝑜𝑑 𝑠𝑎𝑡

0.707
4

(4.2.10.10.1)

Here tPeriodsat is the orbital period of the satellite. Using the above equation we calculate the momentum accumulation for each
satellite per orbital period. Table

, lists the momentum accumulation per period for our satellites.

Table 4.2.10.10.1: Satellite Momentum Accumulation per Orbital Period

Satellite Momentum Accumulation
Satellite

Momentum Accumulation per Orbital Period [N m s]

Earth

1.58

Relay

1786.00

Mars

1.80

Since the orbital period of Relay satellite is approximately one year, and the orbital periods
of the Earth and Mars satellites are approximately one day, there is a large discrepancy in the
momentum accumulation. In order to address this we calculated the momentum accumulation per
day instead for each satellite. This change allows us to compare the momentum accumulation for
each satellite. Table shows the momentum accumulation per day for each satellite. Now the
momentum that accumulates in the relay satellite is the same order of magnitude as the others.
However, the momentum accumulation of the relay satellite is still the largest. We used these
values to size the reaction wheels of the attitude control system.
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Table 4.2.10.10.2 Satellite Momentum Accumulation per Day

Satellite Momentum Accumulation
Satellite

Momentum Accumulation per Day [N m s]

Earth

1.58

Relay

4.89

Mars

1.80

For each satellite we have three reaction wheels, each positioned so that they spin across
one independent axis of the satellite. To size them we want them to be able to absorb around ten
times the momentum accumulation per orbital period [SMAD]. This factor of safety will account
for other uses of the momentum wheels, such as satellite slew, vibration stabilization and absorbing
momentum from other torques. Table shows the approximate mass for the reaction wheels sized
from existing spacecraft reaction wheels based off of the amount of momentum they absorb [10].
Table 4.2.10.10.3 Mass for Reaction Wheels

Satellite Momentum Wheel Mass
Satellite

Momentum Accumulation [N m s]

Momentum Wheel Mass [kg]

Earth

15.76

18.00

Relay

48.90

24.00

Mars

18.00

20.00

Reaction wheels are only able to absorb a fixed amount of momentum safely. If the reaction
wheels spin too fast they can explode, damaging the satellite. If the reaction wheels stop
accelerating once they reach their limit, the satellite will still loose attitude control in the axis of
rotation. In order to extend the life of our satellite, the satellite needs to be able to de-spin its
reaction wheels.
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The satellite employs its attitude control thrusters to de-spin the reaction wheels
periodically. In order to calculate the amount of propellant needed for our attitude thrusters to despin the reaction wheels we estimate the worst case momentum accumulation in each satellite to
be around ten times the momentum accumulation per day caused by the transmission torque. This
is the same value for momentum accumulation per satellite shown in Table . We then can estimate
the momentum accumulation per satellite over its design life of 15 years using the following
equation:
𝐻𝐿𝑖𝑓𝑒𝑇𝑖𝑚𝑒 = 10𝐻𝑑𝑎𝑦 𝑡𝑚𝑖𝑠𝑠𝑖𝑜𝑛

(4.2.10.9.2)

Where tmission is the life time of each satellite in days. And Hday is the momentum absorbed
by the reaction wheels in one day.
The force required to de-spin the reaction wheels depends on two factors: the time of the
thrust impulse, and the moment arm the force. For our satellites attitude thrusters are placed on the
corners of the satellite bus. The moment arm for the thrusters is approximately the same as the
moment arm of the optical transmission force. The equation to calculate the thrust required to despin the reaction wheels for one day of torque is given by:

𝑇𝑎𝑡 =

10𝐻𝑑𝑎𝑦
𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑒 𝑙𝑡ℎ𝑟𝑢𝑠𝑡

(4.2.10.9.3)

As you can see in the above equation. The longer timpulse is the smaller the force the thrusters
need to output. For simplicity we choose this to be one second. The moment arm is lthrust in the
above equation, which is equal to half of the length of the satellite bus for our satellites. Now that
we have the thrust it takes to cancel the worst case momentum accumulation for one day we can
apply that to the mission duration. If we also include the Isp of the propellant being used by our
satellites, we can calculate the mass of fuel required. For our satellites we are using monomethylhydrazine as our propellant for the attitude control thrusters. This propellant has an Isp of 300s. We
can now calculate how much propellant is required to de spin our reaction wheels using the
following equation:
𝑀𝐴𝑃𝑟𝑜𝑝 =

𝑡𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑇𝑎𝑡
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Where tmission is the life time of the satellite in days. Isp is the specific Impulse of the
propulsion system used in seconds, and g is the gravitational acceleration at Earth. You can see
the mass of propellant needed for the attitude control of each satellite in Table 4.2.1.2.1 Frequency
Allocation

Table 4.2.10.10.4 Attitude Control Propellant

4.2.10.11

Satellite

Attitude Control Propellant Mass [Mg]

Earth

0.040

Relay

0.056

Mars

0.029

Control Conclusions

By calculating the nongravitational forces and moments we were able to determine the
significance of these forces. It is not surprising that solar radiation force is greater than 3σ;
however, it is surprising that the satellite’s optical apertures cause accelerations greater than 3σ as
well. Using the results from the analysis of nongravitaional forces and moments we were then able
to size our attitude control system as well as the propellant mass for Attitude Control.

Purdue University | PROJECT DESTINY

J. Rivera | 4-91

Interplanetary Communication System Appendix

4.2.10 Scaling (2nd iteration)
The following scaling method is the second iteration which is performed to determine the
number of Mars, Relay and Earth satellites required as per the population growth over 100 years.
In the first iteration, all the four population curves: doubling launch rate (ITS-D) curve, geometric
model-47C curve, linear to geometry delivery-47c curve and linear to constant delivery-47c curve
are taken into account. In the second iteration, out of the four population curves, we choose linear
to constant delivery-47c curve as the standard population curve.
As previously mentioned, we choose the lifetime of a satellite as 15 years. In the first
attempt of scaling, for the linear to constant delivery rate model, the diameters of the antenna and
aperture for the satellites change after the lifetime of a satellite. Therefore, the design of the satellite
changes. In the second attempt, we try to keep a constant satellite design throughout to have a
consistent model. We need to maximize the design of the satellites to its maximum limit so that it
can handle the increasing load of the population. We consider the maximum diameters and data
rates every type of satellite (Earth satellite, Relay satellite and Mars satellite) can handle and keep
them the same throughout. We calculate the data rate for a satellite by multiplying the number of
people by 0.1 as per gotten from the 100-person colony. The data rate (Mbps) increases as the
population grows.
We plot three curves of data rate versus year using the data rates. Then, we divide the yaxis in the data rate versus year’s curves, by horizontal gridlines, with the intervals of the data rates
for each type of satellite. We divide the x-axis in the data rate versus year’s curve by vertical
gridlines with the intervals of 15 years.
We see the blocks formed in all the plots due to the vertical and horizontal gridlines. As
the data rate curve rises up, we determine the number of blocks it intersects before a lifetime of a
satellite is reached. The number of blocks gives us the number of satellites needed during the
respective period of the lifetime. Likewise, we determine the number of each type satellites needed
in the satellite constellation over the period of 100 years. We make sure that the number of satellites
satisfy the data rate need of the population for every fifteen years.
The data rates in the first iteration are wrong. We use the data rates from the first iteration
in the second attempt which makes the results of the number of satellites we get in the second
iteration go completely wrong.
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We modify the delivery rate curve, change the diameters of the antenna and apertures and
update the data rates using the LBA code as per the requirement of the other systems of the project.
The design of the satellite change and we work on the third attempt of scaling to calculate the
number of Earth, Relay and Mars satellites required in the satellite constellation considering the
lifetime of the satellite.

4.2.11 Noise and Interference
Our requirement for interplanetary communication system is to achieve continuous 2-way
High Definition (HD) video. To satisfy the requirement, we analyze the options which will break
the continuous 2-way HD communication. We consider two basic concepts: 1) noise
considerations and 2) interference.

Figure 4.2.11.1: Communication links interrupted by noise (Image Credit: K. Rink)

We first understand the concept of noise considerations. Noises are the interruptions we
come across while communicating between Mars and Earth as seen in Fig. (4.2.11.1). There are
two types of noise sources: 1) Internal noises and 2) External noises. [1]
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The internal noises are the noise sources within the system. We consider satellite as a system
here. A system receives and generates unwanted signals which is called as noise. The components
of the system such as transmission lines and filters and amplifiers are the examples of the internal
sources of the noise. These sources can interrupt the communication internally and may break or
cause delay in the communication.
The external noises are the noise sources outside the system. We discuss some of the
common external noises further. Electromagnetic radiations (spectrum) in space cause noise.
Electromagnetic spectrum includes visible light, radio waves, micro waves and ionizing radiation.
In space, we consider ionizing radiation which is present in the form of high-energy charged
particles. [2] The three natural sources of ionizing radiation are trapped radiation, galactic cosmic
radiation and solar particle events. Earth’s and Mars’ atmospheres are one of the causes of the
noise. There are quite frequent planet wide dust storms on Mars which are powered by the sunshine
and which trigger noise. All these factors can delay or break the continuity of the HD videos.
When understanding the concept of noise, the system noise temperature is an important
concept we need to consider. System noise temperature is denoted by T_s. It is the combination of
contributions from different noise sources. We divide system noise temperature into two groups:
antenna noise temperature (T_ant) and receiver noise temperature (T_r). T_ant includes all the
external noise sources and T_r includes the internal noise sources. T_r is calculated using
following equation (4.2.11.1). [3]

Tr =

∫Ω Gr (θ)TB (θ)dΩ
∫Ω Gr (θ)dΩ

Equation (4.2.11.1)

where G_r is the receiver antenna gain pattern (dimensionless), T_B is the brightness temperature
(K), d is the solid angle which is calculated using : polar angle and : azimuth angle.
The system noise figure denoted by F is the ratio of the signal-to- noise power ratio at the
input to the signal-to-noise power ratio at the output. [4] F (dB) is defined as in equation 4.2.11.2.

𝐹 =1+

𝑇𝑟
𝑇0

Equation (4.2.11.2)

where T_0 is a reference temperature. We further calculate the T_s by using equation 4.2.11.3. [1]
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𝑇0 (1−𝐿𝑟 )

𝑇𝑠 = 𝑇𝑎𝑛𝑡 + (

𝐿𝑟

𝑇0 (𝐹−1)

)+(

𝐿𝑟

)

Equation (4.2.11.3)

where L_r is the line loss between antenna and receiver. L_r is expressed as the power ratio. The
unit of L_r is dB. Considering the scope of this project, we don’t calculate the parameters such as
F, T_s, T_r and more. We get the values for these parameters from the similar systems which are
currently in use.
In this project, we choose the Ka band which has the 32Ghz frequency for the
radiofrequency communication. (refer to where josh chooses this frequency) For the Link Budget
Analysis of the system, we get the parameters included in Table 4.2.11.1 from an authentic source
([1],[5],[6],[7]). The X-band parameters are used to get a closer estimate of the parameter values
for Ka-band.
Table 4.2.10.11.1: X-Band Parameters for LBA
Parameters
Reference
Temperature
Noise Temperature of
the Receiver
Noise Figure
Antenna Noise
Temperature
Line Loss
System Noise
Temperature
Power Spectral
Density

Symbol

Unit

Earth

Mars

T_0

K

290

218

T_r

K

6.7

215.8

F

Db

0.1

3

T_ant

K

290

218

L_r

Db

0.1

1.17

T_s

K

286.5

556.1

N_sys

dBm/Hz

-174.0

-171.1

W/Hz

4.0e-21

7.8e-21
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The second concept which is responsible to break the continuous 2-way HD
communication is the interference. The interference can be due to the alignments, which are the
positions of the Sun, Mars and Earth with respect to each other. When the position of Sun, Earth
and Mars is Sun-Earth-Mars, it is called opposition and when the position is Mars-Sun-Earth, it is
called conjunction.

Figure 4.2.11.2: Opposition. (Image Credit: M. Salunkhe)

In Fig. 4.2.11.2, when there is an opposition alignment, the signals are able to travel
smoothly and with lesser interference than in Fig. 4.2.11.3 when there is a conjunction alignment.

Figure 4.2.11.3: Conjunction. (Image Credit: M. Salunkhe)

In Fig. 4.2.11.3, as the Sun is in between the Mars and Earth, it is a great source of
disturbance for the signals. The sun’s strong radiations interrupt the communication signals. Also,
the other interference is a complete black-out due to Sun or other objects obstructing the satellites.
The solution for this is to use a satellite constellation or cyclers to avoid any kind of obstructions.
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4.2.12 MPV of satellite components
In this section, we calculate the power required per component in a Communication and
Control subsystem. Communication systems on-board are a huge part of power load bills, so, it
important to analyze the power requirement of each subsystem on-board.
In this project, we use radiofrequency and optical communication to communicate from
Earth to Mars. There are four links from Earth to Mars: 1) Earth Ground Station-Earth Satellite,
2) Earth Satellite-Relay Satellite, 3) Relay Satellite-Mars Satellite and 4) Mars Satellite-Mars
Ground Station. We use radiofrequency communication for Earth Ground Station-Earth Satellite
and Mars Satellite-Mars Ground Station links. The frequency for radiofrequency communication
is 32 GHz. We use optical communication for Earth Satellite-Relay Satellite and Relay SatelliteMars Satellite links. The frequency for optical communication is 472440 GHz. We can see links
(1) and (4) in Fig. 4.2.12.1 and links (2) and (3) in Fig. 4.2.12.2.

Figure 4.2.12.1: Two communication links: Earth Ground Station-Earth Satellite and Mars SatelliteMars Ground Station. (Image Credit: K. Rink)

The Earth Satellite and Mars satellites have antennas facing the respective ground stations
and have apertures facing the Relay Satellite. Relay Satellite has apertures facing the Earth Satellite
and the Mars Satellite.
In the first attempt of calculating the mass and power values for the components of
communication and control subsystem, we use transponders, amplifiers and antennas as the
components of radiofrequency communication and transmitters (modulator & laser), receivers,
amplifiers, antennas, optical fibers as the components of optical communication. [1], [2]
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Figure 4.2.12.2: Two communication links: Earth Satellite-Relay Satellite and Relay Satellite-Mars
Satellite. (Image Credit: K. Rink)

We get the mass and power values for the RF components of the Earth Ground Station
System, Earth Satellite (Earth Ground Facing), Mars Satellite (Mars Ground Facing) and Mars
Ground Station from authorized online resources. ([1], [3], [4], [5]) We can see the power and
mass values for Earth Ground Station System, Earth Satellite (Earth Ground Facing) in Table
4.2.12.1 and the values for Mars Satellite (Mars Ground Facing) and Mars Ground Station in Table
4.2.12.4.
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Table 4.2.10.11.1: Mass and power values per RF component for Earth Ground Station System: Earth
Satellite Facing and Earth Satellite: Earth Ground Facing System (1st attempt)

Components

Parameters

Unit

Earth Ground Station
System
Earth Satellite Facing

Transponders

Facing System

Kg

1.7

1.739

Gain

Db

>100

>100

Input Power

W

10

10

W

0.6

0.6

W

0.01

0.01

Mass

Kg

12.1

12.1

Input Power

W

17

17

Output Power

W

5

10

W

5

10

(Forward Link)
Output Power
(Return Link)

Antennas

Earth Ground

Mass

Output Power

Amplifiers

Earth Satellite

Transmitted
Power

We get the mass and power values for the optical components of the Earth Satellite (Relay
Facing), Relay Satellite (Earth Satellite Facing), Relay satellite (Mars Satellite Facing) and Mars
Satellite (Mars Ground Facing) from authorized online resources. [2], [6], [7], [8] We can see the
power and mass values for Earth Satellite (Relay Facing), Relay Satellite (Earth Satellite Facing)
in Table 4.2.12.2 and the values for Relay satellite (Mars Satellite Facing) and Mars Satellite (Mars
Ground Facing) in Table 4.2.12.3.
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Table 4.2.10.11.2: Mass and power values per optical components for Earth Satellite: Relay Facing
System and Relay Satellite: Earth Satellite Facing System (1st attempt)
Components

Transponders

Amplifiers

Antennas

Parameters

Unit

Earth Satellite

Relay Satellite

Relay Facing

Earth Satellite Facing

Input Power

W

125

125

Output Power

W

50

50

Mass

Kg

12.1

12.1

Input Power

W

1017

1017

Output Power

W

600

600

W

600

600

Transmitted
Power

Table 4.2.10.11.3: Mass and power values per optical components for Relay Satellite: Mars Satellite
Facing System and Mars Satellite: Relay Facing (1st attempt)
Components

Transponders

Amplifiers

Antennas

Parameters

Unit

Relay Satellite

Mars Satellite

Mars Satellite Facing

Relay Facing

Input Power

W

125

125

Output Power

W

50

50

Mass

Kg

12.1

12.1

Input Power

W

763

763

Output Power

W

450

450

Transmitted Power

W

450

450
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Table 4.2.10.11.4: Mass and power values per RF components for Mars Satellite: Mars Ground Facing
and Mars Ground Station: Mars Satellite facing (1st attempt)
Components

Transponders

Parameters

Unit

Mars Ground Facing

Mars Satellite Facing

Kg

1.7

1.7

Gain

Db

>100

>100

Input Power

W

10

10

W

0.6

0.6

W

0.01

0.01

Mass

Kg

12.1

12.1

Input Power

W

34

34

Output Power

W

20

20

W

20

20

(Forward Link)
Output Power
(Return Link)

Antennas

Mars Ground Station

Mass

Output Power

Amplifiers

Mars Satellite

Transmitted
Power

In the second attempt, we use the same components for radiofrequency and optical
communication system. The components are transmitting antenna, receiving antenna, transponder
(receiver, amplifier, transmitter), filters/switch diplexers. [4.2.11.1] We realize this is a better way
to breakdown the system components than the first attempt as transponder includes receiver,
amplifier and transmitter which were treated as separate components in the first attempt. Also, the
antenna should be divided into two categories of transmitting and receiving antennas as each of
the antennas has different power values. In this attempt, we calculate the number of the
components required in a system. This helps us get the mass, power and volume values more
accurately. The mass, power and volume values for all the components of the Earth Satellite, Relay
Satellite and Mars Satellite are tabulated in Table 4.2.12.5, Table 4.2.12.6 and Table 4.2.12.7
respectively.
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Table 4.2.10.11.5: Mass, power and volume values for the components of the Earth Satellite. (2nd
attempt)
Earth

Relay

Ground

Facing

Components

Transmitting
Antenna

Receiving
Antenna

Quantity

1

1

Transponder –
Receiver and

2

Transmitter
Filters/switch
diplexers

1

Facing

Mass

Power

Volume

Mass

Power

Volume

(Mg)

(W)

(m^3)

(Mg)

(W)

(m^3)

600

0.0157

5

0.01884

0

0.02198

0

0.0157

57.5

0.00308

57.5

0.00308

0

0.00088

0

0.00088

4.10E03
1.03E02
3.80E03
1.50E03

4.92E03
7.32E03
3.80E03
1.50E03

The diameter of transmitting and receiving antennas for Relay Satellite - Mars Satellite
Facing System is 0.35m. Whereas, for the Relay Satellite – Earth Satellite facing System, the
transmitting diameter is 0.10m and the receiving diameter is 0.25m.
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Table 4.2.10.11.6: Mass, power and volume values for the components of the Relay Satellite. (2nd attempt

Components
Transmitting
Antenna
Receiving
Antenna

Mars

Earth

Sat

Sat

Facing

Facing

Mass

Power

Volume

Mass

Power

Volume

(Mg)

(W)

(m^3)

(Mg)

(W)

(m^3)

1

1.44E-02

450

0.02198

600

0.00628

1

1.44E-02

0

0.02198

0

0.0157

2

3.80E-03

57.5

0.00308

57.5

0.00308

1

1.50E-03

0

0.00088

0

0.00088

Quantity

Transponder –
Receiver and
Transmitter
Filters/switch
diplexers

4.10E03
1.03E02
3.80E03
1.50E03

The diameter of transmitting and receiving antennas for Mars Satellite - Mars Ground
Facing System is 0.5m. Whereas, for the Mars Satellite – Relay Satellite Facing System, the
transmitting and receiving diameter is 0.25m. These diameters change according the need of the
communication system and the project. The final diameters for the antennas and the apertures of
all the links of the communication system are are in the results section of this report.
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Table 4.2.10.11.7: Mass, power and volume values for the components of the Mars Satellite. (2nd
attempt)
Mars

Relay

Ground

Facing

Facing
Components
Transmitting
Antenna
Receiving
Antenna

Quantity

1

1

Transponder –
Receiver and

2

Transmitter
Filters/switch
diplexers

1

Mass

Power

Volume

Mass

Power

Volume

(Mg)

(W)

(m^3)

(Mg)

(W)

(m^3)

10

0.0314

450

0.0157

0

0.0314

0

0.0157

57.5

0.00308

57.5

0.00308

0

0.00088

0

0.00088

2.05E02
2.05E02
3.80E03
1.50E03
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4.2.13 Future Work
Although our system meets requirements for this mission, further refinement of our satellite
system can be made to ensure success on this mission. We will now explore some areas where our
design can be improved.
4.2.13.1 Low Gain Antennas
In a situation where our any of our satellite’s pointing error becomes too large or our
satellites need to turn significant, loss of communication is possible. To ensure that that
communication is not totally lost and that the satellite can be recovered, we will add two low gain
antennas to our satellite on opposite sides of the bus. Low gain antennas are less directional than
the high gain antennas already implemented. Additionally, low gain antennas cannot transfer as
much data as high gain antennas. However, since low gain antennas are less directional than high
gain antennas, they are able to still receive signals from Earth and can be used to transfer enough
data to recover the system. We will install two low gain antennas, so that the spacecraft is able to
receive a signal regardless of its orientation. The low gain antennas will also need to be sized.
4.2.13.2 Communication component sizing
The main components of the satellite communication system were sized using link budget
analysis, but the subsystem components are only estimates based on existing technology. Proper
sizing of the communication subsystem components such as transponders, gimbals, and sensors
needs to be done to further refine our design.
4.2.13.3 Channels and Frequency Allocation
For simplification of analysis, we used the same frequency for multiple satellites that are
active at the same time in the same location. In reality, we must shift the satellite frequencies
slightly to avoid interference between signals. Only a small frequency difference is necessary to
distinguish between signals, but this was not accounted for in our design. We need to refine our
system by modelling the frequency shifts in our link budget analysis.
4.2.13.4 Signal Latency
Due to the vast distances that our signal must travel to get between planets, signal delays
are inevitable. In a sense, this nullifies the requirement for two way continuous communication as
there is already a physical limitation that results in delays in terms of minutes, not seconds.
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Nonetheless, we must consider latency especially with regards to the use of data transfer between
planets.
4.2.13.5 Science Instrument
We are sending satellites to an orbit around Mars. This has not been done many times
before in history. We should take advantage of the unique opportunity to have satellites around
Mars and add science instruments to our satellites to further characterize the red planet and
understand the cosmos.
4.2.13.6 Link Budget Analysis
In regards to link budgeting, we estimated values for multiple on variables in the analysis
based on previous systems. Particulars variables that need to be researched and refined are system
noise temperature, line loss, implementation loss, line loss. Determining more accurate values for
these values will help us optimize our system.
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4.3

Power/Thermal

4.3.1 Trade Study of Power Sources for a Satellite.
In order to start our study, we have to choose the power source, which will be onboard.
Considering that we are designing a satellite, we will focus on two major sources: Insolation and
Nuclear.
First, power from the Sun can be generated through solar panels. Two main types of solar
cells exist, the single-junction and the multi-junction. The main difference between both is the
number of layer of solar cells, and thus, the capacity of the solar cell to adapt to a wide number of
wavelength.
Second, the main method to generate power from fission, on a satellite, is through the
Radioisotope Thermoelectric Generator (RTG). The RTG uses the heat, created by the decay of a
radioactive material, to generate power. Thermocouples are the main component of this process,
and are the one that can do the conversion, thanks to the thermoelectric effect.
Those two main methods are drastically different and offers their own particularities and
drawbacks. We do a trade-study of those in the following Table 4.2.13.6.1 thanks to specifications
from [4-9].
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Table 4.2.13.6.1 Trade Study of the different power sources for a satellite
Power

Power

Volume

Mass

Efficiency

Source

(kW)

(m3)

(Mg)

(%)

RTG

0.1

0.258

0.0450

Maintenance

Warnings

Cost

Low

Lack of

High

10

08
Single

6.3

Junction

0

Isotope
100

0.326

20-25

Low

Depends

Low

on

Solar Panels

Trajectory

Multi-

47.

Junction

6

100

0.275

40

Low

Depends

High

on

Solar Panels

Trajectory

Rechargeable

45.

Batteries

1

Non-

7.0

Rechargeable

0

0.138

0.283

80

Low

5°C-45°C

0.138

0.115

60

High

20°C-

Medium

Low

120°C

Batteries

From Table 4.2.13.6.1, we can see that the single-junction solar cell is not suitable to our
mission. The multi-junction solar cell and the RTG outdate it.
We see that the RTG has interesting characteristics, as the power generated compared to
the mass is low and the need of maintenance is close to inexistent. However, the huge issues here
are the efficiency and the lack of isotopes. The efficiency is so low that the amount of wasted
energy, dumped into the satellite, would create huge design issues when trying to manage the
thermal loads. It would require us to invest a huge part of our mass and volume into active thermal
control systems, which is not feasible in our study. Moreover, this technology has been used for
the past 40 years, and the number of suitable isotopes remaining is depleting.
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We may wonder why batteries have been included in this Table. The aim here is to show
that if we often consider batteries as a source of power, it is clearly not. The main reason is that
batteries are only a way of stocking power, not generating it. Non-rechargeable batteries require
huge maintenance process, as their reactants depletes with the cycle of reactions and a spacecraft
like a satellite cannot afford to being subject to huge maintenance process. Therefore, even if the
non-rechargeable batteries seem attractive, we will not use them for this reason.
Our conclusion on this study is that we will use multi-junction solar cells to generate power,
coupled with Li-Ion rechargeable batteries to store the generated power.
4.3.2 Trade Study of Solar Cells.
The design of our solar cells, and thus our solar panels relies on two guiding thoughts.
First, we know that our endeavor will begin in ten years. We must design a satellite that
will have the improved systems available in 10 years. However, in the same time, we must not
over predict the possibilities of technology of the next ten years. To do so, we need the keep in
mind the existing product from the industry. The following tables are an extract from [16-17]. Both
of them are Three-junction (2-terminal monolithic) solar cells.
Table 4.2.13.6.1 Characteristics of the UltraFlex ATK Orbital solar cells
Characteristic

Value

Efficiency (%)

13.7

Diameter (m)

3.1

Area (m2)

7.54

Specific Power (W/kg)

153

Surface Power (W/m2)

130.6
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Table 4.2.13.6.2 Characteristics of the MegaFlex ATK Orbital solar cells
Characteristic

Value

Efficiency (%)

29.5

Diameter (m)

9.6

Area (m2)

72.34

Specific Power (W/kg)
2

Surface Power (W/m )

125
550.7

From Table 4.2.13.6.1 and Table 4.2.13.6.2, we can compare the characteristics of the two
solar cells. We observe an increase of the efficiency of 15.8% and an increase of the surface power
of 420 W/m2 of the MegaFlex in comparison with the UltraFlex technology.
If we also compare the specific power, we can note that the specific power is lower than
the second type of solar cells. This is due to two major factors. First, the increased efficiency is
due to the capacity of the solar cells to harvest power from more wavelength, which is done by
increasing the thickness of the cell with several different layers. Secondly, the main rod to support
the solar panel must reinforced because, as it can fold itself, it is thinner when deployed. As a
result, when it is deployed, it must be able to hold the solar panel in place.
Finally, from those two Tables, we conclude that we will use the MegaFlex solar cells from
ATK Orbital.
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4.3.3 Sizing the Solar Cells to ensure the requirements.
Several steps are required to size the adequate area of solar panels. We need to get the
insolation from the Sun available at every position of our satellites. We need to know the distances
from the Sun. Nevertheless, we need to treat two cases differently.
1- Our Mars Orbiter and Earth Orbiter are orbiting area-synchronously around a planet
(Mars and respectively Earth), so the distance from the Sun will vary. Equations (4.3.1) – (4.3.2)
show the evolution of the distance from the Sun.
𝑟𝑚𝑎𝑥 = 𝑑𝑚𝑎𝑥 + 𝑑𝑖 + 𝑎𝑙𝑡

(4.3.1)

𝑟𝑚𝑖𝑛 = 𝑑𝑚𝑖𝑛 − 𝑑𝑖 + 𝑎𝑙𝑡

(4.3.2)

𝑟𝑚𝑎𝑥 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑢𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒
𝑟𝑚𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑢𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒
𝑑𝑚𝑎𝑥 𝑡ℎ𝑒 𝑎𝑝ℎ𝑒𝑙𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑒𝑡 ′ 𝑠 𝑜𝑟𝑏𝑖𝑡
𝑑𝑚𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑟𝑖ℎ𝑒𝑙𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑒𝑡 ′ 𝑠 𝑜𝑟𝑏𝑖𝑡
𝑑𝑖 𝑡ℎ𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑒𝑡
𝑎𝑙𝑡 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑏𝑖𝑡 𝑎𝑡 𝑖𝑡𝑠 𝑎𝑝𝑜𝑎𝑝𝑠𝑖𝑠
However, at the same time, we must take in account the rotation of the planet around the
sun, which is not a perfect circle, for the Earth and Mars.
We can start our study by taking the restraining case, which is the furthest distance from the Sun
in each case. For Earth, it is 1.017 UA, which is 1.525*1011 m. For Mars, it is 1.666UA, which is
2.4923*1011 m.
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We know that the satellite will orbit around the associated planet, so we must take in account the
eclipsed time of its orbit and the apoapsis of its trajectory. Fig. 4.3.3.1 explains the method to take
in account the eclipsed time. We can also see [9-12].

Then, from Eq.(4.2.3), we can deduce the insolation of the satellite.

Fig. 4.3.3.1 Eclipsed time method. Considering the altitude of the satellite and the radius of the planet,
we determine the eclipsed period of the orbit. Credits: Maxime Valencon.

𝑟0 2
S = 𝑆0 ∗ ( )
𝑟

(4.3.3)

𝑆 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑟 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑢𝑛
𝑆0 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑎𝑟𝑡ℎ
𝑟0 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝐸𝑎𝑟𝑡ℎ 𝑡𝑜 𝑡ℎ𝑒 𝑆𝑢𝑛
𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑢𝑛

We have the specifications of the solar cells. As we know the power over area and mass
over area ratio, we can deduce the size of solar panels.
2- The Relay satellite config.uration is very different from the two other satellites. This is
because the Relay is located in the L5 point between Earth and the Sun, which results in a distance
from the Sun and the Earth of 1.49x1011 m.
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However, here, the analysis does not need to take in account the orbiting around a planet,
because there is simply no planet. The Lagrangian Point 5 is a stable and static point where the
satellite will not get any further or any closer to both of the astronomical objects.
Table 4.3.3.1 Distance between the Astronomical Object and the Sun

Distance from the Sun (m)
Mars

2.49*1011

L5

1.49*1011

Earth

1.52*1011

Table 4.3.3.2 Distance maximum and minimum from the Sun for each satellite
Minimum Distance from the

Maximum Distance from

Sun (m)

the Sun (m)

Mars Orbiter

2.2797*1011

2.2801*1011

Relay

1.49*1011

1.49*1011

Earth Orbiter

1.4956*1011

1.4964*1011

Satellite Type

4.3.4 A New Constraint: Falcon Heavy.
After getting the first series of size, we discover that we can clearly increase the size of the
solar panels. We know that SpaceX will mainly finance our endeavor. As a result, we make the
decision that our satellite should be maximized and optimized to fit in the payload fare of the
Falcon Heavy. From [19] we have the dimensions of this fairing; we set the maximum diameter
that can fit in the FH to be 4.75 meters. As explained in the previous appendix, we are using the
ATK Orbital MegaFlex solar cells. This technology has a great capacity of storage, as it folds like
a fan. We can easily visualize the fact that when unfolding, the solar panel will double its diameter,
but ATK’s technology has the ability to fold again one time. The final diameter of the whole solar
panel, when unfolded, is 19 meters. Using our code to size solar panels, from this input, we get the
following Table 4.2.13.6.1 of results, for each satellites.
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Table 4.2.13.6.1 Maximum solar panel area fitting in the Falcon Heavy
Satellite name

Area (m2)

Mars Orbiter

634.5

Relay

652.1

Earth Orbiter

641.7

Fig. 4.3.4.1 The relay satellite prepares to deploy its solar panels. Note that this process is identical for
the Earth and Mars orbiters. CAD rendering by Joe Renaud.
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Fig. 4.3.4.2 The solar panels first fold downwards. CAD rendering by Joe Renaud.

Fig. 4.3.4.3 The folded wedge swings out to form a triangle. CAD rendering by Joe Renaud.
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Fig. 4.3.4.4 The solar panel leaves begin to fan out radially. CAD rendering by Joe Renaud.

Fig. 4.3.4.5 The solar panel leaves are now completely unfolded into their circular shape. CAD
rendering by Joe Renaud.

Purdue University | PROJECT DESTINY

M. Valencon | 4-117

Interplanetary Communication System Appendix

Fig. 4.3.4.6 The left-hand solar panel flips over to face the Sun. CAD rendering by Joe Renaud.

4.3.5 Optimization along the journey.
A huge issue we have to face along our study is the evolution of technology. Our project
is clearly different to what space missions have taught us. Usually, we would create, develop,
produce and maintain a satellite knowing its day of launch, first day of use, but also the end of its
life. As a result, we would be able to determine an architecture, a way of functioning, different
mode of use but also the evolution of its life. Here, our study will last for nearly a century, and the
satellite will evolve, to adapt to the new technology. Thus, the components, chips and structures
used day one, will soon become out to date. This leads to a first order issue: The evolution of our
satellites.
To conduct our design, we have had to make several assumptions, in order to stick to the
reality of our project.
We cannot consider using the same technology of the first launch for a century of launches.
We are focusing on a one-million person colony, with tremendous needs of communication, we
have to adapt.
On the other hand, we cannot just invent an artificial component or chip that will solve all
of our needs, combining high efficiency and low cost, mass and volume.
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As a team, we make our choice. We will extrapolate data from the past decade and verify
the sanity of our results by comparing with the latest space related components available
nowadays.
The first few launches will be critical to the success of our mission, from establishing a
permanent HD link with Earth to receiving and transmitting determining information and
communications to the crews and Earth operators. We must scope out of our satellite situation to
understand our way of solving the problem. We know that the first few launches will be focus on
establishing the initial colony on Mars, which will be the key of success to our future 1-million
colony. If something fails at this critical step, everything is lost. The impact on our design is the
following: As the first twenty years will be critical to implement the settlement, we will rely on a
proven and longtime used technology for our satellite, to ensure a 99% success rate of our mission.
Once this milestone is reached, the link will be secured, and many satellites or ITS will be there to
ensure a backup system if one satellite fails. As a result, we will be able to use the “extrapolate”
technologies to try to fit to the trend of evolution of satellite’s components. See [3] and [10].

For the first few launches, we will focus on existing products, available in 2017 for every
single space agency or company. We will move towards the extrapolation components once the
twenty years’ milestone is reached.
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4.3.6 Energy storage: Battery sizing.
Now that we have the power available from the solar panels, we have to store this energy.
This is going to be done using batteries made for space applications. Our conclusion is to use the
Lithium-Ion battery from GS Yuasa (Currently in place on the ISS at the date of February 2017).
Table 4.2.13.6.1 shows the specification of this battery taken from [18].
Table 4.2.13.6.1 Specifications of the battery GS-YUASA
Characteristic

Value

Cell Voltage(charging) (V)

4.1

Cell Voltage (nominal load) (V)

3.7

Cell energy mass density (W*hr/kg)
3

155

Cell energy volume density (W*hr/m )

349000

Cell capacity (W*hr)

11.84

Cell Volume (m3)

3.39*10-5

Cell density (kg/m3)

2251.6

We find out that we have to tackle the same issue as for the solar panels: how do we take
in account the optimization of the technology?
We decide that for the first few launches, we will use the data given by the specification
sheet from GS Yuasa and apply them to size the number and amount of battery cell needed and
then determine the size of the whole battery needed to stock the energy. Then, as years go on, we
will extrapolate those data’s, using the evolution rate of batteries along the past 10 years. We use
[13-15]. See Appendix 4.3.5 for more details.
We can now size the battery. To do so, we could simply say we want to equate the power
created by the solar panels. However, we discover that we can, from the smart use of batteries,
optimize our battery mass and volume. The method here is to say that we will have a phase where
we will consume more energy than we can provide (active mode), and a time where we will
actually charge the battery because our needs will be lower than we will provide (passive mode).
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(𝑃𝑜𝑢𝑡 − 𝑃𝑠𝑜𝑙𝑎𝑟)
= (𝑃𝑠𝑜𝑙𝑎𝑟 − 𝑃𝑜𝑡ℎ𝑒𝑟) ∗ 𝜂𝑐ℎ𝑎𝑟
𝜂𝑑𝑖𝑠𝑐ℎ

(4.3.4)

𝑃𝑜𝑢𝑡 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑤𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑑𝑒
𝑃𝑠𝑜𝑙𝑎𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑢𝑛
𝑃𝑜𝑡ℎ𝑒𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑤𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑚𝑜𝑑𝑒
𝜂𝑐ℎ𝑎𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒
𝜂𝑑𝑖𝑠𝑐ℎ 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

4.3.7 How to manage the thermal loads.
Two types of systems are available to manage the heat exchanges.
First, we can use the passive systems. Those rely on adding layers of materials to our
satellite in order to create an isolation all around it, to reduce de heat exchanges with the Space
environment. To do so, we reduce both radiative and conductive heat transfer. Those layers are
called MLI (Multi-layers Insulation), and are often made out of Mylar or Kapton with a thin net
of material between to ensure the absence of air and prevent conductive heat transfer. Their
emissivity coefficient is voluntary low to ensure a low radiative transfer.

Then, we can also use the active systems. The primary difference here is that we need a
source of energy to power the system. Those systems are efficient but they waste power, so the
use of those must be calculated as a satellite cannot afford to waste power. On the one hand, we
could use an Electric heater, if we needed to increase the temperature inside the satellite. On the
other hand, we can waste the exceeding heat into Space if we use a radiator. We could think that a
radiator relies solely on the radiative exchange, which is right, but we cannot assure that the
exceeding heat will always be perfectly placed in the radiator. As a result, we will use a Heat Pipe
to transfer the exceeding heat into the radiator, thanks to a working fluid. We based our calculations
on [24].
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We choose to work with both of those systems. The usual config.uration of a MLI is a 5
mil thickness of Teflon/Kapton (Outer cover), Aluminized Kapton / Mylar of 1 mil (Reflector
layer), Dacron netting of 6.4 mil (Separator Layer), Vacuum Deposited Aluminum – Mylar of 1.2
mil (Inner Layer). See [22].

For the radiator, we use a radiator whose radiative part is made of Aluminum Alloy 2024
whose characteristics are an operational temperature of 700 K and a surface to mass ratio of 5.
You can see those data in [23].
Note: 1 mil = 25.4 µm.

4.3.8 Determination of the satellite’s life length.
As we are studying the satellite, we need to determine the life length of the satellite.
Considering that we knew the life length of all of our components, for every major fields, we had
to find a constraint. Those values were large enough to allow us some margin in our study (keep
in mind that we are studying a satellite with components with increased characteristics).We also
consider the fact that one of our constraint is the available power. The more power our satellite
has, the more communication data it will be capable of sending or receiving, and thus, achieving
the HD-link requirements.
One of our constraint for the power is the maximum packed size available for the solar
panels, and that is what we explained in Appendix 4.3.4. However, another one is the life length
of the solar cells. We know that solar cells’ efficiency decay with life and use. As a result, the
longer life length we want to achieve, the more solar cells we need to achieve a certain amount of
power. In order to find the optimal point between size, life-length, and power, we created a code
to plot those data.
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Fig. 4.3.8.1 The area of solar panels needed to ensure the Mars Orbiter's requirements depending on life
length of the satellite. Credits: Maxime Valencon.

Fig. 4.3.8.2 The area of solar panels needed to ensure the Relay satellite's requirements depending on life
length of the satellite. Credits: Maxime Valencon.
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Fig. 4.3.8.3 The area of solar panels needed to ensure the Earth Orbiter's requirements depending on life
length of the satellite. Credits: Maxime Valencon.
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4.4 Propulsion
4.4.1 Trade space of propellants

The first task of the propulsion system was to define the needs be met. We started with
researching how modern GEO satellites handled all the problems that we were about to face. The
first and most pressing matter was to determine what was needed from the propulsion system. We
gathered a list of requirements and came up with the three main needs of the system, orbital
insertion, orbital maintenance, and attitude control.
In order to determine the most effective way to handle these needs, a trade space was made
to compare all the different types of systems and what task they would be most suited for. There
were several categories of solutions that were appropriate for each need.
For orbital insertion and station-keeping, monopropellant, bipropellant, ion, and cold gas
thrusters were all considered. Mono- and Bipropellants seemed to be the best choices right off the
bat as the cold gas was far too inefficient concerning Isp and thrust-to-weight ratios. Ion and Hall
Effect drives were discounted as options due to power and thermal concerns. As the power and
thermal team progressed, the team discovered that the satellite would be limited in the power it
could produce and consume.
This left mono- and bipropellant as the only choices left. The main different between the
two was the Isps and the systems that they were appropriate to be used by. In order to gain a
solution to this problem, the other main component of the propulsion system needs to be looked
into, the attitude control.
Attitude control requires very little from the overall propulsion system but is one of the
most important factors in this study as the pointing error control needed to maintain the HD link
between the colony and Earth is a critical mission aspect. Attitude thrusters alone are not good
enough to maintain high tolerance attitude adjustments so this system was pared reaction wheels
from the controls team.
Often, attitude control is accomplished with monopropellants or cold gas reaction control
system (RCS) thrusters. In this case, the communications control tolerances need to be handled by
this mission are highly precise and require reaction wheels, as stated above. This means that the
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main task of the attitude thrusters would be to de-spin the reaction wheels after the become fully
saturated.
Finally, this led us to a deciding factor in the propulsion system, trying to lower complexity
while preforming the task required. With that said, we want the system from all three of the main
propulsion needs to be met by the same solution with respect to propellant. The only propellant
system that is capable of doing this is the system that was chosen, a bipropellant system.
This bipropellant system looks like the perfect choice for us as it gives us a high Isp, a high
thrust-to-weight ratio, and fulfills the entire propulsion needs with one propellant system. The
bipropellant system appeared to be a good choice, coupled with the reaction wheels for attitude
control, to meet all of our requirements.
Below is a table of the trade space that was used to conclude that the bipropellant system
would be the best choice for us.
Table 4.4.1.1: Attitude Trade Space [1, 2, 3, 4, 5]

Attitude
Reaction Wheel
Moment Gyro
Gravity Gradient
Cold Gas
Monopropellant

Isp (s)
30 - 70
220 - 240

Complexity
Medium
Medium
Medium
Low
Low

Power
Medium
Medium
Medium
Low
Low

Mass
Low
Low
High
High
High

Volume
Low
Low
High
High
Medium

Table 4.4.1.2: Orbital Station-Keeping Trade Space [1, 2, 3, 4, 5]
Orbital StationKeeping

Isp (s)

Complexity

Power

Mass

Volume

Monopropellant
Ion (ion vs Hall effect)
Cold Gas

220 - 240
1500 - 3000
30 - 70

Low
High
Low

Low
High
Low

High
Medium
Medium High
High
High

Bipropellant

305 - 310

Medium

Low

High
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Table 4.4.1.3: Orbital Insertion Trade Space [1, 2, 3, 4, 5]

Orbital Insertion
Monopropellant
Ion (ion vs Hall effect)
Cold Gas
Bipropellant

Isp (s)

Comple
xity

Power

220 - 240
1500 - 3000
30 - 70
305 - 310

Low
High
Low
Medium

Low
High
Low
Low

Mass

Volume

High
Medium
High
High

Medium
High
High
High

Fig. 4.4.1.10 and Fig. 4.4.1.11 show the comparison of monopropellants to bipropellants.
While more examples were explored, in the end a combination of Monomethylhydrazine (MMH)
and Dinitrogen Tetroxide (97%) and Nitric Acid (3%) or Mix of Nitrates 3 (MON3) was chosen.
These fig.s show how the fuel-to-Delta V and volume-to-Delta V are much higher for any
bipropellant mixture. Hydrogen Peroxide and other fuels such as Kerosene and Hydrazine were
also considered but due to them being less widely used and not as high of an Isp, the MMH and
MON3 model was used.

Fig. 4.4.1.10: Fuel Required for Different Fuels
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Fig. 4.4.1.11: Volume Required for Different Fuels

These values were calculated done by gathering the Isp of all the fuels of concern, which
can be seen in Table 4.4.1.4.
Table 4.4.1.4: Isp and Density of Propellants

Propellant
Hydrogen Peroxide
Hydrazine
MMH and MON3

Isp (s)
161
220
316

Density(kg/m3)
1110
1021
1140

4.4.2 Fuel Needs

The fuel determinations for the orbital insertion and orbital maintenance are straight
forward to calculated. This was done by mission design using STK. Please refer to the mission
design section for further details.
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Initially, the main driving force for the fuel requirements was the orbital insertion costs.
For all but the Earth satellite, the satellites large thrusters handle the orbital insertion delta V. The
amount of fuel needed for this maneuver is greatest for the Mars satellite since it has to cancel a
large amount of delta V due to the hyperbolic it has when entering the system. The launch vehicle
will handle a large portion of this delta V cost for the Relay and Earth satellites.
The team also determines the orbital maintenance and attitude control costs but prove to
be much less than the insertion delta V. More detail on how these were calculated can be found in
their respective systems (mission design and control).
However, one of the biggest driving forces for the fuel cost was not discovered until near
the end of the project. The deorbiting costs associated with getting the satellite out of the way
during its retirement takes a considerable amount of delta V that ends up becoming as large as, if
not more than, the orbital maintenance and orbital insertion cost.
The delta V, Isp, and final mass of this system are know so all that was needed to get the
final fuel costs can be plugged into the equation below.
Δ𝑉 = 𝑣𝑒 ln (

𝑚𝑖
) (4.4.2. 1)
𝑚𝑓

𝑣𝑒 = 𝐼𝑠𝑝 ∗ 𝑔0 , 𝑔0 = 9.81

𝑚
𝑠2

(4.4.2. 2)

Now that the all the factors have been iterated through and more refinement has been
applied, the final fuel breakdown can be seen in Table 4.4.2.1.
Table 4.4.2.1: Mass and Volume for Propellant of Final Solution
Mass
(Mg)
Mars
Relay
Earth
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4.4.3 Thrusters

We chose to use three different types of thrusters for orbital insertion, orbital maintenance,
and attitude control. The main requirements of these thrusters are that they most accomplished the
orientation or orbit change in an acceptable timeframe. This is the driving variable behind these
thrusters. An example of an unacceptable solution is using a 22 N thruster for orbital insertion.
Sure it will get the job done at some point, but the amount of time it would take to do such a task
would order on the leave of years, which is a totally unreasonable timeframe when it comes to
moving the satellite into position.
The main equation used to determine whether a thruster would be an acceptable chose in
this regard can be seen below.
𝑡𝑏𝑢𝑟𝑛 =

Δ𝑉
,
𝑎

𝑎 = 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (4.4.3. 1)

An example calculation will be done using the orbital insertion thrusters and the delta V
required for the burn. The satellite has a total mass of 7.667 Mg and this maneuver has a required
delta V of 1.4 km/s. There are four total thrusters used for this burn, each with 890 N of thrust.
This leads us to a total thrust of 3560 N. Using this mass and thrust, we can easily solve for
acceleration using Newton’s second law.
𝐹 = 𝑚𝑎 (4.4.3. 2)
Using this equation gives us an acceleration of 4.643E-4 m/s2. From this and the required
delta V, we get a total burn time of 3.015E6 seconds of burn time, or 34.9 days. The thruster can
only burn for 3960 seconds during a single firing which means that the system will need to be fired
766 times to complete this maneuver. Allowing for time for the thrusters to cool effectively doubles
the time needed to complete this burn bringing our total time needed to 69.8 days.
While this may sound like a lot of time, keep in mind the satellites will arrive well in
advance of any colonists and when a replacement satellite is being brought in, it has several months
to do so before the satellite replacing it is decommissioned.

Purdue University | PROJECT DESTINY

B. DeRocker | 4-132

Interplanetary Communication System Appendix

This calculation was repeated for every system to confirm that the thruster was suitable for
the job it is going to fulfil. The thrusters are from Aerojet Rocketdyne and can be seen in Table
4.4.3.1.
Table 4.4.3.1: Thruster Mass, Power, and Volume

Engine Type

Mass (Mg)

Power (W)

Volume (m3)

Number of Units

R-42
R-1E
R-6D

4.53E-03
2.00E-03
4.54E-04

46
36
5

0.0959
0.006
2.79E-06

4
6
8

Table 4.4.3.2: Thruster Characteristics

Engine Type

Thrust (N)

Chamber
Pressure
(MPa)

Flow Rate
(kg/sec)

Max Burn Time (Single
Firing) (sec)

R-42
R-1E
R-6D

890
110
22

0.745
0.731
0.731

0.3
0.041
0.008

3940
No Limit
No Limit

4.4.4 Extra Components

We got into a lot of the higher level design, such as propellant sizing and thrusters, to
ensure that the system really could accomplish the mission as intended. There are, however, many
other pieces to the propulsion system that need to be taken into account to at least some degree in
order to make sure we are not missing anything important.
Most of the extra components used in this section have to do with the propulsion system
pumping. Several valves, pipes, joints, etc. are needed to make the system operational. While
sizing all these parts out in detail is arguably outside the scope of this feasibility study, and estimate
for all the piping system was made using the dimensions of the bus to give a good idea of the
amount of piping needed.
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The valves were easy to account for as most of the valves needed in the system are built
into the body of the thrusters. The remaining valves were placed in key location and used to
account for what the system would have during the mission in order to operate.
The electronics used to run this system were not directly accounted for in this analysis as
that is too low level for this project. Instead, they were estimated in the ExtraMasses.m file and
are accounted for in the mass margins, which is 25% for this system.

Table 4.4.4.1: Mass, Power, and Volume Breakdown for Mars Satellite
Mass
(Mg)
Propellant
Pressurant
Valves
Tubes, sprayers, etc.
Large Thrusters (~6)
Medium Thrusters
(~6)
Small Thrusters (~8)
Mars Satellite Total

Volume (m3)

Power (W)

Number of
Units

3.732
0.0048
0.004
0.0203
0.00453

3.1703
0.0982
0.00312
0.00254
0.082

0
0
70

1
2
5

46

4

0.002
0.000454
3.795

0.006
0.00000279
3.746

36
5
790

6
8

Table 4.4.4.2: Mass, Power, and Volume Breakdown for Relay Satellite
Mass
(Mg)
Propellant
Pressurant
Valves
Tubes, sprayers, etc.
Large Thrusters (~6)
Medium Thrusters
(~6)
Small Thrusters (~8)
Relay Satellite Total

Volume (m3)

Power (W)

Number of
Units

2.547
0.0042
0.004
0.0194
0.00453

2.1305
0.0660
0.00312
0.00243
0.082

0
0
70

1
2
5

46

4

0.002
0.000454
2.609

0.006
0.00000279
2.642

36
5
790

6
8
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Table 4.4.4.3: Mass, Power, and Volume Breakdown for Earth Satellite
Mass
(Mg)
Propellant
Pressurant
Valves
Tubes, sprayers, etc.
Large Thrusters (~6)
Medium Thrusters
(~6)
Small Thrusters (~8)
Earth Satellite Total

Volume (m3)

Number of
Units

Power (W)

0.726
0.0012
0.004
0.0172
0.0034

0.588
0.0182
0.00312
0.00215
0.082

0
0
70

1
2
5

46

4

0.002
0.000454
0.778

0.006
0.00000279
1.004

36
5
790

6
8

To wrap things up on the propulsion side of things, Table 4.4.4.4 is a summary of the total
needs of each satellites propulsion system.
Table 4.4.4.4: Total Propulsion Mass, Power, and Volume

Mars Satellite Total
Relay Satellite
Total
Earth Satellite Total

Mass (Mg)

Volume (m3)

Power (W)

3.795

3.746

790

2.609
0.778

2.642
1.004

790
790
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4.5 Structures
4.5.1 Tanks
We are given specifications about the propellants and pressurant and are tasked with
designing and placing tanks to hold them. We are provided these specifications by the propulsion
team and are shown in the table below.
Table 4.5.1.1 The requirements for the propellant tanks. Monomethylhydrazine and Nitrogen Tetroxide
are chosen for the bipropellant system and Helium is chosen for the pressurant. J. Voelker

Internal Pressure

Density

[kPa]

[kg/m^3]

Propellant

2,068.43

880

Nitrogen Tetroxide

Propellant

2,068.43

1440

Helium

Pressurant

41,368.54

74.42

Propellant/Pressurant

Type

Monomethylhydrazine

We select spherical tanks due to their common usage in spacecraft and the simplicity of
equations used to analyze them. When selecting a material for the tanks, we chose a carbon fiber
prepreg tank like that of the ITS. This tank is made completely of carbon fiber [6]. We will also
consider a tank made from carbon fiber with an inner layer of stainless-steel [7]. We now have
enough information to begin the stress analysis for the tanks.
The stress inside of a spherical vessel is given by the following [8]:
𝜎=

𝑝𝑅
2𝑡

In this equation, σ is the wall stress, p is the internal pressure, R is the inner radius of the
tank, and t is the tank thickness. We find the tank’s inner radius by considering the volume of the
propellant or pressurant that must be held (plus a 5% oversize factor). The volume (V) is based
on the mass of the tank contents, which can be calculated using the density (ρ) relation.
𝑉=

𝑀
𝜌

We determine the radius, R, of the tanks by using the equation for the volume of a sphere.
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𝑉=

4𝜋 3
𝑅
3

We rearrange this equation to solve instead for radius and multiply by one plus our oversize
factor to include a small amount of extra space in the tank.
3

𝑅 = (1 + 𝑜𝑣𝑒𝑟𝑠𝑖𝑧𝑒) ∗ √

3𝑉
4𝜋

When we consider the two-layer tank, we first compute the contribution to pressure relief
that the inner stainless-steel layer provides. This is done by rearranging the stress relationship for
a spherical pressure vessel that we previously discussed and then including an additional safety
factor (F.S. = 1.2).
𝑝𝑟𝑒𝑙𝑖𝑒𝑓 =

2𝜎𝑡
𝑅 ∗ 𝐹. 𝑆.

In this case, σ is the ultimate tensile strength of the stainless-steel. The thickness, t, is
fixed at one millimeter.
We can now determine a thickness for the outer layer of carbon fiber based subtracting
the pressure relief from the required internal pressure. We again rearrange the stress relationship
and calculate a thickness.
𝑡=

(𝑝 − 𝑝𝑟𝑒𝑙𝑖𝑒𝑓 ) ∗ 𝑅 ∗ (𝐹. 𝑆)
2𝜎

Now that we know the thickness of the stainless-steel and the carbon fiber layers, we can
calculate the volume occupied by each layer. We then calculate the mass of each layer by
multiplying this volume by the density of the materials.
When we consider only a single-walled carbon fiber tank, this analysis becomes much
simpler. We calculate the thickness of the tank with prelief = 0. We again restrict the tank to a
minimum thickness of one millimeter.
The table below shows the mass difference between the two-layered stainless-steel and
carbon fiber prepreg tank and the single-walled carbon fiber prepreg tank.
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Table 4.5.1.2 Shown are the masses of equivalent volume single-walled and double-walled tanks. Using
a single-walled, carbon fiber tank has a significant mass advantage. J.Voelker

Satellite

MMH Tank

N2O4 Tank

He Tank Mass

Mass [kg]

Mass [kg]

(single) [kg]

Single

4.126

4.281

0.4707

Double

23.195

24.071

3.214

Single

9.729

10.097

1.707

Double

55.736

57.841

8.359

Single

12.679

13.158

2.540

Double

73.130

75.891

11.312

Wall Type

Earth Orbiter

L5 Relay

Mars Orbiter

Based on these results, we immediately see that using a single-walled carbon fiber tank
offers a mass savings over the double walled stainless-steel and carbon fiber version. It is for this
reason that we select a single walled tank.
The mass of propellant and pressurant required to meet the propulsive needs of the satellite
is based on the inert mass of the satellite itself. The amount of propellant and pressurant needed
drives the size (and therefore the mass) of the tanks. When the mass of the tanks change, the inert
mass changes and we find ourselves back where we started. To fix this, we create an iterative loop
that recalculates the propellant/pressurant mass and the inert mass until the inert mass converges
within ten kilograms of its previous value. This loop is done in the Master Structures Code, which
is a compilation of many satellite design functions. This leads us to the results shown below.
Table 4.5.1.3 The mass breakdown after the design loop is run. We notice that the propellant needs
greatly impact the total mass. J. Voelker
Inert Mass

MMH Mass

N2O4 Mass

Helium Mass

Total Mass

[Mg]

[Mg]

[Mg]

[Mg]

[Mg]

Earth Orbiter

2.919

0.266

0.460

0.001

3.646

L5 Relay

3.576

0.933

1.614

0.004

6.127

Mars Orbiter

3.929

1.367

2.365

0.006

7.667

Satellite
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4.5.2 Thrust Cylinder

We had a lot of choice when it came to the main structure of the satellite. Housing all of
the essential components, while being extremely important, was not the largest concern when it
came to the structural integrity of the satellites. The launch loads are the primary concern for the
structure to be able to account for, as this is the most stress the satellite should receive during the
designed lifespan.
We started with the assumption that a cubic bus would be able to withstand the punishment
that the satellite would receive. However, after researching the problem and gathering several
references, it was determined that this solution would not work as it was unlikely to be able to go
through the hardship of the launch conditions.
A new solution was attempted from the suggestion of SMAD [7] and NASA papers, the
main structural body would be a large cylinder running through the center of the satellite, we will
call this the thrust cylinder.
The process of sizing the thruster begins with determining the maximum load the satellite.
The launch vehicle that will be used is the Falcon Heavy from SpaceX. This vehicle has a
maximum axial load factor of 8.5 g’s, which is the largest load the satellite should receive.
Following the advice of SMAD [7], a factor of safety of 1.5 is applied to this loading to ensure the
robustness of the thrust cylinder.
To find the max axial the cylinder will receive the weight of the satellite times the load
factor is found. This will be the main driving factor that sizes the thrust cylinder when it comes to
forces.
𝐹𝑎𝑥𝑖𝑎𝑙 = 𝑚 ∗ 𝑔 ∗ 𝐿𝐹,

𝐿𝐹 = 𝑙𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟

(4.5.2. 1)

Next, the main bending moments need to me calculated to compensate for the thickness
that is required to prevent the thrust cylinder from buckling.
𝑀 = 𝑚 ∗ 𝑔 ∗ 𝐿 ∗ √2
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Now that we have the moment and the main body force, the next step is to combine them
into an equivalent force for the calculations.
𝑃𝑒𝑞 = 𝑃𝑎𝑥 + 2 ∗ 𝑀/𝑅

(4.5.2. 3)

With the equivalent force, the thickness needed to sustain the structural integrity of the
satellite can be solved for.
𝑡 = 𝑃𝑒𝑞 ∗ 𝐹𝑆/(2 ∗ 𝑝𝑖 ∗ 𝑅 ∗ 𝑈𝑙𝑡𝑌𝑒𝑖𝑙𝑑)

(4.5.2. 3)

The tube was first made out of titanium, so the ultimate yield of this material that was used
is 434 MPa. Now that the total axial loading thickness has been calculated, we will now cross
check that with the bending stability thickness. To do this, the factors phi and gamma must be
calculated.

ϕ=

1
𝑅
∗√
16
𝑡

(4.5.2. 4)

γ = 1 − .901(1 − exp(−𝜙))

(4.5.2. 5)

Using these factors, the critical buckling stress is found by using the thickness from the
equivalent force.
σcr = 0.6 ∗ 𝛾 ∗

𝐸𝑡
𝑅

(4.5.2. 6)

With E being the young’s modulus for titanium, E = 110 GPa. From there, we moved on
to finding the critical force for the cylinder.
Pcr = 𝐴 ∗ 𝜎𝑐𝑟

(4.5.2. 7)

Finally, we take the critical and equivalent force and using Equation 4.5.2.3, we
determine needed thickness for our solution.
In order to verify these results, a model with the produced thickness was made and
subjected to the loads in these equations to ensure the agree with one another.
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Fig. 4.5.2.12: Thrust Cylinder FEA By Ben DeRocker

Fig. 4.5.2.3 shows that with our design factor of safety and all the iterative calculations,
the cylinder is well under yielding and will be able to now withstand the launch loads the satellite
will go through.

Purdue University | PROJECT DESTINY

B. DeRocker | 4-142

Interplanetary Communication System Appendix

4.5.3 Honeycomb Structure Analysis

During our investigation into the structure of the bus, honeycomb aluminum structures
were looked into as a good way to increase structural rigidity while also decreasing the mass
needed by the structure. Basic research was done to determine the different design methods for the
internal honeycomb structure.
The first thing that was looked into was trying to find a config.uration of combs that had a
wall thickness that provided a good strength to mass ratio. Fig. 4.5.3.4 illustrates the FEA process
that was used to determine optimal wall thicknesses for the honeycomb.

Fig. 4.5.3.13: Honeycomb FEA By Ben DeRocker

In the end, this honeycomb idea was not fully realized as more top level matters deserved
attention as the project moved forward. While this idea never got flushed out, it shows the ideas
and path the team was taking and what we would have done had we started getting into lower level
design work for the system. As the satellite’s mass was never in danger of getting close to the
limits of the Falcon Heavy, this honeycomb proved unnecessary for this feasibility study.
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4.5.4 Bus
Each of the three satellites (Earth orbiter, L5 Relay, and Mars orbiter) has the same basic
design for the bus, otherwise known as the main “box” of the spacecraft. We size the bus
differently depending on which of the three spacecraft we are considering. The reason for this
change in size is due to an increase in the required ΔV. This increase causes the propellant and
pressurant tanks to increase in size, which in turn causes the bus to increase in size.
We size the bus length according to the following formula:
𝑙𝑏𝑢𝑠 = 2𝑔𝑎𝑝 + 2𝑅𝑇ℎ𝑟𝑢𝑠𝑡_𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 + 2𝑛𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑎𝑛𝑡_𝑇𝑎𝑛𝑘𝑠 𝑅𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑎𝑛𝑡_𝑇𝑎𝑛𝑘
In this equation, “gap” is the space left over for miscellaneous satellite components.
RThrust_Cylinder is the outer radius of the thrust cylinder and RPressurant_Tank is the outer radius of a
single pressurant tank. Lastly, nPressurant_Tanks is a parameter that equals the number of tanks that
the pressurant is split into. For our satellites, we use a value of two.
We determine the bus height with the following formula:
ℎ𝑏𝑢𝑠 = 3𝑔𝑎𝑝 + 2𝑅𝑁2𝑂4_𝑇𝑎𝑛𝑘 + 2𝑅𝑀𝑀𝐻_𝑇𝑎𝑛𝑘
The RN2O4_Tank and RMMH_Tank values are the radii of the two propellant tanks.
Lastly, we calculate the bus width using:
𝑤𝑏𝑢𝑠 = 2𝑔𝑎𝑝 + 2𝑅𝑇ℎ𝑟𝑢𝑠𝑡_𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
Visually, this may be difficult to understand, so fig.s are provided below that show an
example internal layout for a satellite.
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Gap Spaces

Fig..4.5.4.1 The internal layout of the bus is shown. The bus walls are drawn in black, the green box
contains the spherical pressurant tanks, and the red lines are the outer walls of the thrust cylinder. Note
that this drawing represents the Mars satellite, but the internal structure for each satellite is laid out the
same for the other two. J. Voelker

Fig.. 4.5.4.2 The bus drawn from the top, including the thrust cylinder (red). Note that this drawing
represents the Mars satellite, but the internal structure for each satellite is laid out the same for the other
two. J. Voelker
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Fig.. 4.5.4.3 CAD image of the satellite bus. We note that the shape is the same for each satellite, the
sized changes depending on which satellite is being considered. J. Renaud

Using the information on the required ΔV for each type of satellite, our
propellant/pressurant tank design code, our design loop described earlier, and the bus dimension
equations, we now size the bus for each of the three satellite types.
For the bus material, we select Aluminum 6061-T6. This is a common, lightweight
spacecraft material. The bus is designed as a frame with several structural members placed for
rigidity. There are also several hardpoints designated for the mounting of exterior components
such as optical apertures, antennas, and solar panels. The data for the bus is shown below.
Table 4.5.4.1 The dimensions of the spacecraft bus for each satellite along with the corresponding ΔV for
each satellite. J. Voelker

Spacecraft

ΔV [m/s]

Earth Orbiter

Bus Dimensions [m]
Length

Width

Height

Mass [Mg]

573

2.382

1.426

2.261

0.153

L5 Relay

1,450

3.202

1.895

3.190

0.306

Mars Orbiter

1,829

3.535

2.085

3.567

0.397
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4.5.5 Satellite Arrangement
We arrange the satellite components based on the individual requirements of each
component. The propellant tanks cause significant structural stress on launch, so they are mounted
directly inside of the thrust cylinder. The pressurant tanks are much smaller and lighter, so we
mount them on the outside of the cylinder.
We place the thrust cylinder in the center of the bus. Beneath the thrust cylinder is an
adapter ring that mounts the satellite to the Falcon Heavy payload fairing.
Attitude control thrusters are placed on the corners of the bus. We do this in order to
position them as far away from the satellite’s center of mass as possible.
For the Earth and Mars satellites, we place two optical apertures on the top of the bus along
with a Northrop Grumman Astromesh reflector. For the L5 Relay satellites, we replace the
reflector with two additional optical apertures.
We also make efforts to keep the satellite as symmetric as possible about the center of mass
in order to aid in stability and attitude control.
4.5.6 Packing
This project focuses on SpaceX’s work, so we chose to launch our satellites using their
hardware. Specifically, we investigate the Falcon 9, Falcon Heavy, and the Interplanetary
Transport System rockets. The Falcon 9 and Falcon Heavy rockets each have the same payload
fairing [5]. We size the satellites to fit within the walls of this common fairing and then perform
an analysis on how they may be packed into an ITS.
To reduce the packed volume of each satellite, we fold and collapse many of the exterior
components. We can collapse the solar panels, optical apertures, radio antenna, and attitude
thrusters to save space. Shown below are drawings of the three types of satellites packed into the
common Falcon 9 and Falcon Heavy payload fairing.
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Fig.4.5.6.4 The Earth Orbiter packed into the Falcon payload fairing. The pink boxes shown on top of
the bus represent the folded radio antenna. Not drawn are the solar panels. The code used to output this
fig. runs a check to ensure that no collisions with the walls of the fairing occur. J. Voelker

Fig.. 4.5.6.5 The L5 Relay packed into the Falcon payload fairing. We note that the pink boxes are
missing in this view because this satellite does not have a radio antenna. Not drawn are the solar panels
or optical apertures. The code used to output this fig. runs a check to ensure that no collisions with the
walls of the fairing occur. J. Voelker

.
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Fig.. 4.5.6.6 The Mars Orbiter packed into the Falcon payload fairing. The pink boxes shown on top of
the bus represent the folded radio antenna. Not drawn are the solar panels. The code used to output this
fig. runs a check to ensure that no collisions with the walls of the fairing occur. J. Voelker

We also investigate packing the satellites into the ITS. This is accomplished by visually
placing the satellites and leaving space for an internal support and deployment structure. Shown
below are the results of our packing, as well visualizations of each satellite in the ITS.
Table 4.5.6.1 The Results of packing satellites into the ITS. J. Voelker

Satellite

Number that can fit into an ITS

Earth Orbiter

25

L5 Relay

23

Mars Orbiter

8
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Fig.. 4.5.6.7 Shown is a top view of the Earth orbiters packed into a cargo ITS payload bay (bottom
layer). J. Voelker

Fig.. 4.5.6.8 The side view of the Earth orbiters packed into a cargo ITS payload bay. J. Voelker
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Fig.. 4.5.6.9

Shown is a top view of the L5 Relays packed into a cargo ITS payload bay (bottom layer).
J. Voelker

Fig.. 4.5.6.10 The side view of the Earth orbiters packed into a cargo ITS payload bay. J. Voelker
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Fig.. 4.5.6.11

Shown is a top view of the Mars orbiters packed into a cargo ITS payload bay (bottom
layer). J. Voelker

Fig.. 4.5.6.12 The side view of the Earth orbiters packed into a cargo ITS payload bay. J. Voelker
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4.5.7 Ground Station
We place ground stations on Earth and Mars to communicate with our satellites via radio
frequency. Our Earth ground stations will be existing antennas that are maintained by NASA,
Universities, and other space agencies. On the Martian surface, it becomes a bit trickier because
this infrastructure doesn’t exist.
Our antenna location is very important. We are sending a signal to the Mars orbiters
through radio frequencies, so we place our antennas to avoid interference with colony structures.
While the majority of our Mars colony is underground, there are still several structures on the
surface that may interfere with the radio signal.

For this reason, we choose to place the

communication antennas on top of the tallest structures in the colony: the water towers. These
water towers sit atop artificial hills that are at least 55 meters tall.
We place two half-meter diameter antennas on the top of the water tower. These antennas
send and receive data with our Mars areostationary satellites.

Purdue University | PROJECT DESTINY

J. Voelker | 4-153

Interplanetary Communication System Appendix

4.5.8 Codes

The Master Structures Code
The Master Structures Code (MSC) is a powerful tool that we use to aid in the design of
the satellites. It is a compilation of MATLAB functions that allow the user to easily make rapid
changes to an entire satellite. It includes functions written by John Voelker and Ben DeRocker,
although some of the inputs came from various other members of the team.
Table 4.5.8.1 Code Authors

Function

Author

Master Structures Code

John Voelker

Bus Design

John Voelker

Extra Masses

John Voelker

Launch Tube

Ben DeRocker

Moment of Inertia

Ben DeRocker

Propulsion Design

Ben Derocker

Solar Panel Structures

John Voelker

The MSC begins with an extensive list of inputs for each function. It then iterates through
a design loop that attempts to balance the inert mass and the required propellant mass. Once the
inert mass changes by less than ten kilograms, the loop is broken and some final outputs are
published to the console window. Checks are then run to see if the packed satellite will collide
with the Falcon Heavy payload fairing. The code then draws front and top packed diagrams of the
satellite to fig.s. These drawings are useful because they let the user visually see the impact of
their design changes.
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Table 4.2.13.65.8.2 The Inputs for the Master Structures Code. J. Voelker
User Input

sat_type

mass_margin

m_inert

Explanation
The type of satellite being designed
(Earth, Mars, or Relay).
The overall mass margin to be added at
the end.
The inert mass of the satellite. This is an
initial guess.

Default Value

Units

1 for Mars
2 for Relay

-

3 for Earth
0.5

100%

1,000

kg

N2O4toMMH

Mass ratio of N2O4 to MMH.

1.73

-

oversize

Tank oversize factor.

0.05

100%

Controls if the propellant tanks are dual

0 for No

layered.

1 for Yes

Controls if the pressurant tanks are dual

0 for No

layered.

1 for Yes

two_layer_prop

two_layer_press

num_press_tanks

The number of tanks the pressurant is
split amongst.

-

-

2

Tanks

SS_density

The density for stainless-steel.

8,030

kg/m3

SS_tens_str

The tensile strength of stainless-steel.

290

MPa

0.001

m

SS_thick

The thickness of the stainless-steel tank
wall.

CF_density

The density of the tank carbon fiber.

1,780

kg/m3

CF_tens_str

The tensile strength of the carbon fiber.

5,150

MPa

CF_safety_fac

The factor of safety to be applied.

1.2

-

prop_int_pressure

Propellant tank internal pressure.

2.068

MPa

press_int_pressure

Pressurant tanks internal pressure.

41.369

MPa

0.075

m

gap

Blank gap space to be used when sizing
the bus. Components such as computers,
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batteries, and transponders fill this space.
This gap is added multiple times, not just
once.
BC_num

Number of Beta Cloth insulation layers.

2

Layers

My_num

Number of Mylar insulation layers.

15

Layers

D_num

Number of Dacron insulation layers.

15

Layers

0.2

M

110

GPa

434

MPa

LaunchTube_thick

E_lt

Ult_lt

The thickness of the launch tube (thrust
cylinder). This is an initial guess.
The Young’s Modulus of the launch tube
material (Titanium).
Ultimate tensile strength of the launch
tube material.

rho_lt

The density of the launch tube material.

4,506

kg/m3

sp_mass_per_area

Solar Panel Mass per unit area.

1.98

kg/m2

num_leaf

Number of leaves in the solar panel array.

10

Leaves

ra_packed_dia

Diameter of the packed radio antenna.

0.75

m

ra_packed_L

Length of packed antenna.

1.524

m

raa_packed_L

Length of the packed radio antenna arm.

1.524

m

raa_packed_W

Width of the packed radio antenna arm.

0.75

m

raa_packed_H

Height of the packed radio antenna arm.

0.75

m

ra_deployed_dia

Diameter of the deployed antenna.

5

m

ra_mass_per_area

Mass per unit are of the radio antenna.

0.37

kg/m2
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MSC Sub-Functions: Fuel Tank Designer
We use the fuel tank designer to perform the analysis described in section 4.5.1. The code
is capable of toggling between a single-walled or double-walled tank, depending on the values of
two_layer_prop and two_layer_press.

This code outputs the mass of the propellants and

pressurants, the mass of the tanks, and the dimensions of the tanks.
MSC Sub-Functions: Bus Designer
The bus design code sizes the bus based on the process outlined in section 4.5.4. It then
produces a mass estimate for the bus and the multi-layer-insulation [3]. To get the bus mass
estimate, we observe a trendline in the relationship between the bus volume and mass.

Bus Mass Estimate
110
105
100

Mass [kg]

95
90
85
80

y = 13.125x + 52.225
R² = 0.9909

75
70
65
60
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Volume [m^3]
Fig.. 4.5.8.13 The trendline for the bus mass-volume relationship is shown below. Data points were created with busses of different
sizes in Solidworks and then recording their masses. This data collection was done by J. Renaud. Fig. by J. Voelker.

Using the relationship above, the bus design code can estimate the mass by using the
trendline formula.
𝑀𝐵𝑢𝑠 = 13.125𝑉𝐵𝑢𝑠 + 52.225
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MSC Sub-Functions: Extra Masses
The extra masses code accounts for miscellaneous parts and small systems for each
satellite. It is split into three different sets of extra masses, depending on which satellite is being
designed.
MSC Sub-Functions: Solar Panel Structures
The solar panel structures designer calculates the mass of the solar panels. It also calculates
the packed width of the solar panels. This is important to ensure that the satellite will not collide
with the walls of the Falcon payload fairing.
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4.6 Risks, Costs, and Failure
4.6.1 Risk Analysis
4.6.1.1 Total Communications Blackout
One special case of systems failure is a total communications blackout between Earth and
the Mars colony. Zero interplanetary communication capability has potentially catastrophic
outcomes – for example, many of the mission operations executed on Mars will be calculated on
Earth. Without these operations and constant communication of events, such as ITS landing and
coordinated operation of machinery, a communications blackout can result loss of equipment,
habitats, life support, and crew. Fig. 4.6.1.1 shows a fault tree analysis with the top event of total
communication blackout. This scenario is dependent on the failure of all satellites or ground
stations at a certain location. It is assumed that failures between satellites and ground stations are
independent events.

Fig. 4.6.1.1 A total blackout of communication between Earth and Mars requires all satellites or ground stations at a particular
location to critically fail.
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From Fig. 4.6.1.1, the given probability of satellite failure (0.1113) and the given
probability of ground station failure (0.02), the probability of total communications blackout at
any point in the system lifecycle can be calculated, as shown.

Events:
s: Satellite network failure
g: Ground station failure
1: Top event failure
2: Satellite network failure
3: Ground station failure
4: All Earth satellites fail
5: All Relay satellites fail
6: All Mars satellites fail
7: All Earth ground stations fail
8: All Mars ground stations fail

Calculations:
P[s] = S = 0.1113 P[g] = G = 0.02
P[4] = S6
P[5] = S2
P[6] = S12
P[7] = G3
P[8] = G2
P[2] = P[4] + P[5] + P[6]
P[3] = P[7] + P[8]
P[1] = P[2] + P[3]
= S6 + S2 + S12 + G3 + G2
= 0.0128
From the above calculations, the probability of communications blackout at any time is
0.0128. However, by adding more satellites at certain locations, we can reduce this probability.
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Table 4.6.1.1.1 shows the new probability after adding one more satellite at the specified location,
in addition to the added cost of implementing this mitigation strategy. Although the probability of
blackout is seemingly unchanged when an extra Earth or Mars satellite is added, the probability
decreases significantly from 0.0128 to 0.0018 when an extra Relay satellite is added.

Total probability when adding redundant Earth Satellite:
P[4] = S6+1
P[2] = P[4] + P[5] + P[6]
P[3] = P[7] + P[8]
P[1] = P[2] + P[3]
= S7 + S2 + S12 + G3 + G2
= 0.0128

Total probability when adding redundant Relay Satellite:
P[5] = S2+1
P[2] = P[4] + P[5] + P[6]
P[3] = P[7] + P[8]
P[1] = P[2] + P[3]
= S6 + S3 + S12 + G3 + G2
= 0.0018

Total probability when adding redundant Mars Satellite:
P[6] = S12+1
P[2] = P[4] + P[5] + P[6]
P[3] = P[7] + P[8]
P[1] = P[2] + P[3]
= S6 + S2 + S13 + G3 + G2
= 0.0128
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Table 4.6.1.1.1 The improved probability and cost of adding extra satellites

Probability of

Added Cost Over

Blackout

Mission

Add Earth Satellite

0.0128

$5.09B

Add Relay Satellite

0.0018

$5.98B

Add Mars Satellite

0.0128

$5.10B

Strategy

Finally, we must determine if decreasing the probability of likelihood seven times is worth
an extra $6 billion. As seen from the cost analysis, the total interplanetary communication system
will cost $228 billion, making an extra $6 billion seem negligible compared to the total cost. We
recommend that the redundant relay be added to the system – an extra $6 billion is worth it to
notably decrease any potential loss of crew scenarios. Mitigating the risk of total communications
blackout brings the total cost of the Interplanetary Communications system to $234 billion over
100 years.

Purdue University | PROJECT DESTINY

K. Rink | 4-163

Interplanetary Communication System Appendix

4.6.1.2 Risk Mitigation Strategies and Cost
The following are the most common and important risks for the communication and control
system which we will encounter over the lifetime of a satellite of 15 years. [1] These risks are
listed with the help of the fault tree.
1) Transmitting/Receiving RF antenna doesn't deploy
2) Optical aperture doesn't deploy
3) Transponder failure
4) Filters/switch diplexers failure
5) Pointing control system failure
6) Telemetry system failure
7) Gyro/Sensor/reaction wheel failure
8) Control Processor failure
In Fig. 4.6.1.2.1, we can see the communication links and if one of the links is broken, we
will have difficulty in satisfying the continuous 2-way HD communication requirement of the
Interplanetary Communication System. We first analyze each of this risk in detail. The first risk is
that the transmitting or receiving radiofrequency antenna doesn’t deploy properly. If this happens,
there will be communication loss in Earth Ground Station-Earth Satellite or Mars Satellite-Mars
Ground Station links as these two links use antenna for transmitting the radiofrequency signals.
The second risk that optical apertures don’t deploy properly will affect the Earth Satellite-Relay
Satellite and Relay Satellite-Mars Satellite links as they use apertures for optical communication.
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Fig. 4.6.1.2.1: The communication links between Mars and Earth. (Image Credit: K. Rink)

The third risk is about the transponder failure. If a transponder fails that means there is
either a problem with receiver, amplifier or transmitter. This risk will affect RF and optical both
the communication systems. The frequencies will have trouble in amplifying to the correct
frequency or there will be a problem with transmitting the frequency to the correct location. The
third risk can be handled easily as these parts don’t directly affect the communication system. The
next risk about pointing control system failure is very important as this system helps the antenna
and aperture to point in the right direction to receive and transmit the signals. The next risk about
telemetry failure is important too as the telemetry subsystem provide vital communication to and
from the satellite and is the only way to observe and to control the satellite’s functions and
condition from the ground. Gyro/Sensor/reaction wheel failure will affect the control of the
attitude of the satellite and the control processor failure can affect the whole satellite as it acts as
the brain of the satellite. We identify the effects of failure for each risk.

The next risk about pointing control system failure is very important as this system helps
the antenna and aperture to point in the right direction to receive and transmit the signals. The sixth
risk about telemetry failure is important too as the telemetry subsystem provides vital
communication to and from the satellite and is the only way to observe and to control the satellite’s
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functions and condition from the ground. The seventh risk is about Gyro/Sensor/reaction wheel
failure. Gyro/Sensor/reaction wheel affect the control of the attitude determination of the satellite.
The last risk is about control processor failure. Control processor checks input from the attitude
and telemetry sensors and commands the attitude control system. The control processor tries to
ensure that the satellite stays in the right orbit and looks in the right direction. The control processor
failure can affect the whole satellite as it acts as the brain of the satellite. We identify the effects
of failure for each risk which are included in Table 4.6.1.2.1.
With the help of the effects of failure and the probability of failure, we create a risk
matrix. The risk matrix is divided into two categories of probability of failure and
consequence. Each of the category is scaled from 1 to 5 with 1 being the low end (low probability,
low effect) and 5 being the high end (high probability, high effect). We don’t take probability of
failure as an exact number from table 2, but, we analyze and with an educated guess ([1], [7]), we
put the risks in the respective blocks in the matrix. For the consequences, "5" is the high end where
we need to launch a new satellite and then, the consequence scales down to "1", where the risk can
be easily mitigated. The risk matrix includes the blocks for the tolerable risk, moderately tolerable
risk and intolerable risk. For ex. the probability of gyro/sensor/reaction wheel failure is quite
high, but, the consequences, that the satellite lifetime decreases or loss of satellite attitude
determination, are tolerable and can be mitigated without taking the extreme action of launching a
new satellite. Likewise, we analyzed other risks and based on their probabilities of failure and
consequences, we complete the risk matrix.
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Figure 4.6.1.2: Risk Matrix for Communication & Control (Green- Tolerable, Yellow- Moderately
Tolerable, Red- Intolerable) [8] (Image credit: M. Salunkhe)

After we analyze the risk matrix, we try to mitigate all the risks with some efficient
strategies and make them tolerable risks. Launching a new satellite is not always an option so we
try to mitigate these risks with some other efficient strategies. The mitigation strategies for each
risk are discussed in the Table 4.6.1.2.1. The operational concept mentioned in the Table
4.6.1.2.1is about the alternate switching of transponders. [3] Instead of using all the transponders
at the same time, we have some additional transponders and then, use them alternately to carry out
the same function. This way even if we lose a few transponders, we have the backup transponders
until the lifetime of the satellite ends.
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Table 4.6.1.2.1. Risk Mitigation Strategies and Cost for Communication and Control

Area Group

Risk Being Mitigated

Effects of

Risk Mitigation

Cost

Probability

Failure

Strategies

[$M]

of Failure

25

1.60%

25

1.60%

29.25

4.40%

0.09

4.40%

Test the antenna before
launch, restart/reconfig.
Transmitting/Receiving

Communication

the satellite, move to

RF antenna doesn't deploy

loss

junk orbit, use the
backup telemetry
system
Test the antenna before
launch, restart/reconfig.

Optical aperture doesn't

Communication

the satellite, move to

deploy

loss

junk orbit, use the
backup telemetry
system
Use the other

Communications

transponders, establish

and Control

Transponder failure

Frequencies not

Operational Concept

amplified or re-

without the use of any

transmitted as

RF switch, alternate

required

operations of
transponders, add more
(6) transponders

Signals will be
mixed up, signal
and power

Filters/switch diplexers

loss, unwanted

failure

frequency
components

Restart the satellite, one
additional set of
filters/switch diplexers
(module) as a backup

won't be removed
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Load updated
commanding software
Pointing control system
failure

Signals won't be

to the satellite, relocate

received, low

the satellite to a

signal

different orbit to initiate

0

7.90%

25

7.90%

0

20%

10

6%

extensive in-orbit
testing
Command won't
Telemetry system failure

be received

Test telemetry system

or transmitted,

before launch, Backup

carrier won't be

telemetry system

tracked properly
Satellite lifetime

Can backup with

Gyro/Sensor/reaction

decreases, loss of

telemetry, thrusters can

wheel failure

satellite attitude

be used to control the

determination

satellite attitude
Test the control
processor before

Control Processor failure

The network will

launch, backup control

collapse

processor, restart the
satellite, move to junk
orbit
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4.6.2 Cost Analysis
4.6.2.1 Cost Breakdown
Once we design the satellites for the Interplanetary Communications, we must determine
their feasibility. We find the overall feasibility by quantifying both the risk and cost of the system.
In order to cost each satellite, we determine the cost of each individual component by either
research or structure calculations. The main cost drivers of the system include the optical
apertures, the Northrop Grumman Astromesh radio frequency antenna, the many transponders, the
control processor, and the Orbital ATK solar panels. Due to unknown manufacturing costs and the
unknown costs associated with other systems, we add a 50% cost margin to all
satellite components. Additional costs with no margin include cost of operations and launch.
According to SpaceX material, the cost of a Falcon Heavy launch is independent of payload
destination – the difference in destination manifests in a decrease of maximum payload. [4] Table
4.6.2.1.1 provides a total breakdown of the cost estimate for the Earth, Relay, and Mars
satellites [5-8]. The cost of hardware, launch, and operations of each satellite over 15 years is $764
million for Earth, $897 million for Relay, and $765 million for Mars.
Table 4.6.2.1.1 Earth, Relay, and Mars satellite total cost breakdown

Earth Satellite

Relay Satellite

Mars Satellite

Item

Cost/Unit

Quantity

Cost ($M)

Quantity

Cost ($M) Quantity Cost ($M)

Aperture

50

2

100

4

200

2

100

Northrop

12

1

12

0

0

1

12

Transponder

4.875

12

58.5

12

58.5

12

58.5

Processor

10

1

10

1

10

1

10

RF

0.1966

1

0.1966

0

0

1

0.1966

0.1605

1

0.1605

2

0.321

1

0.1605

Grumman
Astromesh

infrastructure
Optic
Infrastructure
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MMH (kg)

0.0002129

266

0.0566447

933.1

0.1987036

1367.1

0.2911239

MON3 (kg)

0.0002363

460.2

0.1087544

1614.2

0.3814677

2365.1

0.5589204

He (kg)

0.000017

1.17

0.0000198

4.25

0.0000722

6.32

0.0001074

Large Thruster

0.1

4

0.4

4

0.4

4

0.4

Medium

0.09

6

0.54

6

0.54

6

0.54

Small Thruster

0.08

8

0.64

8

0.64

8

0.64

Valves

0.0001932

5

0.0009615

5

0.0009661

5

0.0009662

Piping, Etc. (m)

0.0000705

20

0.00141

20

0.00141

20

0.00141

ATK Solar

120

2

240

2

240

2

240

Battery

2.5

2

5

2

5

2

5

MLI, Pipes,

4

1

4

1

4

1

4

Bus

0.0001

1

0.0001

1

0.0001

1

0.0001

MMH Tank

0.0019566

1

0.0019566

1

0.0019566

1

0.0019566

N2O4 Tank

0.0020305

1

0.0020305

1

0.0020305

1

0.0020305

He Tank

0.0003919

2

0.0007838

2

0.0007838

2

0.0007839

Falcon Heavy

1

92

1

92

1

92

1

1

25

1

25

1

25

1

Thruster

Panels

Coolant

Launch
Operations
Total Cost

$764M

$897M

$765M

4.6.2.2 Cost Functions
To determine a design point for the satellites, we derive cost functions for components that
we identified as cost drivers. We first determine the cost function for optical apertures. Using
several data points of aperture sizes and their corresponding costs, we form a linear trendline on a
log-log plot. [9] From the data points and the plot type, we determine a cost function for optical
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apertures based on diameter. Additionally, a big-O estimate of the function is found to determine
a comparison between cost functions.

Variable definition:
F: cost ($)
x: aperture diameter (m)
Data Points:
(𝐹0 , 𝑥0 ) = (107 , 0.5)
(𝐹1 , 𝑥1 ) = (108 , 2.0)
Derivation:
𝑥 𝑚
𝐹(𝑥) = 𝐹0 ( )
𝑥0
where 𝑚 =

log(𝐹1 ⁄𝐹0 )
log(𝑥1 ⁄𝑥0 )

𝑥 𝑚
𝐹(𝑥) = 10 ( )
0.5
7

where 𝑚 =

log(100⁄10)
log(2⁄0.5)

= 1.661

𝑭(𝒙) = 𝟔𝟗𝟎, 𝟎𝟎𝟎 (𝒙)𝟏.𝟔𝟔𝟏
~ 𝑶(𝒙𝟐 )

From the big-O function, we determine a general upper bound for the cost of apertures based
on diameter. Because generated power is directly proportional to solar panel area, corresponding
to ~O(x) for solar panels, cost is driven by an increase in aperture diameter more than an increase
in solar panel area, or power required. For this reason, we design the satellite to minimize aperture
size.

Total structural cost is obtained using statistically based cost-predicting algorithms derived
from CER databases available in Space Mission Engineering [10]. CERs are derived from at the
subsystem or component level and relate cost to one or more drivers. In the case of satellite
structural cost, we used a CER model that predicts the manufacturing cost of the spacecraft bus in
initial flight units. We used the CER model shown below, which is based on statistical data from
2010. Y is the recurring cost in thousands of dollars and X1 is the cost driver. In the case of the

Purdue University | PROJECT DESTINY

K. Rink | 4-172

Interplanetary Communication System Appendix

spacecraft bus, the cost driver is the satellite weight in kilograms. The cost driver input range is
between 288 and 7398 kilograms. The structural, inert mass, of all satellites fall within this range.
Therefore, the CER model shown below is a valid modeling technique to approximate
manufacturing costs of satellite structural components.
Y = 283.5(X1)0.716
Because manufacturers do not publicly disclose internal component costs, we used an
alternate CER where no component information is available. Therefore, the costs associated with
the satellite structure presented in the previous table are first-order estimates based on past
statistical data. With new technologies, the development and manufacturing costs of satellite
components have been reduced and higher fidelity cost modeling is needed when our system
reaches a higher level of maturation.

Next, we determine the total cost of the Interplanetary Communications system over the
colony’s growth to one million people. Using the increased quantity of satellites suggested by the
structural failure analysis, the total cost of communications over 100 years is $228 billion, shown
below Table 4.6.2.2.1.
Table 4.6.2.2.1 Mars, Relay, Earth, and Total Satellite Cost

Satellite

Quantity

Cost Per Launch

Total Cost Over Mission

Earth

80

$764M

$61.1B

Relay

53

$897M

$47.5B

Mars

156

$765M

$119B

Total I-Comm Cost Over Mission:

$228B

As large-scale optical communications satellites are not yet in operation, it is difficult for us
to determine costs and quantities of several satellite components. Our strategy consisted
of listing the most significant cost drivers to the system (mentioned above in the results
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section), determining an accurate cost estimate for these components, pricing secondary
components, and applying a margin to the results to account for missed and unknown cost. We use
a larger margin of 50%, as that is the margin used by many satellite design experts and
companies [11].

The main cost mitigation strategy that will not change the satellite design is using the ITS
to deliver multiple satellites. Because each ITS can pack either 25 Earth satellites, 23 Relay
satellites, or 8 Mars satellites, launch costs per satellite may be reduced. However, this strategy
has many flaws that will most likely contribute to the cost of the mission. First, it is unlikely that
an ITS carrying satellites will be used at full capacity. This is because up to three satellites will be
deployed at a time, making the capability to carry a high quantity of satellites useless. Satellites
may be able to be combined with other cargo launches, but the packing efficiencies of mixed cargo
are indeterminate. Additionally, using the ITS to deploy satellites may require the additional design
of a satellite dispenser and new ITS variant.

Purdue University | PROJECT DESTINY

K. Rink | 4-174

Interplanetary Communication System Appendix

4.6.3 Statistical Failure Analysis
Method
We assume a reliability for each satellite over 15 years of 𝑅 = 0.8887 [2]. We then
calculate the probability of failure with:
𝑃(𝐹𝑎𝑖𝑙𝑢𝑟𝑒) = 1 − 𝑅
So
𝑃(𝐹𝑎𝑖𝑙𝑢𝑟𝑒) = 0.1113
From previous analysis, we know that the total number for each type of satellite over the
colony lifetime is sixty-six Earth orbiters, forty-one L5 Relays, and 135 Mars orbiters. We then
calculate the total number of each type of satellite that will experience a failure over the course of
the fifteen year lifespan.
𝐹𝑖 = 𝑁𝑖 𝑃(𝐹𝑎𝑖𝑙𝑢𝑟𝑒)
𝐸𝑎𝑟𝑡ℎ
𝑤ℎ𝑒𝑟𝑒 𝑖 = {𝑅𝑒𝑙𝑎𝑦 }
𝑀𝑎𝑟𝑠
After these calculations are completed, the following results are obtained.
Table 4.6.3.1 The number of each type of satellite that will fail. J. Voelker

Satellite

Number of Failures over
15 years

Earth

7.3458

Relay

4.5633

Mars

15.0255

These are not whole numbers, so there is a temptation to round them, but we will save that
for a later step. We next determine how many of each type of failure will occur. We find that
historically, the reasons for satellite failure can be broken down into a few categories of subsystems
[2].
Table 4.6.3.2 The number of each type of satellite that will fail. J. Voelker
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Portion of Total
Subsystem

Failures
[%]

Battery/Cell

14.5

Thruster/Fuel

10

Electronics

8.8

Mechanisms/Structures/Thermal

5.8

Solar Array Deployment

2.5

Solar Array Operation

10.2

Gyro/Sensor/RX Wheel

20

Telemetry Tracking and Command

7.9

Pointing Control System

7.9

Control Processor

6

Payload Instruments

3.2

Unknown

3.2

We then compute the number of satellites lost due to each subsystem by multiplying the
number of failures by the portion of total failures that each subsystem.
𝑋𝑖𝑗 = 𝐹𝑖 ∗ 𝑃𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝐹𝑎𝑖𝑙𝑢𝑟𝑒𝑠
𝐸𝑎𝑟𝑡ℎ
𝑤ℎ𝑒𝑟𝑒 𝑖 = {𝑅𝑒𝑙𝑎𝑦 } 𝑎𝑛𝑑 𝑗 = {𝑆𝑢𝑏𝑠𝑦𝑠𝑡𝑒𝑚}
𝑀𝑎𝑟𝑠
The results of this calculation are then rounded up and we arrive at the table below.
Results
Table 4.6.3.1 A breakdown of the causes of failure for each satellite. J. Voelker

Cause of Failure

Number of Satellites that will fail
Earth

Relay

Mars

Battery/Cell

2

1

3

Thruster/Fuel

1

1

2
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Mechanisms/Structures/Thermal

1

1

2

Solar Array Deployment

1

1

1

Solar Array Operation

1

1

1

Gyro/Sensor/RX Wheel

2

1

2

Telemetry Tracking and Command

1

1

4

Pointing Control System

1

1

2

Control Processor

1

1

1

Payload Instruments

1

1

1

Unknown

1

1

1

Total

14

12

21

Conclusions
We now know that statistically, fourteen Earth satellites, twelve Relays and twenty-one
Mars satellites will fail over the course of their fifteen year lifespans. In a worst case scenario,
these failures are catastrophic and result in a complete loss of the satellite. In this situation, we
anticipate having to launch satellites to replace them. Assuming this worst case, the new total
number of satellites needed over the course of the mission is eighty Earth orbiters, fifty-three
Relays, and 156 Mars satellites.
We note that most of these failures are probably not catastrophic and would usually just
result in a decreased lifespan for a satellite.
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5 Interplanetary Crew and Cargo Transport Appendix
5.1 Cycler and ITS Human Requirements Analysis
5.1.1 Food Selection and Mass and Volume Analysis
In order to determine the size and mass of the food that would be need on the journey to
Mars, we need to first determine the way the food is packed. In the table below we can compare
the various types of food packaging. For the purposes of this study we want a packaging type that
is both volumetrically and massively conservative. In this case we select the Thermo-stabilized
because it carries a large amount of food when filled, and is also fairly are volumetrically. Once
the packaging is collected, we can then find mass and volume needed for our crew’s journey to
Mars.
Table 5.1.1.1: Overview of food packaging.
Food Packaging
Type of Food
Metric
Length (cm)
Width (cm)
Height (cm)
Total Volume (cm^3)
Min Mass Filled (g)
Max Mass Filled (g)
Average Mass Filled (g)
Self-Life
Additional Water (mL)
Mass of Additional Water (g)

Thermostabilized
20.62
12.06
2.3
571.96
86
236
191
2 Years

Irradiated Rehydratable
20.62
12.06
2
497.35
86
197
124
2 Years

15.49
14.22
3.65
803.98
25
96.6
50.6
1 to 1.5 Years

Natural-Form
Foods
18.54
8.89
2
329.64
21
69
50
1 to 1.5 Years

Beverages
22.35
9.14
1.27
259.43
1.9
54
26.1
3 Years
240
240

To get the mass of the food required for the crew, it is a simple computation:
Equation 5.1.1
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐹𝑜𝑜𝑑 𝑓𝑜𝑟 𝐽𝑜𝑢𝑟𝑛𝑒𝑦
= 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑜𝑜𝑑 𝑓𝑜𝑟 𝑎 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑑𝑎𝑦 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟𝑠
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However, to get the volume of that food, more analysis will be necessary. Using the
information in the table above, we can find the dimensions and therefore the volume of these
packages and then analyzed how many would be necessary for each meal. There are 3 meals a day,
and we need about 4 packages per day meal. That equates to 12 packages of food per individual,
per day. Multiplying these based on the passengers and days of the trip, we get the volume need
for the food.
Equation 5.1.2
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐹𝑜𝑜𝑑 𝑓𝑜𝑟 𝐽𝑜𝑢𝑟𝑛𝑒𝑦
= 𝑃𝑎𝑐𝑘𝑎𝑔𝑒𝑠 𝑝𝑒𝑟 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑑𝑎𝑦 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟𝑠
∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑝𝑎𝑐𝑘𝑎𝑔𝑒

5.1.2 Water Mass and Volume Analysis
The drinking water and utility water numbers feature a water reclamation service which has
to be accounted for. The ISS currently features a 93% water reclamation system that was used as
a baseline. The amount of water each person uses a day was multiplied by the reciprocal (7%) and
that number was considered ‘lost’ water. The lost water per day could then be used to find the
amount of water necessary to compensate for losses and give us the total amount needed for the
voyage, as seen in the equation below. The volume was found by simply dividing by the density
of water.
Equation 5.1.3
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 𝑛𝑒𝑒𝑑 𝑓𝑜𝑟 𝐽𝑜𝑢𝑟𝑛𝑒𝑦
= 𝑊𝑎𝑡𝑒𝑟 𝑛𝑒𝑒𝑑 𝑝𝑒𝑟 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟 ∗ 7% 𝐿𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟𝑠 + 𝑊𝑎𝑡𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑑𝑎𝑦

5.1.3 Oxygen Mass and Volume Analysis
Oxygen was found in a very similarly to water in regards to mass. In this case though a 75%
reclamation rate was used instead. ISS currently only has a 45% rate, but has heavily invested in
technology to get a 75% rate. It was assumed that the latter number would be acceptable for this
analysis. To find the volume that the oxygen would take up, it was necessary to find a reasonable
storage system analog. It was decided to use scuba tanks, for simplicity, and to avoid having to go
into a heavy analysis. Using a Low pressure tank it was estimated that the density per tank was at
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close to 257.6 Kg/m3. This density was used to get the volume seen above. It should again be
noted that this analysis does not include the mass, power and volume contains for storing the
oxygen.
Equation 5.1.4
𝑀𝑎𝑠𝑠 𝑜𝑓𝑂𝑥𝑦𝑔𝑒𝑛 𝑛𝑒𝑒𝑑 𝑓𝑜𝑟 𝐽𝑜𝑢𝑟𝑛𝑒𝑦
= 𝑂𝑥𝑦𝑔𝑒𝑛 𝑛𝑒𝑒𝑑 𝑝𝑒𝑟 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟 ∗ 25% 𝐿𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑟𝑒𝑤 𝑚𝑒𝑚𝑏𝑒𝑟𝑠 + 𝑂𝑥𝑦𝑔𝑒𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑑𝑎𝑦

5.1.4 Clothing Selection
Something that we decided to look into while we were looking at the one hundred person
colony is the things that the people would need. First we see that colonists need clothing. People
should have about fifteen uniforms that get washed consistently. To bring clothing enough to never
be reused is a large volume and mass per person. By implementing a washing cycle the clothing
can last much longer. This is not including their space suit. We looked into the different types of
materials that the clothing could be made of. In table 1 it can be seen that the manufactured
materials are more appealing. Polyester is the top choice because it has a nicer feel than many
synthetic fibers and it is stronger and more durable than natural fibers.
Table 5.1.4.1: The table shows the different properties of different types of material that could be used for
clothing.
Material

Source

Qualities

Nylon

Petroleum Products

Durable, strong, lightweight, dries quickly

Polyester

Petroleum Products

Durable, strong, lightweight, dries quickly

Spandex

Petroleum Products

Elastic, strong, lightweight

Acrylic

Petroleum Products

Lightweight, warm, dries quickly

Modacrylic

Petroleum Products

Lightweight, warm, dries quickly

Kevlar

Aramids

Very strong

Cotton

Shrub

Lightweight, absorbent

Bamboo

Grass pulp

Lightweight, pliable fiber

Hemp

Cannabis

Strength, durability
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5.1.5 Personal Items
Next we observe what the colonist would want to bring with them on this trip. Personal items
should be allowed on the ITs however there are weight and mass constraints. Since the passengers
have their own room, we can assume that they will keep their items in that room so volume is not
a huge concern. With the advances of technology, it can be assumed that the colonists will want to
have a device of sorts. For this a tablet of some form will be provided. The tablets main purpose
will be to hold all of the information and memories they want to bring with. Also, it could help
them with work that needs to be done. The world is shifting towards tablets for most every day
functions. Laptops are getting smaller and phones are getting bigger. It can be assumed that each
passenger would want a device of similar design to keep with them in space for entertainment and
work, SpaceX could produce a model that integrates with the ITS hardware and software. Other
keepsakes would be allowed within a reasonable request. A limit for the weight to be brought
would be the most efficient because the space that the items take up would come out of the space
in the specific person’s room.
The next thing to look at is hygiene. Hygiene is a harder topic to grasp. There are many
different ways to keep up hygiene and most people have different routines. For the purpose of this
mission we simplify the need of the people on first glance. The main ways to stay clear are by off
in a shower or bath. This is not very efficient use of the water for our uses. In the International
Space Station they get clean by sponge baths. This is not an effective method. Using the water to
shower can be allowed as long as it can be recycled back into clean water. There is also dental
health to be concerned about. Which can be handled with toothpastes that contain fluoride.
Fluoride is the main ingredient in toothpaste and cannot be produced on mars. Hair upkeep is also
a concern for most people. Hair is however not as important to overall health and can be neglected
for the time being. Normal soap is recommended for washing body, hair, and hands. Toothpaste
with fluoride is recommended for keeping good dental health. The volume is 3.5 m^3 for hygiene
products.
Of course people can always bring more than they are limited to if they are willing to pay
the price. One thing that would be on the no fly list would be pets. Pets are extremely needy. They
need a large amount of space and food. They also would not appreciate being taken aboard a ship
to never see the ground again. There would be out lash from multiple animal rights groups and bad
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publicity for the mission. Another thing that would be not allowed would be smoking. Air is
precious on the ITS and cannot be polluted by people smoking. There would not be a way to keep
the air away from everyone else and they would not be able to go out for a smoke break. TVs and
gaming devices would be restricted as well.

5.2 Trajectory Analysis
5.2.1 Direct Transfer to Mars
Since there are no planets in between Earth and Mars, the simplest and cheapest option to
transfer vehicles between Earth and Mars is a direct transfer. Such transfers are characterized by a
single injection burn while in low-Earth orbit (LEO) that inserts the spacecraft into a trajectory
that intercepts Mars after 3-10 months of interplanetary cruise. The vehicle can then either insert
into a Mars orbit or skip this stage altogether and enter the atmosphere directly without slowing
down.
Due to their simplicity, direct transfers are one of the most versatile trajectory options and
can fulfill either quick crewed missions or long and high mass cargo missions. The primary
differences between these types of direct transfers are the delivered payload mass, the time of flight
(TOF), and the entry velocity at the destination planet. Typically, direct crewed missions are
defined by low TOFs (between 90 and 150 days) which minimize the amount of time the crew
spends in interplanetary space. These types of missions generally require more propellant and
result in higher entry velocities at the destination planet. These two attributes drastically affect the
capabilities of a given mission. The larger propellant requirements simply limit the mass that can
be delivered. However, the higher entry velocities have more complicated effects on the possible
mission. During entry, spacecraft have limits on the amount of heat and aerodynamic forces they
can encounter without breaking apart. If a vehicle arrives faster than a safe velocity for entry, it
must perform a large chemical maneuver to reduce its velocity to safer levels. These maneuvers
require large amounts of propellant mass and further limit the payload masses that the spacecraft
can deliver to the surface.
In order to select the best trajectories to and from Mars, we ran a broad sweep of all direct
trajectories between Earth and Mars between 2020 and 2200, with planetary ephemeris data given
by the SPICE toolkit. We also allow for time of flights (TOF) varying from 1 to 600 days. Direct
trajectories from Earth to Mars for a 15-year period are shown in Error! Reference source not
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found., with contours of required characteristic energy. The characteristic energy is a measure of
energy of the spacecraft after leaving Earth’s gravity well. The higher the energy, the more
trajectory options there are. However, reaching this higher energy requires more propellant mass,
limiting payload mass.

Fig. 5.2.1.1 Earth to Mars Porkchop Plot.

We can see that crewed missions, with TOFs of at most 150 days, greatly limit the available
trajectory options. However, the cargo missions are unconstrained in their TOF, so we can select
the minimum energy trajectories and maximize payload mass. This allows for higher payloads to
be delivered at the cost of higher transfer times. Also, we see that each synodic period contains
two locally optimal solutions: one fast transfer (type I) and one slow transfer (type II). Generally,
the longer transfers allow for higher delivered masses, but due to planetary alignment geometry
this is not always the case. It is sometimes the case that the faster type I trajectories may allow for
higher payload masses to be delivered than the type II trajectories of the same synodic period.
Fig. 5.2.1.1shows the complete catalog of trajectories during the 15-year period, however

not all of these are flyable. Many of these trajectories will result in excessive entry velocities upon
arriving at Mars. Since flying a trajectory with a high entry velocity requires a slowdown maneuver
during entry, it is preferable to use a different trajectory with better entry conditions. Not only does
a maneuver require too much propellant, but the addition of an extra required maneuver adds a
large amount risk to the mission. Instead, any trajectory that arrives at Mars with too high an entry
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velocity is not considered. We can filter out any such trajectories from Fig. 5.2.1.1 to produce Fig.
5.2.1.2.

Fig. 5.2.1.2. Earth to Mars Porkchop Plot, filtered for entry velocity.

We can see that filtering out all of the unfavorable trajectories removes a large number of
potential options. However, the trajectories around the local optima generally arrive slower than
trajectories with very low or very high TOFs. Also, we note that once the high entry velocity
trajectories are filtered out, arriving at Mars in 90 days is no longer possible every synodic period.
As a result, we decide to constrain any crewed missions to a TOF of 150 days, since that travel
time is always possible to achieve.
A time period of 15 years was selected for visualization since that is an approximation of
the Earth-Mars inertial period. The inertial period is the amount of time it takes for the two planets
to be in the same positions relative to the Sun (see Fig. 5.2.1.3), and it signifies the amount of time
it takes for the trajectories to begin to repeat. It takes approximately 15 years for this repetition for
this to occur. There are better approximations for the inertial period, such as 32 and 79 years, but
15 years is enough for visualization purposes.
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Fig. 5.2.1.3. Inertial Period.

The inertial period contrasts with the synodic period, which is the amount of time it takes
for the two planets to have the same geometry relative to each other. This takes approximately 780
days, or 26 months to occur. The synodic period signifies when trajectories begin to repeat, though
with a low degree of similarity.

Fig. 5.2.1.4. Synodic Period.

5.2.2 Vehicle Performance
In order to convert the characteristic energies of the trajectories into useful masses, it is
necessary to know the performance of the launch vehicle. This performance is given in the form
of C3 curves, as shown in Fig. 5.2.2.1.
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Fig. 5.2.2.1. Earth Departure Performance Curves.
Fig. 5.2.2.1 relates the departure C3 from Earth shown in Fig. 5.2.1.2 to payload masses

delivered on the surface of Mars. Note that this particular set of performance curves provides
information for different numbers of refueling trips. However, in most cases we only consider the
maximum 5 refueling trips unless specified otherwise.
Additionally, we can derive a performance curve for the launch from Mars to Earth based
on the amount of propellant generated from ISRU. Such a curve is given in Fig. 5.2.2.2

Purdue University | PROJECT DESTINY

A. Arora| 5-9

Interplanetary Crew and Cargo Transport Appendix

Fig. 5.2.2.2. Mars Departure Performance Curve.

This performance curve differs from that in Fig. 5.2.2.1 since the dependent variable is now the
required propellant mass on the surface of Mars, rather than the delivered payload mass. In this
analysis, we assume that the primary purpose of the return missions is to bring the empty spacecraft
back to Earth for reuse. With a fixed Earth surface payload mass of zero, we can vary the propellant
mass and determine the resulting characteristic energies. We can then translate this data into a
performance curve that relates the possible trajectories given a certain amount of propellant
starting from the surface of Mars.
5.2.3 Direct Transfer to Earth
As with the trajectory to Mars, the simplest option to return to Earth is a direct transfer. As before,
a broad trajectory sweep was run, with the results shown in Fig. 5.2.3.1.
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Fig. 5.2.3.1. Mars to Earth Porkchop Plot.

As with the Earth to Mars trajectories, the return trajectories also have limitations on the entry
velocity. Though the constraints at Earth are not as stringent as those at Mars, they must still be
accounted for. Fig. 5.2.3.2 shows the remaining trajectories after removing those that violate entry
velocity constraints at Earth.

Fig. 5.2.3.2. Mars to Earth Porkchop Plot with filtered entry velocities at Earth.

From Fig. 5.2.3.2, we can see that many trajectories no longer become viable options when
accounting for the entry velocity at Earth. However, as before the optimal solutions remain largely
unaffected by these constraints.
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From Fig. 5.2.3.2Error! Reference source not found. and Fig. 5.2.3.1, we note that the launch
window for the Earth to Mars departure and the launch window for the Mars to Earth departure
occur at approximately the same time. In practice, a given ITS will depart towards Mars. Then,
this vehicle will remain stagnant on the surface of Mars until the next synodic period, when the
vehicle can finally depart towards Earth. As a result, this type of mission architecture requires two
sets of vehicles: one set that will depart towards Mars at the same time that the second set departs
towards Earth. Essentially, any given ITS can only be sent towards Mars every two synodic
periods. Additionally, return missions will serve no purpose except to bring the ITS back to Earth
so that it can be refurbished and sent to Mars again. A possible solution to this problem is to
decrease the TOF of the return mission so that the spacecraft arrives at Earth during the launch
opportunity to depart towards Mars. This TOF reduction must be performed at the expense of a
large amount of propellant. However, if the increase in propellant is not significant, then it will be
worth increasing the ISRU requirements if it means reducing the total fleet size. The results of this
analysis are shown in Fig. 5.2.3.3.

Fig. 5.2.3.3. Results of decreasing TOF to catch next Mars departure opportunity.

If a spacecraft departs from Mars with a certain amount of propellant, this figure shows how much
time the vehicle has to depart back towards Mars before the launch opportunity from Earth to Mars
closes. From this figure, we can see that while it may be possible in many cases to arrive back at
Earth quickly enough to depart for Mars again within one synodic period, this is not always
possible. In fact, there are many cases where the required propellant mass is in excess of 2500 Mg
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in order to even arrive during the Earth to Mars departure opportunity at all, ignoring the time it
takes to refurbish and relaunch towards Mars. Therefore, this method of reducing fleet size was
not selected since it required too much propellant to be feasible while still providing practical Earth
departure requirements.
5.2.4 Opposition Class Missions
The architecture solely using direct transfers is based on a conjunction class mission, which is
shown in Fig. (3).

Fig. 5.2.4.1. Conjunction Class Mission.

Another solution to the problem of stagnant vehicles on the Mars surface is the use of an
opposition class mission instead. The basic mission structure of an opposition class trajectory starts
with a short type I transfer from Earth to Mars, followed by a very short stay on the surface. Then,
the vehicle launches from Mars and performs a flyby of Venus before returning to Earth. Fig.
5.2.4.2 shows the schematic for this trajectory type.
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Fig. 5.2.4.2. Opposition Class Mission.

The main advantage of an opposition class mission is that the total mission duration from
Earth to Mars back to Earth again can be less than one synodic period. We can clearly see the
advantages of such a short mission duration since a single vehicle can go to Mars and return to
Earth before the next opportunity for a Mars transfer occurs. Now, a single vehicle can be reused
every single synodic period to send crew/cargo to Mars, in contrast to the conjunction class mission
that can only send a mission to Mars every two synodic periods. As a result, we can conclude that
the use of opposition class missions instead of conjunction class missions can reduce the ITS fleet
size by up to one half.
Despite the advantages of the opposition class mission, it has many drawbacks that need to
be addressed for this architecture to become feasible. The single largest obstacle to this architecture
is the much larger propellant requirements for the launch off the Mars surface. This will drastically
increase the propellant production requirements for the Mars colony, which will in turn have large
implications on the ISRU requirements for water extraction. This will greatly increase the costs
associated with the Mars colony in terms of surface operations, however it may greatly decrease
the costs of manufacturing and maintaining the large spacecraft fleet needed to support the colony.
Other obstacles also prevent the opposition class missions from being practical. In a typical
conjunction class mission, the vehicle travels directly between Earth and Mars. However, in an
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opposition class mission the vehicle performs a flyby of Venus, which is much closer to the Sun
than either Earth or Mars. This greatly increases the thermal loads on the vehicle that must be
managed by the vehicle’s thermal control system. Additionally, the inclusion of a planetary flyby
increase the complexity of the mission beyond that of a simple direct transfer.
Using Purdue-JPL’s satellite tour design software (STOUR), we can analyze the existence
and potential benefit of using an opposition to return to Earth.

Fig. 5.2.4.3. Opposition-Class Return Missions.

From Fig. 5.2.4.3, we can see that there are many Venus-Earth trajectories possible between 2024
and 2124. However, we note that most of these trajectories have TOFs greater than 500 days. In
order for an opposition-class mission to be practical, it must arrive back at Earth before the next
launch opportunity. This generally requires a TOF lower than 500 days, if not even lower. Fig.
5.2.4.3 shows that there are not too many such opportunities. Since these missions are not available

every single synodic period, they provide no major benefit while adding many complications. For
this reason, we find no compelling reason to employ opposition-class returns in the design.

5.2.5 Launch Window Analysis
In order to determine the feasibility of launching multiple spacecraft towards Mars during
a single synodic period, it is necessary to determine the launch windows associated with each type
of trajectory. Every synodic period has a single departure time that is associated with the optimal
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trajectory that delivers the most mass. As launches occur farther away from this optimal, the
amount of mass that can be delivered quickly drops off. Fig. 5.2.5.1 shows the maximum delivered
mass that can be launched during a given synodic period.

Fig. 5.2.5.1. Direct Cargo Mission Launch Window.

Fig. 5.2.5.1 shows the launchable area for a given synodic period along with delivered masses of
each trajectory. The launch window is defined as the width of the launchable area for any single
payload mass. This launch window is significant because it gives the number of days each synodic
period that are available to inject vehicles into Mars transfers. From this figure, we see that the
launch window varies as a function of payload mass, but is generally on the order of 100 days or
more. Since the cargo missions are unconstrained in their TOF, if any given trajectory is infeasible
due to high Mars entry velocities, an alternative can be found with a different TOF. This allows
for very wide launch windows since every single day has 600 different possible trajectories to
choose from (see Error! Reference source not found.). Fig. 5.2.5.1 only shows launch window
information for a single synodic period, but this same analysis was run for every synodic period
and collated into a single figure.
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Fig. 5.2.5.2. Launch Window Dependence on Payload Mass.
Fig. 5.2.5.2 shows how the launch window width varies with payload mass for every single

synodic period. As a result, we have the range of possible launch windows for any desired payload
mass.
A similar analysis was performed for the case of the faster crewed mission. Unlike the
cargo missions, these trajectories have a fixed TOF of 150 days. This greatly limits the available
options if a trajectory is infeasible. The launchable area for a single synodic period is given in Fig.
5.2.5.3.
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Fig. 5.2.5.3. Launch Window Analysis for a Crewed Mission.

We see from Fig. 5.2.5.3 that part of the synodic period is unusable since the entry velocities
at Mars are prohibitively high. This cuts down on the launchable area, resulting in smaller launch
windows. Since the crewed missions are constrained in their TOF, there are no alternative
trajectories that can be flown on those dates. This analysis was repeated for every synodic period
to produce Fig. 5.2.5.4.
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Fig. 5.2.5.4. Launch Window Dependence on Payload Mass for Crewed Missions.

In comparison to Fig. 5.2.5.2, we see much smaller launch windows for the crewed
missions. For a 150 TOF and a 300 Mg payload mass, we observe that a crewed mission would
only have at least a 4 day launch window, while a cargo mission would have approximately a 4
month launch window.
Lastly, it was necessary to determine the launch window for the return from Mars to Earth.
However, instead of the limiting factor being the payload mass, the limiting factor for the return
trajectory was the amount of propellant mass required. When departing for Mars, we wanted to
maximize the payload mass. When departing back to Earth, we want to minimize the amount of
propellant required, since all of the ITS propellant must be produced through ISRU.
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Fig. 5.2.5.5. Launch Window for Return to Earth.

From Fig. 5.2.5.5, we can see that if we are trying to minimize propellant mass, then the launch
windows are smaller than they are for the missions to get to Mars. This analysis was run for every
synodic period to get the following result.
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Fig. 5.2.5.6. Launch Window Dependence on Propellant Mass.
Fig. 5.2.5.6 shows how the launch window changes depending on the amount of propellant

that can be generated through ISRU. We can clearly see that as the amount of propellant mass
increases, so too does the launch window size. Another important observation to make is that the
absolute minimum amount of propellant needed to return to Earth regardless of synodic period is
approximately 800 Mg.
Finally, it is important to determine an estimate for a launch window to launch and
rendezvous with a cycler vehicle. Since cycler trajectories are not as simple as direct transfers, the
process for determining the launch window is fairly different. A full analysis on the launch
windows of each cycler encounter at both Earth and Mars is beyond the scope of this study,
however results can be approximated. Using NASA JPL’s Mission Analysis Low-Thrust
Optimization tool (MALTO), we can propagate a cycler trajectory. We determine a baseline
trajectory and plot it in Fig. 5.2.5.7.
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Fig. 5.2.5.7. Baseline Cycler Trajectory.
It is important to note that MALTO was designed to determine low-thrust trajectories, and not for
largely ballistic cycler trajectories. As a result, any chemical maneuvers required to maintain the
cycler orbit are instead simulated as low-thrust arcs. However, results are accurate enough for this
preliminary analysis.
Now that we have a baseline trajectory, we can begin modifying it to determine the launch window.
The process to calculate the launch window is to vary the initial launch date from Earth, and
observe how the rest of the cycler orbit is affected. The launch window is defined as the range of
launch dates from Earth that result in a feasible cycler trajectory, propagated over two full cycles.
The first cycler orbit characteristic we observe to determine the feasibility is the deterministic
maintenance ΔV that is required to stay in the cycler orbit. The results of this analysis are shown
in
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Fig. 5.2.5.8. Cycler Maintenance ΔV During Launch Window.

From this figure, we can make a key observation about the cycler trajectory. Regardless of
the launch date, if there is a possible cycler orbit then the required maintenance ΔV is always
constant. As a result, the maintenance maneuvers are not a limiting factor in which cycler
trajectories can be used. Additionally, we note that MALTO functions by finding locally optimal
trajectories, rather than globally optima. Since we analyzed so many different cycler trajectories,
it is impossible that they all converge to the global optimum solution. Instead, we assume that if a
non-optimal solution is surrounded by trajectories that all have very low maintenance ΔVs, then
there exists a similar trajectory with a similar maintenance ΔV at that point. We can make this
assumption since there is no reason that any one day in particular should have extremely large ΔV
requirements while surrounding days all have very low ΔV requirements.
Since the maintenance ΔVs do not limit the cycler trajectories, we need some other metric
to discount some trajectories and create a launch window. From Fig. 5.2.5.8, we see that below a 20 day variation from the baseline launch date there are no viable trajectories, so it is important to
determine what causes those trajectories to become infeasible.
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Fig. 5.2.5.9. Cycler Orbit Earth Flyby Altitudes. Each color represents a different flyby in the orbit.

In Fig. 5.2.5.9, we can see that below a launch date variation of approximately -20 days,
several of the Earth flyby altitudes drop below the surface of the planet. As a result, these are
solutions that could not converge and likely do not exist. This gives us a lower bound to our launch
window at -20 days. On the upper end, we again see the emergence of subsurface flybys at a launch
date variation of approximately +60 days. However, while the maintenance ΔVs and flyby
altitudes are important, it is also important to consider the entry velocities at each planet.
Cyclers are designed to carry taxi vehicles that shuttle crew and cargo between the planet
and the cycler vehicle. As a result, the approach velocity of the cycler at each planet will have
important implications on the ability of the taxi vehicles to enter the planet’s atmosphere safely.
The variance in approach velocity at the Mars encounter is shown in Fig. 5.2.5.10
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Fig. 5.2.5.10. Cycler Approach Velocity at Mars. The red dotted line indicates the maximum allowable
velocity that does not require extra slowdown maneuvers.
Fig. 5.2.5.10 shows that entry velocities will be safe for any taxi vehicle that enters Mars as long as

the launch date variation is between -20 and +60 days. Though the approach velocity drastically
increases drastically towards the lower bound, it is still approximately below allowable limits until
-20 days. This analysis is repeated for the Earth entry conditions in.
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Fig. 5.2.5.11. Cycler Approach Conditions at Earth. The red dotted line indicates the maximum allowable
approach velocity that does not require an extra slowdown maneuver.

Unlike the Mars approach conditions, which remain consistent throughout the launch
window, the Earth approach conditions vary greatly. From Fig. 5.2.5.11, we can see that above a
launch date variation of approximately +40 days, the approach velocities begin to rapidly increase
above safe levels. This gives us an approximate upper bound on our launch window of +40 days.
As a result, the total launch window for the cycler was estimated to be approximately 60 days.
We note that the preceding cycler launch window analysis depended only on the variance
of the launch date of the vehicle without considering the variance of the dates of the subsequent
flybys. While the launch may have a launch window of 60 days, a subsequent Earth flyby may
only have a launch window of only 7 days. For this reason, we consider the estimated 60 day
launch window to be extremely optimistic. A more accurate cycler launch window analysis would
require a more in-depth look into the effects on the subsequent flybys. Additionally, this analysis
only considered one cycler orbit at one specific launch date. Instead, it is important to analyze
different cycler launch dates as well as different cycler orbits in order to fully understand the range
of options regarding launch windows.
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5.2.6

∆ V requirements for ITS-Taxi to Martian Surface via Cycler

5.2.6.1 Introduction
Direct missions to Mars are expensive, both in terms of financial cost and the energy it
takes to get there. In addition, once the mission arrives, it takes a great deal energy to send the
vehicle back to Earth for reuse. This inefficiency can be mitigated with the inclusion of Cyclers
into mission architecture. Earth-Mars Cycler vehicles perpetually orbit the Sun, while maintaining
a repetitive alignment cycle with Earth and Mars. This means that, with little correction and energy,
the Cycler will continuously cycle back and forth between the two planets. This is advantageous
because Cyclers are altogether reusable, reducing the amount of mass that must be launched each
synodic period. We have selected the S1L1 cycler for this mission. There are two Outbound
variations of the cycler that facilitate the transit to Mars on alternating synodic periods. However,
while the addition of the Cycler reduces the mass transported by the Interplanetary Transport
System, the taxi vehicle (ITS-T) must still have the propellant to adequately rendezvous with the
Cycler and later detach to the surface of Mars. The propellant requirements of the ITS-T for these
maneuvers each synodic period are determined as follows.
5.2.7 Methodology
5.2.7.1 Earth Departure
The ITS-T is set to intercept the Cycler as the Cycler performs a fly-by of Earth. This
means that in the Earth-fixed frame, the Cycler will follow a hyperbolic inbound and outbound
trajectory. The ITS-T shall attempt to rendezvous on the outbound leg of the hyperbola. First,
hyperbolic parameters are determined at each rendezvous event. Each hyperbolic trajectory can
then be mapped out from periapsis. There are two sets of eight fly-bys that are optimized: one for
the Outbound 1 S1L1 and one for the Outbound 2 S1L1. These sets of fly-bys repeat continuously
for both Cyclers. It is assumed that the Cycler has been successfully refueled at a 300 km. parking
orbit and is ready to depart. A lambert arc must be constructed as transfer between the 300 km.
parking orbit and the hyperbolic trajectory of the Cycler trajectory.
The objective is to minimize the ∆V requirement for the transfer onto the outbound Cycler
trajectory. Two burns are required to depart and rendezvous with the Cycler: the first burn
maneuvers the ITS-T onto the transfer and the second burn places the Taxi vehicle onto the Cycler
trajectory. In order to sweep for the optimal transfer, we vary the departure location from the
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parking orbit, the arrival location along the hyperbola, and the time of flight (TOF), for each
synodic period. We assume that the initial and final orbits and the transfers are planar to simplify
the problem. Fig. 5.2.7.1 below depicts an example in the variation in departure transfer arcs.

Fig. 5.2.7.1 A plot of the variation in transfer orbits to the Cycler from the parking orbit in LEO with a
fixed departure location and time of flight (3 days) for both Prograde and Retrograde transfers.

We use a Lambert Solver to calculate the transfer arc based on the given departure position
vector, arrival position vector, and time of flight. The solver returns the corresponding velocity
vectors for the transfer at each position vector. From there, the ∆V is then calculated by taking the
difference in initial and final velocity vectors at both departure and arrival positions.
When sweeping, we must also ensure that the trajectories do not pass through the planet’s
surface. This is accomplished by propagating the transfer orbit, using an ODE function. After the
sweep, an algorithm automatically chooses the optimal trajectory for each arrival location along
the outbound hyperbolic trajectory. We then plot the ∆V requirement versus Cycler rendezvous
location for each synodic period. The range of time of flights is initially not strictly limited to get
a general idea of the trend. Fig. 2.2.1 depicts the ∆V requirement for the 8 fly-bys of the Outbound
1 S1L1 Cycler. The corresponding TOFs and longitude of departure are also recorded and plotted
in Fig. 2.2.2, to give an idea of what is the optimal transfer for the Outbound 1 Cycler. The dates
given in the legend are initial dates of the 8 flybys that continually repeat.
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Figure 5.2.7.2 A plot of the ∆ V versus Rendezvous Time/Location for both Prograde and
Retrograde transfers. These plots are for the Outbound1 S1L1 Cycler at Earth Departure.

Fig. 5.2.7.3 Plots of the time of flight (TOF) and longitude of departure versus Rendezvous Time/Location for both Prograde
and Retrograde transfers. These plots are for the Outbound 1 S1L1 Cycler at Earth Departure.
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Now that the preliminary sweep has been performed, we can perform a more detailed
sweep of the transfer trajectories, by concentrating on the times of flight of interest. In this case,
the function of the Taxi is to ferry a large number of colonists to the Cycler, so the objective
becomes minimizing the TOF, while still maintaining the low ∆V requirement. The next sweep
analyzes transfers between 22 and 25 hours, with fewer data points allotted to the variation in TOF.
More data points are used for arrival and departure locations, in order to reduce the gaps in data
seen in the plots above. It is noted that the prograde trajectories have been consistently lower in
∆V, so retrograde transfers are left out for the rest of the analysis. Fig. 5.2.7.3 is the optimal ∆V
plot for each Outbound Cycler, based on this second sweep.

Figure 5.2.7.4 More detailed plots of the ∆V requirement for prograde transfer trajectories.
The plot for the Outbound 1 Cycler is on the left, and the plot for the Outbound 2 Cycler is on
the right. TOF varies from 22-25 hours.

From here, we can now do a sweep of transfer trajectories again and concentrate on the
arrival locations of interest. From Figure 5.2.7.4, it is clear that there are specific regions where the
∆V Requirement reaches a minimal value, based on the range of TOFs that have been used. By
limiting the range of arrival locations and increasing the number of data points again, we gain even
finer detail. Eventually, we can confidently conclude that we’ve reached the lower bound of ∆V
values. These values are unlikely to decrease with an even more detailed sweep. Figure
5.2.7.4zooms in on arrival locations where the overall minimum ∆V is likely to occur. Despite the

visible oscillation in values, the minimum ∆V value does not decrease significantly with the further
sweeps of the trajectories.
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Fig. 5.2.7.5: Zoomed-in sweep of trajectories to search for the minimum the ∆V requirement. The plot
for the Outbound 1 Cycler is on the left, and the plot for the Outbound 2 Cycler is on the right. TOFs
are varied from 16-36 hours.

The final ∆V values obtained for departure from Earth are tabulated below. In some cases,
as will be discussed later, the ∆V requirement for certain synodic periods cannot be further reduced
to meet the propellant requirement of 1950 Mg. The Vinfinity and periapsis altitudes place some flybys at too high of an energy, forcing us to reduce the payload mass delivered for that Synodic
period.
Table 5.2.7.1: ∆V requirement for Cycler Rendezvous
Outbound 1

TOF(h)

∆V(km/s)

Outbound 2

TOF(h)

∆V(km/s)

E-1
E-4
E-7
E-10
E-13
E-16
E-19
E-22

N/A
26.5
28.5
24.5
29
19.5
29.5
28

5
5.29
5.02
4.06
4.25
5.39
4.74
4.18

E-1
E-4
E-7
E-10
E-13
E-16
E-19
E-22

N/A
35
31.5
33.5
33.5
25.5
30
29.5

5
5.35
4.50
4.03
4.87
5.19
4.19
4.34

5.2.7.2 Mars Arrival
The method for determining ∆V for arriving at Mars is nearly identical to the method for
determining the ∆V at Earth, with some exceptions. There is no ∆V burn at Mars entry: instead
the ∆V requirement for Entry, Descent and Landing (EDL) is extracted from a SpaceX ITS
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presentation [2]. We assume that design and analysis of the EDL portion of the mission has been
completed. SpaceX produced a graph detailing the ∆V allotted as compared to the payload mass
delivered, depicted by the shaded area in Fig. 2.2.5. After inverting the image and applying a
grid, we can extract polynomials to fit the ∆V curves. It is determined that the ∆V reserved for
EDL is approximately 0.96 km/s.

Fig. 5.2.7.6 Enhanced image of ∆V from SpaceX presentation[2]. The shaded region is the ∆V reserved
for EDL and retropropulsion.

Now, we map out the hyperbolic inbound trajectory towards Mars. Again we vary the
departure location along the hyperbola, the arrival location on Mars, and the time of flight. We
also continue to use the assumption that the hyperbola and the final colony location are in-plane.
The arrival location on Mars does not need to be precise: once the optimal trajectory has been
calculated, arriving at the colony site then simply becomes an issue of timing the arrival. Fig. 5.2.7.6
provides an example of the variation in transfer arcs for a given arrival location on Mars and a
TOF of 3 days.
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Figure 5.2.7.7 Two plots depicting the variation in transfer orbits from the hyperbolic inbound
trajectory to the surface of Mars.

The most important change, however, is limiting the arrival velocity at Mars. We constrain
the velocity at entry to be no more than 8.5 km/s. We apply this constraint to ensure that the vehicle
can survive the thermal loads and decelerate enough for landing. Therefore, the algorithm for
selecting the optimal ∆V values is modified to filter out trajectories that exceed this condition. In
general, the ∆V requirement for the arrival at Mars is rather small; the ITS-T must simply alter its
course by a few degrees to intercept the atmosphere. However, on certain synodic periods, the
EDL constraint drives up this value, significantly. Initially, this constraint was not added to the
calculations and the plots below were obtained in Figure 5.2.7.8, Figure 5.2.7.9, and Fig. 5.2.7.10.

Figure 5.2.7.8: A plot of the ∆V versus Rendezvous Time/Location for both Prograde and
Retrograde transfers. This is for the Outbound1 S1L1 Cycler at Mars Arrival.
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Figure 5.2.7.9 A plot of the Arrival Velocity versus Rendezvous Time/Location for both
Prograde and Retrograde transfers. This is for the Outbound1 S1L1 Cycler at Mars Arrival.

Fig. 5.2.7.10 Plots of the time of flight (TOF) and longitude of departure versus Rendezvous
Time/Location for both Prograde and Retrograde transfers. This is for the Outbound 1 S1L1 Cycler at
Mars Arrival
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The dates in the legend correspond to the arrival dates at Mars for the first 8 cycles of the
Outbound 1 S1L1. These 8 arrival conditions continually repeat over the lifetime of the cycler.
Departing earlier along the hyperbolic inbound trajectory provides the luxury of reducing the ∆V,
however, this is also results in higher arrival velocities at Mars. Several synodic periods coincide
with arrival velocities greater than the 8.5 km/s, as we can see in Fig 2.2.7. Another sweep must
be performed to weed out the trajectories that exceed this constraint. We also take this opportunity
to add more detailed to our trajectory search. We reduce the variation in TOFs and increase the
variation in departure locations to obtained a more refined dataset. The TOFs can vary between 612 hours. Fig. 2.2.8 shows the newly acquired ∆V values, with the legend denoting the generalized
Mars encounters of the both Outbound 1 and Outbound 2 cyclers.

Figure 5.2.7.11: A more detailed plot of the ∆V versus Rendezvous Time/Location for only Prograde transfers,
with the entry velocity constraint. The plot for the Outbound 1 Cycler is on the left, and the plot for the Outbound
2 Cycler is on the right.
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Figure 5.2.7.12 A plot of the Arrival Velocity versus Rendezvous Time/Location for only Prograde
transfers, with the entry velocity constraint. The plot for the Outbound 1 Cycler is on the left, and
the plot for the Outbound 2 Cycler is on the right.

As we can see in Figure 5.2.7.12, the arrival condition is now met by the given transfer
trajectories. By design, none of the graphs exceed the 8.5 km/s entry constraint. The minimum ∆V
is then obtained from the data in Fig. 2.2.10 and tabulated for each Mars encounter. The behavior
of the ∆V plots in Fig. 2.2.10 is much different from the plots in Fig. 2.2.7, due in part to the added
constraint but also due to the limit placed on the TOF. In the next section, the total ∆V requirement
for the ITS-Taxi is calculated and examined.
Table 5.2.7.2: ∆V requirement for Cycler Separation

Outbound 1

TOF(h)

∆V(km/s)

Outbound 2

TOF(h)

∆V(km/s)

M-2
M-5
M-8
M-11
M-14
M-17
M-20
M-23

10
6
7
9
8
10
6
12

0.075
0.024
0.325
0.095
0.120
0.078
0.665
0.136

M-2
M-5
M-8
M-11
M-14
M-17
M-20
M-23

6
10
10
10
6
6
6
8

0.088
0.094
1.038
0.121
0.004
0.063
0.828
0.149
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5.2.7.3 Determination of Masses
The total ∆V required of the ITS-T for each launch cycle is determined and indexed in
Table 2.2.3 and Table 2.2.4. Additional statistical ∆V is added on for trajectory correction
maneuvers. Based on a NASA mission concept study[1], we allot 50 m/s in statistical ∆V for
maneuvers and 5 m/s in statistical ∆V for fly-bys. Given that there are two burn phases, the total
statistical ∆V applied to the ITS-T is 100 m/s.
Table 5.2.7.3: Total ∆V requirement for ITS-T via Outbound 1 S1L1.

Earth
Mars
EDL ∆V TCM ∆V Total ∆V
Outbound 1: Earth
Departure Arrival
(km/s)
(km/s)
(km/s)
Encounter at Departure
∆V (km/s) ∆V (km/s)
E-1
5
0.075
0.96
0.1
6.137
E-4
5.29
0.024
0.96
0.1
6.378
E-7
5.02
0.325
0.96
0.1
6.410
E-10
4.06
0.095
0.96
0.1
5.219
E-13
4.25
0.120
0.96
0.1
5.432
E-16
5.39
0.78
0.96
0.1
6.532
E-19
4.74
0.665
0.96
0.1
6.467
E-22
4.18
0.136
0.96
0.1
5.380

Table 5.2.7.4: Total ∆V requirement for ITS-T via Outbound 2 S1L1.

Earth
Mars
EDL ∆V TCM ∆V Total ∆V
Outbound 2: Earth
Departure Arrival
(km/s)
(km/s)
(km/s)
Encounter at Departure
∆V (km/s) ∆V (km/s)
E-1
5
0.088
0.96
0.1
6.149
E-4
5.35
0.094
0.96
0.1
6.508
E-7
4.50
1.038
0.96
0.1
6.606
E-10
4.03
0.121
0.96
0.1
5.212
E-13
4.87
0.004
0.96
0.1
5.938
E-16
5.19
0.063
0.96
0.1
6.320
E-19
4.19
0.828
0.96
0.1
6.081
E-22
4.34
0.149
0.96
0.1
5.554
From there, we can calculate the amount of propellant required, by assuming each Taxi
vehicle will deliver 300 Mg of payload to the surface of Mars, using the rocket equation. We also
assume that the maximum propellant mass that the ITS-T can hold is 1950 Mg. It is noted that
several departure windows exist, in which the ∆V requirement results in a propellant mass greater
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than this limit. In such a case, we also calculate the maximum payload mass that can be delivered
to Mars given the total ∆V. The rocket equation and the propellant mass equations applied are
shown below. The final resulting propellant masses and payload masses are tabulated in Table
5.2.7.3, and Table 5.2.7.4.
Equation 5.2.1

∆𝑉 = 𝐼𝑠𝑝 ∗ 𝑔0 ∗ ln (

𝑚𝑡𝑜𝑡𝑎𝑙
)
𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑚𝑖𝑛𝑒𝑟𝑡

Equation 5.2.2
∆𝑉

𝑚𝑝𝑟𝑜𝑝 = 𝑒 𝐼𝑠𝑝∗𝑔0 ∗ (𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑚𝑖𝑛𝑒𝑟𝑡 ) − (𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑚𝑖𝑛𝑒𝑟𝑡 )
Table 5.2.7.5: Resulting propellant and payload masses for ITS-T via Outbound 1 S1L1.

Outbound 1: Earth Encounter at
Departure
E-1
E-4
E-7
E-10
E-13
E-16
E-19
E-22

Total ∆V
(km/s)
6.137
6.378
6.410
5.219
5.432
6.532
6.467
5.380

Propellant
Mass
1868
2022
2043
1364
1470
2126
2082
1444

Max Payload Mass (Mg)
*1950 Mg propellant
320
284
279
493
447
263
271
458

Table 5.2.7.6: Resulting propellant and payload masses for ITS-T via Outbound 2 S1L1.

Outbound 2: Earth Encounter at
Departure
E-1
E-4
E-7
E-10
E-13
E-16
E-19
E-22
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Total ∆V
(km/s)
6.149
6.508
6.606
5.212
5.938
6.320
6.081
5.554

Propellant Max Payload Mass (Mg)
Mass (Mg)
*1950 Mg propellant
1876
318
2110
266
2178
253
1361
495
1748
352
1984
292
1834
329
1534
422
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The synodic periods in which ITS-T cannot fulfill the 300 Mg payload delivery are
highlighted in orange. The payload mass is summarily reduced, with the maximum payload for
that synodic period highlighted in green. The reductions are not non-negligible; however, they also
are not egregiously large. The greatest reduction in payload mass occurs at the 7 th encounter at
Earth on the Outbound 2 Cycler. The 47 Mg reduction, however, still allows for the transfer of
85% of the targeted payload mass. This loss in payload mass is easily made up for on other synodic
periods, with the largest possible payload mass occurring on the 10th encounter at Earth on the
Outbound 1 Cycler. With the full 1950 Mg of propellant, the ITS-T can delivery almost 500 Mg
of payload, 166% times the targeted payload mass value. The mass values tabulated are useful for
designing the overall mission architecture and determining the logistics of shipments to the colony.

5.3 Cycler Orbit Trade Study
The purpose of this trade study is to determine the best possible cycler trajectory for our
mission parameters. This trade study shows that the S1L1 orbit is the best option for our mission.
Table 5.2.7.1 shows the data used to conduct this trade study [2.1], [2.2], [2.3].
Table 5.2.7.1: Cycler Orbit Trade Study

Orbital Period

Time of

(Synodic

Flight to

V∞ at Earth

V∞ at Mars

∆V (km/s)

Mars (days)

(km/s)

(km/s)

Cycler Orbit

Periods)

Aldrin Cycler

1

5.026

165

6.54

9.75

S1L1

2

4.208

221

4.7

5

U0L1

2

8.052

97

11.3

14

VISIT-1

7

4.118

201

N/A

N/A

VISIT-2

7

4.564

207

N/A

N/A

While there are countless possible cycler trajectories, there are some families of cycler
orbits that are more promising for manned missions than others. The selected families of cycler
orbits are chosen because they are more heavily researched in current scholarship. When
weighing each option, important factors to consider are feasibility of rendezvous with the cycler,
the number of cyclers needs to take full advantage of a given orbit, the time of flight to Mars
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during which we would have to sustain the passengers, and the ∆V needed to insert the cycler
into its orbit.
To take full advantage of a given cycler trajectory, there must be one cycler making a
manned rendezvous with Mars every synodic cycle. This condition means that for the VISIT 1
and 2 orbits, 7 cyclers would be needed for there to be a manned Mars rendezvous every synodic
period. Since our design requires 76 cyclers to rendezvous with Mars every synodic period once
the population hits constant growth, our fleet size for cyclers alone would be 532. This makes
both orbits infeasible for this design, and the Aldrin Cycler ideal in this aspect.
The time of flight to Mars given in Table 2.2.1 constitutes an upper bound for the time
passengers will have to remain on the vehicle. This is important as the fewer days passengers
have to remain on the cycler, the less initial cargo that needs to be launched with the ITS-T and
the easier is to take more people and make rendezvous with the cycler. In this aspect, the S1L1
orbit is the worst option and the U0L1 orbit is optimal. The problem with short times of flight,
though, is that they generally correlate with high V∞ values, which are critical for making
rendezvous. This is true for both the U0L1 orbit and the Aldrin cycler, and makes rendezvous
and deorbit for a vehicle as large as the ITS-T infeasible. To ensure that as many rendezvous can
be made as possible, the S1L1 orbit is the chosen orbit for this design.
5.3.1.1 Chosen S1L1 Orbital Characteristics and Propagation
The purpose of this analysis is to identify the orbital characteristics of each cycle in the
cycler orbit. These numbers allow for analysis on rendezvous with the cycler during the mission
period, and values for the time that humans will need to be sustained on the cycler. It also
allowed for analysis of the orbit that gave an allowable launch window for the cycler and the
deterministic ∆V needed per cycle to keep the cycler in its orbit.
Statistical analysis of the trajectories showed that the average time to Mars would only be
about 160 days on average, much lower than the maximum value of 231 days. The V∞ values
vary from about to 4 to 8 km/s at Earth and 3 to km/s at Mars [2.2].
Table 2.2.1 Outbound Trajectory #1
Closest

Leg Time of

Encounter

Date

V∞ (km/s)

Approach (km)

Flight (days)

E-1

8/13/05

4.01

-

-
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M-2

2/17/06

3.02

4816

198

E-3

6/9/08

6.89

20130

833

E-4

12/3/09

6.9

31110

541

M-5

6/6/10

4.31

17710

186

E-6

8/24/12

6.42

26490

809

E-7

2/14/14

6.43

41520

539

M-8

7/3/14

7.14

12190

138

E-9

12/9/16

4.01

27730

890

E-10

5/22/18

4.03

19920

530

M-11

9/15/18

6.477

11580

115

E-12

4/6/21

4.61

22990

934

E-13

9/20/22

4.59

14780

532

M-14

5/1/23

2.77

7601

223

E-15

7/2/25

7.08

23860

793

E-16

12/26/26

7.09

35120

542

M-17

6/14/27

5.27

13840

170

E-18

9/21/29

5.8

26850

830

E-19

3/12/31

5.8

37520

537

M-20

7/15/31

7.85

8802

125

E-21

1/15/34

4.21

24870

915

E-22

6/28/35

4.2

2756

529

M-23

11/12/35

5.87

1770

137

E-24

5/6/38

7.23

-

906

E-1

10/23/39

4.01

-

536

M-2

5/8/40

3.02

4816

198

E-3

8/19/42

6.89

20130

833

E-4

2/11/44

6.9

31110

541

M-5

8/15/44

4.31

17710

186

E-6

11/2/46

6.42

26490

809

E-7

4/24/48

6.43

41520

539

M-8

9/9/48

7.14

12190

138
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E-9

2/16/51

4.01

27730

890

E-10

7/30/52

4.03

19920

530

M-11

11/22/52

6.477

11580

115

E-12

6/14/55

4.61

22990

934

E-13

11/27/56

4.59

14780

532

M-14

7/8/57

2.77

7601

223

E-15

9/9/59

7.08

23860

793

E-16

3/4/61

7.09

35120

542

M-17

8/21/61

5.27

13840

170

E-18

11/29/63

5.8

26850

830

E-19

5/19/65

5.8

37520

537

M-20

9/21/65

7.85

8802

125

E-21

3/24/68

4.21

24870

915

E-22

9/4/69

4.2

2756

529

M-23

1/19/70

5.87

1770

137

E-24

7/13/72

7.23

-

906

E-1

12/31/73

4.01

-

536

M-2

7/17/74

3.02

4816

198

E-3

10/27/76

6.89

20130

833

E-4

4/21/78

6.9

31110

541

M-5

10/24/78

4.31

17710

186

E-6

1/10/81

6.42

26490

809

E-7

7/3/82

6.43

41520

539

M-8

11/18/82

7.14

12190

138

E-9

4/26/85

4.01

27730

890

E-10

10/8/86

4.03

19920

530

M-11

1/31/87

6.477

11580

115

E-12

8/22/89

4.61

22990

934

E-13

2/5/91

4.59

14780

532

M-14

9/16/91

2.77

7601

223

E-15

11/17/93

7.08

23860

793
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E-16

5/13/95

7.09

35120

542

M-17

10/30/95

5.27

13840

170

E-18

2/6/98

5.8

26850

830

E-19

7/28/99

5.8

37520

537

M-20

11/30/99

7.85

8802

125

E-21

6/3/02

4.21

24870

915

E-22

11/14/03

4.2

2756

529

M-23

3/30/04

5.87

1770

137

E-24

9/22/06

7.23

-

906

E-1

3/11/08

4.01

-

536

M-2

9/25/08

3.02

4816

198

E-3

1/6/11

6.89

20130

833

E-4

6/30/12

6.9

31110

541

M-5

1/2/13

4.31

17710

186

E-6

3/22/15

6.42

26490

809

E-7

9/11/16

6.43

41520

539

M-8

1/27/17

7.14

12190

138

E-9

7/6/19

4.01

27730

890

E-10

12/17/20

4.03

19920

530

M-11

4/11/21

6.477

11580

115

E-12

11/1/23

4.61

22990

934

E-13

4/16/25

4.59

14780

532

M-14

11/25/25

2.77

7601

223

E-15

1/27/28

7.08

23860

793

E-16

7/22/29

7.09

35120

542

M-17

1/8/30

5.27

13840

170

E-18

4/17/32

5.8

26850

830

E-19

10/6/33

5.8

37520

537

M-20

2/8/34

7.85

8802

125

E-21

8/11/36

4.21

24870

915

E-22

1/22/38

4.2

2756

529
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M-23

6/8/38

5.87

1770

137

E-24

11/30/40

7.23

-

906

Table 2.2.2 Outbound Trajectory #2
Closest
Encounter

Date

V∞ (km/s)

Approach (km)

Leg ToF (days)

E-1

9/30/07

4.52

-

-

M-2

5/19/08

3

6601

231

E-3

7/16/10

7.05

25020

788

E-4

1/9/12

7.06

37470

542

M-5

6/17/12

5.89

9791

160

E-6

10/11/14

5.33

25510

846

E-7

3/29/16

5.31

35250

535

M-8

7/25/16

7.87

9621

118

E-9

2/4/19

3.99

22760

924

E-10

7/17/20

3.98

4273

530

M-11

12/18/20

4.36

5149

154

E-12

5/25/23

6.08

20050

887

E-13

11/13/24

6.1

27320

538

M-14

6/1/25

3.71

16070

200

E-15

8/8/27

6.72

25930

799

E-16

1/30/29

6.73

41310

541

M-17

6/27/29

6.62

16700

148

E-18

11/14/31

4.46

32010

871

E-19

4/29/33

4.47

24950

532

M-20

8/18/33

7.58

7070

111

E-21

3/6/36

4.72

22300

930
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E-22

8/20/37

4.74

617

532

M-23

1/22/38

5.66

1454

155

E-24

5/11/40

11.05

-

840

E-1

10/28/41

4.52

-

536

M-2

6/16/42

3

6601

231

E-3

8/12/44

7.05

25020

788

E-4

2/5/46

7.06

37470

542

M-5

7/15/46

5.89

9791

160

E-6

11/7/48

5.33

25510

846

E-7

4/26/50

5.31

35250

535

M-8

8/22/50

7.87

9621

118

E-9

3/3/53

3.99

22760

924

E-10

8/15/54

3.98

4273

530

M-11

1/16/55

4.36

5149

154

E-12

6/21/57

6.08

20050

887

E-13

12/11/58

6.1

27320

538

M-14

6/29/59

3.71

16070

200

E-15

9/5/61

6.72

25930

799

E-16

2/28/63

6.73

41310

541

M-17

7/26/63

6.62

16700

148

E-18

12/13/65

4.46

32010

871

E-19

5/29/67

4.47

24950

532

M-20

9/17/67

7.58

7070

111

E-21

4/4/70

4.72

22300

930

E-22

9/18/71

4.74

617

532

M-23

2/20/72

5.66

1454

155

E-24

6/9/74

11.05

-

840

E-1

11/27/75

4.52

-

536

M-2

7/15/76

3

6601

231

E-3

9/11/78

7.05

25020

788

E-4

3/6/80

7.06

37470

542
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M-5

8/13/80

5.89

9791

160

E-6

12/7/82

5.33

25510

846

E-7

5/25/84

5.31

35250

535

M-8

9/20/84

7.87

9621

118

E-9

4/2/87

3.99

22760

924

E-10

9/13/88

3.98

4273

530

M-11

2/14/89

4.36

5149

154

E-12

7/21/91

6.08

20050

887

E-13

1/9/93

6.1

27320

538

M-14

7/28/93

3.71

16070

200

E-15

10/5/95

6.72

25930

799

E-16

3/29/97

6.73

41310

541

M-17

8/24/97

6.62

16700

148

E-18

1/12/00

4.46

32010

871

E-19

6/28/01

4.47

24950

532

M-20

10/17/01

7.58

7070

111

E-21

5/4/04

4.72

22300

930

E-22

10/18/05

4.74

617

532

M-23

3/22/06

5.66

1454

155

E-24

7/9/08

11.05

-

840

E-1

12/27/09

4.52

-

536

M-2

8/15/10

3

6601

231

E-3

10/11/12

7.05

25020

788

E-4

4/6/14

7.06

37470

542

M-5

9/13/14

5.89

9791

160

E-6

1/6/17

5.33

25510

846

E-7

6/25/18

5.31

35250

535

M-8

10/21/18

7.87

9621

118

E-9

5/2/21

3.99

22760

924

E-10

10/14/22

3.98

4273

530

M-11

3/17/23

4.36

5149

154
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E-12

8/20/25

6.08

20050

887

E-13

2/9/27

6.1

27320

538

M-14

8/28/27

3.71

16070

200

E-15

11/4/29

6.72

25930

799

E-16

4/29/31

6.73

41310

541

M-17

9/24/31

6.62

16700

148

E-18

2/11/34

4.46

32010

871

E-19

7/28/35

4.47

24950

532

M-20

11/16/35

7.58

7070

111

E-21

6/3/38

4.72

22300

930

E-22

11/17/39

4.74

617

532

M-23

4/20/40

5.66

1454

155

E-24

8/8/42

11.05

-

840

E-1

1/25/44

4.52

-

536

M-2

9/12/44

3

6601

231

E-3

11/9/46

7.05

25020

788

E-4

5/4/48

7.06

37470

542

M-5

10/11/48

5.89

9791

160

E-6

2/4/51

5.33

25510

846

E-7

7/23/52

5.31

35250

535

M-8

11/18/52

7.87

9621

118

E-9

5/31/55

3.99

22760

924

E-10

11/11/56

3.98

4273

530

M-11

4/14/57

4.36

5149

154

E-12

9/18/59

6.08

20050

887

E-13

3/9/61

6.1

27320

538

M-14

9/25/61

3.71

16070

200

E-15

12/3/63

6.72

25930

799

E-16

5/27/65

6.73

41310

541

M-17

10/22/65

6.62

16700

148

E-18

3/11/68

4.46

32010

871
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E-19

8/25/69

4.47

24950

532

M-20

12/14/69

7.58

7070

111

E-21

7/1/72

4.72

22300

930

E-22

12/15/73

4.74

617

532

M-23

5/19/74

5.66

1454

155

E-24

9/5/76

11.05

-

840

Table 2.2.3 Alternative Outbound Trajectory #1
Closest
Encounter

Date

V∞ (km/s)

Approach (km)

Leg ToF (days)

E-1

9/9/05

5.32

-

-

M-2

3/3/06

3

9961

175

E-3

6/9/08

6.92

20543

830

E-4

12/3/09

6.93

21192

542

M-5

6/6/10

4.31

17762

185

E-6

8/24/12

6.42

26495

809

E-7

2/14/14

6.43

41528

540

M-8

7/3/14

7.14

12174

138

E-9

12/9/16

4.01

27726

890

E-10

5/22/18

4.03

19923

530

M-11

9/15/18

6.47

11570

115

E-12

4/6/21

4.61

22992

934

E-13

9/20/22

4.59

14780

532

M-14

5/1/23

2.77

7593

223

E-15

7/2/25

7.08

23858

793

E-16

12/26/26

7.09

35164

542

M-17

6/14/27

5.26

13751

170

E-18

9/21/29

5.78

26818

830

E-19

3/12/31

5.78

39051

537

M-20

7/15/31

7.7

10573

125
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E-21

1/15/34

3.78

22970

915

E-22

6/28/35

3.76

9633

529

M-23

11/13/35

4.68

15695

138

E-24

5/8/38

5.54

27049

907

E-1

10/26/39

5.56

20455

536

M-2

4/29/40

4.2

23678

186

E-3

8/7/42

6.92

20543

830

E-4

1/31/44

6.93

21192

542

M-5

8/3/44

4.31

17762

185

E-6

10/21/46

6.42

26495

809

E-7

4/13/48

6.43

41528

540

M-8

8/29/48

7.14

12174

138

E-9

2/5/51

4.01

27726

890

E-10

7/19/52

4.03

19923

530

M-11

11/11/52

6.47

11570

115

E-12

6/3/55

4.61

22992

934

E-13

11/16/56

4.59

14780

532

M-14

6/27/57

2.77

7593

223

E-15

8/29/59

7.08

23858

793

E-16

2/21/61

7.09

35164

542

M-17

8/10/61

5.26

13751

170

E-18

11/18/63

5.78

26818

830

E-19

5/8/65

5.78

39051

537

M-20

9/10/65

7.7

10573

125

E-21

3/13/68

3.78

22970

915

E-22

8/24/69

3.76

9633

529

M-23

1/9/70

4.68

15695

138

E-24

7/4/72

5.54

27049

907

E-1

12/22/73

5.56

20455

536

M-2

6/26/74

4.2

23678

186

E-3

10/3/76

6.92

20543

830
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E-4

3/29/78

6.93

21192

542

M-5

9/30/78

4.31

17762

185

E-6

12/17/80

6.42

26495

809

E-7

6/10/82

6.43

41528

540

M-8

10/26/82

7.14

12174

138

E-9

4/3/85

4.01

27726

890

E-10

9/15/86

4.03

19923

530

M-11

1/8/87

6.47

11570

115

E-12

7/30/89

4.61

22992

934

E-13

1/13/91

4.59

14780

532

M-14

8/24/91

2.77

7593

223

E-15

10/25/93

7.08

23858

793

E-16

4/20/95

7.09

35164

542

M-17

10/7/95

5.26

13751

170

E-18

1/14/98

5.78

26818

830

E-19

7/5/99

5.78

39051

537

M-20

11/7/99

7.7

10573

125

E-21

5/11/02

3.78

22970

915

E-22

10/22/03

3.76

9633

529

M-23

3/8/04

4.68

15695

138

E-24

9/1/06

5.54

27049

907

E-1

2/19/08

5.56

20455

536

M-2

8/23/08

4.2

23678

186

E-3

12/1/10

6.92

20543

830

E-4

5/26/12

6.93

21192

542

M-5

11/27/12

4.31

17762

185

E-6

2/14/15

6.42

26495

809

E-7

8/7/16

6.43

41528

540

M-8

12/23/16

7.14

12174

138

E-9

6/1/19

4.01

27726

890

E-10

11/12/20

4.03

19923

530
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M-11

3/7/21

6.47

11570

115

E-12

9/27/23

4.61

22992

934

E-13

3/12/25

4.59

14780

532

M-14

10/21/25

2.77

7593

223

E-15

12/23/27

7.08

23858

793

E-16

6/17/29

7.09

35164

542

M-17

12/4/29

5.26

13751

170

E-18

3/13/32

5.78

26818

830

E-19

9/1/33

5.78

39051

537

M-20

1/4/34

7.7

10573

125

E-21

7/7/36

3.78

22970

915

E-22

12/18/37

3.76

9633

529

M-23

5/5/38

4.68

15695

138

E-24

10/28/40

5.54

27049

907

Table 2.2.4 Inbound Trajectory #1
Closest
Encounter

Date

V∞ (km/s)

Approach (km)

Leg ToF (days)

E-1

4/1/05

3.33

-

-

M-2

10/5/07

7.25

12140

918

E-3

2/15/08

6.22

44630

133

E-4

8/7/09

6.23

19040

539

M-5

11/5/11

4.78

6710

820

E-6

4/3/12

7.05

29830

177

E-7

10/24/13

7.05

24830

542

M-8

1/8/16

2.75

9870

805

E-9

8/13/16

4.15

13410

218

E-10

1/25/18

4.17

22550

530

M-11

8/20/20

7.19

10440

938

E-12

12/6/20

4.69

31100

108
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E-13

12/6/22

4.67

16020

532

M-14

10/16/24

6.64

3854

877

E-15

3/11/25

6.72

40750

146

E-16

9/3/26

6.71

22390

541

M-17

11/11/28

3.79

10580

800

E-18

5/29/29

6.19

25610

199

E-19

11/18/30

6.18

30640

539

M-20

4/7/33

3.77

15350

870

E-21

9/16/33

3.87

10950

162

E-22

2/27/35

3.84

24270

529

M-23

9/8/37

7.71

678

E-24

12/13/37

9.12

-

96

E-1

6/2/39

3.33

-

536

M-2

12/6/41

7.25

12140

918

E-3

4/18/42

6.22

44630

133

E-4

10/9/43

6.23

19040

539

M-5

1/6/46

4.78

6710

820

E-6

7/2/46

7.05

29830

177

E-7

12/26/47

7.05

24830

542

M-8

3/10/50

2.75

9870

805

E-9

10/14/50

4.15

13410

218

E-10

3/27/52

4.17

22550

530

M-11

10/21/54

7.19

10440

938

E-12

2/6/55

4.69

31100

108

E-13

7/22/56

4.67

16020

532

M-14

12/16/58

6.64

3854

877

E-15

2/22/61

6.72

40750

799

E-16

8/17/62

6.71

22390

541

M-17

1/12/63

3.79

10580

148

E-18

6/1/65

6.19

25610

871

E-19

11/15/66

6.18

30640

532
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M-20

3/6/67

3.77

15350

111

E-21

9/21/69

3.87

10950

930

E-22

3/7/71

3.84

24270

532

M-23

8/9/71

7.71

678

155

E-24

11/26/73

9.12

-

840

E-1

5/16/75

3.33

-

536

M-2

11/19/77

7.25

12140

918

E-3

4/1/78

6.22

44630

133

E-4

9/22/79

6.23

19040

539

M-5

12/20/81

4.78

6710

820

E-6

6/15/82

7.05

29830

177

E-7

12/9/83

7.05

24830

542

M-8

2/21/86

2.75

9870

805

E-9

9/27/86

4.15

13410

218

E-10

3/10/88

4.17

22550

530

M-11

10/4/90

7.19

10440

938

E-12

1/20/91

4.69

31100

108

E-13

7/5/92

4.67

16020

532

M-14

11/29/94

6.64

3854

877

E-15

2/5/97

6.72

40750

799

E-16

7/31/98

6.71

22390

541

M-17

12/26/98

3.79

10580

148

E-18

5/16/01

6.19

25610

871

E-19

10/30/02

6.18

30640

532

M-20

2/18/03

3.77

15350

111

E-21

9/5/05

3.87

10950

930

E-22

2/19/07

3.84

24270

532

M-23

7/24/07

7.71

678

155

E-24

11/10/09

9.12

-

840

E-1

4/30/11

3.33

-

536

M-2

11/3/13

7.25

12140

918
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E-3

3/16/14

6.22

44630

133

E-4

9/6/15

6.23

19040

539

M-5

12/4/17

4.78

6710

820

E-6

5/30/18

7.05

29830

177

E-7

11/23/19

7.05

24830

542

M-8

2/5/22

2.75

9870

805

E-9

9/11/22

4.15

13410

218

E-10

2/23/24

4.17

22550

530

M-11

9/18/26

7.19

10440

938

E-12

1/4/27

4.69

31100

108

E-13

6/19/28

4.67

16020

532

M-14

11/13/30

6.64

3854

877

E-15

1/20/33

6.72

40750

799

E-16

7/15/34

6.71

22390

541

M-17

12/10/34

3.79

10580

148

E-18

4/29/37

6.19

25610

871

E-19

10/13/38

6.18

30640

532

M-20

2/1/39

3.77

15350

111

E-21

8/19/41

3.87

10950

930

E-22

2/2/43

3.84

24270

532

M-23

7/7/43

7.71

678

155

E-24

10/24/45

9.12

-

840

Table 2.2.5 Inbound Trajectory #2
Closest
Encounter

Date

V∞ (km/s)

Approach (km)

Leg ToF (days)

E-1

5/29/07

4.29

-

-

M-2

10/17/09

5.83

4553

872

E-3

3/25/10

6.94

40590

159

E-4

9/18/11

6.95

23390

542
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M-5

11/17/13

3.25

11950

791

E-6

6/15/14

5.81

23670

210

E-7

12/4/15

5.79

18320

537

M-8

5/27/18

4.6

6957

905

E-9

10/15/18

3.78

8146

141

E-10

3/26/20

3.79

26090

529

M-11

9/28/22

7.72

12520

916

E-12

1/27/23

6.05

43350

121

E-13

7/18/24

6.07

11170

538

M-14

11/3/26

5.57

2099

838

E-15

4/17/27

7.16

31070

165

E-16

10/10/28

7.15

24350

542

M-17

12/8/30

2.76

9644

788

E-18

7/21/31

4.66

17280

225

E-19

1/3/33

4.66

21780

532

M-20

7/26/35

6.34

9423

934

E-21

11/19/35

3.96

19000

116

E-22

5/2/37

3.95

25160

530

M-23

10/14/39

7.08

41820

895

E-24

4/7/40

3.4

-

176

E-1

9/24/41

4.29

-

536

M-2

2/13/44

5.83

4553

872

E-3

7/21/44

6.94

40590

159

E-4

1/14/46

6.95

23390

542

M-5

3/15/48

3.25

11950

791

E-6

10/11/48

5.81

23670

210

E-7

4/1/50

5.79

18320

537

M-8

9/22/52

4.6

6957

905

E-9

2/10/53

3.78

8146

141

E-10

7/24/54

3.79

26090

529

M-11

1/25/57

7.72

12520

916
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E-12

5/26/57

6.05

43350

121

E-13

11/15/58

6.07

11170

538

M-14

3/2/61

5.57

2099

838

E-15

8/14/61

7.16

31070

165

E-16

2/7/63

7.15

24350

542

M-17

4/5/65

2.76

9644

788

E-18

11/16/65

4.66

17280

225

E-19

5/2/67

4.66

21780

532

M-20

11/21/69

6.34

9423

934

E-21

3/17/70

3.96

19000

116

E-22

8/29/71

3.95

25160

530

M-23

2/9/74

7.08

41820

895

E-24

8/4/74

3.4

-

176

E-1

1/22/76

4.29

-

536

M-2

6/12/78

5.83

4553

872

E-3

11/18/78

6.94

40590

159

E-4

5/13/80

6.95

23390

542

M-5

7/13/82

3.25

11950

791

E-6

2/8/83

5.81

23670

210

E-7

7/29/84

5.79

18320

537

M-8

1/20/87

4.6

6957

905

E-9

6/10/87

3.78

8146

141

E-10

11/20/88

3.79

26090

529

M-11

5/25/91

7.72

12520

916

E-12

9/23/91

6.05

43350

121

E-13

3/14/93

6.07

11170

538

M-14

6/30/95

5.57

2099

838

E-15

12/12/95

7.16

31070

165

E-16

6/6/97

7.15

24350

542

M-17

8/3/99

2.76

9644

788

E-18

3/16/00

4.66

17280

225
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E-19

8/30/01

4.66

21780

532

M-20

3/21/04

6.34

9423

934

E-21

7/15/04

3.96

19000

116

E-22

12/27/05

3.95

25160

530

M-23

6/9/08

7.08

41820

895

E-24

12/2/08

3.4

-

176

E-1

5/22/10

4.29

-

536

M-2

10/10/12

5.83

4553

872

E-3

3/18/13

6.94

40590

159

E-4

9/11/14

6.95

23390

542

M-5

11/10/16

3.25

11950

791

E-6

6/8/17

5.81

23670

210

E-7

11/27/18

5.79

18320

537

M-8

5/20/21

4.6

6957

905

E-9

10/8/21

3.78

8146

141

E-10

3/21/23

3.79

26090

529

M-11

9/22/25

7.72

12520

916

E-12

1/21/26

6.05

43350

121

E-13

7/13/27

6.07

11170

538

M-14

10/28/29

5.57

2099

838

E-15

4/11/30

7.16

31070

165

E-16

10/5/31

7.15

24350

542

M-17

12/1/33

2.76

9644

788

E-18

7/14/34

4.66

17280

225

E-19

12/28/35

4.66

21780

532

M-20

7/19/38

6.34

9423

934

E-21

11/12/38

3.96

19000

116

E-22

4/25/40

3.95

25160

530

M-23

10/7/42

7.08

41820

895

E-24

4/1/43

3.4

-

176
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Any cycler orbit has an outbound and an inbound option, and can be started during any
synodic period. An outbound cycler orbit refers to an orbit where the shortest leg of the trip is
from Earth to Mars. An inbound cycler orbit refers to an orbit where the shortest leg of the cycle
is the one from Mars to Earth. Therefore, the S1L1 orbit, a two-synodic period cycler orbit, has
two outbound launch windows and two inbound launch windows.
Each cycle in the S1L1 cycler orbit is slightly different from the last, so it is not a true
repetition of the orbit every 2 synodic periods, but every 32 years the orbit repeats the same
series. Therefore, it is a simple task to propagate a cycler orbit over one hundred years given the
first 32 years of the orbit. Five such orbits have been propagated in Table 2.2.1 to 2.2.5.
Outbound trajectory #1 and #2 are the two outbound trajectories spaced apart by one synodic
period. Alternative outbound #2 is an outbound trajectory launched during the same synodic
period as outbound trajectory #1. We analyzed this orbit to compare the two outbound
trajectories, and ultimately have chosen to use the outbound trajectory #1 as the optimum launch
date.
Inbound trajectory #1 and #2 are the two inbound trajectories starting during different
synodic periods. The original plan was to use one of the inbound cycler orbits to bring any
colonists who wanted to return to Earth. Now, the mission plan is to not use an inbound cycler,
but instead send any colonists who want to return to Earth on a direct flight from Mars.
5.3.1.2 Cycler Orbital Insertion
The purpose of this analysis is to determine how the cyclers will be put into orbit. The
cyclers are each put into their orbit using three ITS tankers. First, two ITS tankers refuel a third
ITS tanker while in a 300km parking orbit. Then this refueled ITS tanker rendezvous with the
newly constructed cycler. The cycler spins up its artificial gravity system before rendezvous with
the ITS tanker so that the weight of the system when launched into orbit is minimized. The
tanker matches this spin rate and docks with the cycler. Then, directly from this parking orbit of
300km, the ITS tanker launches the cycler into its orbit. This analysis is reviewed in Tables 2.3.1
through 2.3.5.
Table 2.3.1 Orbital Insertion ∆V Methods
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V∞ Leveraging Maneuver ∆V
Direct ∆V (km/s)

(km/s)

4.208

4.069

Insertion

Table 2.3.2 Cycler Orbital Insertion

∆V (km/s)

Insertion

4.258

Isp

Dry

vacuum

Mass

(s)

(Mg)

382

513

Mass
Ratio
3.119

Initial

Propellant

Tankers

Mass

Mass Needed

Needed

(Mg)

(Mg)

1600

1087

3

Table 2.3.3 ITS Tanker Deorbit Feasibility for Outbound #1
Encounter

V∞ (km/s)

V_entry (km/s)

∆V (km/s)

E-3

6.89

13.1

0.6

E-6

6.42

12.9

0.4

E-9

4.01

11.8

-0.7

E-12

4.61

12.1

-0.4

E-15

7.08

13.2

0.7

E-18

5.8

12.6

0.1

E-21

4.21

11.9

-0.6

E-24

7.23

13.3

0.8

E-3

6.89

13.1

0.6

Table 2.3.4 ITS Tanker Deorbit Feasibility for Outbound #2
Encounter

V∞ (km/s)

V_entry (km/s)

∆V (km/s)

E-3

7.05

13.2

0.7

E-6

5.33

12.3

-0.2

E-9

3.99

11.8

-0.7

E-12

6.08

12.7

0.2

E-15

6.72

13.0

0.5
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E-18

4.46

12.0

-0.5

E-21

4.72

12.1

-0.4

E-24

11.05

15.7

3.2

Table 2.3.5 ITS Tanker Deorbit Burn

Tanker Deorbit

∆V

Isp

Dry

(km/s)

vacuum

Mass

Initial Mass

(s)

(Mg)

(Mg)

382

150

1

Mass Ratio

1.306

Propellant

196

Mass (Mg)

46

To calculate the amount of propellant needed, and therefore the number of ITS tankers
needed, we use the standard rocket equation.
𝑚

∆𝑉 = 𝑣𝑒 ∗ ln 𝑚𝑜

𝑓

(2.3.1)

In this equation, ∆𝑉 is the change in velocity needed to make the maneuver, 𝑣𝑒 is the exit
𝑚

velocity, and 𝑚𝑜 is the mass ratio. We solve this equation for the mass ratio, and use published
𝑓

values for the rocket engine characteristics of the ITS engines to find the exit velocity. Knowing
the ∆𝑉 required for the maneuver we can find the propellant mass. Note that we also add 50m/s
of statistical ∆𝑉 for trajectory correction.
Part of mission operations requires the tanker returns to Earth after it places the cycler
into orbit, but it must stay docked with the cycler after it puts it into orbit. Sending the tanker
directly back would be too costly in terms of propellant, so the tanker stays with the cycler until
the E-3 (Earth gravity-assist) encounter. Then the ITS tanker detaches from the cycler with
enough propellant to impart a ∆V of 1.5km/s. This ∆V is chosen because it is the value of the ∆V
left over if two full ITS tankers refuel the third orbital inserting tanker. This ITS tanker uses a
small amount of propellant at a large distance from Earth to deflect its hyperbolic trajectory so
that it intersects with Earth’s atmosphere. The only condition required is that the entry velocity
of the tanker is lower than the maximum allowable Earth entry velocity of 12.5 km/s. Table 2.3.3
and 2.3.4 show the ∆V required to slow down the tanker below the Earth entry velocity. Most
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values are negative, meaning that no additional ∆V needs to be imparted to ensure the Tanker
rendezvous with Earth. All other positive values are within an acceptable limit for the deorbit ∆V
except for the last Earth gravity assist in outbound trajectory #2. This is resolved by instead
deorbiting the tanker at the E-1 encounter, since the V∞ is less than 5km/s and is therefore a
feasible deorbit burn. Since the tanker will separate from the cycler before the cycler rendezvous
with the ITS-T, there will be no negative impact on the mission except for the loss of a tanker for
another 500 days.
Now knowing this propellant mass will be needed to deorbit in most cases, we average
the ∆V needed to deorbit the tanker to be approximately 1km/s. This extra propellant mass is
added to the dry weight of the tanker and the cycler to give an average propellant mass required
to put each cycler into orbit, which allows us to cost the cycler orbital insertion procedure. We
find there to be an average propellant mass need of 1087Mg to put the cycler into orbit and
deorbit the tanker. Note this is the propellant required after the three tankers have already
reached the parking orbit, and does not include the fuel required to get this 1087Mg to the 300km
parking orbit.
The V∞ leveraging maneuver that is mentioned in Table 2.3.1 is a method that reduces the
∆V of cycler orbital insertion initially identified as a potential method to place the cyclers into
orbit. This maneuver is a four-year maneuver that begins with a ∆V from LEO into an initial
orbit around the sun with an aphelion at about the radius of Mars [2.4]. Two years later, a second
retrograde burn occurs at the intermediate orbit’s aphelion, giving the final S1L1 orbit. This
maneuver is more effective for higher energy orbit such as the Aldrin cycler. This maneuver
provides a ∆V savings of about 20% for the Aldrin cycler, but for the S1L1 orbit it only provides
a ∆V savings of 3.3% [2.4]. This does not disqualify this maneuver though, as any reduction in
propellant requirements is favorable. The need for a retrograde burn is also not infeasible, as our
attitude control system for the cycler is capable of turning the vehicle into the correct orientation
for a retrograde burn. The issue is that this maneuver is designed for a low-thrust system, not an
impulse system. The second retrograde burn occurs two years after the initial orbital insertion at
LEO. For a LOX-Methane system, boil off effects over that the period of time cannot be ignored.
Even if we account for this boil off, the minor propellant savings accrued from the maneuver are
quickly outweighed by the extra propellant added to account for this boil off and the loss of four
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years of the cycler’s usable life. For this reason, we apply the direct orbital insertion technique
for cycler orbital insertion.
5.3.1.3 Analysis of Propellant left in ITS-T
This analysis of propellant left in the ITS-T after docking allows for structural analysis of
the ITS-T Cycler system when fully docked and loaded. The data shows that there is anywhere
between 50Mg and 175 Mg of fuel left when attached.
Table 2.3.1 Propellant left in the ITS-T
Cycle

Rendezvous ∆V

TCM

Number

(km/s)

(km/s)

Mass Ratio

Propellant Left (Mg)

1

4.8722

0.05

3.72

58

2

5.3924

0.05

4.28

85

3

5.1951

0.05

4.06

105

4

4.7403

0.05

3.60

150

5

4.1916

0.05

3.11

135

6

4.1828

0.05

3.10

136

7

4.3439

0.05

3.23

117

8

5

0.05

3.85

45

9

5

0.05

3.85

45

10

5.2926

0.05

4.17

95

11

5.3517

0.05

4.23

90

12

5.0239

0.05

3.88

122

13

4.5073

0.05

3.38

175

14

4.0628

0.05

3.00

150

15

4.0297

0.05

2.97

155

16

4.7719

0.05

3.63

69

17

4.8722

0.05

3.72

58

18

5.3924

0.05

4.28

86

19

5.1951

0.05

4.06

105

20

4.7403

0.05

3.60

150

21

4.1916

0.05

3.11

135
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22

4.1828

0.05

3.10

136

23

4.3439

0.05

3.23

117

24

5

0.05

3.85

45

25

5

0.05

3.85

45

26

5.2926

0.05

4.17

95

27

5.3517

0.05

4.23

90

28

5.0239

0.05

3.88

122

29

4.5073

0.05

3.38

175

30

4.0628

0.05

3.00

150

31

4.0297

0.05

2.97

155

32

4.7719

0.05

3.63

69

33

4.8722

0.05

3.72

58

34

5.3924

0.05

4.28

86

35

5.1951

0.05

4.06

105

36

4.7403

0.05

3.60

150

37

4.1916

0.05

3.11

135

38

4.1828

0.05

3.10

136

39

4.3439

0.05

3.23

117

40

5

0.05

3.85

45

41

5

0.05

3.85

45

42

5.2926

0.05

4.17

95

43

5.3517

0.05

4.23

90

44

5.0239

0.05

3.88

122

45

4.5073

0.05

3.38

175

46

4.0628

0.05

3.00

150

47

4.0297

0.05

2.97

155

48

4.7719

0.05

3.63

69

To calculate the propellant left in the ITS-T when it docks with the cycler at Earth
rendezvous, we must subtract the fuel needed for the rendezvous and for trajectory correction
from the mass of the propellant when the ITS-T is fully refueled (1950Mg). To calculate these
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propellant masses, we use the rocket equation solved for the mass ration again. The final mass is
not known since this value includes the propellant left in the tank, we must take an iterative
approach where we estimate the fuel left until we find a final mass value that gives the expected
result.
The large difference in the fuel left in the ITS-T once it docks with the cycler is due to
the high variance between cycles in the V∞ values at Mars and Earth. Also, many of these
rendezvous are not able to take the full 300Mg of cargo, so their cargo is reduced by 100 Mg for
this analysis.
5.3.1.4 Cycler Attitude Adjustment and Orbital Maintenance
The purpose of this analysis is to verify that the orbital maintenance and attitude control
system we have designed for the Cycler is feasible. This analysis shows that the sizing of the
propellant tank to 40Mg is sufficient, and that the attitude control system can turn the system
reasonably well.
Table 2.5.1 Amount of Propellant needed for ∆V Maintenance Maneuvers

Total Maintenance

Dry Mass

Propellant Mass

Leg Number

∆V (km/s)

Isp vacuum (s)

(Mg)

(Mg)

1

0.025

302

700

6

2

0.025

302

314

3

3

0.025

302

314

3

Table 2.5.2 Time of Burn Needed for Worst Case Attitude Control
Estimated
Desired Turn

Time Allotted

Torque from

Moment of Inertia

Time of Burn

Angle (rad)

for Turn (s)

Engine (N)

(kg*m^2)

(s)

3.14

500

15950

7693000

3

Table 2.5.1 was produced using the rocket equation to calculate the propellant needed at
each stage in the cycle. Leg 1 refers to the leg between encounter E-1 and M-2. Leg 2 refers to
the leg between M-2 and E-3. Leg 3 refers to the leg between encounter E-3 and E-4. Each leg
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accumulates approximately 20m/s in deterministic ∆V maintenance, and 5m/s in statistical ∆V
maintenance due to one planetary fly-by per leg [2.5]. For a worst-case scenario, we assume we
burn this entire ∆V in one impulsive burn. This gives a total propellant need of 12Mg per cycler
orbit. This is well below the capacity of the 40 Mg tanker, and the rest can be used for the
attitude control system.
We can see that our attitude control system can effectively turn our vehicle in Table
2.5.2. Using a conservative lever arm size of 5 meters from the center of mass, the 3.19kN thrust
S5.79 engine can turn the vehicle 180 degrees over the span of several minutes with a burn time
of three seconds. This is just to show the system can turn the cycler in a reasonable time frame,
but we would want to turn the vehicle much more slowly than this if possible to preserve our
fuel. A smaller angular acceleration imparted on the vehicle means less propellant was spent to
make the turn.
5.3.1.5 Mission Design Master Datasheet and ITS-T Mission Duration
This spreadsheet is meant to provide a numeric overview of the mission design of the
entire Mars colony mission. It shows only one ITS-T is needed per cycler, given the total mission
duration each synodic cycle for the ITS-T.
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Table 2.6.1 Mission Design Master Spreadsheet
Cycle

Feasibility

Earth Departure

Departure

Interplanetary

Arrival Date

Stay time on Mars

Number

Status

Launch Window

Date from

TOF to Mars for

at Mars for

for Cycler Taxi

Width for Direct

Earth for

Direct Cargo

Direct Cargo

(days)

Flights (days)

Direct Cargo

(days)

1

169

10/5/2024

345

9/15/2025

628

2

168

10/31/2026

293

8/20/2027

620

3

179

11/30/2028

315

10/11/2029

649

4

377

2/23/2031

320

1/9/2032

688

5

364

4/29/2033

274

1/28/2034

739

6

304

6/24/2035

195

1/5/2036

745

7

198

9/8/2037

398

10/11/2038

702

8

173

9/26/2039

358

9/18/2040

645

9

168

10/21/2041

316

9/2/2042

662

10

173

11/25/2043

239

7/21/2044

608

11

216

2/4/2046

337

1/7/2047

698

12

372

4/9/2048

296

1/30/2049

710

13

338

5/26/2050

209

12/21/2050

786

14

228

7/31/2052

194

2/10/2053

720

15

178

9/21/2054

378

10/4/2055

712
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16

169

10/10/2056

335

9/10/2057

619

17

169

11/7/2058

271

8/5/2059

646

18

193

12/21/2060

329

11/15/2061

634

19

376

3/4/2063

310

1/8/2064

725

20

357

5/9/2065

258

1/22/2066

737

21

277

7/9/2067

193

1/18/2068

779

22

188

9/13/2069

392

10/10/2070

689

23

170

10/1/2071

350

9/15/2072

682

24

168

10/27/2073

303

8/26/2074

607

25

176

12/4/2075

229

7/20/2076

701

26

378

2/13/2078

327

1/6/2079

645

27

368

4/19/2080

284

1/28/2081

778

28

322

6/10/2082

200

12/27/2082

737

29

209

9/2/2084

398

10/5/2085

788

30

175

9/25/2086

368

9/28/2087

660

31

167

10/16/2088

325

9/6/2089

701

32

171

11/17/2090

249

7/24/2091

603

33

209

12/31/2092

325

11/21/2093

708

34

374

4/1/2095

305

1/31/2096

677

35

348

5/17/2097

220

12/23/2097

804

36

249

7/22/2099

193

1/31/2100

722

37

182

9/19/2101

385

10/9/2102

760
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38

169

10/7/2103

341

9/12/2104

630

39

169

11/3/2105

287

8/17/2106

693

40

181

12/12/2107

327

11/3/2108

614

41

377

2/22/2110

317

1/5/2111

769

42

363

4/30/2112

271

1/26/2113

682

43

299

6/29/2114

194

1/9/2115

831

44

195

9/8/2116

392

10/5/2117

682

45

172

9/30/2118

358

9/23/2119

766

46

167

10/23/2120

313

9/1/2121

615

47

173

11/27/2122

237

7/22/2123

733

48

217

2/3/2125

333

1/2/2126

634

Table 2.6.2 Mission Design Master Spreadsheet Continued
Cycle

Stay Time on

Departure Date

Interplanetary

Arrival Date

Required ISRU

Number

Mars for

from Mars for

TOF to Earth for

at Earth for

Propellant at Mars

Cargo (days)

Direct Return

Direct Return

Direct

(Mg)

Flights

(days)

Return

1

322

8/3/2026

320

6/19/2027

690

2

383

9/6/2028

339

8/11/2029

669

3

395

11/10/2030

318

9/24/2031

655

4

385

1/28/2033

218

9/3/2033

661
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5

465

5/8/2035

198

11/22/2035

721

6

554

7/12/2037

270

4/8/2038

799

7

285

7/23/2039

286

5/4/2040

738

8

314

7/29/2041

298

5/23/2042

697

9

353

8/21/2043

337

7/23/2044

678

10

447

10/11/2045

331

9/7/2046

659

11

362

1/4/2048

288

10/18/2048

657

12

429

4/4/2050

213

11/3/2050

678

13

547

6/20/2052

191

12/28/2052

803

14

525

7/20/2054

280

4/26/2055

761

15

297

7/27/2056

291

5/14/2057

709

16

332

8/8/2058

328

7/2/2059

685

17

409

9/17/2060

338

8/21/2061

665

18

378

11/28/2062

309

10/3/2063

655

19

411

2/22/2065

213

9/23/2065

664

20

489

5/26/2067

193

12/5/2067

752

21

545

7/16/2069

273

4/15/2070

785

22

288

7/25/2071

288

5/8/2072

727

23

319

7/31/2073

313

6/9/2074

693

24

369

8/30/2075

339

8/3/2076

673

25

465

10/28/2077

324

9/17/2078

656

26

385

1/26/2080

275

10/27/2080

659
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27

450

4/23/2082

204

11/13/2082

699

28

560

7/9/2084

266

4/1/2085

809

29

290

7/22/2086

283

5/1/2087

748

30

305

7/29/2088

292

5/17/2089

702

31

343

8/15/2090

334

7/15/2091

681

32

434

9/30/2092

335

8/31/2093

662

33

392

12/18/2094

298

10/12/2095

655

34

414

3/20/2097

214

10/20/2097

669

35

535

6/11/2099

190

12/18/2099

782

36

535

7/20/2101

277

4/23/2102

771

37

292

7/28/2103

290

5/13/2104

717

38

327

8/5/2105

322

6/23/2106

689

39

390

9/11/2107

339

8/15/2108

669

40

377

11/15/2109

316

9/27/2110

655

41

395

2/4/2112

217

9/8/2112

661

42

472

5/13/2114

197

11/26/2114

727

43

553

7/15/2116

270

4/11/2117

796

44

293

7/25/2118

286

5/7/2119

736

45

311

7/30/2120

303

5/29/2121

697

46

357

8/24/2122

338

7/28/2123

677

47

452

10/16/2124

330

9/11/2125

658

48

373

1/10/2127

285

10/22/2127

656
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Table 2.6.3 Mission Design Master Spreadsheet Continued
Cycle

Cycler

Cycler

Cycler Arrival

Earth Dep.

Rendezvous Time for

Rendezvous

Number

Trajectory

Encounter

Window (days)

Date for Cycler

ITS-T (hrs)

∆V for ITS-T

#

(km/s)

1

2

E-13

60

11/13/2024

30

4.8722

2

1

E-16

60

12/26/2026

19.5

5.3924

3

2

E-16

60

1/30/2029

28

5.1951

4

1

E-19

60

3/12/2031

29.5

4.7403

5

2

E-19

60

4/29/2033

28

4.1916

6

1

E-22

60

6/28/2035

28

4.1828

7

2

E-22

60

8/20/2037

17.5

4.3439

8

1

E-1

60

10/23/2039

N/A

5

9

2

E-1

60

10/28/2041

N/A

5

10

1

E-4

60

2/11/2044

26.5

5.2926

11

2

E-4

60

2/5/2046

35.14

5.3517

12

1

E-7

60

4/24/2048

28.5

5.0239

13

2

E-7

60

4/26/2050

31.43

4.5073

14

1

E-10

60

7/30/2052

24.5

4.0628

15

2

E-10

60

8/15/2054

33.5

4.0297

16

1

E-13

60

11/27/2056

20

4.7719

17

2

E-13

60

12/11/2058

33.5

4.8722
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18

1

E-16

60

3/4/2061

19.5

5.3924

19

2

E-16

60

2/28/2063

25.4286

5.1951

20

1

E-19

60

5/19/2065

29.5

4.7403

21

2

E-19

60

5/29/2067

30

4.1916

22

1

E-22

60

9/4/2069

28

4.1828

23

2

E-22

60

9/18/2071

29.5

4.3439

24

1

E-1

60

12/31/2073

N/A

5

25

2

E-1

60

11/27/2075

N/A

5

26

1

E-4

60

4/21/2078

26.5

5.2926

27

2

E-4

60

3/6/2080

30

5.3517

28

1

E-7

60

7/3/2082

28.5

5.0239

29

2

E-7

60

5/25/2084

29.5

4.5073

30

1

E-10

60

10/8/2086

24.5

4.0628

31

2

E-10

60

9/13/2088

29

4.0297

32

1

E-13

60

2/5/2091

20

4.7719

33

2

E-13

60

1/9/2093

30

4.8722

34

1

E-16

60

5/13/2095

19.5

5.3924

35

2

E-16

60

3/29/2097

28

5.1951

36

1

E-19

60

7/28/2099

29.5

4.7403

37

2

E-19

60

6/28/2101

28

4.1916

38

1

E-22

60

11/14/2103

28

4.1828

39

2

E-22

60

10/18/2105

17.5

4.3439
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40

1

E-1

60

3/11/2108

N/A

5

41

2

E-1

60

12/27/2109

N/A

5

42

1

E-4

60

6/30/2112

26.5

5.2926

43

2

E-4

60

4/6/2114

30

5.3517

44

1

E-7

60

9/11/2116

28.5

5.0239

45

2

E-7

60

6/25/2118

29.5

4.5073

46

1

E-10

60

12/17/2120

24.5

4.0628

47

2

E-10

60

10/14/2122

29

4.0297

48

1

E-13

60

4/16/2125

20

4.7719

Mars EDL ∆V (km/s)

Total ∆V

Table 2.6.4 Mission Design Master Spreadsheet Continued
Cycle

Separation

Separation

TCM for

TCM for

Number

Time (hrs)

∆V (km/s)

Rendezvous (km/s)

Separation

(km/s)

(km/s)
1

6

0.0041

0.05

0.05

0.9615

5.9378

2

6

0.079

0.05

0.05

0.9615

6.533

3

6

0.063

0.05

0.05

0.9615

6.3196

4

6

0.665

0.05

0.05

0.9615

6.467

5

6

0.8278

0.05

0.05

0.9615

6.0809

6

6

0.136

0.05

0.05

0.9615

5.38

7

12

0.2224

0.05

0.05

0.9615

5.6278
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8

12

0.075

0.05

0.05

0.9615

6.137

9

6

0.0877

0.05

0.05

0.9615

6.1492

10

6

0.012

0.05

0.05

0.9615

6.367

11

12

0.1099

0.05

0.05

0.9615

6.5231

12

12

0.316

0.05

0.05

0.9615

6.401

13

6

1.243

0.05

0.05

0.9615

6.8118

14

6

0.115

0.05

0.05

0.9615

5.24

15

12

0.1006

0.05

0.05

0.9615

5.1918

16

12

0.11

0.05

0.05

0.9615

5.944

17

6

0.0041

0.05

0.05

0.9615

5.9378

18

6

0.079

0.05

0.05

0.9615

6.533

19

6

0.063

0.05

0.05

0.9615

6.3196

20

6

0.665

0.05

0.05

0.9615

6.467

21

6

0.8278

0.05

0.05

0.9615

6.0809

22

6

0.136

0.05

0.05

0.9615

5.38

23

12

0.2224

0.05

0.05

0.9615

5.6278

24

12

0.075

0.05

0.05

0.9615

6.137

25

6

0.0877

0.05

0.05

0.9615

6.1492

26

6

0.012

0.05

0.05

0.9615

6.367

27

12

0.1099

0.05

0.05

0.9615

6.5231

28

12

0.316

0.05

0.05

0.9615

6.401

29

6

1.243

0.05

0.05

0.9615

6.8118
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30

6

0.115

0.05

0.05

0.9615

5.24

31

12

0.1006

0.05

0.05

0.9615

5.1918

32

12

0.11

0.05

0.05

0.9615

5.944

33

6

0.0041

0.05

0.05

0.9615

5.9378

34

6

0.079

0.05

0.05

0.9615

6.533

35

6

0.063

0.05

0.05

0.9615

6.3196

36

6

0.665

0.05

0.05

0.9615

6.467

37

6

0.8278

0.05

0.05

0.9615

6.0809

38

6

0.136

0.05

0.05

0.9615

5.38

39

12

0.2224

0.05

0.05

0.9615

5.6278

40

12

0.075

0.05

0.05

0.9615

6.137

41

6

0.0877

0.05

0.05

0.9615

6.1492

42

6

0.012

0.05

0.05

0.9615

6.367

43

12

0.1099

0.05

0.05

0.9615

6.5231

44

12

0.316

0.05

0.05

0.9615

6.401

45

6

1.243

0.05

0.05

0.9615

6.8118

46

6

0.115

0.05

0.05

0.9615

5.24

47

12

0.1006

0.05

0.05

0.9615

5.1918

48

12

0.11

0.05

0.05

0.9615

5.944

Table 2.6.5 Mission Design Master Spreadsheet Continued
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Cycle

Propellant

Max

Number

Mass (Mg)

Mars Arrival Date

Total Time of

Total Mission Duration for

Allowable

Flight to Mars

ITS-T (days)

Cargo (Mg)

for ITS-T (days)

1

1748.142347

351.961412

6/2/2025

200

1148

2

2126.736883

262.603932

6/15/2027

171

1130

3

1984.155813

292.253574

6/28/2029

148

1115

4

2081.977415 271.4743126

7/16/2031

126

1032

5

1833.793448

8/19/2033

111

1048

6

1443.799146 457.7715187

11/13/2035

138

1153

7

1573.451311

407.691232

1/23/2038

155

1143

8

1868.027434 319.7468486

5/9/2040

199

1142

9

1875.842465

317.789815

6/17/2042

231

1230

10

2014.842856 285.5178357

8/16/2044

187

1126

11

2120.137624

263.888226

7/16/2046

160

1146

12

2037.663169 280.6403596

9/10/2048

139

1062

13

2326.185129

8/23/2050

118

1095

14

1374.138184 488.5820658

11/23/2052

116

1116

15

1350.994818

499.521366

1/17/2055

154

1157

16

1751.550592 350.9846727

7/9/2057

224

1171

17

1748.142347

351.961412

6/30/2059

200

1184

18

2126.736883

262.603932

8/22/2061

171

1114

19

1984.155813

292.253574

7/27/2063

148

1086

328.51627

227.22707
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20

2081.977415 271.4743126

9/22/2065

126

1056

21

1833.793448

9/18/2067

111

1163

22

1443.799146 457.7715187

1/20/2070

138

1115

23

1573.451311

407.691232

2/21/2072

155

1150

24

1868.027434 319.7468486

7/18/2074

199

1145

25

1875.842465

317.789815

7/16/2076

231

1256

26

2014.842856 285.5178357

10/25/2078

187

1107

27

2120.137624

263.888226

8/14/2080

160

1142

28

2037.663169 280.6403596

11/19/2082

139

1142

29

2326.185129

9/21/2084

118

1189

30

1374.138184 488.5820658

2/1/2087

116

1068

31

1350.994818

499.521366

2/15/2089

154

1189

32

1751.550592 350.9846727

9/17/2091

224

1162

33

1748.142347

351.961412

7/29/2093

200

1206

34

2126.736883

262.603932

10/31/2095

171

1062

35

1984.155813

292.253574

8/25/2097

148

1142

36

2081.977415 271.4743126

12/1/2099

126

1125

37

1833.793448

10/18/2101

111

1161

38

1443.799146 457.7715187

3/31/2104

138

1090

39

1573.451311

407.691232

3/23/2106

155

1187

40

1868.027434 319.7468486

9/26/2108

199

1129

41

1875.842465

8/16/2110

231

1217

328.51627

227.22707

328.51627

317.789815
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42

2014.842856 285.5178357

1/3/2113

187

1066

43

2120.137624

263.888226

9/14/2114

160

1261

44

2037.663169 280.6403596

1/28/2117

139

1107

45

2326.185129

10/22/2118

118

1187

46

1374.138184 488.5820658

4/12/2121

116

1069

47

1350.994818

499.521366

3/18/2123

154

1217

48

1751.550592 350.9846727

11/26/2125

224

1143

227.22707
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This gives us a more straightforward view of the timeline of our mission. This combines
all important data for cycler rendezvous and direct flights to and from Mars. This spreadsheet
codifies all significant mission design events per synodic period. The first cycle, in a confusing
coincidence, begins with an outbound 2 cycler rendezvous, and from there it rotates between a
rendezvous with outbound trajectories 1 and 2.
The cycler arrival date at Mars in a cycle and the date for direct return to Earth in the next
cycle give the time the ITS-T remains on the surface, giving an average value of about one
synodic cycle as expected. The reason the departure date for the next synodic period is used is
that the ITS-T would have to launch from the Martian surface 100 days before it even landed on
Mars to be able to make it back on the same synodic period it arrived to Mars on. In other words,
arrival to Mars and return to Earth in the same synodic period is infeasible.
The total mission duration for an ITS-T is calculated by adding the time for rendezvous
with the cycler, time of flight to Mars, time that the ITS-T spends on the surface, and time of
direct flight return to Earth together. This gives an average mission duration period of
approximately 1100 days. This is critical as it shows that for every cycler in the fleet, we only
need one ITS-T in operation to rendezvous with the cycler. This is because the total mission
duration for the ITS-T is on average 200 to 300 days less than the total time of flight of the
cycler. This means every time the ITS passes the E-1 encounter, the ITS-T that it sent to Mars
last time it encountered the E-1 node will already be back on Earth and ready to rendezvous
again.
The feasibility status refers to whether the ITS-T can carry the full 300Mg desired for
rendezvous. Cycles marked red are cycles that do not meet this standard. For most of these cases,
values around 270Mg are still feasible. The maximum cargo allowed for rendezvous is also
highlighted in red if it is below the desired 300Mg.
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5.3.2 ITS Propellant Requirements for Mars Return using Inbound S1L1 Cycler
5.3.2.1 Introduction
During the preliminary stages of the project, it was being considered that we may return
the ITS vehicles from Mars using an inbound cycler. This would allow for a larger amount of
people to leave the Mars colony and return to Earth comfortably onboard the cycler vehicle. The
main consideration at this time was, how much propellant would we need to produce on Mars to
get this ITS back to Earth. A simulation was developed to determine the minimum possible
propellant mass to return an ITS on board a cycler vehicle. The results and procedure are outlined
in detail in the following.
5.3.2.2 Results: Propellant Mass
The simulation developed did not assume a singular value of parking orbit altitude, but
calculated the propellant mass required as a function of parking orbit altitude. The output is a series
of propellant masses as a function of altitude for each cycler flyby. The simulation requires the
flyby excess velocity.
Table 1.1.1: Minimum total propellant to return an ITS from Mars to Earth using the cycler. Note that the
higher values of propellant mass are associated with high number of launches. These values are very high
at these locations. This means that it requires more refueling launches, which are sometimes greater than
the ITS holding capacity. The propellant mass in these cases is largely consumed by the tanker vehicles
high launch rates.

Cycle

Minimum Total Propellant (Mg)

Number of Refueling Launches

1

5635.5

10

2

1978.7

4

3

1610.3

3

4

7348.1

14

5

5511.8

10

6

1222.0

2

7

2825.8

5
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5.3.2.3 Conclusions
Ultimately it is inefficient to return an ITS using a cycler vehicle for a number of reasons.
The first, is this rendezvous requires more energy than a direct transfer, which means more
propellant. This is the most straightforward downside to returning the ITS with a cycler. Secondly,
it is difficult to justify an inbound cycler, as transporting large quantities of people back from Mars
to Earth directly violates the mission goal of Project Destiny. Furthermore, if we wanted to return
all of the ITS vehicles used to bring the passengers from Earth to Mars back to Earth using the
cycler, we would need the same amount of inbound cyclers as we have outbound cyclers. This is
not cost efficient at all, as we will never want to bring back as many people to Earth as we are
bringing to Mars, so we are wasting money on inbound cyclers. Lastly, the inbound S1L1 cycler
time of flight between Mars and Earth is longer than the direct transfer time of flight. This means
that the ITS spends more time out of service on the cycler trajectory than it would if it were to be
brought back on the direct transfer.
Overall, the propellant mass calculated above is a general and crude approximation
conducted in the early stages of the project. If there had been more reason to, a more complex
trajectory calculation algorithm would have been implemented. This would have driven down the
propellant requirements to ultimately be closer to that of the direct flight. Ultimately this does not
matter because there are a number of other problems that go along with using an inbound cycler,
other than the larger propellant masses associated with bringing an ITS back on it.
5.3.2.4 Results: Tables and Propellant Mass Values at All Points
The propellant mass is calculated as a function of parking orbit altitude for each cycle. There are
a few considerations for this output. First is the ΔV required to inject into a parking orbit of some
specified altitude. Next is the minimum propellant required to intercept the cycler on a trajectory
departing from that parking orbit. This value is the amount of propellant that the tanker vehicles
must transport to the orbiting ITS.
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Propellant Mass Required to Deliver to Orbiting ITS
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Propellant Mass (Mg)
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2
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2.5

3

3.5
4

x 10

Fig. 1.1.1: The amount of propellant required to deliver to the orbiting ITS from the surface of Mars.
Clearly there are many values on this plot that are not possible for the ITS to hold. These cases must take
a more efficient path to intercept or they will not be possible.

Using this method there are a few cases where the ITS cannot hold amount of propellant it
would require to rendezvous with the cycler.
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Total Propellant Mass Required to Return from Mars to Earth using Cycler Rendezvous
8000
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2.5
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x 10

Fig. 1.1.2: Total propellant required for a single ITS to rendezvous with the inbound cycler at each case
as a function of altitude. Some of the outlier values are as high as 8000 Mg of propellant, which is
unacceptable to be able to produce that on Mars.

Fig. (1.1.2) shows a decreasing trend in required propellant with sharp ridges in the curve
periodically. These ridges are associated with the launch of another tanker vehicle. This tanker
vehicle launch is a discrete amount of propellant associated with that higher altitude, as the ITS
will require more propellant.
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Propellant Mass Delivered to Orbit by Tanker
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Fig. 1.1.3: This Fig. shows the amount of propellant consumed by the tanker vehicles as a function of
altitude. These sharp discontinuities in the curve correlate with the launch of another tanker vehicle.
These can be seen on Fig. (1.1.2) as well.

Overall the trend would show that a higher altitude parking orbit is generally the better
decision as far as conserving propellant mass is concerned when leaving Mars. If the model were
to be refined I am not sure if this trend would hold true, but in this very simple estimate, that is the
case.
5.3.3 ITS-Taxi Launch and Cycler Rendezvous Propellant Requirements
5.3.3.1 Introduction
When considering the total consumed propellant to get from the surface of Earth, to the
surface of Mars using a cycler transport vehicle there are multiple components that make up the
grand total. The first is the propellant consumed by the rocket booster. This rocket booster is the
first stage that inserts the ITS-Taxi (ITS-T) or tanker vehicle into its parking orbit. The second is
the propellant consumed by the ITS-T once separated from the rocket booster. The ITS-T must
provide all additional ΔV to get into its parking orbit once separated from the rocket booster. The
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third consideration is the propellant consumed by the tankers once separated from the rocket
booster. Like the ITS-T, the tanker must also provide all additional ΔV to get into the parking orbit
in order to refuel. The last consideration is the total propellant delivered to the ITS-T by the tanker.
This is all of the propellant it will use for the remainder of the journey from its parking orbit to the
surface of Mars.
5.3.3.2 Results: Total Propellant Mass Required for Single ITS-Taxi Earth to Mars by Cycler
To determine the total amount of propellant consumed to transport a single full ITS-T to
Mars, we must first understand the cost associated with each of the components outlined above.
The cost associated with each of these components is explained in further detail below.
Table 1.1.1: Propellant mass values associated with various components that make up the final
propellant mass value. Note that the rocket booster consumes the majority of the propellant, but still does
not consume its entire propellant storage capacity. This means that the rocket booster may be used to
launch more than one vehicle before needing to be refueled.

Propellant Mass Component

Propellant Mass (Mg)

Rocket Booster Transporting ITS-Taxi

2906.6

Rocket Booster Transporting Tanker

2831.4

ITS-Taxi

1767.7

Tanker Vehicle

1846.3

Refuel Propellant

1900.0

The rocket booster has two different values associated with its propellant mass
consumption because, that value depends on the payload mass. The payload mass for the rocket
booster is the vehicle it is injecting into orbit. This is why there are two different values for the
ITS-T and the tanker vehicle. To launch the 1900 Mg of propellant that the ITS-T requires to be
refueled into orbit, we must send a total of five tanker vehicles into orbit. This adds to a grand total
of six launches (five tankers and one ITS-T).
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Table 1.1.2: Total propellant required to transport a single, fully loaded ITS-T from the surface of Earth
to the surface of Mars using the cycler vehicle. The recommended propellant mass is larger because it
accounts for additional safety considerations.

Propellant Mass Component

Propellant Mass (Mg)

Minimum Required

29798.8

Recommended

30144.9

The recommended propellant mass given in the above table is larger because it is advisable
to launch the ITS-T into its parking orbit fully fueled (1950 Mg). This is to account for a variety
of unknown effects including but not limited to: perturbing terms in parking orbit (mainly drag),
unaccounted trajectory correction maneuvers and maneuvering budget for refueling process. On
top of all of these safety considerations, it is good for the ITS-T to have more than it needs in the
parking orbit, as the tankers are only delivering 1900 Mg to it and its full capacity is 1950 Mg.
Any extra that it is launched with can occupy the extra 50 Mg of storage capacity, which it can use
on its journey from the parking orbit to Mars surface.
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Propellant Consumed by different Vehicles
6%
6%

57%

31%

Consumed by Booster
Consumed by Tanker
ITS-T Refuel
ITS-T Launch

Fig. 1.1.1: Percentage breakdown of the propellant consumed by each component of the total propellant
budget. Clearly the rocket booster consumes the vast majority of the propellant for two reasons. This is
because it consumes the most per use, and it is also used the most times.

The figure above gives a breakdown of what systems use different amounts of propellant.
Clearly the rocket booster uses the most propellant. If one was to attempt to reduce the propellant
consumed per voyage, this would be the best place to start improving. The next largest propellant
consumer is the tanker vehicle. This is largely due to the fact that it is used a total of five times
during a single journey. A next step to decreasing the propellant cost per journey would be to try
to decrease the number of launches of the tanker vehicle, without driving up the propellant
consumed to get it there too much. The last two values are the ITS-T consumption during launch
and the amount it needs to be refueled. These values are approximately the same, and are sufficient
for the average payload masses the system is dealing with.
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5.3.3.3 Determination of Propellant Mass
5.3.3.4 Governing Equations
The governing equation to determine the propellant mass is the ideal rocket equation, given
below.
𝑚

Δ𝑉 = 𝑔0 𝐼𝑠𝑝 ln (𝑚0 )

(1.1.1)

𝑓

𝑚0
𝑚𝑓

=

𝑚𝑝𝑎𝑦 +𝑚𝑖𝑛𝑒𝑟𝑡 +𝑚𝑝𝑟𝑜𝑝

(1.1.2)

𝑚𝑝𝑎𝑦 +𝑚𝑖𝑛𝑒𝑟𝑡

Equations (1.1.1) and (1.1.2) state that the propellant mass is a function of the vehicles dry mass
(𝑚𝑝𝑎𝑦 + 𝑚𝑖𝑛𝑒𝑟𝑡 ), specific impulse (Isp), and the amount of ΔV it requires. We know that at full
capacity the dry mass of the ITS-T is 450 Mg, and in vacuum conditions the specific impulse is
382 sec. The term g0 is the gravitational acceleration on the Earth’s surface (~9.81 m/s2). For our
analysis we will make the assumption that the specific impulse is constant for each maneuver. This
is not necessarily true, as it will change as a function of atmospheric pressure leading to
inefficiency, but for a first order analysis this is an acceptable approximation. Making all of these
assumptions we can write propellant mass as the following.
𝑚𝑝𝑟𝑜𝑝 = 𝑚𝑑𝑟𝑦 (𝑒

Δ𝑉
)
𝑔0 𝐼𝑠𝑝

(

− 1)

(1.1.3)

Equation (1.1.3) is the general equation for propellant mass to execute a maneuver of specified ΔV
knowing the specific impulse and the dry mass of the vehicle.
5.3.3.5 Launch ITS-T
The ITS-T is launched into a circular parking orbit of some predetermined altitude using
the rocket booster as its first stage and its own on board propulsion system as the second stage.
For our simulation the parking orbit altitude is specified by the SpaceX plan as 300 km. The ΔV
required to inject the ITS-T into the parking orbit is a sum of the final velocity needed in orbit, the
gravity loss and the drag loss during launch.
Δ𝑉𝑙𝑎𝑢𝑛𝑐ℎ = 𝑉𝑜𝑟𝑏𝑖𝑡 + Δ𝑉𝑔𝑟𝑎𝑣 + Δ𝑉𝑑𝑟𝑎𝑔
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For our analysis we are approximating the gravity losses to be 600 m/s and the drag losses
to be 50 m/s. The exact loss terms are not possible to determine given the information that we have
about the ITS-T, but these approximations will suffice. This means that our required ΔV to enter
the parking orbit is 8.38 km/s. With this determined, the next step would be to determine a ΔV
split between the first and second stages. The ΔV provided by the booster is given as 2.40 km/s,
which is approximately 29% of the total ΔV required. The other 71% will be provided by the ITST.
To determine the minimum propellant required to place the ITS-T in orbit, we will first
determine the propellant that the ITS-T will need to produce this additional ΔV. We know the dry
mass of the fully loaded ITS-T to be 450 Mg, and we are given the specific impulse of the raptor
engine. This calculation will give us the 1767.7 Mg of propellant seen in Table (1.1.1). Once this
is determined we know the payload of the rocket booster will be the total wet mass of the ITS-T,
where wet mass is defined as the sum of the propellant mass and dry mass. The dry mass of the
rocket booster will be its payload mass plus its inert mass. This is expanded below for clarity.
(𝑚𝑑𝑟𝑦 )𝑏𝑜𝑜𝑠𝑡𝑒𝑟 = (𝑚𝑝𝑎𝑦 + 𝑚𝑖𝑛𝑒𝑟𝑡 )𝑏𝑜𝑜𝑠𝑡𝑒𝑟
= (𝑚𝑝𝑟𝑜𝑝 + 𝑚𝑝𝑎𝑦 + 𝑚𝑖𝑛𝑒𝑟𝑡 )

𝐼𝑇𝑆

+ (𝑚𝑖𝑛𝑒𝑟𝑡 )𝑏𝑜𝑜𝑠𝑡𝑒𝑟

(1.1.5)

It is clear that the ITS-T propellant mass must be calculated first in order to calculate the dry mass
of the booster, which is needed to determine the propellant mass of the booster using equation
(1.1.3). Remember that the recommended scenario would be to launch the ITS-T with as much
propellant as it can hold (1950 Mg). The dry masses for each scenario are given below in table
(1.1.3).
Table 1.1.3: Dry mass of the rocket booster launching the ITS-T into orbit for the recommended and the
minimum propellant mass scenarios. Notice that the difference between the two cases is the same as the
difference between the propellant mass delivered to the ITS-T in both cases.

Launch Scenario

Rocket Booster Dry Mass
(Mg)

Minimum Required

2492.7

Recommended

2675.0
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These two dry mass values for the rocket booster will provide the propellant mass needed to impart
the specified 2.40 km/s of ΔV specified using equation (1.1.3). Again this is assuming a constant
specific impulse value, which will not be entirely accurate within the Earth’s atmosphere.
Once the propellant mass required to impart the specified ΔV is found for each scenario,
the values can be summed. The total propellant mass to place one ITS-T into a parking orbit is
given as the following equation.
(𝑚𝑝𝑟𝑜𝑝 )𝑡𝑜𝑡 = (𝑚𝑝𝑟𝑜𝑝 )𝐼𝑇𝑆 + (𝑚𝑝𝑟𝑜𝑝 )𝑏𝑜𝑜𝑠𝑡𝑒𝑟

(1.1.6)

These values are shown in table (1.1.1) in the above sections. This is the total propellant to place
a single ITS-T vehicle into a circular parking orbit of 300 km altitude.
5.3.3.6 Launch Tanker Vehicle
Launching a tanker vehicle into orbit is much like launching an ITS-T into orbit. It also
uses a rocket booster as its first stage to impart a fixed amount of ΔV. It also requires the same
amount of total ΔV, assuming the same approximate values for gravity and drag losses. In the
calculation of required propellant mass for this launch we are sticking to the minimum propellant
scenario, as the conservative estimate for the ITS-T should account for any under approximation
made on this end.
The only distinction between the ITS-T launch and the tanker vehicle launch, is that the
dry mass of the tanker vehicle is slightly higher than the ITS, at 470 Mg. This means that ITS-T
will require less propellant per launch. These values are tabulated in table (1.1.1). A total of five
tanker vehicles must be launched for every ITS-T.
5.3.3.7 Rocket Booster Return
The required propellant to return the rocket booster from orbit is given as 7% of its total propellant
capacity (6700 Mg). In this analysis 7.5% is used as a conservative approximation. This turns out
to be 502.5 Mg per launch using the rocket booster. With a grand total of six launches, returning
the rocket booster to the surface turns out to be 3015 Mg of propellant per single ITS-T. This value
is added to the grand total of required propellant mass in table (1.1.2).
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5.3.4 ITS-Taxi Cycler Rendezvous Safety Considerations and Abort Protocol
5.3.4.1 Introduction
When designing a manned mission out of the Earth vicinity, it is always important to have
a backup plan to return the crew in the event of some sort of problem. Historically there are cases
when mission designers failed to consider these systems, and it has resulted in disastrous
consequence. The goal here is to attempt to size the safety ΔV budget for various circumstance in
the event of some sort of systems failure. There are three total options considered in this analysis.
The first is a “full reverse” option. This is the scenario where the ITS-T is on its way to rendezvous
with the cycler and it becomes clear that it will miss. The procedure would be to get off of this
hyperbolic intercept course and return to the Earth vicinity. The second is to allot ΔV to trajectory
correction maneuvers (TCM’s) throughout the cycler intercept course. The last option is to break
the burn that kicks the ITS off of the parking orbit and onto the hyperbolic intercept course into
two separate closely timed burns.
5.3.4.2 Conclusions
The outcome of this analysis is that there are no possible full reverse options on the
intercept courses we have selected. The hyperbolic trajectory that was selected for the intercept
course was selected to minimize the ΔV required for cycler rendezvous. That being said it requires
a large initial ΔV to place it on the orbit and a smaller ΔV when this intercept orbit crosses the
cycler orbit. Ultimately this means a highly eccentric hyperbola, and a limited amount of propellant
remaining after the first burn. These two facts add up to make the full reverse option impossible.
It may be executed at less efficient trajectories, but to drag down the efficiency of every transfer
to allocate propellant to this possibility when there are others is impractical.
This leaves the other two very viable options of TCM allocation and burn separation.
Accounting for TCM is straightforward. These maneuvers vary on a case by case basis, but if
executed with enough foresight, they are very small (in the order of 50 m/s total). This TCM budget
is accounted for in the calculation of the total required propellant for cycler rendezvous. Separating
the first ΔV into two burns is straightforward as well. If they are sufficiently close together then
this method does not affect the overall ΔV budget, as the spacecraft will be in approximately the
same position when the second burn occurs as it was for the first burn. This method will increase
the overall ΔV marginally.
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5.3.4.3 Results and Analysis of the Full-Reverse Contingency Plans
In the initial analysis of the full-reverse method, three contingency plans were devised. The
first was a minimum ΔV option. This would mean that the location at which the abort procedure
is initiated would be periapsis of the return orbit. This would be as close to a parabolic periapsis
velocity as possible to minimize the ΔV required for the maneuver. The second contingency was
to place apoapsis at location at which abort procedure is initiated and set periapsis altitude as the
parking orbit altitude. This would make it easy to bring the passengers back to the surface quickly.
The final contingency is the intermediate option, which would be to place the ITS into a circular
orbit of the altitude where the abort procedure is imitated. All of these were created so that the ITS
would have options in the event that it missed the cycler, and the crew would be able to make
decisions based on the remaining propellant on board.
5.3.4.3.1 Simulation Results
Each case is run through a simulation of a specified rendezvous for a given cycle. In this
case the rendezvous abort procedure is initiated at the rendezvous altitude. This is a simplified
analysis as it assumes the ITS will rendezvous at the cycler Earth periapsis. Of course this would
never realistically happen, but at the time this was conducted there were know rendezvous
trajectories. That being said these results are designed to provide a preliminary idea of what the
ΔV’s would look like for this option.
Setting the rendezvous abort altitude to the rendezvous altitude was done to simulate the
circumstance that the ITS has just missed the cycler. This is truly the worst case scenario as the
crew would be as far away as they can be while still not knowing that they have missed. Any time
prior to this would make for a smaller ΔV.
Table 1.1.1: ΔV required to implement the contingency plan just after missing the cycler vehicle. Clearly
case (a) has the lowest and case (b) has the highest and inverse this when comparing time of flight. This
means that case (a) is the cheapest option for the ITS, but the hardest to recover.

Contingency Plan

ΔV (km/s)

Case (a)

3.1823

Case (b)

5.7780
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Case (c)

4.3323

When all three contingencies are run we get ΔV, orbital period and closest Earth approach
of the new orbit after the abort procedure. We can see that case (a) has the lowest ΔV to execute,
making it the most viable option in the worst case like this. That being said it also has an extremely
large closest approach of 43771 km and a very long period of 37.4154 days. This means that the
only way to get them back is to send another vehicle out to rendezvous and bring them back. This
will mean the crew will have to wait the full period until closest approach, minimum. It will likely
take longer to return from this orbit. This should be treated more as a boundary condition because
it really does not return the crew.
The next scenario is case (b), which requires the most propellant. This case also provides
the shortest period and smallest value of closest approach at 11.1 hours and 500 km altitude. This
is the easiest option to return the crew from as we will be sending a lot of vehicles into the same
altitude parking orbit. It also involves the least amount of time to get home at only around 11
additional hours. Unfortunately the nearly 5.8 km/s price tag is not reasonable for this kind of
protocol.
Lastly is the circular orbit. This orbit will have a closest approach of 43771 km, like case
(a), but will remain at this radius constantly. This makes the possibility of return higher.
Circularizing out to this orbit from a lower altitude will be expensive, but possible, unlike the other
two cases.
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Fig. 13.1.1: Case (a) with a scaled circle of Earth. It is clear that this orbit is massive when comparing it
to the Earths radius, which is barely visible at this scale. Additionally at this altitude the effects of the Sun
and Moon will have to be accounted for and could potentially pull the ITS out of orbit.
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Fig. 1.1.2: Case (b), with apogee at the abort procedure location. It brings the ITS very close to Earth,
allowing for retrieval of the vehicle. If allowed to pass lower enough times, the vehicle could achieve
reentry on its own and would not need to be retrieved by another vehicle.
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Fig. 1.1.3: Case (c) possesses a circular abort orbit. This allows for a vehicle to transfer from a lower
circular orbit onto this larger circular orbit relatively easily. This is the intermediate case and is likely
the most viable option for the full-reverse safety maneuver scheme.

Overall, none of these full-reverse methods are practical for a realistic cycler intercept
course. But in the rare event that the ITS is passing near the cycler periapsis location, these
procedures have been mapped out. The circular orbit is likely the most viable option because it
requires an intermediate amount of propellant, while still delivering the vehicle to a salvageable
orbit.
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5.4 Cycler Propulsion Analysis
5.4.1 Primary Propulsion for Cycler Insertion
The cycler requires multiple methods of propulsion. The main source of propulsion is the
thruster that will push the cycler from its construction location in Low Earth Orbit (LEO) to its
hyperbolic orbit (HO). To push the finished cycler into the HO it will require 4.208 km/s of DeltaV.
That means the thruster that we use for the cycler will have to be able to provide 4.208 km/s of
DeltaV for the mass of the cycler and the mass of the thrusters.
Since this project is a SpaceX feasibility study, we try to use only SpaceX hardware
whenever possible. Since this mission is predominantly using the ITS we need to see if it is feasible
to use an ITS to push the cycler into orbit. This is very convenient for use as the cycler already has
a docking port for an ITS. The ITS tanker variant can be fueled with up to 2880 Mg of fuel in
LEO. This variant of the ITS is able to provide the required 4.208 km/s of DeltaV to propel the
cycler into its HO. Since we are able to find a vehicle of SpaceX hardware with the propulsion
capabilities that we require for the push of the cycler from LEO to its HO, we choose to have the
ITS tanker variant be used for the main propulsion systems in the cycler.
5.4.2 Secondary Propulsion for Cycler
The cycler has multiple requirements for secondary propulsion. The first requirement is for
the orbital maintenance and attitude adjustments of the cycler. These are the adjustments that will
need to be made to the cycler’s hyperbolic orbit trajectory (HO). The cycler will require thrusters
that allow it to turn about its axis that are not aligned with the axis of symmetry. The cycler will
also require a thruster that can propel it in a linear direction along its axis of symmetry to keep the
vehicle on the necessary HO for Mars intersect.
Mission design estimated that the requirement for the orbital and attitude maintenance
maneuvers will be 114 m/s per trip of the cycler. To determine the actual deltaV the thrusters need
to provide, we add a factor of safety. We choose a 33% margin of safety for the orbit maintenance
based on historical records of other deep space craft. This increases our required deltaV to 151.62
m/s for each trip of the cycler. A benefit of our factor of safety being large is that this thruster will
need to be refueled each time the cycler rendezvous with Earth. If there is leftover fuel in the orbit
and attitude maintenance module, it will just require a less amount of fuel to be refilled.
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Since we have our final deltaV for the orbit and attitude maintenance, we choose a thruster
for the module. To determine the best thruster we calculate the amount of thrust that would best
suit the mission using the ideal rocket equation.
Equation 5.4.1

ΔV = 𝐼𝑠𝑝𝑚 ln(

𝑚𝑝𝑟𝑜𝑝 + 𝑚𝑖𝑛𝑒𝑟𝑡 + 𝑚𝑝𝑎𝑦
)
𝑚𝑝𝑟𝑜𝑝 + 𝑚𝑖𝑛𝑒𝑟𝑡

We know the deltaV, the inert mass (dry mass of cycler = 317 Mg), and the payload mass
(mass carried to Mars = 450 Mg). Using an estimate for Ispm of 3000 m/s, the fuel mass comes out
to approximately 40 Mg. We test this number to be sure that it includes enough propellant to handle
turning the cycler to ensure that the satellite dish on it will be able to always face the Earth. If we
don’t have enough fuel in this budget to ensure this, we may lose communication with the Earth
at some point during the trip or run out of fuel completely. Either way, this would be a catastrophic
failure.
To solve for the approximate amount of fuel this will require we use the Euler equations
and the moment of inertia of the cycler. The provided moment of inertia about the axis of symmetry
is: Izz = 1.484*108 kg.m2. Deriving an equation for the mass of propellant required below:
Equation 5.4.2

𝑀𝑐 = 𝐻 𝑐 =

ΔH
𝐻

Equation 5.4.3

𝑀𝑧𝑧 = 𝐹𝑙 = 𝐼𝑠𝑝𝑚 ṁl
Equation 5.4.4

𝑡𝑎𝑛Δ𝜓 ≈ Δ𝜓 =

ΔH 𝑘𝐹𝑙Δt
=
𝐻
𝐼𝑧𝑧 𝜔𝑧𝑧

Equation 5.4.4 is created by using Δ𝜓 which is each change in the angle of the cycler in

order to keep the satellite dish on it pointed at the Earth.
Equation 5.4.5

𝑘=
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Equation 5.4.6

𝑚𝑝𝑟𝑜𝑝 = ṁt
Next we need to substitute Equation 5.4.3 into Equation 5.4.4 in order to solve for the
required mass of propellant for the satellite pointing.
Equation 5.4.7

Δ𝜓 =

𝑘𝐼𝑠𝑝𝑚 ṁ𝑙Δt
𝐼𝑧𝑧 𝜔𝑧𝑧

Since we are trying to solve for the total propellant mass we need to solve this equation
out for the mass flow rate.
Equation 5.4.8

ṁ=

𝐼𝑧𝑧 𝜔𝑧𝑧 Δ𝜓
𝑘𝐼𝑠𝑝𝑚 𝑙Δt

Next we exchange the mass flow rate times time for the mass of the propellant.
Equation 5.4.9

𝑚𝑝𝑟𝑜𝑝 = ṁt =

𝐼𝑧𝑧 𝜔𝑧𝑧 Δ𝜓
𝑘𝐼𝑠𝑝𝑚 𝑙

Since we now have our final propellant mass equation we can solve for the approximate
amount of fuel it will take for the orbit and attitude maintenance modules. We assume Δ𝜓 to be
2𝜋 for the entire trip of the cycler since the cycler will never have to revolve more than once to
stay pointed at the Earth for the whole time of travel. The length of the moment arm on the
cycler is 37.2085 m.
𝑚𝑝𝑟𝑜𝑝

(1.484 ∗ 108 )(0.314)(2π)
= ṁt =
= 2622.89𝑘𝑔
(1)(3000)(37.2085)

The fuel budget for keeping the satellite pointed at the Earth is 2622.89 kg or 2.623 Mg.
This value is much smaller than our budget of 40 Mg. In fact, it falls within the 33% safety
margin tolerance for orbit maintenance. Even if it was not calculate for in mission design, the
module has enough fuel to cover the maneuvers during the duration of the orbit.
After we determine the fuel budget to be plausible we select and engine for the maneuvers.
Considering all of the possibilities, we first evaluate a raptor engine since that is the engine used
for pushing the cycler into its HO. Using the Ispm of 3541.41 m/s of the raptor engine to find its
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mass flow rate of 927.6 kg/s, we would have about 43 seconds of burn time throughout the entire
round trip of the cycler. The raptor engine also operates at an O/F ratio of 3.8. The amount of
maneuvers we would be able to do would have to be less than one second pulses which the raptor
is not suited for. We are going to require a much longer burn time than that.
Our next test case is going to be using existing orbital maintenance thrusters for spacecraft
that are in orbit around Earth. We base our trade study off of the current orbit maintenance engine
that is deployed on the ISS service module Zvezda. There are three similar engines to this engine
so we run a trade study to find which of these engines would best fit our purposes of orbit
maintenance. The three engines that we run trade studies over have thrust values of approximately
3 kN. This order of magnitude smaller than the raptor should give us days of burn time to use
throughout the duration of the mission. Table 5.4.2.1 shows the trade study done between three
different station keeping engines.
Table 5.4.2.1 shows the trade study of three different station keeping engines
Isp

Thrust

(m/s)

(N)

11D426

2860

3090

40

270

S5.79

2880

3090

70

38.5

S5.80

2960

2950

30

310

Engine Model

Number of
Restarts

Mass
(kg)

Table 5.4.2.1 shows the results of the station keeping engine trade study. From the results

of the three engines it is fairly easy to select which one to use for the orbit and attitude
maintenance module. Mass is not really a factor in this problem. We are bringing 40 Mg of fuel
for the module’s duration of mission. The max difference in mass between the three engines is
0.2715 Mg. This is negligible in the scope of the cycler’s mission. The thrust and Isp values of
each engine are similar enough that the difference does not clearly show one to be better than the
other. The extreme difference between the three engines is the number of restarts that each one is
capable of. The S5.79 engine is capable of almost double the restarts of either the 11D426 or
S5.80 engine. We select this engine to use for the module. This engine also has a O/F ratio of
1.85. Using the qualities of the S5.79 engines, the propellant requirement for orbit maintenance
becomes 2.732 Mg.
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We also need to select how many thrusters we need for our module. One thruster is
required to be aligned with the axis of symmetry of the cycler around which it is rotating in order
to provide direct, linear, thrust. We then place three thrusters perpendicular to that engine with
angles of 120 degrees between them. These engines will provide the turning of the cycler for the
satellite pointing and attitude control. After further review we realized that the cycler is spinning,
and therefore the thrusters are too. We are able to only use one thruster that is aligned
perpendicular to the direct thruster to turn the spacecraft. The cycler will just wait until it is at the
correct orientation before firing the attitude thruster. This will allow us to only use one thruster
in the cycler. We could use another engine for redundancy, but that would also double the rate of
failure in the already very reliable S5.79 engine.
The cycler has one more propulsion need that must be met. One of the requirements for
the cycler was to spin up to achieve lunar gravity at the farthest points from its axis of symmetry
to help the colonists not lose as much muscle and bone density on the way to Mars as they
otherwise would. This will require thrusters to provide the spin up speed to achieve lunar gravity.
To determine the best engine to use we first need to find the mass of propellant required again.
We start with the equation for change in angular velocity, or the angular acceleration that the
thrusters must provide.
Equation 5.4.10

𝛼𝑧 =

𝑀𝑧𝑧
𝐼𝑧𝑧

Taking the derivative of this equation gives us the angular velocity of the spacecraft after
a burn.
Equation 5.4.11

𝜔𝑧 =

𝑀𝑧𝑧
𝑡
𝐼𝑧𝑧

Next we substitute Equation 5.4.3 into Equation 5.4.11.
Equation 5.4.12

𝜔𝑧 =
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As we see in Equation 5.4.12 there are the terms ṁ and t. If we solve the equation for them
we can substitute in mprop.
Equation 5.4.13

ṁ𝑡 = 𝑚𝑝𝑟𝑜𝑝 =

𝜔𝑧 𝐼𝑧𝑧
𝐼𝑠𝑝𝑚 𝑙

Plugging in the numbers for our cycler we are able to solve for the propellant mass required
for the spin up.
𝑚𝑝𝑟𝑜𝑝

(0.314)(1.484 ∗ 108 )
=
= 417.45 𝑘𝑔
(3000)(37.2085)

Using the average Ispm of 3000 we get an approximate mass of propellant for the spin up of
417.45 kg. Once again we apply the raptor engine to the spin up problem since it is already being
used in other parts of our design. If we use the same engines in our design at multiple points, that
could help the cost of them go down by means of mass production. For stability during the spin up
process we will also place a thruster at the top and bottom of the cycler. Using the mass flow rate
of the raptor again at 927.6 kg/s multiplied by two engines to give us a total mass flow rate of
1855.2 kg/s, we get a spin up time of 0.225 s. This is obviously going to break the moment arms
of the cycler off. As with the orbit and attitude maintenance module, we require a much less
powerful engine here to spin up the cycler without becoming a structures issue.
Time of burn being a long time is also not an issue in this case since the cycler is spun up
while it is still in LEO after construction. Since we have chosen the S5.79 engine for the orbit and
attitude maintenance thruster, we select that engine again and see what performance outputs it
gives. Using the mass flow rate of the S5.79 of 1.073 kg/s multiplied by two engines to get 2.146
kg/s, we get a burn time of 194.54 s. This is a much more reasonable spin up time than the raptor
engine provided. We use the S5.79 engine again for the spin up engine.
With the performance outputs of the S5.79 we again solve for the real propellant mass for
spin up as 0.435 Mg. With the new mass of propellant we can solve for the new spin up time of
the cycler. Dividing the fuel mass by the mass flow rate gives a spin up time of 202.6 s. These
number are the final iterations for spin up of the cycler and orbit and attitude maintenance.
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5.4.3 Cost and Risk for the Propulsion Systems
The cost of the propulsion systems is calculated by very simple calculations. We take the
cost of the number of engines in the system and add the cost of each propellant per kilogram
multiplied by the cost of that propellant. Adding all of these costs together we reach a final cost
for the propulsion systems of the cycler. Table 5.4.3.1 below shows the costs of the propulsion
systems of the cycler.
Table 5.4.3.1 shows the cost per unit of fuel and the total cost of fuel operations.
Cost per unit
Fuel

Total cost for
one cycler

(dollar/kg)

(dollars)

UDMH spin up

197.51

40,077.20

N2O4 spin up

223.81

84,015.53

UDMH attitude

197.51

2,772,052.85

N2O4 attitude

223.81

5,811,207.02

The risk mitigation of the propulsion systems is an important procedure. The propulsion
systems do not have redundancy built into them in the form of extra engines. If an engine fails, the
cycler could face the possibility of not being able to stay in contact with Earth or not being able to
return properly. Fig. 5.4.3.1 below shows the fault tree of risks that need to be mitigated for the
propulsion systems.
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Fig. 5.4.3.1 shows the fault tree of the propulsion systems aboard the cycler. Credit: N. Byerly

Once the different failure modes have been determined we calculate their effects of the
system and design ways to mitigate the risks.
Table 5.4.3.2 shows the risk mitigation strategies and results for the cycler propulsion systems.

Failure

Effects of failure

Risk Mitigation

Probability of

Mean time to

on system

to prevent failure

Failure

Failure

(percent)

(years)

1

3

0.5

3

0.1

3

Engines don’t

Maneuver is not

Have restart

start

completed when

capabilities for the

desired

engines

Hard start of

Engines explode

Run pressure

engines

leaving no

checks before

propulsion

each burn

Propellants run

Keep backup tank

out early leaving

on board only for

no propulsion

emergencies

Too long of burns
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5.5 Cycler Power System Analysis
5.5.1 Cycler Spacecraft Power System Requirements
We employ the NASA Advanced Life Support Sizing Analysis Tool (ALSSAT) to determine the
following set of electrical power requirements for the Cycler Vehicle. This free software from the
Marshall Spaceflight Center uses parametric estimating relationships to compute power, mass, and
volume requirements for various mission specifications [1]. For this analysis, we apply mission
specifications for a ‘Mars Transit Vehicle using Advanced Technology’ as input for ALSSAT.
These specifications are outlined in Reference 2. Note that further iteration will need to be
conducted to improve the fidelity of these estimations because the current settings do not
completely capture the Cycler geometry and environment.

Figure 5.5.1.1 Cycler Vehicle power requirements for a crew of 325 are divided into
several distinct categories. Credit: B. Merrel

Figure 5.5.1.1outlines the nominal power loads for each system on board the cycler vehicle. A
15% safety margin is assumed to yield a total system power requirement of 969.77 kWe;
approximately 2.98 kWe per passenger.
5.5.2 Cycler Primary Power Supply System
We choose to deploy a multi-mode solar and nuclear fission power system onboard the
Cycler to meet the power requirements outlined in Section 5.5. Power Generation is accomplished
by 3 SAFE-800 fission reactors [3] and an ATK Megaflex Solar Array[4].
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Table 5.5.2.1: The Cycler uses a multimode power system to improve redundancy.

System
ATK Megaflex (40%)
SAFE-800 Reactor & Conversion
- Shielding
- Radiators
Batteries

Type
Solar
Fission
Aluminum
Li-Ion

Quantity
Power (kWe)
3718 m^2
253.22
3
720.00
15.0411m^3
119m^2
1560 kWt
10
-

Mass (Mg)
18.50
10.82
42.58
0.71
20.43871

Volume (m^3)
37.19
36.18
15.0411m^3
13.20
9.08

We design the SAFE-800 fission reactor based on and ongoing project at Los Alamos
National Laboratory to develop compact, high-power nuclear fission systems for space
applications [3]. This proposed reactor, employs a Heatpipe Power System (HPS) to leverage
existing and affordable technology. To date, three small proof-of-concept HPS systems have been
designed and tested successfully in a laboratory setting. SAFE-800 is a 30% efficiency 800 kWt
fission reactor that uses resistance heating and a Brayton conversion engine to generate 240 kWe.
We select this reactor as a prime candidate for Project Destiny because it has an acceptable
TRL of 6. Having been tested successfully at a 400 kWt scale, the referenced literature suggests
that it will be possible to scale up to an 800 kWt or even 1 MWt scale. Beyond 1MWt, however,
HPS systems are unlikely to benefit from any economy of scale. The SAFE reactor’s compact and
highly modular concept also makes it a good fit for the Cycler.
Table 5.5.2.2: Comparing the Fission and Solar power systems shows that the former is more mass
and volume efficient.

Module

kW/Mg

kW/m^3

Mass / Unit

Volume / Unit

[kg]

[m3]

SAFE Fission Reactor

56.14

19.91

17.8

15.07

Mega-Flex Solar

22.68

0.185

--

--

We give preference to the SAFE-800 fission reactor for generating the required power load of
969.77 kWe because it has a better mass specific power density than the ATK Mega-Flex solar
panels. A comparison of the two system’s power densities is given in Table 2.2. Further
exploration of the launch mass and volume savings afforded by using a fission system are given
in the Figure 5.5.2.2.1 and Figure 5.5.2.1.2.
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Comparing Mass Sent Over Time for Cycler Power
Total Mass Sent Over Time for All Solar
Total Mass Time for Mixed Reactor/Solar
20000

Mass (Mg)

15000
10000
5000
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
Synodic Period

Figure 5.5.2.1.1 Over the length of the mission, the total mass launched for to initialize, replace, and
refuel the SAFE-800 fission reactors is less than the equivalent solar power system. Credit: B.
Merrel

Comparing Volume Sent Over Time for Cycler Power
Total Volume Solar

Total Volume Mixed

40000

Volume (m^3)

35000
30000
25000
20000
15000
10000
5000
0
1

3

5

7

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47

Synodic Period

Figure 5.5.2.2.1 Over the length of the mission, the total volume launched for to initialize, replace,
and refuel the SAFE-800 fission reactors is less than the equivalent solar power system. Credit: B.
Merrel
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5.5.3 Power System Architecture and Redundancy
Since the fission reactor is more mass and volume efficient, 3 reactors are installed on each
Cycler to supply 74.2% (720 kWe) of the total power requirement. The vehicle generates the
remaining 25.8% (259.77 kWe) using a set of ATK Mega-Flex panels, which are assumed to be a
part of the ITS-T which docks to the Cycler. In this arrangement, we have both applied a 15%
safety margin and distributed the power generation almost equally across 4 sources. Using 4
sources increases reliability to the point where if any one of them failed (either a single reactor or
the solar array), the vehicle would still retain 86.2% of the total required power generation. In
other words, the Cycler can complete its mission even if one of the reactors has to be taken offline.
Figure 5.5.3.1.1 and Figure 5.5.3.2 show the arrangement of all three reactors, and the

required Brayton conversion engines packed into a single shielded module. This Cycle EPS
housing contains all necessary electronics and cooling apparatuses. An aluminum housing with a
thickness ranging from 0.1m to 0.3m provides sufficient shielding to ensure a protection factor of
40. This estimate comes from an International Associate of Energy Economics report on the use
of aluminum in gamma ray shielding.

Figure 5.5.3.1.1 The Cycler Power system packs three SAFE-800 fission reactors and seven Brayton
conversion engines into a single shielded module. Axial View. Credit: B. Merrel
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Figure 5.5.3.2.1 The Cycler Power Shields all external systems and passengers from harmful
radiation using 0.15 to 0.20m of aluminum shielding. Credit: B. Merrel

5.5.4 SAFE-800 Heat Rejection System
Each SAFE-800 fission reactor produces 800 kW and operates at 30% efficiency. As a result, we
must account for the removal of 1560 kWt in waste thermal energy through the use of radiators.
In the vacuum of space, radiator temperature Trad and radiator surface emittance ϵrad are the primary
drivers of radiator performance. We estimate the minimum surface area required to expel a given
amount of thermal energy using the energy balance described in equation 5.4.1.
4
Aα(ISun + Ialbedo ) + Qwaste = Aσϵrad Trad

(5.4.1)

Solving 1.1.1 for the required area yields the minimum required radiator surface area for a given
radiator temperature, emittance, and absorptivity.
Q̇waste
4
rad Trad −α(ISun +Ialbedo )

A = σϵ

(5.4.1)

Building on the U.S. experience with the SP-100 space fission reactor project, we elect to use a
carbon-carbon, liquid-metal, heat pipe radiator system. During the 1980s, this system was
successfully tested in representative lab conditions with a radiator temperature of 800K [6]. Due
to material advances, and the switch from liquid lithium to liquid sodium, we estimate that the
radiators can operate at 900K with the following properties. We note that while higher operating
temperatures are achievable, increases in temperature could reduce reliability and therefore
increase risk to the mission.
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Table 5.5.4.1: We must operate our radiators at state of the art conditions to accommodate a large spacebased fission power system.

Specification

Value

Operating Temperature

1000 K

Emissivity

0.85

Absorptivity

0.35

Max Solar Irradiance

1317 W/m2

Max Earth Albedo (30%)

395 W/m2

TRL (as of 1986)

6

Thermal Load Margin

15%

Using the energy balance outlined in equations 5.4.1 and 5.4.2, along with the specifications listed
in Table 3.3.1, we estimate a required radiator surface area of 119m2 to dissipate 1560 kWt of
waster thermal power along with a 15% thermal margin for edge cases. A representative radiator
system is described in Reference 5, with a specific density of approx. 6kg/m2. Using this
specification, we estimate the total mass of the radiator system for a single Cycler to be 0.708Mg.
5.5.5 Cycler Power Storage Capabilities
We choose to moderate EPS associated risk by including a power storage system to ensure
sufficient power is available in the event an emergency. Here, we define emergency as a temporary
loss of power production from either the fission reactors of the solar arrays. Based on estimates
from the World Nuclear Association, most low-risk fission maintenance shutdowns last less than
8 hours. If one of the SAFE-800 reactors on board the Cycler is to require a maintenance shutdown, it is necessary to include sufficient power storage to last the full length of the outage.
Following this constraint, we include 2880 kWh of battery storage using the battery technology
outlined in the surface operations trade study. This Li-Ion battery, manufactured by GS Yuasa and
currently used on board the International Space Station, will provide the required storage with just
ten 1m3 units.
5.5.6 Cycler EPS Alternatives
We initially considered a solar-only EPS for the Cycler. Launch mass and volume are the
primary metrics which define a score in this trade study. In this context, solar panels are quite
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attractive because they do not require any ongoing fuel supply. Additionally, solar arrays have a
long design heritage for both manned and unmanned spaceflight, so their capabilities and failure
modes are well known. We have shown, however, that a completely solar-powered system
requires an array that is much more massive, and requires more launched volume than the Safe800 fission system.

Because using a solar only system would require more launches over the

course of the 100-year period, we have elected to take advantage of a multi-mode power system.
Orbital ATK’s Mega-Flex solar arrays are the primary candidate for ITS and Cycler solar
power due to their long design heritage, high efficiency, and excellent packing capabilities. Near
term estimates place the Mega Flex at 30% efficiency and the power densities given in Error!
Reference source not found.2.2. At these specifications, the total array area required for 969.77
kWe is 19,250 m3. Solar panel power generation depends on both the distance to the sun and timedependent degradation. As a result, the total required area is controlled by the end of life efficiency
and the maximum distance from the Sun at Mars aphelion. Solar arrays for the cycler would need
to be replaced approximated every twenty years, and would require an additional launch mass of
98.08 Mg per Cycler per replacement. We also note that the replacement process for such large
structures on a Mars cycler orbit would be an exceedingly dangerous mission. Finally, we can see
that an increase of efficiency to 40% would be require to make solar competitive with the fission
reactor’s worst case scenario, as shown in Fig. 5.5.6.1.1.

Fig. 5.5.6.1.1 Even at the worst case where the mass of the reactor is increase 500% to account for
shielding, the solar array never shows consistent improvement over fission. Credit: B. Merrel

Purdue University | PROJECT DESTINY

B. Merrel| 5-111

Interplanetary Crew and Cargo Transport Appendix

5.5.7 Cycler Power System Cost Estimation
We have extrapolated our design for the SAFE-800 from several research projects on the
SAFE-400 and other similar compact, heatpipe reactors. In liu of direct cost data for the system,
we look to analogous projects to estimate system cost. We choose to base our cost estimation on
forecasts by NuScale Power systems, in particular, because they are designing and producing small
modular reactors for terrestrial deployment. NuScale’s products are a much better analogue than
the most terrestrial reactors because they are still in development and are a much closer analogue
in terms of power production. NuScale forecasts their cost to be $5,078 / kWe, so we estimate that
the SAFE-800 system at 240 kWe produced will have a per unit cost of approximately $1,218,000
[8]. This cost includes the fission reactor, Brayton power conversion system, shielding, and an
initial set of uranium nitride fuel.
We note that the space-rated SAFE-800 reactor system will have more subsystems than the
surface-based SAFE-1000 due to the inclusion of a large thermal management system. The
primary cost element of this subsystem is a set of 3 larger radiators. Research has not uncovered
a fixed radiator cost for these systems. Therefore, we choose to follow the general guidance from
Gilmore’s Spacecraft Thermal Control Handbook [7], and estimate the thermal control system to
be %15 percent of the total system cost at approximately $200,000 each.
Overtime, SAFE-800 will incur additional expenses when the uranium fuel rods must be
replaced every 10 years. To estimate this cost, we rely on the World Nuclear Association (WNA),
which monitors global supply and demand for fissionable material. As of 2015m the WNA reports
that 1kg of Uranium Dioxide reactor fuel was $1880 [9]. Using this figure, we estimate the cost
of refueling one SAFE-800 reactor will be $215,000. With 3 reactors onboard, the total cost of
refueling the Cycler fission power system is $645,000 for every 10 years the cycler is in service.
Finally, we account for the cost of the battery system used to supplement the ITS-T and
the EPS system in case of a temporary shutdown. As described in the Surface Operations
Appendix, we estimate the cost of the GS Yuasa Li-Ion batteries to be approximately $200/kWh.
At 2880 kWh hour, the Cycler battery system will cost $576,000 for each set. Using the ISS as a
analogue, we expect these batteries to be replaced every 10 years at the same time as the SAFE800 fuel.
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5.5.8 Cycler EPS Risk Analysis
Figure 5.5.8.1 shows the fault tree associated with the Cycler EPS. This system, which contains
three fission reactors and two large solar power arrays, is most susceptible to thermal control
breakdown, micrometeoroid impact, and battery failure. As with all space systems, precision
thermal control is a critical driver of mission success. With the fission reactor systems, it is
imperative to maintain a set temperature range to ensure continued energy production and to avoid
a thermal system meltdown. While the solar cells are certainly subject to thermal restriction,
micrometeoroid impact is a larger risk to the system. Finally, the Cycler EPS includes 10 1m 3
batteries that each store 288 kWh of energy. These batteries bust be closely monitored because a
catastrophic failure would certainly damage the structure and lead to loss of life.
Finally, it is worth noting that the Cycler EPS system has been designed with sufficient margin
that if any one source of power (1 reactor or the solar array) were to go out of commission, the
system could still produce approximately 86% of the primary power load, which is certainly
sufficient for short term emergency operations.

Figure 5.5.8.1.1 The Cycler EPS Fault Tree shows that multiple failure modes can result in total vehicle loss or even loss
of crew life. Credit: B.Merrel
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Table 5.5.8.1: These settings are configured in ALSSAT for a Mars Transit Vehicle using advanced
technologies.

Parameter

Units

Value

Mission Definition


Number of Crew Members

CM

6



Manned Mission Duration

[day]

360



No. of Dockings Requiring PMA Pressurization

--

0



Will Contingency Conditions be Considered?

--

No

Vehicle Definition Parameters


Number of Modules

Modules

2



Maximum Atmospheric Leakage per module

[kg/day *mod]

2.24 × 10-3



Total Pressurized Atmospheric Volume

[m3]

110



Total PMA Atmospheric Volume

[m3]

0

Interior Atmosphere Definition


Nominal Total Atmosphere Pressure

[kPa]

70.3



Nominal Atm. Oxygen Partial Pressure

[kPa]

21.3



Nominal Atm. Water Vapor Partial Pressure

[kPa]

1.2



Nominal Atm. Carbon Dioxide Partial Pressure

[kPa]

0.4

Nominal Crew Inputs


Oral Hygiene Water

[kg/CM * day]

0.363



Hand / Face Wash Water

[kg/CM * day]

4.082



Urinal Flush Water

[kg/CM * day]

0.494



Laundry Water

[kg/CM * day]

12.474



Water Supplied by Fuel Cells

[kg/day]

0



Shower Water

[kg/CM * day]

2.722



Dishwashing Water

[kg/CM * day]

0



Drinking Water

[kg/CM * day]

2.00



EHS Sample Water

[kg/day]

0

[m]

5.6

TCS, Vehicle Characteristics


Characteristic Vehicle Length
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Characteristic Vehicle Radius



TCS, Internal Thermal Control Fluid Loop



[m]

2.5

ITCS Inlet Temperature

[K]

275.00



ITCS Outlet Temperature

[K]

308.15



ITCS Working Fluid

--

Water



Avionics from Cold Plates

[kWth]

2.2



Avionics from Heat Exchanger

[kWth]

3.3



Percentage form Cold Plates

As a fraction

0.4

TCS, ITCS Fluid Loop Characteristics


ITCS Pump Efficiency

Dimensionless

0.45



ITCS Line Diameter (outside)

[m]

0.0127



ITCS Effective Line Length Multiplier

dimensionless

10

TCS, Physical Constants


Maximum Insolation

[kWth / m]

1.414



Solar Incident Angle

[degrees]

90



Albedo

Dimensionless

0



View Factor of Ground

dimensionless

0



Additional Service

[m]

2.0



Liquid Tankage Mass Penalty

As a fraction

0.10



Factor for Valves and Fittings in TCS

As a fraction

0.15



Accumulator Volume Factor

As a fraction

0.30



Phase Change Material Container Mass

As a fraction

1.00



Volume Factor for Re-Entry Containment

As a fraction

0.25



Percentage of Re-Entry for Aero-Brake

As a fraction

0.75



Percentage of FES Ducting Assumed

As a fraction

1.00

External Interfaces, EVA Support


Will Oxygen Required for EVA be Generated?

--

n/a



Total Number of EVAs per Day

[sorties/d]

0



Total Number of EVAs per Mission

[sorties]

0



EVA Duration

[h]

0
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Crewmembers per EVA

[CM/sortie]

0



Airlock Volume

[m]

0



Airlock Free Gas volume

[m]

0



Airlock Gas Losses per Cycle

[%]

0



Oxygen Consumption

[kg/CM-h]

0



Nominal EMA Waste Water Recovery

[%]

0



EVA Drinking Water

[kg/CM-h]

0



Cooling Water Losses

[kg/CM-h]

0



Maximum Absorbance Garment

[kg/CM-EVA]

0



Waste Water Absorbed by Garment

[kg/CM-EVA]

0

Computational Parameters


Maximum Allowable Iteration Count

Dimensionless

1000



Maximum Change at Convergence

Dimensionless

1.0 × 10-5
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5.6

Cycler and ITS Communication

5.6.1 Problem Definition
In addition to the problem of Mars to Earth colony communication, communication
with en-route vehicles is an external problem that parallels the task of interplanetary
communication. Although communications architecture between vehicles and the Earth
(hereafter referred to as Cycler Comm) will be similar in concept to the Interplanetary
Communications (I-Comm) system, we design these systems to operate independently of each
other, as manned cyclers will constantly be deployed and the possibility of return travel to Earth
is not out of the question.
The requirements of the Cycler Comm system include:


Each cycler must have continuous 2-way HD video communication with Earth



Video communication with Mars is desired but not necessary



Each cycler requires one standard video link (8.85 Mbps)

The assumptions made of the Cycler Comm system include:


No pre-existing communications capabilities exist for the cycler and ITS



A maximum of 76 occupied cyclers at any time will be operational

To establish a design point, we identify several constraints on the system. The first constraint
is to size the satellites to fit in the SpaceX Falcon Heavy launch vehicle. We choose the Falcon
Heavy for two reasons – it satisfies the requirement of existing SpaceX hardware, and it minimizes
wasted payload space for the first several launches, as opposed to using the ITS to initially deploy
satellites. Sizing the satellites to the Falcon Heavy also gives us the opportunity to pack multiple
satellites into the ITS if necessary. Similar to I-Comm, using the Falcon Heavy sets an upper bound
on the communications power provided by the solar panels, which is 45 kW (assuming that half
of the total power is allotted to communications). The final constraint is that a standardized satellite
design must exist for satellites in the same vicinity (e.g., all earth satellites must be identical).
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5.6.2 Results
The main cost contributors to the communications architecture are aperture size and
number of launches. More power allows for smaller antennas and apertures; because 45 kW is a
relatively large power value for satellite communications, we minimized aperture sizes.
Additionally, each satellite corresponds to one Falcon Heavy launch; to minimize the number of
launches, the number of cyclers each satellite can communicate with was maximized (which
manifested in changing the data rate per satellite in a stepwise fashion). We perform an iterative
link budget analysis to determine the free variables of cycler quantity per satellite and aperture
size, shown in Fig. 5.6.2.1. For the link budget analysis, we aim to design the communications
system for margins of 7-9 dB for radio frequency communication and 1-2 dB for optical
communication. For the crosslink between the Earth satellite and the cycler, we report a range of
margins between 1.29 to 1.58 dB. This is due to optical frequency staggering. When several
communications channels exist in the same general proximity, signal interference may occur
between channels operating on the same frequency. Because each satellite communicates with
multiple cyclers, the optical frequency is staggered between 290 and 300 THz to mitigate potential
negative effects of interference. The link budget analysis was then performed on the worst-case
scenario, 290 THz, to ensure that the required power and desired aperture size can obtain the
desired margins mentioned above. Each satellite can cover seven cyclers, and 0.35 m apertures
are used. The added communications architecture on the cycler requires a power draw of 1.5 kW
from the cycler’s central power unit, a negligible amount comparted to the other power demands
of the cycler. Because a maximum of 76 manned cyclers per synodic cycler will be in use, a
maximum of 12 earth-orbiting satellites are required. The approximate mass, power, and volumes
are given in Table 5.6.2.1.
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Fig. 5.6.2.1 Each geosynchronous satellite can communicate with up to seven different cyclers.

Table 5.6.2.1 Breakdown of Mass, Power, and other design parameters
Parameter

Unit

Value

RF Antenna Diameter

m

1

Aperture Diameter (x14)

m

0.35

Transmitted Power

kW

10.5

Solar Panel Area

m

635

Solar Panel Mass

Mg

1.26

Total Mass

Mg

4.88

Total Power

kW

22.0

2

Next, we determine the total number of satellites needed for the 100-year standard
population curve and a timeline of satellite deployment. Similar to the I-Comm system, because
each satellite has the same specifications, the deployment dates are staggered to minimize the total
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number required. First, we define the metric of the "area" of each satellite, which is the data rate
provided times the lifespan in years. To estimate total number of satellites, we create a curve of
data rate vs. time by multiplying the population curve by 0.1 Mbps per person. To approximate the
total number of satellites, the integral of data rate vs. time curve was divided by satellite area.
This yielded a satellite count of 65. To find a deployment timeline, we generated a code that
deployed a new satellite every synodic period when the required data rate exceeded the provided
data rate and decommissioned a satellite when the 15-year lifetime was reached. This analysis
yielded a total satellite count of 70, which is higher that the initial estimate of 65
because communication links will always be unoccupied when the cycler count is not a multiple
of seven. This analysis also resulted in the need to deploy 1-3 satellites every single synodic period.
Fig. 5.6.2.2 visualizes these results below, where each green cell represents the coverage capability

of a single satellite. Fig. 5.6.2.3 shows the timeline of Falcon Heavy launches that are required to
deploy the satellites over 100 years. It is important to note that the 70 added satellites are in
addition to the number of I-Comm satellites needed to communicate between Earth and the
Martian colony.

Fig. 5.6.2.2 The cycler communication system requires 70 total operational satellites over 47 synodic
cycles.
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Fig. 5.6.2.3 1-3 satellites will be deployed every synodic cycle via SpaceX Falcon Heavy launches.

We must add excess instrumentation to the cycler to facilitate communication with
Earth. From the link budget analysis, each cycler will be equipped with two 0.35 m apertures to
send and receive signals to its respective Earth satellite. An additional 1.5 kW is required to
transmit the cycler communications signal. Because the required pointing accuracy for optical
communication is extremely high, the aperture must be mounted in a way that counteracts the
cycler's artificial gravity spin. We mount the antennas on the cycler by installing a wheel about the
propulsion module along the rotational axis of the cycler with a two-axis gimbal. The antenna is
attached to the free wheel, letting the antenna spin independently of cycler spin-up.
A final aspect of Cycler Comm is the optional communication capability with Mars.
Because each cycler has communication with Earth through the I-Comm system, each cycler can
also communicate with Mars with significant time delays. In addition, we design a separate
satellite to provide emergency video communication between Mars and the cyclers if necessary.
Although we still size this satellite’s solar panels to the Falcon Heavy, the Mars satellite draws
less power due to its greater proximity from the sun. For this reason, it has the capacity to
communicate with only four cyclers at a time. The solar panel, bus, aperture, and antenna sizes are
the same as the Earth satellite. A cycler can communicate with this satellite by positioning its
single high-gain aperture away from Earth and towards Mars. Using the cycler high-gain antenna
to communicate with Mars breaks the continuous communication requirement with Earth,
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therefore, it is only to be used during emergencies. Additionally, low-gain radio frequency
communication exists, giving every vehicle basic telemetry and messaging communications with
other systems. The total link budget analysis results for both Earth and Mars satellites are given
below in Table 5.6.2.2 and Table 5.6.2.3.
Table 5.6.2.2 Cycler Comm Earth Satellite Link Budget Analysis

Parameter

Units

Cycler to

Earth Sat to

Earth Sat

Cycler

Crosslink

Crosslink

Earth Sat to

Earth

Earth

Ground to

Ground

Earth Sat

Downlink

Uplink

Frequency

GHz

300E+03

300E+03

30

30

Path Length

m

4E+11

4E+11

35800

35800

Data Rate

Mbps

8.85

8.85

61.95

61.95

Transmitter Power

W

1500

1500

5

5

Transmitter Diameter

m

0.35

0.35

1

20

Pointing Error

deg

1.74E-04

1.74E-04

6.00E-03

6.00E-03

Line Loss

dB

-1

-1

-1

-1

Efficiency

-

0.5

0.5

0.55

0.55

Receiver Diameter

dB

0.35

0.35

20

1

Receiver Pointing Error

deg

0.000174

0.000174

6.00E-03

6.00E-03

Transmission Path Loss

dB

-0.5

-0.5

-0.5

-0.5

Receiver Temp

K

290

290

290

290

Margin

dB

1.58

1.58

8.43

8.43

Space Loss

dB

-366

-366

-214

-214

Power Received

dBW

-99.5

-99.5

Total Comm Power

W

10505

W

10505

Transmitted
Total Power Lost to
Thermal
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Table 5.6.2.3 Cycler Comm Mars Satellite Link Budget Analysis

Parameter

Units

Cycler to

Earth Sat to

Earth Sat to

Earth Ground

Earth Sat

Cycler

Earth Ground

to Earth Sat

Crosslink

Crosslink

Downlink

Uplink

Frequency

GHz

30

30

300E+03

300E+03

Path Length

m

1.71E+0

1.71E+07

4.00E+11

4.00E+11

7
Data Rate

Mbps

35.4

35.4

8.85

8.85

Transmitter Power

W

5

5

1500

1500

Transmitter Diameter

m

5

1

0.35

0.35

Pointing Error

deg

6.00E-

6.00E-03

1.74E-04

1.74E-04

03
Line Loss

dB

-1

-1

-1

-1

Efficiency

-

0.55

0.55

0.5

0.5

Receiver Diameter

dB

1

5

0.35

0.35

Receiver Pointing Error

deg

6.00E-

6.00E-03

1.74E-04

1.74E-04

03
Transmission Path Loss

dB

-0.5

-0.5

-0.5

-0.5

Receiver Temp

K

218

218

218

218

Margin

dB

5.49

5.49

2.82

2.82

Space Loss

dB

-207

-207

-374

-374

Power Received

dBW

-103

-103

Total Comm Power

W

6005

W

6005

Transmitted
Total Power Lost to
Thermal
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5.7 Structural Analysis
5.7.1 ITS Variants
5.7.1.1 ITS Cargo Capacity Determination
Unfortunately, SpaceX did not provide volumes for the Interplanetary Transport System.
They did provide 3-D concepts as well as animations that give a good idea of the overall shape of
the ship. In addition, a tank diameter and ship height are provided [1]. From these baseline values,
the height of both the pressurized volume (15.52 m) and cargo volume (5.32 m) were extrapolated
via a measuring tool in Adobe Reader. For the purpose of this report, which assumes a cargo-only
ITS, the length of these combined areas (from nose to aft) is 20.84 meters. The shape of the
pressurized volume is parabolic in nature and its 2-D shape can be modeled through a parabolic
equation. The vortex (top of the ITS) of this parabola is known as well as two additional points
(the bottom edges of the pressurized volume). These two points are known because SpaceX
revealed that their tank diameter (which has already been developed) is 12 m and this diameter is
tangential to the inner structure of the ITS. That being said, the inner diameter is known since the
fuel compartment of the ITS is flush with the cargo area. Its value is 12 meters [1], in accordance
with the tank diameter. Note that this value does not need to take into account the thickness of the
external structure because the tank, which is a known diameter, is an internal structure. Using
these points, a parabolic function, Eq. 14.1.1, is defined and is representative of a side-on view of
the upper portion of the ITS.
𝑦 = (−

15.52
) ∗ (𝑥 − 6)2 + 15.52
36

Eq. 5.7.1

Fig. 5.7.1 displays the accuracy of this equation’s estimation.
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Eq. 5.7.2

Fig. 5.7.1 A best guess curve to approximate the profile of the pressurized ITS area. Credit: Kyle
Ziesig and ITS image courtesy of SpaceX [1].

Using this equation, a relationship between height of the pressurized volume and radius is
created and then integrated over the height of the pressurized volume to give a total pressurized
volume of 877.6 m3 using Eq. 5.7.2.
2
15.52

∫
0

12
𝑦 − 15.52
𝑝𝑖 ∗ ( − (√
+ 6)) 𝑑ℎ
2
−0.431

To calculate the volume of the unpressurized cargo, we assume, based on available
portrayals of the ITS, that the diameter of this area is a constant 12 meters. We perform a simple
cylindrical volume calculation (Eq. 14.1.3) to find an unpressurized cargo volume of 601.7 m3.
𝑉 = 𝑝𝑖 ∗ 𝑟 2 ∗ ℎ

Eq. 5.7.3

These volumes combined lead to a total volume of 1479 m3 for the cargo-only iteration of
the ITS.
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5.7.1.2 Carbon Fiber Thickness Calculation
In order to get a sense of the existing radiation shielding aboard the ITS due to its carbon
fiber makeup, we perform an analysis to obtain an approximation for the thickness of carbon fiber
throughout an ITS. We know the structural mass of the ITS to be 150 Mg and use this as our
starting point. To obtain the masses of the 9 engines that make up the ITS, we approximate the
thrust-to-weight ratio to be 200 for both the sea level and vacuum raptors. We know that the thrust
of the sea level raptor is 3050 kN and the thrust of the vacuum raptor is 3500 kN. We solve for
engine weight using the thrust to weight ratio equation shown in Eq. 5.7.4.
𝑊 = 𝑇/200

Eq. 5.7.4

This leads to a mass of 3950 lbs. for the vacuum raptors and 3050 lbs. for the sea level
raptors. There are six vacuum raptor engines and 3 sea level engines total. This leads to a total
engine mass of 15.5 Mg, which we subtract from the 150 Mg structural mass. Next we determine
the surface area of the separate components of the ITS, including the internal components. We do
this using simple surface area calculations of various geometries. See the surface area breakdown
of the individual components below in Table 5.7.1.1.
Table 5.7.1.1
Cycler Component
Upper Paraboloid
Window
Upper Paraboloid – Window
Cargo (Includes Roof and Floor)
12 m fuel tank
2 small 4 m fuel tanks
Bottom Propellant Cone
External Shell of Propellant Area
Total

Surface Area [m2]
409.3
9
400.3
426.8
452.4
100.5
135.9
967.4
2483.3

We determine the mass of the windows by estimating their thickness and using a density
of 2.2*103 kg/m3 to obtain a large window mass of 653.8 kg. This value is also subtracted from
the 150 Mg structural mass. Now that we have an approximation of the surface area of the carbon
fiber we can find the thickness. We assume that SpaceX is using T1000G carbon fiber from
Toracaya, the most advanced carbon fiber created to date. T1000G has a density of 1800 kg/m 3.
The mass remaining after removing the engine mass and window mass of 134.1 Mg. Using Eq.
5.7.5 we find the volume of carbon fiber.
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𝑉 = 𝑚/𝜌

Eq. 5.7.5
From this we obtain a volume of 74.4 m of carbon fiber making up the structure of the
3

ITS. We divide this number by our surface area of 2483 m2 to obtain a carbon fiber thickness of
0.03 meters. This is approximately 1 inch thick. For a spaceship hull, this is considerably thick,
and more than likely, SpaceX has already worked some type of Whipple Shield design into their
current mass of 150 Mg. That being said, the ITS should provide substantial micrometeorite and
radiation protection during the spacecraft’s journey.
5.7.1.3 Center of Mass
To aid in the calculation of the Bigelow Cycler’s inertia tensor, we write a code to calculate
the center of mass of the ITS relative to the nose of the spacecraft with user inputs of propellant
mass and cargo mass. One major assumption that this code makes is that the ITS only varies in the
z-direction and is symmetric in the x and y directions regardless of cargo and propellant mass.
From our discussion in the previous section of the carbon fiber thickness, we can easily calculate
the masses and center of masses of each structural component of the ITS using standard geometry
calculations. We assume that the cargo center of mass is evenly distributed among the paraboloid
and cargo area as a function of their volume percentage in the spacecraft. From this we are able to
assign cargo masses to the pressurized area and cargo bay. We also make the assumption that the
propellant mass is centered in the middle of the tank regardless of fill. While this slightly throws
off the calculation of center of mass for an ITS with a partially filled tank, it accurately estimates
center of mass for both a fuel tank and empty tank. With all the components and their center of
masses accounted for, we use Eq. 5.7.6 to determine the center of mass of the ITS with respect to
the nose of the craft.
𝑧𝐶𝑀 =

∑𝑖 (𝑚𝑖 ∗ 𝑧𝑖 )
∑𝑖 𝑚 𝑖

Eq. 5.7.6

When we run our code we obtain similar results for different cases. For an empty ITS with no
cargo or propellant, the center of mass is 28.43 meters below the nose of the ITS. For an ITS full
of 1950 Mg of propellant and 300 Mg of cargo, the center of mass is 25.28 meters below the nose
of the ITS. For a semi-full case with 600 Mg of propellant and 250 Mg of cargo, the center of mass
is 23.75 meters below the nose of the ITS. This trend shows us that the bulk of the structural mass
is concentrated in the lower half of the ship and as propellant and cargo is added, the center of
mass moves slightly higher up towards the cargo bay of the ITS.
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5.7.2 Avalon Cycler
5.7.2.1 Cycler Design Trade Study
Once we determined that a cycler would be more effective than the Direct ITS option, a
trade study was completed to find which option was the most feasible. For this trade study, we
consider two designs. One of the two designs, the ITS Cycler, is considered because we have a
requirement from our customer to consider using SpaceX hardware wherever possible. The other
design we consider, the Bigelow Cycler, uses hardware that is still in the conceptual phase. We
assume technological advancement that enables this option to be just as viable as our SpaceX
option. Note that this trade study is only concerned with habitable space, and thus the designs
considered do not include power or propulsion considerations. Based on the parameters of the
trade study below, we recommend moving forward with the design of the Bigelow Cycler. This is
assuming the cost of construction is less than or equal to the cost of the ITS and that the control
problem associated with this configuration due to moments of inertia can be handled. Note that a
propulsion system must be designed for this cycler model in order to rotate the ship to create
artificial gravity. We find that the benefits of reduced ITS launches and the fact that ITS cargo
ships used to construct the Bigelow Cycler can be reused rather than attached to a cycler until the
end of their lifetime are substantial benefits that ultimately lead to the team’s decision.
5.7.2.2 Cycler Artificial Gravity
The team is given a goal to sustain artificial gravity of at least the Moon on the cycler. This
value is 1/6 Earth Gravity. Considering our cycler design, the goal was to keep the number of
rotations below 3 per minute in order to maintain passenger comfort. Even though the Bigelow
Cycler is the model being used, the number of rotations per minute is sized from reaching Martian
gravity on the cargo floor of the ITS Cycler. Eq. 5.7.7 is used to determine the frequency of
rotations per minute.
2 ∗ 𝑝𝑖 ∗ 𝑓 2
𝑎 =𝑟∗(
)
60

Eq. 5.7.7

Where r is the radius of rotation, f is the frequency of rotation, and a is the gravity caused by the
radius and frequency of rotation. Our r value is the sum of the B330 (17.3) meters and the height
of the parabolic area (15.52 m) and cargo area (5.32 m) of the ITS. We set a equal to Martian
gravity, which is 0.38G. From this, we obtain a frequency of rotation of 2.984 rotations per minute
needed to obtain Martian gravity on the cargo floor of the ITS. What this means for the Bigelow
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Cycler is that Lunar gravity is achieved approximately 7 meters into the Bigelow XL. More than
half of the Bigelow XL volume meets the customer’s requirement of Lunar gravity aboard the
cycler.
5.7.2.3 Bigelow Cycler Inertia Tensor
In order to aid the mission design team with orbital calculations, we develop a code to
calculate the inertia tensor of the Bigelow Cycler with a user input of true or false for if the ITS-T
is attached or not. To develop an accurate estimate, every component of the Bigelow Cycler is
considered as a separate item. The first step is to determine the center of mass of the Bigelow
Cycler in all 3 axes This is done using known cargo mass values, structural mass values, and user
input propellant mass. Once this value is known, the distance of each component must be found in
all 3 axes. Once these values are known, Equation 5.7.8 can be used to determine the individual
components of the inertia tensor.
[1,1] = ∑ 𝑚𝑎 ∗ (𝑥𝛼2 2 + 𝑥𝛼3 2 )
𝛼

[1,2] = [2,1] = − ∑ 𝑚𝑎 ∗ 𝑥𝛼1 ∗ 𝑥𝛼2
𝛼

Eq. 5.7.8

[1,3] = [3,1] = − ∑ 𝑚𝑎 ∗ 𝑥𝛼1 ∗ 𝑥𝛼3
𝛼

[2,2] = ∑ 𝑚𝑎 ∗ (𝑥𝛼1 2 + 𝑥𝛼3 2 )
𝛼

[2,3] = [3,2] = − ∑ 𝑚𝑎 ∗ 𝑥𝛼2 ∗ 𝑥𝛼3
Eq. 5.7.8 cont.

𝛼

[3,3] = ∑ 𝑚𝑎 ∗ (𝑥𝛼1 2 + 𝑥𝛼2 2 )
𝛼

Table 14.2.3 contains the results of a run with the ITS-T attached to the cycler. Note that
these values are old values and do not represent the final configuration of the Bigelow Cycler as it
has since changed slightly. These are the values used by the mission design team in their orbital
analysis.
Table 5.7.2.1: Inertia Tensor of Bigelow Cycler.
Inertia Tensor of Bigelow Cycler [kg.m2]
7.3565*108
0
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0
0

7.3565*108
0

0
4.1636*108

These inertia tensor results indicate that the Bigelow cycler is symmetric. This is a product of how
the Bigelow Cycler is designed and the assumptions that we make to perform this analysis.

5.8 Cycler Cargo Shipping Containers Analysis
5.8.1 Overview of Analysis
For this system we are designing crates to go in a Cargo ITS. Note that this variant would
only carry shipping containers. We realize that shipping containers alone may not be able to carry
all the heavy and large equipment that we will need when developing the colony. So keep in mind
that another, empty Cargo ITS variant will have to be used to carry the largest of equipment. Think
of this as a Cargo ship or tractor trailer; they mostly only carry cargo containers, but every once in
a while they have an open deck that can carry random and large, un-packable goods.
5.8.2 Analysis
To get the size cargo containers that an ITS-C2 will need, we started with a one dimensional
problem. The inner radius of the ITS is 12 m (radius 6 m). Of that space, 1 m was allotted to the
central crane, and there is another 2 meter area around the crane arm to move. That left about 10
meters to fit in the crates. An addition 2 meters was left for spacing the crates and for margin/error.
That left us with 8 meters, or 4 meters per side. That number was divided by 2, 3, or 4, depending
on how many crates we wanted per side to get the length of each container. For this analysis it
was decided that we will go with cube containers.

Fig. 5.8.2.1 Visualization of 1D Analysis of cargo containers.
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The next step of the analysis looked at the 2 dimensional layout for each layer of the crates.

We began with 2 crates per side or 2m crates. Initially we only looked at using only one size crate
at a type. However, after basic inspection it was clear that at 2m crates left two much empty space.
It was then decided to fill in the empty space with a smaller variant of crate, the 1 m crates, for the
2 m layout. The other layout analysis was a smaller size crate, the 1.3 m variant. Here again we
arrayed them in such as to maximize space. Next we counted the crates and then figured out the
volume for a layer of crates. In the 2 m layout, a layer was 2 meters, which meant that there were
12 2m crates and 48 1 m crates. The 1.3 m layout consisted of 36 crates in a 1.3 m tall layer. The
efficiency of 1 layer was then computed, i.e. the total volume all the crates versus the total volume
of a layer. For the 2 m layout the efficiency was 63.7% and for the 1.3 m layout there was 53.8%
packing efficiency. From this it was decided to go with the 2 m layout. The table below gives the
number for analysis, and the figures below show the layouts.
Table 5.8.2.1 Analysis of Container Layout

Metric

2 m Layout

1.3 m Layout

Number of Crates

12 (2m)

36

48 (1m)
Volume of Crates (m³)

8 (2m)

2.2

1 (1m)
Total Volume of Crates (m³)

144

79.1

Volume of Layer Cylinder (m³)

226.2

147

Efficiency of Volume

63.7%

53.8%
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Fig. 5.8.2.2 Top vie of the layout of the 2 meter and 1 meter crates.

Fig. 5.8.2.3: Top view of the layout of 1.3 meter crates.
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To find the capacity of the crates we looked up the capacity of current cargo containers.
We then took the mass capacity of the container and divided by the volume capacity of a container
to get a rough ‘capacity density’ of containers. This number decreased the larger a container is,
i.e. an 40 foot container will not be able to take loads that a 20 foot would be able to take because
of the longer length. We used a ‘capacity density’ number of about 659.8 kg/m3. We then also
found the thickness of a containers skin and used that number to find the mass of a container. To
get that mass we found the surface area of the cube and multiplied it by the thickness. We then
multiplied that number by the density of steel. Below is a table that summarizes my findings.
Table 5.8.2.2 Container Specifications

Container Variant

2m

1m

1.3 m

Length (m)

2

1

1.3

Thickness(m)

0.002

0.002

0.002

Mass (kg)

367

92

155

Capacity

2639

660

1115

5.9 Timeline
The active flee size is based on our population and the required number of crew that have to
be delivered to Mars in a cycle. Given this values and using the Cycler as our vehicle which can
carry 325 people, we can then determine the number if vessels need per cycle. The figure below
shows this over the course of the mission. For our mission it was determine that at cycle 10 the
population need to be delivered to Mars would remain constant. This has the benefit of allowing
us to keep out flee size constant from that cycle forward.
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ITS-T Fleet Size

Fleet Size

80
60
40
20

0
1

4

7 10 13 16 19 22 25 28 31 34 37 40 43 46
Synodic Period

Fig. 5.8.2.1: ITS-T fleet size over the mission. Credit: S. Fulton

With the delivery rates and number of vessels need per cycle determined, we can now find the
number of vehicles that must be construct for each cycle. From the figure below we can see that
the construction rate will repeat every 10 years. This repetition is due to retirement of vehicles
and their respective replacements being produced.

Transport Craft to be Built

Transport Craft Built per Cycle
12
11
10
9
8
7
6
5
4
3
2
1
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Synodic Period

ITS-Taxi

ITS-Tanker

Boosters

Fig. 5.8.2.2 The build rate of spacecraft over the course of the mission. Credit: S. Fulton
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Using all this information we can now find all the totals for the entire mission. In the figure below
we can see that the ITS-T’s require the largest number of vehicles to be created while the Boosters
and Tankers are fairly small in comparison.

Total Transprot Craft Built

Transport Craft Built over Time
400
350
300
250
200
150
100
50
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Synodic Period
ITS-Taxi

ITS-Tankers

Boosters

Fig. 5.8.2.3: Total spacecraft build over the course of the mission. Credit: S. Fulton

It should be noted that this was not the final population curve, or number of vessels need. This
was given as an example analysis of the process that was used to find the final number located in
the report.
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6. Mars In-Situ Resource Utilization
6.1 Initial Water Plant
6.1.1 Purpose
The initial design for the water plant was based on a trade study done by the team called
JFEET. We needed a way to extract water from the soil to provide for the colony. The study done
by this team tested out different methods of extracting water from the soil. Two methods they tried
stick out and could be used for collecting water.
Using microwaves to generate heat in Martian soil will cause water to evaporate. The mains
pros of this method are that it’s instant in generating heat, less moving parts, (means less room for
mechanical failure), and is reliable. The main drawback is that radiation caused from using
microwave energy can be hazardous to those involved in the process. Suits that can shield from
microwave radiation should help reduce these effects.
Another method from this team is using some sort of pot or kettle to heat the soil. This
method is useful but the cons may outweigh the pros. It uses conventional heating, (electrical) to
heat the soil and produce water vapor to be collected. The main problem with this, as since it uses
conventional heating, the energy requirement would be higher than using microwaves. It also isn’t
instant when it comes to heating, and has more potential to be clogged, requiring more
maintenance.
The team ultimately decided using microwave energy would be more efficient with an
addition of conveyor belt system and a sealed plexi-glass container to collect water from free water
vapor.

6.1.2 Outcomes of the Design
From this study, we looked at developing our own plant that could extract water from the
soil for the colony. The initial design had some flaws, but provided the blueprint to be improved
upon, which it was. For the initial design, it consisted of a conveyor belt system in which soil
would be brought upon the belt by a digging rover. A microwave is placed onto the belt with open
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flaps so that the soil can pass through the other side, while being heated. A pipe system was hooked
to it on top of the microwave, which would contain the water vapor released from the soil and
travel to the container it was connected to. From there the collected water vapor is sent through a
filtration system to then be condensed to water for the colony’s water needs.
The pros to this design include it being a feasible way of obtaining water from the soil. A lot
of the water on Mars is frozen in the polar regions, which are difficult to get to due to how cold
the temperature can get near the poles. As explained prior, the soil is heated up by the microwaves.
The main reason for choosing this method was similar to JFEET’s decision. It allowed the
microwave to heat the soil from the inside out to release water vapor to be collected using
microwaves and required less maintenance. Another pro of this design was that it allowed soil to
pass through without being clogged. This also reduces the need for constant maintenance. The last
pro of the system was that it did not take up a lot of space as a plant system. The table below lists
the mass, power and volume values of the plant at this stage.

Table 6.1.2.1 Mass, Volume, Power of Initial Water Plant

Total

Mass (Mg)

Volume (m3)

Power (kW)

Value

0.12

0.637

1.44

With the pros in mind, there are many faults to this system which were later improved upon.
A big problem was that the power output of the system was far too low to meet the water needs of
the colony. The initial water needs for the 100-person colony was determined to be around 6400kg
of water. It would take a lot more than 1 water plant of this design to meet these needs. It had to
process around 12,000kg of soil per day to meet just the 100-person colony’s needs. The amount
of systems needed to process this amount of soil was calculated by a series of formulas shown
below:
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𝑄 = 𝐶 ∗ 𝑚 ∗ ∆𝑇

(6.1.2.1)

∆𝑡 = 𝑄 ÷ 𝑃

(6.1.2.2)

𝑅∗𝑡 = 𝑆

(6.1.2.3)

𝑀÷𝑆 =𝑋

(6.1.2.4)

The variables are defined as follow: Q = Energy, C = Specific heat of water which is
4.186 Joules / grams * Co, ∆T = change in temperate which is assumed to be 0 Co, m = mass of
water found in soil which is assumed to be 30% of collected soil, in the case of 1kg soil it is
equal to 0.30kg water. ∆t = time, P = power of microwave which is 1.44 kilowatts, R = rate of kg
of soil processed per hour, this is determined by dividing one hour by ∆t, t = time which for
formula 1.4 is equivalent to 24 hours, S = rate of soil processed per day. M = total mass of soil
needed to be processed which is equal to 12,000 kg and X = number of water plants needed to
process that much soil.
Solving Eq. 6.1.2.1 gives Q to be around 126,000 joules. Plugging this into Eq. 6.1.2.1
gives ∆t to be 90 seconds. To get R in Eq. 6.1.2.3, we divided 1 hour by ∆t to result in 40kg of
soil per hour. Plugging this in results in S being equal to 960 kg soil per day. Finally, plugging
all this back into Eq. 6.1.2.4 results in X being equal to 18 systems.
This is the most significant con to this design. While one system does not take up a lot of
space, multiple systems can. At 18 for just 100 people, there would be numerous systems needed
to fulfill the water needs for 1,000,000 people! The amount of systems required would take up
too much space on ITS launches. The table below shows updated mass, power and volume for a
total of 18 systems.
Table 6.1.2.2 Total Mass, Volume, Power of all Initial Water Plants

Total

Mass (Mg)

Volume (m3)

Power (kW)

Value

2.16

11.47

25.92
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Another con to this system is that it cannot process regolith or larger clumps of soil. Soil
immediately gets placed on the conveyor belt to be processed, so there is no mechanism to crush
the larger samples of soil into smaller chunks that the microwave would efficiently heat up to
obtain water vapor. It would throw the rates off and ultimately fail to meet the needs of the
colony. This was later fixed in future designs of the water plant.
The last con to this system is the use of flaps for doors on the microwave. Initially, this
was an idea employed to make sure soil would not get stuck in the microwave which result in the
system failing. The main flaw to this is that the soil would not get heated up properly. The heat
generated from the microwaves would not be able to heat up the soil efficiently with the outside
air throwing off the heat. It would increase the time needed to heat up the soil resulting in not
meeting the water needs of the colony. In order to meet these needs, more systems would need to
be made, furthering the problem of ITS launches needed to supply the colony. This part of the
design is fixed in future designs of the water plant.
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6.2 Water Storage and Transportation
6.2.1 One Hundred Person Colony Water Storage
Using the 6.4 Mg of water per day figure initially obtained when developing the water plant,
we design a storage tank with the capability of holding one day's supply of water for the one
hundred-person colony model. Given that the density of liquid water is 1000 kg/m3, this tank must
have an inner volume of 6.4 m3 to store one day's supply of water.

Fig 6.2.1.1
An early model of a water extraction plant, including piping to an external water storage tank. Credit: A.
Judson

We design the tank as a cylinder with half-spherical end caps, similar to that pictured in
Figure 4 above. The tank is modeled to have a cylinder height equal to the cylinder radius, resulting
in a radius of 0.96 meters. The material used for the tank is stainless steel, as it is commonly used
in water storage tanks on Earth and has properties conducive to storing water. Standards dictate
that a stainless steel tank of this diameter and volume have a wall thickness of approximately 3
mm, resulting in a total tank mass of 463.5 kg and total volume of 6.55 m 3 [6-1-1]. Such a tank
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could also be buried 1 to 2 meters beneath the surface to relieve the load on the structure due to
the low Martian ambient pressure.
To keep the stored water in liquid form, we apply heat to the contents of the tank. Ambient
conditions on Mars will otherwise cause the water to take the form of a solid or gas, in which case
it will require later heating later to be useful to the colony. The amount of power required to heat
the stored water varies based on the time of year; more power is required in the winter, when
ambient temperatures reach as low as –120 degrees Celsius, than in warmer months. For the
purpose of this analysis, the average temperature of Chryse Planitia (-60 degrees Celsius) is used.
Existing formulas are used to calculate the amount of power required to heat the water to just above
0 degrees Celsius at Mars ambient pressure, placing the water in a liquid state just above the triple
point. Heating the water to this point requires a power input of approximately 3 kW [6-6-2].
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6.2.2 Million Person Water Storage
We previously determined that the water needs per day for the one million people colony
is 830 m3. That water needs to be stored and kept warm in a water tank. Indeed, if we leave it at
Martian temperature (-63 °C on average) [6-2-3], it will just freeze.
The tank itself must be large enough to hold 830 m3 of water. To design it, we will use a
basic shape composed of a cylinder and two hemispheres closing it on each end, as seen on next
figure.

Fig 6.2.2.1
This is a sketch of the water tank and its dimensions. Credit: A. Cocheril

The volume given by this configuration is:
7

𝑉 = 3 ∗ 𝑟3

(6.2.2.1)

So:
3

3

3

3

𝑟 = √7 ∗ V = √7 ∗ 830 = 4.837 𝑚

(6.2.2.2)

The radius of the hemispheres needs to be 4.837 m long. It will be rounded up to 5 m as a
water storage margin.
One of the most common material on Earth used to build water tanks is stainless steel [6-24]. We will use 440C stainless steel, which has a density of 7700 kg/m3 [6-2-5]. The thickness
commonly used for this material and this application is 3 mm.

Purdue University | PROJECT DESTINY

A.Cocheril| 6-8

Mars In-Situ Resource Utilization

The water tower needs to be high enough to deliver sufficient pressure to the whole colony.
The minimum water pressure requirement on Earth is 30 PSI (206 843 Pa). The pressure is given
by the following formula:
𝑃 = ⍴∗ 𝑔∗ ℎ

(6.2.2.3)

So we obtain this height:
𝑃

ℎ = ⍴∗ 𝑔
ℎ =

206 843
1000∗ 3.711

(6.2.2.4)
= 55.7 𝑚

(6.2.2.5)

The tank needs to be 55.7 m higher than the habitations.
Two main designs for water towers are found on Earth. The first one consists of placing the
water tank directly on top of the pipe where the water will flow. The pipe is extra thick so it can
hold the water tank (Fig 6.2.2.2). For the second design, the water tank is held by four beams and
is connected to the pipe without exerting much pressure on it (Fig 6.2.2.3).

Fig 6.2.2.2
The water tank is placed on an extra thick pipe. Credit: A. Cocheril
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Fig 6.2.2.3
The water tank is held by four beams. Credit: A. Cocheril

To choose the best configuration for our case, we need to run some analysis on both these
designs.
The first test determines whether the wind has an impact on the structure. Since the tower
is high, we need to take this into account.
The maximum speed of wind on Mars is 30 m/s, reached during storms. The pressure
corresponding to this is:
𝑃 = 0.5 ∗ ⍴ ∗ 𝑉 2 ∗ 𝐶𝑥
𝑃 = 0.5 ∗ 0.02 ∗ 302 ∗ 0.45 = 4.05 𝑃𝑎

(6.2.2.6)
(6.2.2.7)

By running structural analysis on Catia V5, we determine the maximum translation that the
tower suffers due to these perturbations.
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Fig 6.2.2.4
We observe the impact of the wind on the first design. The maximum translation that it suffers is
0.0372mm. Credit: A. Cocheril

Fig 6.2.2.5
We observe the impact of the wind on the second design. The maximum translation that it suffers is
0.0203 mm. Credit: A. Cocheril

Purdue University | PROJECT DESTINY

A.Cocheril| 6-11

Mars In-Situ Resource Utilization

We also verify how the different forces and pressures exerted on the tower can impact its
structure.
The water inside the tank exerts the following pressure:
𝑃 = ⍴∗𝑔∗ℎ
𝑃 = 1000 ∗ 3.711 ∗ ℎ = 3711ℎ 𝑃𝑎

(6.2.2.8)
(6.2.2.9)

The pressure caused by water changes according to the height of the tower.
The gravity on Mars is [6-2-3]:
𝑔 = 3.711 𝑚/𝑠 2

(6.2.2.10)

𝑃 = 636 𝑃𝑎

(6.2.2.11)

The air pressure on Mars is [6-2-3]:

Once again, we run structural analysis on Catia V5 to see the impact of these forces.

Fig 6.2.2.4
We observe the impact of different forces and pressure on the first design. The maximum translation that
it suffers is 1.05mm. Credit: A. Cocheril
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Fig 6.2.2.5

We observe the impact of different forces and pressure on the second design. The maximum translation
that it suffers is 0.793mm. Credit: A. Cocheril

We also obtain the volume and mass of steel needed to build the water towers through Catia V5.

Table 6.2.2.1 This table summarizes the characteristics of both water tower designs.
Design

Wind Test

Forces/Pressure Test

Volume

Mass

Water tank on pipe

0.0372 mm

1.05 mm

985 m3

7585 Mg

3

3827 Mg

Water tank held by beams

0.0203 mm

0.793 mm

497 m

Both designs withstand the tests. The maximum translation that the tower suffers is
insignificant. The main difference concerns the mass and volume of material needed for each
structure. The second design clearly requires less quantity of material. Therefore, it is the best
design.
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The dimensions of the water tower are the following (dimensions are in mm):

Fig 6.2.2.6
The water tank is held by four beams and is 55.7 m high. Credit: A. Cocheril

This design would be optimal. However, it induces important construction constraints.
Indeed, to assemble the different components, we would need a crane at least 70m high that would
have to be shipped from Earth.
The height of the tower can be reduced by placing it on top of a hill. If we use a 55.7m high
hill, we’ll just have to place the water tank on top of it.
We don’t know with certitude that there will be a hill near the colony. Since we’re going
to extract a very large amount of soil to build the different quarries, we can use this soil to “build”
a hill.
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This means that the water tank can lay on top of the hill. The central pipe will go through
the hill until it reaches ground level, where it will be connected to the pipeline bringing the water
to the colony. It doesn’t need to be extra thick as stated in the first water tower design, because the
hill is supporting the constraints caused by the water tank, and not the pipe anymore. We’re
basically replacing the supporting beams from the previous design by a hill. Next figure shows the
final design of the water storage system.

Fig 6.2.2.7
The water tank lays on top of a 55.7m high hill. Credit: A. Cocheril

This new design requires less amount of steel.
Table 6.2.2.2 This table states the required amount of steel to build the water storage system.
System

Capacity of water tank

Volume of steel

Mass of steel

Water storage

830 m3

2.172 m3

17.072 Mg
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The water needs to be pumped through the main pipe to get to the water tank. The pump
is located at the bottom of the pipe and will push the water until it reaches the tank. The power
needed to pump water 55.7 m high is [6-2-6]:
𝑃 = 𝑄∗ℎ∗𝑔∗⍴

(6.2.2.12)

With Q being the flow of water that goes through the pipe:
𝑄 = 830 𝑚3 /𝑑𝑎𝑦 = 9.606 ∗ 10−3 𝑚3 / 𝑠

(6.2.2.13)

The power needed for pumping is:
𝑃 = 9.606 ∗ 10−3 ∗ 55.7 ∗ 3.711 ∗ 1000 = 1.986 𝑘𝑊

(6.2.2.14)

We need to install a heating system inside the water tank to keep it above freezing
temperature at all time. The goal is for the water to be at least 1°C. Since the average temperature
on Mars is -63°C, we will have to heat up the water by 64°C.
The power needed to heat 380 m3 of water is [6-2-7]:
𝑃 =

𝑚∗𝑆𝑐 ∗𝛥𝑇

(6.2.2.15)

3600

With Sc being the specific heat capacity of water, which is 4187 J kg-1 K-1. So:
𝑃 =

830 000∗4187∗64
3600

= 61 782 𝑘𝑊

(6.2.2.16)

We’ll need to supply continuously the water tower with 61,782 kW on average in order to
keep the water from freezing. Depending on the time of day and the season, we will have to
increase the power according to the temperature decrease and vice versa.
The reactors used in the colony produce excess heat that can be used to warm the water. The
working fluid will run through a steel pipe and warm up the water.
Since we now know the different components necessary to ensure the water tower’s proper
functioning, we can estimate the cost of this system.
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The water tower is made out of steel. It will be shipped from Earth, because this system
needs to be operational as soon as possible. The cost of steel being $395/Mg [6-2-8], it will cost
$6 743 to build a 17.072 Mg heavy water tower. We also need to bring the pump from Earth. The
average cost for a pump fulfilling these capacities is about $500. Since we’re using waste heat
from the reactors to heat the water tower, we don’t need to produce anything to keep it warm.
One water tank is designed to sustain 1 million people. We will just need to build one, and
to ship the necessary material for one. These numbers represent the total cost of materials delivered
to Mars over a 100 years.

Table 6.2.2.3 The pump and the structure need to be shipped from Earth.

Components

Cost ($)

Margin for cost (%)

Structure

6 743

10

Pump

500

20

Heating System

0

0

Total

7 243

11

We also need to consider the different possible failure modes. This will help us prevent and reduce
risks.
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Table 6.2.2.4 This FMECA Table summarizes different failure modes for the water tower
Probability of failure

Description of

Effects of failure

failure

on the system

Power Failure

Pump stops

Backup power

working. Colony is

Risk mitigation

relative to

Mean time

deployment

to failure

generator.

7.5 x 10-3

60 years

Maintenance

1.2 x 10-2

20 years

1 x 10-5

20 years

1.3 x 10-5

20 years

1 x 10-5

30 years

left with one day
worth of water.

Leak

Loss of water for

[6-2-9]

colony, or water
freezes if pipe is
from heating
system.

Overpressure

Pipes leak. Pump

Regulation

[6-2-10]

can explode.

system.

Overheating

Pump can explode.

Shut the pump

[6-2-10]

down and wait
for it to cool
down.

Tower collapses.

Structural

Structure Failure

Pipes break, water

analysis.

[6-2-11]

can’t be delivered
to colony anymore.
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Water Storage Failure Fault Tree

Power
Failure

Leaks

Pump

Water
Pipe/ Tank

Water isn’t
being pumped
anymore.
Colony can
survive one
day with the
water already
in the tank.

Not enough
water for
the colony.

Overpressure

Heating
System

Tank/pipe is
not warm
enough, water
freezes.
Pipe/Tank
cracks or
breaks.

Water
Pipe

Water not
delivered to
colony. Loss
of food.
Possible
human loss.

Overheating

Pump

Explosion. Loss
of pump and
tower. Possible
human loss.

Heating
System

Water
Tank

Water
freezes.
Water pipe
breaks.

Tank
collapses.
Possible
human loss.

Fig 6.2.2.8
The system fault tree summarizes the different event that can cause a failure and their consequences.
Credit: A. Cocheril
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The five main reasons for which the water storage system can fail delivering water to the
colony are a power failure, pipes leaking, overpressure, overheating or a structure failure:
Power failure: the pump requires constant power supply. It is only needed to pump the
water into the tank, but not to deliver the water from the tank to the colony. Indeed, the tank is
high enough to deliver a sufficient pressure to the colony without needing a pump. Therefore, the
colony can survive without a pump with the water that is already inside the water tank, which is
worth one day of water needs. If the power isn’t restored within a day, the colony won’t have any
water.
Leaks: if the leak is very important, there will be high water losses and the colony could
not have enough water for a day. If it concerns a pipe in the heating system, the working fluid will
leak. If losses are important, there might be not enough fluid left for it to be hot enough to warm
up the water. Water in pipe and tank could freeze, which would weaken the structure, and possibly
create cracks. Moreover, the frozen water would not circulate anymore and the colony wouldn’t
have any water. Unfreezing the water stuck in the pipe would be a complicated process. Moreover,
if the pipes are deteriorated, we would have to change them.
Overpressure: overpressure in the pipes would cause them to leak and induce the same
problems as stated above. Overpressure of the pump could cause it to explode. This would
deteriorate the system structure, and could harm any person located near it. The whole system
would need to be repaired.
Overheating: overheating of the pump could also make it explode.
Structure failure: if the water pipe breaks, the water won’t be able to reach the colony. It
would need to be replaced. If the heating system pipe breaks, the water wouldn’t be kept warm
anymore and would freeze. Once again, the water wouldn’t reach the colony and this would
deteriorate the structure. If the water tank collapses, we would have to rebuild everything and the
colony wouldn’t have any water storage system for days, even weeks.
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We develop a set of strategies to prevent the water storage system from failing.

Table 6.2.2.5 There is a solution for each possible failure.

Description of
failure
Power Failure

Risk mitigation

We use a backup power generator that will

Cost of Improved

Improved

strategy

probability

mean time

of failure

to failure

$400

7.5 x 10-5

60 years

$70/L

7.7 x 10-3

20 years

take over whenever there’s a power failure.

Leaks

Maintenance: prevent corrosion by
regularly putting on an epoxy coating [10].

Overpressure

Install a pressure relief valve.

$15

4.9 x 10-6

20 years

Overheating

Have continuously water flowing through

$0

1.3 x 10-5

20 years

$0

1 x 10-5

the pump. If pump does overheat, shut it
down and wait for it to cool down [11].

Structure

Structural analysis on design. Good

Failure

maintenance.

50 ears

6.2.3 Million Person Water Storage
In order to serve the colony with water, we need a pipeline system. Since the habitations are
located underground, so will be the pipes. The three materials that are most commonly used on
Earth to build water pipes are PVC, copper and galvanized steel [6-2-14].
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Table 6.2.3.1 This table summarizes the possible materials that can be used and some of their
characteristics.
Pipe Type

Diameter (m)

Thickness (mm)

Main Pipe

0.2032

8.18

Habitat Pipe

0.0508

3.91

One of our highest priority is to minimize the number of launches and the mass that we’re
bringing from Earth. Since there is iron on Mars, it is possible to manufacture steel there. By doing
so, we would be able to build the pipes directly on Mars. This would also make the colony more
independent: if a pipe needs to be repaired or changed, we would have everything we need on
Mars and wouldn’t have to wait for the next launch to receive the spare parts needed.
For these reasons, we choose to use steel to build the colony’s pipe system.
The colony needs two different types of pipes. A main pipe will bring the water from the water
plant to the water tank. Smaller pipes will go from the water tank to each habitat and facility that
requires water. Since these pipes serve different function, they will transport different amount of
water and therefore will be sized differently. We determined their dimensions based on the pipes
used on Earth [6-2-15], [6-2-16].

Table 6.2.3.2 Each type of pipe has different dimensions.

Pipe Material

Density (g/cm3)

PVC

Thermal Conductivity
-1

-1

Can be manufactured

(W m C )

on Mars?

1.4

0.19

Unlikely

Copper

8.96

386

Unlikely

Galvanized Steel

7.8

52

Yes

The temperature on Mars is on average -63°C. We need to keep the pipes warm at all time
to prevent the water inside them from freezing. Adding to the fact that it would stop the water from
circulating, it would also damage the pipes.
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We can either use electric power or the excess heat from the colony’s nuclear reactors to
keep the pipes warm.
We use a resistance wire, which is protected by a copper tube, since it shouldn’t be in direct
contact with water. The wire is either taped outside the pipe or put inside it. These two
configurations are shown on next figure [6-2-17].

Fig 6.2.3.1
These are two different ways resistance wires can be used. It is represented in red. Credit: A. Cocheril

We need to compare the power required, mass and volume of the resistance wire in each
configuration to choose the best one.
The power needed is equivalent to the thermal flux going through the pipe, which is given by:
ɸ=
With:

𝑇𝑤−𝑇𝑜
R

(6.2.3.1)

ɸ: thermal flux,
Tw: Water temperature,
To: Outside temperature,
R: Resistance of system
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To determine the resistance of each configuration, we need to consider every layer of material
until we reach the water. The materials present are Martian soil (which is mostly composed of
silicon dioxide), copper (protecting the resistance wire), steel (used for the pipe) and water. We
need the thermal conductivity of each material, given in the next table [6-2-18], [6-2-19].

Table 6.2.3.3 These are the thermal conductivities of each material encountered in the system.
Material

Thermal Conductivity (W m-1 C-1)

Silicon Dioxide

1.4

Copper

386

Steel

52

Water

0.6

Let’s consider the “Heat tape” configuration. We determine the resistance by adding the
resistance of each material:
𝑅 = 𝑅𝑠 + 𝑅𝑡 + 𝑅𝑝 + 𝑅𝑤
𝑅=

1
λs∗2∗π∗rt∗L

𝑟𝑡
ro

ln( )

𝑟𝑜
ri

ln( )

(6.2.3.2)
1

+ λt∗2∗π∗L + λp∗2∗π∗L + λw∗2∗π∗ri∗L

(6.2.3.3)

Note: s refers to Martian soil
t refers to heat tape
p refers to pipe
w refers to water
With: R: Resistance
λ: Thermal conductivity
ri: Inside radius of pipe
ro: Outside radius of pipe
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rt: Outside radius of heat tape
L: Length of pipe

Note: The heat tape has a 4mm thickness. As the pipe diameter increases, we need more
heat tape to cover the whole surface.
We use the same principle to determine the power needed to warm the water with the
“Internal Pipe Heater” configuration.
𝑅 = 𝑅𝑠 + 𝑅𝑝 + 𝑅𝑤
𝑅=

1
λs∗2∗π∗ro∗L

𝑟𝑜
ri

ln( )

(6.2.3.4)
1

+ λp∗2∗π∗L + λw∗2∗π∗ri∗L

(6.2.3.5)

Knowing only the power requirements is not sufficient to compare the two configurations.
We want to know the mass and volume of resistance wire required.
The surface of tape heater required per section is:
𝑆 = 𝜋 ∗ 𝑟𝑡 2 − 𝜋 ∗ 𝑟𝑜2

(6.2.3.6)

The internal pipe heaters used on Earth have a 4mm radius [6-2-20]. The surface of internal
pipe heater required per section is:
𝑆 = 𝜋 ∗ 0.0042 = 5.026 ∗ 10−5 m²

(6.2.3.7)

We obtain the volume by multiplying each surface with the desired length of pipe. Then
we can determine the mass of resistance wire by multiplying the volume with its density, which is
8960 kg m-3.
Writing a code enables us to obtain the mass, power and volume of resistance wire required
for each diameter of pipe. The calculations are made for pipes 1km in length. We chose this number
arbitrarily to compare the two configurations.
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Fig 6.2.3.2.
The power requirements for each type of heater are nearly equivalent. Credit: A. Cocheril

Fig 6.2.3.3
The Heat Tape Configuration is heavier than the other one. Credit: A. Cocheril

Purdue University | PROJECT DESTINY

A.Cocheril| 6-26

Mars In-Situ Resource Utilization

Fig 6.2.3.4
The Heat Tape Configuration also requires more volume. Credit: A. Cocheril

Since the resistance wire cannot be built on Mars, we will have to send it from Earth. To
reduce the cost and number of launches, we have to choose the configuration that requires the least
amount of resistance wire. Therefore, we will retain the Internal Pipe Heater configuration.
Using electric power requires that we produce electricity especially for the heating system.
We also need to ship resistance wires from Earth. Using excess heat doesn’t require any production
of power since the heat we are using already exists and is not used. Moreover, we can manufacture
the steel pipes through which the working fluid will go directly on Mars: we don’t have to ship
any material. For these reasons, we will use the excess heat from the reactors to heat up the water
pipelines.
We need to know the general layout of the piping system to determine the length of pipes we’ll
need to manufacture and keep warm. We assume here that the water tower will be located 50m
away from the nearest quarry, and the water plant 21 370m away from the water tower. Next figure
shows the general layout of the piping system. Note: figure is not to scale.
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50 m

2168 m

Pipes to quarries

21 370 m

Water
plant

5420 m

Main pipe Water
tower

542 m

Quarries

542 m

Fig 6.2.3.5
This is the general layout of the piping system. Each square represents a quarry, and each one of them is
served by a pipe. Credit: N. Gross and A. Cocheril

The point of contact between each quarry and the pipe serving it is the center of the quarry.
Each quarry is a 522m x 522m square. We add 20m to each side of a quarry to represent
the distance between them.
The total length of the main pipe is 21 370m. The total length of the “quarry” pipe is:
𝐿 = (2168 − 271 + 50) ∗ 10 + (5420 − 542) = 24 348 𝑚

Purdue University | PROJECT DESTINY

(6.2.3.7)

A.Cocheril| 6-28

Mars In-Situ Resource Utilization

6.2.4 Million Person Water Storage
It is pertinent to the colony that we understand how materials should be transported
throughout the colony and piping was one of the most obvious ways to do so. There are many
types of metals that can be used for piping but the most common types are carbon steel, stainless
steel and alloy. For the purposes of transporting water and fuel, the pipes have to be heated [6-221], [6-2-22]. The surface temperature of Mars is so cold that the water and fuel would freeze. In
this section we will look at using electric wire, steam wrap, heat exchangers or insulation.
In the case of the electric wire wrap, the entire piping system would be wrapped in wire
that emits electricity that would then keep the fluids to an above freezing temperature. This method
requires very little mass but lots of time to wrap all of the piping.
The steam wrap method involves installing a large pipe around the existing pipe and using
heat from steam to keep the pipes warm [6-2-23]. This method is usually combined with a system
that produces excessive amounts of waste steam and can be combined with insulation. The amount
of piping needed would increase dramatically but the power needed would be none because ideally
it would recycle steam that the system is already producing. The insulation material can be a
variety from fiberglass to charcoal Styrofoam and is also wrapped in sheet metal to protect the
insulation material.
Finally, the heat exchangers allow from long stretches of pipe and then the pipe would go
through a heat exchanger to be heated and then back out to another long stretch of pipe. Inside the
heat exchanger consists of an inner piping system that consists of one set of very hot liquid filled
pipes and another set of very cold liquid pipes. In this process, the very hot pipes would come from
a component in the colony that runs very hot fluid and would use that to warm up the liquid in the
cold pipes [6-2-27]. Using this method requires that the piping be within the colony and near
components that produce hot fluids otherwise power would be required to heat the cold fluid.
A code from matlab was used to determine which metal would be best suited to use for the
pipes. Within the code, six metals are compared: Admiralty Brass, Carbon Steel, Copper bronze,
Iron pure, Nickel, and stainless steel. The code uses formulas that calculate heat transfer rates
associated with the thermal conductivity of each metal [6-2-25]. The metal chosen will be the one
that transfer the least amount of heat through a pipe with a certain inner and outer diameter [6-2Purdue University | PROJECT DESTINY
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24]. The other variables to consider for the heat transfer rates are: length of pipe, temperature of
the fluid, outside temperature, and whether the pipe is insulated or not. Final numbers on potential
amount of piping are based upon the layout of the colony and outer colony sites.
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6.2.5 Piping Demands for the Water System
The water system on Mars pipes water between multiple facilities. This creates a large
demand for the steel from the metal refinery that needs accounting for. In order to organize the
piping, we establish two main sets. The first is the water system piping which includes the large
pipeline which travels from the Water Plant to the Water Storage Unit and the pipelines that deliver
water from the Water Storage Unit to the quarries. The second set of piping includes all piping
within the quarry that transport water to the individual habitat and farming cylinders. First, we
analyze the water system piping.

Fig 6.2.5.1
Layout of Water System Piping. Credit: Aurelie Cocheril and Nathan Gross
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Portrayed above Fig 6.2.5.1) is the layout for piping within the water system. Black lines
represent structures such as the Water Plant and Storage and quarries. Blue lines represent piping.
Note that dimensions given have since been changed. As reported by the Surface Operations team,
the location of the water clay resources is located 21 km from the colony. With this, we determine
the length of the large pipeline. The thickness of the pipe is determined by the insulation and
pressurization requirements. The diameter of the pipe is calculated based upon the flow rate
Bernoulli’s continuity equation for steady flow.

4𝑞

𝐷 = √𝜋𝑣

(6.2.4.1)

This comes out to be 8.18 mm and 0.2032 m for the thickness and diameter of the large
pipeline respectively. In Eq. (6.2.4.1), D is pipe diameter, q is flow, and v is the velocity. We
assume v = 1 m/s based on the standard water velocity in low flow piping [6-2-28]. In order to
calculate the mass, we employ the equation for volume of a cylinder.
𝑉 = 𝜋𝑟 2 𝑙

(6.2.4.2)

Here, l is the length of the pipe and r is the inner radius. We elaborate upon this equation
by adding thickness, t, to the radius in order to attain an outside volume of the pipe. We then
subtract the inner volume from the outside volume to get the complete volume of the pipe.
𝑉 = 𝜋[(𝑟 + 𝑡)2 − 𝑟 2 ]𝑙

(6.2.4.3)

From Eq. (6.2.4.3) we get that the volume of the main pipeline is 114.1 m3.
𝑚 =𝜌∗𝑉

(6.2.4.4)

Lastly, we multiply the volume by the density of steel, which is 8.05 Mg/m3. This gives us
a mass of 918.3 Mg for the main pipeline. This pipeline will be constructed only once at the
beginning of the mission as it is imperative to the completion of the first habitats.
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Next, we calculate the pipelines which supply water from the water storage to the quarries.
We see that there are three different lengths of piping required. As presented in 25,000 Inhabitant
Quarry City, each quarry is 522 m in length and width. We set this equal to the length of our piping
between each quarry. Then we notice that two pipes are directly connected to the Water Storage
that are half a quarry’s length, or 261 m. The third length of piping in this schematic is 50 m and
it is equal to the distance between the Water Storage and the nearest quarry. Because these pipes
have a lower flow, the diameter and thickness have also reduced to 0.0508 m and 3.91 mm
respectively.
The mass of the piping required for this secondary stage of the water system varies every
synodic cycle depending on the quarry that is being constructed. As given by the 25,000 Inhabitant
Quarry City, the first quarry will be completed by the third synodic cycle. After that, one quarry
will be constructed every synodic cycle until the population demands are met by cycle 42.
Therefore, the demand for piping for the first quarry will require a 50 m portion and two 261 m
portions of piping. During the next synodic cycle, as the second quarry is constructed, there will
only be a single 522 m length of pipe required. After the first four quarries have been completed,
the following cycle will require another 50 m and two 261 m portions of piping. This pattern will
continue until all quarries have been completed.
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Fig 6.2.5.2
Piping layout within a quarry. Credit: Kyle Ziesig

Because the quarry piping layout (Fig 6.2.5.2) has a similar design to the layout for the main
water system, we take a similar approach to calculating the mass. The length of the total piping
within the quarry is 25,620 m, shown by the lines interconnecting the habitat cylinders. However,
the flow through these pipes is substantially lower than the previous stages of piping.
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Fig 6.2.5.3
Bernoulli’s continuity equation for steady flow suggests a quadratic relation between flow and pipe
diameter held at constant velocity. Credit: Hans Duong

Each quarry demands 200 m3/day of water for 25,000 people. Given that this flow is
divided amongst over 500 combined habitat and farm cylinders per quarry, the suggested pipe
diameter from Error! Reference source not found. is roughly 1 mm. This pipe diameter is highly
unreasonable. Therefore we make the compensation of decreasing the velocity of the water in order
to use the same diameter and thickness of pipe that are used in the secondary stage of the main
water system piping layout.
Since we know that one quarry is constructed every synodic cycle, we reason that the
demand for piping within the quarry will be the same for every cycle until all quarries are
completed. From Eq. (6-2-30) and (6-2-31) we calculate the mass of piping per quarry is 138.6
Mg. This concludes the analysis of calculating the demand for piping in the water system. Below
(Error! Reference source not found.) is a timeline that depicts the demand for steel required for
pipes during each synodic cycle.
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Table 6.2.5.1 Mass of piping required for water systems
mass of system piping

mass of quarry piping

synodic cycle

(Mg/synodic cycle)

(Mg/synodic cycle)

total sum (Mg)

1

0

0

0

2

0

0

0

3

921.3887381

138.6015

138.6015

4

2.823965336

138.6015

277.203

5

2.823965336

138.6015

415.8046

6

2.823965336

138.6015

554.4061

7

3.094460099

138.6015

693.0076

8

2.823965336

138.6015

831.6091

9

2.823965336

138.6015

970.2106

10

2.823965336

138.6015

1108.812

11

4.506442767

138.6015

1247.414

12

2.823965336

138.6015

1386.015

13

2.823965336

138.6015

1524.617

14

2.823965336

138.6015

1663.218

15

4.506442767

138.6015

1801.82

16

2.823965336

138.6015

1940.421

17

2.823965336

138.6015

2079.023

18

2.823965336

138.6015

2217.624

19

4.506442767

138.6015

2356.226

20

2.823965336

138.6015

2494.827

21

2.823965336

138.6015

2633.429

22

2.823965336

138.6015

2772.03

23

4.506442767

138.6015

2910.632

24

2.823965336

138.6015

3049.233

25

2.823965336

138.6015

3187.835

26

2.823965336

138.6015

3326.436

27

4.506442767

138.6015

3465.038

28

2.823965336

138.6015

3603.639
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29

2.823965336

138.6015

3742.241

30

2.823965336

138.6015

3880.842

31

4.506442767

138.6015

4019.444

32

2.823965336

138.6015

4158.046

33

2.823965336

138.6015

4296.647

34

2.823965336

138.6015

4435.249

35

4.506442767

138.6015

4573.85

36

2.823965336

138.6015

4712.452

37

2.823965336

138.6015

4851.053

38

2.823965336

138.6015

4989.655

39

4.506442767

138.6015

5128.256

40

2.823965336

138.6015

5266.858

41

2.823965336

138.6015

5405.459

42

2.823965336

138.6015

5544.061

43

0

0

5544.061

44

0

0

5544.061

45

0

0

5544.061

46

0

0

5544.061
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6.2.6 Cost and Failure for Piping
Both the water pipeline and the heating system pipeline are made out of steel. We’ll be
able to produce this material on Mars on the long term. However, we still need to ship a certain
amount from Earth for the first colonist, since the metal production plant won’t be ready yet, and
they will need the pipelines right away.
We will have to ship 1059.99 Mg of steel for the pipeline. It will cost $ 418 696 to build this
amount of steel (recall: the cost of steel is $395/Mg). Since the heating system will make a loop
(back and forth to the reactors), we make the assumption that we will need twice as much steel
than for the water pipeline. The cost for the heating system pipeline is $ 837 392.

Table 6.2.6.1 No material will need to be shipped from Earth.

Components

Cost ($)

Margin for cost (%)

Pipeline

418 696

10

Heating system

837 392

10

Total

1 256 088

10

We also need to consider the different possible failure modes. In the previous chapter, when
studying failure modes and risk mitigations of the water storage, we also studied the pipe attached
directly underneath the water tower. The pipeline system has the same risks of failure as this pipe,
and the solutions presented to prevent failure are the same.
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6.2.7 Booster Pumps
There were two limiting factors for choosing a pump to perform on Mars: the low
atmospheric pressure and the low demand for water. To avoid water sublimating from low
pressure, we required a pump that could provide constant high head pressure at considerably low
flows. While the typical Metering pump is known for producing high pressure in low flow, it
operates on a reciprocating positive displacement pump which would fail in a pressurized
system.

Fig 6.2.7.1
Section View of Single Impeller in a Booster Pump. Credit: Hans Duong

The Booster pump presents itself as the next best option. This pump is a centrifugal
multistage-impeller pump. In Fig 6.2.7.1 above, the single rubber impeller rotates counter
clockwise. As it squeezes against the cam at the top of the casing, a pressure differential is formed
which sucks the liquid through. In order to prevent backwash, the total pump will be five
consecutive iterations of this impeller. This also helps to increase the pressure of the water system.
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Fig 6.2.7.2
Trend line for Power and Flow for Booster Pumps. Credit: Hans Duong

To determine the power of the pump, we collected data from several different companies for
the wattage and the maximum flow of a booster pump that provides 50 psi of head pressure. We
then plotted all of those data points. Fig 6.2.7.2 shows the trend line created from the scatter plot.
From this trend line we determine the power need for any pump within the water system
based on the flow that it services.

Table 6.2.7.1 Power needs for main pipeline

Flow Rate (m3/day)

Pipe Diameter (m)

Power (kW)

300

~1

0.0038

0.2274

1,000,000

830

0.1106

4.870

Population
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We can see in Table 6.2.7.1, at the first synodic cycle when the population is 300, the water demand
for the colony is just around 1 m3/day. From Eq. (6.2.4.1) in the piping section of the report, the
diameter of a water main servicing this flow would be 3.8 mm and the power required to run it is
0.2274 kW. Given the small diameter, this pipe would more than likely need to compromise
velocity for a larger diameter. More realistically, for the 1,000,000 population the flow will be
around 830 m3/day. This pipeline will have a diameter of 0.1106 m and require 4.870 kW of power
to run with a head pressure of 50 psi.
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6.3 Propellant Production Analysis
6.3.1 Purpose
Part of the mission requirements laid out by Elon Musk required the return of the SpaceX
Interplanetary Transport System (ITS) back to Earth. This means we need to create a system for
producing, storing and refilling the ITS with propellant on Mars. Based on the information
provided by SpaceX the Interplanetary Transport System uses liquid oxygen and liquid methane
to power the Raptor engines. If we assume worst case scenario to return an ITS we will produce
1950 Mg of propellant, this is the maximum capacity of the ITS. (Richardson, 2016) With the
approximate oxidizer to fuel ratio of 3.8 needed to run the Raptor engines, the spacecraft holds
1544 Mg of O2 and 406.3 Mg of CH4. (Urban, 2015) As a result the propellant production system
needs to synthesize Methane and Oxygen on Mars using the available resources or minimizing
Earth delivered material.

6.3.2 Sabatier Reaction
The Sabatier reaction is the best way to use the available resources to produce Methane on
Mars. Eq. 6.3.2.1 is the first step in the process, by combining carbon dioxide and hydrogen at
about 400° C we produce water and methane. (Dice & Dice, 2000)
𝐶𝑂2 + 4𝐻2 = 𝐶𝐻4 + 2𝐻2 𝑂

(6.3.2.1)

Since the reaction does not produce any oxygen the water is broken down further in an
electrolyzer to produce hydrogen and oxygen gas.
2𝐻2 𝑂 = 2𝐻2 + 𝑂2

(6.3.2.2)

We recycle the hydrogen and use the oxygen as fuel. By combining Eq. 6.3.2.1 and 6.3.2.2
we have the net reaction in Eq. 6.3.2.3. This reaction is very endothermic requiring large amounts
of energy to run.
𝐶𝑂2 + 2𝐻2 = 𝐶𝐻4 + 𝑂2

(6.3.2.3)

The Sabatier reaction by itself therefore is producing half of the required methane per
oxygen molecule. Meaning we need to produce twice the methane to get the required oxygen which
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is not efficient, however, if we can use the reverse water gas shift reaction to produce the extra
oxygen needed.

6.3.3 Reverse Water Gas Shift Reaction
The reverse water gas shift reaction functions by creating more water from hydrogen and
carbon dioxide and electrolyzing the water into more oxygen.
𝐶𝑂2 + 𝐻2 = 𝐶𝑂 + 𝐻2 𝑂

(6.3.3.1)

Equation 6.3.3.1 is the reverse water gas shift reaction (RWGS) which produces carbon
monoxide and water. We then electrolyze the water (Eq. 6.3.2.2) to produce more oxygen. By
combining the electrolysis and the gas shift reactions we get Eq. 6.3.3.2.
1

𝐶𝑂2 = 𝐶𝑂 + 2 𝑂2

(6.3.3.2)

Combining Eq. 6.3.3.2 and 6.3.2.3 gives Eq. 6.3.3.3 the propellant production reaction used
for the rest of the analysis.
3𝐶𝑂2 + 2𝐻2 = 2𝐶𝑂 + 𝐶𝐻4 + 2𝑂2

(6.3.3.3)

The combined reaction produces carbon monoxide as a byproduct which can be used in other
applications such as iron refining discussed in another section.

6.3.4

Propellant Plant
Now we will go through the propellant production process. From Eq. 6.3.3.3 we see that

the system requires carbon dioxide and hydrogen. Carbon dioxide is abundant in the Martian
atmosphere which we can gather by using a carbon dioxide compressor. The CO2 is pumped to the
Sabatier Reactor and the reverse Water Gas Shift Reactor. Once in the Sabatier reactor the CO2 is
processed into methane and water. The methane is then stored until fueling. The separated water
from the Sabatier reactor and the reverse Water Gas Shift Reactor is pumped to the electrolysis
process which produces oxygen and hydrogen. The oxygen is stored until fueling. The carbon
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monoxide produced in the RWGS reactor is expelled into the atmosphere unless it is used for
another system. Refer to Fig 6.3.4.1 for system map.

Fig 6.3.4.1
Propellant plant internal system map.

The main problem with this system is the need for hydrogen. The hydrogen can be either
brought from Earth or we can use an extra electrolyzer to synthesize it from water we gather on
Mars. The hydrogen to propellant ratio by mass is 20:1 which reduces the amount of mass that
must be brought to refuel. However, the length of the trip to Mars would mean a large portion of
the hydrogen would boil off and the amount required to refuel the spacecraft for the 1-millionperson colony is unsustainable long term.

6.3.5 Resource Production Rates/Hydrogen Plant
If we use Eq. 6.3.3.3 and assume only one Interplanetary Transport System needs to be
refueled every 500 sols, we can estimate the rough through puts of the systems. It is also helpful
to assume the system is 100% efficient at converting the H2 into methane and liquid oxygen. This
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is a good assumption since the experimental systems tested have almost no H2 loss. (Zubrin,
Frankie, & Kito, 1997)
We take the 1950 Mg of propellant needed and distribute it over 500 sols, the desired output
per day is 3.9 Mg of propellant. This breaks down to 3.088 Mg of O2 and 0.8125 Mg of CH4 that
is required daily. The reaction can be slightly adjusted to produce the desired O/F. As a result, the
oxidizer to fuel ratio we use is 3.8, we can calculate the total H2 required to be 101.5 Mg from this.
This results with about a 19.2:1 conversion ratio from H2 to propellant by mass. Slightly lower
than the ideal 20:1 which produces the propellant at an oxidizer to fuel ratio of 4.0 and not 3.8.
Bringing 101.5 Mg of H2 from Earth to Mars would take 1/3 of the 300 Mg of capacity the
ITS has, not to mention that with boil off we would send at least 30% more on the spacecraft. That
would mean we need 145 Mg of H2 per ITS, that’s slightly less than half of the ship carrying only
hydrogen. To reduce the cargo load it would be ideal to produce the hydrogen on Mars. Since there
are definitive sources of water on the planet it a reasonable conclusion that water production for a
long-term colony is established with our other systems.
Therefore, when we use the electrolysis equations we can calculate that the system requires
0.203 Mg of H2 and 1.827 Mg of H2O daily. However, a typical electrolysis system is expected to
be about 70% efficient at converting H2O to H2, which means we will need 2.61 Mg of H2O per
day to synthesize the required hydrogen for the propellant production. (Ibrahim, Garland, &
Gruber, 2004) This means the propellant production process will require a hydrogen plant and a
constant source of water to maintain the demands of the Interplanetary Transport System.
Reducing the size of the fleet greatly impacts the size of the resource production facilities.

6.3.6 Propellant Plant Sizing
The reactor was sized based on a few experimental models that were built by Lockheed
Martin and Arizona State University. As well as a research paper written by Dr. Robert Zubrin that
performs some scaling analysis. (Zubrin, Frankie, & Kito, 1997) One thing to keep in mind is that
the only working prototypes that were built produce 0.5 to 1 kg/day of propellant while our systems
require almost 4 Mg per day. This is a significant jump and the scaling might not be accurate.
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Table 6.3.6.1 Propellant plant scaling values.

Propellant

Sabatier/Electrolysis

RWGS

S/E-RWGS

0.5 kg/day Mass (kg)

12

18

16.5

0.5 kg/day Power (W)

235

395

299

5 kg Mass

36

57

51

5 kg Power

2190

3790

2830

50 kg Mass

139

223

199

50 kg Power

21580

37580

27980

500 kg Mass

691

1076

980

500 kg Power

215160

375160

279160

Production Rate

Source: R. Zubring et al. (Zubrin, Frankie, & Kito, 1997)

We create an equation to approximate the scaling of the propellant plant to our desired size.
Using these equations a Matlab code is created to find the needed values, such as hydrogen input,
propellant production, and system MPV. This model was used to create a 100 person colony model
for a propellant plant and hydrogen plant. These plant sizes were then used as the base unit model
to scale up to a one-million-person colony.
When scaling up to the full-size colony we consider the population curve and the ITS-T
delivery rate. Using the cycler model, we reach steady state operations on cycle 10. At steady state
76 ITS-Ts need to be refueled each cycle. This is the minimum required number of spacecraft that
will be arriving regardless of cargo launches. As such it was used as a starting point for calculating
total system needs.
Taking lifespan of the systems into account we create a delivery model to supply the
required it number of plants. The model requires that we send 30 plants on cycle 1 and 5, after
which on cycle 9 and every 8 cycles after we send 46 plants. In between those 8 cycles we send
30 plants. For every propellant plant delivered we also send a hydrogen plant. Over the course of
100 years we send 441 propellant plants and 441 hydrogen plants to Mars just to refuel the ITSTs.
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# of Propellant Plants Delivered

Propellant Plants Delivered
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Figure 6.3.6.1
Propellant plants delivered per cycle.

6.3.7 Hydrogen Plant Cost Estimation
The hydrogen plant is based on an alkaline electrolyzer, specifically the IHT S-556.
(Industrie Haute Technologie, 2010) We scaled the system down to a unit size that was convenient
for our propellant production needs. With some research, we determined that a good way to
estimate the cost of an electrolyzer is to use a typical capital cost per kilogram per day of capacity
of the electrolyzer plant. Based on a hydrogen production review performed by U.S. Department
of Energy, the capital cost is $800 per kilogram per day of capacity. Considering each unit of our
system produces 0.0842 Mg of H2 per day. The total cost of each hydrogen plant unit is about
$67,370. Using the total number of hydrogen plants we need to deliver over the course of 100
years, we calculate that the total cost comes out to be $29.71 million.

6.3.8 Propellant Plant Cost Estimation
The propellant plant cost was estimated using similar methane production systems on Earth.
Specifically, a natural gas production facility and a coal based facility. These were the closest
values we could get for a system that only has 2 small prototypes built. The Sabatier reactors are
more difficult to estimate the cost of since we did not design them to the component level and only
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small prototype systems exist. However, we can use typical capital costs for other methane and
oxygen production facilities on Earth to estimate the potential cost of a Mars Sabatier reactor.
(Dingler, Nirula, & Sedriks, 1983) Using the reference capacity of each system and the total capital
costs required to build them we convert those into a value for our propellant plant capacity. From
which we get an estimated cost per unit. The cost is given in 1983 dollars so we adjust the price to
the 2017 currency value. We then take an average of these two systems to find an approximate
cost for our system. In is the cost breakdown based on the Earth plants we use to calculate the final
costs. The estimated cost margin is around 50%.

Table 6.3.8.1 Propellant plant cost estimation breakdown

Earth Reference

System Capacity

Total Capital

Cost of

Adjusted

(Mg/day)

Cost

Unit

Cost of Unit

Using coal

10,000

$ 1,322,000,000

$ 167,894

$ 611,283

Using natural gas

2,260

$ 155,223,000

$ 87,203

$ 317,499
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6.3.9 Spreadsheets
Table 6.3.9.1 Propellant plant delivery spreadheet and calculations for cycler model.
Cycler

Cycle
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Year

ITS D
0
2
4
6
9
11
13
15
17
19
21
24
26
28
30
32
34
36
39
41
43
45
47
49
51
54
56
58
60
62
64
66
69
71
73
75
77
79
81
84
86
88
90
92
94
96
99

0
43
86
129
172
215
257
300
343
386
429
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428

Prop/Hydrogen
Plants
Prop Volume
Delivered
(m3)

ITS T
0
8
16
23
31
38
46
53
61
68
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
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Prop Mass
(Mg)

31

247

235.76

30

228.2

228.177

46

366

349.823

30

228.2

228.177

46

366

349.823

30

228.2

228.177

46

366

349.823

30

228.2

228.177

46

366

349.823

30

228.2

228.177

46

366

349.823

30

228.2

228.177

Power (kW)
8536
17072
24541
33077
40546
49082
56551
65087
72556
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092
81092

H2O Needed
(Mg/day)
8.6616
17.3232
24.9021
33.5637
41.1426
49.8042
57.3831
66.0447
73.6236
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852
82.2852

Regolith
Needed
(Mg/day)
28.872
57.744
83.007
111.879
137.142
166.014
191.277
220.149
245.412
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
274.284
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Table 6.3.9.2 Propellant plant delivery spreadheet and calculations for direct model.
Direct

Cycle
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Year

ITS D
0
2
4
6
9
11
13
15
17
19
21
24
26
28
30
32
34
36
39
41
43
45
47
49
51
54
56
58
60
62
64
66
69
71
73
75
77
79
81
84
86
88
90
92
94
96
99

0
43
86
129
172
215
257
300
343
386
429
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428
428

Prop Plants
Delivered

ITS T
0
8
16
23
31
38
46
53
61
68
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
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Prop
Volume
(m3)

Prop Mass
(Mg)

172

1370.5

1308.1

172

1308.3

1308.2

256

2036.9

1946.8

172

1308.3

1308.2

256

2036.9

1946.8

172

1308.3

1308.2

256

2036.9

1946.8

172

1308.3

1308.2

256

2036.9

1946.8

172

1308.3

1308.2

256

2036.9

1946.8

172

1308.3

1308.2

Power
(kW)

H2O
Needed

45881
91762
137643
183524
229405
274219
320100
365981
411862
457743
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676
456676

46.5561
93.1122
139.6683
186.2244
232.7805
278.2539
324.81
371.3661
417.9222
464.4783
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956
463.3956

Regolith
Needed
(Mg/day)
155.187
310.374
465.561
620.748
775.935
927.513
1082.7
1237.887
1393.074
1548.261
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
1544.652
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Table 6.3.9.3 Preliminary metal refinery calculations.

Cycle
0
1
2
3
4
5
6
7
8
9
10

Year

ITS D
0
2
4
6
9
11
13
15
17
19
21

0
43
86
129
172
215
257
300
343
386
429

Storage Tanks/Metal Refinery Needs
TotalCO CO
Needed Output
Steel
to
by Prop
Number Needed Produce Per Day Days to
Volume Needed (Mg)
(Mg)
(Mg)
Make CO

ITS T
0
8
16
23
31
38
46
53
61
68
76

32986.8
62308.4
91630
120951.6
150273.2
183260
208916.4
241903.2
267559.6
300546.4
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9
17
25
33
41
50
57
66
73
82

90.3
170.5
250.8
331.1
411.3
501.6
571.8
662.1
732.3
822.6

61.10
115.41
169.71
224.02
278.33
339.43
386.95
448.05
495.57
556.66

9.44
18.88
27.14
36.58
44.84
54.28
62.54
71.98
80.24
89.68

6.472155
6.112591
6.25329
6.12419
6.207213
6.25329
6.187217
6.224586
6.176043
6.207213

Refinery
Cycles
(50 t
Capacity) Power
9.0288
17.0544
25.08
33.1056
41.1312
50.16
57.1824
66.2112
73.2336
82.2624

1144
2288
3289
4433
5434
6578
7579
8723
9724
10868
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6.4 Metal Refinery
6.4.1 Smelting Iron
We first separate Iron Oxide (Fe2O3) from the rest of the regolith, which can be done with
magnets. Then we deposit the oxide into a direct reduction furnace with carbon monoxide (CO)
and heat it to separate out the iron. (BusinessDictionary.com, n.d.) The chemical reaction is
described by Eq. 6.4.1.1. The extra carbon dioxide (CO2) is vented into the atmosphere.
Fe2 O3 + 3CO = Fe + 3CO2

(6.4.1.1)

The output of the system is hot direct reduced iron (97% pure iron) which is either sintered
and used as iron or deposited directly into the electric arc furnace to produce steel. Directly
depositing the iron into the arc furnace saving energy.

6.4.2 Refining Steel
We can refine steel by adding reduced iron to an electric arc furnace. Then pumping in
oxygen and heating the system. Electric arc furnaces require graphite electrodes that require DC
current to heat the metal to around 3000° C, because of the temperature the electrodes wear out
over time and need to be replaced. The electrodes are consumed at a rate of about 1 kg/Mg of steel
produced. (Migas & Karbowniczek, 2013) The resulting product is poured out and can be rolled
into shape. The furnace also produces slag as a byproduct which needs to be dumped out.

6.4.3 Refinery Design
The refinery is made up of two main components, the direct reduction furnace and the
electric arc furnace. To be efficient we use the byproducts of the propellant production process to
run the system, such as carbon monoxide and oxygen. We designed the system based on a 50 Mg
capacity electric arc furnace but scaled it down to a 10 Mg capacity electric arc furnace so it could
fit better inside an ITS. (Shanghai Electrical Mechinery Group CO. LTD, 2016) (Casey Equipment
Corporation, 2017) The furnace produces about 50 Mg of steel per sol or 10 Mg per run cycle.
Once the cycle is complete the steel is rolled into sheets that can be used for construction. The
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rolling process for steel takes an additional 850 kWh/Mg. (Fruehan, Fortini, Paxton, & Brindle,
2000)

6.4.4 Refinery Cost Analysis
We used information from vendors of electric arc furnaces to determine the expected cost
of our unit. We looked at different unit ranging in capacities from 1 to 10 metric tons. (De Song
Technology Co., 2017) (X-Ing Linear Actuator Co., 2017) (De Song Technology Trading Co.
LTD, 2017) By compiling the prices for each unit per capacity we could estimate a price point for
the system at around $ 250,000 for the electric arc furnace. We also found the price for graphite
electrodes for our electric furnace size. (Jilin Songjiang Carbon I/E Co., 2017) These were valued
at $2,650 which is almost negligible compared to the overall cost of the mission.
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6.5 Martian Materials and Resources
6.5.1 Water Content in Martian Clays
It is vitally important to supply enough water to support the colonists’ water needs when on
Mars. We must make sure that the colonists have enough to sustain them in terms of drinking,
bathing, and cooking, as well as enough to provide the starting elements needed in manufacturing
the ITS propellant. Mars is a hyper arid and very cold world, and as such the means of collecting
liquid, usable water proves a significant challenge. Two main sources of water exist in situ on the
planet; as ice frozen in high latitude glaciers and the polar ice caps, and as hydrated phyllosilicates
and smectites (otherwise known as clay). Here, we look at the latter, in terms of how much water
is actually contained in Martian clays per volume, and if this volume is enough to support a colony
of varying and increasing size.
The colony location, at the edge of Chryse Planitia and the mouth of Mawrth Vallis, is
particularly ideal because the area has one of the highest abundances of hydrated minerals on the
planet (Fig. 6.5.1.1). Mawrth Vallis is believed to be an ancient river bed and would therefore
have been quite wet, and large deposits of clay would have accumulated. This is confirmed when
we look at spectroscopic data (Fig. 6.5.1.1 and 6.5.1.2) from various instruments, such as CRISM
(Compact Reconnaissance Imaging Spectrometer for Mars) aboard the Mars Reconnaissance
Orbiter (MRO) [6-5-1].
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Fig 6.5.1.1
Relative abundances of clays, hydrated minerals, and sulfates across the northern hemisphere of Mars.
Mawrth Vallis is circled in red. Credit: NASA/JPL-Caltech/Arizona State University.

Fig.6.5.1.2
Silicas (purple), phyllosilicates (blue), sulfates (pink), and hydrous minerals (green) locations are shown
around the proposed colony site. Credit: NASA/JPL-Caltech/Arizona State University.
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Ideally, scientific rovers or probes would be sent a year or two before the initial colonists to
precisely measure the water content in the soils around the landing site and allow us to identify the
best site possible for water mining. However, this sort of surveying was not available to us for the
scope of this project, so we rely on different methods.
Firstly, we use spectrographic map data as mentioned above to determine the general areas
where clays can be found. Because the proposed landing site is quite large (~70 km in diameter)
[6-5-2], these maps help us narrow down possible colony building sites that are close to areas of
high water content. Secondly, we look at environments and sediments on Earth that are similar to
those on Mars, such as those found in dried river beds. Since we have data on water content in
terrestrial clays, we can reasonably infer (after some assumptions) the relative amount of water
locked away in those on Mars
One such comparison proved to be particularly useful to us, and is based off a paper by
Dirksen et al [6-5-3]. In their experiments, eleven soils and clays were studied to determine their
relative water content. We use several of these, such as the Illite, Attipulgite, and Bentonite as
Martian analogues. They are chosen due to their low percentage of organic matter (Mars,
obviously, has very little of this), as well as their high percentage (>50%) of clay minerals as
opposed to sands or silts. These characteristics allow us to reasonably compare the test clays to
those potentially found within Mawrth Vallis and Chryse Planitia.
By studying the dielectric constant of these soils, the relative water content is found [6-5-3].
After looking at ten to twenty samples of the eleven different clays, they found that in one cm 3 of
a sample, there is approximately 0.33 to 0.53 cm3 of water, as shown in Table 1. It can therefore
be concluded that most samples show a water content of 30% – 50%.
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Table 6.5.1.1 Soil / Clay names, number of samples tested, and water volume percent per cubic
centimeter.
Water Content

Soil Name

# Samples

Wichmond

15

0.332

Vertisol

20

0.340

Groesbeek

21

0.345

Bentonite

34

0.371

Munnikenland

12

0.403

Ferralsol-B

20

0.424

Mediterranean

22

0.433

Ferralsol-A

22

0.437

Y-Polder

12

0.441

Illite

21

0.473

Attapulgite

26

0.533

cm3 cm-3

*Data collected from Dirksen [6-5-3]

Because Mars is dry and the clays are not continually and regularly being replenished, we
base our calculations on the assumption that Martian clay water content will be similar to those
clay samples on the lower end of the scale, at around 30%. Working with this assumption, we say
that on average, Martian clays have a water content of 0.300 cm3 water per 1.000 cm3 clay. To
visualize this on a more practical, larger scale, we convert to m3:

0.300 𝑐𝑚3 𝑤𝑎𝑡𝑒𝑟
1.000 𝑐𝑚3 𝑐𝑙𝑎𝑦

100 𝑐𝑚 𝑐𝑙𝑎𝑦 3

X(

1 𝑚 𝑐𝑙𝑎𝑦

1 𝑚 𝑤𝑎𝑡𝑒𝑟

3

) X (100 𝑐𝑚 𝑤𝑎𝑡𝑒𝑟) =

0.300 𝑚3 𝑤𝑎𝑡𝑒𝑟
1.000 𝑚3 𝑐𝑙𝑎𝑦

(6.5.1.1)

Since the average person typically visualizes volume in liters, rather than cubic meters, we
take this one – third ratio, and convert Eq. 6.5.1.1 into liters per cubic meter of clay:
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0.300 𝑚3 𝑤𝑎𝑡𝑒𝑟
1.000 𝑚3

𝑐𝑙𝑎𝑦

X

1000 𝐿 𝑤𝑎𝑡𝑒𝑟
1.000 𝑚3

𝑤𝑎𝑡𝑒𝑟

=

300 𝐿 𝑤𝑎𝑡𝑒𝑟
1.000 𝑚3 𝑐𝑙𝑎𝑦

(6.5.1.2)

We therefore now have some workable ratios to calculate and understand the quantities of
both water and clay that will be needed in order to support our million-person colony. Everyday
colony water needs numbers are inputted from Human Factors, as well as propellant needs from
the Interplanetary Transportation System. We take this volume of water needed and with this ratio,
calculate the amount of clay needed for excavation which is then sent to Surface Operations.
To demonstrate our method, we look at the amount of water an average person would
require for drinking. According to The Institute of Medicine [6-5-4], a healthy adult needs on
average 2-3 liters per day of water. As the Martian day is slightly longer than one earth day, and
the colonists will be active most of the day, we use the upper limit of this at 3.0 L per sol. The
synodic period of mars is 780 days. Using these numbers, we find:

3 𝐿 𝑤𝑎𝑡𝑒𝑟/𝑝𝑒𝑟𝑠𝑜𝑛
1 𝑑𝑎𝑦𝑠

∗

780 𝑑𝑎𝑦𝑠
1 𝑠𝑦𝑛 𝑝𝑒𝑟

∗ 100 𝑝𝑒𝑜𝑝𝑙𝑒 =

234000 𝐿 𝑤𝑎𝑡𝑒𝑟
1 𝑠𝑦𝑛 𝑝𝑒𝑟

(6.5.1.3)

Therefore, for a base camp of 100 people over one synodic period, for only drinking water,
234,000 liters of water must be provided. To find the amount of clay that would have to be
processed for extraction, we simply multiply by our ratio from Eq. 6.5.1.1.

234000 𝐿 𝑤𝑎𝑡𝑒𝑟
1 𝑠𝑦𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

∗

1.00 𝑚3 𝑐𝑙𝑎𝑦
300 𝐿 𝑤𝑎𝑡𝑒𝑟

=

780 𝑚3 𝑐𝑙𝑎𝑦
1 𝑠𝑦𝑛 𝑝𝑒𝑟

(6.5.1.4)

We find that the 100 person colony would need to excavate approximately 780 m3 of clay
per one synodic cycle, just to provide enough drinking water. Already, this number seems high.
However, these calculations are preliminary and do not take into account Environmental Control
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and Life Support Systems (ECLSS), which include water reclamation. Currently, the International
Space Station has a system that reclaims about 93% of its water, both from waste and from the
atmosphere [6-5-5]. In this case, the colony needs only process about 7% of its daily water needs.
This is a much more reasonable assumption. This leads us to:

234000 𝐿 𝑤𝑎𝑡𝑒𝑟
1 𝑠𝑦𝑛 𝑝𝑒𝑟

∗ 7% =

16380 𝐿 𝑤𝑎𝑡𝑒𝑟
1 𝑠𝑦𝑛 𝑐𝑦𝑐𝑙𝑒

∗

1.00 𝑚3 𝑤𝑎𝑡𝑒𝑟
300 𝐿 𝑤𝑎𝑡𝑒𝑟

=

54.6 𝑚3 𝑐𝑙𝑎𝑦
1 𝑠𝑦𝑛 𝑝𝑒𝑟

(6.5.1.5)

This a such more reasonable number. As long as we initially excavate enough clay for 100
people for one day, we can recycle most of the water and significantly bring down our production
and excavation needs per day. A python code which includes all water needs variables is based
off these calculations. This code is written for us to see the total volume of water that is needed
per synodic cycle after steady population is reached, and the total amount of clay that must be
excavated to provide that volume.
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6.5.2 Water Inputs and Outputs
The water needs for the colony are based within four general categories: propellant
production, farming, drinking water, and utility water. Within these categories, the utility and
drinking water can be reclaimed through the ECLSS system. The daily requirements for the water
are 800kg per day for each 100 colonists for utility, 300kg of drinking water per day for each 100
colonists, and 0.525kg per day to meet farming needs per 100 colonists. The water needs for
propellant production are driven by the number of ITSs rather than population at 1083kg per day
over a synodic cycle for one ITS vehicle.

The code to calculate the necessary water requirements, and additionally the
necessary clay volume to provide that water, is done through a basic iterative process. The
population and number of ITSs for each synodic cycle are iterated through a function that
calculates the necessary volume using the base requirements mentioned above. It then
accounts for water reclamation plants by recycling the drinking water and utility water up
to a 93% efficiency or until the maximum reclamation rate for the given number of
reclamation plants is reached. The necessary soil volume is plotted.

Fig 6.5.2.1
Comparison of launch rates based on water supply needs
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By inputting various launch rates and population numbers, the maximum soil
excavation for each of these launch rates can be achieved. From these, the doubled launch
rate was found to be unsustainable as it required an exponential rate of soil excavation. The
remaining tested launch rates were all doable with the linear to constant rate being the most
stable and efficient in terms of lowest maximum clay excavation rates. Additionally, it is
the only launch rate that didn't require rapid accelerations in excavation of soil.
Using the linear to constant launch rate as the final rate decided on by the team, the necessary
water requirements per day for the colony over time can be seen in Fig. 6.5.2.2. At the maximum
water production to meet the final deliveries for one million colonists, the colony will require
approximately 850 m3 water per day to maintain all requirements. The vast majority of this need
stems from propellant production for the ITSs. Most variables relating to human systems for water
are reclaimed or are much smaller than the need for propellant production. The water reclamation
can be maintained through at least 2 new water reclamation systems per synodic cycle.

Fig 6.5.2.2
Water supply rate for colony
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Using the linear to constant launch rate as the final rate decided on by the team, the necessary
soil excavation rate per day for the colony over time can be seen in Fig 6.5.2.3. This graph mimics
the trends of the water needs as it is a proportional need. The maximum of this output, once again
during the final deliveries of the colony, is approximately 1700m3 of clay extraction per day.

Fig 6.5.2.3
Soil Excavation rate for colony to meet water need
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6.5.3 Soil Composition and Stratigraphy
Many systems rely on our understanding of the soils and layer depths around our colony.
For instance, knowing how far down clay deposits go gives us an idea of how much we might be
able to excavate and process for water extraction.

Characteristics such as density and

concentration are useful for resource extraction. Additionally, Surface Operations needs to know
what type of soil they are digging into for our habitat quarries, what its stability is, and how far
down they can go until bedrock is reached.
As of now, we do not have a very thorough understanding of what lies beneath our colony.
Rovers currently on the surface of Mars can provide us with some context and samples, and the
Mars Reconnaissance Orbiter gives us spectrographic data of the surface, but it is very difficult to
say with certainty what the stratigraphy of the area looks like without sending humans or
specialized rovers. However, there are indirect methods we use to determine soil characteristics.
NASA has compiled a list of locations on the Earth that are analogous to the harsh, dry conditions
of Mars. These places include Death Valley in the southwestern United States, Dry Valleys in
Antarctica, the Atacama Desert in Chile, and Devon Island, Canada [6-5-6]. By looking at these
places here on Earth, we infer what might be below the surface at Chryse Planitia and the mouth
of Mawrth Vallis.
Another source that is invaluable to us is the Mars 2020 Candidate Landing Site Data
Sheets. Mawrth Vallis is a landing site for NASA’s upcoming rover, which is being launched in
2020. The data sheet consists of a summary of key investigations, spectrographic maps, geologic
timeline, and a theorized stratigraphic column of the area [6-5-7]. Researchers there have compiled
this information in hopes of convincing NASA to land the rover at Mawrth Vallis. We use the
information provided in these data sheets as a base for our estimations. Using both Martian
analogues and the NASA data sheet, we can compose a possible stratigraphic chart of the soils
beneath our colony location, and the depths to which individual layers reach (Fig 6.5.3.1).

.

Purdue University | PROJECT DESTINY

R.Moore| 6-68

Mars In-Situ Resource Utilization

Figure 6.5.3.1
The layers and depths of soils and clay deposits underneath the Mawrth Vallis Area
Credit: R.moore, NASA [6-5-7]

As shown, there is a capping unit of dust and sand that reaches approximately 10 m deep.
This is a common feature across the entire planet. The dust may be shallower in some areas, around
2 m deep, but it is possible that it could also extend further down. Underneath that, there are
hundreds of meters of clays [6-5-7]. Nearer to the surface are aluminum based phyllosilicates at a
depth of about 50 m. It may be possible to extract aluminum from these clays, but the process is
very intensive and was not deemed feasible for this project. Iron or magnesium based smectites
are present underneath, and extend down to about 200 m (or more). In terms of water extraction,
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either of these types of clays would be sufficient, and as such there will be no shortage of hydrated
minerals for the colony.
For our surface operations, knowing the densities and concentrations of the materials we
will be working with is necessary for identifying places to dig, designing construction rovers which
will be able to handle the material, and calculating the percentage of useful material we will be
able to extract from the soil. The main types of materials our colony will be in contact with and
exploiting are the sandy topsoil, clay, basalt, and iron (Table 6.5.3.1).

Table 6.5.3.1 A list of average concentrations and average densities are shown. There may be some
variation with location.
Material

Avg. Concentration (%)

Avg. Density (kg/m3)

Sandy/dusty topsoil

Everywhere

1200 - 1600

Clays

30

2900

Basalt

75

1800

Iron

18

7870

It should be noted that the iron mentioned above is not deposited in ore form. Mars has a
high iron content, illustrated by its red color, but the iron is locked away in the soil as oxides, with
the most abundant compound being iron (III) oxide, Fe2O3 [6-5-8]. There are hematite deposits in
the form of “blueberries,” but they have only been located in one spot on the planet, which is
several hundred kilometers away from the colony. One other possible source of iron is iron
meteorites. They are somewhat common across the planet, because they do not get subducted like
many meteorites on Earth do, and they do not get weathered and rusted as much due to low oxygen
and water abundances. Both the Opportunity and Spirit rovers have come across iron meteorites
in the exploration of Mars [6-5-9]. However, these meteorites are not a reliable source of iron for
our million-person colony. While they have an extremely high iron content (around 93%), they
are randomly dispersed and difficult to locate, and so we recommend that the colonists simply use
what is around them in the soil, and supplement with any stray meteorites they may come across.
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The densities are obtained by comparison to materials found on earth. Iron, as an element,
is straightforward, but the densities for the sand and clay are inferred from measurements done on
terrestrial materials. The calculations for the concentrations of the basalt and water, have been
discussed in previous sections, but were obtained from orbital spectrometer data from instruments
aboard the MRO, such as the Thermal Emission Spectrometer, available on JMARS, and research
papers such as those done by Dirksen [6-5-3] and Horgan [6-5-10].
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6.5.4 Uses of Martian Soil
Martian soil will be available to us in large abundance. It is important we learn what the soil
composition is, and what those minerals can be used for. We have information from various
previous rover missions to Mars. From these we can determine a weight percentage for the various
minerals within the Martian soil, shown in Table 6.5.4.1 Mineral Composition of Martian Soil.

Table 6.5.4.1 Mineral Composition of Martian Soil

Mineral

Weight (%)

SiO2

48.6 ± 2.5

Fe2O3

17.5 ± 1,8

Al2O3

8.3 ± 0.8

MgO

7.5 ± 1.2

CaO

6.3 ± 1.0

SO3

5.4 ± 1.1

Na2O

2.2 ± 0.9

TiO2

1.1 ± 0.2

Cl

0.6 ± 0.2

K2O

0.3 ± 0.1

There are a varying amount of different minerals in the soil, almost all of which contain
oxygen. We can see here that the largest percentage by weight is the SiO2, followed by a large
amount of Fe2O3.
These minerals have a variety of different direct uses. SiO2 is used primarily in cement
creation, and is found in most cement. Na2O is used in glass making. MgO is used in soil and
ground water remediation, as well as purification of waste and drinking water. Al2O3 is used as a
filler, glass making, catalysis of certain chemical processes and purification of gas streams. SO3 is
used in detergents, dyes, and pharmaceutical procedures. Chlorine is an important disinfectant and
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in manufacturing of organic compounds. K2O is used in fertilizer, a noteworthy use for farming in
our colony. CaO is used in cement creation and in certain conditions can be superheated to produce
light. TiO2 is used in paints, varnishes, paper, and in plastics. Fe2O3 is the possibly the most
important mineral for our uses, and is used in iron and steel alloy production.
Of note is the amount of materials that can be used in construction, such as cement making
minerals and the high abundance of iron available in the soil. There are also a number of the
minerals available to nurture plants, if it is needed.
These are only the uses for the direct compounds themselves, but finding a way to break
these down into different elements is important. It is also important to note that not all Martian soil
is the same everywhere, although most areas of the planet are covered in this similar soil, especially
in the northern plains. An important distinction between this type of soil and others is the water
content. Some areas contain a more clay rich soil, which contain water that can be extracted. One
such area is Mawrth Vallis, near to our colony location.
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6.5.5 Mineral Resource Availability on Mars
The majority of current knowledge about the composition of Martian terrain is from
orbiters, many of which have spectrometers onboard. Current analysis shows the composition to
mostly consist of silicon, oxygen, aluminum, magnesium, iron, and calcium. These elements are
all components of igneous rock. Other elements exist on Mar, but are much less abundant. In
volcanic regions, the primary rock type is basalt. Basalt is characterized by a dark color
characteristic of mafic rocks such as olivine, pyroxene, and plagioclase feldspar. Olivine is
throughout Mars, in varying concentrations. Olivine is typically characteristic of environments not
exposed to aqueous activity.
The Martian surface planet is famously known for its red dust. This dust has a very fine
consistency and covers any underlying rocks or features throughout the planet in a thick layer.
This can make analysis of this underlying bedrock difficult through remotes spectroscopy, such as
is done with the current orbiters.
Resources are not limited solely to the surface. Some resources that could be utilized by
the colony exist within the atmosphere. The Martian atmosphere consists primarily of CO2 which
compromises about 95% of the atmosphere by volume. The next most abundant component in the
atmosphere is nitrogen at 2.7% by volume. The remaining portion of the atmosphere is a
combination of argon, oxygen, carbon monoxide, and a microscopic amount of water. An
illustration of this breakdown can be seen in Fig. 6.5.5.1

Figure 6.5.5.1
Martian atmosphere composition by percent volume
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Another resource on Mars are the hydrated phyllosilicate clays. This is because
phyllosilicates can be indicative of an environment compatible to life as phyllosilicates are known
prebiotic catalysts. They can also indicate ancient aqueous activity. They can be used as a water
resource as well as a strong indicator for probable scientific exploration. They are abundant across
on the planet, particularly in the heavily cratered southern highlands as shown in Fig 6.5.5.2.

Fig 6.5.5.2
Illustration of abundance of hydrated minerals on Mars as indicated by green
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6.5.6 Metal Alloys
Table 6.5.6.1 Potential Alloys to be Manufactured on Mars
Required

Alloy Name

Typical Applications

Iron Alloy

Manufacturing,

Iron

structures,

Carbon

infrastructure, 3-D

Nickel

Printing

Hydrogen

Manufacturing,

Iron

structures,

Carbon

Steel

Elements

infrastructure, 3-D
Printing

Aluminum Alloy

Manufacturing,

Aluminum

radiation shielding

Manganese
Magnesium
Silicon

Titanium Alloy

Structures

Titanium
Aluminum
Hydrogen

Due to the large presence of iron oxide in the Martian soil, steel and other iron alloys are the
easiest metals to produce on the planet. This iron oxide is reduced to iron metal through reactions
with hydrogen or carbon monoxide gases [6-5-11]. Hydrogen gas production takes place through
the electrolysis of water, while carbon monoxide is produced by decomposing carbon dioxide from
the Martian atmosphere into carbon monoxide and oxygen gas. We can use these gases, when

Purdue University | PROJECT DESTINY

C.Lindberg | 6-76

Mars In-Situ Resource Utilization

heated with iron oxide, to produce iron metal or steel. The ability to produce these metals is
important to the colony, as it allows structural components, tools, and spare parts to be created on
Mars, reducing or eliminating the need to launch these components from Earth. Additionally, in
the event of rover breakdowns or structural failures in colony facilities, parts can be manufactured
for repairs in days or weeks as opposed to waiting extended periods of time for a launch from
Earth.
Compounds including manganese and magnesium are also found within the Martian soil,
implying that these metals are available for use in aluminum alloys if they are separated by
chemical reaction. We can potentially use Aluminum alloys as lightweight radiation shielding for
structures within the Martian colony. Titanium is also available in small amounts on Mars, and
produces titanium alloy powders when combined with Aluminum. These powders produce
lightweight titanium alloys with large tensile strengths when pressed or sintered. All potentially
producible alloys are listed in Table 6.5.6.1 above with the alloys’ applications and the elements
required to create them.
Refining metals on Mars is a way to reduce ITS cargo launches from Earth. We looked at
iron, steel, aluminum and titanium because those are the most commonly used metals. When
considering which materials could be viable we looked at the energy required per Mg of material,
the approximate abundance of the metal oxide in the Martian soil and the complexity of the refining
process.
As we can see in Table 6.5.6.1 Potential Alloys to be Manufactured on Mars, aluminum and
titanium require an order of magnitude larger amount of energy per metric ton of material.
Titanium is also found in small amounts that make it hard to gather in large quantities. The process
for refining aluminum and titanium also requires the refinement of other materials. Aluminum
requires the production of cryolite and aluminum fluoride. (Illinois Sustainable Energy Center,
n.d.) Titanium requires the production of chlorine and magnesium or calcium. and four stages of
processing for titanium production. (Seagle, 2014) Each extra material would need its own
production facility. There is also very little need for titanium in the colony. Thus, we concluded
that iron and steel will be the primary metals produced on Mars.
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6.5.7 Recycling
On Mars, as there are not as many resources available as on Earth, we need to recycle as
many resources as possible. Also, recycling helps in managing and reducing the produced waste.
To recycle on Mars, we first understand the recycling parameters on Earth. These parameters
include the resources we can recycle, the energy in MJ/mg needed to recycle, the time in days to
recycle, the recovery rate (%) of the resource and the energy saved in KWh/ton. Glass, aluminum,
paper and plastic are the common resources we use in our daily lived which we can recycle. The
Table 6.5.7.1 Recycling parameters for some resources. has the recycling parameters related to glass,
aluminum, paper and plastic. Table Table 6.5.7.1 Recycling parameters for some resources. gives us
an idea of how we use this data to recycle the resources on Mars and how effective it is.
Table 6.5.7.1 Recycling parameters for some resources.
Energy
to

Time to recycle

Recover Rate

Energy Saved

recycle

(days)

(%)

(KWh/ton)

(MJ/mg)
Glass

7

7

3.5

24

Aluminum

1

7

3.5

20

Paper

1

7

3.5

12

Plastic

1

8

5

11

6.5.8 Operations and Collection
For Mars Resources Management, to build and develop different plants (propulsion, water,
etc.) on Mars, we need help of equipment for mining deposits or recycling waste and more. This
equipment or systems are categorized by the level of automation. There are three levels of
automation: human controlled, partially autonomous and fully autonomous. In (Fig 6.5.8.1), one
of these systems, a crane is seen which is used for collecting rocks and mining. The level of
automation for this system will depend on the function of this system.
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Fig 6.5.8.1
A crane used for mining.

In the first level of automation of human controlled, human controls and drives the system.
Then, the system functions and performs tasks accordingly. The example for the first level is cars.
The second level of automation is partially autonomous, like robots, where humans can input some
program for a specific task after which the robot will stop working and wait for a different input
of the task from the human. The third level of automation is fully autonomous system similar to
robots who are completely programmed when they are built and they can be on their own with
occasional system maintenance. The level of automation depends a lot on human factors, the tasks
which are needed to be carried out on Mars and the need of these systems. The level of automation
is very useful to categorize all the systems or equipment present on Mars and to get an idea of the
need of human attention all the systems need. We further apply the concept of level of automation
on a larger scale to the manufacturing, recycling, etc. plants on Mars and try to make them as
autonomous as possible.
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7 25,000 Inhabitant Quarry City
7.1 100 Person Habitat
Purpose
The population makes the development of some sort of temporary housing for the Martian
colonists a necessity. We deliver 300 colonists on the first synodic cycle. These first colonists will
be arriving to a planet with no infrastructure in place and will need shelter over the first two synodic
periods as they begin to ready the planet for the rest of the settlers.
Outcomes / Conclusions
For the sake of reducing the number of launches required, we decide to use inflatable
structures for the temporary housing. We consider two main factors when designing the temporary
habitats; packing efficiency and the ability to withstand internal pressurization while making the
best use of all transported volume. In consideration of these factors, we decide on the design of a
trapezoidal cross-section with rounded edges. This design is favorable because it maximizes
available floor space, maintains a rectangular floor plan, and does not have any hard edges that
would lead to unfavorable pressure concentrations.
Results
From the discussion on the interior of the Interplanetary Transport System (ITS), we know
that the maximum interior diameter of the ship is 12 meters and the height of the cargo bay is 5.32
meters. Considering our packing goal that the maximum sized temporary structure can fit in the
cargo bay, we set the maximum expanded internal dimensions of the habitats to be 24 meters long,
6 meters wide, and 2.5 meters tall. We determine the above expanded length using an internal
volume compression ratio of 4.44, which is the same compression ratio that the Bigelow
Expandable Activity Module (BEAM) is capable of [1].
The total number of inflatable structures needed to accommodate a 100-person colony is 15.
This number is broken down in Table 7.1.3.1.
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Table 7.1.3.1 100 Person Model Module Dimensions
Module

Quantity

Living
Science
Medical
Rover Port
Wallyball
Recreation
Central Eating/Meeting Area

7
1
1
1
2
2
1

Width
7
7
7
8
7
7
7

Dimensions [m]
Height
3.5
3.5
3.5
5
7
3.5
3.5

Length
24
20
12
11
13
20
24

The space requirements for 100 people are defined more clearly in appendix 7.1.4. All 15
inflatable structures provide approximately 6710 m3 of expanded internal volume and 1380 m3 of
packed volume at a total structural mass of 128.6 Mg. The transportation of the temporary 100person colony requires 3 ITS-C2 launches. For the first synodic period, 3 100 person colonies are
needed so a total of 9 ITS-C2 launches are required to get all the needed temporary habitats to
Mars. A visualization of the 100-person colony can be seen in Fig. 7.1.3.1.

Fig. 7.1.3.1 A side view of all temporary habitat structures for 100 colonists. Credit: K. Jantze, M.
Gripe
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The temporary habitat configuration is designed with the convenience of the colonists in
mind. The enclosure style organization of structures makes it so that no one type of structure is too
far away for any colonist, independent of their location within the temporary colony.
Requirements
To design a 100-person colony, we first determine the requirements of 100 people. Table
7.1.4.1 contains a breakdown of space needs for the 100-person colony. These values are

instrumental in scaling up the colony to a one-million-person model.
Table 7.1.4.1 Habitable Area Requirements
Habitable Area
Total Personal Living Area
Common Eating/Meeting Area
Food Preparation and Storage
Science Laboratory Area
Bathing Area
Medical Facilities
Recreation Area
Total

Floor space
needed [m2]
1000
118
22
117
54
68
330
1709

For the temporary colonies, the ceiling height is 2.5 meters in every facility except for the
recreation area, which has a ceiling height of 6 meters to allow for wallyball.
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7.1.4.1

Personal Space Requirements

During the first three synodic cycles of the journey to colonize Mars, we will require
colonists to create a substantial amount of infrastructure for their posterity and for all those who
will follow later. Therefore, there is a significant need for the original colonists to have habitation
that is fully created on Earth and will be relatively quick to set up. For these reasons, we decide
that the first three synodic cycles’ worth of colonists will live in Earth-made habitats that vary
from the permanent habitat settlements that we have designed.
In order to design this temporary habitat, we generate design requirements to set a
universally applicable standard of living for Martian colonists. We set requirements on what
facilities must be available for colonists. The list contains the following categories: Living, Eating,
Meeting, Bathing, Recreation, Entertainment, Medical, and Science. All of these facilities provide
services that are necessary to sustain life, provide for physical health, or contribute to mental wellbeing of colonists. For each facility type, we set a square-meter standard for 100 people. These
standards can be seen in the table below.
Table 7.1.4.2 Requirements for 100 People

Area Type

Space Allotment
(m2)

Personal Living Area

10

Total Living Area

1000

Common Eating/Meeting

118

Food Preparation

22

Science Laboratory

117

Bathing Area

54

Medical Facilities

68

Recreation Area

330

Ceiling Height

2.5 (m)

Recreation Ceiling Height

6 (m)

An important note to make about these habitats is the combination of eating and meeting
space. We deemed it important when designing these spaces to minimize required habitat volume
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and for that reason, spaces that can be combined should be. For example, the common eating and
meeting are combined. Instead of providing colonists with separate eating spaces and meeting
spaces, a mutual area is used. This common space is large enough for all colonists to sit together
and eat or to plan colony activities or even use the space for entertainment during down time.
Next, we will give explanations on the sizing of these habitats.
7.1.4.2

Medical

The requirements for the 100 person base colony Medical Facility are designed around the
intrinsic needs of a medical clinic and spatially defined by common, modularly designed rural
clinics. Furthermore, we decide that during the first few synodic cycles, the colonists will undergo
the period with the most risk of injury. This heightened risk is due to the heavy construction
requirements as well as the experimental nature of the entire mission. This conclusion leads us to
design a medical facility that is oversized compared to a national average such as that of the United
States. We decide that the medical facility would follow a layout given by Rose Offices, Inc., a
provider of rural, modular, medical facilities [2]. A total of 68 m2 will suffice to provide four beds
per 100 people. For comparison, large countries around the world such as Russia and the United
States average between three and nine beds per 1000 people. This trend of four beds per 100 people
will gradually be phased down to a more nominal number when larger populations land on Mars
and area larger habitats are constructed. However these standards are not followed for the initial
100 person base model because there would not be even one full bed if scaled linearly. This total
area provides for two multipurpose exam/recovery units, an operating room, an extended stay/ICU
unit, lab space, a supply room/pharmacy, and an office for the medical staff. All potential needs
for the colony should be able to be handled in this space. However, being a Martian colony, it will
be difficult to provide all luxurious hospital accommodations that are standard on earth (ie. full Xray, CAT Scan, MRI, etc.) due to heavy space restrictions as well as the required launch mass of
systems. Based upon these necessities for the medical facility, the 68 m2 requirement was
generated. The following is the exact breakdown of space.
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Table 7.1.4.3 Breakdown of Medical Facility Space

Section of Medical
Facility

7.1.4.3

Space
Allotment
(m2)

Supply/Pharmacy

11.34

Surgery

11.34

Multipurpose Exam

15.125

ICU/Extended Stay

7.56

Office

7.56

Lab Space / Other

15.125

Common Eating Area Requirements

The requirements for the 100 person base colony eating, food preparation, and food storage
facilities are set at 118 m2 for eating area and 22 m2 for food preparation and storage. When initially
looking gat alternatives for the sizing of the eating area, we questioned whether the entire colony
would need to eat at one time.
As mentioned earlier, the common eating and meeting area is large enough for all colonists
to be able to eat at the same time, if desired. It also means there is sufficient room to meet with
other groups of colonists. Based upon standard seating arrangements and corresponding spacing
so as to create a tight-but-comfortable environment, we deem 118 m2 to be necessary for this area.
To size the kitchens and food storage, we viewed submariners as the closest analog due to space
efficiency as well as the ability to serve comparable numbers of people. The USS Los Angeles
uses a kitchen of approximately 10’ by 12’ or approximately 11 m2, to feed 150 submariners [3].
The Los Angeles uses a similarly sized room for 90 days worth of food supplies.
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7.1.4.4

Bathing
Table 7.1.4.4 Bathing Space Allocation for 100-Person Colony

Facility

Area Allocated (m2)

Toilet Space

29.0

Sink/Counter Space

4.0

Sink Access Space

10.0

Shower Space

6.0

Change Space

5.0

Total

54.0

Land area allocation for bathing and restroom facilities is determined using standards set by
OSHA (Occupational Safety and Health Administration) and the ADA (Americans with
Disabilities Act). Due to constraints on structure sizes, colonists living within the one hundredperson colony will receive only basic bathing amenities. These include toilets, sinks, and showers.
OSHA standards dictate that institutions providing employees with showers should provide one
shower facility for every ten workers [3]. For our original assumption of a 100-person colony,
these standards dictate that 10 shower facilities be provided. Standards also dictate that shower
facilities encompass a minimum area of 0.6 m2. We provide an additional 0.5 m2 of change space
for each shower facility; again, this is the minimum area that meets standards. Washroom facilities,
including toilets and sinks, are also accounted for. OSHA standards require that one toilet is
provided for every twenty male workers or fifteen female workers. However, space has been
allocated for ten toilets in this analysis to meet the needs of the Martian colonists; it does not make
sense to have more shower facilities than toilet facilities, particularly at peak usage hours. The
minimum toilet stall space allocated by ADA standards is about 2.9 m2 [4]. These standards also
require approximately 1 m2 of free space outside of the toilet stall area so that users may access
the toilet and sink facilities. Additionally, we allocate 0.4 m2 for each sink and other surface space.
Summing these areas results in a minimum total land area of 54 m2 allocated to bathing and
restroom facilities for the first 100 colonists. These are allocations are broken down by category
in Table 7.1.4.4.
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7.1.4.5

Science Laboratory

In addition to public service areas such as medical facilities, recreation and entertainment
areas, bathing, and meeting spaces, the inhabitants of mars (especially the first colonists), and need
lab space to carry out experiments and investigate potential advancements for their blossoming
society. To determine the amount of lab space the first 100 inhabitants of Mars need, we draw
from the International Space Station to determine what the space requirements for a Martian lab
are. The ISS has three main laboratories where experiments are carried out. The Destiny Module
(US Lab) has a pressurized volume of 107.6 m3, the Kibo Module (Japanese Lab) has a pressurized
volume of 169.3 m3, and the Columbus Module (ESA Lab) has a pressurized volume of 75 m3 [58]. After combining the volumes of these three lab modules and dividing by a crew of 6, the
pressurized lab volume per person aboard the ISS is 58.64 m3. For the first group on Mars, it is
assumed that no more than 5 people will be utilizing the lab at once. Thus, we propose that a lab
with a pressurized volume of 293.2 m3 be constructed on Mars. Depending on the minimum height
of the laboratory provided, an effective land area will be established. Dividing by a uniform ceiling
height of 2.5 m, the floor space of the lab will be 117.28 m2. We linearly scale up from this 100person value to generate numbers for our 25,000 person quarries and 1-million-person colony.
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7.1.4.6

Radiation Protection

There must be a daily allowance that each colonist is allotted in order to remain under a
reasonable lifelong radiation exposure limit. First, let’s use the assumption that the annual radiation
dose limit of a radiation worker is a reasonable number [1 9]. This is 50 mSv / year, which averages
out to 0.137 mSv / day of radiation exposure. If no protection is used en route to Mars, there is
already 1.667 mSv / day of radiation [2 10]. This is obviously much higher than the recommended
daily allowance, but this exposure limit might have to be compromised on the 150-day journey.
Regardless, we would hope that the number would come down much more than 1.667 mSv / day,
as, again, this is assuming no protection. If we were to combine this number over the 150-day
journey with the maximum daily allowance every day for one of the first one hundred colonists
and they were to continue for one hundred years, this would result in 5.406 Sv of radiation
exposure over the course of their lifetime. Some major assumptions are made in this value, such
as this colonist starting the mission at 25 years old and continuing working until they are 125 years
old and do not die, but this is necessary for our colony steady-state assumption, and we are using
worst-case scenario values. For every one Sievert of radiation absorbed, a 5.5% chance increase
of developing cancer results [5]. This would cause the colonists’ chances of developing fatal cancer
to jump from 39.815% on average to 51.313% after one hundred years. This, again, is a worst-case
scenario, and some sacrifices will obviously have to be made for colonists on Mars. Further data
will be investigated in order to mitigate these risks.
On the surface of Mars, from NASA's OLTARIS (On-Line Tool for The Assessment of
Radiation In Space), the surface of Mars at an elevation of zero experiences a total of 497.7 mSv
per Earth year, which equates to about 1.36 mSv per sol of radiation [6]. However, this does not
take into account the shielding that the atmosphere of Mars will provide. Accounting for this, the
low elevation that the colony location of Chryse Planitia will be very helpful, as the total amount
of radiation experienced reduces significantly to roughly 200 mSv per Earth year, or only 0.548
mSv per sol [7]. Therefore the values for the radiation on Mars is shown on Table 7.1.4.6.
For our research, we focused on GCR radiation. To figure out how thick the Martian
Regolith need to be to block the radiation, we figured out HVL values for Martian Regolith. The
red line on the plot shows HVL values which is 29 cSv / yrs. From the plot the thickness of the
regolith at that value is 38 g/cm2. The density of the Martian regolith is 1.52 g/cm so the thickness
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of the Martian regolith that reaches HVL value is 25 cm. From Table 7.1.4.5, it can be said that to
reduce the radiation on Mars to the radiation limit for humans, we need two layers of HVL value.
Therefore the thickness needed for the Martian Regolith is 50cm.
Table 7.1.4.5 HVL values and the radiation corresponding with that value

Number of time divided by 2 Amount of radiation [mSv/day]
0
0.54800
1
0.27400
2
0.13700
3
0.06850
4
0.03425
5
0.01713

Table 7.1.4.6 The value for the radiation [9-14]

Specification

msv / day

Radiation limit

0.137

Radiation to Mars

1.2-1.4

Radiation on Mars

0.548

Table 7.1.4.7 The half values (HVL) for each material [15-21]

Type of material

Thickness to block 50%
radiation (HVL) [cm]

Density [g/cm^3]

Mass to block 50%
radiation [g/cm^2]

Aluminum
Water
Martian regolith
Lead
Steel
Concrete
Kevlar129
Nextel312
Polythene
Nomex HT9040
Open cell foam
Basalt

22.00
18.00
25.00
1.00
2.50
6.10
30.00
72.50
25.64
0.00
Not Available
3.967

2.70
1.00
1.52
11.36
7.86
3.33
0.90
0.40
0.98
0.02
1.00
2.04

59.40
18.00
38.00
11.36
19.65
20.31
27.00
29.00
25.00
0.00
0.00
8.092

Combitherm

0.00

Not available

0.00
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Structures
We can find the total structural volume and mass of each temporary habitat component by
making effective uses of the models created by the CAD team. Table 7.1.5.1 provides a breakdown
of the mass and volume of the 100-person temporary colony.
Table 7.1.5.1 100 Person Model Module Masses and Volumes
Variable Name/Symbol
Mass of Habitat Module
Mass of Wallyball Module
Mass of Rec/Bathing Module
Mass of Medical Module
Mass of Central Eating/Meeting Module
Mass of Science Module
Mass of Rover Port Module
Total Mass of Habitat Tunnel Ports
Mass of Water Reclamation System
Total Mass of Habitation
Volume of Unpacked Habitat Module
Packed Habitat Volume
Volume of Unpacked Wallyball Module
Packed Wallyball Volume
Volume of Unpacked Rec/Bathing Module
Packed Rec/Bathing Volume
Volume of Unpacked Medical Module
Packed Medical Volume
Volume of Unpacked Eating/Meeting Module
Packed Eating/Meeting Volume
Volume of Unpacked Science Module
Packed Science Volume
Volume of Unpacked Rover Port Module
Packed Rover Port Volume
Volume of Water Reclamation Unit
Unpacked Colony Volume
Packed Colony Volume

Value
8.580
7.550
7.200
4.480
8.580
7.200
8.580
19.50
0.0354
128.6
430*7 Modules = 3010
677.3
491*2 Modules = 982.0
221.0
356*2 Modules = 712.0
160.2
210.0
47.25
430.0
96.75
356.0
80.10
430.0
96.75
0.171
6710
1960

Units
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3
m3

In order to develop Fermi estimates for the colony mass, assumptions are needed. We make
the assumption that the mass per unit surface area of Bigelow’s Expandable Activity Module
(BEAM) can be used to estimate the mass of the temporary structures. To find the mass per unit
surface area of the BEAM, we use a conservative estimate since the shape of BEAM is not a simple
one. In this case, conservative means that the surface area of BEAM is intentionally
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underestimated so that the mass per unit of surface area is higher. From this method, we obtain a
surface area of 37.7 m2 and mass per unit surface area of 21.2 kg/m2. To determine the surface
area of our individual inflatable habitats, we use their models to pull out the surface area. With
these numbers, the inflatable mass was found for each module. Next, we determine the total
number of tunnel ports necessary to create a friendly layout for the colonists. We find the number
of tunnel ports needed to be 34, which adds an additional 19.5 Mg of structural mass to the colony.
The process of determining the volume of each module is executed via CATIA V5 by
extracting the volume from the modules created by the CAD team. The maximum width and length
of the modules was determined by an analysis performed using the available ITS cargo volume as
a packing restraint and utilizing a volume compression ratio of 4.44, identical to that of Bigelow's
Beam. The maximum floor plan size was found to be approximately 144 m2 with a width of 6
meters and length of approximately 24 meters. From this constraint and the required areas as called
out by Table 13.1.4.2.1, we determine that the number of modules needed for the initial 100-person
colony was 15. Combining all the modules the total unpacked volume of the colony is
approximately 6130 m

3

and employing the volume compression ratio of 4.44 [1], the packed

volume of the colony is approximately 1380 m3. Note that not all of this can fit inside a single ITSC2 that has a packing volume larger than this value due to packing and folding constraints inherent
with inflatable habitats.
7.1.5.1

Materials

The mass of each inflatable structure is due to a stack-up of material similar to what is used
on the BEAM and a visual of it is seen below in Fig. 13.1.2 [22].

Fig. 7.1.5.1
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Fig. 7.1.5.2 A visual representation of the different layers of material that make up the temporary
habitats. Credit: K. Ziesig

The main characteristics of our inflatable Martian habitats and the BEAM are multiple layers
of soft Fabric with spacing between layers that protect an internal restraint and bladder system.
For safety, the structure has no windows and is composed entirely of this material, except for the
docking ports that aid in connecting the various habitats. The outer layers of Nextel AF40 and
open cell foam make up a multi-layered shield to protect from micrometeoroids and other debris,
also known as a Whipple Shield. The 8 Kevlar KM2-705 layers beneath the Whipple Shield are
extremely strong and hold the shape of the habitat in addition to acting as another layer of defense
from any impactors. The restraint layer below helps to hold the module’s air, contained by the
bladder system, with bleeder cloth between this layer and the Kevlar felt layer, which helps to
prevent depressurization. The innermost layer of the bladder system, which holds the module’s air,
is Nomex HT 9040 cloth. This material is fireproof and will protect the bladder system from scuffs
and scratches. This material stack-up can survive the harsh environment of space with the same
internal pressurization we will be using on Mars and has a lifetime that allows our temporary
habitats to last the two synodic periods that are needed before the Martian colonists begin to move
into the permanent habitats discussed in the next section.
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7.1.5.2

Common Eating Area

We looked in to the spacing and general layout for the colonists. This section focuses on
the common eating area, which is used for most part of the colonist’s day. It will be the main point
of the colony having food, greenspace. For the common eating area in the one hundred person
model there is much room left over. The different types for desks and tables were analyzed to
determine that a foldable table and chairs would be necessary. It was also decided that there would
need to be enough chair so that each person could be seated at the same time. This was decided so
that if there was a group meeting, everyone could attend. In this model the food is being brought
and stored. Storage space is needed for the common eating area. There is also a need for food
preparation. The food that is being brought to the Martian colony needs to be hydrated. There will
be many ports in which people would be able to prepare their food. There was also room for
greenspace or plants such as trees and grass and other such things. This would help the mindset of
the people in the housing. It would give them something that they are used to seeing and it provides
a source of oxygen to the air which would make the air feel fresher.
The types of tables being looked at are rectangular folding tables with folding chairs
attached and not attached, a covetable bench, and a round table with folding chairs attached and
not attached. Folding chairs have a benefit to being separate from the tables because it means that
they can be used for multiple purposes. That rules out the circular and rectangular tables with
chairs attached. Circular tables are not an efficient use of space so they were also ruled out.
Rectangular tables with folding chairs and convertible benches are the main two options. The
benefits to having folding chairs is that they always have a back. The down side is that they are
generally not very comfortable. The benefit to having the convertible benches is that they can be
pieced together to fill space in any way desired. They also have now extra parts. When there are
meetings they can all be benches and the tables do not have to be stored for that time. It is taking
all of the facts into account that we decided that we would go with the convertible benches. The
lengths of the benches are completely variable because of the way that they can be arranged. They
could be designed to fit into any size container. Making the length one meter makes it so that 4-5
benches could fit into one cubic box of one meter length.
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7.1.5.3

Medical Components

For the medical module, there are hundreds of things to be considered for the medical
facility to actually function. But for this RFI we focused more on what equipment has large values
of PMV which is MRI and CT scan. Using these two machines will mostly cover what humans
will needed to be examined from radiation affect and hard labor injuries. On table 1, it shows the
PMV of these machines based on research. We chose the machine that has smallest volume and
power that is available right now. Also we did some research on future CT scan and MRI. For
future CT scan, this device only scan small portion (about the size of laptop) so the numbers can't
be compared with other machines but we put it just for reference. For future MRI, the dimension
shown is only for magnet used on MRI. This device is still on research so we couldn't find the
values for practical usage. From the research, we figured out that MRI and CT scan is decreasing
it's size and power operation every year. Therefore by 30 years those values will surely decrease
but the fact that we couldn't find these values, we recommend to use the values for machine that is
available now.
Table 7.1.5.2 PMV for the CT scan and MRI [23-26]

Description

Power (kW)

Mass (Mg)

Volume (m3)

Portable full body 32-slice CT scanner (Neur Logica)

42

1.529

4.2210

AIRIS 2 (Hitachi) MRI

5

16.339

15.8760

Future MRI

-

0.7

0.7500

Future CT scanner

0.003

-

0.0168

The tunnel is big enough to transport the CT scan and MRI. For the CT scan, the dimension
are maximum of 1.04m wide, 2.56 m long, and 1.99m high [27]. For the MRI, each component of
the MRI doesn't exceed the dimension of the tunnel so it can't be said that if we break down into
components, it can be moved through the tunnel. For the Gantry unit of the MRI, the width exceed
the diameter of the tunnel but the length and height doesn't exceed so it can be moved. The
dimensions for each components are shown on Table 7.1.5.3
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Table 7.1.5.3 Dimensions of the MRI components [26]

Standard Components

Width(m) Length(m) Height(m)

Gantry Unit

2.74

1.778

1.93

Patient Table

0.838

2.362

0.914

Operator Console

1.321

0.864

0.737

MRI Unit

1.016

0.787

1.753

Filter Box

0.686

0.279

1.118

Coil Storage Cabinet

1.524

0.686

1.259

The cost of CT scan differs on how much detailed the system can scan which is explained
by the how much slice it can scan. The more slice it can scan, the more expensive it is. The 16
slice CT scanner costs range from $75,000 - $155,000 and the 64 slice CT scanner costs range
from $90,000 - $250,000 [23]. The scanner we are going to have is 32 slice scanner so if we take
an average of the cost above we get the cost of $142,500 per system.
For the one hundred colony, due to the space constraints, there will be only CT scanner.
So the MPV needed for the large medical equipment will be power: 42 kW, mass : 1.529 Mg,
volume : 4.221 m3. For the one million case, we have 2 medical module per quarry so we will need
two CT scanner per quarry. For one million colony in total, there are 80 CT scanner. The PMV
and cost is shown below.

Table 7.1.5.4 The PMV and cost of the CT scanner for 100 colony, one quarry, and one million colony

Power

Mass

Volume

Cost

Case

Amount

(kW)

(Mg)

(m3)

(Dollar)

100 colony

1

42

1.529

4.221

142500

one quarry

2

84

3.058

8.442

285000

one million colony

80

6720

244.64

675.36

22800000
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7.2 25,000 Person Model
Purpose
For the initial Martian settlers, a temporary 100-person colony made up of structures
brought from Earth is acceptable. However, as more settlers arrive with each synodic period, this
model quickly becomes unreasonable. The costs and number of cargo launches required quickly
become unsustainable. For this reason, we design a large-scale habitat model.
Outcomes / Conclusions
We decide that each large-scale habitat should be capable of holding 25,000 colonists. This
number is determined from the standard population curve. The maximum delivery rate for the
colonists is 24,700. For construction and planning purposes, it makes sense to size our large-scale
habitats at approximately this volume.
With the number of colonists known, we can determine a general model for the 25,000person habitat. We conclude that the most effective way to construct such habitats is by making
use of the areas already excavated in search of raw materials and water. From this conclusion, a
quarry city is chosen as the 25,000-inhabitant large-scale habitat design.
Explanation of Process and Outcomes
Before reaching the quarry design, the team considered quite a few different designs.
Prevalent among all these designs is the acknowledgement of the need to move underground for
radiation and impactor shielding purposes. The first design considered was a large-scale tunnel
system running throughout the Martian underground. This idea, while it has its bright spots, was
deemed unsustainable. The danger of cave-ins and inability to keep the colony contained in a
relatively small area made this model undesirable for the goals of the mission. The next model we
consider is an underground sky scraper city. This is a flashy model for our large-scale colony,
however, the construction challenges and structural concerns with this design made it nothing more
than a passing fancy. Ultimately, we decide that a quarry is the most sustainable construction
model. This design has quite a few benefits. We know we will be moving large quantities of
regolith for resource extraction, so this allows us to kill two birds with one stone. Additionally,
construction inside of the quarry allows it to be covered with regolith once all structures are
complete, providing ample radiation shielding. Lastly, this design allows for a more compact 1million-person colony.
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7.2.3.1

Space Allocation for 25,000 Person Habitat

Table 7.2.3.1 Space Allocation for 25,000-Person Habitat

Designation

Area Allocated (m2)

Volume Allocated (m3)

Living Space

250,000

750,000

Common/Eating Space

35,000

105,000

Medical Facilities

2,125

6,375

Recreation Space

82,500

247,500

Bathing Facilities

13,500

40,500

Science Facilities

17,550

52,650

Total

400,675

1,202,025

Total Including Factor of Safety

560,945

1,682,835

We conduct space allocation within the scaled-up habitats using the values determined when
sizing the 100-person model habitats. Each quarry habitat is sized to house 25,000 people. The
space allocations for various living spaces is tabulated in Table 7.2.3.1 above. The only facility
that is amended with scaling is the medical facility space. As the population is scaled up, the
medical facility's space allocation is increased to allow for six hospital beds per 1,000 people,
rather than the five beds per 100 people that we allocated in the one hundred-person model. Six
beds per 1,000 people exceeds the average figure of three beds per 1,000 people in the United
States. This number is used in our habitat model to account for the potential medical needs of
colonists working in the confined, high-stress environment that they will find on Mars. All other
facility area allocations remain constant with respect to the one hundred-person colony model, as
they already represent the minimum values required for basic human needs. However, we increase
the standard ceiling height from 2.5 meters to 3 meters, achieving a greater living volume without
expanding the land area consumed by the habitat.
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Additionally, we apply a factor of safety of 1.4 to the living space allocated to the colonists.
This additional space is comprised of systems that are not accounted for in the habitat designations
that are already considered. For example, hallways and escape systems are not taken into account
when calculating initial living space requirements. When this factor of safety is applied, each
habitat must contain a volume of approximately 1,683,000 m3.
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7.3 Construction Methods
Purpose
With a general large-scale habitat model in place, we need to determine the most costeffective and efficient way to build the 25,000-person quarry cities. The goal is to employ as much
of the Martian environment as possible in construction. This will reduce cost and make for a more
sustainable long-term colony.
Outcomes / Conclusions
We decide on a 3D volcanic basalt printer as our primary construction tool. Other designs
that are outlined in section 13.3.4 of the appendix have merit. That said, none proved to be quite
as versatile or efficient as a 3D printer. With a 3D printer, we have autonomous capability with a
low percentage of error.
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7.3.2.1

Circular Sulfur Concrete Printer

Early on in the process, we recognized that inflatable habitats would become a not so
reasonable task once we scaled to 1,000,000 colonists from our 100-person model. Specifically
that launching inflatable habitats from the Interplanetary Transport System (ITS) would require
hundreds of thousands of ITS shipments for just the inflatables themselves. From this realization,
we began looking for an alternate solution that would employ Martian resources to its fullest
capacity. We had to look at multiple types of resources on Mars that could be used to create
permanent, viable structures on the Martian surface. Therefore, we evaluated multiple types of
concrete, and we decided on sulfur concrete. This sulfur concrete had a couple major advantages.
The first major advantage was that it did not require water, which was important because the
colony requires massive amounts of water and we did not want to add to that amount. The second
major advantage was that it could be made from the materials right in the Martian soil. It did not
require us bringing a majority of the materials from Earth. The third and final major advantage
was that it had natural radiation protection. The Martian surface receives a significant amount of
radiation from the Sun due to the lack of a magnetic field around Mars to protect it.
After we had decided on sulfur concrete, we need to develop a structural shape that is
strong enough to survive the internal pressure of the building. For this we looked at several shapes,
such as domes, spheres, blocks, and more. We settle on a cylindrical shape, because this allows us
to have a dome shape top with rounded edges, and decreases the structural tension on the building
by significant amounts. This cylindrical shape also allows for more usable space than our
inflatables, because we can build larger structures than the inflatables. Now we need dimensions
for our new farm. We need length, width, and height that is big enough to support itself on the
surface, while also being small enough that they can be created quickly and begin to be used right
away. We also need to constrain our height based on our build method, which we decided on later.
So, a diameter of sixteen meters was selected, so as to allow for an area that isn’t too big but also
not too small, and a height of twenty meters. This height was well within the acceptable ranges for
compressive forces, which allowed for somewhere on the order of 2000 km high walls. Obviously,
such a large structure would be impossible to construct, so we choose twenty meters to make
construction as fast as possible while still maintaining a large volume.

Lastly, we need to

decide the thickness of the walls of the structure. We have to base these on two criteria. We first
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must choose a thickness that is able to hold its own weight, which is determined based on structural
analysis. Secondly, we must choose a thickness that will block enough radiation to protect our
colonists and plants.
Radiation protection is based on Half Value Layer’s, which is a simple concept. For each
half value layer there is a particular thickness (of a certain material) that will block half the
incoming radiation from the previous layer. 1 HVL will block 50%, 2 will block 25%, 3 will block
12.5% and so on. Sulfur concrete is assumed to have a HVL of 44.5 mm.
We also need the average amount of radiation we need to protect from in order to calculate how
many HVL’s we need. Our colony location is Chryse Planitia at the mouth of Mawrth Vallis. An
average radiation in this area per day is 0.67 mSv. 0.67 mSv * 365 days = 244.55 mSv = 0.24 Sv
per Earth year. 7 layers of HVL will block 99.2% of all incoming radiation. If we employ these 7
layers, that means we will block (0.992) * 0.24 Sv = .23808 Sv per year, which means that colonists
and plants will be exposed to .00192 Sv/ year which is far within acceptable limitations for humans
and plants to be exposed to over their life time.
So, finally, we calculate the wall thickness needed for radiation protection.
7 * 44.5 mm = 311.5 mm or .311 meters.

Purdue University | PROJECT DESTINY

A. Campbell | 7-26

25,000 Inhabitant Quarry City

We nearly double this to ensure for thick enough walls to withhold the weight of the
structure through compressive forces, and we get 0.6 meter thick walls.

Fig. 7.3.2.1 Dimensions of the cylindrical habitat. Not drawn to scale. Abstract visualization only.

So now that we have our final dimensions, we calculate the volume of each farming habitat,
and begin planning the floor space available to grow on. For these calculations we need two
equations.
𝐴 = 𝜋𝑟 2 = 𝑝𝑖 (8)2 (
~ 201 m2
𝜋

2
𝑉 = ℎ𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝜋𝑟 2 + (2 ) ℎ𝑐𝑎𝑝 + 3𝑟 2 + ℎ𝑐𝑎𝑝

𝜋
= (18𝜋82 ) + ( ( ) ∗ 2 + 3 ∗ (82 ) + 22 )
2
= 3824.25 m3
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So, in short. This structure gives us a floor space of 201 m2 and a volume of 3824.25 m3.
Now we need to calculate the number of structures we need to construct in order to grow
the amount of food for the colony. Since we were operating on a one hundred model for the
inflatables, we will calculate for this same amount in order to compare equally between the
inflatables and the new sulfur concrete structures. We have previously calculated that we needed
9532 m2 total growing area for one hundred people to survive. However, first we need to
calculate the amount of growing area available in our new structures. We estimate that 2/3 of the
structure will be available for growing, with 1/3 remaining for walkways and working areas. So,
now we employ the floor area we calculated earlier. (201 m2 ) * (2/3) = 134 m2. Now we
account for the available layering. Since we estimate that each floor will be 2 meters in height,
we can fit 9 layers into our cylindrical structure. 134 * 9 = 1206 m2. Therefore, with 1206 m2
available of growing area per cylindrical structure, we make the simple calculation of 9532 /
1206 = 7.9 cylindrical habitats required. We round up to 8 habitats to get the number of new
sulfur concrete habitats needed to support 100 people. For one million people, this is a simple
ratio of 10,000 * 8, or 80,000 cylindrical habitats needed.

Fig. 7.3.2.2 The cylindrical printing arm begins printing the cap of the cylinder.
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Now, we must figure out a way to construct these habitats. We looked at various methods
of construction, but one way that stuck out was 3D printing. Large scale 3D printing is an
emerging industry, and we believe it is important going forward to recognize that this method is
the future of planetary construction. We viewed a couple ways to employ 3D printing, and we
decide on an innovative printer that has a middle shaft that runs up the 21 meters, just high
enough to construct the entire cylindrical building. This structure will turn on a screw that is
shallow enough to build upwards the entire way of the cylinder. Once it gets to the cap, it will be
able to shorten its printing arm, so that it slowly comes inward until the entire building has been
constructed. Once completed, it will then be replaced with an arm that can construct the floors
inside

Fig. 7.3.2.3 The cylindrical arm prints in a circular fashion in order to construct the main body of the farming habitat.

Lastly, we must compare this new 3D printed cylindrical sulfur concrete structure to the
inflatable habitats in order to ensure that they accomplish the goals of reducing ITS launches.
First, we must do some quick mass and volume evaluations to determine what must be brought.
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The only thing that needs to be brought is the 3D printer, as well as some small amount of
additives. NASA has evaluated that 3D printed constructions require only 10% of the total mass
of machinery that inflatable structures do. This brings us to a volume of 5689 m3 x 0.10 = 568.9
m3 and a mass of 699.7 Mg x 0.10 = 69.97 Mg. Below, Table 1 compares the two types of
farming habitats.
Table 7.3.2.1 Inflatable Habitats vs. Sulfer Concrete Structures

Inflatable Habitats

Sulfur Concrete Structure

# of Units

43 Structures per 100 people

8 Structures per 100 people

Radiation Protection

0.3 Kevlar Polyester

0.6 Sulfur Concrete

Volume in cargo

5689 m3

568.9 m3

Mass in cargo

699.7 Mg

69.97 Mg

ITS Shipments Required

6 Cargo ITS Shipments per

<1 Cargo ITS Shipments per 100

100 people

people

Useable floor space

112 m2

201 m2

Number of layers possible

2

9

Building Method Ease

Inflation

3D Printing Arm

Construction Time

Short

Long

From this table, we can see that the sulfur concrete structure is a superior model to the
inflatable structures as we scale up to a million-person colony.

Purdue University | PROJECT DESTINY

A. Campbell | 7-30

25,000 Inhabitant Quarry City
7.3.2.2

Material Properties of Basalt

A long-term, large-scale presence on the surface of Mars is a significant challenge to
overcome due to the harsh climate, intense radiation, and lack of traditional building materials. As
such, this requires us to be creative when designing our habitats, and to use the available resources
that are provided in situ on the planet rather than shipping from Earth. As previously discussed,
construction out of Martian bricks was considered, but ultimately was deemed infeasible.
However, another option was looked at: basalt.
Different lavas form under different types of conditions, depending on the amount of water
present and the type of volcanism, be that a hot spot, a divergent rift, or a convergent boundary.
The tectonic activity on Mars differs greatly from that of the Earth, due to the fact that Mars has
no tectonic plates, and that there is no liquid water on its surface. As a result of these two factors,
almost all volcanoes on Mars (such as Olympus Mons in the Tharsis Bulge) are hot spots, which
primary produce basaltic lavas. Therefore, basalt is extremely widespread across the planet and
composes most of the crust. According to Taylor [1], “the dominant minerals on the surface of
Mars are pyroxene, plagioclase, and olivine, the minerals that make up basalt.” This is good for
our Martian colonists because a large volume of building materials will be necessary to provide
shelter for one million people. Spectrographic maps of our area, provided by the Thermal
Emission Spectrometer (TES) aboard the Mars Reconnaissance Orbiter (MRO) [2] as shown in
Figure 7.1 provide an easy way to visualize where exactly basalt abundances might be. When
looking at the map, the highest concentrations of basalt lie along the southern rim of the Chryse
Planitia Basin, at about 75% [2].
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Fig. 7.3.2.4 Basalt abundances are shown around our colony location, with red as the highest abundance.
Shown here, the largest deposit is along the southern rim. Credit: NASA/JPL-Caltech/Arizona State
University [3].

Basaltic lava is characterized by being non-viscous and non-explosive when liquid.
Therefore, when is hardens, the rock is relatively non-porous with a very low permeability, which
is ideal when creating structures that must be pressurized [3]. Additionally, as a rock, basalt is a
very strong shield against radiation. This is a necessary characteristic for the chosen construction
material, as the Martian atmosphere is extremely thin and provides no assistance with blocking out
solar and cosmic rays.
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7.3.2.3

Bricks Vs Basalt

Takes place in massive quantities to create space for the underground habitats, large
amounts of brick-making material become available. While some of the regolith is transported to
water extraction plants, where it is heated to produce water for the colony, more than enough is
left over to build habitat structures. However, creating structures from these Martian bricks comes
at a cost. Brick structures require precision during assembly, and must be laid by hand to create a
quality structure. Furthermore, using bricks as a building material requires the presence of an
additional material to form a bond between the bricks; on Earth, mortar commonly serves this
purpose. On Mars, however, these bonding agents are not readily available or easily producible.
Sending enough bonding material from Earth to build habitats for the one million-person colony
requires 118 ITS-C launches. When scaling our habitat design to accommodate a one millionperson colony, we attempt to minimize the required number of ITS launches from Earth, making
this option unattractive. Additionally, bricks are typically porous. Our habitats require
pressurization to retain breathable air for the colonists. Structures made of porous bricks require
an additional internal layer of material to keep the habitat airtight. Keeping these factors in mind,
we look for other materials that may be found on Mars and used for habitat construction.
Basalt rock is a material of abundance on Mars that differs from bricks in how it is used to
create structures. Unlike bricks, basalt does not require an external bonding agent. Instead,
extracted basalt rock can be heated and sintered into a soft, malleable state. At this point, the basalt
is fed through a large 3-D printer, which lays down the habitat structure through an additive
manufacturing process. Such a 3-D printer is capable of Fabricating structures much faster than
laying bricks by hand; a single printer is capable of constructing a single habitat structure in only
4.76 days. Due to the abundance of the material on Mars, basalt can be extracted in massive
quantities from just below the Martian surface. We then construct our habitats in the space cleared
by the basalt excavation.
Basalt possesses other properties that make the material conducive to habitat construction.
First, the basalt provides radiation shielding for the colonists, mitigating the effects of the harmful
radiation applied to the Martian surface. Our habitats are being built underground, amplifying the
effects of the basalt’s radiation shielding properties. Additionally, basalt has a low permeability
constant, aiding in habitat pressurization [4]. Structures built out of 3-D printed basalt are airtight,
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eliminating the possibility of a steady loss of breathable air and depressurization. Finally, basalt’s
tensile strength and compressive strength are favorable to those possessed by Martian brick. The
3-D printed basalt possesses a tensile strength of 13.1 MPa and a compressive strength greater than
200 MPa. These properties make basalt stand out as a building material for our habitats, and we
choose to pursue this idea when designing the one million-person colony.
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7.3.2.4

Basalt 3D Printer

We perform in-depth analysis to arrive at the decision of using a 3D printer for construction
of the large-scale habitat. To determine the printing ability that we can claim, we perform an
analysis of an existing 3D printer in San Francisco that produced a 400 ft2 house in under 24 hours
[5]. To gather an estimate of its printing capabilities, we assume the dimensions of the house by
extrapolating its height and width relative to human workers around the house and model it as a
perfect circle. We use equation 7.3.2.4.1 to determine the printing capability of the 3D printer.

𝑉𝑝𝑟𝑖𝑛𝑡𝑒𝑑 = (𝑝𝑖 ∗ ℎ)(𝑟𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 − 𝑟𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 )2 + 2 ∗ 𝑝𝑖 ∗ (𝑟𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 )2 = 45.70 𝑚3 /𝑑𝑎𝑦 (7.3.2.4.1)

Equation 13.3.3.2.1 first determines the shell volume printed and then adds the printed
volume of the roof and floor. A very similar equation is used to determine the required volume to
print our permanent habitats. With these printed volumes known, we use our printer capability to
determine the required time to construct our habitats. From these times, we can obtain a
recommended 3D printer fleet size. With a printer capability of 45.70 m3 of basalt per day known,
we move on to the structural design of our permanent habitats.
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7.4 Habitat Structure
Purpose
The permanent habitat structure has two main requirements. The first is that it can
withstand the internal pressurization that humans require to live. The second is that it provides
enough radiation shielding to keep all of our colonists from developing fatal cancer. By building
underground, we have effectively satisfied this second requirement. To fulfill the first requirement,
we conduct structural analyses and optimization routines to determine the best structure for our
quarry cities.
Outcomes / Conclusions
Ultimately, we determine that cylindrical structures meet these requirements in the best
manner for the permanent habitats. Initially, a sequential quadratic programming optimization
routine was run in MATLAB to see what structural dimensions minimize construction time using
hoop stress as the limiting constraint. The equation for hoop stress is shown below in equation
7.4.2.1.
𝜎𝐻𝑜𝑜𝑝 =

(𝑃𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 − 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ) ∗ 𝑟
𝑡𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

(7.4.2.1)

However, as it turns out, the most efficient structure in terms of building time is a small
personal cylinder for each Martian colonist. This is not feasible due to the mission requirements
as well as the number of failure points that are associated with such a design. Thus, we determine
the cylindrical structures to have an internal diameter of 18 meters and internal height of 18 meters,
which corresponds to six floor levels. We determine this final size by accounting for 3D printer
size considerations.
Cylinder
There are several reasons that this design was chosen over other geometries. Cylinders can
equally distribute internal pressure loads, reducing fatigue, and increasing the lifespan of the
structure. Additionally, cylinders with a radius to height ratio of ½ are the second most efficient
geometry in terms of surface area to internal volume ratio behind spheres, which would be
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inefficient in terms of stacking. Finally, a vertical cylindrical building allows for a quarry that takes
up less total area, allowing for more ease of movement throughout each 25,000-person quarry.
The entire 25,000-person colony is discussed in section 7.1. Recycling figure 7.1.1, we
discuss the layout of the quarry as seen in Fig. 7.4.3.1.

Fig. 7.4.3.1 A top-down view of the habitat structures. Credit: K. Ziesig

The permanent large-scale habitat is composed of 663 structures underground. There are
26 total rows. 13 rows contain 25 cylindrical structures and the other 13 rows contain 26 structures.
There are 109 structures marked with an X that indicate emergency exit/rover port access. The
layout is put together in a way that creates “neighborhoods” for a group of colonists. All living
habitats, indicated by green, have one-fourth of one of their floors dedicated to bathroom space.
Additionally, all living habitats are connected to the different utilities within the quarry city that
include eating and meeting areas, workout areas, science areas, and hospitals. Finally, to allow for
easy access to food, all “neighborhoods” have two rows of farms and food storage structures within
close walking distance.
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Table 7.4.3.1 Space Allocation for 25,000-Person Habitat
2

Designation

Area Allocated (m )

Living Space
Common/Eating Space
Medical Facilities
Recreation Space
Bathing Facilities
Science Facilities
Total
Total Including Factor of Safety

250,000
35,000
2,125
82,500
13,500
17,550
400,675
560,945

Volume Allocated (m3)
750,000
105,000
6,375
247,500
40,500
52,650
1,202,025
1,682,835

We conduct space allocation within the scaled-up habitats using the values determined when
sizing the 100-person model habitats. Each quarry habitat is sized to house 25,000 people. The
space allocations for various living spaces is tabulated in Table 7.4.3.1 above. The only facility that
is amended with scaling is the medical facility space. As the population is scaled up, the medical
facility's space allocation is increased to allow for six hospital beds per 1,000 people, rather than
the five beds per 100 people that we allocated in the one hundred-person model. Six beds per 1,000
people exceeds the average figure of three beds per 1,000 people in the United States. This number
is used in our habitat model to account for the potential medical needs of colonists working in the
confined, high-stress environment that they will find on Mars. All other facility area allocations
remain constant with respect to the one hundred-person colony model, as they already represent
the minimum values required for basic human needs. However, we increase the standard ceiling
height from 2.5 meters to 3 meters, achieving a greater living volume without expanding the land
area consumed by the habitat.
Additionally, we apply a factor of safety of 1.4 to the living space allocated to the colonists.
This additional space is comprised of systems that are not accounted for in the habitat designations
that are already considered. For example, hallways and escape systems are not taken into account
when calculating initial living space requirements. When this factor of safety is applied, each
habitat must contain a volume of approximately 1,683,000 m3.
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7.5 ECLSS
When performing failure analysis of the ECLSS system, it was important to specify what
types of failures we were analyzing. The analysis performed focuses only on failure modes
internalized to the ECLSS system. This means that external failures—such as a power outage—do
not count towards the failure probability—and therefore Mean Time to Failure—of ECLSS. These
internalized failures are well documented throughout spaceflight history [3]. Air Processing Units,
which are responsible for oxygen generation and carbon dioxide scrubbing, often are composed of
such things as Carbon Dioxide Removal Assemblies, Major Constituent Analyzers, and an Oxygen
Generation Assembly. Carbon Dioxide Removal Assemblies (CDRAs) often face difficulties with
temperature sensor fails, faulty filters, and broken Air Selector Valves (ASVs) [1]. Such failures
lead to buildups of carbon dioxide and other hazardous gases and particulates. Oxygen generation
systems very often have issues with contamination that lead to a dearth of oxygen present for
colonists. The Water Reclamation System (WRS) is one of two systems responsible for purifying
liquids into drinkable water. Alongside the WRS is the Urine Reclamation System (URS). Water
processing systems very often experience faults resulting from biomass buildup [2]. The system
we designed will more specifically suffer from failure due to UV light, anode, or cathode burnout.
Our urine processing unit will likely experience failure from calcium sulfate build-up, centrifuge
breakdown, or faulty components such as check valves. Another system that could have significant
failure modes is the Solid Waste Processing Plant. We determined that a few of the most major
failure mods for this portion of ECLSS involve the failure to process feces, failure to capture
methane, or failure to collect water from the feces. The general FMECA listed below shows many
of the common failure modes of ECLSS.

Purdue University | PROJECT DESTINY

B. Prior | 7-41

25,000 Inhabitant Quarry City

Fig. 7.4.3.1 FMECA for ECLSS, including non-critical failures

Figure 7.4.3.1: FMECA for ECLSS, including non-critical failures
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Unlike the information presented in section 7.5 of the main body, we choose to include in
Fig. 7.4.3.1 the progression of non-critical failures in conjunction with the critical failures. Critical
failures are the most important to study because they would likely result in Loss of Crew (LoC),
hence defining why the failure mode is classified as critical. Other types of failures in Fig. are
labeled as either moderate or low. These failures, while not desirable, will not result in LoC. For
example, a failure of the waste processing plant may result in a build-up of solid waste underneath
or in the habitat. However, such a failure is not as detrimental to the success of the colony as is a
lack of oxygen or water.
Another method for representing these failure modes is by using a Fault Tree Diagram.
Below is a fault tree diagram generated for ECLSS.
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Fig. 7.4.3.2 Fault Tree for ECLSS

This fault tree shown in Fig. 7.4.3.2 demonstrates the pathway of failure that leads to a
critical failure within ECLSS. Once again, as stated before, critical failures are those that lead to
LoC. It is important to note that while a failure in the water purification system is enough to lead
to LoC, this is not the case for WRS and URS. The Water Reclamation System and the Urine
Reclamation System must both fail concurrently to achieve LoC. A breakdown of a single system
would affect the colony by decreasing the amount of potable water available at any given time, but
there would still be water available for colonists to drink, bathe, eat, etc.
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ECLSS Failure Rates
Much of the failure rate analysis for ECLSS comes from work done by Detrell and
Messerschmid of the University of Stuttgart and Ponsati of ESEIAAT [1]. As previously
mentioned, the analysis for ECLSS focuses on internalized, random failures. Doing so enables the
failure rate to be constant and the analysis to be simplified. An analog 1000 day Mars mission was
used to set up a test case by which reliability measures could be generated. The database from
which the results are generated has compiled data of failure rates of individual parts of ECLSS
components. We assume that when a part of a subsystem fails, the entire subsystem fails. For
example, if a centrifuge within the Urine Reclamation System fails, we assume that the entire urine
purification system goes offline. The reliability of systems is displayed below.

Fig. 7.5.1.1 ECLSS reliability over time.

We determined that the reliability of the ECLSS system on its own, without any form of
Figure
7.2: ECLSS reliability
over mission.
time
repair equipment is insufficient for
a long-duration
Mars
With component reliability

dropping to 50% within 100 days, colonists’ well-being would be at stake. For this reason, we
mandated the necessity of additional risk mitigation strategies.
A few initial risk mitigation strategies surfaced. The most obvious method by which to
mitigate the risk of a failing ECLSS system nexus would be to send redundant systems, meaning
that not one, but two or more full ECLSS modules would need to be sent for every habitat and ITS.
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While there is something reassuring about knowing that all colonists would have two full ECLSS
nexuses available to provide necessary oxygen, water, carbon dioxide removal, heat, waste
processing, and other necessary environmental control requirements, the mass and volume
constraint of sending a full second system is not practical. For this reason, we sought alternative
solutions. The next most obvious answer is to send sets of spare parts along with colonists. This
solution is more elegant than the previous solution due to the reduced mass and comparable
capability. By sending spare parts for the components that are most likely to fail, ECLSS will still
be repairable. However, spare parts will only be 34% of the original ECLSS mass. If this option is
to chosen, either one or two sets of spare parts could be sent along with the original ECLSS nexus
and still be less massive than a fully redundant second ECLSS nexus. It was determined that we
will only provide one set of spare parts to colonists. Although we acknowledge the drastic increase
in Mean Time to Failure (MTTF) and desirable reliability percentages given by two sets of spare
parts, we determined that one set would suffice. We arrived at this conclusion because one set of
spares increases the MTTF to a sufficiently long period of time. “Sufficiently long period of time”
in this instance means that if drastic measures should be taken to repair an inherent issue with the
ECLSS technology, the MTTF suggests that the time before critical failure is long enough that
colonists can make corrections. This is demonstrated by the increased Mean Time to Failure given
with the singular set of spare parts. In order to calculate the Mean Time to Failure for both
options—with and without spare parts—we took the reliability data calculated in Figure 1.3 and
computed the following integral.
∞

𝑀𝑇𝑇𝐹 = ∫0 𝑅(𝑡)𝑑𝑡

(7.5.1.1)

This calculation provides us with the Mean Time to Failure for ECLSS with and without
one set of spare parts. This data is shown below.
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Table 7.5.1.1: Risk mitigation for ECLSS

Reliability

98.30%

Probability
of Failure
1.70%

Mean Time to

Mean Time to

Failure (no

Failure (one set

spare parts)

of spare parts)

89 days

638 days

Added Mass of
Spare Parts
627 Mg

Habitat Urine Reclamation
One of the necessities of a successful Mars colony is self-sustainability. A general risk
assessment of living on Mars would show significant risk in open resource cycles. Without the
ability to ensure successful closure—or however close one can feasibly get to a closed cycle—
there will be significant risk to the colony. Part of self-sustainment is having as closed of a water
cycle as possible. In order to accomplish this goal, we have equipped the colony with Water
Reclamation Systems (WRSs) that are used to purify any kinds of dirty water. After passing
through the WRS, water becomes potable once again. However, this system has no method by
which to pull useful resources out of the water. This brings the discussion back to the idea of selfsustainability. Self-sustenance implies that as few resources as possible should be brought to Mars
from Earth. A resource that would be very easy to lose to an open cycle on Mars is nitrogen.
Nitrogen is vital to the success of farming efforts and without it, colonists will not have sufficient
food. For this reason, we are paying plenty of attention to the nitrogen cycle. Risk mitigation for
the open cycle problem involves identifying locations that nitrogen flows out of the colony. From
this concept, we have identified that nitrogen flows out of the colony in the form of urea in urine.
Therefore, we have identified that ECLSS should not only address the purification of water, but
also the reclamation of urea for adaptation into fertilizer by the farms on Mars.
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The ISS operates with a Urine Processing Assembly using Vapor Compression Distillation.
This technology is designed to remove the urea from urine and expel it to the vacuum of space.
However, new upgrades to the system will focus more on the collection of urea. This new system
makes use of a process called Vapor Phase Catalytic Ammonia Removal. We obtained information
on this system from NASA’s Advanced Life Support Research and Technology Development
Metric. The requirements of the system are found below.
Table 7.5.2.1: Mass, Power, Volume of Urine Reclamation System for 25,000 people

Requirement

Metric

Mass

1,625 Mg

Power

5,891 kW

Volume

4,584 m3

This system, the URS, accounts for the urine/waste water collection system, the water
treatment process, storage tankage, microbial check valves, process controllers, and water quality
monitoring systems. The benefit of this system is the urea collection capabilities. From here, we
can collect 381 kg of urea per day per quarry. URS, along with other systems, also allow colonists
to collect 41.6 Mg of water per day per quarry.
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Solid Waste Processing Plant
The purpose of a life support system is to maintain metabolic equilibrium by providing the inputs
required by the human body and eliminating or recycling the body’s outputs. We know that,
especially on Mars, it is imperative that resources are recycled whenever possible. To this end, the
purpose of the SWPP is not only to eliminate feces, but to extract its useful components for reuse
elsewhere in the colony.
The selected feces processing system is an activated sludge bioreactor – Janiki Omni
Processor hybrid. The SWPP extracts methane and wastewater from human feces. We design the
SWPP such that each 25,000-person quarry will have its own system below the rest of the
structures. This minimizes habitat contamination in case of a leak and assists with material delivery
from the source to the reactor. The SWPP design parameters are shown in Tbl. 8 for a plant
operating at its 25,000-person capacity [2-9] .
We employ the pressure differential between the habitat interior and the Martian
atmosphere to pneumatically deliver solid waste from receptacles in the habitat. A six-week cycle
allows for storage, microbial activation, digestion, and byproduct extraction from the feces. The
SWPP system consists of two spherical, vacuum insulated, stainless steel reactor tanks a furnace,
and a heat exchanger. We observe a SWPP concept of operations in Fig. .
Once a tank fills with sludge, which takes 21 days , the waste is activated with a mixture of
bacteria and protozoa. We size the tanks with a 15% volumetric safety factor to avoid overflow.
Since, feces leave the human body at about 37 OC. We maintain this temperature in the tanks to
ensure optimal microorganism metabolic rate. The microorganisms then consume the solids and
perform anaerobic respiration. An anaerobic environment is critical for the production of methane.
After 21 days, the microorganisms reduce the solid bio-waste to water vapor, methane, waste
biogas, and manure. We then extract the gasses, and the manure empties into the furnace, where it
will be burned to maintain ideal tank temperature. Lastly, we microbially activate the other tank,
which has been accumulating waste, and the cycle resets.
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Fig. 7.5.3.1 The SWPP works on a six-week cycle where one tank is actively processing feces and the other is accumulating
bio-waste. Credit: Mitchell Woolever

Table 7.5.3.1 Solid Waste Processing Plant Parameters

Parameter

Value

Mass (Mg)

14.7

Power (kW)

0.0

Volume (m3)

133

CH4 Produced (Mg/day)

0.608

H2O Reclaimed (Mg/day)

0.555

The water produced in the SWPP runs through the ECLSS water treatment process and
becomes drinking water, farm water, or is used in the production of ITS propellant production.
The other major SWPP output, methane cam be used for ITS propellant as well, but the amount
produced is tiny compared to the requirements specified by Project Destiny Mission Design.

Purdue University | PROJECT DESTINY

M. Woolever | 7-50

25,000 Inhabitant Quarry City

Alternatively, we can burn the methane produced by the SWPP to generate heat, to cook on a
stove, or even in a gas turbine to generate electricity.
Each SWPP is designed to handle the solid waste of 25,000 people, so as the Mars colony
population approaches one million, an additional SWPP is required with each multiple of 25,000
colonists. We see in Fig. 7.5.3.2 that this results in a piecewise SWPP system mass parameter
when it is plotted against total colony population. Volume follows the same trend. Like mass and
volume, required SWPP power increases in a piecewise fashion, but it also decreases as a linear
function of colony population, as seen in Fig. 7.5.3.3. The mass of reclaimed methane and water
vapor increase linearly as a function of colony population.

Fig. 7.5.3.2 The required SWPP mass is a piecewise function of population. Credit: Mitchell Woolever
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Fig. 7.5.3.3 SWPP required power increases discontinuously with each additional plant, but decreases linearly with
each additional colonist. Credit: Mitchell Woolever
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Water Reclamation
The original design of the reclamation system was only intended as a wastewater treatment
facility, a means to clean the sewage water, but not to the point of being potable. The processes
involved were much like those on Earth for a typical treatment facility. There are two stages of
settling, one stage of aeration, and one stage of chemical disinfection. While most plants would
have an initial screening process for inorganic solids and grit, we assume that this treatment plant
will be directly connected to pipelines from the colony and therefore, will not require these
processes.

Fig. 7.5.4.1: Diagram of Wastewater Treatment Processes. Credit: Hans Duong

In the diagram above Fig. 7.5.4.1 we see the first step in the treatment process is holding
the water in a settling tank. During this process, solid organic waste will settle to the bottom or
float to the top where it can be removed and/or recovered for further processing.
In the second treatment process, the water goes through what is known as aeration. In
wastewater treatment processes, aeration introduces air into the contaminated water, providing an
aerobic environment for microbial degradation of organic matter. The purpose of aeration is to
supply the required oxygen to the metabolizing microorganisms and to provide mixing so that the
microorganisms come into intimate contact with the dissolve and suspended organic matter. For
this to be successful, the air compressor which pumps air into the tank, will need to be attached to
a supply of oxygen because of the low oxygen content on Mars.
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After aeration the water is passed through one more stage of settling. In this step, we are
seeking to remove any remaining solids. We are also screening for microorganisms that have died
off since leaving the oxygen rich aeration tank. The solids collected in the primary and secondary
settling tanks are pumped out of the treatment plant to either be disposed of or recovered. The
resulting organic matter can be used as fertilizer or sent to an anaerobic digester much like the
Solid Waste Processing Plant that is part of ECLSS.
The last stage of wastewater treatment is chlorination. Chlorination is the process of adding
chlorine to drinking water to disinfect it and kill germs. Different processes can be used to achieve
safe levels of chlorine in drinking water. Chlorine is available as compressed elemental gas,
sodium hypochlorite solution or solid calcium hypochlorite. While the chemicals could be harmful
in high doses, when they are added to water, they all mix in and spread out, resulting in low levels
that kill germs but are still safe to drink.
While this wastewater treatment plant is up to par with OSHA regulations, it is a fairly
complex process with many components that cannot come from Mars, such as the chlorine. The
aeration tank would also prove to be a large energy sink for the treatment plant. Not only would
the aeration run continuously without stop, oxygen production will be required at an equally
continuous pace. Because of this, the plan for an Earth based design was discarded. The next design
that followed is the electroflocculation based plant that would later be adopted by the ECLSS
system.
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Fig. 7.5.4.2: Concept art for Water Reclamation System which employs
electroflocculation and UV radiation. Credit: Hans Duong

On average, a typical city drinking water plant is 80 years obsolete and removes about 65
pollutants. Some of the pollutants that cannot be removed by the standard conventional processes
are antifreeze, gasoline, pesticides, herbicides, lead, mercury, chloroform, fertilizer, etc. A
standard electroflocculation system, however, removes more than 3,800 pollutants commonly
found in a city’s drinking water supply. The electroflocculation principle has been known since
the beginning of the century, but until recently it has not been used in industrial applications.
Electroflocculation is a process wherein flocculating metal ions are electrolytically added
to polluted water at an anode, and gas micro bubbles are released at a cathode. The flocculating
metal ions adhere to pollutants in the water, increasing their size, and the gas micro bubbles capture
the flocculated pollutants and float them to the surface, where they are removed. By the appropriate
choice of electrode materials, this process removes a wide variety of pollutants without the need
for chemicals or filters, with pH adjustment to near neutral at discharge excluded.
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The main electrochemical reactions involved are:
Anode: Fe – 3e− → Fe3+
Cathode: 2H2O + 2e− → 2(OH)−+H2
The Fe trivalent ions form as proton donors Fe(H2O)63+.
By supplying the ions electrolytically, the cathodic reaction generates hydrogen gas micro
bubbles, which capture the flocculated pollutants and float them to the surface. Under the right
conditions, this combination of processes captures the pollutants as a stable surface floc layer that
is easily separated from the treated water.
The flocculation reactions described above attaches Fe oxides to the pollutants. At near
neutral pH, these oxides have very low solubility product constants. This binding to insoluble
oxides effectively makes the pollutants suitable for landfill.
For the process, electrodes of the appropriate material are placed in water with an electric
potential applied across the electrodes to cause an electric current to flow between them. The
electrochemical reactions occur instantly upon the passage of electric current. Typically, the
flocculating process, whereby the monomers form the bridged dimers, require many hours to go
to completion. This is referred to as the “incubation” time. In operation, a convenient time is
established between the ultimate pollution removal and the practical completion required for
economic operation to the required standard.
For the process to work properly, the water is treated using an anode current density less
than 100 A/m2, with equal cathode area. Above 100 A/m2, the micro bubbles become too large to
produce a stable floc. With “typical” treatment being 100 amp hours per kL for moderately polluted
water, that requires at least 1 m2 each of anode and cathode per kL and a current of 100 Amps for
a treatment time of 1 hour, or 10 m2 of anode/cathode for a treatment time of 6 minutes. These
large electrode surface areas mean that low voltages can pass the required current and that large
areas of metal are used in electrode fabrication. The two beneficial effects of having large electrode
surface areas are that the voltage required to power the electrochemical reaction are low, typically
2 – 4 volts, hence power consumption is also low, and electrode replacement is an infrequent
occurrence, typically several months to yearly intervals. Electrolytic dosing times of less than a
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few minutes usually imply too great a current density for stable surface floc formation and hence
easy pollutant removal.
When applied correctly, the result is that the pollutants are captured by the trivalent metal
ions, most of which float to the surface, with the heaviest sinking to the bottom of the reaction
vessel. Those that float to the surface form a stable floc, which are easily removed. This enables
the cleaned water to flow out of the system without the need for other separation techniques, such
as filters. In this manner, electroflocculation is like a chemical-free dissolved air flotation system
or a membrane-free filter. As a filter, it can clean to nanofiltration level, handling some pollutant
loadings well over 20,000 mg/L without clogging [13].
After removing pollutants from the water there still exist levels of bacteria and
microorganisms alive inside the water. In order to provide potable drinking water, these
microorganisms need to be eradicated in a disinfection process. Two main methods were
considered for this process: Ozonation and UV radiation.
UV radiation affects microorganisms by altering the DNA in the cells and impeding
reproduction. UV treatment does not remove organisms from the water, it merely inactivates them.
The effectiveness of this process is related to exposure time and lamp intensity as well as general
water quality parameters. The exposure time is reported as "microwatt-seconds per square
centimeter" (µwatt-sec/cm2), and the U.S. Department of Health and Human Services has
established a minimum exposure of 16,000 µwatt-sec/cm2 for UV disinfection systems [12]. Most
manufacturers provide a lamp intensity of 30,000-50,000µwatt-sec/cm2. In general, coliform
bacteria, for example, are destroyed at 7,000 µwatt-sec/cm2. Since lamp intensity decreases over
time with use, lamp replacement and proper pretreatment are key to the success of UV disinfection.
Ozonation is a process by which the chemical ozone, O3, is introduced to a body of water
as a means of disinfection. Ozone is an unstable gas comprising of three oxygen atoms, the gas
will readily degrade back to oxygen, and during this transition a free oxygen atom, or free radical
form. The formation of oxygen into ozone occurs with the use of energy. This process is carried
out by an electric discharge field as in the CD-type ozone generators (corona discharge simulation
of the lightning), or by ultraviolet radiation as in UV-type ozone generators (simulation of the
ultraviolet rays from the sun). In addition to these commercial methods, ozone may also be made
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through electrolytic and chemical reactions. In general, an ozonation system includes passing dry,
clean air through a high voltage electric discharge, i.e., corona discharge, which creates and ozone
concentration of approximately 1% or 10,000 mg/L. Ozone has a greater disinfection effectiveness
against bacteria and viruses compared to chlorination. In addition, the oxidizing properties can
also reduce the concentration of iron, manganese, sulfur and reduce or eliminate taste and odor
problems. Ozone oxides the iron, manganese, and sulfur in the water to form insoluble metal
oxides or elemental sulfur. These insoluble particles are then removed by post-filtration. Organic
particles and chemicals will be eliminated through either coagulation or chemical oxidation. In
treating small quantities of waste, the UV ozonation is the most common method.
Ultimately, we choose UV radiation as a disinfection process for a few reasons. To begin,
ozone is a chemical that needs to be produced by means of electric discharge, electrolysis, or even
UV radiation. This extra step leads to higher equipment and operational costs and extra facilities.
Secondly, ozone is an unstable compound, and it will degrade over a time frame ranging from a
few seconds to 30 minutes. This infers that ozone is constantly made on the spot and used for
treatment immediately. If the ozone manufacturing process were to cease for any reason, this could
result in a critical failure of the Water Reclamation System and endangerment of the colonists.
In order to meet the regulations set by the U.S. Department of Health and Human Services,
we base the UV light off of a 15 watt bulb found in the Custom Engineering Systems RF-100m.
This light bulb produces a light wave of 185 nm ~ 650 nm and provides our reclamation system
with an exposure of 180,000 µW/cm2. This enables the system to process upwards of 50 gallons
per minute, more than necessary for the water demand of a single quarry.
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Fig. 7.5.4.3: Graph shows a quadratic relation between Mass and Flow. Credit: Hans
Duong

Fig. 7.5.4.4: Graph shows a quadratic relation between Volume and Flow. Credit: Hans
Duong
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Fig. 7.5.4.3 and Fig. are scalar relations that help to determine the mass and volume of the

Water Reclamation System. The calculations are based on the capabilities of the CES RF-100m, a
batch plant that can turn sewage into drinking water only with electroflocculation and UV
radiation. For the colony of 25,000 people the demand for water is 200,000 kg/day. From the
graphs we conclude that the required mass and volume of the Water Reclamation System are
0.4743 Mg and 8.611 m3 respectively.
When considering cost, there are three main components of the water reclamation system:
the tank, the anode and cathode, and the UV light bulb. Being that the tank is made from steel, we
will manufacture this component on Mars using steel provided by the metal refinery. The cathode
and anode of the reclamation system are made from iron which is also provided by the metal
refinery. Since they are produced on Mars, these two components will not affect the cost of the
reclamation system. The only part of the plant that is not produced on Mars is the UV light bulb.
Table 7.5.4.1 depicts the impact of the cost of lightbulbs on the mission.
Table 7.5.4.1: System Cost for Water Reclamation System
synodic cycle

# of light bulbs/cycle

cost of bulbs/cycle ($)

total mission cost ($)

1

2

20.36

20.36

2

2

20.36

40.72

3

2

20.36

61.08

4

6

61.08

122.16

5

6

61.08

183.24

6

8

81.44

264.68

7

10

101.8

366.48

8

12

122.16

488.64

9

14

142.52

631.16

10

16

162.88

794.04

11

27

274.86

1068.9

12

20

203.6

1272.5

13

22

223.96

1496.46

14

24

244.32

1740.78

15

26

264.68

2005.46

16

28

285.04

2290.5
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17

30

305.4

2595.9

18

48

488.64

3084.54

19

34

346.12

3430.66

20

36

366.48

3797.14

21

38

386.84

4183.98

22

40

407.2

4591.18

23

42

427.56

5018.74

24

44

447.92

5466.66

25

69

702.42

6169.08

26

48

488.64

6657.72

27

50

509

7166.72

28

52

529.36

7696.08

29

54

549.72

8245.8

30

56

570.08

8815.88

31

58

590.44

9406.32

32

90

916.2

10322.52

33

62

631.16

10953.68

34

64

651.52

11605.2

35

66

671.88

12277.08

36

68

692.24

12969.32

37

70

712.6

13681.92

38

72

732.96

14414.88

39

111

1129.98

15544.86

40

76

773.68

16318.54

41

78

794.04

17112.58

42

80

814.4

17926.98

43

80

814.4

18741.38

44

80

814.4

19555.78

45

80

814.4

20370.18

46

120

1221.6

21591.78
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Air Filtration System
This document describes how you can define the power, mass, volume of the air filtration
system for the 1 million colony on Mars and also for the cycler transport. For the air filtration
system this document will focus on is the filtration for the dust, pathogens, and airborne particles
that mainly affect human health. Therefore the air filtration for carbon dioxide and other gases that
will affect humans are not included.
The objective of this analysis is to define the power, mass, volume of the air filtration
system used on the colony on Mars and on the cycler. The fact that the air filtration system cannot
be made on Mars, all the systems will be brought from Earth which means that all the volume and
mass for the system will affect the number of launches of ITS that will impact our project the most.
Therefore this analysis is crucial to our project. Also when it comes to air filtration for 1 million
person colony, the enormous amount of space to filter and the number of people to take into
account cannot be neglected due to the large amount of power, mass, volume the system is going
to be needed.
In general, when it comes to air filtration in a closed area, there are two types of air filtration
systems to consider: removal of contaminate gasses, and the removal of particulates. The first one
is where the system remove carbon dioxide that humans breathe out and make clean air. The air
filtration system also takes the removal of other gases such as ammonia (human odor) and light
weighted gases such as methane, hydrogen, etc. into consideration. The second system which
makes humans live healthy is where it removes dust, pathogens, and airborne particles. This system
is used in hospitals, industry, and schools where they keep the patients, employees, and students
healthy when they do their daily works. For our analysis we focused on the second system that
provides healthy living conditions.
To get the correlation of power, mass, volume for sizing the air filtration, we looked into the
system that is used in hospitals, schools, and in the industries. We mainly focused on the air
filtration that is capable of filtering large amounts of space since we need to filter for 1 million
person colony in our project. In general, air filtration uses CFM (cubic feet per minutes) to define
how much air it can filter. CFM means cubic feet per minutes and shows how much volume it
can filter in a minute. The CFM and the power, mass, and volume for each air filtration system
we found is on
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Table

7.5.5.1.

For the mass of AR8000s Industrial Air Cleaner, AR15000 Industrial Air

Cleaner and AR30000 Industrial Air Cleaner we could not find the values so we estimated the
values by scaling by the ratio of the volume compared with AZ Tech Model T7500.
From the values in

Table 7.5.5.1, we make a correlation graph for power, mass, volume vs CFM. This is shown
on (Error! Reference source not found. - Fig. 7.5.5.2). From the graph we figure out the trend
line for each of them. We consider linear, exponential, power, and polynomial for the trend line
and choose the one that best fits the correlation. As seen from the graph, power and volume shows
linear correlation with CFM. For the power analysis, CFM values from 0 to 15000 CFM showed
a clear linear relationship. For the values from 15000 CFM to 30000 CFM, we assume that power
requirement doesn’t change due to the fact that the requirement for the machine that filters 15000
CFM and 30000 CFM is the same.
To calculate the size for the air filtration for 1 million colony and cycler transport, the CFM
needed for the two space needs to be solved. When defining the CFM needed for certain closed
places, there are two ways to solve the CFM value. The first one is to define by the population of
people inside the closed space. For humans to live healthy inside a space on Earth, 15 CFM person
is required [14]. However inside the habitat on Mars, the space is a closed space which requires
more high air quality. Therefore we put a 1.5% margin and defined the CFM per person required
as 25 CFM which is same as the air filtering inside the medical facility. Second is how much space
the system needs to filter. Inside a building for residential place, air cycle of 6 -8 is recommended
[15]. We decide to use 7 air cycles for our analysis which is the average of the recommended air
cycles. From the Eq. (Error! Reference source not found..1-Error! Reference source not
found..2), the needed CFM for can be calculated for the amount the system need to filter in given
space. The larger value of these two values is the CFM needed for closed space. The values for
CFM Population, CFM

space,

and the CFM needed for the 1 million colony and cycler transport is

shown on Table 7.5.5.2.
CFM Population = 25

CFM
person

Purdue University | PROJECT DESTINY

∗ Population

(7.5.5.1)

K. Nakagoshi| | 7-63

25,000 Inhabitant Quarry City

CFM space = 7

air cycles
minutes

∗ Volume of the closed space

(7.5.5.2)

From the CFM needed calculated above, the power, mass, volume for the system is solved
using the correlation. The equation for solving mass and volume is shown on Eq. (7.5.5.3-7.5.5.4).
Volume = 0.0003 ∗ CFM needed
Mass = 0.00003 ∗ CFM needed

(7.5.5.3)
(Error! Reference

source not found..4)
For the power analysis, from the fact that power requirement stays the same from 15000
CFM to 30000 CFM, it is better to use the 300000 CFM system as much as you can if the CFM
needed is more than 30000 CFM. This analysis can be explained on (Fig. 7.5.5.4) as well. The
equation for solving power is shown below

Power P(kW)
•

0 < CFD needed < 15000
P = 0.0005 ∗ CFD needed

•

15000 < CFD needed < 30000
P = 7.5

(7.5.5.6)

CFD needed > 30000
Unit = CFD needed / 30000 (round down to nearest number)

(7.5.5.7)

•

o 0 < CFD needed – Unit * 30000 < 15000
P = Unit ∗ 7.5 + (CFD needed – Unit ∗ 30000) ∗ 0.0005 (7.5.5.8)
o 15000 < CFD needed – Unit * 30000 < 30000
P = (Unit + 1) ∗ 7.5
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Table 7.5.5.1 Power, mass, volume, and CFM for the air filtration system [16-19]

Product name of air filtration system

Power
(kW)

Mass
(Mg)

Volume (m3)

CFM(ft3/min)

Technical Specifications of
Amaircare Whole House HEPA Air
Purifiers
AZTech Model 2000-C
AZTech Model 2500
AZTech Model T3000
AZTech Model T3500
AZTech Model T4500
AIR POD III
AZTech Model T6000V
AZTech Model T7500
AR8000s Industrial Air Cleaner
AR15000 Industrial Air Cleaner
AR30000 Industrial Air Cleaner

0.60
0.37
0.56
0.56
1.49
2.24
2.24
3.73
3.73
3.73
7.46
7.46

0.059
0.063
0.077
0.077
0.086
0.091
0.166
0.179
0.308
0.26
0.407
0.812

0.39
0.49
0.80
0.72
0.72
0.72
1.59
1.64
3.28
2.77
4.33
8.65

1000
2000
2500
3000
3500
4500
5000
6000
7500
8000
15000
30000

Table 7.5.5.2 CFM needed for the habitat and cycler

Type
Habitat

Cycler

Specification
1 quarry (25000
colony)
1 million colony (40
quarry)

Population

CFM
(population)

Volume,
m³

CFM(space)

CFM(needed)

25000

625000

1793085

7386614

7386614

1000000

25000000

71723400

295464546

295464546

352

8800

7237

29813

29813
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Power vs CFM
8.00
y = 0.0005x

7.00
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6.00
5.00
4.00
3.00
2.00
1.00
0.00
0

5000

10000

15000

CFM

20000

25000

30000

35000

(ft3/min)

Fig. 7.5.5.1 Plot of Power Vs. CFM

Volume(m3)

Volume vs CFM
10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

y = 0.0003x

0

5000

10000

15000

CFM

20000

25000

30000

35000
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Fig. 7.5.5.2 Plot of Volume vs CFM. Credit: K. Nakagoshi
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Mass (Mg)

Mass vs CFM
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

y = 3E-05x

0

5000

10000

15000

CFM

20000

25000

30000

35000

(ft3/min)

Fig. 7.5.5.3 Mass Vs. CFM. Credit K. Nakagoshi

Fig. 7.5.5.4 Plot of power vs number of machines. Credit: K. Nakagoshi

For the cost of the air filtration system, we looked into the cost of the system we did
research above. The cost is shown on Table 7.5.5.3. From these data, we made a plot that shows a
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clear correlation between the amount that system can filter and the cost. The plot is shown below
and the calculation for the cost is shown below.
Cost = 0.9121 ∗ CFM needed

(7.5.5.10)

Table 7.5.5.3 Cost for each air filtration system

Type of air filtration system
AZTech Model T3000 Industrial Air Cleaner
AZTech Model T4500 Industrial Air Cleaner
AZTech Model T6000V Industrial Air Cleaner
AZTech Model T7500 Industrial Air Cleaner

CFM
3000
4500
6000
7500

Price (dollars)
2150
3019
5166
7972

CFM vs Price
9000
8000

Price (dollar)

7000

y = 0.9121x

6000
5000
4000
3000
2000
1000
0
0

1000

2000

3000

4000

5000

6000

7000

8000

CFM

Fig. 7.5.5.5 Plot of Price vs CFM Credit: K. Nakagoshi
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The power, mass, volume, and the units needed for the habitat and the cycler transport is
shown on
Table 7.5.5.4.

Table 7.5.5.4 Power, mass. Volume for the habitat and cycler transport

Type

Specification

Power, kW

Mass, Mg

Volume, m³

Units

Habitat

1 quarry (25000 colony)
1 million colony (40
quarry)

1875

222

2216

250

75000

8880

88640

10000

7.5

0.9

8.9

1

Cycler

The cost for the air filtration system is shown on Table 7.5.5.5.
Table 7.5.5.5 Cost for habitat and cycler

Type
Habitat

Specification
1 quarry (25000 colony)
1 million colony (40 quarry)

Cycler

Purdue University | PROJECT DESTINY
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ECLSS Growth
We know how the ECLSS system looks at the initial time of the mission. The temporary,
deployable habitats will use scaled down models of ECLSS to account for these colonists’ needs
while in the temporary habitats. Early work, once ECLSS had passed through first instance of
revision, was put forth to extend ECLSS projections into the future. When we plan out for ITS
launches, it is important to project the Mass, Power, and Volume of your components. Without
doing so, the number of ITS’s needed for later synodic cycles will be difficult to estimate. This
information is important because it helps to inform the number of ITS vehicles should be
commissioned into the fleet. Furthermore, we can begin to size the central power units for the
colony when we know how much power will be drawn by habitat components. The following
figures demonstrate the growth of the ECLSS system over cycles.
Fig. 7.5.6.1 represents the population growth model at the time of first projection of ECLSS
growth models. This model did not severely change throughout the design process, so the ECLSS
growth projections do not fluctuate so heavily that trends change.

Fig. 7.5.6.1 Assumed population model for ECLSS growth model
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Fig. 7.5.6.3 Habitable volume of habitats

This model and projection, as shown in Fig. 7.5.6.3 is crucial to the sizing ECLSS due to the
necessity of some systems—ie. air filtration—to be sized based upon the volume of air within the
habitats.

Fig. 7.5.6.2 Mass of ECLSS brought to Mars

Fig. 7.5.6.4 Total Volume of ECLSS on Mars

Purdue University | PROJECT DESTINY

B. Prior | 7-71

25,000 Inhabitant Quarry City

Fig. 7.5.6.5 Total power draw on ECLSS on Mars

These last few charts show just how extreme the needs of ECLSS become when looking at
one million people. With all measures, the constant population growth translates into linear growth
(linear mass growth, linear power draw growth, etc.). This pattern is to be expected, thus providing
a sanity check for the numbers generated.
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7.6 Rover Port
Emergency Shelter Space

Fig. 7.6.1.1 The dimension for the type 1 (left) and type 2 (right). Credit: J. Kang

Fig. 7.6.1.2 The dimensions for the MCPT and Maintenance ports. Credit J. Kang
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In the emergency shelter, 2 m2 is needed per person [1]. There are 25000 people per
quarry so 50000 m2 is needed. From the design of the two layers of the rover port, total of 50148
m2 is available for emergency shelter. When excavating from the habitat module, stairs is used to
come up to the emergency shelter. From the emergency shelter, MCPT or recreational rover will
be used to transport to other quarries.
Cargo Transport
There are 325 people per ITS-T. Twenty-five people are transported by the MCPT, so if
there are 8 MCPT that travel between the habitat and the ITS landing site area, two trips from the
ITS will transfer all the people and some cargo. From the above analysis, we decided to have 8
cargo transport which means eight MCPT ports. In the cargo transport area, there are elevators
that will lower down cargo down to the living habitat. The elevator was designed 3 meters high
so that it can accommodate the largest cargo.

Fig. 7.6.2.1 Cargo transport entrance. Credit: B. Muth
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Recreational Rover Port
From the required recreational time for the colony, 160 recreational rover (GPRR) need
to go out from the habitat every 40 minutes. Considering the traffic and the colonists moving
around the habitat module to go to the assigned port, 80 rovers leaving the port every 20 minutes
is reasonable. If we put 1.3 margin so this will avoid traffic at the entrance, the total entrance
needed for GPRR will be 104. To match the number of the emergency shelter, total of 109
GPRR port is defined. The GPRR port is a full size air lock system. The rover port is pressurized
and has oxygen so that colonists can get on the GPRR without their space suits on. After they get
on the rover, the entrance will open and the GPRR will move out from the port. When they get
back, the rover port will be pressurized again so that colonists can go out of the GPRR safely.

Fig. 7.6.3.1 Image of the recreational rover entrance. Credit: J. Kang
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Construction Rate
The number of rover ports needed to be made per cyclonic cycle is the same amount as
the amount of the quarry finishes which is shown on Table 3. The first port will be made after 3
cyclonic cycle of the settlement. After the third cyclonic cycle, the growing rate will be constant
so we will be building the rover port for one quarry every cyclonic cycle. By going with this
growing rate, the port will be finish building at the 42nd cyclonic cycle for one million person
colony.

The basalt needed to build one cylinder was calculated from the amount needed to enclose
the rover port space. This was done by calculating the wall thickness and number of supports
needed to contain both the pressure and handle the compressive force of the roof. The basalt needed
for each type is shown on Table 7.6.4.1. From that value, the total amount of basalt needed was
calculated which is 56400 m3 per one quarry’s rover port. The Martian regolith has a concentration
of 75% basalt so the total amount of regolith needed is 75200 m3. The regolith needed per cycle is
shown in Table 7.6.4.2.
Table 7.6.4.1 Basalt needed for each type for one quarry

Type

Amount per quarry

Recreational
MCPT
Maintenance

Basalt needed, m3

99
8
2

Total basalt needed for each type, m3

515.432
554.085
468.02

51027.768
4432.68
936.04

Table 7.6.4.2 The milestone of the number of rover port and basalt, regolith needed to make the ports

Cycle
0
1
2
3
4
5
6
7
8
9

Number of
Quarries With all
Rover Ports
0
0
0
1
2
3
4
5
6
7

Basalt needed, m3

Regolith needed, m3 (75% concentration)

0
0
0
56400
56400
56400
56400
56400
56400
56400

0
0
0
75200
75200
75200
75200
75200
75200
75200
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10

56400

8

75200

:
:
:
:
39
40
41
42

56400
56400
56400
56400

37
38
39
40

75200
75200
75200
75200

Sketches of the Port
The initial sketches for the recreational rover port is shown on Fig. 7.6.5.1. The CAD
drawings was based on this sketch.

Fig. 7.6.5.1 Sketch for the rover port layout. Credit: K. Nakagoshi
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Fig. 7.6.5.2 Sketch for combined rover port. Credit: K. Nakagoshi

Fig. 7.6.5.3 Sketch for Emergency Shelter. Credit: K. Nakagoshi
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Fig. 7.6.5.4 Sketch for Rover port. Credit: K. Nakagoshi

Fig. 7.6.5.5 Sketch for MCPT Rover port. Credit: K. Nakagoshi
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Fig. 7.6.5.6 Sketch for Maintenance Rover Port. Credit: K. Nakagoshi

Design Progression
Before we got to the rover port explained above, we had a previous concept that was
considered. We will explain this concept and comment on why it was ultimately not chosen. The
prior idea is shown on Fig. 7.6.6.1. It is a 204 m diameter with two layers. The design was made
so would only be one per quarry. The problem with this design was that the diameter of the
cylinder was too large. The 3D printer we are going to use on Mars has capability of printing
maximum size of 18m. If we want to print larger diameter we need to design a separate printer
other than the habitat module printer which will add more complexity in our design. Also, by
making larger diameter, we will need a lot of pillars to support the large area roof which adds
more basalt and more construction time to make this rover port design. The total amount of
basalt needed to print this rover port was 168000 m3 which is over three times of the design we
have chosen, this is another reason why we did not use this design. Lastly, with only one large
port, the connection with the 109 emergency capable rovers was inconsistent. For example, the
emergency exit in the habitat module that is located in the corners of the quarry will be hard to
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connect to the emergency shelter on rover port. From these reasons, the initial idea of the rover
port was cancelled and changed to the idea we have right now.

Fig. 7.6.6.1 The images of the rover port / garage (prior idea). Credit: J. Kang

Fig. 7.6.6.2 The dimension of ground level. Credit: J. Kang
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Fig. 7.6.6.3 The dimension of underground level 1. Credit: J. Kang
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Fig. 7.6.6.4 Explanation of ground level. Credit: J. Kang

Fig. 7.6.6.5 Explanation of underground level 1. Credit: J. Kang
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8 Food Production Appendix
8.1 Deployment / Fabrication
8.1.1

100 Person Hemisphere

The purpose of our structure for food production is to properly protect our crops and have
the capacity to store them as well. On Mars, a delicate balance exists between radiation protection,
thermal insulation, and structural soundness. The structure has to be pressurized so the water in
the cell walls does not sublimate and burst them. Next, plants need to be kept at a certain
temperature so the water in their cells does not freeze. Lastly, we have to make sure that the plants
do not become irradiated as that could damage their DNA leading to unintended and harmful
mutations. A proper material that encompasses all three of these attributed is difficult to come by.
A multilayer approach would require adding more and more mass to protect against all three of
these dangers. As known, every bit of mass added slightly approaches the need for another ITS
launched. Initially the goal of the structure was to reduce the amount of mass launched, but later
turned into reducing the time of construction. Throughout the design process, Food Production
went through many different iterations, all leading to the final cylinders-in-a-quarry design. To
begin the design process, the team first focused on a “100 person” model. This concept was put
forward to get the design process started with a more reasonable and obtainable goal of creating a
100 person colony and then scaling it up to million. The 100-person colony design set the
requirement for food to supply the aforementioned 100 people with food from the mission start to
infinitum.
The process began by looking at current growing methods on Earth. The most common
and trivial method is classical farming: putting plants in large plots of Martian soil however, this
would require a constant level of cultivation and land. According to the United States Department
of Agriculture, one square kilometer feeds 87 people which estimate includes a multitude of
different crops and livestock a square kilometer, for perspective, is about 240 American NFL
football fields. Granted, this does involve different crop choices perhaps some that require far more
space and room for livestock, but even if the number dropped down to a 1/10 or 24 football fields,
it still would be an immense area to keep warm and pressurized. Next, we considered a greenhouse.
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We initially considered a large glass hemisphere as many of Earth’s greenhouses are made of glass
or some form of clear polymer. Below are the material properties of the glass:
Table 8.1.1.1 Material Properties of Glass

Property

Value

Young's Modulus, E

50-90 GPa

Ultimate Tensile Strength

50 MPa

Glass allows us to not require lights and use the "free" energy of the Sun. As the inside of
the greenhouse needed to be pressurized, a hemisphere was used to best distribute the pressure. In
an attempt to re-create Earth conditions, an initially pressure value was set to 1 atm or 101325 Pa.
The major load that the dome has to withstand is the tension on the glass brought upon by the
pressure. Using a thin walled pressure analysis for a sphere as follows:
Equation 8.1

𝜎𝜎 =

𝑃𝑃𝑃𝑃
2𝑡𝑡

The ultimate yield stress for glass at 50 MPa with no factor of safety. When re-arranged a
thickness can be derived at ~0.006m of pure glass.
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Next, thermal analysis was conducted on the structure.
Table 8.1.1.2 Temperature Range and Ideal Temperature for Photosynthesis

Condition

Temperature (°C)

Minimum Temperature for photosynthesis

7 °C

Maximum Temperature for photosynthesis

38.5 °C

Suggested Temperature for greenhouse

20 °C

Table 8.1.1.3 Thermal Power Required to Maintain Greenhouse at 20°C compared to Glass Thickness

Glass Thickness (m)

Thermal Power needed to Maintain
Greenhouse Internal Temperature (kW)

Maximum

0m

240.8

Minimum

~.45 m

~0

Fig. 8.1.1.1 Total Heat Lost From the System vs Glass Thickness of Hemisphere Shaped Greenhouse

Table 8.1.1.2 depicts the optimal temperature conditions for photosynthesis to occur. This
data was found and not calculated [1]. The heat transfer was determined using a Matlab script.
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This code is set to find the thickness requirement for the glass of the greenhouse with respect to
heat transfer. More specifically, the code is calculating the heat transfer OUT of the greenhouse,
which will directly translate to how much power we will have to ADD to the system in order to
maintain 20°C on the inside. Table 8.1.1.3 is depicting a range of glass thickness (the glass on the
walls of the greenhouse), and how it relates to the heat loss from the greenhouse to the environment
outside. To reiterate, these numbers in turn tell us how much heat we will need to add to the
system to maintain a constant temperature inside the greenhouse. Table 8.1.1.3 values were found
from Fig. 8.1.1.1.
The values for these calculations are tentative and numbers for variables are still to be
determined from other team members before getting accurate numbers from the code. The code
is easily adaptable to accommodate a range of building materials and farmland areas. An average
temperature was used of –63 °C [5]. An inside temperature of 20°C was used from Table 8.1.1.2.
𝑊𝑊

A solar irradiance of 586.2 𝑚𝑚2 was used for the heat added from the Sun [5]. The thermal properties

were therefore analyzed as such, and the analysis of the glass thickness remained greater than the
thickness derived from structural analysis.
It was assumed that the inside of the greenhouse experienced slow airflow, which lead to
a convection heat transfer coefficient of 10

𝑊𝑊

𝑚𝑚2 𝐾𝐾

[2]. It was also assumed that the inside of the

greenhouse experienced moderate airflow, which lead to a convection heat transfer coefficient of
𝑊𝑊

200 𝑚𝑚2 𝐾𝐾 [2]. The area was chosen from analysis done by the propulsion team member for Food

Production, who analyzed the area needed for animals, which was found to be 92.903 𝑚𝑚2 . This
value was chosen temporarily, as the specific crops and their area requirements have not been
𝑊𝑊

determined yet. It was found that the thermal conductivity of glass was .9 𝑚𝑚𝑚𝑚 [3]. The emissivity
of glass was found to be .93 [7]. With these values, the thermal resistance due to convection on

the inside wall, convection on the outside wall, conduction, and radiation were all taken into
account and added together. This was looped for a range of outer radii, for the inside radius (~5.2
𝑚𝑚) to 14 𝑚𝑚. At 14 m the total heat transfer with respect to radius was seen to be approximately
linear, so iterations were stopped at this point. Graphs of useful information are plotted by the
program, including “Total Resistance vs. Outer Radius”, “Total Heat Transfer vs. Outer Radius”,
Total Resistance vs. Thickness”, “Total Heat Transfer vs Thickness”, and “Volume vs Outer
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Radius.” The plot for Total Heat Transfer vs Thickness can be seen in Fig. 8.1.1.1 as it is relevant
for the data from Table 8.1.1.3.
Glass also depends on the consistency of sunlight. Since Mars is far farther away from the
sun than Earth and subjected to dust storms, we cannot assume constant level of sunlight at all
times. With grow lights, we risk much less to nature and are in far more control. The colony relies
on a steady crop yield as grumbling stomachs do not lead to a stable fun stress free environment.
Our insistence on consistent crop yields arises from not only a concern keeping our colony properly
satiated, but also to keep moral high and psychological distress down. Manufacturing and
transporting a glass hemisphere would be difficult to say the least. Another risk associated with
glass includes that it shatters not breaks. Glass will not locally fracture causing immediate
depressurization, and the stress concentrations around the crack will cause and ever-acceleration
crack propagation finally ceasing when all of the structure fails raining down shards of broken
glass upon our colonists. As noted above, our preference remains in keeping our colonists stable
and stress free. Because the reasons listed and the sheer amount of glass needed to maintain the
inside temperature of the greenhouse, we determined that a glass greenhouse was unrealistic.
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8.1.2

100 Person cube

Since our farm area was so large, we decided to stack our crops upon each other. Naturally,
the best geometry to stack plants in is a cube more specifically an above ground cube with multiple
insulation layers. Internally, hydroponics were implemented to increase the amount of crops that
could be grown in the same area. The external structure was based on the Bigelow BEAM model
which contains multiple layers of soft Fabric with spacing between layers, protecting an internal
restraint and bladder system. The current model is being tested out on the ISS, and we assume it
will be in full production by the time of this mission. The BEAM also protects against radiation
with a closed-cell vinyl polymer foam. DuPont's Kevlar 49 in an epoxy resin bears most of the
load; the ultimate strength of such a material is 3600 MPa, but it is expensive. The material
properties of the Kevlar 49 are tabulated below.
Table 8.1.2.1 Structural Properties of Kevlar 49

Typical Properties of Kevlar 49

Values

Tensile Modulus

124000 MPa

Tensile Strength

3600 MPa

Density

1440 kg/m3

The room required on the I.T.S set the cube to be 8mx8mx8m. This model allowed for
quick deployment and easy packing into the ITS. Once the cube is unpacked from its deflated
"cargo" state, cargo rovers deliver to its location and vacuum pumps inflate it. We used the
BEAM's compression ratio of 4.4 such that our cube of 512m3 shrank to a compressed volume of
116m3. The Fig. below depicts both a compression state and inflated state of the farm habitat design
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Fig. 8.1.2.1: Collapsed and Inflated Cube

As noted, a cubic design had the benefit of being able to stack the hydroponics setup in an
efficient way, as the hydroponics system is square. At this stage of the design, we found out that
plants which remain at 1/10 of Earth's atmosphere and can still be productive. We used CATIA
V5 in order to do a finite element analysis. The results are in the Fig.s below:
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Fig. 8.1.2.2 Stress on the Cube due to Pressure

The Fig. above describes the effect of the pressure loading on the faces of the cube. The
highest of the stress concentrations only reach 1.72 MPa around the bottom edges of the cube,
which was expected. The faces resist the pressure loading at a thickness of 0.01m. The bottom
was set to be not rotating and not moving. This is in part due to the impressive tensile strength of
Kevlar 49.
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Fig. 8.1.2.3 Stresses on the Face of the Cube due to Pressure

The area of concern was the high stress concentrated corners. The Fig. above displays the
effect of pressure on these corners. Even at the corners, when subjected to 1 atm stayed below
the failure criterion.
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To make the cube more thermally efficient than the glass hemisphere, a foam insulation
layer was added. The Kevlar 49 maintained the structural integrity of the building at a thickness
of .01m, so it was then found how much additional foam would be needed to result in no heat loss
from the system to maintain the internal temperature at 20°C. The thickness of the cube was
determined using thermal analysis, as Kevlar 49 is strong enough to withstand large pressures.
Therefore, thermal analysis was run on the farm cube, considering convection on the outside
surfaces and inside surfaces, conduction through the walls, radiation leaving the system, and heat
addition from the Sun (hitting 3 surfaces at 45°). The solar irradiation was calculated using the
minimum solar irradiance at Chryse Planitia, which was determined to be 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

113.4

𝑊𝑊

𝑚𝑚2

. Taking into account the emissivitys’ of our materials to be 0.95 for Kevlar and 0.9 for

the isolative foam, the heat addition from the Sun was considered [1,3]. Also, the thermal
conductivity coefficients of these materials were found to be 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 0.04
0.03

𝑊𝑊

𝑚𝑚∗𝐾𝐾

𝑊𝑊

𝑚𝑚∗𝐾𝐾

and 𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

[1,2]. The assumption that there was no heat transfer with the ground was made, as the

top surface layer of the ground would roughly heat to the same temperature of the farm over time.
Heat addition from LED lights was also considered, where the lights were 40W each and 85% of
the power was lost to heat. This value was then multiplied by the total growing area, as the LEDs
would cover all the plants. It was then found that for no heat loss from the system, a wall thickness
of .01m of Kevlar 49 and .35m (seen below in Fig. 8.1.2.4) of insulation foam would be needed.
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Fig. 8.1.2.4 Heat Transfer out of the Farm vs Thickness of the Isolative Plastic Foam

After this thermal analysis was completed, it was discovered that Martian regolith would
be needed to cover the structure to protect from radiation. To do that, a new thermal analysis was
completed to consider a third layer to the system, the Martian regolith. Using the same conditions
as the previous analysis, the thermal analysis was now computed by balancing the thickness of
foam and regolith. The emissivity of the regolith was determined to be 0.9 [4]. The Thermal
conductivity coefficient used was 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.2

𝑊𝑊

𝑚𝑚∗𝐾𝐾

[2].

Again, to maintain 20°C inside the farm, the heat transfer out of the system was calculated.

To achieve no heat loss from the system, the thicknesses of Kevlar, isolative foam, and regolith
were 0.01m, 0.3084m, and 0.3116m, respectively.
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8.1.3

Cylindrical Printing for Farm Structures

An alternative design that we considered for a Food Production structure was a cylindrical
shell built above the surface. We evaluated this design because it requires minimal printing
infrastructure. This building is made from concrete derived from Martian regolith and constructed
with additive manufacturing. Construction equipment for this design consists of a supporting pillar
and a detachable printer arm (Fig. 8.1.3.1).

Fig. 8.1.3.1: The printer design for the cylindrical shell is mechanically simpler than for printers that
manufacture rectangular structures. (Credit: John Reband)

The process for constructing these shells begins with gathering Martian regolith and
refining it into basalt concrete. Next, a sturdy central pillar is anchored where the shell is to be
erected. This pillar has a spiral groove to allow the printer to travel up and down while rotating.
The arm is the same length as the desired radius of the shell. As the arm rotates, it travels up the
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pillar and deposits thin layers of Martian concrete (Fig. 8.1.3.2). Concrete is supplied to the arm
through a hose that runs up the central pillar and out to the arm.

Fig. 8.1.3.2: The printer arm gradually builds up the cylinder. When printing completes, the central
pillar remains in place for support of floor and ceilings. (Credit: John Reband)

The arm is extendable, and shortens near the top of the cylinder to form a roof. However,
due to the overhang limits on 3D printed structures, the actual roof is preFabricated and installed
when printing is completed. Floors are also preFabricated, and installed at the desired height before
printing resumes past that height.
The width of the shell is 0.6 m. This provides sufficient structural stability and radiation
protection for plants and human workers. An inflatable liner is also required as the concrete walls
cannot be pressurized. The liner is the barrier that bounds the atmosphere, but the concrete shell
provides the strength to contain the pressure.
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Advantages of this design include relatively quick construction time, mechanical
simplicity, and no need for excavation. Disadvantages include large required quantities of regolith
and the necessity of the large central pillar for stability. If this pillar is brought from Earth, it
presents a significant mass and volume cost. If is manufactured on Mars, advanced facilities must
be constructed. We ultimately rejected this design in favor of an underground structure.
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8.1.4

Underground cylinders

Transitioning into in the final stage of the design, we could not continue to bring the Kevlar
Fabs as they would require a substantial amount of material from Earth. Kevlar requires a
specialized plant with a clean room, something we cannot easily produce on Mars. A more
permanent design would have to require a resource found directly on the surface of planet. We
worked with Martian Habitat Development to set up a unified design. We decided to bury the
colony in a meter of regolith as that could shelter the colony from radiation allowing us to factor
out radiation concerns entirely. The only concerns we had were the two-fold issue of structural
soundness and thermal insulation. While the Surface Operations team mines for hydrated minerals,
we plan to place our colony within the empty quarry dug up by them then burying it. The quarries
will be parceled out and contain 25000 people each. Surface Operations will also unearth a great
deal of basalt. Basalt is an igneous volcanic rock that is formed by the rapid cooling of basaltic
lava. The structures will be made from basalt due to its relative abundance on Mars. Basalt has an
ultimate tensile strength of 13.1 MPa, and we considered a factor of safety of 1.5 setting the final
strength to 8.7 MPa. Currently, some basalt is used in construction in order to make cobblestones
and statues. Basalt is also known to have excellent thermal properties.
The structure started out with a blown up version of our 100 person model. We
prioritized our packing factor over all other considerations. In keeping the cube geometry and
assuming that the deepest we could dig underground is 50m, the initial underground design was a
50mx50mx50m cube. We added a requirement of maintaining 1 atm so colonists can plant and
harvest without having to be in EVA suits. Using Abaqus and an iterative process of in order to
find the thickness the Fig.s were produced below.
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Fig. 8.1.4.1 Stresses on the Cube do to Regolith Loading

The Fig. above displays the loading on the cube due to a meter of regolith. The pressure
distribution was found by taking the surface area of cube and multiplying it by the density of
Martian regolith. Just by the loading of regolith, the greatest of the stresses are concentrated around
the bottom of the cube as expected. The stress concentrations are well below the failure criteria of
8.7 MPa at a modest 2.34 MPa which implies we could have buried the cube further down. Also
these analysis’ assume that the soil underneath is solid bedrock. The fixed nature of the bottom
face assumes that there is no translation or rotation of the soil underneath the cube.
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Fig. 8.1.4.2 Stresses on the Cube due to Pressure

The Fig. above shows the how pressure affects the stresses of the cube. The pressure
concentrates around the corners of the cube and is about to reach the failure criteria of 8.7 MPa.
The analysis indicated that the load of concern is indeed the pressure load as it causes the greatest
amount of stresses on the cube. The cube above is once again set at 1 atm and must maintain that
pressure value.
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Fig. 8.1.4.3 Stresses due to Pressure and Regolith

The Fig. above represents the culmination of both a pressure loading and a regolith loading;
here the stresses once again approach the failure criterion. The filleted sides of the cube are where
these stresses are piling up driving the uniform thickness up. The thickness on the faces could have
been lowered; however, the structure as a whole would have been weaker to the regolith loading
upon that is being placed at the top. The thickness above is set at 2.5m any more would have caused
the stress to go beyond the structural criteria.
The final thickness represented was set at a uniform thickness of 2.5m to resist both regolith
loading and internal pressure. The thickness of 2.5m translates to a thickness of 8 feet which would
require a great deal of work on the printer’s behalf. The Martian Habitat Development team’s
printer is far better at printing multiple smaller things than one large structure. Also the printer can
reach up to only 20 feet. The main issue revolved around the geometry as can be seen from the
Fig.s above. The greatest of the stress concentrations centered on the filleted edges. A cube,
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unfortunately, ensures 12 edges where stress concentrations can pile up. From the above analysis,
we decided to abandon a cubic design and changed the geometry to a cylinder. A sphere is difficult
to produce and has the worst packing factor for the rectangular hydroponics equipment. We chose
the best of both worlds: a cylinder. With a height of about 18m and radius of 18m, the cylinder
could be easily printed by the 3-D printer. In correspondence with the Martian Habitat
Development team, an agreement was reached. The cylinder would be the design that both Hab
and Fab chose. Using one design for our 3-D printer allows us to print a set amount of
farms/habitats, if an issue occurs or a mismanagement occurs an empty habitat can be used as a
farm and vis-versa. A unified design that encompassed both farm and habitats would allow a level
of flexibility when printing an entire underground city something that the cube lacked. The first
iteration required having a uniform thickness. By doing the analysis repeatedly and varying the
thickness only.

Fig. 8.1.4.4 The Loaded Cylinder

Above is the proposed cylinder with a fillet of 2.5m on the edges. The cylinder was then
subjected to meter regolith loading and a pressure load of one atm. The last load was the weight
of the structure itself. A thickness of 0.64m was eventually reached and the results are displayed
below.
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Fig. 8.1.4.5 Stress Response on Fully Loaded Cylinder with Uniform Thickness

The Von Mises stresses remain most prevalent on the lid of the design as it had the fillet.
Once again, the bottom of the Fig. is assumed to have no translation or rotation. The stress on the
lid also fall below failure criterion. Due to the shell being well below the failure criteria, the last
effort was to create a variable thickness model which required a delicate interplay between the lid
thickness and the shell thickness. If the lid was too thin the pressure would cause failure, if the
shell was too thin the weight of the structure would collapse it. By continually shifting these two
thickness a “goldilocks” thickness was found. The results of this thickness were then plugged into
Abaqus and reproduced below.
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Fig. 8.1.4.6 Stress on the Cylinder with Variable Thickness

Here is the final design for the Hab/Fab structure. The stresses here are from being buried
underneath a meter of regolith, the weight of the structure itself, and the internal pressure of 1atm.
The red area maintain a stress concentration of 8.7 MPa which are exactly the yield criteria for
basalt. This final design will be printed into the empty quarries after Surface operations has cleared
out all the hydrated minerals and basalt. The structure has been functional for both Hab
development and food processing. The final stage of the structural analysis were the designing
how the cylinders would be linked together.
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The Habs/Fabs will be connected with two tunnels. The reason for this is because they will
be printed from the floor up. The tunnels will be connected right above the filleted part of the
cylinder. The tunnels will be cylindrical and be made of basalt as well. The lids of these however
will be made out of steel. The introduction of these tunnels attached to the main Hab/Fab design
will cause a stress build up around the spot they connect requiring a more robust material to be
attached to it. A steel bulkhead has a yield strength of 250 MPa and applying the same factor of
safety upon the bulkhead as we did upon the cylinder the new yielding stress is 166 MPa for steel.
The cross section of the tunnel is represented below. The 2m long tunnels will have a thickness of
0.014m and an internal radius of 1.07m which is large enough so 2 colonists can walk side by side
comfortably.

Fig. 8.1.4.7 Cross Section of the Tunnel

The tunnel would have to be pressurized and depressurized as colonists walk through it
excluding the emergency exists which are always pressurized. 1421 of these tunnels will be
printed out
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Fig. 8.1.4.8 Isometric view of the tunnel

The Fig. above displays a tunnel with a plug door on it. The plug door doesn’t need a
locking mechanism instead it used the pressure difference on either side to lock itself. The
requirement of the pressure difference is the reason why after a colonist walk through the tunnels
they must depressurize it. The vacuum pump from the Hab/Fab will be cut off to briefly fill the
tunnel with air. The door will be 1.8m by 0.8m which is the regulation length of a door. Below the
door is subjected to the stress at its point of contact.
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Fig. 8.1.4.9 Stress on the Door

It may seem rather intensive, but the stresses on the door remain below failure criteria. The
rest of the tunnel was set to be without translation and without rotation causing the blanket of blue
in the Fig..

Fig. 8.1.4.10 Stress in the Steel Bulkhead

The Fig. above emphasizes the steel bulkhead that would have to be attached to the
Fab/Hab. The stresses on the steel bulkhead still fall below the yielding of steel which is sensible
as steel has a higher tensile strength than the basalt surrounding it. The steel can be produced
from the steel mill set up on Mars. Most of the hydroponics equipment is formed from this plant
and so will the steel for the tunnels.
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The volume of food needed to feed 1 person consists of the growing area and percent of
each plant needed and then converted to hydroponics to give a volume to feed 1 person to be
24.7832 m3. This volume was then increased by 4/3 (as this was found to be the ratio of additional
volume needed per Fab based on the circular hydroponics setup with walking space) to account
for walking room within the structure, giving a volume of 33.0443 m3. The number of Fabs needed
is calculated using the volume to feed 1 person with walking room, multiplying by number of
people, adding the excess volume needed to grow for a surplus, and dividing by the internal volume
of the Fabs. Using the number of Fabs and the volume of the Fabs (with the outside radius), it was
possible to obtain a total volume covered by the Fabs. With the dimensions and thickness of the
cylindrical Fabs, the total volume and mass of material (basalt) needed is obtained.

Next, thermal analysis is conducted on the Fabs and Habs treated as one system, as they
will be located in the same quarry. It was assumed that the heat transfer between the individual
Fabs/Habs was negligible; that is to say, the entire quarry was treated as one large cubic system
(522m x 522m x 22m), where the volume covered by the Fabs/Habs was 20°C and the outside
surface (Mars' soil) was -63°C. Conductive heat transfer was found between the outside walls of
this large cubic system and the Mars' soil, taking into account the wall thicknesses of the sidewalls
and the top and bottom walls of the Fabs/Habs, the thermal power needs of the quarry are shown
in Table 8.1.4.1.
Table 8.1.4.1 Thermal Power needed to maintain an Internal Temperature inside the Quarry/Quarries
(Habs and Fabs both included) at 20°C

Colony Size

Thermal Power needed to Maintain Quarry/Quarries
Internal Temperature (MW)

25,000 Person Colony

34

1,000,000 Person Colony

1365

A printing rate and mass of material is also calculated for the Fabs. Using the printing rate
of the 3D printers designed by Martian Habitat Development, a rate of 45.70339 m3/day is used.
It is required that a quarry’s construction is completed in 1 year to allow time for plants to grow
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and the internal components of the Fabs be put in place. To fit this model, and comparing to the
population curve, a total of 8 printers would be needed to complete the job in the specified amount
of time. A total of 12 printers will be brought for Food Production team, to account for replacing
the printers and ensuring there are always 8 printers operational. The number of people that the
farms can feed compared to the actual population is plotted in Fig. 8.1.4.11.

Fig. 8.1.4.11 Comparison between actual Population of the Colony and the Population that the Fabs are
capable of Feeding
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8.1.5

Final Hydroponics design

The hydroponics system was designed so that it could be constructed on Mars and would
maximize growing area in the Fab while still leaving room for colonists to access all of the plants.
The final design, shown in Figure 8.1.5., has several one meter aisles to allow farmers to move
easily through the Fab. The growing spaces consist of several concentric circles, the largest of
which is aligned with the outer wall of the Fab. This layout maximizes growing space. Two thirds,
or 66.67%, of the Fab’s total volume is used for growing space with this design, with 33.33% given
up for aisle spaces.
Each Fab contains nine layers of these concentric ring systems, stacked vertically. Fig.
8.1.5.1 shows the top down view of the Hydroponics system. The outermost circle runs around the
circumference of the Fab wall. The dark blue spaces indicate walking space for farmers, and the
light blue is shelving where plants will be grown. The aisles are spaced so that no plants are more
than a meter away from an aisle so that farmers can visually monitor, and reach, every plant with
ease. Dimensions of each ring are described in Table 8.1.5.2. Each Fab will contain nine of these
layers, stacked vertically at 2 meters apart.
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An isometric view of two layers stacked is shown in Figure 8.1.5..

The bottom layer will

include an additional 1 meter wide aisle from the door to the innermost circular aisle. This aisle
allows farmers to access every aisle in the Fab, without giving up substantial growing space.

Figure 8.1.5.1 This figure shows the top down view of the Hydroponics system. The outermost
circle runs around the circumference of the Fab wall. The dark blue spaces indicate walking
space for farmers, and the light blue is shelving where plants will be grown. The aisles are
spaced so that no plants are more than a meter away from an aisle. Each Fab will contain 9
of these layers, stacked vertically at 2 meters apart. The bottom layer will include an
additional 1 meter wide aisle from the door to the innermost circular aisle. With this layout
we utilize 2/3 of the Fabs’ total volume for food production. Image credit: Sierra Matlock

Vertical support beams connect the layers of the hydroponics. These beams are 2 meters
high, with a cross section of 5 centimeters by 2 centimeters. There are two support beams per
square meter of growing space. The hydroponics bed itself is made from 0.5 centimeter thick
galvanized steel, with a wall height of 0.5 meters. This is described in Table 8.1.5.3, which lists
the total mass, power, and volume required for the system in one 25,000 person quarry, and in the
full million person model. The steel required for this system will be produced on Mars, using the
steel production plant. The production plant creates steel from materials in the Martian regolith.
Because of this plan, no part of the hydroponics system needs to be shipped or purchased on Earth.
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Figure 8.1.5.2: This figure shows an isometric view of the hydroponics system, with one layer above
another. Only one support beam is pictured to avoid cluttering the image. Image credit: Sierra
Matlock

Figure 8.1.5.2: This figure shows an internal view of the hydroponics system. Image credit: Alex Judson
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We use a combination of gravity and water pressure to move water throughout the
hydroponics system, so the power requirements of this system are 0 megawatts. Although controls
for water quality, such as PH, nutrient levels, and temperature will be automated, the power
requirements to monitor and control these values are so low they are effectively negligible.
The fiber optic cables for the lights will run around the support beams and along the
bottoms of the hydroponic trays to provide light to all of the plants. A final rendering of the system
is shown in Figure 8.1.5.3.
Table 8.1.5.1: This table lists the dimensions, mass, and volume of the hydroponics system for one Fab.

Wall Thickness [m]

0.005

Support Beam

Wall Height

Dimensions [m]

[m]

0.05x0.02x2

0.5

Mass of steel

Volume of steel

for one Fab

for one Fab

[Mg]

[m3]

39.3

4.884

Table 8.1.5.2: This table lists the dimensions of the growing trays of the hydroponics system

Center ring
[diameter in meters]
2

Second ring

Third ring

Outermost ring

Aisles

[thickness in

[thickness in

[thickness in

[thickness in

meters]

meters]

meters]

meters]

2

2

1

1

Table 8.1.5.3: This table lists total MPV for the hydroponics system for both the 25,000 person
quarry and the 1,000,000 person solution
Volume of steel
Population

Mass of steel [Mg]

25,000
1,000,000

3

Power

[m ]

requirements (MW)

9039

1123

0

361,560

44,933

0
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12.6.3 Hydroponics(Early Farm Design)
When farming began, the original concept was to grow food with the traditional soil
farming method. Little was known about what minerals were present on Mars’s surface and their
amounts. An assumption was made to use the Martian soil to grow all the crops that were to be
eventually selected. Going under this assumption, research on primitive farming from the 1800’s
was the starting point of Martian farming. With primitive farming, it assumes that the farmer uses
hand tools sucks as hand plows, shovels and waters by hand [2]. We choose to have a ninety-day
farming cycle because typical farming on Earth occurs within the summer months, which come
out to about ninety days. We assume that the farmers will work for eight hours a day, seven days
a week to keep up with the million person colonies food needs. With the amount of farm area
calculated to be ninety five million square meters, using the research on primitive farming we were
able to determine that it would take around 23723 colonists to farm for the entire colony[1,3].
With hand farming, the colonists will have to wear EVA suits due to the farming habitat (Fab)
being above ground.
Other options were considered early in the design of how the farm would be operated. A
method of automated farming was the main competitor for hand farming. The automated farming
would make use of a rover that is outfitted to act as a farming combine. Basing the research off of
modern combines on earth we determine that the combine would be able to farm the entire ninety
five million square meters in just one hundred and ninety eight days[4]. This assumes that only
one rover is allocated to a permanent farm rover. The design of the farming combine never reached
the final stage due to the fact that the rovers were not able to leave the Fab. The rovers would not
be able to leave the Fab because the system had to be able to be closed off from the harsh Martian
environment and with the size of the initial rover, a suitable Fab structure was not able to be
created.
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8.1.6

Lights and Hydroponics MPV for 100 Person Model

For the 100 person model, light and hydroponic systems were going to be shipped from
Earth.

Mass and volume for the LED and hydroponics systems were calculated using existing

technology. Existing LED systems which put out the necessary 40 Watts per square meter had a
volume of roughly 0.01771 cubic meters, and had a mass of 5.335 kilograms[1]. These values were
multiplied by the necessary growing area to calculate the final light mass of 0.05085 metric tons,
and the final volume of 168.8 cubic meters. A similar method was used with the hydroponics
system, which had a volume of 0.0672 cubic meters, had a mass of 11.38 kilograms, and provided
a growing area of 0.6374 square meters[2]. The mass and volume per meter squared were
multiplied by the necessary growing area, providing a hydroponics mass of 0.1701 metric tons,
and an expanded volume of 100 cubic meters. It was assumed this system had a compression ratio
of ½, leading to a packed volume of 502 cubic meters.
Table 8.1.6.1: Mass and volume of LEDs and Hydroponics required for one square meter of
growing space.
Component

Mass(kg/m2)

Volume (m3/m2)

LED

5.335

0.0177

Hydroponic

11.38

0.06716
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Table 8.1.6.2: This table lists mass, power, and volume numbers for the 100 person colony. The
total required shipping containers are slightly less than one full ITS-C.

Mass [Mg]

Volume
(compressed)

Power [MW]

3

[m ]

Large

Small

shipping

shipping

containers

containers

Hab (8 farms)

216.3

1382

--

--

--

Lights

10.17

33.75

0.0763

5

0

Hydroponics

34.03

200.9

0.0386

7

45

Total

260.5

1517

0.1149

12

45

The power was calculated using power use data by an existing vertical farm system. The
power used per square meter of growing area (roughly 60 Watts per square meter[3]) was
multiplied by the necessary growing area to feed the 100 colonists to find the total power usage of
the system. This value includes energy usage by the hydroponics system, some thermal control,
and LED lights.
For shipping purposes, the LED lights were assumed incompressible.

Under this

assumption, with these chosen lights, a 2x2x2 meter shipping container for the ITS-C could
transport 414 lights, so all of the required lights for this system took up 5 large shipping cubes.
The hydroponic system was much larger, and required 7 large shipping containers and 45 small
shipping containers. These containers combined nearly filled one ITS-C for just 100 people.
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The internal structure for the inflatable Fab, with these described LED and hydroponics
systems, is shown in Fig. 8.1.6.1.

Fig. 8.1.6.1: This Fig. shows a mock-up of the internal structure of the inflatable Fab for the
100 person colony Image credit: Alex Judson
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8.1.7

Lights

For the colony, lights began as assumption that we use generic LED’s to grow our plants.
Lights did not receive attention again until the final design of the farm habitat (Fab) was created.
We did not see lights as a primary issue during the development of the Fab due to the larger
problems we were facing. Once the final Fab design was accepted, trade studies of grow lights
were conducted. The study began as trying to find various styles of grow lights that incorporated
well within a hydroponics system. When researching grow lights there are many different factors
that need to be taken into consideration. Some grow lights only output a specific spectrum of light
which makes only specific plants grow. With our foods, we need a light that can output in various
spectrums because not all the foods grow the best in the same spectrum as others do. Five different
grow lights were looked and were based on different material type, coverage area, mass, power,
volume (MPV), full growth spectrum and finally cost. Below is Table 8.1.7.1, the initial trade
study conducted to determine a grow light for our hydroponics system.

Table 8.1.7.1 Trade study of the initial grow lights

Area
Light

Coverage

Mass (Mg)

(m2)

Power

Volume

(kW)

(m3)

Full
Cost ($)

Color
Spectrum

P900

2.23

0.016

0.515

0.021

949

Yes

SolarStorm 440

1.181

0.009

0.350

0.022

899

Yes

0.0846

0.0035

0.150

0.01

85.95

No

0.114

0.0036

0.125

0.03

75.95

No

2.32

0.0387

0.455

0.094

300

Yes

Sun System
HPS 150
Hydrofarm
Fluorowing
Compact
Flourescent
King Plus 1600

[1-12]
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From the initial trade study, we concluded that the P900 grow light would be the best option
for our colony. The P900 provided a large area coverage and had the ability to provide the full
growing spectrum unlike some of the competitors. With selecting an alternate source of light, it is
necessary to ship all of them to Mars form Earth. A large issue we had with the system is that there
was going to be a large number of lights to provide for the full colony. With there being a vast
amount of lights, the ITS launch count goes up astronomically. Below is Table 8.1.7.2, the results
for the P900 system showing the MPV and the amount of lights needed for the colony.
Table 8.1.7.2 MPV of P900 grow light

Mass Of
The Grow
System

Lights
(Mg)

Volume Of

Power That

The Grow

The Lights

# Of Lights

Lights

Require

Required

(m3)

(kw)

# Of Lights

# of

That An

ITSs

ITS Can

Needed

Transport

To
Ship
Lights

25,000 Person

5333.184

7279.796

180000

333324

18750

18

2133227.36

291191.84

7200000

13332960

18750

712

Quarry
1,000,000
Colony

The system is powered like a generic plug in light. The P900 has a dual switch system that allows
users to select between a vegetation mode and a bloom mode. The vegetation mode provides a
light at a lower spectrum output due to the fact that vegetables do not grow well within the higher
spectrum of light. The opposite is for the bloom setting. Bloom is meant for a fruiting plant such
as blueberries and strawberries. Plants that produce a fruit tend to develop better within a higher
spectrum of light. With the P900 system, this allows it to grow all types of food within one unit.
For visualization of the P900 system, Fig. 8.1.7.1 is included below to give a basic representation
of the system.

Purdue University | PROJECT DESTINY

Z. Truckenbod | 8-40

Food Production Appendix

Fig. 8.1.7.1 Sketch of P900: Credit Zach Truckenbrod
[12]

As we see, the amount of ITS’s needed to launch the P900 is too high to justify actually
using them for the farm colony on Mars. Once the numbers were finalized, a new effort to
manufacture lights began. When looking at the assembly of grow lights, standard LED’s are made
from Gallium Arsenide. Given what resources are available on Mars, Gallium is not one that is
highly concentrated on the surface or even underground on Mars. With making lights out of the
question, a new effort to find an alternate light source began. Previously work looking into utilizing
the sun occurred. When looking at using the sun, we believed our structures would need to be
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constructed with a transparent material to allow sunlight to reach the plants. An issue with this is
the structural integrity of our Fab’s since all the load would push on the joints and the corners of
our structure. Another issue is the amount of radiation that the plants will be exposed to along with
the human farmers. Since Mars has a thinner atmosphere, radiation penetrates the surface with a
higher radiation compared to that of earth. With the Fab’s being made of a transparent material,
the workers would be exposed to higher amounts of radiation compared to earth and could have
long-term effects on their health. From this initial conclusion, we deemed using sunlight
improbable due to the amount of radiation that individuals will experience. Due to the trade study,
we see bringing one hundred percent of the lighting system improbable. With getting stuck in a
corner of how to light the plants, a new method of utilizing the sun as our light source began. The
idea of a solar concentrator was given to the team by word of mouth from the class TA. After
describing the process behind the solar concentrator, numbers were calculated to test the feasibility
of the system for the colony. After much research into the system and the cost of components to
put this plan into action, the solar concentrator became the final solution for the Mars colony. The
reason behind this choice is that many of the parts can be manufactured on Mars, reducing the
amount of ITS launches that Earth must conduct and overall reducing the cost of the mission.
The solar concentrator consists of two main parts: the solar reflector dish and fiber optic
cables. Sunlight will come down to Mars's surface where it will reflect off the solar reflector dish
and focus into an optical waveguide cable. From there the light will split into growing spectra (400
nm ≤ λ ≤ 700 nm) and non-growing spectra (λ < 400 nm and λ > 700 nm) by filtering through the
selective beam splitter. The photosynthetically active radiation (PAR) will transmit to the
hydroponics system through the fiber optic cables where the light will distribute uniformly over
the plant growth area. The rejected non-PAR spectra can be converted to electric power by low
band-gap photovoltaic cells.
The material that the solar reflector dish will be made of is steel that is refined within the
colony. With the dish being made of steel we will have about a 50% reflectivity of sunlight that
hits the dish. The dish stands with a diameter of 10 meters with there being 1536 dishes per quarry.
For our million person colony there is 61,440 dishes. The dish will be outfitted with an optical
wavelength cable that will take the sunlight reflected and focus it into the beam splitter as described
above. From there, fiber optics will hook up to the beam splitter and then run to the plants within
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the hydroponics system. Below is Table 8.1.7.3, which quantifies the amount of steel needed to
produce the reflective dish for our quarries and one-million-person colony.
Table 8.1.7.3 Mass and volume of steel needed for reflective dishes
Mass Of Steel Needed
System

To Build Reflective
Dish (Mg)

25,000 Person
Quarry
1,000,000 Colony

Volume Of Steel Needed To Build
Reflective Dish (m3)

3072

388.86

122880

15554.43

For the fiber optics part of the system, it is unfeasible to produce them on Mars. Due to
their complex assembly and material needed for assembly, we must bring them from Earth. The
fiber optics will be shipped within the standard 2x2x2 meter containers specified by cycler team.
The fiber optics will attach to the selective beam splitter where the PAR will run through the optics
to the plants. The ends of the fiber optics will be flared out at the ends and will act as the light
source for our plants. Below is Table 8.1.7.4, giving the mass, power, volume, amount of lights
and finally the amount of ITSs it will take to complete a 25,000-person quarry along with the full
one-million-person colony.
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Table 8.1.7.4 Mass and volume of steel needed for reflective dishes

System

Mass Of

Volume Of

Power That

The Grow

The Grow

The Lights

Lights (Mg) Lights (m3)

Require (MW)

# Of

# of

Lights

ITSs

That An

Needed

ITS Can

To

Transport

Ship

(Km)

Lights

# Of Lights
Required (Km)

25,000
Person

3.109

2.667

0 (Solar)

14.1320

1.480

10

124.36

106.66

0 (Solar)

565.2790

1.480

382

Quarry
1,000,000
Colony

Table 8.1.7.5 Cost for fiber optics

System

25,000 Person
Quarry
1,000,000
Colony

Cost/Unit
($/km)

# Of Units
For System
(km)

Total Cost
($)

1430

14.13

20205.90

1430

565.28

808350.40

Fiber optics are a great alternative to lighting sources, but they are not immune to risks. A
large amount of risks associated with fiber optics is mainly based on human error. Other major
risks that are associated with fiber optics failing are extreme temperatures and fires. The risks for
fiber optics were calculated by taking data over time for reported cable breaks. Among the most
prominent were human error causes as stated above. These human errors mainly focus on digging
up the cable with machinery and physically breaking the cable when providing maintenance. Other
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risks that were documents were things such as rodents chewing through cables, lighting and
firearms. Due to the cables being placed on Mars, we believe it is reasonable to not include some
of the risks that cables face on Earth.
We decide that rodents are not a suitable risk due to the fact that there have been no rodents
documented on Mars and for the fact that during the colonization mission, no animals are brought
to Mars. Lighting is also not considered for the risk assessment of fiber optics. The lightning that
occurs on Mars is usually a form of heat lightning and rarely does it touch down on the surface.
Finally we do not consider firearms as a viable risk because we should not have any firearms on
the Mars colony, at least for the initial colonization. With all the risks mitigated, the table below
describes the risks and the associated percentage of said event occurring that remain.

Table 8.1.7.6 Risks For Fiber Optics
Probability of
Risk

Effects To System

Failure Relative To
Deployment

Mean Time To
Failure

Damage to fiber
Fire

optics, damage to

5.71%

94.29 Years

7.33%

92.67 Years

11.54%

88.46 Years

17%

83 Years

plants

Damage to fiber optic
Extreme Temperature

cables, loss of plants
potentially

Human Error

Dug Up Cables

Break the fiber optic
cable
Break the Fiber optic
cable
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With the above risks, mitigation strategies for each must occur. Below is a table with a
brief description of the mitigation strategy for each risk.

Table 8.1.7.7 Risk mitigations for fiber optics
Risk

Fire

Extreme Temperature

Effects To System

Mitigation Strategy

Damage to fiber optics,

Install a fire suppression

damage to plants

system within the Fabs

Damage to fiber optic

Insulate Fiber optic sleeves

cables, loss of plants

to combat extreme heat and

potentially

cold

Have experienced members
Human Error

Break the fiber optic cable

work on fiber optic cables
along with farmers in the
Fab
Have experienced workers

Dug Up Cables

Break the Fiber optic
cable

handle fiber optics. In
addition, have cables
marked that are buried
underground.

For the risk of a fire, a fire suppression system must be installed within the Fabs. Typically
a fire suppression system can be a dry chemical system or a wet system which usually consists of
water and a chemical agent mixed with it. For our Fab system, each Fab would require one fire
suppression system. The cost for a typical fire suppression system is around one to two dollars per
square foot. Due to the fact that the system is made from metal, the components to make the system
could be completely made on Mars’s surface.
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To combat the risk of extreme temperature, a thick insulation barrier needs to be placed
over our fiber optic cable. When choosing the fiber optics for the colony, a fiber optics cable that
had a thick insulation layer was picked beforehand. The cost associated with this insulation layer
is already included within the cost of the wire.
The risk of human error can be mitigated only to a certain extent. The best possible way to
reduce the risk of human error is to train colonists on how to properly handle fiber optic cables. A
cost cannot really be made for this mitigation due to the fact that it requires training sessions or
prior expertise.
The same issues arise for dug up cables as human error. Dug up cables occurs usually when
new infrastructure is being placed. The cables are usually dug up when ground has to be broken
into to lay down new foundation. For the Mars colony, this risk is less likely to happen because all
infrastructure is built at the same time. Once the colony is built underground, dirt will be placed
on top and no new infrastructure should be built on top of the colony. A possible way to mitigate
this risk is to have markers placed at locations where fiber optics are buried so that colonists can
visibly see the locations of fiber optics. This mitigation can also serve to help automated machinery
because with markers placed, machines can avoid the marked areas so the cables will not be
tampered with.
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8.1.8

Vacuum Pumps

The Fabs need to be pressurized in an atmosphere similar to that of Earth in order to ensure
the plants will grow. A trade study on different methods of pressurizing the Fabs is done in order
to find the most efficient way for us to pressurize the Fabs. The first part of the trade study is
determining what gases we will be pressurizing the Fab’s with. The first gas required is CO2 for
the plants. The Martian atmosphere is primarily CO2 so getting the gas from anywhere else would
be a waste of resources. The plants will be getting their Nitrogen and water requirements from the
hydroponics system, so CO2 is the only resource in the air we need to worry about.
The only trouble with getting the CO2 from the Martian atmosphere is the pressure it is at.
The pressure of the atmosphere on Mars is about 0.6% the pressure on Earth. This means simple
turbines and compressors will not be able to pull the CO2 from the atmosphere like they could on
Earth with the pressure difference between the inside of the Fabs and the atmosphere so high. In
order to get the CO2 out of the atmosphere we have to deploy vacuum pumps on the surface of
Mars to pressurize the Fabs.
The vacuum pump that is selected has to powerful enough to draw from an atmosphere that
is 0.6% that of Earth’s. This means the vacuum pump has to have a maximum pressure of much
less than 600 Pascals (the pressure of Mars’ atmosphere). In order to determine the best pump to
use for this purpose, we did a trade study over four different industrial vacuum pumps. All the
pumps have to capability to be used on Mars, but have different power requirements and
performance capabilities. The table below shows the performance of the different pumps used in
the trade study.
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Table 8.1.8.1 The trade study on pumps shown below describes the benefits of each type of pump [1]
Credit: N. Byerly
Pumping

Ultimate

Motor Power

Pump Mass

Rate

Pressure

(kW)

(kg)

(m3/hour)

(Pascals)

USD-75VP

120

4

3.7

190

USD-180VP

275

1.33

7.5

290

USD-250VP

365

1.33

11.0

380

USD-500VP

730

1.33

15.0

600

Pump model

Table 8.1.8.1 shows the results of the trade study done on vacuum pumps. As seen in Table
5 the different pumps have many trade-offs. As the size of the pump is increased, we gain a lower
ultimate pressure and a faster pumping rate. However, as the pump size increases the power
required by the pump and the mass of the pump increases dramatically. Since these pumps are not
able to be manufactured on Mars, they will have to be manufactured on Earth and shipped. Since
the pumps will be shipped, the mass of them is of utmost importance to us.
Going off of the mass being the primary factor we choose the USD-75VP for use in the
Fabs. Even though it is the smallest pump in the trade study, it easily meets all of the requirements
we have for the pressurization of the Fabs. It has a maximum pressure well below 600 Pascals and
a pumping rate that is faster than the CO2 usage of the plants. It is the best choice for our scenario.
The next task for pumps is to determine how many we need for our system. Each Fab is
self-contained with air tight seals between each other Fab to protect the system in case of rapid
depressurization in any one Fab. This means we will need one pump for every Fab. The pumping
rate of the pumps is high enough that once pumps start to fail, the air seals between Fabs can open
and allow one pump to pressurize both Fabs. This process could be done by one pump servicing
the entire system if was necessary. However, the highest risk of rapid depressurization is while the
pumps are operating. At that time there is an open link between the Martian atmosphere and the
atmosphere with our Fabs. If a pump explodes all of the atmosphere in the Fab it was servicing
will rush out into the Martian atmosphere. The more Fabs that are being serviced by one pump
increases the risk of losing multiple Fabs during a depressurization event. To ensure safety and
minimize risk, we will only allow each pump to service a maximum of three Fabs. Since vacuum
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pump failures are somewhat common it is too big of a risk factor to allow one pump to service
more than three Fabs.
Pressurization References
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8.1.9

Oxygen Removal Assembly

Throughout the life of the colonies plants, oxygen will be produced due to the
photosynthesis process. With mass amounts of oxygen being produced by plants, a method of
reclaiming oxygen must occur within the colony. We will incorporate an Oxygen Removal System
(ORA) within our farming habitats (Fabs) in order to filter out oxygen.
The concept of this idea arose when we discussed what to do about the oxygen that plants
produce in their lifetime. Initially we were going to vent out the excess oxygen to simplify the
system since all that is needed is a vacuum pipe to vent out the oxygen into the atmosphere. For
the beginning of the project we created a basic venting system for our Fabs since they were initially
an above ground concept. Once we began moving the colony underground the issue of how to vent
excess oxygen arose again. During this time within the project, the hydrogen plant for the ITS
refueling started to produce numbers. The important part about the plant was the amount of oxygen
that it could produce for human consumption. With the ITS count, the plant did not need to produce
that much fuel to sustain the ITSs. For farming, this meant that there was not enough oxygen
produced to keep humans alive. To help alleviate the situation we need a way to capture the useable
oxygen in our Fabs.
The ORA system began by trying to find a way to scrub specific gases out of buildings
such as office buildings. After much research, an oxygen scrubber was very hard to come by so
the next idea was to look at carbon dioxide scrubbing (CDRA). Currently there are only a handful
of carbon dioxide scrubbers that are fully assembled within the world, one being the scrubber on
the ISS. There is vast data on CDRA for the ISS which is where the data presented later for the
ORA comes from. Looking more in depth on how the CDRA operates, we determine that a CDRA
can filter oxygen by switching out the absorbent bed material. The next problem is what materials
we need to filter out oxygen in the air. With the help of a few papers, we determine that we need
a mixture of aluminum and copper oxides in order to filter oxygen. [1]
With the method to filter out oxygen complete, we must determine whether the oxygen
removal assembly (ORA) can be manufactured on Mars. Looking further into the CDRA document
for the ISS, there are various components such as the absorbents and the desiccants that are not
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easily manufactured on Mars. [2] Another issue with the system is that the machine tolerances are
very tight and manufacturing on Mars in the beginning stages will be rudimentary compared to on
Earth. We believe the components that the ORA require must be brought from Earth due to the
complexity of the system and the parts required assembling it.
The main components of out ORA comprise of a desiccant bed, an absorbent bed, fans and
finally vacuum pumps. The system operates by drawing in the surrounding air with the fans and
filtering it through the main body. Once air passes through the fan, it moves into the desiccant bed
where the air will filter though to take out all water within the air. After the air is dehumidified, it
will pass through an absorbent bed that contains aluminum and copper oxides to filter out the
oxygen within the air. [6-7]After that process is complete, the air will evacuate out of the system,
back into the Fab. The water and oxygen that is left over within the system will be vacuumed out
into separate piping to be recycled within the colony. Below is Fig. 8.1.9.1, a sketch of the ORA
for visualization along with Table 8.1.9.1, detailing the mass, power, volume, number of ORAs,
the amount of ORAs an ITS can support and finally the number of ITSs it takes to ship the ORA
to Mars. [3]

Fig. 8.1.9.1 Sketch of the ORA: resketched by Zach Truckenbrod
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Table 8.1.9.1 Mass power volume for ORA system

# of
Mass Of
System

The ORA
(Mg)

Volume Of
The ORA
(m3)

Power That
The ORA
Require

# Of ORAs
Required

(MW)

# Of ORAs

ITSs

That An

Needed

ITS Can

To

Transport

Ship
ORAs

25,000 Person

128.77

63.93

1589.90

1302

2810

1

5150.712

2557.13

63595.92

52080

2810

19

Quarry
1,000,000
Colony

To understand how the system operates, below is Fig. 8.1.9.2, a simple process of how the
system operates. To further extend the use of the ORA, a concept design was created to try to use
a CDRA to recycle all useable carbon dioxide with normal Habs to try to make the colony fully
self-sustainable. Below is Fig. 8.1.9.3, the concept created for a CDRA within the human factors
team. [4-5]

Fig. 8.1.9.2 Process For The ORA: Created by Zach Truckenbrod
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Fig. 8.1.9.3 Concept For The ORA To Become A CDRA: Created by Zach Truckenbrod
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8.2 Operation
8.2.1

Fruit Trade Study

To begin the fruit trade study, we decide that the best course of action is to select up to ten
different fruits to give us a broad spectrum to choose from. The fruits used within the trade study
vary by climate, soil conditions, water consumption among other deciding factors. The initial trade
study includes five different fruit choices: apples, bananas, blueberries, oranges and grapes. Below
is Table 8.2.1.1 of the initial trade study for fruits for the Mars colony.

Table 8.2.1.1 Initial Fruit Trade Study

# Of
Fruit

Trees /
Bushes
Allowed

Sun

Water

Required (Kj Required (kg

Food

Calories

Produced

Produced

/ m2)

/ yr)

(kg/yr)

(cal/yr)

Kg
in/Calories
out ratio

Apples

20

28512

89484.56

108.86

56823.5

0.482

Oranges

27

38016

62639.19

39.3

18421.87

0.183

Bananas

27

57024

39500

50

44491.52

0.461

Grapes

42

38016

12775

1.67

1125.43

0.022

Blueberries

673

28512

62.55

9.072

5210.27

0.182

[1-14]
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Apples were selected due to their versatility and high calorie count. Apples were able to
produce much more fruit over the lifetime of the colony compared to all other fruits. In regards to
nutrients, the apple provides many essential nutrients that humans need daily but it comes at a cost.
One big problem there was with apples is the amount of space that the tree takes up along with the
amount of water the trees need over their lifetime. Compared to the other fruits, the apple tree
consumes the most amount of water and since water is an essential resource, apples become
unfeasible.
Oranges were selected because they are a good middle ground and have a longer tree life
compared to other fruits. With oranges, more trees could be planted throughout our Fabs and they
provided a decent amount of calories. One big factor that hinders oranges is the amount of sunlight
and water they need to grow. With Oranges being a citrus fruit, they require a larger amount of
light to grow and with that comes a large amount of water needed to stay alive. Oranges do not
provide as much fruit compared to other choices present in the above table and for these reasons
we will not choose oranges as a viable option.
Bananas were selected because they provide the most calories per fruit and have the highest
nutrition content compared to the fruits on the above table. Banana trees were around the same
size as orange trees, which is why the number of trees able to be planted are the same. One big
issue with bananas is the amount of sunlight they require. With bananas being a tropical fruit, it is
exposed to a hotter climate compared to the above foods. With this being the case, the Fabs would
have to simulate a hotter climate to help progress the growth of the banana tree. Though they
produce a larger amount of calories, with bananas being a harder fruit to manage on Mars, we
deemed them as unfeasible.
Grapes were selected based on the fact that they are a smaller plant and require less water
compared to the other choices above. Grapes are an easier plant to maintain and it makes it so you
are able to have about double the amount of plants compared to the previous ones mentioned. The
issues surrounding grapes are that they do not provide as much nutrients compared to others and
the fact that a grape vine does not produce that many grapes per season. For those reasons we see
grapes unfit for the Mars colony.
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Blueberries were selected due to the sheer amount of plants that the Fabs could house and
the little amounts of sunlight and water they consume. An issue with blueberries is that they do
not provide the amount of fruit compared to apples and bananas. A factor that helps blueberries is
the amount of nutrients they contain. With blueberries being considered a super fruit, a cup of
blueberries packs more nutrients then an apple. Another factor that helps blueberries is that during
the lifespan of the blueberry bush, after every year the amount of fruit produced almost doubles
until about five to six years where it caps off. For these reasons we believe blueberries are a great
option for our mars colony and will move forward with them to our final solution.
After the initial fruit was chosen; the blueberry, a few people voiced their concerns about
the choice of blueberries and not strawberries for the final fruit choice. With a new fruit to look at,
a trade study of strawberries vs blueberries took place. Below is Table 8.2.1.2, a trade study of
strawberries vs blueberries.
Table 8.2.1.2 Blueberry vs Strawberry Fruit Trade Study

# Of
Fruit

Water

Food

Calories

Kg

Required (kg

Produced

Produced

in/Calories

(kJ / m )

/ yr)

(kg/yr)

(cal/yr)

out ratio

700

32478

6321

18.033

6011

0.155

673

28512

62.55

9.072

5210.27

0.182

Trees /
Bushes
Allowed

Strawberries

Blueberries

Sun
Required
2

[12,14,15-17]
From the trade study, it can be seen that for strawberries they do not provide a better output
of calories compared the amount of water and sunlight needed to produce them. With this trade
study there is a big decision that needs to be made of whether blueberries or strawberries are better.
Strawberries are easier to produce in a hydroponics system but do not provide as much nutrients
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compared to blueberries. Blueberry bushes are bulkier and take up more space, but provide a larger
amount of fruit compared to the resources it needs to grow.
With these factors in consideration, we believe that blueberries are a better choice for the
colony due to the fact they provide a lot of nutrition and that the amount of sun and water to grow
them are low.
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8.2.2

Grain Trade Study

Before designing a food production system, our team wisely decided to do a trade study on
various types of foods and their potential benefits to our colony. We decided to analyze fruits,
vegetables, grains, meats, and animal byproducts. This section of the report covers the grain
portion of that trade study. The main thing we were looking for in the trade study was calorie
density; how many calories can each type of food provide for a given growing area? This is the
most important driver of food selection as the growing area on Mars is very limited. Below are the
final results followed by the calculations for various grains analyzed during this trade study.
Table 8.2.2.1 shows the final calorie density results for white bread, whole-wheat bread,
rolls, macaroni, spaghetti, and egg noodles as found during the trade study. Clearly whole-wheat
bread at, 2431 Calories per square meter, is the most calorie-dense of the five grains shown here.
As such, it would be the most desirable grain product to grow on Mars as it give the most “bang
for your buck”.
Table 8.2.2.1 Calorie density for various grain products.

Grain product

Serving size
(grams) [1]

Soil area/serving
Cal/serving [1]

(𝒎𝒎𝟐𝟐 )

Calories per
(𝒎𝒎𝟐𝟐 ) of soil area

White Bread

28

67

.2243

298.7

Whole Wheat Bread

46

114

.0469

2431

Rolls

38

120

.1941

618.2

Macaroni

114

422

.6029

699.9

Spaghetti

56

207

.2759

750.3

Egg Noodles

38

146

.2464

592.5
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Calculations
In order to calculate the calorie density of each type of grain, we started by finding the
serving size for each grain and the number of calories in each serving. Next, we found the average
yield (bushels per acre) for each type of grain (mainly wheat) and the amount of wheat needed to
make each type of grain product. Using these numbers, we were able to determine the growing
area needed to produce one serving of each grain product and thus the number of calories provided
by each unit of growing area. Figure 8.2.2.1 below shows a sample calculation for finding the
calorie density for White Bread. The other grain products in this study were analyzed in the same
fashion.
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Figure 8.2.2.1 Sample Calorie density calculation for White Bread.
Credit: A. Birky
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8.2.3

Meat Trade Study

The fourth trade study that we perform is a trade study on the availability of meat on Mars.
We began this trade study with healthy skepticism that it would be efficient for our colonists to
bring animals with them to Mars. The first step of the trade study is to list the reasons that we are
performing this trade study. We determine the necessity of this trade study by listing all of the pros
and cons of bring meat to Mars. Whether or not the trade study proves that meat is worth it to bring
to Mars, it needs to be done to complete our analysis of every food group.
Having meat on Mars has many benefits for the colonists. First and foremost, a large
portion of the planet consumes meat on a daily basis. In order to build a large colony on Mars we
need one million people to volunteer to be Martians. For people who are considering making the
trip to Mars, the lack of meat on the planet for the rest of their lives might be enough to deter them
from choosing the life of a colonist. A second pro of having meat on Mars is the animals
themselves provide many benefits to the colonists other than food. The colonists will be separated
from the rest of humanity while on Mars. Symptoms of isolation could start to set in with colonists
as they are housed with the same people for the rest of their lives. Animals are a very common
method of treating such types of depression [8]. Having animals on Mars would improve the
morale of the entire colony. Animals also act as a self-replicating food source much in the same
way as plants. A final pro of having animals on Mars is the health benefits of meat. Using only
plants will make it difficult for our colonists to reach their necessary caloric needs per day. Meat
of any kind is high in calories and necessary fats that our colonists require. The list of pros shows
a significant argument in bringing meat to Mars.
Meat also has a list of cons that make a good argument against its existence on Mars. One
con is the amount of volume and mass that would need to be transported to Mars. To maintain
animal friendly living conditions, large amounts of ITS’s will need to be used solely for the
transportation of animals. This poses a separate question of whether animals can survive in zero
gravity. They do not have appendages such as arms to move around the ship such as humans. This
would lead to our system including the development of a way to secure the animals in transit to
Mars. One aspect looked at to combat this issue was to bring chickens while they are still eggs.
However, the hatching time of a chicken is approximately 21 days [3]. This is much shorter than
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the travel time of the cycler. It may even prove more difficult to transport undeveloped chicks
instead of fully grown chickens.
A second con of having animals on Mars is the amount of food and water they consume
themselves. Everything that a plant requires can be gathered or manufactured on Mars. For
animals, we would have to bring feed for them or expand our farms greatly in order to produce the
amount of food required to feed the animals. A final con of bringing meat to Mars is the amount
of care the animals would require. Plants can more or less sustain themselves with automated
watering systems whereas animals would require colonists to tend them, assist with births of new
animals, and butcher the animals when they are ready to be slaughtered. This would take colonists
away from being able to work on construction projects and other operations of the colony.
Once the pros and cons list deemed it appropriate to perform the trade study, we chose
animals for the study. To choose the animals that we will consider for the trade study we researched
the most farmed animals here on Earth. For the trade study we need all-encompassing data for
each animal. Having a large amount of data will allow us to perform the most effective trade study
that we are able to. Researching the most farmed animals we choose cows, chickens, turkeys, pigs,
and rabbits.
Cows were chosen due to the large amount of meat reclaimed per one animal. Slaughtering
a single cow can yield hundreds of pounds of meat. This would require less numbers of animals to
be on Mars. Cows have the ability to produce milk for the colonists. This would supply a hearty
source of calcium and protein for the colonists while waiting for calves to mature. Chickens were
chosen due to the ability of keeping a large amount of them in a small. Chickens also have an
extremely short turnover period. From an egg to a full grown chicken only takes about six
months[3]. This would allow us to cycle our entire population of chickens twice a year. Chickens
also have the additional benefit of being an egg laying animal. Eggs will provide the colonists with
a steady source of healthy calories and fats while the newly hatched chicken mature. There is also
the possibility that chickens could fly on Mars due to the reduced gravity which would be our
advertised tourist attraction.
Turkeys are chosen for similar reasons as chickens including the possible flight
capabilities. Turkeys are larger animals and therefore produce more meat per animal than chickens
do. They also lay eggs which could be consumed as a supplement to the meat of the turkeys for
protein and fat content. Both chickens and turkeys have a strong possibility of being the most
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probably animal we bring to Mars. Another animal chosen was pigs. In some states in America the
number of pigs outweighs the number of people. This provides a vast amount of data on them.
While pigs do not provide the benefit of drinkable milk or eggs, they are able to be raised in tight
quarters which would allow more meat to be produced per square meter of land. The final animal
that we made part of the trade study was rabbits. Rabbits were chosen due to them being able to
be stored in very small areas and possible stacked floors of rabbits could fit in the same habitable
area as the large animals. Like pigs, rabbits do not come with the benefit of drinkable milk or eggs.
The main reason we chose rabbits to participate in the trade study was due to their extremely high
reproductive rate. We would be able to slaughter and consume rabbits at a very fast rate which
ideally would help rabbits keep up with milk or egg producing animals.
Table 8.2.3.1 shows the results of the trade study for meat on Mars[1,2,4,7,10,11,15]. Credit: N. Byerly
Food

Water

Food

Calories

Reproduction

Cal out

Required

Required

Produced

Produced

per year

per kg in

(kg/year)

(kg/year)

(kg/year)

(Cal/year)

Cows

121362.5

199290.0

1911.4

5239687.6

13

16.34

Pig

14965.0

89060.0

2177.2

5529600.0

23

53.16

Chicken

21681.0

44566.5

6566.2

10144200.0

660

153.13

Rabbit

3270.4

3175.0

711.2

967456.0

448

150.1

Turkey

60225.0

37260.0

2136.0

3309450.0

330

33.95

Animal

Table 8.2.3.1 shows the results of the meat trade study. It is based on the number of animals
that could be stored in 1000 square feet of habitable space. It does not take into account volume
requirements of animals. For example, it is possible that we could have two floors of rabbits or
chickens for every one floor of cows. The numbers in the table only reflect the results of the trade
study by land area.
The table lists the amount of food and water that each 1000 square feet of animals would
require. This food and water would have to be produced in addition to the food and water produced
for the colonists. The Calories produced by each animal per year is calculated using the kilograms
of food produced multiplied by the Calories per kilogram of that type of meat. The Calories of
milk and eggs are also included in those numbers for the animals that produce one of those
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substances. The reproduction rate of each animal does not have a large effect on the outcome, but
it is placed there to show the turnover rate of each animal.
The most important number in Table 8.2.3.1 is the final column of Calories produced per
kilogram in. This number is the amount of Calories of meat, milk, and eggs that each animal
produces per kilogram of food and water input. The higher this number, the more productive the
animal is. The results of the study show that if we choose to bring animals to Mars it will either be
chickens or rabbits. They each produce approximately 150 Calories per kg of food and water we
produce for them. The benefit of chickens is that the total number of Calories produced per year
is more than ten times that of rabbits. As more people arrive on Mars, rabbits would not be able to
keep up with the caloric needs of the colonists. The benefit of rabbits is they require a significant
less amount of food and water than chickens. Both chickens and rabbits operate at the same
efficiency. We decide that is meat will make it to Mars, the most effective method would be to use
rabbits at first. The capabilities of producing large amounts of feed for the chickens at first might
not be possible. As our production capabilities increase, we will make the transition from rabbits
to chickens.
The final part of the trade study to be conducted is whether or not it is feasible to have
animals on Mars. Because efficiency is the number one priority of our colony, the only way that
animals would be able to be on Mars is if the Calories produced per kilogram of food and water
given to the animals was greater than the Calories of the kilogram of food and water itself. The
numbers on the efficiency of this effect are shown below in .
Table 8.2.3.2 numbers show the Calorie losses incurred by each animal over a synodic cycle [3,9,10].
Credit: N. Byerly
Animal

Calories of Food in per year

Net Calories per Synodic
Cycle

Cow

508.5 million

-1075.5 million

Pig

62.7 million

-122.2 million

Chicken

90.9 million

-172.7 million

Rabbit

13.7 million

-27.1 million

Turkey

252.3 million

-532.1 million
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shows the losses in Calories by each animal over a synodic cycle. This table shows
undeniably that meat is not worth it to have on Mars. After a sustainable colony is produced,
bringing meat may be an option, but for the course of this mission we choose to not have meat on
Mars due to the extreme losses in Calories for each animal.
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8.2.4

Animal Byproducts Study

During the initial search for Martian foods, we considered animal byproducts. Table 8.2.4.1
shows the food, water, and space requirements versus caloric outputs for milk and eggs. These
values are based on average production requirements on Earth.
We opted not to bring animals to Mars due to relatively low caloric output per square meter
of growing space. Growing food for animals which should produce food is counterintuitive when
space and resources are in such short supply. It is also very possible that cows could not survive
in the low gravity environment of Mars. Animal byproducts also required more labor than crops.
Table 8.2.4.1: This table shows inputs and outputs for animal byproducts. Bringing animals to Mars was
deemed inefficient due to high mass input for not very much caloric gain.

Cal/m2/day Cal/kg

Food required

Water required

Space

(kg/animal/day)

(kg/animal/day)

(m2/animal)

Milk 27

113.6

8

3422

1014

Eggs 0.1

0.27

0.0387

1720

667

food
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8.2.5

Legume Trade Study

After the meat trade study made it clear to the project that it will not be an option for
colonists, the need to find a plant to provide fats and protein to our colonists became clear. We
decided to do a short trade study on legumes to ensure that our colonists’ fat and protein needs
were met. Regardless of the costs it would take to grow legumes, we decided that it would be
necessary in the long run instead of trying to get all the colonists’ fat requirements through fruits,
vegetables, and berries alone.
We chose only the two of the most commonly grown legumes for the trade study: peanuts,
and soybeans [1,2]. The amount of information on these plants is complete and they both provide
high amounts of fat and protein content. The same idea of expanding crops throughout an actual
mission applies to this trade study as well. The different types of legumes on Mars could be
expanded, but for the feasibility study, we only select one.
Peanuts and soybeans are very similar types of plants. The nutritional information of each
of them is relatively the same. In order to determine which plant is better we directly look at the
calories produced per square meter of each crop. Table 8.2.5.1 shows the results of the legume
trade study.
Table 8.2.5.1 this table shows the results of the legume trade study between peanuts and soybeans[1,2].
Credit: N. Byerly
Legume

Calories per square meter per
synodic cycle

Peanuts

16501.8

Soybeans

11386.6

We see from the results of Table 8.2.5.1 that peanuts beat soybeans in terms of Calories
produced per synodic cycle. Since the other aspects of both peanuts and soybeans such as harvest
time and growing conditions are very similar we choose peanuts as the most prominent legume to
be part of our colonists’ diet.
Legume Trade Study References
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8.2.6

Final choices from studies

After conducting the trade studies for our various foods for the colony, we find the best
combination of foods to be peanuts, blueberries, squash, carrots and potatoes. Individually all items
of food were talked about in previous sections as to why we believe they are the best fit for our
colony. Now we will show as to why they are the best fit together for the colony. Below is a table
providing the full nutritional facts per serving of each food compared to what a human takes in
daily.
Table 8.2.6.1 Nutritional Trade Study of Final Selected Food
Required
Amount
Requirement

of

Specific

Carrot

Potatoes

Blueberries

Squash

Peanuts

%Daily

Vitamin

(g / serving)

(g / serving)

(g / serving)

(g / serving)

(g / serving)

Value

(grams/day)

Vitamin A

0.001

0.00306

0

2.39e-5

0.0046

0

776

Vitamin D

0.00001

0

0

0

0

0

0

Vitamin E

0.00002

0.000427

0.0000213

0.000888

0.00182

0.0116

66151

Vitamin K

0.00008

8.05e-6

4.04e-6

2.8e-5

1.4e-6

0

52.58

Vitamin B1

0.0015

6.1e-5

0.0001704

0

0.00014

0.00013

34.5

0.002

6.1e-5

0.0000639

0

0

0.00013

13.545

0.02

0.00061

0.0022365

0.000592

0.0014

0.020148

124.93

0.002

6.1e-5

0.000628

0.000148

0.00014

0.00073

85.36

(Thaiamine)

Vitamin B2
(Riboflavin)

Niacin
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Vitamin B6
(Pyridoxine)

Pantothenic

0.005

0.00018

0.00063

0.000148

0.00056

0.001752

65.46

0.0004

1.15e-5

0.000034

8.88e-6

0.0000266

0.000175

64.08

Biotin

0.0001

2.9e-6

0

0

0

0.000026

28.86

Vitamin B12

0.000002

0

0

0

0

0

0

Vitamin C

0.1

0.003599

0.042

0.014

0.02114

0.01186

82.224

Calcium

1.1

0.02013

0.026

0.0089

0.0574

0.08906

18.27

Selenium

0.00007

6.1e-8

2.556e-6

1.48e-7

7e-7

4.82e-6

11.83

Magnesium

0..35

6.1e-5

0.04899

0.000888

0.0406

0.25696

99.28

Zinc

0.015

0.000122

0.0006177

0.000296

0.00014

0.004818

39.958

Iron

0.01

0.000183

0.0016614

0.000444

0.00084

0.00219

53.184

Iodine

0.00015

0

7.39e-5

0

0

0

49.274

Phosphorus

1.1

0.02135

0.12141

0.01776

0.0378

0.57962

70.72

Sodium

2.5

0.04209

0.01278

0.00148

0.0056

0.00876

2.82

Potassium

3.5

0.1952

0.89673

0.11396

0.3976

1.05996

76.09

Acid
Folic Acid
(Folate)

(Cobalamin)
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Copper

2.25

0

0.000852

0.000148

0.00014

0.00073

0.083

Manganese

0.0035

0.000061

0.000325

0.000444

0.00028

0.002628

106.825

Flouride

0.004

1.95e-6

0

0

0

0

0.0488

Chromium

0.00015

0

0

0

0

0

0

Carbohydrates

340

5.856

37.2111

21.46

14.7

22.338

29.87

Protein

68

0.549

4.26

1.036

1.26

40.88

70.566

Fat

80

0.122

.213

0.444

0.14

72.562

91.85

Calories per

2600

25.01

162.945

84.952

63

827.966

44.76

day

[1-6]
From the nutritional chart we can see that one serving size of each of the selected foods
provide almost all nutritional requirements that humans need daily. We assume that the colonists
will not only eat one serving size of each food daily. With a regulated diet that is conducted within
the next section, the total amount of nutritional needs that humans need can be achieved. Our basis
for the final selected foods is based on the versatility that all choices provides and the sheer amount
of nutrients that each individual food has. During the lifetime of our colony we expect that more
food will be introduced into the colony as new cycles of individuals come to Mars. For our study
we do not take that into account due to the fact that with the basic five foods selected already, all
nutritional needs will be met to survive the full one hundred year mission.
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8.2.7

Area needed

Our five foods we chose for our colonists are potatoes, peanuts, squash, carrots, and
blueberries. Since we have chosen the foods, we need to determine the amount of area needed to
farm these crops. There are many factors that go into determining the area needed for the farm on
Mars. The foods must provide for the colonists’ every need. This goes much farther than just
calories. There are many nutrients that humans require. The foods grown must satisfy all of these
nutrients in order to keep the colonists healthy and alive on Mars.
The first step in determining the area of the farm is to determine the exact values of each
nutrient for each crop. The crops were selected due to containing the most important nutrients, but
we must ensure that all of the nutrients are there. Once all of the nutrients provided by each crop
are listed, we can determine the area that will be required to provide the nutrients for each colonist.
If the crops cannot provide one hundred percent of the nutrients the colonists require, they will
have to be supplemented with multivitamins. Fig. 8.2.7.1 below shows the breakdown of nutrients
for each crop.

Purdue University | PROJECT DESTINY

N. Byerly | 8-83

Food Production Appendix

Fig. 8.2.7.1 shows the nutritional requirements of humans and the outputs of each food [1]. Credit:
N.Byerly

The first column of Fig. 8.2.7.1 lists all of the nutrients required by humans. The goal of the
food system is to fulfill all of these requirements with the five foods that were selected. The second
column shows the grams of each nutrient that our colonists will require each synodic cycle. The
only discrepancy in this column is the final entry of Calories. This unit is not in grams per synodic
cycle, but it is written in terms of Calories per synodic cycle. For this study we chose to go off of
the base requirements of 3000 Calories per day for a male, and 2200 Calories per day for a female.
Some of the jobs on Mars will require heavy physical labor. These colonists may require more
than the base limit of Calories. However, to account for this increase we would need to know the
rate of which the colonists would be burning Calories. Since there is no way for us to achieve this
number, we choose to use the baseline amount of Calories. We also assume the colony will contain
an equal number of men and women. This leads the number of Calories per synodic cycle to be
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determined by taking the average of the male and female calorie requirements at 2600 Calories per
day per colonist.
The following five columns show the grams of each nutrient produced by each crop if one
square meter of that crop was farmed for one synodic cycle. For example, one square meter of
carrots would produce 5.635 grams of Vitamin A over one synodic cycle. The unit of grams per
meter squared per synodic cycle applies to every crop even though it is only listed for carrots in
order to more clearly show the entire chart. As with the previous paragraph, the bottom line in the
chart shows Calories produced per square meter of crop farmed over the duration of one synodic
cycle.
From a first look at the nutrient columns we see that some nutrients are going to need to be
supplied via vitamins. The crops chosen do not contain Vitamin D, Vitamin B12, and Chromium
in any amount. There are also another few nutrients that are almost nonexistent in the crops that
will have to be supplied by vitamins. Over time, more crops may be introduced into the system in
order to cover these gaps in nutrients, but for the purpose of our study we choose only five crops
to determine the feasibility of growing them on Mars. If we prove that these crops can cover the
majority of the required nutrients, then we also prove that it would be a trivial endeavor to simple
add more crops to cover the additional nutrients required.
The next column in the table shows the average grams of each resource produced per one
square meter of crops farmed over one synodic cycle. It also lists the average Calories produced
by the crops in one square meter over a synodic cycle. To better illustrate what this number is, it
is the summation of what each crop produces if 0.2 square meters of each crop was farmed over a
synodic cycle.
The final column is the most important column on the chart. It shows the required area in
square meters that the farm would have to be in order to cover each nutrients requirement. For
example, to supply only the colonists’ vitamin A requirement, we require 0.438 m2 of crops per
colonist. Obviously, this number is very small. To determine the actual amount of land we need to
farm, we take the highest value from the list. If the nutrient that requires the most amount of land
is satisfied, then every other nutrient is satisfied as well.
Fig. 8.2.7.1 shows that some nutrients have a divide by zero error. This would mean we
need an infinite amount of farm area. We decide to supply these nutrients as we cannot supply
every nutrient with five food choices. If this was actually implemented into a Mars mission, the
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number of foods farmed would expand over time to ensure all nutrient needs were being met
without vitamins. For our study we will use vitamins to cover the vitamin deficiencies that come
with our five food choices. We also exclude any vitamins that would require an area of over 500
m2 per colonist. These vitamins are basically nonexistent in our foods. So while we could provide
for them we would be producing a huge overabundance of food. Therefore, our limiting factor
becomes fats. This was predicted due to plants having little to no fats in them. Peanuts supply the
majority of the fats for the colonists. Looking at the area required per colonist determined by fats,
we need 164.42 m2 of area farmed per colonist to supply all of their needs.
Since this number is rather large we look for ways to lower the number. In an ideal scenario,
the limiting factor of the crops will be calories. If calories is not the limiting factor, that means we
will producing an overabundance of calories for our colonists to eat. This should not be a problem
unless this number reaches much higher than the 2600 Calories per day average. If the Calories
per day gets too high then our colonists will not be able to physically consume the amount of food
required for them to hit their daily nutritional values.
Since the area of 164.42 m2 was determined from evenly splitting the land up among the
five crops, we decide to test what happens to the area required when we change the percent of land
dedicated to each crop. For this study we again remove the values of nutrients that cause
astronomical requirements for land area. We then iterate through each crop one at a time. The area
for each crop is increased by one percent at a time. For each percent that one crop is increased, the
other four crops are each decreased by a quarter of a percent. Keeping all of the other crops constant
allows us to see the effect of each crop independently of the others. Fig. 8.2.7.2 below shows the
outcomes of changing the area of each crop.
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Fig. 8.2.7.2 Change in Area of Farm Required After Varying Proportions of Crops. Credit: N. Byerly

Fig. 8.2.7.2 shows the change in total area required per colonist based on the percentage of
each crop. Each line represents one of our five crops shown in the legend of Fig. 8.2.7.2. The
beginning point on the graph shows the required area of the farm if each crop was given 20% of
the total farm. This number comes out to the 164.42 m2 we determined in the previous section. As
the lines move towards the right, they show the increase in each specific crop of Fig. 8.2.7.2 does
not show the decline of all other crops with respect to the increasing crop. By only showing the
resulting impact from increasing the area of each crop we can determine which crops to increase
the percentage of the area for.
As seen in Fig. 8.2.7.2, the only crop that decreases the required farm area per colonist is
peanuts. This result was expected due to the limiting factor being fats, and peanuts are the crop
that produces the most fats. All other crops increased the total area required because by increasing
their area they decreased the area of peanuts. It becomes detrimental to the farm area to increase
the percentage of peanuts past 41.18%. At this point the limiting factor changes from fats to
vitamins that are more thoroughly supplied by other plants. This will lead to max productivity

Purdue University | PROJECT DESTINY

N. Byerly | 8-87

Food Production Appendix

being where peanuts make up approximately 42% of the farm and every other crop will make up
14.5% of the farm respectively.
At these area specifications, the required land area for each colonist drops to 95.32 m2. By
increasing the land area of peanuts we are able to drastically reduce the farm area required per
colonist. For soil farming methods this is the final area that our team used to base our farming
models off of.
Farm Area References
[1] “Self Nutrition Data, Know What You Eat,” Self Nutrition Data Available:
http://nutritiondata.self.com/facts/vegetables-and-vegetable-products/2770/2.
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8.2.8

Seed Volumes

The shipping mass and volume for seeds was deemed negligible for this analysis. Table
8.2.8.1 lists the seed mass and volumes for each of the chosen foods. The potatoes are clearly the
largest seeds, they are several orders of magnitude larger than all of the other seeds. Even
considering this, the total seed volume required to start the farm is less than 1 cubic meter.
Table 8.2.8.1: This table lists seed mass and volumes for the chosen crops.
Seed Mass

Seed Volume

kilograms per 2000 seeds

m3 per 2000 seeds

Potato

346

0.316

Squash

0.2

7.393E-4

Blueberries

0.17

1.769E-3

Peanuts

0.85

5.92E-5

Carrots

0.13

1.058E-5

We must also generate seeds on Mars. This is easiest for squash. We only need to reserve
squash seeds during the food preparation process, and later plant those seeds. Peanut, potato, and
blueberry seeds will have to be reserved in a way which will reduce crop output to a degree.
Blueberries and peanuts which are used for seeds cannot be eaten. Potatoes can be cut in such a
way that eyes are planted, but the rest of the potato is eaten by the colonists. These seed proportions
and cycles are considered in the planting rate which allows for regular harvests.
Carrots are a much more complicated seeding process. A winter freeze is a part of the
carrot’s reproduction cycle. On Earth carrot roots are dug up and frozen for six to eight weeks to
simulate winter, then the roots are re-planted. After the re-planting, the plants flower and produce
seeds. This will be possible on Mars, however carrot seeds are so small it makes more sense to
bring all of the carrot seeds that the colony needs than to build a complex freezer system.
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Pollination on Mars will also be a concern, due to lack of pollinating insects. It is likely
that colonists will have to manually pollinate plants for seed production. This will have some
benefit, however, as it will allow the farmers to optimize the breeding of their plants.
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8.2.9

Storage volume needed

One of the requirements for the food production team is to ensure that all colonists on Mars
have enough food to survive through an entire synodic cycle. In order to achieve this, we created
both a farming system and a food storage system. Our food storage system mitigates the possibility
of any large scale failures in the farming system (such as the loss of an entire crop) by storing
enough food for all the colonist on Mars at any one time. Table 8.2.9.1 gives the total mass and
volume of food we need to store for both a single quarry (25,000 people) and the entire colony
(1,000,000 people). This table is representative of the food storage capability of the colony once
it reaches its steady-state, 1,000,000 person operation.
Table 8.2.9.1 Food storage requirements for each quarry and the entire colony

Colony

Mass of food

Volume of food

#of Fabs needed

Population

stored (Mg)

stored (𝒎𝒎𝟑𝟑 )

to store food

26,385

4.707e4

9.163e4

26

1,000,000

1.883e6

3.665e6

1715

Using the data from Table 8.2.9.1, we next plotted the mass, volume, and number of Fabs
needed for storage in order to get an idea of the rate at which our storage capability must increase
throughout the life of the mission. Figure 8.2.9.1, Figure 8.2.9.2, and Figure 8.2.9.3 show the
storage requirements over the course of the 100-year mission.
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Total stored mass of food
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Figure 8.2.9.2 Total mass we need to store per cycle. Credit: A. Birky
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Figure 8.2.9.1 Total volume we need to store per cycle. Credit: A. Birky
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FABS required for storage
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Figure 8.2.9.3 Number of Fabs we need for storage every cycle. Credit: A. Birky

Calculations
We used the following process to calculate the mass and volume of food we need to store
to ensure the survival of all the Martian colonists in the case of a farm system failure.
First, based on the population curve (selected after input from various teams and systems),
we determined how many calories we need to provide the colony based on a 50-50 split between
males and females in the colony. This split means we can use 2,600 calories as the intake
requirement per person, per day. Multiplying this calorie requirement by the colony population
and ~780 days per synodic cycle gave our team the number of calories we need to store to feed the
current population for one synodic cycle.
After determining the total number of calories we need to provide, we determined how we
are going to provide those calories. To do this, we broke up the calorie amongst the five foods we
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are growing on Mars (peanuts, blueberries, squash, potatoes, and carrots) proportional to the
growing area we are using for each food. For example, 42% of the growing area is taken up by
peanuts and ~14% by each of the other foods. These percentages were used to determine the
percentage of calories provided by each type of food. Peanuts give the colony ~42% of its needed
calories and the rest of the foods give ~14% each.
After determining the amount of calories provided by each of the five foods, we used
calorie densities and yields to determine the mass and volume of each food required to supply
those calories. After analyzing all five foods, we found the total mass and volume needed to supply
the colony with a backup supply of food by adding all of the individual food totals together. These
calculations are highlighted in Table 8.2.9.2 for blueberries. The other four foods were analyzed
in the same way.
Table 8.2.9.2 Total mass and volume of blueberries needed for each quarry and the entire colony overall.
Total Calories

Calories provided

Mass of

needed per

by blueberries per

blueberries

cycle

cycle

(Mg)

blueberries (𝒎𝒎𝟑𝟑 )

25,000

1.268e10

8.745e8

1524

2578

1,000,000

1.014e12

6.995e10

1.219e5

2.063e5

Colony Population

Volume of

Table 8.2.9.3 gives the total mass and volume needed for each food when the colony reaches
one million people. These values represent the percentage split with peanuts accounting for ~42%
of the total calories and all the other foods contributing ~14% of the calories each.
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Table 8.2.9.3 Total mass and volume need for each food for 1,000,000 people

Food

% of land used
for each food

Calories
needed for

Mass of each food

Volume of each

(Mg)

food (𝒎𝒎𝟑𝟑 )

each food

Blueberries

14.7

6.996e10

1.219e5

2.063e5

Carrots

14.7

2.704e11

6.595e5

2.108e6

Squash

14.7

2.432e11

6.556e5

6.463e5

Potatoes

14.7

3.273e11

4.279e5

6.749e5

Peanuts

41.2

1.031e11

1.817e4

2.946e4

Now that the total required volume and mass of each food is known, we were able to
quickly find the number of Fabs needed for storage by dividing the total volume of food needed
by the volume of one Fab. Mass is not taken into consideration when determining the number of
Fabs required to store this food because it is assumed that each Fab is strong enough to carry the
weight of the food. We also assumed that each Fab is perfectly packed. The storage Fabs don’t
have the same internal structure as a normal Fab. The storage Fabs are essentially big empty
boxes that we are going to throw food into. No shelving will be included at this point and it is
assumed we can fill the Fab all the way to the top with food.
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8.2.10 Excess Farming Area

Project requirements state that our colony must contain a reserve food storage large enough
to hold enough food to sustain our colonists for an entire synodic cycle. In the case of complete
farm failure or potato famine, our colonists will be able to survive for an entire synodic cycle. This
length of time would allow us to send food from Earth to the colonists. In order to produce this
food we will need excess farm volume to provide to the storage. The excess farm is a separate
entity from the farm that is providing food for the colonists to eat daily; however, it will produce
the same crops as the regular farm.
The volume of this excess farm directly relate to the current population on Mars. Once
colonists arrive on Mars, the excess farm will produce their one synodic cycle’s worth of food
during their first synodic cycle. The population curve controls the size of the excess farm each
cycle. The first group of colonists that land on Mars will bring an excess farm large enough to
produce a synodic cycle’s worth of food for themselves. At the end of their first cycle every
colonist will have a synodic cycle’s worth of food in storage. That means the excess farm is able
to produce for the incoming colonists. However, our arrival rate increases steadily which means
while the arrival rate is increasing, there will always be more colonists arriving than our excess
farm can supply for. Each arriving group of colonists during the period of increasing arrivals will
have to expand the size of the excess farm.
Our population curve shows that the arrival rate increases during cycles one through nine.
After cycle nine the arrival rate becomes constant. Therefore, after cycle nine the size of the excess
farm will remain constant. The excess farm is able to stay constant because it only takes one
synodic cycle to produce the required extra food for the incoming colonists. At the end of the
synodic cycle they will have a synodic cycle’s worth of food stored for them and the excess farm
will be free to start producing for the next arrival of colonists. The process will continue until all
of the one million colonists are on Mars. Table 3 shows the expansion the excess farm needs to
undergo each of the first nine cycles.
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Table 8.2.10.1 Increase in Size of the Excess Food Farm Each Synodic Cycle. Credit: N. Byerly

Cycle

Volume of Excess Farm Growth (m3)

1

21476

2

75166

3

96642

4

96642

5

107380

6

107380

7

107380

8

107380

9

85904

As seen in Table 8.2.10.1 Increase in Size of the Excess Food Farm Each Synodic Cycle, the farm
only needs to grow during the first nine cycles. The final volume of the excess farm is 805,350 m3.
This is the volume the farm will be using the hydroponics system. It is possible the farm may have
to be slightly larger than calculated during the first two cycles. The first group of colonists may
not have enough time to get the farm system up and running in time to produce their synodic
cycle’s worth of food. This would only cause a slight increase in the area during the first two
synodic cycles. It would also mean that if there is a complete farm failure during the first two
synodic cycles, not all of the colonists would be able to survive, or they will be living on a reduced
caloric budget until more supplies can be sent from Earth.
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8.2.11 Hydroponics Organization for Cube

When originally creating the hydroponic system design for the 100 person model, we first
considered various methods. Among these methods was the water culture system that employs a
floating Styrofoam surface that suspends the plants in a pool of water. However, a drawback to
this system was that the Styrofoam would not be able to support a large plant such as the blueberry
bushes. Another method was the drip system which works by pumping small controlled amounts
of nutrient rich water through a drip line that drips directly onto the base of the plant. While
reducing the amount of water needed, this method increases the need for soil and tubing which
would increase the cost of the mission. Ultimately we settled on the nutrient film technique (NFT).
This method suspends the plants on a tray with the roots hanging below in a shallow pool of water
as shown in Fig. 8.2.11.1.

Fig. 8.2.11.1 Concept Art of single Nutrient Film Technique System. Credit:
Hans Duong
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For our design, we choose to suspend the plants from a mesh grate. The grate allows the
plants to bind onto it using their roots while still allowing the roots to reach down into the water
to gather nutrients. The grate is divided into sectional trays that can be lifted and removed from
the system. This grants ease of access to the plants for harvesting and planting. To provide running
water, a hose is connected on one end of the tank that delivers water which is being pumped from
a water reservoir. On the other end of the tank is another hose which returns the water to the
reservoir and maintaining the flowing cycle. Our NFT system is sketched out in Fig. 8.2.11.2.

Fig. 8.2.11.2 Grate and support structure for Nutrient Film Technique System. Credit: Hans Duong

The NFT tanks are made of aluminum which provides a compromise between weight and
durability. The tanks are stacked vertically and supported by aluminum beams and the ends and
sides. As can be seen in Fig. 8.2.11.2, the top most tank is supported from the ceiling by eye hooks
and rope. These extra hooks are to provide lateral support and prevent the systems from toppling
over. On the ceiling and underneath each of the NFT tanks (excluding the lowest tank) are grow
lights.
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Each of the individual mesh trays are fitted with a set of eye hooks to assist with the farming
process. When harvesting or planting fruits/vegetables the farmers will carry with them a set of
hooks and ropes. Using these, a farmer will insert their hooks into the eye hooks on the tray they
desire to access. The farmer then slides the tray partially out of the tank and attaches the hooks to
another nearby set of NFT tanks, suspending the tray in the middle.

Farm Habitat Internal Layout
The main drivers in the internal layout of our farm habitats (Fabs) are the space needed to
grow the plants and space needed to harvest said plants. These two drivers were in direct
opposition because the more space inside the Fabs used to grow food meant less space for the
colonists to move around to harvest the food. After determining what the main drivers were, we
decided to keep the number of Fabs to a minimum in order to minimize the work and cost needed
to construct the Fabs. We accomplished this by maximizing the amount of space in each Fab
used for growing food and keeping the space for colonists to the minimum required for
maneuvering.
The growing space needed for each type of plant was broken down into a soil depth (for
the roots) and a distance above ground (for any branches) required for each plant to grow. These
results are summarized in Table 8.2.11.1 below.
Table 8.2.11.1 Height required for each plant to grow.

Plant

Soil Depth
(m)

Height above
ground (m)

Total height
(m)

Blueberries

0.2

2.0

2.2 [3]

Peanuts

0.9

0.4

1.3 [4]

Carrots

0.6

0.3

0.9 [2]

Squash

0.6

0.6

1.2 [2]

Potatoes

0.6

0.3

0.9 [2]
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Looking at the results in Table 8.2.11.1, we saw that all of the plants besides blueberries
require approximately the same amount of total height to grow (~1.2 m). Using this information,
we decided to design two different Fab internal layouts, one for a Fab containing strictly
blueberry plants and one containing a mixture of all the other plants. These two layouts allowed
us to pack more growing space in the Fab that doesn’t contain blueberries which helped us
minimize the number of Fabs required to grow the food for the entire colony.
Blueberry Fab
The first layout we designed is for the Fab containing only blueberry plants. Using the
height required for blueberries to grow given in Table 8.2.11.1, our team decided to allow 1
meter for the tank (roots) and 1.5 meters for space between the top of one hydroponics tank and
the bottom of the next tank. This 1.5 meters is split into 1 meter for the blueberry bush and 0.5
meters for the lights which hang off of the bottom of the next tank. Using this spacing between
hydroponic tanks, we were able to fit three blueberry bushes within the height constraint of the
Fab.
The tanks are only 1 meter wide to because of the difficulty in reaching around a bush to
harvest blueberries on the other side. A 2 meter wide tank (2 bushes next to each other) would’ve
made it difficult for the colonists to harvest the blueberries on the inner portion of each bush. The
1 meter wide tanks mean colonists can harvest each side of the bush by walking down the two
aisles engulfing the growing trays. In between each row of tanks and along one entire wall, we
allowed for 1 meter of walking space for the colonists to harvest the blueberries. After
determining we need to leave 1 meter along a wall for walking area, we were left with 7 meters
for the length of the growing trays. In summary, the hydroponics tanks are 1 meter tall, 1 meter
wide, and 7 meters long in the blueberry Fab.
This internal layout is shown in Fig. 8.2.11.3. The top sketch in the Fig. is a top-down
view of the inside of the Fab. This view makes it easy to see the length and width of the growing
trays (shaded rectangles) as well as the space left for walking and harvesting (unshaded region).
The lower sketch shows a side-view of the Fab. This view makes it easy to see the three growing
trays in each of the four stacks of trays. Some of the other design components such as the eyehooks and pulley system described earlier are also seen here.
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Fig. 8.2.11.3 Internal layout of Fab containing only
blueberries. Credit: A. Birky

Other Fab
The second Fab we designed is intended to house all of the plants not including blueberries.
From Table 8.2.11.1, our team saw that peanuts, carrots, squash, and potatoes all require about 1
meter of height to grow. Thus it was easy to design a single Fab internal layout to accommodate
all of the plants at once. Each hydroponic tank is 0.5 meter deep with 1 meter between the top of
one tank and the bottom of the next. This 1 meter is split into 0.5 meter for the plants to grow and
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0.5 meter for the lights hanging off of the bottom of the next tank. Using this vertical spacing and
the constraint of an 8 meter tall Fab, we were able to fit 5 levels of growing trays inside the Fab.
Each tray is 2 meters wide in order to maximize the amount of growing space compared to
space used for walking/harvesting. This is different than the blueberry Fab because there is no
longer an issue with reaching the plants in the center of the trays during the harvest. A colonist
will easily be able to reach the plants in the center of the tray by reaching 1 meter in from both
aisles engulfing the growing trays. There is still a 1 meter walk way on one end of the Fab and 1
meter walkways between the growing trays. This is following the same walking/operating
requirement as in the blueberry Fab. Using the 2 meter wide trays and 1 meter wide walkways, our
team was able to fit three stacks of trays in the Fab. Each tray is 7 meters long, 2 meters wide, and
0.5 meters tall.
The layout of the Fab for all plants besides blueberries is shown in Fig. 8.2.11.4 below.
The top sketch is a top-down view of the inside of the Fab which shows the 2 meter wide, 7 meter
long growing trays (shaded region) and the 1 meter walkways. The bottom sketch is a side view
of the Fab. This view shows the five growing trays in each of the three stacks inside the Fab.
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Fig. 8.2.11.4 Internal Fab layout for all plants besides
blueberries. Credit: A. Birky

Growing area comparison
After designing the layout of each Fab, our team analyzed the efficiency of each Fab’s
internal layout by comparing the amount of floor space used for actually growing food to the
amount of space used for walking/harvesting and the total floor area available in the Fab. Our goal
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was to maximize the percentage of area used for growing food in order to minimize the number of
Fabs required to grow the food for the entire colony. This was achieved by calculating the growing
area per level in each version of our Fab and dividing by the floor area inside each Fab.
The amount of growing area in each level of trays was calculated using the equation
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑙𝑙 ∗ 𝑤𝑤 ∗ 𝑛𝑛

where l is the length of each tray, w is the tray width, and n is the number of stacks inside the Fab.
The percentage of floor area used for growing food was then found using the equation
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =

𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
∗ 100
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

where 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the total floor area in each Fab (64 𝑚𝑚2 ).

The results for each Fab area listed in Table 8.2.11.2 below. As can be seen, the Fab for

blueberries is much less efficient than the other Fab in terms of floor space used for growing food.
This is due to the large size of blueberry bushes and the limitation on the growing tray width in
the blueberry Fab as described previously.
Table 8.2.11.2 Efficiency of each Fab in terms of floor space used for growing food

Growing area per level
Fab

(𝒎𝒎𝟐𝟐 )

Blueberry

28

Other

42
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Walking area per

Floor area used for

level

growing food

𝟐𝟐

(𝒎𝒎 )
36

43.75%

22

65.63%
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8.2.12 Radiation Analysis

Nomenclature:
OLTARIS – On-Line Tool for the Assessment of Radiation in Space
NASA – National Aeronautics and Space Administration
HVL – Half Value Layer
Sv – Sievert
IAEA – International Atomic Energy Agency
SPE – Solar Proton Event
CME – Coronal Mass Ejection
Radiation on the surface of Mars is higher than that on Earth. We calculated the radiation
on the surface of Mars using information from OLTARIS, a web based tool maintained and
updated by NASA.
The calculation was done based on the HVL of aluminum which is 22 cm for a density of
2.7 g/cm3. The formula for calculation is
Incoming Radiation x HVL = Reduced/Transmitted Radiation
gives the value as 0.7299 mSv/day for the Martian surface exposure to radiation. Based off this
number we went into further research for finding safe limit constraints for radiation dosage to
both humans and plants. In this section we will focus on the discussion of radiation effect on
plants and Fab structure.
Food Radiation Dosage limit

The food radiation limit was theorized by the IAEA council, after the deadly Chernobyl
disaster. They set up a panel to study the effect of the disaster on flora and fauna and concluded
the following results in the table below. We needed to incorporate this data into our study because
radiation on Mars is very large per daily basis as compared to Earth and we wanted to determine
how large this effect would be when living on Mars. We found out that the safety limit for humans
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on Earth is 50mSv a year on the higher end, and then we were even more tempted to find similar
information for plants. We finally got IAEA’s research document on the topic, which discussed in
detail the various effects of radiation to plants and animals.
Table 8.2.12.1.1 Table showing standardized radiation dose values by IAEA

Less than 50 mSv/year

50 mSv/year –

Greater than 400

Dose

400mSv/year Dose

mSv/year Dose

No effects seen in plants

Effects to individual plants

Damaging effects to

Total Annihilation of

but not population

plant population

colony of plants

Dose of 100 Sv/year

The table above highlights the effect of radiation dose to living tissues. Our agenda for the
million person colony was to keep the radiation less than 50 mSv/year. This analysis was done
when we were still in the design process of building Fabs above ground.
Radiation dose damages living tissue in a way that it changes its molecular structure. In
case of animals and humans the damage would be defined by the loss DNA information. In plants,
per the same IAEA study, we found out that the damage to tissue is like that of animals such that
it changes their molecular structure and affects plant growth and reproduction. Thus, we chose to
be on the safer side and made a design parameter for Fab thickness to be minimum amount that
would allow the radiation dose to not reach higher than 50mSv a year.
Following the same calculation, we analyzed the information on OLTARIS and discovered
that due to Solar Cycles, CMEs or SPEs become prevalent during Sun’s maximum activity.
Although during the minimum period of activity for the Sun, the radiations are the strongest
through SPEs. SPE or CME is an explosive magnetic event on Sun, due to the differences in flux
between its surface and atmosphere. Through this event the Sun showers highly charged particles
especially alpha particles throughout the solar system in high density.
This meant that we had fallen short in our design considerations for the SPEs and that the
radiation would be greater than calculated during a year. The next topic will analyze how we
calculated the initial dose limit and how we changed our design consideration after gaining
knowledge on SPEs.
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Fab structural Radiation Analysis

The cube structure for farming was proposed as an easy estimate and optimized design
solution to satisfy the need for farming in a sheltered environment. The cube’s dimensions as
discussed by our teammates were on a minimum range for decreasing the Mass Power Volume
and being structurally sound to hold several levels of farming through hydroponics. The radiation
analysis on the cube structure was done using the same formula as before to determine the total
dose transmitted through the cube on a daily basis and then we summed it to estimate the total dose
per year in order to compare the values against the IAEA standards mentioned previously.
Table 8.2.12.2.1 Radiation analysis on the cube

Incoming Radiation

Materials

0.7229 mSv/day

Thickness Used

Radiation Blocked

Kevlar 49

0.01 m

0.0121 mSv/day

0.7108 mSv/day

Polythene

0.35 m

0.4851 mSv/day

0.2257 mSv/day or 82.38

---

---

---

mSv/year

In the above table we have displayed our calculations for the cube Fab, which had Kevlar49
and Polythene as its materials. Through the determined thickness we measured the radiation dose
transmitted to be more than 50 mSv/year, value being 82.38 mSv/year. This meant that our plants
were on the 2nd level of IAEA’s dose chart meaning smaller bushes like those of potato and
blueberry growing in our farms will have possibility of variants.
This caused an alarm, as our design had failed to account for the minimum radiation
transmission through the cube. After the 100 person colony model, with the collaboration between
the Food, Hab and Resources teams we decided to change our colony design structurally and
decided to go underground as it helped scale many designs easily to a million person colony.
So we designed a new cylindrical structure with different material and thickness to be our
Fab. The radiation analysis of that is done in the next topic.
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The cylindrical structure was a key design issue for the team as it changed our initial design
and farming techniques considerably. A major change we noticed which was beneficial for our
colony and food was the reduction in radiation transmission
Table 2.12.2.2 Radiation Analysis Data on cylindrical Fab
Material
Type
Martian

Level
0

Thickness

2m

HVL value

0.25 m

Regolith
Basalt Roof

1

0.49 m

0.03967 m

(Fab)
Steel (1st

2

0.005 m

0.025 m

hydroponic

Incoming

Transmitted

Dosage

Radiation

Radiation

(Lifetime)

0.7229

0.00285

104.02

mSv/day

mSv/day

mSv

0.00285

0.695e-6

0.25 mSv

mSv/day

mSv/day

0.695e-6

0.6225e-6

mSv/day

mSv/day

0.139e-6

0.0695e-6

mSv/day

mSv/day

0.23 mSv

stack)
Steel (last

10

0.005 m

hydroponic

0.025 m

0.02 mSv

stack)

The information in the table we calculated gives a very defining and conclusive result about
the radiation shielding of the cylindrical Fab structure as being safe for plants. With the lifetime
total radiation transmission just double the standard safe limit for a year, indicates an excellent
design concept of the Fab. After the initial transmission i.e, through the Martian regolith on top,
the radiation would be blocked by concrete basalt roof, created on Mars and used as structural
material for Fab, after which it would be further affected by the thickness of the hydroponics itself.
Thus conclusive results for the final million person colony structure of Fab proves to be
highly safe for plants to grow without any significant damage to their tissues over a lifetime of 100
years.
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8.3 System Cost
8.3.1

3D printing/ structure

The structure of the final habitat/food processing unit will be built entirely from Martian
resources, which allows the total cost of all the cylinders to be zero, and effectively will require
only work force to expend. The printers as said by Habitat development will have a unit cost of
$4,759,000.
8.3.2

Hydroponics

The Hydroponics structure is built on Mars. We use a steel manufacturing plant to make
steel from Martian regolith. This steel is then used to build the final hydroponics system. Because
of this, the effective cost of the hydroponics system is $0 US dollars.
8.3.3

Hydroponics Packing

We no longer plan to ship the hydroponics system to Mars. This section outlines the original
shipping plans. The hydroponics system was designed to be shipped using as few shipping
containers as possible. The volume of hydroponics material which needs to be shipped was
directly proportional to the population on Mars, as shown in the equation below.
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗

𝑚𝑚2 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

∗ 0.02 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(8.3.1)

The hydroponics system was shipped as a collection of flat 1 centimeter thick plastic plates
which are assembled on location. We chose to assemble the system on location, despite time and
labor costs, in order to reduce launch requirements.
The mass was calculated assuming roughly 2 centimeter thick PVC across the entire growing
area.

Purdue University | PROJECT DESTINY

S. Matlock | 8-112

Food Production Appendix
Table 8.3.3.1: Shipping MPV for the hydroponics system
Dimensions [Mg]

Dimensions [m3]

Dimensions [Mw]

Mass

Volume

Power

25,000

850.9

453.9

9.65

1,000,000

34,036

18,156

386

Population

The power requirements for the hydroponics system included power to pump water and
control water quality and were based on values from existing vertical farming components.
Nutrient levels, temperature, and PH of the water would all be controlled using automation.
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8.3.4

Lights

Going over the cost of the lights, most fiber optic cables are sold in bulk with spools ranging
from one thousand feet too one kilometer in length. Basing the price of the fiber optics off an
average of ten variants of the same fiber optic cable, the price we came out to was about $1430
per km of fiber optic cable. We are using a fiber count of 36 with the cable diameter being 15.5mm
based off a solar concentration mock system where scientists recreated Mars’s conditions to
determine if solar concentration is achievable on Mars. Going off the price listed above, the total
price can be seen below in Table 8.3.4.1 for the twenty five-thousand-person quarry and the full
one-million-person colony.

Table 8.3.4.1 Cost For Fiber Optics
Cost/Unit

Total Cost

For System

System

25,000 Person

# Of Units

($/km)

(km)

($)

1430

14.13

20205.90

1430

565.28

808350.40

Quarry

1,000,000
Colony
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8.3.5

Fertilizer Cost

Plants need oxygen, carbon dioxide and Nitrogen along with other gases and nutrients to
grow into healthy and mature crops that bear fruits and vegetables. On Mars, there is high shortage
of Nitrogen in the atmosphere and the soil has almost negligible amounts of it by weight, not useful
for plants to grow. Thus, we implemented the use of a fertilizer to help the shortcomings of
Nitrogen, the main nutrient that plants thrive on.
The ECLSS system we developed helps reclaim 93% of the Nitrogen that is passed in the
urine per day. Looking closely at 25000 person quarry, the amount reclaimed per day is 0.357 Mg,
which is based off from the calculation of the food that our colonists have eaten and the amount
of fluids intake for the whole 25000 person quarry.
The ECLSS system thus loses some amount of nitrogen that needs to be accounted for as
the colonists eat x food and excrete some amount in form of urine and feces of which only urine
is reclaimed by 93%. This means that our Fab would have a deficit of Nitrogen that would be
required by plants to produce another cycle of x food for our colonists.
Here we bring in a cheap and Nitrogen rich fertilizer from Earth, Anhydrous Ammonia.
The Fertilizer is 82% Nitrogen by weight which makes it highly useful for our purpose of
mitigating the Nitrogen loss. The other two nutrients phosphorus and potassium which help plant
gor faster yield more output and fight diseases will be available for use from extraction of the clay
for producing water for the colony.
Crops that we are growing in the million person colony require phosphorus and potassium
early in the plant growth phase and high nitrogen during the vegetative phase [1]. Knowing this
information, we can estimate the total use of fertilizer for a crop to be limited to 4 times before
harvesting, for each crop cycle per crop.
Available farm area calculated per Fab is: 2/3 x number of levels (9) x pi x radius2
Total Farm area = 1526.814 m2/Fab
This farm area will be allotted to crops with the ratio we have discussed earlier to account
for all nutrient intake that a human needs per day.
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Table 8.3.5.1 Table showing Harvest timeline for selected foods and total harvests per cycle
Crop

Days to Harvest

Total Harvests per cycle

Potato

70-80 days

10-11

Squash

50 days

15

Blueberry

720 days (first plant)

2-3

Harvest length: 60 days
Carrots

60-90 days

8-13

Peanuts

130 days

6

The above table shows the analysis we did to generate the harvest timeline based on the
information on hydroponics and the ability to provide a control environment for our crops.
Based on that analysis we did further calculations for the need of nutrients for these crops. We did
nutrient analysis for the crops and generated a table below.
Table 8.3.5.2 Table showing different nutrient type and the method of supply
Nutrient Type

Per Fab

Supply

requirement/cycle

Nitrogen

1.338 Mg

Fertilizer: Anhydrous
Ammonia

Phosphorus

0.178 Mg

Soil + Clay (Excavated)

Potassium

0.178 Mg

Soil + Clay (Excavated)
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The table shows general requirement for crops in a Fab. Phosphorus is around 13% of the required
Nitrogen and Potassium is also in the same range.
The ECLSS system gave a total fertilizer mass per cycle for a quarry to be brought in to produce
food that would be required for the colonists.
We found a source for the cost of the Anhydrous Ammonia that would be required for the Nitrogen
supplement. During 2014, the cost of Anhydrous Ammonia went up to $851/ton. Using these
numbers, we calculate the total cost of the Nitrogen resupplied per cycle.
Cost of Anhydrous Ammonia = $851/Mg
Total Mass of Nitrogen Resupplied per cycle = 35.877 Mg/cycle x 40 (No. of quarries)
= 1435.08 Mg/cycle
Total cost of resupplying Nitrogen through Fertilizer for the whole colony per cycle
= $1.22 M/cycle
Total Cost over Lifetime = $57.14 M
Other Nutrients have no added cost.
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A., B., J., Muenzer, J., Kell, J., N., Horne, J., D., Spencer, L. M., J., S., P., P., Holubetz, P., Roe, L.,
Henderson, R., J., Newberry, A., Shoaf, B., Collins, J., Taylor, D. B., Selner, D., Simmons, P. S., M.,
G., B., M., K. F., L., greenthumb10, and B., “Jack's Fertilizer, 20-20-20,” Greenhouse
Megastore Available:

http://www.greenhousemegastore.com/product/jack-foots-fertilizer-20-20-

20/water-soluble-fertilizers.
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[3] Schnitkey, G., “Anhydrous Ammonia, Corn, and Natural Gas Prices Over Time,” farmdoc
daily Available:

http://farmdocdaily.illinois.edu/2016/06/anhydrous-ammonia-corn-and-natural-gas-

prices.html.
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8.3.6

ORA Cost

The costs associated with the ORA are ones that should go lower than what is reported in
this document. Since the ORA is a very specialized unit and not many have been created, the price
for one unit is very high. With the scale of the colony and the amount of ORAs needed, over time
the cost for an ORA should decrease. With the initial price for our system, this included research
and development costs. We base this assumption on the system that was created for the ISS. With
only one unit being made, the price is not ever in question and methods to reduce cost are not taken
into account. We believe that if an actual purchase of this system were to occur, the price per ORA
would drop to at least half since the research and development for the system have already
occurred. The pricing for the system should only include cost of materials and labor. With no
concrete way of quantifying how much research and development costs for a unit such as the ORA,
we take the price as the full cost of the units as if it is a prototype. Included within the cost is an
estimate of replacement parts over the ORA’s lifetime for the one million-person colony. This
estimate is based on a research paper by NASA on the CDRA system used in the ISS. Table 8.3.6.1
below displays the pricing of the ORA system for a twenty five thousand-person quarry and the
full one million-person colony.
Table 8.3.6.1 Cost for the ORA system
System
25,000 Person

Cost/Unit
($)

# Of Units

Total Cost
($)

2,055,472

1302

2,676,224,544

2,055,472

52,080

107,048,981,800

Quarry
1 Million
Person Colony
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8.4
8.4.1

Risk Analysis
3D printing/ structure

The large structure of the pure basalt cylinder seems to have an infinite lifetime. Three
modes of mechanical failure still exist: crack propagation, creep, and yield. A crack that is created
due to tension, which is main force, is called a mode I fracture or an opening mode fracture. As
more and more energy is poured into the crack, it lengthens. Unfortunately, the internal pressure
doesn’t help. As the crack gets bigger and bigger the pressure concentrates around it accelerating
the crack growth. Cracks occur when too much tension is introduced into the material beyond its
yield point. Due to our factor of safety of 1.5, we a still way below the actual yield of our material.
Yield strength is also the point at which the material cannot return to its unloaded strain and
experiences permanent deformation. Creep is a far more subtle mechanical phenomenon. When
subject to constant level of stress, a structure forms small amounts of dislocations in the material
or imperfections. Basalt may be weak to this mechanical creep as it isn’t a pure material. As the
pressure pushes on the basalt, small slip planes occur moving the material and creating material
vacancies, which build up in stress. Creep happens at an accelerated rate if the material is heated
for an elongated amount of time. Unlike brittle fracture, creep deformation happens due to a
buildup of strain and is a time dependent deformation. Fortunately, creep deformation takes years
to properly build up. Creep often can alleviate small amounts of stress where as a crack can cause
failure. It is welcome in concreate sometimes for this very reason. Yield does play a rather large
issue in the structure as noted the factor of safety yield is nearly reached and that can cause small
amounts of deformation. If another layer of regolith was added the stress could exceed the factor
of safety and cause yielding behavior.
Some other small failure modes that were taking in to consideration were buckling,
corrosion, fatigue, and impact. Buckling is a sudden sideways deflection of a structural member
due to a compressive stress. It may seem that the regolith could cause this; however, the pressure
combats this by relieving the load. Any small deflection could not form different mode shapes, as
the pressure would push it back out. Basalt is subject to weathering as it is composed of multiple
grains of material; however, the wind on Mars is at such a low density that it won’t carry off these
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grains. Most of these risks can be handled by constant vigilance. The prevalence of complete
material failure in the real world is more a product of oversights in engineering, and lack of
updating. Renovating the cylinder won't be a constant need as the printer can continue to print the
cylindrical homes. The most pressing issue is the depressurization issue. Fortunately, a rapid
depressurizing event will not cause the entire Hab/Fab to completely be out of commission;
however, some damage may be done to the internals of the habitats.
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8.4.2

Hydroponics

Many of the risks of the hydroponic system stem from the fact that the system is built
from steel. Because the system is built out of steel, there is a risk of rust damaging the
plants. This can be mitigated using a zinc coating on the steel, or additives to the water which
would diminish the impacts of rust. The zinc coating would be easiest, because zinc is already
available in Martian regolith.
Disease poses another risk to the plants grown on Mars. On Earth, 12% of crops are
lost to pathogens[2]. Contamination of spacecraft is common, if not inevitable. The Mir space
station contaminated with 25 different fungi and yeasts during its 15 year operation. Skylab,
Apollo 14, and Apollo 15 were all contaminated with at least 6 different pathogens, one of
which specifically infects peanut plants [1]. Hydroponics systems have a higher rate of
contamination than field crops due to the recirculation of water. Pathogens can travel easily
through the entire system, because all plants have their roots in the same water. On
Earth Pythium, Phytophythora, and Fusarium cause 80% of greenhouse epidemics [1]. A disease
outbreak can be mitigated by monitoring the health of plants and applying preventative
biocides. We monitor plant health visually and using tools such as baiting, culture plating,
and membrane filtration tests [1]. If we assume a pesticide application rate on the low end for
Earth of 1 pound per acre [3], we arrive at a total required pesticide mass of 21 metric tons per
synodic cycle for the full million person colony.
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Table 8.4.2.1: Failure modes for the hydroponics system

Description of
failure

Effects of
failure on
the system

Risk
Mitigation

Cost of
Mitigation

Probability of
failure
relative to
deployment
12% [2]

Mean time
to failure

Pathogen in
hydroponics
system

Loss of
crops

Close
monitoring of
crops,
antibody
engineering,
fungicides

21
Mg/cycle
for
1,000,000
person
colony

Loss of water
pressure

Dry roots
Potential
loss of
plants

Regular
monitoring
and
maintenance

Time

13.5% [5]

~50 years
[5]

Rust Damage to
hydroponics

Damage to
plants,
damage to
system

Galvanize
Steel

Build a
steel
galvanizing
plant

100% [4]

~1 month
[4]

~5 years [2]

Table 8.4.2.2: Risk mitigation Strategies

Risk
Mitigation strategy
Pathogen in Hydroponics Close monitoring of plants
System
Fungicides
Antibody Engineering

Cost
21 Mg/cycle for 1,000,000
person colony

Rust damage to hydroponics Galvanize Steel

Building a system to extract
zinc from regolith, and
galvanize the steel

References
[1]Fjällman, T., and Hall, J. C., “Antibody engineering—a valuable asset in preventing
closed environment epidemics,” Acta Astronautica, vol. 57, 2005, pp. 81–88.
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[2]Pimentel, D., “‘Environmental and Economic Costs of the Application of Pesticides
Primarily in the United States’,” Environment, Development and Sustainability, vol. 7, 2005, pp.
229– 252.
[3]Smith, P., “PESTICIDE RATE AND DOSAGE CALCULATIONS,” Georgia Forages
Available:
http://georgiaforages.caes.uga.edu/events/FC12/Docs/calibration%20handouts/Com_Pesticide_S
afety.pd f.
[4] “Why Does Steel Rust? Plus Other Steel Rusting Questions Answered,” Capital Steel
& Wire Available: https://www.capitalsteel.net/news/blog/why-does-steel-rust-plus-other-steelrustingquestions-answered
[5]Folkman, S., “Water Main Break Rate in the USA and Canada: A Comprehensive
Study,” Water Main Break Clock Available:
http://www.watermainbreakclock.com/docs/UtahStateWaterBreakRates_FINAL_TH_Ver5lowre
z.pdf.
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8.4.3

Lights

Fiber optics are a great alternative to lighting sources, but they are not immune to risks. A
large amount of risks associated with fiber optics is mainly based on human error. Other major
risks that are associated with fiber optics failing are extreme temperatures and fires. The risks for
fiber optics were calculated by taking data over time for reported cable breaks. Among the most
prominent were human error causes as stated above. These human errors mainly focus on digging
up the cable with machinery and physically breaking the cable when providing maintenance. Other
risks that were documents were things such as rodents chewing through cables, lighting and
firearms. Due to the cables being placed on Mars, we believe it is reasonable to not include some
of the risks that cables face on Earth.
We decide that rodents are not a suitable risk due to the fact that there have been no rodents
documented on Mars and for the fact that during the colonization mission, no animals are brought
to Mars. Lighting is also not considered for the risk assessment of fiber optics. The lightning that
occurs on Mars is usually a form of heat lightning and rarely does it touch down on the surface.
Finally we do not consider firearms as a viable risk because we should not have any firearms on
the Mars colony, at least for the initial colonization. With all the risks mitigated, the table below
describes the risks and the associated percentage of said event occurring that remain.
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Table 8.4.3.1 Risks for fiber optics
Probability of
Risk

Effects To System

Failure Relative To
Deployment

Fire

Damage to fiber

Mean Time To
Failure

5.71%

94.29 Years

7.33%

92.67 Years

11.54%

88.46 Years

17%

83 Years

optics, damage to
plants

Extreme Temperature

Damage to fiber optic
cables, loss of plants
potentially

Human Error

Break the fiber optic
cable

Dug Up Cables

Break the
Fiber optic cable

[1-4]

References
[1] Fujikura, A., Reliability Of Fiber Optic Systems, Alcoa, 2001.
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[2]Vickle, P. V., Optical Fiber CAble Design & Reliability, Sumitomo Electric Lightwave, 2007.

[3]Editor, A. T. O. A. P. M., “Lightning Detected on Mars,” Space.com Available:
http://www.space.com/7102-lightning-detected-mars.html.

[4]Flint, S., Failure Rates For Fiber Optic Assemblies, Griffiss AFB, NY: Rome Development
Center, 1980.
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8.4.4

ORA

The risks associated with the ORA are mainly failures with components within the system.
The two major failures that the system can experience are minor failures such as pipes or fans
failure, or a major failure such as the desiccant bed or absorbent bed failing. Both risks can occur
relatively frequently if the system is not maintained well, but if such events do occur, repair time
is relatively quick. Below is Table 8.4.4.1 describing the risks associated with the system and its
mean time to failure from each risk[1].

Table 8.4.4.1 Risk for the ORA system
Probability Of
Description Of Failure

Fan/Pipe Failure
(Minor Failure)

Effect Of The

Failure Relative To

Failure

Deployment

Mean Time To Failure

Excess Oxygen
will remain

4.37% per 225 days

44.7 years

6.75% every 1.7 years

34 years

within the Fab

Desiccant/Absorbent Bed

Excess Oxygen

Failure

will remain

(Complete Failure)

within the Fab

References
[1]Detrell, G., and Messerschmid, E., ECLSS reliability analysis tool for long duration
spaceflight, Stuttgart , Germany: University of Stuttgart, 2016.
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8.4.5

Storage techniques

As our colony begins to take shape into scaling of a million person outer space city, one important
thing to ensure their survival is to store the food we are producing. Food storage techniques on
Earth are varied and climate dependent but due to the lack of availability of resources, a harsh
environment and feasibility issues, our choices are very limited. Thus, we decided to do a
qualitative trade study between different types of reliable storage techniques that could be
implemented in our colony on Mars.
Table 8.4.5.1 Storage techniques for food with their advantages and disadvantages
Techniques

Pros

Cons

Vacuum Packing

Bulk storing, economical

Anaerobic Organisms,
leaks through structure

Irradiation

Nonthermal Plasma

Bacterial safety, Fruit

Usually used with other

storing

processes

Good for perishable

He and N2 requirements

foods
High Pressure Food

No additives

Preservation

High Energy
requirements for
maintaining 420 MPa/Fab

Freezing

Good for Vegetables

Not all type of foods can
be stored, Freezing
requires control
environment

From the above table, we analyzed the different drawbacks for each of the storage techniques and
compared them against our feasibility criteria that is how much Mass, Power and Volume would
each system take. Then when we changed our Fab design to go underground it was easy to
accommodate for vacuum packing foods in the Fabs. As our other teammates calculated the extra
storage food required per cycle according to the population curves we pinned down our result to
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the use of vacuum packing to store food in bulk quantities as an analysis done on vacuum pumps
showed them to be most economical.
References:
Stewardship, K. K. K., About Katie Kimball @ Kitchen StewardshipI'm a Catholic wife and
mother of four who wants the best of nutrition and living for her family. I believe that God calls
us to be good stewards of all His gifts as we work to feed our families: time, finances, the good
green earth, and of course, our healthy bodies. I'm the founder and boss lady here at Kitchen
Stewardship -- welcome aboard!See all of my blog posts., says, K. (P. V. H., says, S. C., says, K.,
says, M. S., Says, R., says, R., says, A. @ H. R., Says, B., Lisa @ Stop and Smell the Chocolates
says, says, L. N., Says, C., says, C. W., says, J., says, R., and says, K. H., “How to Preserve and
Store Food for Emergency Survival (Whole Foods Style),” Kitchen Stewardship | Real Food and
Natural Living Available: https://www.kitchenstewardship.com/real-food-stockpile-preservationand-storage-techniques/.
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8.5

Risk Mitigation Strategies

8.5.1

Quarry Design

Thankfully, the quarry design ensures a great deal of protection from any external danger.
The relative safety of the colonists from radiation, the freezing conditions of Mars, and the lack of
oxygen in the air. The quarry design has no real structural risks associated with it other than the
prospect of tectonic activity. Mars is no longer geologically active even though it does host the
largest volcano in the Solar System. The tectonic activity that existed earlier in Mars' history is all
but gone. Tectonic activity including earthquakes and ground tremors could cause severe damage
to the habitats. Since no real foundation is being laid down to support these cylindrical habitats, a
shifting in the sands or the bedrock could cause the habitats to slip which could tear off the tunnels.
The resulting hole will cause major depressurization event. Another, granted more
unlikely, scenario is in case of a meteoroid impact. The quarry design cannot withstand such an
impact. The best way to mitigate against such events is awareness. Proper tracking
of meteoroids around Mars will allow us to know where the meteoroids are and if they will hit the
colony.
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8.5.2

3D Printing/Structure

The structure of the habitats is subjected to multiple risks as stated above. These risks can
be easily mitigated by simple and routine checkups. The inspector for these structures require a
particular attention to the either cracks that arise horizontally, vertically, diagonally, hairline, or
major. The inspector should investigate the basalt for any wet spots, stains, spalling, and bulges.
A great attention to proper inspection should be done to investigate any and all cracks. Another
risk associated with crack growth is seeding. Any plant seed to grow inside a crack of fissure has
a potential to grow if the air is moist enough causing even more fractures. Due to the sheer amount
of plants, some airborne seeds can be lodged into the cracks and sprout. Although this is unlikely
event, it is something that should be considered. Once again, this risk can be mitigated by simple
inspection. In the case of a crack occurring, the inspector can fill the crack with some kind of
epoxy. The epoxy may not cease the propagation of the cracks, but it could slow it down.
Commonly a very fast but temporary way to stop crack propagations is to drill a small hole at the
crack tip, which would reduce the stress concentration factor by altering the local tip radius. Proper
design is the only way to avoid problems like such. We cannot simply drill a hole into the basalt
walls; the resulting hole will cause a sudden decompression.
If a failure were to occur, the colonists would not go entirely starving. The storage units
will be of the same structure and dimensions. The storage will be able to feed the entire colony in
case of catastrophic failure. The storage structures will also be pressurized and connected to the
same two tunnels. The tunnels are subjected built up stresses in repeated loading events. The
loading and unloaded due to the pressure may cause fatigue.
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8.5.3

Lights

With the above risks, mitigation strategies for each must occur. Below is a table with a
brief description of the mitigation strategy for each risk.
Table 8.5.3.1 Mitigation strategies for fiber optics
Risk

Effects To System

Mitigation Strategy

Damage to fiber optics,

Install a fire suppression system

damage to plants

within the Fabs

Damage to fiber optic cables,

Insulate Fiber optic sleeves to

loss of plants potentially

combat extreme heat and cold

Fire

Extreme Temperature

Have experienced members
Human Error

Break the fiber optic cable

work on fiber optic cables
along with farmers in the Fab

Have experienced workers
Dug Up Cables

Break the

handle fiber optics. In addition,

Fiber optic cable

have cables marked that are
buried underground.

[1-2]
For the risk of a fire, a fire suppression system must be installed within the Fabs. Typically
a fire suppression system can be a dry chemical system or a wet system which usually consists of
water and a chemical agent mixed with it. For our Fab system, each Fab would require one fire
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suppression system. The cost for a typical fire suppression system is around one to two dollars per
square foot. Due to the fact that the system is made from metal, the components to make the system
could be completely made on Mars’s surface.
To combat the risk of extreme temperature, a thick insulation barrier needs to be placed
over our fiber optic cable. When choosing the fiber optics for the colony, a fiber optics cable that
had a thick insulation layer was picked beforehand. The cost associated with this insulation layer
is already included within the cost of the wire.
The risk of human error can be mitigated only to a certain extent. The best possible way to
reduce the risk of human error is to train colonists on how to properly handle fiber optic cables. A
cost cannot really be made for this mitigation due to the fact that it requires training sessions or
prior expertise.
The same issues arise for dug up cables as human error. Dug up cables occurs usually when
new infrastructure is being placed. The cables are usually dug up when ground has to be broken
into to lay down new foundation. For the Mars colony, this risk is less likely to happen because all
infrastructure is built at the same time. Once the colony is built underground, dirt will be placed
on top and no new infrastructure should be built on top of the colony. A possible way to mitigate
this risk is to have markers placed at locations where fiber optics are buried so that colonists can
visibly see the locations of fiber optics. This mitigation can also serve to help automated machinery
because with markers placed, machines can avoid the marked areas so the cables will not be
tampered with.
References
[1]“How

Much

Does

a

Fire

Sprinkler

System

Cost?,” Go

to

. Available:

http://www.kauffmanco.net/blog/fire-sprinkler-costs/.
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8.5.4

Vacuum Pumps

The vacuum pump system is a delicate system and thus prone to failure if not cared for
appropriately. There are many ways for the pumps to failure. Most all failures of the pumps are
caused by contamination of some type in the lines.
Table 8.5.4.1 Shows the failures modes and risk mitigation for the vacuum pump system[2].

Failure

Effects of failure

Risk Mitigation

Probability of

Mean time to

on system

to prevent failure

Failure

Failure

(percent)

(years)

2

46

15

40

5

44.5

Liquid

Causes pump

Do not spray

contamination in

vanes to shatter

during

pipes

maintenance

Oil

Drive coupling

Run maintenance

Contamination

breaks

checks on pad
seals

Carbon

Tubing becomes

Clean pipes

contamination

plugged

before replacing
pumps

Pressurization References
[1] “Vacuum Pumps,” Grainger Available: https://www.grainger.com/category/vacuumpumps/air-compressors-and-vacuum-pumps/pneumatics/ecatalog/N-af6.

[2] Busch, M., “Why Vacuum Pumps Fail,” AVweb Available:
http://www.avweb.com/news/maint/182905-1.html
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8.5.5

ORA

For both risks that the ORA faces, basic mitigation strategies can be placed to lower the
probability of the risk to occur. Below is Table 8.5.5.1 with the risks and their associated mitigation
strategy.
Table 8.5.5.1 Risk mitigation strategies for the ORA system
Description Of

Mitigation Strategy

Failure

Effect Of The Failure

Fan/Pipe Failure

Excess Oxygen will remain

Maintain and check the system

(Minor Failure)

within the Fab

every 100 days

Desiccant/Absorbent

Excess Oxygen will remain

Maintain and check the system

Bed Failure

within the Fab

every 100 days

(Complete Failure)

For both the risks, the same mitigation strategy should be placed in order to reduce both
risks at the same time. With a system like the ORA, it will require scheduled maintenance due to
the fact that it will run twenty four hours a day. Issues are bound to pop up over time with the
system and failures in the system will occur. With a maintenance check occurring every one
hundred days, this will ensure that the system will have a lower number of issues. If a part
completely fails, the required amount of time to tear the system down and fully repair it is around
then hours with one person.
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8.6 Farm Systems Interactions and Timeline
For the first few synodic cycles, we ship all of the food which the colonists require. After
enough Fabs are 3D printed to facilitate sufficient food production the shipments of food stop. For
the first 9 synodic cycles the colonists grow more food than they need to produce the necessary
surplus. As Fabs are printed they are set up to begin food production. The Fab production rate is
described in the Path to Steady State Operation section.
Figure 8.5.5.1 shows the farm's interactions with other systems. The Fab requires power,
water, and nutrient inputs to output food and oxygen. The food is moved to storage, then to the
Habs for consumption. Oxygen is supplied to the Habs. Waste from the Habs is treated, to return
nutrients and water to the Fab.

Figure 8.5.5.1 This figure shows how material moves through the system with respect to the farm
habitat, or Fab. Power, water, and nutrients enter the Fab, where they are used to grow food. The
plants produce food which goes to storage and oxygen which goes to the Hab. Waste from the Hab is
moved to the water treatment plants, where it is converted to nutrients and water which cycle back
into the Fab.
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8.6.1

Full Self Sufficiency

For the colony to achieve self-sufficiency, it must not rely on resources from Earth. This
means that all resources must either be available on Mars or be reclaimed. Resources of interest
for the farm include nitrogen and phosphorous.
Nitrogen supply is a pressing problem for the Martian colony. Nitrogen is required for the
production of proteins and amino acids, however there is hardly any on Mars. For fertilization
purposes alone, the system will require 0.636 megagrams of nitrogen per person. The Martian
atmosphere is only 2.7% nitrogen, and there is effectively no nitrogen in the Martian
regolith. Waste recycling systems can keep most of the nitrogen within the system. The Haber
process could be used to pull nitrogen from the Martian atmosphere, but this would be a resource
intensive process.
The Haber process is similar to the Sabatier process, which is used for fuel production for
the colony. Therefore, infrastructure similar to what is needed for the Haber process is available.
It is better, however, to recycle nitrogen which already exists within the system than to pull more
from the Martian atmosphere.
Some experts predict that within the next 100 years we will run out of elemental
Phosphorous on Earth. When this happens, we will have to learn to convert waste products which
contain phosphorus into useable fertilizer. This technology is available, but is not used because it
is easier to mine new materials than recycle.

The development of technology to recycle

phosphorous will enhance our ability to recycle nitrogen. Thus, it is possible that within the
timeline of this project we will be capable of producing a perfectly closed nitrogen cycle on Mars.
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8.6.2

Growing System Trade Study

Once crops for the colony, we needed to select a growing medium. Table 8.6.2.1 shows the
growing height and depth required for each plant. Based on these values, we would need 1.56
cubic meters of soil to feed each colony, or roughly 1,880 metric tons of soil. This also translated
to 335 cubic meters of growing volume per person.
Table 8.6.2.1: Growing height and volume requirements for the five chosen crops.

Height

Maximum

Total

Earth Soil

Total Plant

above

Growing

Height

required

Volume to feed

ground (m)

Depth(m)

(m)

(kg/m2)

100 (m3)

Carrots

0.3

0.6

0.9

720

1201

Potatoes

0.3

0.6

0.9

720

1201

Blueberries

2

0.2

2.2

240

2936

Squash

0.6

0.6

1.2

720

1601

Peanuts

0.4

0.9

1.3

1080

5328

Plant

We considered several growing methods for the farms. These methods included growing
plants in soil from Earth, growing in Martian regolith, and hydroponics. Table 8.6.2.2 shows a
comparison of these options. Aeroponics were not considered in this table due to the fact that not
all of the chosen crops could be grown using an aeroponic system.
Shipping Earth soil to Mars required too many launches for it to be feasible. Shipping a
hydroponic system was more massive than using Martian regolith, but a hydroponic system
requires roughly on tenth the water of a soil based growing system. The added control over nutrient
levels also makes hydroponic systems much more efficient than soil or regolith based growing
methods.
Hydroponics systems, under the right conditions, can produce eleven times the biomass per
square meter of conventional farming. For this system, we assumed five times the productivity
per meter squared. We chose the more conservative five times instead of ten because not all of
our crops are optimal for hydroponics. While eleven times the productivity rate is reasonable for
lettuce, this number does not necessarily translate for potatoes.
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Overall, the decision to use hydroponics as a growing medium was based on its increased
biomass production per unit area, the reduced water and fertilizer needs, and the ability to precisely
control the growing conditions that the plants experienced.
Table 8.6.2.2: Comparison of potential growing mediums, hydroponics was chosen for its low water
requirements and increased productivity per square meter of growing area.

Growth

Water

Mass for

Growing

Other benefits

(m3/m2)

Transport

Depth

1E-2

Fertilizer,

Same as

Use Martian

shelves,

Earth

resources, study

irrigation

farming

shows mars

medium
Martian
regolith

regolith better
than nutrient poor
Earth soil
Soil, fertilizer,

Same as

Don't have to

shelves,

Earth

collect Martian

irrigation

farming

regolith

Aggregate,

Smaller

Total control over

(closed

fertilizer,

than Earth

water qualities to

aggregate)

shelves and

farming

maximize growth

Earth Soil

Hydroponics

1E-2

2.25 E-3

irrigation are the

and no nutrients

same system

lost to excess soil
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8.6.3

Colony Caloric Needs

When selecting a food regimen for the colonists living on Mars, we must consider two main
goals for the healthy sustenance of the colony population: the delivery of a healthy amount of
calories according to daily expenditure and the delivery of sufficient nutrients, minerals, and
vitamins necessary for heathy growth and living. Estimating the number of calories necessary for
each colonist per sol allows us to estimate the amount of food which is necessary to produce on
Mars per synodic cycle. On Earth, calorie expenditure per day varies heavily between different
people based on factors such as gender and daily activities. First, we estimate that the colony will
consist of approximately equal amounts of males and females. Additionally, we approximate that
the colony’s population will follow a normal distribution of physical activity. The colony’s calorie
needs are estimated by employing these assumptions and calculating a total based on nutritional
data.
The Mars colonist’s daily routine is broken up into three intervals of time consisting of
different activities as follows: 8 hours per sol of occupational work, 8 hours per sol of nonoccupational/recreational activities, and 8 hours and 40 minutes per sol of sleep. We estimate that
25% of the colony’s population engages in light work during occupational work hours, whereas
50% engage in moderately active work and the final 25% engage in very active work. A colonist’s
work exertion is determined mainly by the type of job that colonist is assigned. For example,
famers exert a higher level of physical activity than scientists, thus requiring an extra allotment of
calories per hour. On average, during non-occupational periods, 40% of the population engages in
low amounts of activity, 40% of the population engage in moderate levels of activity, and 20% of
the population engage in high levels of activity. The level of activity a colonist exerts during
recreational hours is highly dependent on the person’s choice of activity. Some colonists may
choose to exercise more often than others by means of the colony’s sports facilities, and nearly all
colonists will engage in extravehicular activities multiple times per week.
We next assign amounts of calories to each corresponding activity level. Using the daily
work schedule and averages of the calorie expenditures for each activity level, we find that
occupational work expends 1,255 calories per colonist per day, recreational activities expend 800
calories per colonist per day, and sleep expends 520 calories per colonist per day. The resulting
daily energy requirement for each colonist, on average, amounts to 2,575 calories. Given that the
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number of Martian days in one Earth-Mars synodic cycle is 759 sols, we calculate that each
colonist will require approximately 1,950,000 calories over the course of each synodic cycle[4].
Table 8.6.3.1: Caloric Expenditure Rate Associated with Varying Levels of Occupational Physical
Activity

Occupational Activity

Energy Expenditure

Level

(cal/hr)

Population Percentage
(cal/hr)

Low

120

25%

Medium

150

50%

High

207.5

25%

Table 8.6.3.2: Caloric Expenditure Rate Associated with Varying Levels of Occupational Physical
Activity

Recreational Activity

Energy Expenditure

Level

(cal/hr)

Population Percentage
(cal/hr)

Low

80

40%

Medium

105

40%

High

130

20%

This estimation allows us to set an approximate goal for the amount of food that the Martian food
production facilities need to produce per synodic cycle. Once the foods have been chosen,
appropriate amounts of these foods will need to be grown in the Martian facilities in order to meet
the requirement of nearly two million calories multiplied by the number of colonists present during
the synodic cycle in question in order for the colony to be self-sustaining. For reference, an average
potato has a calorie content of 163 calories, meaning that if the final one million person colony
were to be sustained on potatoes alone, a staggering 12 billion potatoes would need to be grown
and harvested on Mars during the 759 sol synodic cycle! Choosing a healthy variety of foods with
varying amounts of calories alleviates the food production system of this high output prediction.
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Regardless of the crop type, growing food in amounts on this scale requires a large portion of
volume and water, so crops should be chosen in a way that makes an effort to be as volume and
water efficient as possible. This is the primary reason early models of the colony design reflected
an absurdly enormous amount of structures dedicated to farming. The need to condense the farm
to its smallest possible volume naturally leads us to see that a design which takes advantage of
vertical space is crucial to the structural efficiency of the colony’s farm system.
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8.6.4

Nitrogen Resupply

Nitrogen is an element which is a crucial resource for plant growth in the food production
system. Plants absorb nitrogen in the form of nitrates or ammonium ions through their root systems
and repurpose it to build essential structures like chlorophyll, amino acids, and proteins. A shortage
of nitrogen would spell catastrophic failure for the food production system, leading to the
widespread death of crops. Nitrogen is present in Mars’s atmosphere at a concentration of 2.7%
by volume and is entirely absent on the surface of Mars itself [1]. Nitrogen is, thus, incredibly
scarce on Mars, and attempting to collect it would be resource intensive. Chemically converting
the captured nitrogen to a usable form would also require a large amount of hardware and place a
drain on resources. Therefore, we arrange for the delivery of nitrogen to the Mars colony from
Earth via ITS to replenish the colony’s reserves.
First, we define the Mars colony nitrogen cycle by referencing all systems which interact
with nitrogen and tracking which systems it is sent to. First, we introduce nitrogen into the food
production system as nitrogen bearing fertilizer. This fertilizer is routed into the hydroponics life
support system and absorbed by the plants. When the plants produce food for human consumption,
the nitrogen in the food is transferred to the human bodies through ingestion. Nitrogen then lingers
in the human body in many forms but is eventually expelled through waste. We then transfer the
liquid and solid waste products to the ECLSS system. Urine is sent to a urea reclamation system
which filters urea from the urine at a 93% rate of efficiency. Feces is sent to a methane reclamation
system, but no nitrogen is reclaimed from this system. The urea reclaimed from the urine, which
is 45% nitrogen by mass, is sent to the hydroponics system to be used as fertilizer, completing the
nitrogen cycle. Note that molecular nitrogen gas in the air is not considered in this cycle as nitrogen
in the air is inert and does not interact significantly with the plants or the humans within the colony.
To calculate the quantity of nitrogen we transport from Earth each launch cycle, we must
make some basic assumptions about the food processing and ECLSS systems that will simply the
calculation to first order:
Leaks: Leaks are places within the nitrogen cycle where nitrogen is lost permanently such that
it cannot be recovered. There are many possible sources of leaks to the nitrogen cycle: human
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ingestion and non-reclaimed human waste, loss of human blood, loss of human sweat, leakage
of the hydroponics system, death of plants, and death of humans. Loss of human blood and
sweat and physical leakage of the hydroponics system are neglected due to contributing a
leakage small enough that they are considered insignificant. We do not consider the death of
plants in the calculation because nitrogen lost from plant death is assumed to physically remain
in the hydroponic system and be used by the next plant generation. Death of humans is not
considered because the mission specifications and design do not allow for any rate at which
colonists decease. Therefore, the leaks in the nitrogen cycle are contained within nonreclaimed human waste. Since urine and feces are processed differently by ECLSS, we break
the human waste leak into two components, one for each waste product, in order to calculate
their nitrogen contents and loss rates separately.
Fertilizer: Nitrogen will be supplied to the cycle by introducing it into the hydroponics system
in the form of fertilizer. We minimize the amount of mass which must be transported from
Earth by shipping the fertilizer which has the highest nitrogen content by mass. By conducting
a simple trade comparison between fertilizers and comparing their nitrogen contents, we select
anhydrous ammonia, the fertilizer with the highest nitrogen content [2].

Table 8.6.4.1: A Comparison of Fertilizers by Percent Weight Nitrogen Composition

Fertilizer

Nitrogen % by weight

Urea

45-46%

Urea Ammonium Nitrate

28-32%

Ammonium Sulfate

21%

Anhydrous Ammonia

82%

Ammonium Nitrate

34%

Potassium Nitrate

14%

Mono-Ammonium Phosphate

11%

Di-Ammonium Phosphate

18%

Chilean Nitrate

16%
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To calculate the quantity of anhydrous ammonia we much ship from Earth, we must
calculate the mass of nitrogen lost from the system each synodic cycle. To simplify the calculation
slightly, let us consider only one quarry with population size 25,000 people.

Fig. 8.6.4.1: This graphic is a visualization of the Martian nitrogen cycle. Each black arrow represents
the transfer of nitrogen from one system to the other

To calculate nitrogen loss from the quarry system, we first collect the quantities of human
waste product which are produced by 25,000 people each Earth day. This population size produces
0.383 Mg of urea each day and 0.5125Mg of solid fecal waste [3]. Urea is reclaimed at a 93%
efficiency rate, meaning that 0.357 Mg/day is reclaimed while 0.0269 Mg/day is lost. Given that
urea is 45% by mass nitrogen, we find a nitrogen loss of 0.0121 Mg/day from urea. Fecal matter
is not reclaimed, so the 0.5125Mg which is produced each day is the amount which is lost. Fecal
matter is comprised of only 5%, however, so the total nitrogen loss due to fecal waste is 0.0256
Mg/day.
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Table 8.6.4.2: Calculation of Nitrogen Loss per Day for One Quarry of Population 25,000

Quantity

Urea

Solid Feces

Total Production (Mg/day)

0.383

0.5125

Reclamation Rate

93%

0%

Waste Product Lost (Mg/day)

0.0269

0.5125

% Nitrogen by Mass

45

5

Nitrogen Loss (Mg/day)

0.0121

0.0256

We add the quantities of nitrogen lost through urea loss and feces lost to arrive at a total
0.0377 Mg of nitrogen which is removed from the system each Earth day. Losing nitrogen at this
rate each day for one synodic cycle, 780 Earth days, amounts to a total nitrogen loss of 29.42
Mg/cycle. This is the quantity of nitrogen which must be shipped from Earth to Mars each cycle
in order to maintain a constant amount of nitrogen within the quarry in question. Anhydrous
ammonia is 82% nitrogen by mass, so the quantity of fertilizer shipped to match this amount of
nitrogen is 35.877 Mg/cycle per quarry.
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9 Colony Electric Power and Heating System Appendix
9.1

Trade Study and Analysis: Solar Power vs. Nuclear Fission Power

9.1.1 Solar power analysis
To consider solar panels as a potential power source, some analysis is first required. To
summarize this problem, we can define solar irradiance by three primary variables: latitude,
position of Mars in orbit around the Sun, and the time of day. Latitude affects panel position
relative to the Sun, therefore the irradiance varies with latitude. The position of Mars in its orbit
around the Sun affects the season as well as the distance from the Sun. Due to the eccentricity of
Mars' orbit, we see large variations in solar irradiance over the course of a Martian year. Lastly,
time of day simply affects the solar irradiance incident on the solar array.
The average solar irradiance at the top of Mars' atmosphere is known to be 590 W/m2.
This value is simply the result of applying the inverse-square law to the average distance
between the Sun and Mars. This value does not take into account the previously stated variables.
To analyze solar panel effectiveness on the Martian surface, we must first find a distribution of
irradiance on the top of Mars' atmosphere for a specific time of day, orbital position and latitude.
To do this, a source was found containing equations to calculate irradiance at the surface
of Mars' atmosphere as a function of three variables (latitude, orbital position, and time of day)
[1]. Software with equations derived from this source can be found on the Project Destiny
webpage. Many conclusions can be made from the results of these calculations. First, and most
importantly, we can form a contour plot of average solar irradiance versus latitude and orbital
position. Note that the orbital position of Mars is defined as zero at the vernal equinox, and
increases in a measurement of degrees around the Sun. The definition of the orbital position of
Mars can be seen in Fig. 9.1.1.1, where four angles are shown and the respective Northern
Hemisphere seasons are recorded. The contour plot can be seen in Fig. 9.1.1.2.
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Fig. 9.1.1.1 Shown here is a description of the orbital position of Mars where 0
degrees is defined by the vernal equinox. Credit: N. Gross

Fig. 9.1.1.2 This contour plot shows the daily average solar irradiance at the top of Mars' atmosphere,
adapted from University of Colorado Department of Aerospace Engineering Sciences. From this plot, one
can see the seasonal changes in solar irradiance for all latitudinal positions. Credit: N. Gross
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From the above contour, one can see the effect of both latitude and season on irradiance at
the top of the atmosphere. Note that this is directly related to the power output of solar panels at
that location. Additionally, from the above analysis, the minimum and maximum daily average
solar irradiance for the year can be shown. This can be seen in Fig. 9.1.1.3.

Fig. 9.1.1.3 This plot shows the minimum and maximum average daily solar irradiance vs. latitude. From
this plot, one can see both the worst and best case scenarios of solar irradiance for a given position on
Mars' surface. Credit: N. Gross

For power to be useful without energy storage, it must be consistent or match the power
load. Therefore, the ideal position of a solar array would be at 13.4 degrees North latitude, as
shown in the above figure. Chryse Planitia has a larger than ideal fluctuation, but should be
manageable with a minimum average daily solar irradiance of 113.4 W/m2 and maximum of 191.2
W/m2.
Lastly, the team can look at the solar irradiance over the average day on Mars. The results
of this analysis can be seen in Fig. 9.1.1.4 below.
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Fig. 9.1.1.4 Solar Irradiance vs. Time of Day for Each Season. From this, one can see the length of
day in each season as well as the irradiance levels for a day in each season. Credit: N. Gross

The above plot can easily be explained by Fig. 9.1.1.2. A question that may be asked is “Why
is the autumn maximum solar irradiance greater that the summer maximum solar irradiance?” The
answer to this lies simply in the eccentricity of Mars’ orbit. During the summer, the days are
longest, and the inclination is directed at the sun, but Mars is close to its aphelion. During the
autumn, Mars is closer to its perihelion, and is therefore receiving a larger irradiance in accordance
with the inverse square law.

Purdue University | PROJECT DESTINY

N. Gross 9 - 4

Colony Electric Power and Heating System Appendix

9.1.2 Trade Study: Solar Power vs. Nuclear Fission Power
The two options considered for primary power generation for our colony were solar power
and nuclear power. We used the 100 person Martian colony to compare a solar power system with
a nuclear fission system. First, the power requirements for the 100 person colony are broken down
in Table 9.1.2.1. Note that the power requirements for propellant production, propellant storage,
and the electrolysis plant were calculated for supporting ten ITS return trips and based on a 500
sol refueling timeframe.
Table 9.1.2.1 Colony power requirements for the 100 person Martian colony
System

Power Requirement [kW]

Habitats

559

Food processing

115

Water production plant

26

Water reclamation

0.791

Communication ground station

0.2

Electrolysis plant

4,088

Propellant production

22,114

Propellant storage

31,600

Total

58,500

Next, we determined the number of ITS deliveries required for each power generation
system. Starting with a nuclear fission power generation system, a power plant consisting of the
SAFE-1000 reactor and a Brayton conversion system was considered. This power plant generates
1,000 kW thermal power (kWt) 300 kW electric power (kWe). With the mass and volume of each
power plant known, it was determined that volume constrained the number that could be
transported per ITS cargo ship. We were then able to calculate the number of ITS deliveries
required for a nuclear power system to support the 100 person Martian colony. With a lifetime of
forty years assumed for each plant, the number of launches over a 120 year mission could also be
calculated. Results are summarized below in Table 9.1.2.2.
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Table 9.1.2.2 100 person colony totals for a nuclear fission power generation system
Variable

Value

Unit

300

kWe

Mass per plant

5.344

Mg

Volume per plant

39.62

m3

Number of plants required

196

--

Number of ITS deliveries

6

--

Electric power output per
plant

The ITS delivery requirements were then calculated for a solar power generation system.
Because the available power from solar arrays can vary significantly, calculations must be
performed based on the minimum average daily solar irradiance of 113.4 W/m2. The system
considered here is made up of high efficiency tracking arrays based on those deployed on the ISS
[2]. Based on current multijunction solar cell technology, 50% efficiency is an advancement that
we expect to occur within the timeframe of this mission, so we used this value in our calculations
[3]. Also, 10% of the width of these panels was left open between rows for maintenance purposes.
Finally, we assumed that the thin Martian atmosphere does not absorb or scatter any solar radiation.
With the above considerations for our solar power system, the total mass and volume of the panels
required were calculated. Unlike the nuclear power plants, mass constrained the amount of panels
that could be transported with one ITS cargo ship. Results of the solar power system calculations
are summarized below in Table 9.1.2.3.
Table 9.1.2.3 100 person colony totals for a solar power generation system
Variable

Value

Unit

Solar array area

590,000

m2

Total mass of array

1,300,000

Mg

Total volume of array

160,000

m3

Number of ITS deliveries

4,333

--

A lifetime of twenty years was assumed for the solar panels. Similar to the nuclear power
plants, the number of ITS launches over a 120 year mission were calculated. This comparison
shows that for a 100 person Martian colony, an unreasonable number of ITS launches are required
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for a solar array over a 120 year mission while only eighteen are required for nuclear power plants.
The launch requirements are summarized below in Table 9.1.2.4. Because ITS deliveries are a
major driver for the overall cost of the mission, it was determined that solar arrays result in a
prohibitively large number of deliveries required. Nuclear fission power generation was chosen as
the primary source of power.

Table 9.1.2.4 ITS delivery totals for two Mars surface power generation alternatives

Power generation
alternative
Multijunction tracking solar
arrays
SAFE-1000 nuclear power
plants

Number of ITS
deliveries – initial
deployment

Number of ITS
deliveries – 120 year
mission

4,333

26,000

6

18
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9.2

Nuclear Fusion Power
Many have speculated that fusion power is the future of power production. But, does it have

a place in our 100-year, one-million-colonist colonist mission? To answer this question, we will
explore four of the most cutting-edge fusion power research projects currently in development:
The Lockheed Compact Fusion Reactor, the Wendelstein 7-x, MIT’s Alcator C-Mod, as well as
the multinational ITER.
But first, we must explain the basis of nuclear fusion power. Fusion is the process that
powers the sun, and therefore harnessing the energy has large reward. But along with this reward
is a large cost and complexity in the form of extremely high temperatures and very powerful
magnetic forces [1].
We begin by taking a look at Lockheed Martin’s Compact Fusion Reactor, or CFR. Large
claims have been made by Lockheed that their design will be able to produce a lot of power in a
relatively small package. They claim that this is possible due to their use of superconducting coils,
rather than the tokamak model fusion reactor which is used by some of the following fusion
reactors [2]. Additionally, claims were made that 100 MW plants that could be fit into a semi-truck
trailer could be produced by 2023 and that the global electricity demand could be met by these
reactors by 2045 [3]. These claims have been taken off the website since their publication,
potentially signaling weakness in their design. This design, if proven would assist the mission
considerably, reducing launches required for power generation.
The next reactor considered was the Wendelstein 7-x. This reactor is also of unique design.
The 7-x uses a stellarator magnetic field shape to confine the plasma produced. With this shape,
the goal is to gain continuous operation, which has been elusive, if not impossible from the older
tokamak designs. Some success has been had with plasma discharges lasting up to 30 minutes [4].
MIT’s Alcator C-Mod reactor is a tokamak style reactor, which has some accolades to its
name. The reactor is no longer in operation or being researched at the facility, as budget cuts were
made to fund the following reactor. The C-Mod achieved the highest plasma pressure ever
recorded. This is important due to the relationship with pressure and energy output [5].
The last reactor is the multi-nationally funded ITER. The ITER is the largest tokamak ever
created and has funding from 35 nations. The cost of this reactor is estimated at 6.6-13 billion
EUR. The ITER website claims that it will be “the first fusion device to maintain fusion for long
periods of time.” [6]
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With this information on fusion systems, we are prepared to make a decision on fusion
technology. With a TRL of only 3 currently, and no systems generating more energy than they
take to run, it cannot feasibly be assumed the technology will be ready in time for the mission. If
the technology sees a quick increase in development in the coming years, the design should be
edited to adjust.
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9.3

Nuclear fission reactor selection trade study

9.3.1 Purpose
The purpose of this trade study is to compare small nuclear fission reactors to larger ones in
the context of colony power generation for our mission. More specifically, we want to compare
the SAFE-1000 nuclear fission reactor, which is a very low power generation option, with larger
alternatives capable of producing more power. Early in the design of our colony, the SAFE reactor
emerged as a leading candidate for colony power generation. We quickly saw that as the population
grows, an increasingly large number of power plants is required to support the colony. It is natural
to suggest that we simply should build larger power plants like those on Earth so that tens of
thousands are not required for the colony. This trade study helps us understand the advantages and
disadvantages of both large and small power plants and impact on the mission from choosing either
option.
It is clear that the SAFE-1000 reactor is very small compared to most nuclear reactors on
Earth. This heatpipe power system reactor generates 1,000 kW thermal power while some of the
largest plants on Earth have capacities on the order of millions of kW (thousands of MW). Before
comparing the alternatives considered, there are some general advantages and disadvantages to
choosing small and large nuclear reactors for our colony that should be reviewed.
Choosing a small nuclear reactor for the colony requires many to be deployed, which
presents challenges. First, as more reactors are deployed, the area dedicated to power generation
will grow. Colonists must travel further to assist in deployment and for maintenance as the colony
grows and power plants are added. Another challenge is that the power transmission system
becomes larger when we have more reactors. We must have cabling to each point of power
generation and the size and complexity of a transmission system increases with the number of
reactors. We have also identified benefits to deploying many small reactors. The time required
until a reactor is operational is very short with smaller alternatives. For the SAFE-1000 nuclear
reactor, we estimate the time required from ITS offloading to operation to be only a few hours.
Another benefit of a system of small reactors is the minor impact of a failed reactor. One failure
results in only a small fraction of the system’s capacity being lost. The colony can continue
operations and recover from this event.
We have also identified a set of advantages and disadvantages for choosing a large nuclear
reactor where very few are required to generate power for our colony. The first disadvantage is the
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time required for construction. On Earth, a construction time of at least five years is necessary for
most nuclear power plants. Because our colonists will be operating in a dangerous and completely
foreign environment, construction is expected to take at least seven years for a large nuclear power
plant on Mars. The colony will require a secondary power source while construction is ongoing
and it is expected that delivery of colonists will be retarded until the first plant is constructed and
operational. A larger arrival rate later in the mission then places additional strain on habitats, food
production and other colony systems. Another disadvantage to large power plants is the impact of
downtime or any loss of power. One power plant is expected to generate a large portion of the
colony’s total power requirement and a loss of power event could put the survival of colonists at
risk. A robust secondary power system is required to mitigate this risk. Finally, an important
disadvantage is that most Earth-based plants rely on water for heat transfer from the core or for
cooling, and in some cases, both heat transfer and cooling. Producing and transporting water on
Mars is an energy intensive task. Again, secondary power would be required to obtain the water
needed to begin operations of a large power plant.
As with small power plants, there are also advantages to a system of large-scale plants. The
logistics of placement and maintenance are simplified due to power generation being concentrated
in only a few locations. Power transmission to loads throughout the colony is also simplified as
the network of cables required is not complex. Finally, compared to a system with small plants,
there are likely far less moving parts which means there are fewer parts that can fail. This could
be a significant advantage when deploying nuclear reactors in an environment that we’ve never
experienced.
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9.3.2 Results
Table 9.3.2.1 Nuclear fission power alternatives
Alternative

Type

Small Modular Fast

Sodium-cooled fast

Reactor (SMFR) [1]

reactor

NuScale Power Module [2]

CAREM-25 [2]

VKT-12 [2]

StarCore HTR [2]

SAFE-1000 [3]

Pressurized water
reactor

Pressurized water
reactor

Power generation
per unit

Volume specific power
[MWt / m3]

125 MWt / 50 MWe

0.296 MWt / m3

160 MWt / 50 MWe

0.438 MWt / m3

100 MWt / 27 MWe

0.945 MWt / m3

12 MWe

1.624 MWt / m3

20 MWe

2.037 MWt / m3

1 MWt / 0.3 MWe

9.62 MWt / m3

Boiling water reactor

High-temp, gascooled reactor

Heatpipes power
system

Table 9.3.2.1 lists several alternative solutions for nuclear fission reactors that we
considered. A variety of reactor types were considered. Pressurized water reactors and boiling
water reactors are common conventional reactors and the remaining alternatives listed are
advanced designs. Volume specific power was calculated by dividing the thermal power output of
each reactor by the core volume. We discovered that all of the alternatives considered had a volume
specific power far below that of the SAFE-1000 reactor.

9.3.3 Conclusions
The trade study shows us that in terms of power output per unit volume, the SAFE-1000
reactor is clearly the superior alternative and is more efficient than the next best option by more
than a factor of four. This suggests that we will not see improvements in efficiency by increasing
the size of our power plants. Since the team has not found any obvious reasons for constructing

Purdue University | PROJECT DESTINY

R. Clay 9 - 12

Colony Electric Power and Heating System Appendix

large nuclear power plants on Mars, we chose the SAFE-1000 reactor for our colony’s power
generation system. With a technology readiness level (TRL) of six, we are confident that the
SAFE-1000 reactor can be successfully employed for our mission.

9.3.4 SAFE-1000
It is important to provide further details on the nuclear reactor that is chosen for Mars
surface power generation for our colony. The SAFE-1000 is based on the SAFE-400 space fission
reactor. This is a heatpipe power system (HPS) reactor that was designed at Los Alamos National
Laboratory. Though the SAFE-400 was designed for spacecraft power generation, a smaller HPS
reactor has been design at Los Alamos National Laboratory for Mars surface deployment [4]. We
are confident that the SAFE-400, with an increased thermal power capacity, can be adapted for
surface deployment.
The SAFE-400 generates 400 kWt and is designed for coupling with a Brayton power
conversion system. The thermal power capabilities are not fixed though, and the practical range of
this reactor is up to 1,000 kWt. This is achieved mainly by improving material strength and
temperature limits [3]. Impacts on reactor mass and volume with an increased thermal power
capacity must be considered. Upon consulting an expert in the Nuclear Engineering Department
at Purdue, we decided that the increased capacity can be achieved without significant changes to
the core [5]. The SAFE-1000 mass and volume are the same as those of the SAFE-400. A final
consideration was to further scale up the capabilities of the SAFE-1000 reactor to a larger one.
This could be accomplished by simply increasing the core size or clustering reactors. However,
we cannot expect similar performance on a mass or volume basis when scaling up a reactor that is
designed as small as the SAFE-400 [6].
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9.4

Power generation for quarry cities
The purpose of this section is to present details of the power generation system for the quarry

cities of our colony. The number of power plants required, the services and resources needed from
other areas of the colony, and key milestones over the course of the mission will be presented.
First, it is important to understand the power requirements for each 25,000-inhabitant quarry
city. Our power loads come from habitats and fabs. These power loads are broken down in Table
9.4.1 below.
Table 9.4.1 Quarry city power requirements
System

Power requirement [kW]
Habitats

Waste Treatment

-48.45

Urine Treatment

5,891

Water Reclamation

1.492

Air Scrubbing

91,228

Air Filtration

1,875

Lighting

237

Habitat Total

99,184
Fabs

Pumps
Oxygen Removal
Assembly (ORA)
Fab Total

1,418
1,030
2,448

We see that the habitats have a much greater power requirement than the fabs. This is
expected because humans will be occupying the habitats and ensuring their survival and well-being
on Mars is an energy intensive problem. The number of power plants required is calculated by
dividing the total power requirement by the power output of one plant. We use the electric power
available after transmission, which is 253.6 kWe. The number of operational reactors over the
course of the mission can be seen plotted in Fig. 9.4.2.
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Fig. 9.4.2 Shown here is a plot of the number of active power plants for our
colony’s quarry cities vs. synodic cycle.

Our nuclear power plants will not be able to operate for the entire duration of the mission.
Currently, large nuclear plants on Earth are being certified for up to sixty years of operation. After
speaking with an expert in the Nuclear Engineering Department at Purdue, we decided to assume
a lifetime of sixty years for our plants after which a full replacement is required [1]. Table 9.4.3
breaks down the total number of active and replacement power plants for all forty quarry cities.
Table 9.4.3 Power plant totals

Category

Quantity

Active power plants

18,076

Replacement power plants

5,733

Mission total

23,809

Regolith excavation is necessary for our power plants to be safely deployed. The excavated
volume for one reactor is only 0.20 m3 but as the number of power plants increases, the total
excavation volume becomes large. Additional excavation is not required for replacement power
plants, as they will be deployed in the same location as retired plants. Fig. 9.4.4 shows the total
excavation volume required plotted versus synodic cycle.
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Fig. 9.4.4 Total volume of excavated regolith is shown plotted vs. synodic cycle.

Another key component in the colony power generation system is steel transmission cables.
These cables are produced on Mars and deployed between the power conversion units and quarry
cities. Again, additional cables will not be necessary once replacement power plants are deployed.
Fig. 9.4.5 is a plot of mass of steel versus synodic cycle. The total mass required for steel
transmission cables at cycle 46 is 13,258 Mg which is well within the capabilities of the colony’s
metal refinery.

Fig. 9.4.5 Mass of steel for transmission cables is plotted vs. synodic cycle.
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Finally, refueling is a necessary and important aspect in the lifecycle of our power plants.
Refueling takes place five times over the lifetime of a power plant and occurs every ten years. A
ten-year fuel cycle was chosen because the SAFE-1000 reactor is designed for ten years of
operation [2]. All fuel pins will be transported from Earth and because we are constrained by mass,
this is the variable we are interested in. Fig. 9.4.6 is a plot of the total mass of fuel pins required
over time. The data includes refueling for replacement power plants.

Fig. 9.4.6 The total mass of fuel pins for refueling is shown plotted vs. synodic cycle. Fuel
required for replacement power plants is included in the data.

A power plant delivery schedule has been calculated for our colony’s quarry cities and it
can be seen below in Fig. 9.4.7. The plot shows the number of ITS deliveries each synodic cycle
to deliver the required number of power plants. There are some important notes on how this
schedule was calculated. First, all power plants required for a new quarry city are delivered at one
time. Though a given city may be only partially occupied for an entire synodic cycle, this ensures
the city is prepared for incoming colonists and for any testing that is required before buildings are
inhabited. Next, replacement power plants are included in the schedule. Any power plant deployed
in the first forty years of the mission requires a replacement. These replacements are delivered the
cycle before they’re deployed. Finally, as stated in the main report, a 10% margin of additional
power plants was added to the delivery totals.
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Several spikes are seen in the plot. At the beginning of the mission, the delivery rate is
small and multiple synodic cycles pass with one quarry city accommodating all colonists. The
delivery rate reaches a steady state at cycle eight with five ITS deliveries per cycle. This
corresponds to the point in the mission where the delivery rate for colonists reaches a steady state
value of 24,700. The remaining spikes in the schedule are the result of replacement power plants
being delivered. Ultimately, this schedule ensures all quarry cities are fully powered before
capacity is reached and that replacement power plants are delivered in time for a proper transition.
Key mission milestones can also be seen in the IST delivery plot, which include the beginning of
refueling and the beginning of replacement deliveries.
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9.5

Trade study: material for electric power transmission cables
The power losses in the cables, the actual power available, and the number of ITS launches

necessary to bring the cables and reactors for each system are shown in Table 9.5.1. These values
were calculated using Equations 1-3 below, where 𝑉 is Voltage (Volts), 𝐼 is current (Amps), 𝑅 is
resistance (Ω), 𝑃 is power (Watts), 𝜌 is resistivity (Ω *m), 𝐿 is length of the cable (m), and 𝐴 is
cross-sectional area of the cable (m2).
𝑉 = 𝐼𝑅

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)

𝑃 = 𝐼𝑉

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2)

𝜌𝐿
𝐴

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3)

𝑅=

First, the AWG gauge values were used to determine cross sectional area. We determined
value of 5000V was optimal for transporting electrical power, and using this value and our 300kW
of electrical power, a current of 60Amps and a load resistance of 83.33Ω were found using
Equations 2 and 1, respectively. With this information, an AWG gauge cable was determined to
match our current needs. It was found that an AWG gauge 3 cable, with diameter 5.82676mm and
a maximum current for power transmission of 75Amps, was the best to fit our model, because it
fulfilled our Amp requirement of 60 Amps [2]. Given a resistivity of copper, steel, and aluminum
to be 1.7 × 10−8 Ωm, 15 × 10−8 Ωm, and 2.82 × 10−8 Ωm, respectively [1], the resistance per unit
length or the cables were found using Equation 3. It was then multiplied by a length of 3.5km, as
this was determined to be the maximum distance a cable would have to travel from the reactor
location outside the quarries into the very center of the entire 40-quarry site. Implementing
Equation 1, a new current was found using 5000V as the voltage and the addition of the load
resistance (83.33Ω) and the cable resistance. This current is the actual current flowing through the
cables. With this, a voltage drop for the cable was found using Equation 1, where the current is
the actual current, and the resistance is the cable resistance. Finally, a power loss was calculated
using Equation 2, where the current is the actual current, and the voltage is the voltage drop. These
results are then shown below in Table, along with the actual power, was calculated based on the
theoretical power produced by our power plant (300kW) and subtracting the power lost.
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The trade study between copper, steel, and aluminum cable was conducted to determine
the best method of transmitting electrical power based on which method required the least amount
of ITS launches. The copper and aluminum were chosen because they are both common materials
used to transport electricity on Earth, due to their high electrical conductivity. Steel was chosen
for this trade study as it is the most conductive material that we can produce in large quantities on
Mars. Therefore, if steel cable is used, no deliveries from Earth are required. It can be seen below
that the power loss for steel is the highest, which means more reactors are needed to provide the
same amount of power when compared to if copper or aluminum cables are used. But, since no
ITS launches are required to transport the steel cable from Earth, the steel cable was chosen as it
results in the least number of overall ITS launches.

Table 9.5.1 Results for three transmission cable materials

Copper

Power loss, 1
reactor (kW)
7.619

Steel

46.38

172

0

172

Aluminum

12.22

152

3,513

3,665

Material

ITS deliveries for
ITS deliveries for
reactors, full colony cables, full colony
149
11,038

Total ITS
deliveries
11,187
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9.6

Analysis: Thermal Power Transmission System

9.6.1 Heat Sources and Heating Requirements
To begin to design the thermal power transmission system, we must first gather the systems
that produce heat and the systems that require heat. This will drive some very important factors,
such as if radiators are required, and if electric heating will need to be used.
As discussed, the SAFE-1000 reactor produces 1000 kWt. The Brayton power conversion
system converts this 1000 kWt into 300 kWe and 700 kWt excess heat. This is the main heating
source of the colony. With 18,076 reactors once one million colonists achieved, we can easily see
how some of this excess must be rejected to the environment in the form of radiators. This well be
discussed in the next section. The other heating source to be included is the excess heat produced
by the solid waste processing plant (SWPP) that is located underneath the colony.
Heating requirements were determined by their respective teams and reported to the power
and thermal team. These thermal power loads include the following: Main water pipe, subsidiary
water piping, water tower, and habitats and food production units. The main water pipe refers to
the piping system that transports water from the location of the water extraction facility to the
water tower. The subsidiary water piping refers to the underground piping within the colony. All
the water systems need this waste heat to keep the water above the freezing point for transportation
and storage purposes. Lastly, the habitats and food production units need heat to maintain a healthy
temperature for the colonists and the plants. This can be summarized in the following plots.
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Fig. 9.6.1.1 The Heating Sources of the provide heat for various needs of the colony.

Figure 9.6.1.1 shows the relative amounts of thermal power produced from each system. The term
“Excess from Electric” refers to the thermal power produced by the power plant to satisfy the
electric power needed by each system (food and habitats). Clearly, the excess heat produced from
providing electric power to the habitats is the largest factor in considering the production of
thermal power in the system. The question that is asked now is “How does this compare to the
heating needs of the colony?” The heating needs are shown in Fig. 9.6.1.2 below.
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Fig. 9.6.1.2 The heating requirements of the colony use the excess heat produced.

Figure 9.6.1.2 shows the relative amounts of thermal power required by each system. Again,
habitats and food production units lead the way, requiring the most heat. One may ask why the
water piping and water tower do not change vs. synodic cycle. The water tower will be built before
the colonists get there, and will be a constant while the population increases. The main water pipe
refers to the pipe that runs from the extraction facilities to the main habitats and food facilities.
The subsidiary water piping is the underground piping that runs from the main water pipes to the
end user, which are scattered throughout the colony.

9.6.2 Heat Losses –Thermal Model
To compute the heat losses of the system was done using a thermal analysis commonly found in
many heat transfer textbooks. The thermal analysis used is the method of thermal resistance
networks. This method is commonly used for heat transfer problems that include many methods
of heat transfer. For this analysis, two different models are needed. Some pipes run underground,
and some are needed above ground.
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Underground
First, we will consider the case of a pipe with a working fluid running under the Martian regolith.
To model this situation, we will consider the pipe with a working fluid, surrounded by Martian
regolith. An assumption made in this analysis is that the atmosphere plays no role in the heat
transfer of the system. The model of the system is shown in Fig. 9.6.2.1 below. Using this model,
we can see the methods of heat transfer acting on the system. The first method is internal
convection, of the flowing working fluid inside the pipe. Next is the conduction from the fluid to
the pipe. Lastly, there is conduction from the pipe to the surrounding regolith. Note that radiation
is neglected in this model, due to the temperature distribution in the regolith. The regolith very
close to the external radius of the steel pipe will heat to a very high temperature. As you move
outward, the temperature will decrease. From this model, a thermal resistance model can be created
and analyzed. The thermal resistance model can be seen in Fig. 9.6.2.2.

Fig. 9.6.2.1 The model of a heating pipe underground. A steel pipe with internal working fluid is
surrounded by regolith.
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Fig. 9.6.2.2 The thermal resistance model of a heating pipe underground. A steel pipe with internal
working fluid is surrounded by regolith.

The variables in Fig. 9.6.2.2 above are as follows:
𝑇𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑
𝑇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ 𝑣𝑒𝑟𝑦 𝑓𝑎𝑟 𝑎𝑤𝑎𝑦 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒
𝑅1 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑
𝑅2 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 𝑜𝑛 𝑠𝑡𝑒𝑒𝑙 𝑝𝑖𝑝𝑒
𝑅3 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑝𝑖𝑝𝑒 𝑜𝑛 𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ
To use this model, some equations must first be defined. First, we must define thermal
resistances for convection and conduction. This is done below.

𝑅𝑐𝑜𝑛𝑑𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =
𝑅𝑐𝑜𝑛𝑣

Purdue University | PROJECT DESTINY

𝑟
ln (𝑟2 )
1

2𝜋𝐿𝑘
1
=
ℎ𝐴

N. Gross 9 - 27

Colony Electric Power and Heating System Appendix

where r1 is the internal radius of the cylinder wall, r2 is the external radius of the cylinder wall, L
is the length of pipe, k is the thermal conductivity of the material, and h is the heat transfer
coefficient, which is a function of speed of the flow, materials, and many other factors.
The total thermal resistance for resistances in series, similar to electricity, can then be calculated
simply by adding the thermal resistances.

Finally, to achieve the heat loss of the system, the simple equation below can be used.
𝑞=

𝑇𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ
𝑅𝑡𝑜𝑡𝑎𝑙

Above Ground

A similar analysis can be done for the above ground case. For this case, we have a steel pipe with
water vapor as a working fluid, surrounded only by ambient air. By observing Fig. 9.6.2.4, we
can see the modes of heat transfer working on the system. Similar to the underground case, we
have convection of the working fluid and conduction through the steel pipe. What’s new in this
case is convection on the outer surface of the pipe by the Martian atmosphere, and radiation
away from the surface of the pipe. Radiation in this case cannot be neglected due to the large
difference in temperature from the outside of the pipe to the immediate atmosphere. Unlike the
underground case, there is no slow temperature distribution around the pipe. Rather, there is a
very fast transition from very hot steel to very cold atmosphere. Similar to the previous case,
following are Figures of a cross section of the model, and a thermal resistance model.
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Fig. 9.6.2.3 The model of a heating pipe above ground. A steel pipe with internal working fluid is
surrounded by the Martian atmosphere.

The

Fig. 9.6.2.4 The thermal resistance model of a heating pipe above ground. A steel
pipe with internal working fluid is surrounded by the Martian atmosphere.

additional variables in Fig. 9.6.2.4 above are as follows:
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𝑇𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑀𝑎𝑟𝑡𝑖𝑎𝑛 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
𝑅1 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑
𝑅2 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 𝑜𝑛 𝑠𝑡𝑒𝑒𝑙 𝑝𝑖𝑝𝑒
𝑅3 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑛𝑑 𝑝𝑖𝑝𝑒
𝑅4 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑠𝑡𝑒𝑒𝑙 𝑡𝑜 𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑠
We can see in the above figure that R3 and R4 are given in series. This is because they are both
working on the same surface. The thermal resistances for convection and conduction are given
by the equations above. The equations for thermal resistance of radiation is given below.
𝑅𝑟𝑎𝑑 =

1
ℎ𝑟𝑎𝑑 𝐴

ℎ𝑟𝑎𝑑 = 𝜖𝜎(𝑇12 + 𝑇22 )(𝑇1 + 𝑇2 )
where ℎ𝑟𝑎𝑑 is the radiative heat transfer coefficient, A is the surface area of the emitting surface,
ε is the Emissivity of a surface, σ is the Stephen-Boltzmann constant, and T1 and T2 is the
temperatures of the steel and air, respectively.

Next, to compute the total thermal resistance (again, similar to electrical circuits), we will add
the two resistances in series and use the following equation for a parallel resistance.
𝑅𝑡𝑜𝑡𝑎𝑙 =

𝑅1 𝑅2
𝑅1 + 𝑅2

Similar to the underground case, the heat loss can then be found by
𝑞=

𝑇𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒
𝑅𝑡𝑜𝑡𝑎𝑙

9.6.3 Heat Losses - Results
From the analysis in the above section, the thermal losses can be computed. The losses considered
are summarized in Table 9.6.3.1 below.

Purdue University | PROJECT DESTINY

N. Gross 9 - 30

Colony Electric Power and Heating System Appendix

Table 9.6.3.1 Decription of Heat Loss Sources and Their Locations

Heat Loss Source

Length of Pipe

Under/Above Ground

System [m]

Main Water Pipe

42740

Above

Subsidiary Water Pipe

1217.4 / quarry

Under

Main Habitat/Food Heating Pipe

200

Above

Subsidiary Habitat/Food Heating Pipe

1217.4 / quarry

Under

The main pipes refer to the larger pipes that transport the water/steam over long distances. Ex.
From the reactors to the colony or from the water tower to the colony. Note that the length of pipe
for the piping is double the actual pipe length. For example, the distance from the reactors to the
quarries is approx. 100m. This is due to the need to form a closed loop in the radiator system, to
bring back the “used” steam for reheating. The subsidiary piping is defined as the piping from the
main piping distributed to the colonies habitats and farms. Using the analysis from above the
following results were found.

Fig. 9.6.3.2 The thermal power losses due to piping throughout the colony are dominated by
the main water piping system.
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One can easily see that the majority of thermal power losses come from the process of heating the
main water transportation. Looking at Table 9.6.3.1, this makes sense due to the length of the
piping system.

One may ask if the temperature range of Mars was considered. In Fact, it was! On the scale of
thermal power production, the difference is small. Therefore, the maximum temperature of the
location of Chryse Planitia was used to give minimum losses and therefore maximum required
heat to be dissipated.

9.6.4 Net Thermal Power
From all the above analysis, we can determine the net thermal power output of the system. We
consider thermal power produced to be positive and thermal power used/lost as negative. The
results are summarized by the following figure.

Fig. 9.6.4.1 The thermal power losses due to piping throughout the colony are dominated by the main water
piping system.
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We can see that this is almost a linear distribution, especially as the population growth curve comes
upon a constant delivery rate. For some time in the beginning of the mission, the mission is
operating on a thermal power deficit. This can easily be solved by moving up the shipment
schedule of reactors near the beginning of the mission and producing both electric and thermal
power from the power plants.

9.6.5 Heat Dissipation
Now that we know our excess heat, we need to dissipate it to the environment. To dissipate our
excess heat, similar to the piping heat loss problem above, an above ground case and a below
ground case will be considered using thermal networks to determine energy loss. For both cases,
radiator panels will be used to calculate the dissipation are required.

Similar to the piping analysis, some simple thermal network equations will be required. The
difference for this case is that we are interested in the power that can be transferred per unit area
of radiator panel rather than the heat loss of the system. The following equations will help us
achieve our goal.
𝑅𝑐𝑜𝑛𝑑 =

𝑡𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑘𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑅𝑐𝑜𝑛𝑣 =
𝑅𝑟𝑎𝑑 =

1
ℎ𝑓𝑙𝑢𝑖𝑑
1
ℎ𝑟𝑎𝑑

Where tmaterial is the thickness of the conducting material, kmaterial is the thermal conductivity of the
conducting material, hfluid is the heat transfer coefficient associated with the flow, and hrad is given
by the equation in section 9.6.2 above.
From this, we can then use the same thermal resistance networks that are laid out in Figs. 9.6.2.2
and 9.6.2.4. Finally, we can use the following equation to determine area specific heat loss of the
radiator.
𝑞 ′′ =
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At the worst case scenario situation (very warm day), this analysis results in the following table.
Heat Dissipated

Local Temperature

[kWt / m2]

(Soil or Atmosphere) [°C]

Underground

.037

-60

Above Ground

7.3

70

Location of Radiators

Note that heat dissipation is maximum when placed above ground. This is due to the phenomena
explained above about temperature distribution surrounding the radiating material. At a maximum
(very warm day, 1 million colonists), the colony has to dissipate 10644241 kW of thermal energy
to the environment. Then, simply dividing this by the heat dissipated per unit area above ground
(7.3 kWt/m2) gives a required dissipation area of 1,460,000 m2 total. Per reactor, this comes out to
80.7 meters squared. As this system is very closely tied to safety, a factor of safety must be used
to mitigate any potential overheating scenarios. This value was selected to be 10%, resulting in a
dissipation area of 90 m2 per reactor, or approx. 1,630,000 m2 of radiator panels. These panels will
be spaced within the reactors to minimize piping complexity. Additionally, the radiators will be
part of a shared farm to decrease overheating potential. Example: One reactor is overheating and
will be able to employ the radiators of nearby reactors to dissipate its excess heat until it is able to
be repaired.

9.6.6 References
[1] “Thermal Resistance,” Neutrium. Available: https://neutrium.net/heat_transfer/thermalresistance/
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9.7

Large-scale Earth power plant study
The Palo Verde Nuclear Generating Station had the greatest odds for being reproduced on

the surface of Mars for the intentions of this project. The biggest factor in choosing this nuclear
fission plant is the fact that it is the largest, and one of the only, power plants in the world that does
not run next to a large body of water [3]. Instead, the Palo Verde Nuclear Generating Station
currently uses wastewater from the surrounding Arizona area as the main cooling factor. This was
a thought for our project, but the wastewater produced and used on Mars would not have been
quite enough to sustain the 8 duplicate power plants that would be necessary for a successful
powering of a one million person colony on Mars. This did not stop the analysis of this power
plant, however, as this was still thought to be the best option when looking at large scale Earth
based nuclear energy sources. Because this plant is located in the deserts of Arizona, it has a similar
composition to the Mars atmosphere. This is the largest net power plant in the United States, and
provides electric power to over four million people in a tri-state area including Arizona, California,
New Mexico, and Mexico [1]. The energy dissipation that is provided by this powerplant is huge
and it is a large asset to the people living in desert areas without access to larger scale power
production. The Palo Verde Nuclear Generating Station evaporates water from the wastewater
from the surrounding citizens and uses that to cool the steam that power plants generally create.
The main reactor in this plant is a pressurized water reactor that is created by combustion
engineering for 9 separate towers that are all connected to supply the main sources of power. These
9 cooling towers are split into groups of three to cool three separate large reactors that create almost
4,000 Megawatts of electric energy that is dispersed into different states in the United States.
Another impressive factor about this power plant is that its efficiency is at a constant 98%, and
there is little electric energy lost into the surrounding areas. This is a definite plus and was a large
factor when considering reconstructing large scale plants on the surface of Mars.
Another point that was taken into account when looking into duplicating the Palo Verde
Nuclear Generating Station was the amount of time that it would take to build. This plant took 11
years to build on the surface of Earth, which was made easier by having hundreds of thousands of
skilled and trained construction workers, and resources readily available if something had to be
replaced or rebuilt for any number of the structures. If considering building this model on Mars,
we assumed that it would take approximately 15 years to build, and that is assuming that a large

Purdue University | PROJECT DESTINY

M. Young 9 - 35

Colony Electric Power and Heating System Appendix

majority of the new Martian population would have the daylight hours set aside to work on
constructing this plant.
Because there is such a large electric power need on the surface of Mars, if large fission
plants were to be constructed, there would need to be a great number more than just one [5]. Taking
the model of the largest in the United States, the Palo Verde Nuclear Generating Station, Martians
would need to construct 6 replicas of this specific power plant. With a 15 year build period and a
70 year operational expectancy of these plants, they would need to have constant attention and
improvements being done on them to make the plants worthwhile. The colony would also have to
have experts in construction, radiation safety, and nuclear fission if any facet of the construction
or operation of the plants were to go wrong. This would have a large impact on the colony, and
the colony could not afford any mishap in the construction or constant operation of any one of the
six necessary plants.
Because this plant uses wastewater from such a large area of people, if constructed on
Mars, this plant would still need a considerable amount of water to be used for long periods of
time. Specifically, if the plant were being used before the full million people migrated to Mars,
which surely it would because of the large amounts of electric power that would be necessary, the
plant would need much more water sourced to the cooling towers to ensure a safe process was
always being completed without putting the Martians at risk. This begins a seemingly unnecessary
loop of asking the colonists to provide energy to extract water which in turn would in a large
amount be used to create more energy. This is an interesting predicament that was greatly analyzed
by the power and thermal team and was taken into consideration for the central power solution that
is currently presented.
Because of the radiation consequences of this power plant, it would need to be located a
large distance away from the human colonies that exist on Mars. The plant in Arizona is currently
located over 40 miles away from any major city, and has to have constant protection from any
terror attacks that may want to prove harm to large groups of people. If these plants were set up on
the Martian surface and an ITS would happen to crash anywhere near any one of the multiple
reactors that would be set up, disaster would strike for the entirety of the Martian colony. These
would have to be built and operated at large distances away from any human living area or vehicle
landing/take-off area to make sure that any potential disaster would be avoided. With the plants
being located so far away, this would make construction a lot more difficult and would certainly
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prolong the process of building if on the Martian surface construction workers still had an hour
commute in any extra-vehicular activities.
One of the best options about this power plant was that it had a long functioning timeline,
which we assumed could be extended on the surface of Mars away from excess heat and other
sources of radiation. The reactors are constantly being upgraded as well, which has led the Nuclear
Regulatory Commission to extend the service life of the plant from an initial 40 yeas to seventy
years within its 20 years of service at that time. This would be a great asset to Martians if every
large scale power plant would be able to function for at least sixty years at a time without any great
failure or possible disruption in the service of energy.
These power plants would have to have a large amount of land dedicated to them, however,
with a surface area of 17 meters squared per 3 reactors. If multiplied out, this would mean that
over 100 square meters of land would have to be sequestered and made available at least 50 miles
away from any colony activity. This could make things more complicated if there was any problem
at all with the fission reactors and large distances would have to be travelled to reach the plant to
trouble shoot or fix any major problems.
It was decided that the sector of the colony that needed the most amounts of energy was
the propellant production and storage that would be necessary to refuel ITS ships and launch them
back for a repeat performance on Earth, either for human cargo or building/food needs for the
population that already exists on Mars. Knowing this, it would be easy to deduce that the majority
of these large plants could be built and constructed closer to the propellant plants, which would be
safer and more reliable for the colony. Realistically, the colonists only would need one large scale
power plant to run securely and permanently for over sixty years. The largest risk that would come
with building the majority of the power plants near production of the fuel for the ITS ships would
be if there was an explosion, or unwarranted problem with the fuel which would lead to
contamination of the Palo Verde Nuclear Generating Station models.
The Palo Verde Nuclear Generating Station is one of the most protected nuclear power
plants in the United States, and while on Mars there is a hope that nothing would purposely be
directed to crash into one or more of the plants, that is a risk that would have to be constantly
mitigated and reassured, to ensure that colonists are always safe and that they always have a source
for constant electricity. Having one or more of these plants near the colony would be essential, and
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an extra for redundancy and as a “back-up” energy source would be something that would be
widely recommended.
The power and thermal team collectively agreed that there would only be one option to
model large scale fission plants on Mars with, and that would be the Palo Verde Nuclear
Generating Station. Because of its size, structure, and energy production on Earth, this is one of
the most reliable and resourceful examples the team could hope to find on mass electric power
production on the surface of Mars.
After deciding on the most probable Earth-based nuclear power plant, the number of plants
necessary and amount of ITS ships needed to ship the materials to Mars were evaluated. As these
plants need hundreds of acres of land to be built on, the Not only would these large-scale power
plants have to be assembled and built by either engineers or highly skilled construction managers,
but these new Mars colonists would have to handle highly sensitive nuclear material for days on
end in preparation for these plants.
These fission plants are massive in size, each using land that amounts to 16 kilometers –
which includes land that makes the plants far enough away from humans to be considered safe.
Each of these power plants is built as a 3-reactor facility and has a 12 year build time on Earth [2].
This build time would likely increase on Mars for a number of reasons: transportation, equipment,
and labor being the three most likely to cause a time delay.
Earth-based fission plants are constructed using large industrial vehicles that can easily
pick up and place material, including wrecking balls, paving vehicles, and many more large-scale
machines. These rovers would all need to be transported from Earth, set up, and travel far distances
to the decided build location of these large scale plants [4].
Labor forces on Earth are close to unlimited for construction projects, but in this new
Martian colony, there are a very limited amount of people able to continuously build these large,
grueling, and dangerous facilities. In order to build these massive scale power plants in time for
large groups of immigrants, all of the initial Martian colonists would need to be trained and
physically able to work every single day to construct these power plants.
It became clear that because of all of these extraneous costs: water production, labor, time,
and lifespan, that large-scale Earth power plants would not be a sustainable solution for powering
the surface of Mars for at least one hundred years.
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9.8

Analysis: 100-person colony

9.8.1 Colony power requirements
To begin estimating the power that the colony would need, estimates were calculated
assuming a 100-person initial colony that would be set up for years before a growth curve would
be implemented. Considering only the power requirements that would be needed by the growing
habitat, we began compiling estimations for facilities on Earth that we would be replicating in this
initial, smaller Mars colony. It was decided that each habitat would have to have facilities where
the colonists would eat, sleep, exercise, bathe, and seek medical attention. We began finding
energy usage of comparable facilities operating on Earth and scaling these facilities to the units
given by the human factors team that were deemed necessary and safe for human life and happiness
[3,4]. We were given the area predicted for acceptable medical services, bathing, and meeting
spaces for 100 people to survive safely in a new colony.
Table 9.8.1.1: This table lays out the initial power requirements necessary for an initial 100 person
colony. These estimates have been based on Earth facilities.

Facility
Medical Services
Bathing
Meeting Spaces
Total Lighting
Total Heating

Amount of Energy
69,680
301.8
4,053,000
1013000
3039000

Unit
MJ/m /synodic period
MJ/m2/synodic period
MJ/m2/synodic period
MJ/m2/synodic period
MJ/m2/synodic period
2

This area was then used for energy scaling. The numbers that were found are listed above
in Table 9.8.1.1. These estimates were used as the team began to grasp the large power needs this
colony would provide from habitats alone. As more data was collected, separate systems became
more flushed out as these numbers grew at an enormous rate.
9.8.2 Initial source analysis
As we began to understand the depth of the power needs, we started thinking of the best
ways to power the colony. Initially, we turned to NASA rover and flyby missions and gathered
data on the way power was stored and continuously used in these deep space mission. Immediately,
four systems stood out as the leading technology in deep space missions, although the only one
that currently support life outside of Earth’s atmosphere are the solar panels on the International
Space Station (ISS) [8].
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Table 9.8.2.1: This table describes the initial power sources analyzed for use on a 100 person colony on
Mars.

Source

Energy Provided

Efficiency (%)

Solar Panels

500 Watts/panel/hour

60

125-150 Watts/device/hour

100

Hydrogen batteries

1600 Watts/hour

40-100

Exercise Equipment

300 Watts/hour

70

Radioisotope Power
System(MMRTG)

Here we began evaluating four smaller systems that are common for powering different
spacecraft in orbit today as well as the ISS and past and present extraterrestrial rovers. The three
most common types of power provider are solar panels, radioisotope power systems – otherwise
known as MMRTGs and hydrogen batteries. A system that was also assessed alongside these
prominent options is exercise equipment and human movement, something that would be used not
to power the entire colony, but smaller portions to take some of the requirements away from the
central power grid [9].
Each different power source had separate benefits and efficiencies. These were evaluated
as it was assumed that no one system would contribute the entirety of the power for the entire
colony – they would be used in conjunction to try to distribute the power usage in the best way
possible. Again, these power sources were judged on the base model that this would support a
colony of only 100 initial colonists and the initial estimated energy each sector of the habitats
would need [6].
Solar panels are considered the preferred option, as they are inexpensive to make, easy to
maintain, and if installed in a large enough field – the energy will be continuously renewed for the
life span of the panel. They can be installed in strategic areas to ensure dust storms are avoided,
they are reliable, well developed and well tested, and require a low level of maintenance that would
be of no harm to the Martian inhabitants. Solar panels are the largest source of power on many
NASA missions, including their Mars Exploration Rovers. Although these Mars Exploration
Rovers have had difficulty in the past when stuck in areas with large sand storms, if positioned in
the chosen colonization area, they would not be in danger of any outages [2].

Purdue University | PROJECT DESTINY

M. Young 9 - 41

Colony Electric Power and Heating System Appendix

To begin brainstorming for the power needs of the colony, the first inspiration was to look
into solar panels to harvest renewable solar energy for the needs of the colony. Because Mars is
further away from the Sun than Earth is, we would need solar panels at least 1.5 times the intensity
of those that are currently used on Earth or any Earth-orbiting spacecraft, including the ISS. Often
times the solar panels that are used on these spacecraft are programmed to always be facing the
Sun to never be in the dark and in danger of using full power of their crafts. This option is
impossible on the surface of a planet that is constantly rotating in orbit, so a more robust solar
panel field had to be considered if it were to have any chance of providing constant power to the
colony. In order for these panels to work, they would have to be autonomously deployed before
the first colonists arrived to ensure that by the first arrival of Earth emigrants, solar power would
have time to be collected and harvested for initial full power once colonists arrive on the Martian
surface.
The landing zone of Chryse Planitia that had been selected is one of the most ideal zones
for a solar panel field because it is located 28.4 degrees north of the Martian equator. Because of
the orbit of the planet, solar panels would work the best in the area that is 0 to 40 degrees north of
the equator, where the Sun shines the most consistently throughout the year and the changing
seasons, and is also where there are not a large numbers of dust storms.
One of the biggest considerations when deciding if solar panels were a feasible option is to
consider the dust storms that can cause catastrophe in certain landscapes. These dust storms that
are often seen by telescopes on Earth and talked about in the history of the red planet are actually
much less frequent that we have been lead to believe. A large dust storm covers the entire planet
about once every five or six Earth years, and other than that, the worst dust storms are concentrated
in the southern hemisphere of the planet. In the southern hemisphere, large dust storms can last for
weeks at a time and cover large areas of the planet, but the further north we move on the planet
the less frequent and less intense these storms are. However, when these planet-wide storms do
occur, the sandy particles that are on the surface of the planet stick very easily to any foreign object
– which past exploratory missions have discovered. The latitude and longitudinal coordinates of
Chryse Planitia are sufficient so that a routine cleaning of the solar panel fields by colonists once
every week or so would suffice to keep the panels functioning.
Although dust storms are frequent in the northern hemisphere, the low gravity and
electromagnetic composition of the loose dust and regolith would need to be taken into
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consideration [7]. The solar panels would have to be regularly cleaned and wiped down by
colonists at least once a week, or an autonomous design would have to be implemented on each
unit. A simple component that would be easy to design into each singular panel would be
something close to a windshield wiper with a cloth base. This cloth base could be programmed to
wipe the entirety of the panels once every hour and would ensure that the panels would be
absorbing as much solar energy as possible. However, adding an automated system to clean the
panels would necessitate more panels being installed, as these would be using a fraction of the
solar energy collected.
Literature from Earth based operations show that building solar panels either autonomously
or by a small group of initial colonists would be the best way to transport large amounts of solar
panels efficiently in the ITS supply ships. Panels that are around two meters wide would be the
easiest to build on the surface of the planet, and just a few skilled colonists could easily construct
a field large enough to collect solar energy. Panels the size of two meters wide would also be easy
to service, repair, and replace when needed.
Temperature is one of the largest concerns when colonizing Mars. The planet can get as
cold as –157°F, with temperature fluctuating small amounts during day and night as well as
through the different seasons, although temperatures are never in the Earth ranges of heat. This
extreme cold is one of the most serious considerations in making sure electronics function properly
on the planet [5].
MMRTGs are also a common source of power on current missions both in orbit and on
board exploration rovers. These systems powered by radioisotopes have been well tested and
proven to be reliable – with no possibility of losing their capabilities for at least 17 years. They are
able to function at 100% efficiency for a number of years and are a safe option for providing
constant power to a system.
Another option that is used in current missions are hydrogen batteries. However, they are
not as reliable as MMRTGs and do not function for long periods of time. These hydrogen batteries
must be charged, and therefore would need charging stations – which would need their own source
of power as well. They function consistently for at 40-60% efficiency, but when pushed can
provide 1600 Watts of electricity per hour for an extended period of time. These batteries would
be best served for independent past times, such as charging TVs, computers, and other personal
devices that are not necessary to sustain life on another planet.
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Although not used on any current missions and impossible to sustain the needs of an entire
colony, using exercise equipment is possible to harness the energy humans are dispersing while
they work out. Because of the lower gravity on Mars, humans from Earth will need to exercise for
hours each day to maintain their strength. With all living being in enclosed structures, recreation
centers would be able to easily sustain themselves and not need to draw from other sources of
energy. This is a small amount, but because of the drastic amounts of power needed by not only
other systems in the habitat but for propellant and water production, every bit of energy that can
be saved would be a positive gain.
All of these power sources would be good options to consider for an initial 100-person
Table 9.8.2.2: This table shows an initial linear scaling of power necessary with a slow-growth population model.

1

3744

100

3
20
100

7,488
37,440
37,000,000

200
1,000
1,000,000

Tesla
PowerPacks/ITS
Solar Panels
Solar Panels
Solar Panels
Fission Plants

87 m2
20,000 m2
1 km2
160 km2

colony, and could be necessary while the initial inhabitants have to set up a much larger colony
space for the growing population every synodic cycle. However, as power developments were reevaluated, these options would not be viable for a one million-person colony. If there were to be
small settlements in a smaller magnitude, these would all be viable options for sustaining life and
satisfactory conditions, but as the power needs grew throughout the analysis, we quickly decided
a larger, nuclear option was necessary for secure power.

As population curves were beginning to take shape, we began to plan for different phases
of Martian colonization. As Table 9.8.2.2 shows above, different modes of primary power were to
be planned for different phases of colonization. An ITS shipment that increases the population
would only travel once every synodic cycle, which is almost every two years. Assuming an initial
population curve where the first few cycles of Martian immigrants arriving would be 100 people,
primary power sources changed based on number of people able to assemble the next primary
power source. The power needs were calculated by assuming a linear scale up of power from the
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year 20 with a 1,000 person population to the year 100 with a 1,000,000 person population. The
primary power source that would be sufficient to set up and sustain constant power would start as
mobile PowerPacks, move to Solar Panel fields, and end in full scale Earth-modelled fission plants.
As the first 100 people arrive on Mars, they will come in ITS ships that are being powered
supremely by large solar panels that constantly rotate to always face and receive energy from the
Sun. As theses colonists get off the ITS ship, they will have large, inflatable habitats to live in
while construction is started on their permanent habitats. While living in these inflatable habitats,
they would get the power they need to live by relying on the stored power in the solar panels from
the ITS as well as Tesla’s developing PowerPacks.
Tesla’s PowerPacks are a continuously developing product, taking the ingenuity from the
Tesla car battery and transforming it into large scale batteries developed for use on a power grid
[1]. Each PowerPack has multiple batteries as well as an included power converter. These packs
work together to ensure that peak energy times are dispersed and that power is always saved in
case of an outage. Energy is also constantly being stored into an emergency backup system in the
rare case of power failure by the initial power system. Each PowerPack is then localized onto small
grids that are connected to the main power grid, but can also operate individually if there was ever
the need.
These PowerPacks would be ideal to pack in the cargo portion of ITS ships that transport
the colonists to Mars. They are easy to unpack and set up, and produce a constant source of power
for an extended period of time, making them ideal for an initial yet growing colony. Currently,
these PowePacks are being used in conjunction with solar technology on an island in American
Samoa, which has helped to make the entire island function without any outside power sources.
This island, Ta’u, relies solely on Tesla PowerPacks and solar panels to sustain habitation, medical
services, schools, travel, food production, and more on the island. The use of the PowerPacks and
the smaller grid options help ensure that power is always available for the residents. Because this
battery system developed by Tesla is already working in conjunction with large fields over solar
power to create a completely self-sustained power grid for its residents, we know the same
technology could be used in success on Mars.
A combination of solar panels and Tesla battery technology is the ideal solution for
establishing an initial Martian colony and is the most reliable and consistent option that is readily
available right now. This island uses 1/4th of the energy that we have estimated for the Martian
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colonies habitats and food production facilities, which further reinstates that this is an option that
is ready to be instituted on Mars.
In conjunction with these PowerPacks, the solar panels that would be used would be
operation at an estimated 50% efficiency with a lifespan of over 25 years. Using the Martian
irradiance of 113.4 W/m2, a 2% scattering loss, and an 8.5% absorption loss, it was calculated that
an area of 1 km2 would be sufficient to sustain a population of 1,000 people on the surface of Mars
for just over 25 years.
9.8.3 Initial Power Requirement Breakdown
As we began to plan more extensively for the power each segment of the colony would be
needing, we started to gather data from the other sectors of the team that were creating curves for
propellant production, propellant storage, habitats, food growth, water production and reclamation,
and many smaller subsystems. To get a better understanding of the scale of power each of these
sectors would to use, we compiled the data into a pie chart as can be seen in Fig. 9.8.3.1, below.

Fig. 9.8.3.1: This chart lays out which systems of the colony will need the most power, and where the central
power plants should be located to try and fit specific power needs.
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As is seen in the above figure, the sector on Mars that will be needing the most power is
propellant storage, followed closely by propellant production, and then hydrogen production with
the systems sustaining human life only account for 1% of the initial estimate of power needs for
the entire colony. This came as an initial surprise, as the needs for the central power originated out
of just thinking of the habitat and food processing plants. This put things into perspective quite
quickly that propellant would be the biggest focus of the colony, and therefore the central power
system. It is to be noted as well that this data is only assuming the propellant needed to relaunch
10 ITS ships back to Earth, when in reality there would be tens of thousands of ships that will be
needing maintenance, propellant production, and propellant storage as time goes on. This means
that the power necessary for colonists to survive was much smaller than we originally anticipated.
This comparison was when the power team began to put things into perspective in terms of needs
throughout the colony and Chryse Planetia. This gave the team more of an understanding of the
layout of the power plants and specifically where to concentrate the most power.
After looking more heavily into powering propellant storage, the central power team
decided to look more closely at the needs of the power to strictly support human life. This would
include habitats, food preparation, food storage, water production, and thermal energy. A chart
describing this patter is shown below.
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Fig. 9.8.3.2 This image gives a closer look at the power needs of habitats, food processing, water
production, and water reclamation.

Fig. 9.8.3.2 above shows the breakdown of power for the life sustaining portions of the
Martian colony. Of these three major groups, Martian habitats will require the most energy, which
is not surprising. The habitats need to be constantly regulated for many different reasons. Not only
does oxygen need to be constantly pumped and circulated throughout each room of the large
habitats, but the systems all need to be kept at temperatures close to that of Earth. Martian
temperatures average -80 degrees F, while the average temperature on Earth is closer to 60 degrees
for areas that have large human populations. This would mean that every structure on the surface
of Mars will have to have heavy and constant thermal piping, ensuring that the colonists do not
freeze to death in their habitats.
Beyond human survival, the electronics that are being brought from Earth to sustain life on
Mars also need to be kept at constant temperatures well above the Martian average. To do this, we
must ensure that each room is kept at a safe temperature for electronics as well as human life.
Large facilities such as hospitals and large science centers will need to be monitored very carefully
to ensure that there is no critical failure of any kind.
One of the most important aspects of this Mars colony will be the water reclamation plant,
harvested from Martian regolith. It is estimated that 4% of the central power’s human facilities
Purdue University | PROJECT DESTINY

M. Young 9 - 48

Colony Electric Power and Heating System Appendix

will be aimed towards specific water “production.” These systems will need to be monitored very
closely ensuring there is no room for failure, for if the water reclamation plant or water storage
facilities were to lose power, the colonists could be stranded for days or weeks at a time without
any water source. Any shut down within the water plant would be a catastrophic failure, and one
that cannot be looked over when concentrating on the set up of power plants throughout the
different systems of the full colony.
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9.9

Initial Power Distribution Analysis
To begin looking into the distribution of heat from the central power plants, we had to

analyze how much electric and thermal energy was being created by each SAFE-1000 reactor. The
analysis was done assuming one reactor would contribute electric or thermal heat to a specific
colony resource, and that the energy would become centralized through the use of steel pipes and
cables. To do so, we began looking at power grids and began to form an idea of what needed to
happen for the best conductivity over time for each power plant.
Voltage has the most to do with efficiency over long distances, so we increased the initial
400 Volts of power to 2000 V. This only changes the amount of Amps that are available, which in
this case was reduced to 150 from an initial 750. This increase in Voltage ensures that there is a
minimal amount lost in the next step, which we assumed would be travel over long distances to be
able to reach the parts of the colony that are closest to the middle [2]. The energy travels over an
unknown distance to reach its distribution center, where the voltage was decreased to the smallest
overall amount of 120 Volts. At final distribution time, we initially plan to have each SAFE 1000
reactor generate 300 kW of electric energy, with 120 Volts and 2,5000 Amps a piece. From the
distribution center, these numbers can be combined with the same amount from different reactors
scattered on the outskirts of the colony, and can be paired as needed with whichever aspect will
need the most electricity [1]. A map of these outlines can be found below in Fig. 9.9.1.
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Fig 9.9.1: This is a system map of the initial power distribution values for one SAFE 1000 nuclear
reactor. Credit: M. Young

Thermal power will be handled separately, and will flow through steel pipes that will be
distributed through their own centers.
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10. Exploration and Scientific Capabilities Appendix
10.1 Possible Colony Locations
10.1.1 Overview and Trade Study
Determining a colony location early on is important to all systems. For example, the
Intercommunication team needs to know where to place orbiting satellites, Mars Resource
Management needs to know what materials are immediately available to them, and Martian
Habitat, Food Production, and Surface operations needs to be aware of the type of surface they are
building on. The Science team compared eleven different locations around the planet (Table
10.1.1.1), which were chosen based on Mars 2020 potential landing sites and team suggestions.

Table 10.1.1.1 This table lists several potential colony locations and their characteristics. The most ideal
locations are listed at the top, and the least ideal are at the bottom.

Colony Site

Geographic

Latitude

Viability
Chryse Planitia

Large, flat, low

28.4 N

Avg. Surface

Water

Scientific

Temperature

Accessibility

Interest

-66 C

Glacial water ice

Low

elevation
Valles Marineris

Huge canyon

(fair)
-13.9 S

-33 C

system,

Hydrated minerals

Fair

(high)

4000km
Hellas Planitia

Very large

-43 S

-58 C

impact basin
Mawrth Vallis

Narrow

Hydrated mineral

Low

(low)
28 N

-66 C

channel, river

Hydrated minerals

High

(high)

valley
Isidis Planitia

Large, flat,

13.6 N

edged by cliffs
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Gale Crater

Crater with

-5.4 S

-38 C

large central

Little ice or

High

hydrated minerals

peak
Holden Crater

Large, flat

-24 S

-37 C

crater
Utopia Planitia

Large, flat, low

Large, flat, low

46.7 N

-84 C

Unstable,

Glacial water ice

Low

(fair)
49.8 N

-83 C

elevation
Lava Tubes

High

(fair)

elevation
Acidalia Planitia

Hydrated Minerals

Glacial water ice

Low

(fair)
Variable

-30 to -40 C

unknown

Fair

90 N/S

-98 C

Glacial Water Ice

Fair

unknown size
North/South

Large canyons

Pole

/ fissures in ice
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There are a large number of factors that go into deciding on a colony location, and many of
those factors often come with a degree of uncertainty. However, the following factors are what we
discussed and investigated for a number of sites. Here, we will explain why each factor is important
and what it means. The factors are: temperature range, average sunlight exposure, resource
abundances, water accessibility, regions of scientific interest, spatial restrictions, local terrains,
and average radiation exposure.
Temperature is a crucial element for our colony that affects nearly every part of the mission.
Thermal control inside the habitats will play a significant factor in power output, as well designing
rovers that can sustain colonists.
Average sunlight exposure is tied directly to the use of solar power for the colony, which
will be used as a primary or backup system for the colony’s power needs. Mars’ location in the
solar system means that sunlight exposure is far less than on Earth, and that elevation factors into
the sunlight available far more than on Earth.
Resource abundance is important for the long-term sustainability of the colony. Sending
everything from Earth for the entire duration of the colony will mean large cost increases, Earth
dependence, and will take much longer amounts of time. Coming up with a location that has nearby
known necessary resources can mean the difference between colony independence and
dependence.
Water accessibility is likely one of, if not the, most important factor in selecting a colony
location. It is a resource that is not readily available on Mars, at least in a liquid form. Water ice
exists at the poles in large amounts, but challenges come with being in those areas. Some areas of
Mars contain hydrated minerals, but are challenging to extract the water. A colony of a million
people will need a consistent and large supply of liquid water.
Regions of scientific interest exist across the planet in many shapes and forms. Learning
about our new home planet will be important in the long-term success of our colony, as well as
procuring funding for the mission itself. In situ samples from the Red Planet will be invaluable to
scientists. Finding a colony location central to these regions of interest is important.
Spatial restrictions on the colony location means finding an area that will be able to sustain
all the needs of the colony. It may require hundreds of kilometers of space for the colony to
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function. Finding an area big enough will restrict ourselves from choosing certain places on the
planet like small craters or areas with lots on constraint on size. Lastly, we have to consider the
local terrain of the area. An area with smooth flat terrain is ideal for landing on, as well constructing
habitats and maneuvering rovers. A rocky, cratered terrain is problematic for all these same
reasons.
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10.1.2 Lava Tubes
Lava tubes are an intriguing and popularly mentioned option for a colony location on Mars.
Colonists living in lava tubes would be protected from many of the harsh effects on the Martian
surface by the outer layers of the lava tubes. These tubes could protect from UV radiation and
cosmic rays, as well as provide more stable temperature conditions for colonists. Another benefit
to lava tubes would be the pre-excavated interiors, which could potentially reduce construction
needs. These benefits would appear to make lava tubes an attractive option for a colony site on the
Martian surface.
Lava tubes are formed by fast moving lava that form into streams. This would imply that
lava tubes would be most abundant near volcanic features. The edges around these streams harden
to form the top and sides of the tubes. The size and shape of the tube is in large part affected by
the viscosity of the lava flow. The higher the viscosity, the longer and narrower the tubes tend to
be. Lower viscosity lavas tend to form sort and wide tunnels. The lower atmospheric conditions of
Mars, when compared to Earth, would cause the lava flows to cool more slowly. This leads to the
assumption that Martian lava tubes would be smoother and more well-structured than lava tubes
that are found on Earth. On Mars, it is predicted that the maximum width of a lava tube will be
around 12 km with a maximum length of around 150 km. The height of Martian lava tubes could
vary from 1 to 10 km. This would be large enough to construct considerable structures for a colony,
but the lack of tube uniformity could pose a problem for colony construction. An illustration of a
lava tube cross section can be seen in Fig.10.1.2.1.
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Fig.10.1.2.1
A diagram showing the cross section of a lava tube. Credit: Elizabeth Spiers

Lava tubes are currently observed by two methods, through rilles on the surface that
indicate what is currently believed to be remains of collapsed tubes and through "sky-lights" where
cratered portions of the tube ceiling have collapsed. THEMIS can also be used as an aid in the
identification of tubes, but cannot be used as a form of confirmation of a lava tube. An exmaple of
both of these forms of identification can be seen in Error! Reference source not found.. On the
left hand side, the THEMIS imagery shows a clear channel where the tube resides. The right side
provides visual imagery that confirms the existence of the tubes through the pitted skylights
directly over the projected tube as defined by the THEMIS data. Ensuring these tubes are intact
and not filled in is difficult without the visual evidence of skylights. Besides these methods, there
is no clear way of identifying exactly where lava tubes are or whether the tubes are collapsed or
un-collapsed.
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Figure 10.1.2.2
Aerial shots showing lava tube collapses.

As a pre-requisite lava tubes must be near volcanic features. On Mars, the majority of
volcanic features are near the equator where water is less accessible. This is an issue for our
selection of a colony location, as water resources may be scarce or difficult to acquire. For the vast
scale of the colony, the lack of an easily accessible water source is a drawback that is difficult to
overcome. The abundance of basalt in such volcanic regions would be a benefit for construction
of the colony. This, however, does not make up for the lack of accessible water for the colony.
Entry into a lava tube would most likely require finding a collapsed portion that does not
impede access to the rest of the tube. This cannot be currently confirmed to exist for any of the
currently known lava tubes. Additionally, the existence of a collapsed portion brings about
concerns of the structural stability of such a tube. The most structurally sound lava tubes (i.e. nonPurdue University | PROJECT DESTINY
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collapsed) are difficult to identify. In addition, an uncollapsed tube would need to be structurally
compromised by creating an entrance in order for the colonists to enter. This would create
unneeded risk to the colony.
It is concluded that lava tubes would should not be considered as a choice for our colony's location.
The reasoning for this comes down to a few key drawbacks. First, we can only identify a few of
these features, making exact locations and planning of infrastructure on such a large scale, as that
of our proposed colony, difficult. Second, the lava tubes that are confirmable are such because of
structural defects. This is a concern for our colonists survival. Without the absolute assurance of
structural stability, lava tubes pose themselves as a collapse hazard risking the lives and systems
within the colony. We cannot confirm the structural stability of lava tubes on Mars, especially
considering that structurally sound tubes are unlikely to have exposed entrances or exits. Third, as
the majority of volcanic features on Mars are near the equator, there is concern that water may not
be easily or readily available to the colony if the habitats were to reside within lava tubes. Water
is a vital and necessary need for such a colony. Without ease of access to supplies of water at
volcanic features near the equator, where tubes are most likely to reside, the ability to support a
colony is questionable. While benefits exist, such as radiation protection and temperature stability,
the uncertainties and risks involved for a colony within lava tubes pose them to be a poor
consideration for our colony's final location.
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10.1.3 Valles Marineris
Valles Marineris is a 4000km long valley network near the Martian equator that is
approximately 5km deep. It is of interest as a colony location due to the protective nature of the
canyon, flat terrain on the bottom, and large size. It is also one of the warmer regions on Mars at
about -33C making it more preferable for human life than comparably colder regions on the planet.
It is believed to have formed from a crack that emerged due to thickening crust in the nearby
Tharsis region. This crack was then eroded over time to enlarge it into the vast valley network that
it is today. It is considered to be the largest canyon in our solar system with a length comparable
to the entirety of the United States.
As for accessibility to water, the proximity to the equator rules out direct access to glaciers
or ice caps from Valles Marineris. Some shaded regions within the canyon may be viable locations
for water ice to form due to the reduction in direct sunlight exposure. In addition, there appears to
be strong evidence of hydrated minerals and clays within the valley (Fig ). However, these clays
are concentrated along the walls of the valley network, indicating that they may be difficult to
extract.
Valles Marineris is intriguing as a scientific exploration site. There is evidence of channels
that may have been formed by water on the eastern edge of this massive valley. This gives this
feature an added incentive for the colony site. There is also some evidence of intriguing geological
processes related to erosion, such as landslides, that could provide insights into past Martian
geology and indicators of how the current Martian geography formed.
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Fig

10.1.3.1

A MOLA photograph showing the relative elevation Valles Marineris

Fig.

10.1.3.2

An elevation profile of Valles Marineris is shown.
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10.1.4 The Poles
Mars’ North Pole is a site of great interest to scientists and is a probable location for the
expansion of our Mars colony. The North Pole of Mars has an ice cap about 1,100 km across. The
edge of the ice cap is called the polar layered terrain, as it contains series of layers of ice and dust
underneath it, just like a permafrost on Earth.

Fig. 10.1.4.1
The North Pole of Mars is shown. Credit: NASA

Fig. shows a picture of North Pole of Mars, which we obtained from an online Mars map

tool. Next figure shows the elevation profile of the North Pole and we will discuss the implications
of such elevations that affect its possibility as a future colony.
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Fig 10.1.4.2
The left image is the north pole, showing the elevation line in relation to the right image, the elevation
profile.
Fig shows the elevation profile of the North pole across the yellow line, as we can see in

the picture on the right with the elevation that it is smooth and rising in size over very large
distances. This proves crucial when it comes to transportation of land vehicles which are difficult
to maneuver on rugged terrain. The extent of ice as pointed out before is a great source of water
for the colony as well as scientific interests in terms of understanding the planet’s past.
The atmospheric CO2 gets trapped during winter and increases the size of the pole and
when summer comes and temperature rise the CO2 sublimates to shrink the size of the polar ice.
The South Pole is geologically interesting and an appealing location on Mars. It is a part
of the Southern highlands of Mars, which are old, cratered terrain and have many different geologic
features like dune fields, layered terrain and locations which hint at water flow at some point of
time in Mars’ history.
The South pole region is notorious for dust storms as most global dust storms appear to
originate around this location. The south polar region also an ice cap about 420 km long.
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Fig. 10.1.4.3
The left image is the South Pole, and shows the elevation line in relation to the right image, the elevation
profile.

The picture above (Fig. ) shows the South Pole with its elevation profile along the yellow
line. We analyzed this picture and elevation data to conclude that South Pole is a greater challenge
to build a colony at as compared to North Pole. Also, it has a smaller and thinner ice cap, which is
significantly a less source of water when compared to North Pole.
We concluded that the South Pole of Mars is not a top competitor or colony location but
its certainly is a location for scientific interest and discovery. It can be used as a staging ground
for radar systems to map the dust storms and study how they are formed. We propose to install
science HABs in future to study geology in the area, especially dune fields which are of immense
interest in looking into Mars’ geologic history.
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10.1.5 Holden/ Eberswalde Crater
Eberswalde crater is located at -23.7670N, 326.8930 E. It is of great science interest as it is
near an ancient river delta. This delta is the most convincing sign that a Martian river once flowed
into a body of water. The river created stream channels which have left their footprint and are of
geologic importance. Many such proposed river beds are higher in elevation than surrounding
areas as sediments deposited at streambed are hardened and became resistant to erosion. Many
past orbiter missions to Mars have detected presence of clays in the area as well. Clays are evidence
of water activity and we are certainly interested in them, as our current colony uses such clay to
extract water to meet colony’s water requirement.

Fig. 10.1.5.1
Eberswalde crater. Notice the streambed around and between Eberswalde and Holden crater at the
bottom of the picture.

We propose that Eberswalde crater is of great importance as a scientific interest to study the
river history on Mars. As a colony location, it does not provide a location with resources around it
to help sustain a colony.
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Holden crater is just south of Eberswalde crater, a larger (140 km diameter) and older crater.
This crater has other numerous small craters which are all mostly covered by sediment. The peak
of the Holden crater is also covered with sediment and was a proposed landing site for Mars
Science Laboratory (MSL), until Gale crater was chosen. But it is again being proposed as a
landing site for Mars 2020 rover.
This crater shares many channels and other outflow geographic footprints with its smaller
craters. It has clay present in its soil, and common theory is that its basin was a lake fed by water
from crater walls, as it precipitated from clouds, back when Mars had a different climate.
This location is good for scientific research like Eberswalde crater, but not highly suitable
to hold a large colony due to presence of craters and uneven ground topography. In addition, the
crater walls are high and steep which would make most of the surrounding area inaccessible.
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10.1.6 Gale Crater
Gale Crater is a crater located around 5.4 degrees South, 137.8 degrees East. It was formed
earlier in Mars’ early history about 3.5-3.8 billion years ago and spans about 154 kilometers in
diameter. The average surface temperature is around -38.15 degrees Celsius. This is also the
landing site for the rover Curiosity. This spot was chosen as an option for a landing site as it has
many signs for water which is a key ingredient for life. A big scientific interest is finding traces of
life, past or present. Not only does having signs of water help scientific interests, it could also
provide water for the colony.
While water seems like a good option to land there, the Gale Crater has its downsides. The
crater also holds a mountain, which makes the central peak too high as a land spot. It is too
dangerous and would cause more harm than good for the colony. The lowest point is around an
elevation of 4km. Water ice is also found to be too far from the site and the amount of hydrated
minerals is low.

Fig. 10.1.6.1 Location of Gale Crater. Credit: JMARS, Jesse Guzman
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Fig. 10.1.6.2
Elevation profile of Gale Crater. Credit: JMARS, Jesse Guzman

Figure 10.1.6.1 is a map of Gale Crater. It is surrounded by numerous amounts of craters.
Figure 10.1.6.2 is an elevation map profile of Gale Crater. The x-axis displays distance in
kilometers and the y-axis displays the elevation in meters. It shows a good visualization of the
terrain. There are two noticeable peaks in the graph. Its highest point has an elevation of about
1,000 m and the lowest point has an elevation of about -4,000 m. The second highest peak reaches
about 400m.
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10.1.7 Acidalia Planitia
Acidalia Planitia is located around 49.8 degrees North, 339.3 degrees East. It is a large basin
found in Mars’ northern lowlands. It is described as large, flat expanse with relatively low
elevation of around 5km. Its average surface temperature is around -82.54 degrees Celsius. The
area itself does not have a high amount of hydrated minerals and water ice is located far north of
it. As far as mineral composition goes, it contains silicon, iron, magnesium, aluminum and
calcium. It is also not a high point of scientific interest. Based on this analysis, it was decided to
not use this site as the landing site for the colony. It does not prove beneficial to the colony.

Fig 10.1.7.1
Location of Acidalia Planitia. Credit: JMARS, Jesse Guzman

Purdue University | PROJECT DESTINY

J.Guzman | 10-18

Exploration and Scientific Capabilities Appendix

Fig. 10.1.7.2
Elevation map profile of Acidalia Planitia. Credit: JMARS, Jesse Guzman

Figure 10.1.7.1 is a map of Acidalia Planitia. It appears mostly smooth with a range of
mountains nearby. It is in the circled region on the map. Figure 10.1.7.2 is an elevation map profile
of Acidalia Planitia. The x-axis displays distance in kilometers and the y-axis displays elevation
in meters. The highest peak has an elevation of about -4,760 meters and the lowest point has an
elevation of about -5,015 meters. The elevation scales up as the terrain becomes mountainous, but
the smoother plains have lower elevations.
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10.1.8 Hellas Basin

Fig. 10.1.8.1
This is a global map of Mars with its features colored to represent elevation. Hellas Basin is easily visible
as a wide, low elevation depression just south of the equator. Credit: MOLA

Hellas Planitia is an impact basin in the southern hemisphere of Mars which was considered
a candidate for the location of our manned Mars colony. Hellas Planitia is located in Mars’s
southern hemisphere and is surrounded on all sides by highly elevated terrain characteristic of
Mars’s southern highlands. The approximate coordinates of the center of this region are longitude
69˚E and latitude -42˚N, and nearly all locations within 800 km of this coordinate were considered
in colony location selection.

Fig. 10.1.8.2
A closeup view of Hellas Planitia. The bright regions in this view disclose the structure of Hellas
Planitia. The view in this image is 3,000 km wide, the approximate distance between Chicago and San
Francisco. Credit: NASA/JPL/USGS
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Factors which weigh positively on Hellas Planitia’s candidacy for the colony site include
select areas of flat terrain, greater than average atmospheric pressure, and geological scientific
interest. Upon close inspection, we see that the surface geology within this basin varies wildly
between flat terrain to rough, hilly terrain from location to location. This presents mission design
with a suitably large amount of flat land within which a spacecraft landing area may be designated.
The rough terrain, especially small impact crater structures or dune structures, are of particular
scientific interest.

Fig. 10.1.8.3
A close up image of terrain located within Hellas Planitia which demonstrates both smooth, flat terrain
(right) and rough, rocky terrain (left). Coordinates: 88.34˚E, -48.98˚N. Credit: HiRISE.

Additionally, Hellas Planitia contains within its borders the lowest elevation terrain on
Mars. With large amounts of terrain at elevations less than 7 km deep, we expect the atmospheric
pressure at these locations to reach 12.4 mbar. This pressure is nearly double the average
atmospheric pressure across Mars as a whole, and is sufficiently elevated for water to exist in a
liquid state on the warmest days of the Martian year. Low elevation, high pressure regions are also
ideal for spacecraft landing locations. These conditions allow for incoming spacecraft to have
maximum atmospheric deceleration on approach due to the longer distance travelled through the
Martian atmosphere and greater pressures exerting more force on the spacecraft.
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Hellas Planitia also presents an opportunity for scientific exploration, as the location
represents a major interest location for studying asteroid impact processes. Hellas Planitia is one
of the largest impact structures known to exist in the entire solar system. The opportunity for on
site analysis using ground rovers is a very appealing prospect for the geology and planetary science
communities.
Hellas Planitia additionally represents several drawbacks as a colony location. Once such
drawback is the scarcity of resources useful for collection by colonists. These resources, including
basalt and hydrated clays as shown in Fig 10.1.8.4, are largely distributed around the rim of Hellas
Planitia rather than within the basin itself. This distribution presents a problem for on site resource
collection as vehicles would have to travel hundreds of kilometers to procure resources such as
building supplies and water. Another issue with establishing a colony within the basin is the
confinement this would cause on human exploration. Human exploration would be limited to the
interior regions of Hellas Planitia as any vehicles deployed to that region would not be able to
traverse the rim of the region. The edge of the basin constitutes a 9 km climb across hundreds of
kilometers of rough, unsteady terrain for any vehicle attempting to escape the area.

Fig. 10.1.8.4
Top: The blue, yellow, and purple dots represent hydrated clay deposits. Bottom: The colorful overlay a
map of the abundance of basalt. Note, there are not significant sources of basalt within the basin itself.
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Finally, Hellas Planitia contains a substantially higher than average quantity of atmospheric
dust and surface dust which would interfere with colony surface operations. Buildup of dust
particles on or within machinery can cause malfunctions or damage to mechanical equipment in
vehicle or habitat systems. Frequent malfunctions due to dust would cause inconvenience to
colonists in best case scenarios, and potentially cause colonist harm or death in worst case
scenarios. Dust accumulation would also result in a net decrease in vehicle lifetimes, necessitating
more ITS launches in order to offset that effect.

Fig. 10.1.8.5
The colored overlay in this image represents the relative amount of atmospheric and surface dust
measured at any location. Note the large difference in quantity of dust between the Hellas Planitia basin
and most of the surrounding areas.
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10.1.9 Isidis Basin
Isidis Planitia is a large impact basin located on the border between the southern highlands
and the northern plains, just north of the equator. It is connected on its northeastern border to the
Utopia Planitia great plain. To the west of Isidis Planitia is Syrtis Major Planum, a 1,200 km
diameter shield volcano. Isidis Planitia possess features which are potentially useful for a manned
colony.

Fig 10.1.9.1
Isidis Planitia is visible as a smooth, circular depression just north of the equator at the edge of the
southern highlands.

Important mission relevant resources are present at Isidis Planitita in abundance. Hydrated
clay deposits are scares in the central plane, however clusters of deposits appear situated along the
southern border and the northwestern border. Basalt is another important resource which our
design requires as a construction material. The volcanic terrain to the west of Isidis Planitia is
mostly comprised of basalt due to the ancient lava flows from volcanic activity. This site is very
interesting from a scientific perspective. Jezero Crater is of particular interest; it is thought to have
been a water basin on ancient Mars. Jezero Crater is located on the northwest edge of the Isidis
Planitia basin.
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Fig 10.1.9.2
This view shows the locations of hydrated mineral resources in and around the Isidis Planitia depression.
Fig 10.1.9.2 is a close-up view of the Isidis Planitia basin. The smooth terrain at the center

represents a viable landing area for spacecraft as well as an easily navigable terrain for land
vehicles. While there are nearly no clays inside the basin, there are two clay deposit hotspots
depicted by clusters of blue, green, and purple dots

Fig 10.1.9.3
This overlay shows the locations where high amounts of basalt are present in the ground soils. The basalt
abundance within Isidis Planitia itself is rather low. However, the Syrtis Major Planum volcanic
structure to the west is a plentiful source of basalts
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10.1.10

Utopia Planitia

Utopia Planitia is the largest impact basin in the solar system. It has an estimated diameter
of 3,300 kilometers, which is nearly a 1/5 of the circumference of the planet and 3/5 the length of
the United States. It has an average temperature of -83.5° C, almost as cold as the nearby North
Pole. It bottoms out at 5 kilometers below Mars datum, and has an area nearly a kilometer long
that no longer slopes, as can be seen in Fig . You can see an elevation map of Utopia Planitia in
Fig where the large basin can be seen, as well as nearby Elysium Mons. Utopia Planitia exists in

a large area but centers around 117° E and 47° N.

Fig 10.1.10.1
You can see in this topographic profile of Utopia Planitia the depth of the area, the length and flat
bottom. Although the sides here look steep, keep in mind the distance that they cover.

Utopia Planitia was the landing site of the Viking 2 Lander and did a large number of
experiments here. NASA later confirmed that water ice exists just underneath the surface of Utopia
Planitia. This makes it a very appealing location to place our colony. Unfortunately, the
temperature here is just too cold to overcome. As well as being extremely cold, it likely does not
contain very many of the wanted resources for our colony. It is also fairly far north, and could not
give the colony a large amount of solar power. It does have the terrain going for it, as it an
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extremely flat area with a huge expanse for as much expansion as the colony could possible ever
need. Rover missions would be easy. However, there are not many nearby areas of scientific
interest. The Viking 2 lander likely already discovered everything we could possibly learn from
this area.

Fig 10.1.10.2
Above is a MOLA elevation map where blue is low and white/red is high. You can see the large
distance that Utopia Planitia covers. To the far right is Elysium Mons, an ancient volcano.
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10.1.11

Mawrth Vallis

Mawrth Vallis lies at a latitude and longitude of 343° E and 23° N, and lies just east of
Chryse Planitia. Nearby craters include Becquerel, Rutherford, Oyama, and McLaughlin. It is the
closest area of scientific interest to our colony. The channel itself is approximately one kilometer
deep,

as

seen

in

Fig

,

and

has

an

average

temperature

of

-66°

C.

Fig 10.1.11.1
This is an example of an average topographic profile along the channel. It has a depth of nearly a
kilometer, and ranges in width from 10 kilometers at the bottom of the channel and 40 kilometers at
the top.

Mawrth Vallis is an ancient channel that lies in a curious area of Mars. It lies at the
boundary of the Martian dichotomy between the smooth Northern plains and the southern-cratered
highlands. For the same reason that it is useful for our colony, it is also interesting scientifically:
water. Anywhere on Mars that shows evidence of water is an area that is worth exploring. This
area is particularly interesting as it has a clear outflow channel that ends in a valley. This valley
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cuts through the surrounding area very clearly, as you can see in Fig . This cutting channel and the
valley are evidence for ancient flowing water. Flowing water means a possibility for life.

Fig 10.1.11.2
MOLA Color over THEMIS Day IR. In the red square, you can see the valley that extends out of the
channel, and in the yellow oval, you can see the channel that cuts through the surrounding terrain. These
Mawrth Vallis has proven presence of hydrated minerals, which in laymen’s terms is clays.
indicate an ancient flowing river channel.

Clays consist of sheets of minerals that contain water molecules. These clays exist in this
area because of long-term presence of water at some point in the areas past. A nearby crater,
Oyama Crater, has allowed us to view the layers beneath this area, of which is in Fig 10.1.11.3 The
layers beneath this area are theorized to consist mostly of clays, but contains some other minerals
such as a possible layer of ferrous (iron) material and ancient cratered surfaces.
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Surface deposition
Al-phyllosilicate &
hydrated silica
Ferrous Material
Fe/Mg Smectites
Ancient Cratered Surface
Fe/Mg Smectites

Ancient Cratered Surface
Fe/Mg Smectites
Fig 10.1.11.3
The surface deposition is a basic Martian regolith that can be seen all over the planet. The AlPhyllosilicate and hydrated silica, as well as the Fe/Mg Smectites are the hydrated clays that we are
looking for.

Purdue University | PROJECT DESTINY

A.Campbell | 10-30

Exploration and Scientific Capabilities Appendix

10.1.12

Chryse Planitia as a Colony Location

After the consideration of many factors listed in Section 110.1.1, we decide on Chryse
Planitia as the home of our future colonists. However, since Chryse is such a vast plain ranging
about 1500 km in diameter (Fig. 10.1.12.1), it is necessary to pinpoint a more exact location for
our colony. After an examination of the area via spectrographic data, we narrow our locale to the
eastern edge of Chryse Planitia at the mouth of Mawrth Vallis.

Fig 10.1.12.1
Chryse Planitia spans about 1500 km, as shown with the yellow line. The red star indicates the colony
location. Credit: NASA

This location is ideal for many reasons. In terms of geographic viability, it is a wide, relatively
flat expanse with an average elevation difference of about 100 m (Fig. 10.1.12.1). This flatness
makes building and clearing land easier and more efficient. Additionally, Chryse lies about 4 km
below the “sea level” of Mars (Fig. 10.1.12.2). This low elevation is a beneficial trait to consider
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when thinking about the landing of the ITS; lower elevations mean more atmosphere is available
to the spacecraft for breaking.

Fig 10.1.12.2
The elevation profile indicates the depth and elevation changes across approximately 70 km in the area
of Chryse Planitia at the mouth of Mawrth Vallis in Chryse Planitia. Credit: NASA

Another ideal characteristic about our colony location in Chryse Planitia is its location on
the planet. At about 25 N, it lies at low latitudes. The closeness to the equator means that it
receives adequate sunlight and is relatively warm (for Mars). The average temperature at this
location is about -65 C, though it can range anywhere from -30 C to -180 C. Although we use
nuclear reactors for the most part to power our colony, and not solar power, this fair amount of
sunlight we receive is still ideal for a number of reasons. Firstly, it puts less strain on our heating
systems inside the habitats as well as inside the rovers. Secondly, our farms use solar light to grow
our crops. Fiber optic cables are strung from the roof of our habitats down to our hydroponic
systems. Using solar light as opposed to light bulbs significantly reduces the amount of mass and
volume that must be shipped from Earth, and saves the colony power. Thirdly, the further north
(or south) we go on the planet, the darker it gets and the more the ground freezes and becomes
much harder to dig into. Having adequate lighting year-round makes construction easier, and
improves colonist morale.
Water and mineral abundance is the make-or-break factor to the survival of our colonists. If
there is not enough water to support the population, or enough construction materials to provide
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habitats and storage, the colony will fail. Chryse Planitia, and specifically Mawrth Vallis, has an
abundance of hydrated minerals. These clays are processed and heated to extract the water that is
trapped within them. This is explained in more detail in Chapter 3. The large clay deposits found
in Mawrth Vallis are due to the fact that a large river system once carved its way through an already
hydrated stack of sediment during the wet period of Mars’ history about three billion years ago.
Even today, millions of years later, this area still retains much of that water several hundreds of
meters below the dusty topsoil. We can access enough of this hydrated clay to provide for all our
one million colonists’ water needs.
In terms of scientific interest, neighboring Mawrth Vallis is high on the list. The obvious
signs of ancient water flows, as well as the present day hydrated soils, have peaked the curiosity
of Martian climatologists, who look at the past and current climate of Mars, as well as geologists
studying its stratigraphy and minerology. Additionally, this relatively wet area of the planet is a
prime target for astrobiologists, and has long been of interest in terms of searching for possible life
on Mars. Specific areas and topics of scientific interest will be discussed in greater detail in later
sections of this chapter.
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10.2 Scientific Interest at Colony Location
10.2.1 Extinct Life
To understand how and when life could have developed on Mars, it is necessary to have
some background in the geologic history of the planet. Scientists divide up Mars’ past into three
main time periods; the Noachian spanned from 4.5 to 3.5 billion years ago (Ga), the Hesperian
lasted from about 3.5 to 1.8 Ga, and the Amazonian was from 1.8 Ga to the present day (Fig.
10.2.1.1). A closer look at each allows us to identify times in Martian history when life might
have been able to develop, and when it would have died out.

4.5 NOACHIAN

3.5

HESPERIAN

1.8

AMAZONIAN

0

Fig 10.2.1.1
The geologic timescale of Mars in billions of years

The Noachian is oldest and wettest period in Mars’ timescale. Whether it was warm and
tropical like the Earth, or cold and icy is still up for debate and is an active area of research. We
do know, however, that during this time there were rivers, valley networks, lakes, and possibly
even an ocean of liquid water. Not only that, but water was present for long enough on the surface
for hydrated minerals like clays and sulfates to form. Additionally, Mars was undergoing major
volcanism, forming Olympus Mons and the Tharsis Rise. This volcanic activity might have spewed
out enough greenhouse gases to warm and pressurize the atmosphere, allowing liquid water to be
stable on the surface. These factors make the Noachian era (aptly named after Noah’s flood) the
most likely to have started the evolution of life, with the presence of a warmer, thicker atmosphere
and abundant water across the planet. One inhibitor of life evolving might have been impact
cratering. The early period of the solar system is known to have had a high rate of crater impacts
on all bodies, including Mars. This may have destroyed any life that was beginning to take shape.
The Hesperian is the intermediate period of time, when water was still present on the
surface of Mars, but it was moving underground due to the thinning atmosphere and colder
temperatures. Volcanic activity began to slow down, resulting in fewer greenhouse gases and thus
a thinner atmosphere. This new climate caused the formation of outflow channels, due not to
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rainfall but to catastrophic flash floods from the breakage of ice dams and underground aquifers.
Mawrth Vallis along the edge of Chryse Planitia may have been formed in this way. During the
beginning of the Hesperian, the internal dynamo of Mars’ core shut down, causing the loss of the
planet’s magnetic field. If any life existed on the surface of Mars, it is likely that by the end of the
Hesperian was eliminated by the increasingly cold temperatures, lower atmospheric pressure, and
influx of solar radiation.
The last and most recent geologic time period in Martian history is the Amazonian. During
this time, there has been little in the way of drastic surface changes. Liquid water is no longer
stable on the surface of Mars as the atmospheric temperature and pressure conditions dropped
below its triple point (Fig ).

Fig 10.2.1.2
A phase diagram for water with Martian temperatures and pressures plotted. Credit: R. Moore

Water now exists primarily in the ice caps underneath layers of carbon dioxide ice. Wind
processes have been the main driving force of weathering, blanketing much of the surface in thick
dust and sand dunes. It is unlikely that life began under these conditions, though in later sections
we discuss the possibility of extant life on Mars and how it might have survived. By understanding
the history of Mars, our scientists within our colony can intelligently determine which rock layers
will be the most likely to house evidence of bio signatures of extinct life.
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Mawrth Vallis is believed to have originated from massive flooding to form the channel
that it is today. It is possibly the oldest outflow channel on Mars. The bottom floor of Mawrth
Vallis is believed to be channel material from the Hesperian time period of Mars. The source region
of Mawrth Vallis has no chaotic terrain or other geologic features that are typically associated with
outflows. This could be because any underlying terrain may have been covered by lava or impact
ejecta. The motivation for investigating Mawrth Vallis as a location for past life on Mars is the
nature of this unique terrain. The indication of past aquatic features at this location and the
preservation of past layers and deposits from early Mars make it a compelling host for information
about the nature of Mars in previous time periods. Through crater counting of the base of the
Mawrth Vallis, it can be determined that this indeed an ancient feature of Mars that can hold clues
to the past geology and chemistry of Mars.
Habitability of a region on Mars would be identified through detailed analyses of the
composition and geological context of surface materials. Approaching the challenge of identifying
biological signatures on Mars can be done from a variety of different perspectives. Through current
observations of Mars, parallel studies on Earth, and simulations, these methods and their utilization
in a search for biosignatures can be better understood.
Geological features can help identify potential biosignatures, as well as help to better
understand the past history of Mars. A geologic approach could not provide direct evidence for
biosignatures, but it would make the search more productive. The ancient clay layers are ideal for
the preservation of this geologic history as they provide protection form radiation and erosion.
They also preserve signatures of the time period between layers. The faster that layers are
deposited, the higher chance that signatures can be preserved. The rate of deposition in this region
could be assessed and thus the potential for preservation could also be better determined.
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Fig 10.2.1.3
Overview of Mawrth Vallis

Chemically, if biogenic compounds or chemical cycles can be identified on Mars that
resemble those of biological processes on Earth, the argument for life on Mars could be better
made. From a geological perspective, the variety of terrains in Mawrth Vallis and their potential
to host life could be analyzed. Chemically, surface and sub-surface samples and concentrations of
certain compounds could also indicate markers of life. By using instrumentation and methods that
rely on these instruments, biological signatures could be pinpointed. Additionally, the channel
nature of the feature gives easy accessibility to these ancient clay layers as they would be exposed
to a rover traveling through the bottom of the channel.
There are some chemicals that are considered building blocks of life: carbon, nitrogen,
oxygen, sulfur, and hydrogen. An image of carbonate abundances can be seen in Fig . A science
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rover expedition into Mawrth Vallis would test for these essential building blocks. The rock types
in this region, if aquatic activity did exist, would have been ideal for the formation of complex
organic chemistry in the environment of early Mars. Current spectroscopic data of the region from
CRISM show promising chemical indicators and variability such as sulfur deposits and aluminum
rich phyllosilicates.

Fig 10.2.1.4
This image shows Thermal Emission Spectra of carbonate abundances

Mawrth Vallis has some of the largest phyllosilicate-rich outcrops on Mars. These are
layered clay deposits that date to ancient Mars. Due to this high volume of ancient phyllosilicates,
it is believed that Mawrth Vallis would be an ideal location for astrobiological investigations. This
is because phyllosilicates can be indicative of an environment compatible to life as phyllosilicates
are known prebiotic catalysts. They can also indicate ancient aqueous activity. In addition, the
abundance is promising for the preservation of biosignatures. Biosignatures, in this case, would be
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defined as any indicator of life such as preserved remains, preserved secondary excrement,
chemical signatures often associated with byproducts of life. The clays would preserve organic
material well, making them ideal for such an investigation. Additionally, the layered deposits
protect any potential signatures from weathering and other forms of erosion that could destroy any
traces of the biosignatures.
By examining the clay layers through direct samples, the possibility or existence of past
life can be better determined. This would be done by the science rovers within the colony. The
rovers would carefully extract promising samples of clay layers and bring them back to the science
habitats for analysis. In the laboratory, these samples could be put under microscopes to look for
cell like features or other features indicative of life. They can also be analyzed by spectrometers
for closer analysis and detection of possible biosignatures and the fundamental chemical building
blocks for life. Additionally, the rovers would allow better characterization of the phyllosilicate
layers such that a more exact history of the chemical, and thus biological potential, can be obtained
for Mars in this region over time.
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10.2.2 Extant Life
One of the primary goals of the scientific expeditions is to investigate the possibility of life
currently existing on Mars’s surface. Though the probability of life being found in the present day
is remote, Mawrth Vallis is one of the few promising locations on Mars which may harbor some
form of ancient Martian microbial life. Mawrth Vallis is only located approximately 25 degrees
north of the equator, which means that it is exposed to enough sunlight to occasionally host
temperatures above 0˚C. These areas also contained hydrated clay mineral deposits which contain
water within them, a key ingredient for the survival of life. By finding locations where these
conditions overlap, we select several points of interest which hold the possibility, however remote,
of holding living organisms. One potentially important concern supplementary to this objective is
the possible contamination of viable sites with bacteria native to Earth. Bacteria on Earth have
been shown to be capable of surviving in extreme environments such as these, so care will need to
be taken to avoid accidentally detecting a false positive result.

Fig 10.2.2.1
This image is a temperature profile of the area around Mawrth Vallis and the colony site. The color
shading represents maximum yearly temperature at the corresponding location, with yellow hues
representing warmer temperatures than darker green or teal hues. White dots indicate locations which
show promising conditions which could support microbial life. These conditions include a yearly
maximum temperature values above 0˚C and the presence of hydrated clays.
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10.2.3 Past and current geology
The location of our colony, The Hive, is in Chryse Planitia. The geology of Chryse Planitia is
of utmost importance because of its prime location amongst the most studied and observed regions
on Mars. The same reason being a major factor in deciding on it as our final pick for the colony
base.
Chryse Planitia is bounded by moderately cratered terrain in East and South, by plains in the
West, the Lunae Plantum, and in North by another plain, Acidalia Planitia. This makes Chryse
Planitia a hotspot for scientific study and observation. It is also close to Valles Marineris, a long
rugged terrain that extends to 1000 km to the southern end of the basin.

Fig 10.2.3.1
Location of Chryse Planitia, along with other noticeable features of geologic importance. On the right
side of the yellow box are the outlflow channels that terminate in the Chryse Planitia basin.

Chryse Planitia is 2-3 km below the mean Mars elevation, one of the lowest regions on the
planet. There is no indication that it is an impact-generated basin, however, it may be due to its
age relative to the surrounding terrain. It was a hotspot for Viking Landings.
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Craters are found in clusters in the south of the basin, but are mostly characterized as
secondary craters. The largest of the crater near the basin is a 60 km crater Wahoo. Craters near
Chryse Planitia are distinctly different from those observed on Moon and Mercury. Craters in
Chryse Planitia have unsual ejecta patterns, and astonishingly craters with diameters less that 4km
seem to have no ejecta, rather they exhibit a bowl shape.
Many channels terminate in its basin, but they have not created channels in the plain unlike
those found in some scarps around the plateau indicating that channels in Chryse Planitia must
have been a discontinuous surface phenomenon that did not affect topographically higher areas.
There are atleast six major channel systems terminating in the Chryse Planitia basin. Viking
missions captured detailed images of such channels. These channels are strong evidence of water
erosion in past.

Fig 10.2.3.2
An elevation profile taken using google Mars, shows extensive channel networks terminating in the
southern Chryse Planitia basin. Some of the craters are older than the river networks and it can be
observed on the left most channel that it cuts around the crater before joining other channel networks at
the edge of Chryse Planitia.
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The region from Tharsis Ridge down to Chryse Planitia is a continuous descend. It would
have allowed water to run down from high areas into the Chryse Planitia forming channel systems
we see today. These features around the colony location are a knowledge treasure about the history
of the planet. Mawrth Vallis is assumed to have layered rocks, studying which will help us create
a map of Mars’ early geologic activities and environment. Gathering geologic data and studying it
would help us link Mars’ environment to back home and understand in depth complicated
processes which we can’t explain theoretically.
In Fig , on the right hand side of the yellow box are several distinct and large outflow
channels. We notice the stream channels that terminate along the Chryse Planitia basin. Along this
stretch and on the outer rims of the southern cratered terrain are deposits of hydrated minerals.
These minerals are important to the functioning of the colony. The basin southern edges are also
rich in basalt. Basalt is used in the colony for building concrete structures underground, like HABs,
FABs, science HABs, Emergency Room etc.
The materials present in the rugged mountains in the south and west elevated topography
is predicted to be sediment deposits from the river flows which have hardened and are now erosion
resistant. The basin of Chryse Planitia also has Iron (Fe) in the soil, which we are using in the
colony to create steel structures for piping purposes and construction purposes.
Chryse Planitia is also home to volcanic features, with presence of about 60 low shield
volcanoes in an area of 10000 km2. Of these low shield volcanoes 55% have summit craters, 6%
have summit domes and 5% have both craters and domes. Volcanoes are direct study objects to
analyze the interior of a planet. Conducting science missions from our colony to these volcanoes
will give us a better idea about the composition of Martian lithosphere.
We do not know much about the active spots in the basin, but the youngest activity has
been of impact craters and low shield volcanoes.
In summary, Chryse Planitia has complex geology as the surface has been modified by
several processes from ancient craters in its south basin to clustered stream channels. The youngest
regions in the basin are home to suspected low shield volcanoes and impact cratering.
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10.3 Natural Disaster Risk Assessment
10.3.1 Dust Storms
Mars experiences regular dust storms on it's surface. It is therefore critical to understand how
they could impact the colony. Such storms can create winds of up to 30 m/s. However, due to the
low atmospheric pressure, 0.02 kg/m3, the actual power of these winds is shown to be low as
calculated by:
P = ½ ρ v3

(10.3.1.1)

Where ρ is density of the atmosphere and v is wind speed. This shows the maximum power
of these dust storms to be 270 W/m2.
The composition of the Martian dust is largely made up of igneous silicates (specifically SiO2)
at 60-70% per volume. The remainder of the dust is composed of clay minerals, properly known
as phyllosilicates, and nanophase ferric minerals such as ferric oxide, Fe2O3 [4]. This composition
is fairly consistent across the planet. The absorption and reflectance of the dust within a storm is
not easily quantifiable. Absorption and reflectance spectra can be found for individual minerals,
such as the ones previously mentioned. However, the variance within the dust mixture cannot be
easily determined with current technology. The relative thin density of these particles in the
Martian atmosphere during these storms further makes measurement or absorption and reflectance
of such a storm undetermined with currently available methods.
The opacity of the storms can be obtained from spectral data from Viking 1 and 2. At
Perihelion, the opacity of visible light is calculated to be approximately 0.3-0.6, while infrared is
estimated at around 0.1. At aphelion, visible stays the same while IR can be as low as about 0.05.
This indicates some disruption in visibility should be anticipated through the duration of a dust
storm.
The frequency of dust storms on Mars are variable, however patterns have been detected
through analysis of data from the Viking missions. Clear seasons for storms can be detected. Dust
storms are most common in the southern hemisphere, specifically in the late spring and summer,
due to the eccentric orbit of Mars. The storms are caused by warmer temperatures, as the warmer
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conditions cause melting of the regolith, which allows smaller particles to be released and captured
in the atmosphere [2].
Overall, this leads to the conclusion that dust storms are less frequent in the northern
hemisphere and will therefore be less likely to form around Chryse Planitia, our colony location.
However, global dust storms are a possibility, with the likelihood of occurring about 30% of the
time during "dust storm season." [Zurek] The largest dust storms can last for time scales ranging
from weeks to months.[Gierash]
The implications for the colony are exclusively relevant to systems that require visibility.
The power of the storms are low enough that structural implications are negligible to non existent
for the colony. Due to the limited visibility during dust storms, recommendations were made to
use longer wavelength communication from Mars ground to satellite. Therefore, communications
systems on the surface shouldn't be affected by the storms as the frequency utilized would be large
enough such that they would not be obstructed by dust particles in the atmosphere. A more in depth
discussion of the choice of frequency for communications can be seen in the interplanetary
communication section of this report.
In the discussion of solar panels as a source of power, these Martian dust storms were
considered to be a risk to the efficiency of the panels, especially if a long term storm on the range
of weeks to months in length were to take place. The limited opacity would limit the effectiveness
of the panels as well as coat the panels in dust, blocking access to incoming sunlight. This would
require regular cleaning of the panels and also cause a reduction in the production of power for the
colony. Over long time spans, this could be considered a direct risk to the colony.
Besides these two considerations for communications and solar panels, the only other
colony implication would be for manned vehicle operations. Manned vehicles should not be driven
during periods of low visibility to reduce risk of colonist fatality and damage to vehicles.
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10.3.2 Meteorites
The impact of a meteorite on the surface of Mars could have catastrophic consequences for
the colony due to the high forces, pressures, and temperatures generated during such an event. The
goal of this section is to determine the scale of the risks to the colony for such impacts. The thinner
atmosphere on Mars provides a higher risk of impacts compared to Earth as fewer meteors are
burned up upon entering the atmosphere of Mars, and therefore more impactors are able to reach
the surface. One main consideration is the underground nature of the colony. The resulting shock
waves of such an impact could cause sub surface disturbances at or near the colony location.
Secondary impacts caused by ejecta from the primary impact are also a consideration in this
analysis.
To determine the frequency of an impact on Mars, one needs to consider the number of
asteroids that could potentially cross Mars' orbital path. There are three primary impactor
populations; asteroids, Jupiter family comets (JFC), and long period comets (LPC). The primary
concern is the asteroid population, in particular planet crossing asteroids (PCA). These are
asteroids that cross the path of a planet. In this instance, we concern ourselves with Mars orbit
PCAs. It is difficult if not impossible to obtain a completely accurate count of such bodies, but
good estimates based on available data exist. From this, an estimate of the percentage of these
bodies that cross the orbit at the same time that Mars is in that portion of the orbit can be obtained.
For asteroids of 3kg or less, this totals to approximately 200,000 asteroids entering Mars
atmosphere per year. These are the most abundant, and therefore most probable, impacts to occur
on the surface. Larger asteroids are much less common and would have negligible probabilities of
impact on the colony. The impact probability per square kilometer is found by dividing the number
of impacts per year by the surface area of Mars, where the radius of Mars, R, is 3390 km:

(# asteroids) ÷ (4πR2) = 0.0013 km-2 yr-1

(10.3.2.2)

Over 100 years, for a colony and surrounding infrastructure of size 50 km2, this comes to
a risk of ~6 impacts of 3kg or smaller impacts over the 100 year life of the colony. After accounting
for atmospheric effects, one realizes that the majority of these will most likely be broken up by the
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atmosphere and have a low probability of reaching the surface intact. As an upper limit, using the
same methodology, ~2 impacts of mass greater than 0.03kg are to be expected over the life of the
colony. This is a more reasonable estimate for the number of impacts on the colony over a 100
year life span as it factors out any incoming meteorites too small to reach the surface.
An impactor will crash into Mars at average velocities of 7 -10 km/s [Segura 2008]. The
force of such an impact, accounting for atmosphere, is found.
K = ½ m v2 exp[ - σ/2 (ve2 - v2)]

(10.3.2.3)

K is the kinetic energy of impact. The variable v is the final velocity on impact, while ve is
the entry velocity of the asteroid. The mass of the asteroid is represented by m. σ is the ablation
factor. The ablation factor for Mars can vary from 2E-8 s2/m2 to 3E-8 s2/m2. Therefore for an
impact of mass less than or equal to 3kg,
K ≈≤ 109 N

(10.3.2.4)

This is on the order of the potential energy of a standard barrel of oil when combusted.
The diameter of an impact crater is determined by the size the projectile and the densities
of the impactor and target. It can be assumed that impacts that we are concerning ourselves with
are of sizes small enough such that they are strength rather than gravity dominated. Using this
assumption, the equation for the crater diameter can be stated as:
Dt = 1.16 (δ/ρ)1/3 (v sin α)0.43 g-0.22 Dp0.78

(10.3.2.4)

Dt is the transient crater diameter. Dp is the projectile diameter. The gravitational
acceleration for Mars is g. The angle which the impact occurs is α. The densities of the materials
are δ and ρ for the target and projectile materials, respectively. The assumptions made were a
meteoritic density of 3 g/cm3, an impact angle of 90̊, impact velocity of 10 km/s, and target material
density of 1.5 g/cm3. Using this criteria, it was found that for impacts in the size range of greater
than 3kg, most craters will be on the order of less than 1m. This is small compared to the entire
colony. The relatively small size allows for us to ignore the effects of secondary impacts, as they
would be comparably negligible in comparison to forces due to the primary. This small impact

Purdue University | PROJECT DESTINY

E.Spiers | 10-47

Exploration and Scientific Capabilities Appendix

size also implies the extent of structural damage to the colony will be limited if such an impact
were to occur.
Depth of the crater is determined by a simple scaling relation:
H/Dp = 2.28 (ρ/δ)2/3 (v/c)2/3

(10.3.2.5)

Where H is the crater depth, Dp is projectile diameter, densities and velocity are unchanged
from previously, and c is the speed of sound. The resulting crater is then found to be about 3cm in
depth. This indicates that the colony should not experience direct damage form an impact. The
primary risk of damage will therefore come form the force of impact itself, as discussed in the
previous section. A simple sketch of the approximate scale can be seen in Fig 10.3.2.1.

Fig 10.3.2.1
A cross section of a crater. Credit: Elizabeth Spiers

Due to the previously indicated probability of ~2 impacts on the colony over a 100 year
span, an impact poses a real potential risk. Such an impact would be difficult to avoid, so measures
to isolate and then repair any structurally impaired regions should be in place. Additionally, an
early warning system that tracks potential Mars crossing PCAs could be used. However, most of
the smaller meteorites, such as the 3kg impactor modeled in the above calculations, would be
difficult to detect due to their small size.
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10.3.3 Radiation
Nomenclature:
GCR – Galactic Cosmic Radiation
SPE – Solar Proton Event
CME – Coronal Mass Ejection
LEO – Lower Earth Orbit
HVL – Half Value Layer
CAM – Computerized Anatomical Male
CAF – Computerized Anatomical Female
OLTARIS – On Line Tool for Assessment of Radiation in Space

Mars has a thin atmosphere and no magnetic field. We thus evaluated the risk of radiation to
our colonists considering a full lifetime they will spend on Mars. We considered male and female
colonists only. The information on what risks each face during their stay was obtained via
OLTARIS, run and maintained by NASA. OLTARIS has a computer software which mirrors
human body with precise values for both male and female main body tissue. We use these models,
CAM and CAF to assess the radiation risk our colonists face.
Table 10.3.3.1 GCR annual Dose and SPE lifetime Dose – CAM on Mars gives free radiation
dose values per year of GCR and average dose values over a lifetime of SPE for CAM, meaning
that the exposure to SPE is highly dangerous to humans as it can cause sudden tissue damage and
increase the chance of cancer. Only a few organs with critical high values than other organs are
shown in the tables. OLTARIS gives values for 24 different organs for both CAM and CAF
models. The values obtained from OLTARIS were for crew members inside the ISS:US LAB.
with the thickness as 1 foot of aluminum, 2g/cm3

Purdue University | PROJECT DESTINY

S.Tandon | 10-49

Exploration and Scientific Capabilities Appendix
Table 10.3.3.1 GCR annual Dose and SPE lifetime Dose – CAM on Mars

Average Dose - SPE

Organ

Dose/year- GCR

Bone

462 mSv

481 mSv

Brain

473 mSv

512 mSv

Heart

436 mSv

418 mSv

Kidneys

428 mSv

384 mSv

Stomach

428 mSv

389 mSv

Skin

509 mSv

598 mSv

Lungs

457 mSv

465 mSv

Thyroid

491 mSv

572 mSv

Intestine

440 mSv

433 mSv

We used the HVL formula to calculate the actual incoming dose and noted the numbers in
the tables.
Table 10.3.3.2 GCR annual dose and SPE lifetime Dose – CAF on Mars

Average Dose - SPE

Organ

Dose/year - GCR

Bone

468 mSv

496 mSv

Brain

477 mSv

527 mSv

Heart

440 mSv

428 mSv

Kidneys

434 mSv

394 mSv

Stomach

435 mSv

397 mSv

Skin

515 mSv

601 mSv

Lungs

462 mSv

475 mSv

Thyroid

500 mSv

583 mSv

Intestine

447 mSv

447 mSv
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From the information provided in the above tables, it is clear to us that the radiation effects
in free environment (without any protection) harms females more than males generally. The doses
are high for skin, thyroid gland, brain and bone in both the genders. This means that our colonists
will face more threat to these organs over a long duration of time.
Assessing the risks allotted with radiation has been done by HAB team, where they
compare the radiation data to the minimum limit in order to extrapolate the information on the
increase of cancer risk per person per extra amount of dose.
Reasons for female susceptibility to radiation can be accounted for less muscle mass and
bone density as compared to male. We ensured through our food production that all colonists get
nutrients to maintain a healthy diet and keep susceptible parts of our body organs healthy. For this
we have hospitals in quarries where colonists would go to get a regular check -up.
As a comparative study, we see that on Earth, the maximum amount of dose limit for a
person in the US is for radiation workers around 50 mSv a year. At mars without any sort of
shielding our colonists would face more than 500 mSv on average per year. 10 times increase in
the radiation from the maximum that we can have on Earth. For a normal working person (not a
radiation worker) the dosage on Mars would be 30 times more. The risk of radiation dose on Mars
is high but we have ensured through our design process that we optimize colonists’ activity time
and kept the location of our HABs underground Martian regolith, so that our colonists lay below
the 50 mSv limit standardized on Earth.
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10.4 Future Science Opportunities
10.4.1 Mars Hopping
Once the colony has stabilized to one million people, ITSs on the surface could be utilized
to do a “hop” to other scientifically interesting sites on the planet. This would give scientists in the
colony broader reach to sites of interest throughout the planet.

Fig 10.4.1.1
The areas of interest are indicated by stars.

Some sites of interest to visit using such a method would be Gail Crater, Vallis Marineris,
Olympus Mons, and Hellas Planitia. Each of these locations represent some extreme or unique
environment that would be beneficial to research pursuits. The relative location of each of these
can be seen in Fig 10.4.1.. These locations would not be able to be reached by colonists using
conventional rovers in use by the colony because of the extreme distances of each from the colony.
The time costa and risk of damage or loss of vehicle or life associated with such a journey in a
rover would outweigh most any benefit that could be obtained. Another advantage of taking an
ITS would be that more equipment and scientists could be brought, as an ITS has a much higher
carrying capacity than a science exploration rover.
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10.4.2 Exploration around Mawrth Vallis
One of the main reasons we choose Chryse Planitia as our colony location is its proximity
to Mawrth Vallis as it has great scientific potential. With our science rovers, we plan to journey
deep into the valley to investigate the vast outcrops of clay-rich sediments. It is necessary to
determine specific sites of interest for logistical reasons. Our interplanetary communication
system needs to know how far out the rovers will be ranging, so that they can assure contact with
the scientists at all times. Additionally, the sites must be within the range that the rover can go
before it runs out of battery. This distance is likely to grow as technology improves over the span
of 100 years, but it is still a good idea not to push the rovers over their limits. Our manned rovers
have a capability of traveling 20 km, and the unmanned can travel 500 km. It would be far
preferable to have humans travel to the proposed locations, but we may have to rely on unmanned
rovers for some time until the manned rovers’ battery life can be improved. That being said, with
combinations of these two, we can reach every region of interest (ROI) around Mawrth Vallis
easily.

Fig 10.4.2.1
Regions of Interest are highlighted in green. Potential rover paths from the colony (pink star) are drawn
out. (Credit: JMARS / NASA)
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Figure 10.4.2.1 highlights five areas that are ROIs, and the approximate paths we take to
get there. Our colony location is signified by the purple star in the upper left of the map. There
are two ways that the rovers could go. The first to the left, towards ROI 1 and 2. The second way
to travel is through Mawrth Vallis, hitting ROI 3, 4, and 5. Both of these paths are doable by the
rovers.
ROI 1 is a possible mud volcano [10-9]. This is interesting because it may allow scientists
to better understand volcanic activity on Mars. It is also within an area of high clay content.
Number 1 is the closest ROI to the colony, and may be the first that actual humans get to visit.
ROI 2 is the floor of Oyama Crater. Studying this location would allow scientists to look
at Martian crater first hand, and its walls, impact breccia, and geologic formations. Additionally,
it holds newer lavas and possible clay deposits, indicating the crater’s great age [10-9].
ROI 3 is the inside the valley of Mawrth Vallis. Potential objects of scientific interest here
are large boulders (megablocks) and fractures that have been filled in by sediments. This may be
an indicator of deep Martian crust, which would allow us to study the internal chemistry and
characteristics of Mars.
ROI 4 lies further into Mawrth Vallis, and is an area of streamlined islands and sulfate
deposits. This can tell scientists more about the aqueous activities that occurred in Mawrth Vallis,
and may have some depositional sediments preserved. This would also be an excellent place to
look for signs of past life, as sulfates can facilities the preservation of bio signatures [10-9].
ROI 5 is a massive clay sequence. While it is somewhat far from the colony and thus not
likely to be mined for water extraction, it is an excellent place to study and preserve the clay
deposits. This location also shows signs of fractures and fluvial activity, and is also a possible
location to search for extinct life.
Studying at least these five locations will greatly benefit our understanding of Mawrth
Vallis, our new home, as well as the geologic history and events that occurred in Mars’ past.
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10.4.3 Telescopes
A telescope around Mars is an extremely interesting prospect. There is a large amount of
advantages, but also a number of challenges to overcome as well. A useful comparison to this
possible telescope mission is the Mars Reconnaissance Orbiter, which contains many of the same
elements that we would want for a similar orbiter. First, let us discuss the possible elements we
would want for this orbiting telescope.
A high-level spectrometer would allow us to view the planet in a new light. With this
spectrometer we could evaluate resources on the colony at a high level, even as we dig deeper into
the Martian surface. Scientifically, we could view the layers beneath the surface in a detailed way
as the quarries dig deeper and deeper. Records could be kept that are sent to our colony’s scientists
who can then do in-situ geology in pair with the orbital data.
An high-resolution imager would allow us to look at the Martian surface with high
resolution cameras that could be used in future planning of scientific expeditions and in planning
the colony. It would be used to ensure that our science rovers remain safe by not driving into rough
terrain. It could also be used to study the geomorphology on Mars, such as the nearby Mawrth
Vallis channel.
A telescope could be employed to view the outer solar system and nearby asteroid belt in
better detail than we are currently able to in orbit around Earth. If configured, it could also view
outside our solar system at exoplanets or other astronomical phenomena. Being around Mars, the
telescope would not have to worry about Earth-based light waves that currently distort our images.
Radar would allow us to look at the Martian surface in a way that isn’t impacted by Martian
dust or the atmosphere. It also is able to detect water beneath the surface at up to a meter. This
would be important for the colonies resources but could also be used to create scientific missions
in areas surrounding the colony.
Now let us discuss some of the advantages that a telescope orbiter could give us.
High resolution images of the colony could be employed in many advantageous ways
among them planning and public relations.
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Low radio transmissions are important for deep space exploration by the telescope. Around
Earth, there are many radio waves which distort our observations. That wouldn’t be a problem
around Mars.
Mars has low atmospheric distortion. If we were to place a telescope on the ground, we
wouldn’t have to worry about distortions from the atmosphere nearly as much as we have to on
Earth.
Being on Mars offers us improved parallax distance measurements. Being able to compare
Martian and Earth parallax of stars would mean drastically improved distance measurements for
far away objects in space. Currently we can only reliably measure distances using the opposition
of Earth around the Sun.
Having Martian equipment that is dedicated for our scientists will give them the ability to
work on what they believe is important based on what they are seeing on the surface. Complete
control could allow for a large amount of data to be processed that can be tested against in-situ
data to ensure the most accurate data we’ve ever been able to measure.
However, with all of these advantages come a couple of cons.
The Martian Reconnaissance Orbiter cost $750 million dollars. If we include the cost of a
high grade telescope, say one on the level of Hubble, we are talking 5-6 billion dollars per orbiter.
If we wanted to have these during the entire 100 year duration, and we assume a 20 year life span,
we are looking at possibly 25 – 30 billion dollars over 100 years.
Building, replacing, and sending these orbiters to Mars is involved. As noted before, these
likely have a maximum lifetime of 20 years. Over time, we would have to replace these orbiting
telescopes and that means launches, time, and space.
The current Mars Reconnaissance Orbiter has a lot of these same instruments and
capabilities. It may not be extremely efficient to create all new orbiters just for the sake of the
colony. We could use time on the MRO, but it would mean that we would no longer have dedicated
equipment for our Martian scientists.
If the budget is there to pay for this telescope orbiter, it would be a great advantage for the
colony and its scientists. Although it may be extremely expensive, colonization of any planet is
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going to require an enormous budget. Implementing this telescope could mean finding meaning in
colonization of another planet. It would be a great tool in advancing the scientific goals of the
current era including finding current or past life on another planet in our solar system and studying
exoplanets in the hopes of finding a planet that could harbor life as well as our own.
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10.4.4 Journeys to Phobos and Deimos

Fig 10.4.4.1
HiRise image of Phobos. Credit: NASA

Fig 10.4.4.2
HiRise image of Deimos. Credit: NASA
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One of the future science missions after the colony has been established is to explore Phobos
and Deimos. These are the moons of Mars. Phobos and Deimos hold a lot of scientific interest as
it has been proposed to contain hydrated minerals and water ice. They could prove to be a good
resource of water supply if the colony consumes too much of what is available on Mars. There
also isn’t much information of what bellows their surfaces. This would be a great opportunity to
explore the moons of Mars since we will be a lot closer to them.
Before landing, we will need a couple orbiters to gather information about the surfaces to
pick a landing site. The orbiters we will build will be similar to that of the Viking. The mass, power
and volume per orbiter is listed in Table 10.4.4.1 below. The focus of the orbiters will be to obtain
data on surface composition, average surface temperature and general elevations to pick suitable
landing sites. To accomplish this task, the orbiters will be equipped with a thermal infrared imaging
spectrometer. The characteristics of the spectrometer is listed in table 8 below.

Table 10.4.4.1 Mass, Volume, Power per Orbiter

Total

Mass (Mg)

Volume (m3)

Power (kW)

Value

0.83

9.4

0.62

Table 10.4.4.2 Mass, Volume, Power of the Thermal Infrared Imaging Spectrometer

Total

Mass (Mg)

Volume (m3)

Power (kW)

Value

3.2×10-3

0.78

6.0×10-3

The spectrometer will record data obtained from spectroscopy results from the thermal data
recorded. The way this instrument operates is that it will take images of the moons as the orbiters
traverses their orbital path in the infrared part of the spectrum. Specifically, this instrument will
operate in the 7-13 micron wavelength range. Detecting hydrated minerals is found from reading
the wavelength data. A typical output of this graphed out as reflectance versus wavelength. If we
are looking for water, we are looking for an absorption band around 2.7 microns. This indicates
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that there is water present at the location observed. Detecting other minerals is done similarly but
have distinct patterns. Thermal readings of the surface can detect heat and elevation. With heat
detection, it is possible to determine average surface temperature recorded over time in a location.
Elevation is determined from created elevation profiles from the orbiters. These profiles indicate
which areas on the moons are lower and higher as well as how large these areas of elevations are.
This is important in determining a landing site as it would be preferred for the site to have mostly
even terrain so there is a higher success rate of landing and easier maneuverability.
John Hopkins has a document stating good landing spots for both Phobos and Deimos. These
landing sites are chosen based on constant sunlight conditions and consistent viewing of mars. For
Phobos, this landing site would be located around 15 degrees East and 62 degrees North. This is
shown below in Fig. 10.4.4.3.

Fig 10.4.4.3
Color Relief Map of Phobos, Credit: JMARS, Jesse Guzman

This figure displays a map of Phobos generated by the software JMARS in the Color Relief
Map layer. This layer displays the elevation of the surface in shades of color. Lower elevations are
colored blue and higher elevations are red. The circled area on the map is the proposed landing
site. The landing site area is of lower elevation, although the value of elevation is not known. This
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figure does show that the general area is of similar elevation so it provides a landing site if a rover
or ITS was launched to land on the surface. Employing an orbiter will help confirm this as it will
provide details of composition for resources and a better understanding of the elevation. If there
are enough hydrated minerals near the landing site, it is possible to launch a small team to live
there like Mars.
Also, we will need to know the estimate temperature conditions. Nasa’s estimates have a
range of -4 to -112 degrees Celsius. With the orbiter, it can record thermal data of the area and
output an average surface temperature of the landing site. If the resulting temperature is similar to
that of Chryse Planitia, we can assume to use similar equipment that we are using on Mars for
temperature regulation for the team.
The landing site proposed for Deimos is located around 0 degrees East and 60 degrees
North. This is shown below in Fig .

Fig 10.4.4.4
Location of landing site on Deimos. Credit: JMARS, Jesse Guzman
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Fig displays a map of Deimos. The general area has many craters. The landing site is

located in the circled area. The landing site appears to be in a smoother region between the craters.
With elevation data collected from the orbiters, it will be possible to plan where exactly to land as
we want the least dangerous, evened out area to land to avoid failures in the mission. We also want
to be located closer to where hydrated minerals might be to collect water. The temperature range
on Deimos is the same as Phobos which is in a range of -4 to -112 degrees Celsius.
With the landing sites picked out, the mission can get prepped. The orbiters would need to
be brought from Earth, so they would need their own ITS launch after the 1-million-person colony
is established. Once the ITS launch has delivered the orbiters to Mars, we will need a separate ITS
to launch from MARS onto Phobos, and another to launch from Mars to Deimos. Equipment that
is needed to be brought include EVA suits, digging equipment, storage containers, oxygen supply
tanks, fuel for the way back, initial water supply, and food. This should allow the people who are
on the mission to be able to live over there for a little while so they can collect as many hydrated
minerals, ice and any other minerals of interest back with them to MARS. Since the moons are
close, each mission should be able to completed in about a month or two months’ time. The mission
allows two teams to operate at the same time. One team can head for Phobos while the other team
explores Deimos.
Before the teams can depart for Phobos and Deimos, the orbiters must be launched. We
will launch the orbiters from Mars. Once they have started orbiting each moon, their first goal is
to take images of the surfaces. This will provide us with a better idea of the elevation profiles and
topography of the regions. Once we have data back of more close up imagery, the orbiters will
start focusing around the landing sites. They will take thermal infrared images of each area to look
for resources around. If the results show that the area would be suitable for landing and gathering,
then we can start prepping the teams to head for each moon.
Once the teams have departed Mars towards their destinations and have safely landed they
can head for the areas that contain any hydrated minerals or ice. The orbiters will have provided
the team with coordinates for them to allocate resources to bring back. Once they have landed,
they will use the excavating machines brought with them to start digging up any ice or minerals
that can be taken back with them. When the ITS is full of resources to bring back for the colony
on MARS, the teams will depart Phobos and Deimos to return home. The estimated time for these
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missions is around a couple months but can be extended to a year if the teams have provided
enough provisions to endure the conditions over there.
The primary goal is collect more resources for the colony on Mars, but it isn’t the only goal
for the mission. Once enough resources have been brought back, we can deploy teams with rovers
to investigate areas for scientific interests. Similarly, to the objectives the Science Rovers have on
Mars, the rovers will be investigating the areas on Phobos and Deimos for history of ancient Mars
or compositional information of the moons that lead to determining their exact origin and why they
orbit Mars today. They will also search for any signs of life, past or present. The Science Rovers
being sent will be of the same kind that are used on Mars, so we will another ITS launch for a set
of rovers to be deployed onto the moons.
The estimated costs of the mission are relatively low compared to the mission of getting to
Mars. We can reduce costs of ITS launches if we fill up one with the two orbiters and a set of
science rovers to be held at the base until they are ready to be deployed. The cost of each rover is
the same for each one developed, which will be $350 million per rover. The expected cost of each
orbiter will be like the costs of the Viking orbiters which is around $1 billion dollars for both
orbiters. The cost of a single ITS launch is expected to be around $47 million. Everything else
should be brought from Mars, so the other costs are negligible currently. Table 10.4.4.3 below
shows total costs expected from the equipment that needs to be brought.

Table 10.4.4.3 Estimated Total Costs of Equipment Brought

Equipment

Cost

Science Rover (6)

$2.1 billion

Orbiters (2)

$1 billion

ITS Launches (4)

$188 million

Total Cost

$3.3 billion
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The expected cost with bringing equipment aboard for the mission is estimated to be about
$3.3 billion. This includes three science rovers per moon, one orbiter per moon, and a total of four
ITS launches.
There are some risks for deploying this mission. There is a possibility of ITS launches
failing of around 3-4%. The Science Rovers have a risk rate of around 5-6% overall, and the
orbiters are estimated to have a risk rate of 5%. The failing rates are fairly low, so there is a high
chance of success. In the event an orbiter has failed by missing its trajectory or colliding with the
moons or another object, the cost of replacement would be equal to the cost of another orbiter plus
the cost of another ITS launch. This totals up to a cost of around $1.050 billion. The Science rovers
have a risk analysis section in chapter 10, but the main the risk involves the wheels of the rovers
breaking due to treacherous terrain, which could result in a cost of $400 per wheel to be replaced,
or the entire cost of a rover if left stranded or breaks from falling from a high elevation and
breaking, which is $350 million. A solution that would lower costs of ITS launches, is to provide
backup rovers or take some from Mars. This would increase overall mission cost, but would reduce
the extra costs for more ITS launches. The orbiters’ costs are high, so it may not be necessary to
provide extra orbiters at first and see how well the first set of orbiters perform.
The overall mission is very important for scientific interest and can prove beneficial for the
colony. Phobos and Deimos have been observed to carry water ice and potentially more water
beneath the surface. We can use this to provide oxygen for plants back on Mars or more water for
the colonists to use. Studying Phobos and Deimos also may provide clues for the history of Mars.
They might share similar compositions beneath the surface or have very different compositions.
This is important regarding how these moons were formed and their connection to Mars. There is
a lot that can be learned from these moons, and even with the mission being a bit costly, especially
if there are failures along the way, from a science perspective it is very important.
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10.4.5 Geosynchronous Science
The construction of a colony in a previously untouched environment by human hands
provide an opportunity for an interesting case study on human impacts to an environment over
time. One way to monitor such an undertaking would be to have a satellite orbit directly over the
colony that can take regular imagery and make measurements in environmental changes. This
would be beneficial over using current orbiters because the time interval between data collection
for current orbiters would be longer and not as consistent. Data from other orbiters already in place
could be useful, but would lack the regularity that an orbiter dedicated entirely to monitoring of
the colony would provide.
Some such environmental changes that could be measured are temperature, compositional
shifts in the atmospheric, or chemical changes in the surrounding terrain. Such a study could
provide key insights into how actions impact our home planet. The orbiter would also provide
informative insights into the colony's growth over time for Earth. This would allow people on
Earth to review and watch the colony's progress as it grows and expands. It could provide the
colony with beneficial data on system loss, such as loss of heat or escape of oxygen or nitrogen
into the surrounding region. This could provide early detection of heat or air leaks from the colony.
Another, non-scientific, benefit of an orbiter of this type would be a social one. By allowing
the general public access to regular images of the colony, the family and friends of colonists may
be able to find reassurance in the safety and well being of the Martian colonists.
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10.4.6 Weather Stations
Weather on Mars doesn’t change much. It is a simple and prolonged seasonal effect due to
tilt of the planet than any other reason. Due to lack of thick atmosphere and presence of water
vapor clouds, there are no thunderstorms on Mars, but there are dust storms, drastic temperature
fluctuations and dirt devils.
The atmosphere of Mars is about 100 times thinner than Earth's, and it is 95 percent carbon
dioxide. Here's a breakdown of its composition:

Table 10.4.6.1 Relative abundances of gases in the Martian atmosphere

Gases

Percentage (%)

Carbon Dioxide

95.32

Nitrogen

2.7

Argon

1.6

Oxygen

0.13

Carbon Monoxide

0.08

Also, there are minor amounts of: water, nitrogen oxide, neon, hydrogen-deuterium-oxygen,
krypton and xenon
It even snows on Mars, The Martian snowflakes, made of carbon dioxide rather than water,
are thought to be about the size of red blood cells. The north and south polar regions of Mars are
capped by ice, much of it made from carbon dioxide, not water.
We propose installation of weather stations on Mars especially 6 around our colony, making
a hexagonal structure. This would be track down temperature variations, wind velocities,
calculating dust content in the air etc, which will help the colonists prepare in case of any incoming
dust storms or dirt devils. The knowledge of dust content in the atmosphere would help protect
machines from accumulating dust and breaking down. The need for a precautionary system is a
necessity in the colony, which will help our colonists make planned EVAs and track data
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proficiently to develop new systems of mitigating risks and problems which we are not accounting
for now due to lack of experience, knowledge and resources.
A weather station on Mars would be very small just about a machine which would record
data every day for scientists, who could see the information on their screens back in the science
HABs.
Here are proposed MPV for a few weather machines:
Table 10.4.6.2 Different types of weather instruments with their MPV and Cost information

Type
Davis intruments

Computer
Interface
NO

Range

Mass

Volume

Power

300 m

25 kg

0.34 m3

Solar Run

6152 Pro
WeatherHawk

$ 900/
piece

YES

2 km

46 kg

0.68 m3

Solar Run

Weather Station
Ambient Weather

Cost

$ 3000/
piece

NO

300 m

WS-1200

8

5

7.5 W

$ 200/
piece

Based on the above data we will propose the use of WeatherHawk systems as it has better
range than other competitors. This would allow for a larger response time for colonists during
emergencies.
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10.4.7 Seismometers
Earth our home is a beautiful planet, where life thrives. That is not the only reason for its
uniqueness, in our solar system we do not know of any planet or system to have plate tectonics
like that on Earth.
We have set up a colony on Mars, and as seekers we need to explore and discover more
about the history of the planet to better understand its current state. One question that many
scientists wonder about is tectonic activity on Mars. Is it a large rigid plate without any breaks?
We do not know, that is why we propose installation of seismometers throughout the planet
at sensitive locations to detect and track all the movement that happens inside the planet if any.
Our goal would be to better analyze the structural composition of the interior of the planet.
Something like what we do on Earth. We send shockwaves across and the time and direction of
the waves determine a lot about the interior of the planet.
A design process needs to be implemented for the initial installation of seismometers and
we find that placing three seismometers, one at colony location, one at Hellas Planitia and the last
one at either of the poles would give us a good start at determining the information of rocks and
density variation of planet Mars.

Table 10.4.7.1 MPV totals for the frequency (number of each type) of category

Category

Frequency

Mass

Power

Volume

Cost

Seismometer

3

45 kg

20-45 W

1.33 m3

$90000

HAB

3

1960.8 Mg

-
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10.4.8 Impact Crater Testing
The lower atmospheric pressure on Mars allows for more meteorites to survive entry than
on Earth. This makes the probability of cratering impact on Mars much higher than on our home
planet. Due to the relatively few number of impacts on Earth, few data points exist for direct
measurement and sampling of impact sites. Additionally, little data about the impact itself exists.
Most current data is based on nuclear testing which was limited in scope and highly secretive. By
utilizing the surface of Mars as a testing ground to measure direct impacts on the surface, more
accurate and comprehensive data regarding impact cratering could be acquired. There would be
two ways of acquiring this information, a direct and passive approach.
The direct approach would involve physically sending a planned impactor toward the
surface of Mars. There would be some cost involved in such an endeavor. However, due to the
planned nature of the impact, more accurate and precise measurements could be taken with
variables for angle and impact speed under control by the experimenters.
Issues with the direct approach would be of ethical concerns. Such an impact would cause
damage to the impact site on the surface. This would destroy any underlying geologic features. It
would also contaminate the region with human influence and non-native material. Depending upon
the impactor chosen, this risk could be mitigated slightly.
The passive method would require monitoring for incoming projectiles and then
anticipating their arrival. This would provide less accurate measurements and more random
variables to the data. However, it would be a naturally occurring impact and would not have any
of the ethical or contamination concerns that the direct approach would have.
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10.4.9 Planetary Protection
Protecting Mars, and all other planetary bodies, from contamination by human spacecraft
has been a longstanding obstacle in mission design throughout the space age. Now that we are
proposing a permanent colony on a planet’s surface, we face an unprecedented task in ensuring
minimum contamination occurs in the process of settling on the Martian surface. We have
developed a strategy to ensure this protection.
This strategy is a three-pronged approach. We will first work with scientists and engineers
around the world to procure a list of scientific regions of interest. These regions of interest would
become fully protected for an appropriate amount of time in order to explore and perform the
necessary experiments that are requested.
Next, we will work with the Committee on Space Research (COSPAR) to develop planetary
protection regulations. This committee is responsible for ensuring international cooperation on
planetary protection policy, and it is imperative that we involve the international community in
this mission. At the current time, we would comply under the Category V planetary protection
laws, which include no impacting Earth or other planetary bodies, returning hardware in sterile
form, and full containment of any samples. Special restrictions are required for returning to Earth,
which is necessary for our colony. These restrictions are currently as such: documentation of
return, Pc analysis plan, microbial reduction plan, microbial assay plan, trajectory biasing,
monitoring of project activities, and project the advancement of studies or research. We believe
that full planetary protection of the planet is near impossible, and believe that we can come to a
solution with COSPAR that meets both of our concerns. Finally, we will establish decontamination
procedures for all incoming and outgoing crafts, humans, and samples to and from Earth and Mars.
These procedures will be quick and convenient for colonists on Mars. Special note should be given
to scientific rover missions, which will be exploring far outside the reach of the colony.
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10.4.10

Human Health Risks and Challenges

An area of future scientific research which must be addressed to ensure the long term
viability of the Mars settlement is health impacts to the colonists. The most major long term health
concern for the colony is radiation exposure and its potential long term effects on progressing
generations of people. The inhabitants of our colony spend the vast majority of their time below
ground in order to avoid the harmful radiation that strikes the Martian surface. However, colonists
inevitably spend a few hours each week above ground for recreation activities or vehicle
maintenance. This small but notably significant radiation exposure may have lasting health effects
on people who are born on Mars, especially in subsequent generations. Ongoing records of the
radiation exposure of colonists and any subsequent health effects must be maintained to ensure the
viability of the colony.
Another health issue which must be monitored is the effect of reduced gravity on colonists.
Astronauts which live for extended periods aboard the International Space Station experience
prolonged exposure to weightlessness. These astronauts experience negative health effects such as
reduction in bone density and muscle mass. These reductions become especially severe between
two to five months after arrival, forcing the astronauts to maintain a strict and rigorous exercise
regimen to remain healthy and strong. The gravitational field on the surface of Mars is
approximately one third the strength of Earth’s gravitational field, so losses of muscle and bone
matter may not be as severe, but we recommend that all Mars colonists exercise regularly to
maintain a healthy musculoskeletal system. Research should also be done on the effects of reduced
gravity on the development of infants and children and methods of mitigating any harmful
developmental effects Mars’s gravity inflicts upon developing humans.
The psychological health of the Mars colony dwellers should be regularly assessed. Several
aspects of Martian life may serve to negatively affect the mental health of colonists which is a
dangerous risk for the safety of the colony as a whole. Living conditions such as confinement
below ground, strict rationing of food, water, and other resources, physical separation from Earth,
and the 40-minute difference in the length of Mars’s day are influences which may have negative
impacts on colonists’ state of mind.

Purdue University | PROJECT DESTINY

T.Crumrin| 10-71

Exploration and Scientific Capabilities Appendix

10.5 References
[10-1] “Curiosity's Landing Site: Gale Crater,” NASA.
[10-2] Lakdawalla, E., “The enigmatic mounds of Acidalia Planitia,” The Planetary Society,
Aug. 2010.
[10-3] Jmars, Nasa/JPL-Caltech/Arizona State Universityv
[10-4] “Cost and Value,” Cost and Value Available: http://www.ambientweather.com/cost.html.
[10-5] “Seismometer Puts Earthquakes Online at Kent School,” State of the Planet Seismometer
Puts Earthquakes Online at Kent School Comments Available:
http://blogs.ei.columbia.edu/2011/12/02/seismometer-puts-earthquakes-online-at-kent-school/
[10-6] Ehlmann, B. L., and Edwards, C. S., “Mineralogy of the Martian Surface,”, Earth Planet.
Sci. 2014, vol. 42, pp. 291–315. (Figure 4)
[10-7] “Mars Trek,” NASAAvailable: https://mars.nasa.gov/maps/explore-mars-map/fullscreen/.
[10-8] JPL, M2020 Candidate Landing Site Data Sheets, NASA.
[10-9] Horgan, B., Loizeau, D., Poulet, F., Bishop, J., Noe Dobrea, E.Z., Farrand, W., Michalski,
J., Gross, C., Kleinhenz, J., Linne, D., “Habitable Noachian Environments and Abundant
Resources in the Mawrth Vallis Exploration Zone.,” First Landing Site/Exploration Zone
Workshop for Human Missions to the Surface of Mars (2015) Available:
http://www.hou.usra.edu/meetings/explorationzone2015/pdf/1009.pdf.

Purdue University | PROJECT DESTINY

References| 10-72

Surface Operations Appendix

11 Surface Operations Appendix
11.1 Martian Cargo & Personnel Transport Vehicle
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11.1.1 MCPT System Overview
11.1.1.1 Introduction

In this section, we discuss in detail specific features of the MCPT vehicle. The MCPT is
modeled from a curve of 17 different vehicle systems and their capabilities. These vehicles are the
prime mode of transport preferred by humans to travel on Earth. The curve gave various estimates
for the MCPT design and mass, power, volume (MPV) they have been discussed below keeping
in thought the different terrain and planet for which this vehicle is designed.
11.1.1.2 MCPT Capabilities

The design of the MCPT is planned for its specific use as a transport vehicle for both
humans and cargo between different locations in the colony. We designed the MCPT’s capabilities
in a way to account for the various obstacles and safety issues faced while driving on Mars with
lower gravity and rough terrain.
Table 11.1.1: MCPT Capabilities

MCPT- Capabilities
Passenger Capacity

25 passengers

Cargo Capacity

11.26 Mg

Speed (max)

20 km/hr

Range

30 km

Lifetime

11.4 years

It is desirable to make the largest passenger vehicle possible to minimize the number of trips to
transport people to the ITS. However, the size of these vehicles is limited by our launch
constraint's. The original concept was for a 50-person vehicle, but this was quickly determined to
be infeasible. We expect a 25-person vehicle to be the largest capacity we can reasonable field. If
we accept the premise that the first missions should include rover "lifeboat" space for every
colonist, this implies 863 MCPT/ cycle.
The cargo capacity of the MCPT is determined by calculating the maximum load the
vehicle can take figuring in Mars’ gravity and the structural integrity (size) of the vehicle defined
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previously by the passenger capacity. The calculations conclude the mass of allowable cargo to be
11.26 Mg as a safety mass number, after comparisons with vehicle lifting capacity of the same
mass on Earth gravity.
Speed of the vehicle is determined after listing a set of risks in maintaining higher average
velocities: possibility of tipping over, damage to cargo and passengers due to bumpy rides and
higher chances of tire degradation due to rough ground. Thus, we decided to limit the vehicle’s
top speed at 20 km/hr.
The range of the rover was determined by taking into consideration unloading of the ITS
of all people and cargo. Ideally, the rovers should be able to unload all people/cargo and take to
the required destinations in one charge. Incorporating a margin of safety, this number was
estimated to be thirty kilometers.
Lifetime of the vehicle is determined from a research study [1] that tracked down lifetimes
of several SUVs and passenger vehicles over 2 decades. The information from the research study
shows a trend of improving vehicle technology and extended lifetime over the years. Thus, we
averaged the lifetime for MCPT to be 11.4 years.
11.1.1.3 MCPT Mass Power and Volume (MPV)

The MCPT mass and volume has been determined using the optimization curve which
sets the minimum required mass of the structure and volume to accommodate 25 passengers.
Power required is calculated by extrapolating several SUV’s and pick-up trucks in the same mass
range and feature type as MCPT.
The table below shares the information on the MPV of the MCPT.
Table 11.1.2: MCPT Mass, Power, Volume

Per vehicle

Per Cycle

Mass

8.53 Mg

7361.39 Mg

Power

217 kW

187MW

Volume

34.84 m3

30066.92 m3
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11.1.1.4 References:

[1] “Table 1-26: Average Age of Automobiles and Trucks in Operation in the United States |
Bureau of Transportation Statistics,” Table 1-26: Average Age of Automobiles and Trucks in
Operation in the United States | Bureau of Transportation Statistics Available:
https://www.rita.dot.gov/bts/sites/rita.dot.gov.bts/files/publications/national_transportation_statis
tics/html/table_01_26.html_mfd.
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11.1.2 MCPT Cost estimation

The Martian Cargo & Personnel Transport MCPT Rover was inspired by the Washington
Dulles Airport mobile lounge vehicles introduced in the 1950’s. As such, we used it as the basis
for our cost estimation. According to one source, the first engineering prototype of this vehicle
cost $1.6 million dollars in 1958 [1]. We used this value to capture some of the development cost
that might drive the overall cost of the MCPT. The vehicle also includes an ECLSS subsystem,
and the autonomous control suite applied to most of our vehicles. We incorporated these costs
and applied a “space hardening factor” of 2.5 times the total cost. This factor was commonly
applied across our surface vehicles and is meant to capture the increased costs nearly any spacegrade vehicle would have over its Earth counterpart. The results of the cost estimation are shown
in Table 11.1.3.
Table 11.1.3: MCPT Cost Estimation Results

Component

Cost

Base (Dulles Airport
Mobile Lounge)

$1,600,000

Autonomous Control
System

$425,000

ECLSS System

$352,000

Space Hardening Factor

2.5X

Total

$

5,942,500.00

Margin

50%

11.1.2.1 References

[1] McCain, Charles, “The Modern Convenience of the Dulles Mobile Lounge”. 19 Dec, 2014.
Available:
http://charlesmccain.com/2014/12/the-modern-convenience-of-the-dulles-mobilelounge/
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11.1.3 MCPT Risk Analysis
11.1.3.1 Introduction

In our 1 million person colony on Mars, cargo and passengers will travel around with the
use of MCPTs. These vehicles will serve various purposes like, transporting humans from ITS to
HABs, transporting pressurized cargo, act as shuttles between locations in the colony, serve as
lifeboats in the event of an emergency evacuation of the habitable structures and will also be used
for performing search and rescue operations in the colony.
At such an extensive level of use, the MCPTs were analyzed for any risks and other factors
that might hamper their operations at the colony.
11.1.3.2 Risk Analysis and Mitigation Strategies

The table below describes all the risk factors associated with the MCPTs and their
mitigation strategies and cost.

Table 11.1.4: MCPT Risk Analysis & Mitigation Strategies

Probability
Risk being mitigated

of failure/
MTTF

Cabin Pressure Loss

5%

Cost of
mitigation
strategy in

Improved

$/MPV
Maintenance of

4%

pressure systems
and life support
for passengersOxygen masks/8
people cost =
$2200
Tire Degradation

10%

Maintenance cost

3%

$450/10000 km
Battery power runs out

9%

Battery change

6%

before
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degradation of
40%
Vehicle Breakdown

10% - 13%

Maintenance and

5% - 7%

storage of extra
spare parts, Costs
$100 – 1000 per
part

The breakdown of each risk for the MCPT is based off the risk factors faced by Tesla Model S,
aircrafts and petrol and diesel based transit buses.
The first risk factor of cabin pressure loss is mitigated through current cabin loss mitigation
techniques in commercial aircrafts. The cost that is mentioned is based on a source [1] which gives
packs of oxygen for commercial aircraft use. This technique has highly decreased the cabin
pressure loss risk, down to 1%. The calculation for the improvement efficiency of 4% is done per
the standard oxygen tank failure or defective process (0.1% average) + the probability of incidents
where an explosion might occur in the vehicle or around it and cause depressurization (0.1%) +
improper maintenance and servicing (0.3%) + no servicing (0.5%).
Second Risk is based off tire degradation, which can be solved by changing tires in regular
intervals as the vehicle crosses 10000km per tire set. This data is used from general Transit buses
tire data [2]. Transit buses tires are comparable to MCPT’s tires as they are made of similar high
strength rubber. Although the cost of them is higher for MCPT at Mars because of the lack of
smooth terrain (roads), which will affect the durability of tires. Hence more sets of tires are
presumed to be needed. But the improvement percentage for the mitigation strategy is kept the
same, since it is a precautionary step in avoiding flat tires while the MCPTs are in operation.
Third Risk is based on the data from OSCAR as the battery packs used are similar. The only
difference being, carrying an extra battery pack with life support would hamper the space
requirement inside the MCPT. Thus, a recommendation based off Tesla Model S, suggests
installation of new battery after it degrades 40%. This means that the degraded battery will be
susceptible to higher risk of power loss and will increase risk factors to cabin pressure system
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downtime, locked doors, vehicle breakdown etc. Thus, we have used Tesla’s recommendations at
changing battery type after 40% degradation dependent on the total mass and cargo that MCPT
can carry at a time. The improvement percentage calculation is thus based on the mentioned risks
which are avoided when the batteries are changed.
Fourth Risk, is the general car break down risk mitigation. Several things can happen on Mars, to
the engine due to dust, erosion of materials, damage to circuits due to bumpy rides etc, all these
small failures are clubbed together and are provided with an engineering toolbox that would help
in the maintenance of the vehicle. The cost estimated is $100 - $1000 for each part depending on
the severity of the damage. The analysis for the improvement percentage is similar to OSCAR’s
mitigation strategy improvement percentage as both these vehicles are comparable in size and
shape and for a given set of parameters should perform similarly.
11.1.3.3 References:
[1]“Aviation Oxygen Systems - PLANE Packs - for 4, 6, or 8 people,” PLANE Packs - for 4, 6, or 8 people
- Precise Flight Available: https://www.preciseflight.com/general-aviation/shop/oxygen-equipmentgeneral-aviation/kits/oxy-gear-plane-packs/.
[2]“What You Need To Know When You Get A Bus,” Vehicles - LCT Magazine Available:
http://www.lctmag.com/vehicles/article/40724/what-you-need-to-know-when-you-get-a-bus?page=3.

Purdue University | PROJECT DESTINY

S. Tandon 11-8

Surface Operations Appendix
11.1.4 Alternative Design: Flatbed Module
11.1.4.1 Introduction

We Initially designed the flatbed vehicle (Figure 13.1.1) to help the colonists with the
movement of heavy cargo boxes and modules from the ITS to the HABs. The use of flatbed cargo
vehicle was crucial in the design process of Surface Operations as the project lacked a cargo
transport vehicle. But due to feasibility issues we decommissioned flatbed program from Surface
Ops, and instead adopted OSCAR’s design for the same purpose.

Figure 11.1.1: The flatbed module includes and easier ramp for easier unloading. (Credit: John Reband)

11.1.4.2 Design

The flatbed was designed to hold 6 x 6 x 3 m3 boxes for transportation purposes. We did
numerous calculations to decide on the structure and vehicle module for flatbed. Below are the
Mass and volume numbers for the flatbed in Table 11.1.5.
Table 11.1.5: Flatbed Vehicle Parameters

Features

Per Vehicle

Flatbed Module Mass

2 Mg

Max Payload Mass

10 Mg

Flatbed Volume

9.823 m3

Empty Vehicle Mass

4.6099 Mg
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11.1.4.3 Feasibility Study and Conclusion

The design of flatbed called for extra vehicles like a crane or forklift to be designed in order
to put the cargo on the flatbed. Although flatbed was feasible the design process for a crane or
forklift turned out to be expensive and exponentially increased the mass power volume (MPV)
requirements.
This impacted the number of ITS launches and the cost of the whole project reached soaring
high. We then decided to do some trade studies between use of two vehicles against a single vehicle
with a design such that it replaced the need for a crane or forklift machine. This proved to be in
our favor and we implemented that design under the name of OSCAR. Thus, flatbed proved to be
an ineffective design and was discarded.
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11.2 Operations Support ,Cargo, Autonomous Rover
11.2.1 OSCAR System Overview

Figure 11.2.1: OSCAR transporting 8 m3 of cargo containers to its destination. Note the extensible legs have been retracted to
accommodate the smaller cargo parce. (Credit: M. Gripe).

The Operations Support, Cargo, Autonomous Rover (OSCAR) is an autonomous
overhead cargo gantry crane featuring independently active wheels with two degrees of freedom,
variable height legs, and independent cargo suspension racks for the transport of large cargo
elements and their precision placement within the colony. The OSCAR system is capable of
transporting a wide array of colony elements due to the fact that its overhead cargo suspension
racks employ a common grapple mechanism with can secure large racks of cargo, individual
cargo elements, or entire structural elements for later assembly (such as a hab fabrication 3D
printer). The OSCAR system displays this versatility with rotary joints and extensible legs,
which, when used in combination, allow it to accommodate cargo with height clearances
between 1 to 8 meters (a design which still permits its transportation in the ITS cargo bay).
OSCAR offers a distinct advantage, as it eliminates the need for a separate crane vehicle for the
removal and placement of cargo or other large colony elements. This advantage is may be
attributed to the fact that the OSCAR serves as both the crane and transport device, making use
of the space underneath its frame in order to transport cargo. Overall, the system of the OSCAR
allows for precision placement of large cargo elements including, but not limited to, inflatable
structures, pressurized cargo containers, regolith containers, or any other elements which is
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capable of fitting within its underneath open volume. Additionally, OSCAR may be fitted with
custom attachments to accomplish specific mission objectives within the colonial infrastructure,
such as the task of fueling ITS vehicles.

Figure 11.2.2: An OSCAR vehicle fitted with an ITS fuel transfer pump attachment transfers propellant into the vehicle through
its nozzle. The fuel is fed from a fuel line connected to the attachment, and drained from underground storage tanks (Credit: M.
Gripe).

In development of the OSCAR, it became clear that the unique design requirements
driving its implementation in the colony were analogous to those of vehicles implemented for
similar unique applications on Earth: mobile overhead gantry cranes. Specifically, such cranes
used as mobile boat hoists for the transport of sea vessels on land appeared to exhibit the
functional and design characteristics necessary to envision the OSCAR as a vehicle that could
potentially be used for colony operations. In order to conduct the necessary analysis, it became
clear that two drivers behind our design were related to sizing constraints. Primarily, the
OSCAR needed to be capable of being delivered via ITS, meaning that in its compact state, the
vehicle was capable of fitting in the payload bay of the ITS-C. This is possible due to the design
characteristics of extensible legs, as well as rotary leg joints, which consolidate the design of the
OSCAR significantly in order to fit into the ITS-C payload bay. Secondly, another driver behind
the dimensions of the vehicle were the initial colony elements to be deployed (as the OSCAR
was intended to play a vital role in facilitating this process) such as inflatable habitats and farms.
Purdue University | PROJECT DESTINY
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Thus, from these constraints, the adjustability of the height of the vehicle was determined,
allowing the legs of the vehicle to adjust in height from 3 meters to 8 meters. This allows it to
accommodate the initial colony elements and still fit in the payload bay of the ITS-C. Therefore,
based upon the two sets of requirements (primarily ITS diameter), the volume of the OSCAR is
determined for us.

Figure 11.2.3: Operations Support, Cargo Autonomous Rover (Credit: Matt Gripe)

Figure 11.2.4: OSCAR in its stowed configuration. Note that the extensible legs have been retracted, and the rotary joints
engaged so that OSCAR’s volume is diminished for transport in the ITS. (Credit : Matt Gripe)
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In order to fit in the ITS-C payload bay, as well as accommodate the previously
mentioned inflatable units, the OSCAR is given an overall volume (when fully deployed) of 8.9
m wide by 8 m long x 8.657 m high (fully-deployed), giving it an overall volume of 616.3784
m3. Having understood that the volumetric requirements were essentially pre-determined, it
became necessary to identify the required mass and power requirements of such as system as
were available in Earth-based vehicles. Analysis of the available mobile gantry cranes identified
that one model in particular, manufactured by Marine Travelift of Sturgeon Bay, WI, displayed
attributes that could be expected of the OSCAR, given their similarity in size. The model 75
BMF II Mobile Boat Hoist delivers a size relatively identical to the OSCAR, making it a suitable
comparison for this very specific application. It determined that this similarity was suitable to
model the OSCAR on.
Based upon the uniqueness of the design of the OSCAR, and that its analog is equally
unique amongst Earth-based vehicles, the similarly sized Marine Travelift BMF 75 II provides a
reasonable basis upon which our own mobile gantry crane may be based. The model 75 BMF II
mobile boat hoist displays a mass of 20,870 kg, and occupies a total volume of 8.23 m W x 6.86
m L x 7.62 m H, with a total volume of 430.2084 m3, or roughly 70% the volume of the fully
deployed OSCAR [1]. This allows the 75 BMF II the capability to transport 75 Mg [1] using its
John Deere 4039T diesel engine, capable of 63.4 kW of power [2],[3]. Thought of another way,
since the 75 BMF II only represents 70% of the designed OSCAR, it would appear necessary to
scale the mass and power of the 75 BMF II in order to realistically interpret what the OSCAR’s
capabilities would be. To scale the performance and design characteristics of the 75 BMF II, this
would require a scaling factor of 1.43 (based on volume, since 616.3784 m3/430.2084 m3 =
1.43). Thus, multiplying both the mass and power of the 75 BMF II by 1.43, we obtain the
necessary mass and power required for the OSCAR:
𝑀𝑎𝑠𝑠 = 1.43 ∗ 20870 𝑘𝑔 = 29844.1 𝑘𝑔 = 29.8441 𝑀𝑔
𝑃𝑜𝑤𝑒𝑟 = 1.43 ∗ 63.4 𝑘𝑊 = 90.662 𝑘𝑊
To summarize, the MPV requirements of the OSCAR are given in Table 11.2.1:
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Table 11.2.1: Operations Support, Cargo Autonomous Rover (OSCAR) Mass, Power, Volume

Value
Mass

29.84 𝑀𝑔

Power

90.66 𝑘𝑊

Volume

616.38 𝑚3

11.2.1.1 References

[1] “Marine Travelift Mobile Boat Hoist Comparison,” W.E. Johnson Equipment Company,
[http://www.wejfl.com/new_vehicle_compare.asp?veh1=335277&veh2=335289&go2=Go#compare. Accessed
03/25/2017].
[2] “John Deere 4039T,” TractorData.com, [http://www.tractordata.com/farmtractors/006/7/8/6782-john-deere-3400-engine.html. Accessed 03/25/2017].
[3] “Used Cranes,” Shuttlelift.com, [http://www.shuttlelift.com/used-cranes/. Accessed
03/25/2017].
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11.3 Excavators
11.3.1 Excavator Type Trade Study

Our choice to bury the Project Destiny habitats is intended to simultaneously protect the
colonists from harmful solar radiation and extract vital resources from the Martian crust
necessitates a system capable of digging quarries. We choose to identify a single vehicle for this
excavation task for the sake of simplicity and thrift. Each of the vehicles selected to appear in the
trade study are chosen because they represent the status quo in their respective species of
excavator, with the exception of the bucket wheel excavator. Some of the largest land vehicles on
earth are bucket wheel excavators, so we take care to pick one of the smallest ones produced for
trade analysis. Excavation rate and digging depth measure system effectiveness, so we rank them
positively. These two parameters are weighted more heavily than MPV because, without rovers
which possess the ability to achieve their purpose, it doesn’t matter how light, compact, or efficient
they are. In order to formulate holistic scores with which the excavation rovers can be compared,
the parameter weights are multiplied by each vehicle’s respective parameter value and the products
are summed.
The vehicles being compared the Pugh trade study shown in Table 11.3.1 are judged based
on a few key parameters which are weighted negatively according to their respective effect on
required ITS launches, power usage, and vehicle effectiveness. The smaller the mass, power, and
volume of a rover, the better. Mass and volume are weighted more heavily than power because
they directly correlate to more required ITS launches, while we assume that the power required by
excavation rovers is negligible compared to that of the propellant production plant.
It should be noted that some excavator system attributes are grounds for automatic
disqualification. For instance, excavators are required to move to new quarries over time.
Machines which are incapable of such mobility are not suitable candidates for implementation in
Project Destiny. Additionally, excavators must possess the ability to remove material below the
ground on which they are resting or, simply put, dig down. Our choice to select a single rover to
achieve quarry excavation with one type of rover only precludes the use of the many excavators
which are designed to remove material from a wall of earth rather than from the ground below
them, as they would need to work in tandem with a rover capable of digging down.
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Table 11.3.1: The excavation rover trade study indicates the wheeled and h0ydraulic excavators perform the best of all the
excavator variants [1-5]. Credit: Mitchell Woolever

Parameter

Mass (Mg)
Power (kW)
Volume
Digging Depth
(m)
Excavation Rate
(m3/hr)
Number (steady
state)
Total Mass (Mg)
Total Power
(kW)
Total Volume
(m3)
Total Score

Weight

Bucket Wheel
Excavator [1]

Wheeled
Excavator
[2]

Electric
Rope
Shovel [3]

Hydraulic
Shovel [4]

Hydraulic
Excavator
[5]

4

810
160
887
0.5

19.7
129
72.6
6.090

1390
1130
2880
0.0

980
3360
1160
2.3

40.1
226
141
8.190

3

600

65.4

627

520

138

2

11

2

2

5

-2
-1

1620
320

216.7
1419

2780
2260

1960
6720

200.5
1130

-2

1774

798.6

5760

2320

705

-7,100

-3,400

-19,300

-15,300

-2,900

Although the hydraulic excavator performs better than its counterparts in the trade study,
we select the wheeled excavator, which is based on the Caterpillar M318F, because it has wheels
while the hydraulic excavator has treads [2]. The surface ops trade study comparing treads and
wheels indicates a clear preference for the latter over the former because the weight, complexity,
and tendency to fail inherent in treads. It should be noted that the wheeled excavator is within 3%
of the hydraulic excavator in terms of the absolute score range of the trade study, so the penalty
for eliminating the hydraulic excavator based upon its treads is not a significant one.
11.3.2 References

[1] Sandvik Mining and Construction, “Extract of References: Bucket Wheel Excavators for
Open Pit Mining,” SANDVIK Available:
http://www.miningandconstruction.sandvik.com/SANDVIK/9082/Internet/S002630.nsf/Index/4c
ce8e7c53d49d55c125726600578e75/$FILE/VABE-datenbl%C3%A4tter_hp.pdf.
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[2] “M318F (2017),” Cat | M318F Wheeled Excavator | Caterpillar Available:
http://www.cat.com/en_US/products/new/equipment/wheel-excavators/wheelexcavators/1000026679.html.
[3] “7495 with Rope Crowd,” Cat | 7495 Electric Rope Shovel | Caterpillar Available:
http://www.cat.com/en_US/products/new/equipment/electric-rope-shovels/electric-ropeshovels/18416406.html.
[4] “6090 FS,” Cat | 6090 FS Hydraulic Shovel | Caterpillar Available:
http://www.cat.com/en_US/products/new/equipment/hydraulic-mining-shovels/hydraulicmining-shovels/18490663.html.
[5] “336F L (2017),” Cat | 336F L Hydraulic Excavator | Caterpillar Available:
http://www.cat.com/en_US/products/new/equipment/excavators/largeexcavators/1000026487.html.
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11.4 Dump Trucks
11.4.1 Dump Truck Risk Analysis

We consider numerous failure modes of the autonomous dump truck system. Ideas of
possible failure modes are brainstormed, and the modes most likely to occur are used for analysis.
We perform a FMECA risk analysis to determine how our system will fail and how we can avoid
failure. The FMECA risk analysis is presented in Table 11.4.1.

Table 11.4.1: FMECA risk analysis of the dump truck rover. Credit J.Hazi

To perform FMECA risk analysis, we break risk consideration down into two equipment
groups: the chassis and the truck bed. The chassis has more failure modes than the truck bed
because of its greater amount of functions. We present each failure mode long with what the cause

Purdue University | PROJECT DESTINY

J. Hazi | 11-19

Surface Operations Appendix

is of said failure. How this failure will be detected is also listed. It is crucial that we have a failure
detection mode for each case in order to assess and handle risk in real time. We give the effects of
each failure mode. In nearly every case a failure in the system causes a stop in quarry excavation.
Not having the required quarries done in time as new colonists arrive allows for the possibility of
numerous casualties, which can destroy the colony. A risk level is assigned to each failure mode
[1]. Finally, possible preventive measures are listed.
We use the FMECA risk analysis to create a fault tree for the autonomous dump truck. The
fault tree can be seen in Figure 11.4.1Error! Reference source not found.. The fault tree orders
failures and identifies chain reactions that can be catastrophic to the system.

Figure 11.4.1: Fault tree for the autonomous dump truck. Credit J. Hazi

11.4.2 Risk Mitigation Strategies of Dump Truck Rovers
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We use the FMECA risk analysis and fault tree given in Section 11.4.1 to provide risk
mitigation strategies for the dump truck rover. Improved probability of failure along with cost of
risk mitigation strategies are presented in Table 11.4.2.
Table 11.4.2: Improvement of the probability of failure for each risk being mitigated. Cost of each mitigation strategy is also given.

Cost of
Risk Being Mitigated

Probability

Mitigation

of Failure

Strategy in
$/MPV

Improved
Probability
of Failure

Communication lost

5%

$0/truck

2%

Flat/punctured tire

5%

$1,000/per tire

3%

Automated navigation software bug

5%

$0/truck

2%

Automated navigation hardware malfunction

15%

$2,000/truck

5%

Battery fails to charge/hold power

9%

$500/truck

6%

Truck tips over

5%

$0/truck

2%

Truck capacity exceeded

5%

$0/truck

2%

Hydraulics fail

25%

$500-$1,000/truck

12%

To mitigate a loss in communication, we design our dump truck antenna to have a large
link budget margin. This comes at no extra cost to the system, and reduces the probability of failure
by 3%.
To mitigate a flat/punctured tire, we have replacement tires on hand. A replacement tire for
the dump truck rover costs around $1,000. The probability of failure decreases by 3%.
Mitigation of a possible software bug in the automated navigation system is done through
extensive software testing in the development stage. This does not result in an extra cost to the
mission, as it is already covered in the software design cost. Probability of failure decreases by 3%
using this strategy.
We mitigate a possible automated navigation system hardware malfunction by adding
redundancy to our system. This adds around $2,000/truck to cost of the rover, and brings the
probability of failure down 10%.
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To mitigate a faulty battery, an extra battery is kept on the dump truck rover. We see a 3%
reduction in probability of failure using this strategy.
In order to mitigate the dump truck rover tipping over, we carefully plan the path of the
vehicle. This allows us to make sure the rover does not encounter steep grades that could cause
tipping. The mitigation strategy has no cost, and reduces the probability of failure by 3%.
We mitigate an exceedance in truck capacity by using existing sensors that are already on
the vehicle. Since they are already part of the rover, there is no extra cost incurred. Probability of
failure decreases by 3%.
A failure of the hydraulics that power the dump truck rover bed possesses the highest
probability of failure. To mitigate this, we require regular maintenance of the vehicle. This could
cost anywhere from $500 to $1,000 per truck. This strategy reduces the probability of failure by
12%.
11.4.3 References

[1] Morad, A. M., Pourgol-Mohammad, M., and Sattarvand, J., “Application of reliability-centered
maintenance for productivity improvement of open pit mining equipment: Case study of Sungun
Copper Mine,” Journal of Central South University, vol. 21, 2014, pp. 2372–2382.
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11.5 Recreation Rovers
11.5.1 GPRR System Overview
11.5.1.1 CAD / System Totals

Figure 11.5.1: The exterior design of the recreation rover. (Credit: Jay Kang)

Figure 11.5.2: GPRR System map. Blocks that are pill-shaped are subsystems of the rover port.

Table 11.5.1: GPRR system totals are detailed. This includes all subsystems.

Parameter

Value

Power (kW)
Volume (m3)
Mass (Mg)
Range (km)
Speed (km/s)

180
7.5
1.538
10.73
32.2
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11.5.2 Deployment / Fabrication
11.5.2.1 Packaging in ITS

The General Purpose Recreation Rover (GPRR) has a volume of 7.5 m3 and a much smaller
mass of 1.538 Mg. This means that the number of GPRRs that can fit in a single cargo ITS is
limited by the volume rather than mass. If all the volume of a single cargo ITS (1479 m3) could be
used perfectly for packing the GPRR, 179 vehicles would fit inside. However, assuming a packing
efficiency of 70%, 138 vehicles can fit within a single cargo ITS.
11.5.2.2 Offloading from ITS

Offloading the recreational rover from the ITS will be similar to the concept of offloading
cargo. We are using the same system lowering the cargo off the ITS and lowering two recreational
rovers at one time. Inside the rover, it will be pressurized so we will be offloading people as well
by putting 4 people inside the rover. After the rover reach the ground, the driver will safely drive
it to the assigned rover port.
11.5.2.3 Assembly / deployment

When the rovers arrive on Mars, the system is already operational so there are no materials
needed to be made. However, the power of the rover which is a portable battery, need to be replaced
continuously since the rover will departure from the Habs every ten minutes as shown in Figure
11.5.3.
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Figure 11.5.3: The image GPRR inside the rover port. Credit: J. Kang

11.5.3 Operation

For the number of passengers, we figure out by considering of the car capacities on earth
and also the recreational aircraft capacities which is around 4 to 5 people. All colonists are capable
of driving the rec rover and are aware of the all the accidents that could happen to them while
driving the GPRR. We assumed all four people gets the recreation time on one ride.
Colonists use GPRRs for recreation sorties constantly for 11.25 hours per Martian day.
Each colonist embarks for 40 minutes three times per week in groups of four to satisfy the Project
Destiny two hour/week recreation rover time requirement. Rover failure is a function of vehicle
mileage, so the slower the average rover speed, the longer each vehicle lasts. However, we assume
that colonists will not get the psychological relief for which the rovers are purposed if the vehicles
travel too slowly. We must compromise the colonist’s need for speed with the desire to replace
rovers less often. 32 km/hr is an average rover speed, which satisfactorily addresses the two
aforementioned requirements.
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For the function on rovers, we will have two robotic arms. These arms are used for the
passengers to pick up things on Mars what they find during their recreational time. These arms
will be placed on the front of the vehicle approximately one meter off the ground. The arms will
allow for a reach of 2 meters in front of the vehicle, which means that the full-extended length of
the arm will be about 2.24 meters. These robotic arms will have manipulators on the end so that
they are able to move or pick up items on the Martian surface. For storage, the arms will either be
able to rotate to a position in which they have a small footprint or will be telescopic. Their controls
will be handled by a controller with multiple joysticks to handle the many degrees of freedom.
There is new technology that employs virtual reality headsets and handheld controllers, but these
may not be practical since they would require a lot of power. These robotic manipulators have
specifications as detailed in the below table. We will have a small airlock so that can get the
samples inside of the vehicle for the crew to examine.
Table 11.5.2: GPRR manipulator arm specifications, these are based on analysis of existing systems.

Parameter

Value

Power (kW)

4

Volume (m3)

0.066

Mass (Mg)

0.438

Reach (m)

2.24

The exterior design is inspired by the Jeep Wrangler. We chose this vehicle because this
vehicle suitable to riding on unpaved surface on Earth, which will be similar condition on Mars.
For the interior, we designed the chair and the spacing based on cars on Earth. We also designed
the front view of the interior design of the rover and it is shown in Figure 11.5.4. The important
aspect of this design is that we need to have certain type of indicators for the life support system.
As a safety aspect, we considered the exterior design of the rover to have a concept of roll
cage so that in case the rover flips over with its high speed and low gravitational force, it can make
itself roll back to its original position. Also in case of emergency such as air leak inside the rover,
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we will have an oxygen mask ready for them inside the rover. When evacuating from the rover
and transferring to MPCT, they will go through an airlock available on the backside of the rover.

Figure 11.5.4: The interior design of the recreation rover (not to scale). Credit: J. Kang

11.5.4 System Cost

In order to estimate the cost of the General Purpose Recreation Rover (GPRR), we must
find a suitable Earth analog. The inspiration for the vehicle was the Jeep Wrangler, but many of
its systems are simply too different from the GPRR to be used for cost analysis. The base vehicle
we use for the GPRR cost estimation is instead the Tesla Model 3. The Model 3 has many similar
components to the GPRR, including high-capacity batteries, a large electric motor, and autopilot
software. These components do have different operational needs than that on the GPRR, but their
similarities make this vehicle the best Earth analog. The cost of the Model 3 is $35,000 [11].
The rest of the cost of the GPRR is more difficult to estimate; many of the components do
not have direct analogs. The manipulation arms on the front of the vehicle exceed the reach of
common consumer models, but will need decreased strength due to the reduced gravity and small
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samples they will be collecting. Thus, we use the number $15,000 for the two arms that are on the
GPRR, based on costs for consumer robotic arms [8]. To make the vehicle suitable for use on
Mars, an ECLSS system will be utilized. The cost for adding an ECLSS system to the GPRR is
hard to estimate, but as it will need a smaller system, the cost is assumed to only be $100,000. This
is significantly lower than estimates for ECLSS systems, but this cost should reflect the short
duration of its missions. In addition, a factor of 2.5 will be applied to account for the need to
prepare the vehicle for travel in the low-pressure, rough environment on Mars. The full cost
breakdown is shown below in Table 11.5.3.
This is still a very modest estimate for the costs of the GPRR, and the cost still increases
substantially with the inclusion of the replacement needs. Summing the additional replacement
rovers, a total of 139,690 rovers will be sent over the course of the mission, giving the final number
of $52,383,750,000. This is extremely expensive, which reflects the specialized components
required by the recreation rover. Note that this cost only factors in the cost of the vehicle itself,
and does not take the costs of launching the GPRR into consideration.

Table 11.5.3: GPRR cost breakdown. Total and subsystem costs are detailed below.

Cost of Unit

$375,000

% Margin for
Cost

Subsystem component cost

Base Vehicle (Tesla Model 3):
$35,000
Scaled by a factor
Manipulator arms: $15,000
of 2.5
ECLSS & Space Hardening:
$100,000
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11.5.5 Risk Analysis
Table 11.5.4 13.1.1 FMECA risk analysis of the GPRR. We can see that the highest risks are posed by situations that strand the
colonists while they are on a mission

Above, we consider many of the risks posed by piloting a manned rover on Mars. The first
consideration is the GPRR colliding with an object while at speed. If the GPRR crashes, it poses
a large risk of creating a breach in the vessel that holds the vehicle’s internal pressure. A pressure
loss like this poses the risk of losing the crew if not properly handled. A crash also comes with risk
of injury by itself. However, with an average speed of 32.2 kilometers per hour, the chance of
injury is much lower. The largest risk posed by a crash is then the damage done to the GPRR.
Now, let us consider the situation in which the GPRR crashes into the rover port. This poses a risk
not only to those in the vehicle, but would also compromise the rover port.
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We also encounter many obstacles in regards to the ECLSS and power systems. If either
of these systems fail, the GPRR will lose the capability to sustain the passengers. If the air filtration
and monitoring systems fail, the air within the cabin will become unbreathable.

11.5.6 Risk Mitigation Strategies
Table 11.5.5: Risk probability and mitigation strategies. The cost of each mitigation strategy is listed as well.

Risk being mitigated
GPRR reaches end of
operational life

Probability of
Cost of mitigation strategy in $/MPV
Improved
failure /MTTF
692 days (266,000 Send replacement GPRR. Cost: $375,000 + 1.1
N/A
km)
Mg/7.5 m^3 on ITS per vehicle

Crash into
terrain/rover/rover port

5%

Enforce driving rules, Reduce vehicle speed near
rover ports, $0

2%

Air leak from vehicle
(pressure loss)

5%

Maintenance and life support systems - Oxygen
masks/ 8 people $2200

4%

Vehicle stranded during
mission

7%

Use MCPT to rescue crew

4%

Cost in oxygen and power based on distance
Manipulator arm failure

10%

Regular maintenance, spare part cost range from
$100 - $3000 (replacement $15,000)

5%

Above, risk mitigation strategies are discussed for the most dangerous and expensive risks.
The cases that are most likely to pose harm to the colonists involve the GPRR becoming stranded
while on a mission. In these cases, the colonists are trapped within the vehicle and will need
rescuing. For this purpose, we will be using the Mars Cargo and Personnel Transport vehicle
(MCPT). When these vehicles have completed their task of unloading the ITS of its crew and
cargo, they are largely unused. They are able to hold many passengers and can dock to other
vehicles, so they make good candidates for emergency rescue vehicles.
In order to ensure crash risks are mitigated, the speed of the rovers will be strictly limited.
The speed at which the GPRRs are driven also largely affects the lifespans of the vehicles, which
adds even more reason to ensure these limits are kept. Automated driving can also be employed
when bringing the vehicles into the rover ports to ensure that the risk of a collision is next to
nothing.
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Another dangerous position is when the atmosphere within the GPRR is compromised –
whether that means that oxygen, carbon dioxide, or pressure levels reach unsafe levels. In these
cases, emergency oxygen masks are used to ensure colonist safety while they await rescue.
The manipulator arms are not exactly a severe risk, but have the possibility of being very
expensive. These robotic arms need to be maintained, with a cost shown in the above table. The
cost of replacing a set of the arms is quite high at $15,000, so their upkeep is important.
The most cost-intensive risk regards the vehicle reaching the end of its lifespan, which
occurs at 266,600 km [13]. This value is based on the lifetime of a vehicle on Earth, and after the
GPRR reaches this value, it is retired. A new replacement vehicle is then needed, which requires
it to be sent from Earth.
11.5.7 GPRR Design Process

The recreation rover underwent a few design iterations before landing on the final design.
Initially, we were considering the use of a vehicle similar to NASA’s Space Exploration Vehicle
(SEV). However, after trade studies and considerations (detailed elsewhere in this report) we
decided to transition to a smaller, more agile vehicle that became the General Purpose Recreation
Rover, or GPRR From its conception,
the vehicle has been heavily influenced
by Jeeps and similar rugged vehicle
types. Initially, we considered a vehicle
open to Mars’ atmosphere in which the
colonists would don their suits and be
able to freely enter and exit the vehicle.
It would have greatly simplified the
vehicle’s construction. An initial sketch
is shown in the figure to the right.

11.0.1 Sketch of the first GPRR design. It was open to
Mars’ atmosphere and ultimately ruled out.
Credit: M. Woolever.
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The final design of the
GPRR switched to a closed,
pressurized design to preserve
the project specification that
called for the colonists to leave
the habitats in a “shirtsleeve
environment.” This means that
the colonists needed to be in
conditions similar to Earth’s
atmosphere where plain clothing

11.0.2 Initial sketch for the final design of the GPRR. It is now

can be worn. This design did

sealed and pressurized, with robotic arms. Credit: J.

Tucker
break away from the initial rover scaling based
on Earth vehicles, since the ECLSS, mechanical

manipulators, and pressurized interior changed the mass, power, and volume considerably.
11.5.8 References
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11.5.9 Final Design and scaling
11.5.9.1 Transportation Rover Design

The surface operations group is tasked with the design of rovers for a variety of applications
including transportation, construction, scientific exploration, scientific data collection, excavation,
and recreation. To streamline the design process, we determine MPV trends for Martian vehicles
using a curve fit of Earth vehicles with a similar purpose rather than determining a first order MPV
for each vehicle separately. For transportation vehicles, we collect and plot the MPV of the
bestselling consumer and transportation vehicles in the United States in the year 2016 in each
vehicle class. Then, we implement curve fitting software to determine a general trend for
transportation vehicle MPV as a function of vehicle capacity. This vehicle data from 2016 is shown
in Table 11.5.6. The data from Table 11.5.6 is plotted and the resulting best fit regressions are
calculated as shown in Figure 13.5.5, Figure 13.5.6, & Figure 13.5.7[1-17].
:
Table 11.5.6: The parameters of the best-selling vehicle in each transportation vehicle class is used to establish baseline MPV
curves[1-17]. Credit: Mitchell Woolever
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Figure 11.5.5: This is a plot of baseline transportation rover mass as a function of passenger capacity. Credit: Mitchell
Woolever.

𝑀 = 0.2259𝑐 1.0654

(13.4.1)

volumecurves. ure st selling vehicle in each on rovers by accumulating R2 = 0.8927

Figure 11.5.6:This is a plot of baseline transportation rover power as a function of passenger capacity. Credit: Mitchell
Woolever
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𝑃 = 49.34 ln(𝑐) + 58.068

(13.4.2)

volumecurves. ure st selling vehicle in each on rovers by accumulating R2 = 0.6204

Figure 11.5.7:This is a plot of baseline transportation rover volume as a function of passenger capacity. Credit:
Mitchell Woolever

𝑉 = 1.5335𝑐 − 4.093

(13.4.3)

volumecurves. ure st selling vehicle in each on rovers by accumulating R2 = 0.9842
The regressions are described in Eq. 1-3, where M is mass in Mg, P is power in kW, V is
volume in m3, and c is vehicle capacity. We see that each Eq. 1-3 describes the vehicle data from
Tbl. 4 with an R2 > 0.6 which indicates that they describe a trend which adequately represents their
respective data sets.
Once the general transportation MPV curves are established, we use them to establish a
baseline for transportation vehicles as a function of passenger capacity. For example, we design
the GPRR with a vehicle passenger capacity of four. This results in the preliminary GPRR
parameters listed in Figure 13.5.7. These preliminary parameters are just a baseline Earth vehicle
comparison. In order to refine these raw parameters into forms which better represent an actual
Martian GPRR, we must augment the parameters by considering the effects of additional systems
necessitated by operation on the Martian surface such as life support.
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Table 11.5.7: These preliminary GPRR parameters only apply to the baseline vehicle and do not include the additional volume of
a life support system. Credit: Mitchell Woolever

Parameter

Value

Mass (Mg)
Power (kW)
Volume (m3)

0.989
126
2.04

As we design the Mars colony in Project Destiny, it is important that we remember to
develop a colony in which we would be willing, or even excited, to live. Applying this philosophy
to recreation rover design eliminates existing, slow, unattractive NASA rovers for use as a
baseline. Instead, the GPRR’s fairing is based upon the Jeep Wrangler, a vehicle known for its
ruggedness, off-road capability, and aesthetic appeal. We assume that the GPRR’s speed and
design will greatly appeal to colonists, a crucial component of providing the recreation purposed
with alleviating the stresses of life on another planet.
11.5.9.2 GPRR Operation

GPRRs filled with Martian colonists embark on recreation sorties constantly for 12 hours
per Martian day. Each colonist participates in these sorties for 40 minutes, three times per week in
groups of four to satisfy the Project Destiny two hr/week recreation rover time requirement.
Colonists enter and exit the GPRR in pressurized rover garages. This ensures adherence to the
shirtsleeve environment dictated by the Project Destiny requirements. These pressurized rover
bays also contain battery chargers. Each rover has two sets of batteries. While any given rover is
out on a sortie, its second set is charging in the rover port. When the rover returns to cycle its
human payload, the batteries are automatically changed with a robotic arm.
Like with transportation vehicles on Earth, GPRR failure is largely a function of vehicle
mileage. This means, the slower the average GPRR speed, the longer each vehicle lasts. However,
we assume that colonists will not get the phycological relief for which the rovers are purposed if
the vehicles travel too slowly. We must compromise the colonist’s need for speed with the desire
to replace rovers less often. 32 km/hr is an average rover speed which satisfactorily addresses the
two aforementioned requirements.
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11.5.9.3 GPRR Scaling

The number of General Purpose Recreation Rovers (GPRRs) needed to support the
recreation of the Project Destiny Mars Colony is a function of both population and Earth-Mars
synodic cycle length. Rover usage is based on the average daylight hours on mars which is about
12 hr. Rovers are only active during the day, with all required maintenance taking place at night.
The baseline number of rovers required to support a population is determined using the assumption
that each vehicle is used for 11.25 hours/day. Project requirements dictate that colonists must have
a minimum of two hours of recreation time on the Martian surface per week.
In addition to sending the baseline number of rovers required for a given population, we
must account for failure rates. The expected number of failed rovers must be sent in addition to
the baseline number of rovers required to entertain a given population. Rover lifetime is based
upon mileage. The average automobile mileage before failure in the United states is 266,000 km
[18]. Assuming an average recreation sortie GPRR speed of 32 km/hr and 11.25 hours of recreation
activities per day, GPRRs fail in just under a year of use. The number of rovers that must be sent
to account for failure rates is a function of time elapsed between synodic cycles. For this reason, a
three-year cycle requires a far greater number of GPRRs than a two-year cycle at the same colony
population.

Table 11.5.8: The baseline GPRR requirement for a given colony population does not account for rover failure. Credit: Mitchell
Woolever

Colony Population

Basic Rover Number (no failures)

25,000
1,000,000

149
5,953

Below is a plot of the number of GPRRs we must send to Mars per synodic cycle. This
number is a function of both population and Earth-Mars synodic cycle length. This plot accounts
for the rovers with remaining operational lifetime from the previous cycle’s deliveries.
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Figure 11.5.8:This graph illustrates the number of GPRRs required per synodic cycle. Credit: Mitchell Woolever

Purdue University | PROJECT DESTINY

M. Woolever| 11-38

Surface Operations Appendix

11.5.10 Recreational Time
11.5.10.1 Analysis

When humans have free time, they do what they interest in them. But there are many
different ways to use their free time. For example, reading books, watching movies, going to trips,
and so on. Most of the activities they do on Earth, they can do it on Mars if they have the facilities
indoors. But the only thing they can’t experience is taking a trip in other places because they will
be need to stay indoors to live on Mars. This experience taking a trip to other places is very similar
to use rover for recreational use as they can explore Mars by their own.
Therefore, we defined the recreational rover use as a very special event for them. So it can’t
be available anytime for them because then it will ruin the excitement for them. But in the other
hand, it can’t be very small portion of time because then they won’t have enough time to explore
Mars.
From the reason above, we defined the time as two hours a week. We based on this number
from research conducted by US. Department of labor. They took a survey to 10,900 individual age
more than 15 and figured out the average time they spent in each activity during the day. This
resource shows how much time they spent in their leisure time and the time they spent in each
activity. It is shown in table 1. From this numbers, we calculated the total hours they spent in a
week in “(7) other leisure and sports activities including travel” which is 2.73 hours, shown in
Table 11.5.9. From this data we figured humans will feel satisfied if they have 2 hours to do special
activities for them. Due to the requirements ''Colonists must be able to leave the habs in a shirt
sleeve environment at least three times a week.", we defined the colonists will have a recreational
time of 40 minutes, three times a week.
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Table 11.5.9:Average hours per day spent in leisure and sports activity (25-34 years old).

Average hours per day spent in leisure and sports activity (25-34 years old)
Total
leisure

(1) sports

(2) Socializing

and

and

exercise

communicating

(3) Watching

(4)

TV

Reading

(5)

(6)

Relaxing

Electronic

/thinking

Leisure

(7) Other
leisure

Weekday

3.41

0.25

0.43

1.81

0.17

0.18

0.27

0.31

Weekends

6.16

0.37

1.37

2.93

0.18

0.19

0.55

0.59

11.5.10.2 Results

The colonists will have 40 minutes recreation time three times a week.
11.5.10.3 References

[26] U.S. Department of labor, “American Time Use Survey—2015 Results” Bureau of labor
statistics [online database] https://www.bls.gov/news.release/pdf/atus.pdf [cited 24 January 2017]
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11.5.11 Robotic Arms for Recreational rover
11.5.11.1 Analysis

To estimate the PMV of the robotic arm on the GPRR, the PMV of industrial robotic arms
used on earth was used. The data is shown in Table 11.5.10. Then we made a plot of mass and
volume versus arm length of the robotic arm (Figure 11.5.9 & Figure 11.5.10). From the plot, we
found a linear correlation and the trend line is shown on the graph for each cases. The arm length
of the robotic arm on our GPRR is 2.24 m so from the equation below we figured out the total
mass and volume. For the power, we only found data for 4 systems and the power requirement
ranges from 1.5 kW to 2.0 kW. Therefore we decided the power requirement as 2.0 kW for one
robotic arm, the maximum value we found.
Mass (Mg) = 0.0978 * arm length

(11.5.1)

Volume (m3) = 0.0073 * arm length + 0.0168

(11.5.2)

Table 11.5.10: The PMV of the each robotic arm system [1-8]

Type of

Arm length

Mass

Power

machine

(m)

(Mg)

(kW)

Volume (m3)

HM-4060 *G

0.6

0.05

n/a

0.023452

HM-4070 *G

0.7

0.05

n/a

0.024752

HM-4085 *G

0.85

0.05

n/a

0.0269815

HM-40A0 *G

1

0.05

n/a

0.0289315

Motoman CR20

1.658

0.28

n/a

n/a

Motoman CR50

2.046

0.55

n/a

n/a

MH6F

2.486

0.13

1.5

0.0315375

MH24

3.089

0.268

2

0.059496

MH12

2.511

0.13

1.5

0.034

MPK2F

1.625

0.072

2

0.06
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Mass vs Arm length
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Figure 11.5.9: Mass vs Arm length. Credit: K. Nakagoshi

Volume vs Arm length
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Figure 11.5.10: Volume vs Arm length. Credit: K. Nakagoshi

The arm length used in GPRR is 2.24 m. Therefore from the analysis above, the power is 2.0 kW,
mass is 0.219 Mg, volume is 0.033 m3 for the one robotic arm. There are two robotic arms on
GPRR so the total PMV is shown in Table 11.5.11 below.
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Table 11.5.11: Robotic Arm MPV cost

Value
Mass

0.438 𝑀𝑔

Power

4 𝑘𝑊

Volume

0.066 𝑚3

11.5.11.2 Reference

[1] DENSO robotics “HM-G Series” Available: http://densorobotics.com/products/hm-gseries/dimensions [Accessed: 3/20/2017]
[2] RobotWork a SCOTT company “Motoman CR20” Available:
https://www.robots.com/motoman/cr20 [Accessed: 3/20/2017]
[3] RobotWork a SCOTT company “Motoman CR50” Available:
https://www.robots.com/motoman/cr50 [Accessed: 3/20/2017]
[4] YASKAWA “MH6F-Series” Available: https://www.motoman.com/hubfs/PDFs/MH6FSeries.pdf [Accessed: 3/20/2017]
[5] YASKAWA “MH24” Available:
https://cdn2.hubspot.net/hubfs/366775/Blog_Robots/MH24.pdf?t=1490909695946 [Accessed:
3/20/2017]
[6] YASKAWA “MH12” Available:
https://cdn2.hubspot.net/hubfs/366775/Blog_Robots/MH12.pdf?t=1490909739993 [Accessed:
3/20/2017]
[7] YASKAWA “MH12” Available:
https://cdn2.hubspot.net/hubfs/366775/Blog_Robots/MH12.pdf?t=1490909739993 [Accessed:
3/20/2017]
[8] YASKAWA “MPK2F” Available:
https://cdn2.hubspot.net/hubfs/366775/Blog_Robots/MPK2F_MPK2F-5.pdf?t=1490909739993
[Accessed: 3/20/2017]
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11.5.12 SEV Multi-Purpose Rover Design

At the beginning of this feasibility study, we were tasked with creating a 100 person colony
for the establishment of the Mars colony. This small model called for as much modularity as
possible to ensure maximum usage of the materials we brought with us to the colony. There was
not enough need at this point for extremely specialized vehicle. In addition, the only infrastructure
to support rovers were docking ports on the exterior of the habitats. From this environment, the
multipurpose omniwheel rover (based on NASA’s SEV) was born. A conceptual sketch of this
vehicle can be found below in Figure 1.1.1.

Figure 11.5.11:Initial conceptual sketch of the front of the SEV. Note the omnidirectional
wheels – these assist with docking maneuvers. Credit: J. Tucker

We chose to outfit the SEV with omnidirectional wheels for one main purpose: it needed to
be able to easily dock with the rover port. This would prove difficult with traditional wheel
configurations, whereas the omnidirectional wheels allowed this design to drive in whichever
direction it needed.
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In addition, this rover was designed with scientific missions in mind. It had arms attached to
the front, cameras mounted on top, and plenty of room in the interior of the vehicle for any
scientific instruments. This vehicle would have an airlock on the rear for the crew to be able to

Figure 11.5.12:Suit stations and interior layout of the SEV. The MCP suit stations were based on SCUBA lockers.

exit the vehicle and walk on Mars’ surface. Stations for holding their suits were sized and designed
for the SEV; this and the interior design of the rover are shown in Figure 1.1.2.
Further pursuing modularity, the SEV was given a slight redesign such that it was using the
“small chassis,” a base that would be used across other vehicles. The other vehicle that would share
this chassis was a dedicated autonomous science rover. The redesigned SEV is shown below
(Figure 13.5.13). The patch on the roof of the vehicle is a large heat radiator. This is needed to
release the heat that the vehicle and the crew are generating, as the low pressure atmosphere does
not allow for very much (if any) conductive heat loss
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Figure 11.5.13: SEV concept redesign with modularity in mind.

Based on the values given by NASA’s actual SEV design, the mass, power, and volume of
this design were as shown in Table 11.5.12.
Table 11.5.12: NASA SEV Mass, Power, Volume estimates

Parameter

Value

Mass (Mg)

4

Power (kW)

200

Volume (m3)

22.5

Top Speed (km/h)

19.3

When considering scaling up the colony from 100 to 1 million, we quickly see the
challenges posed by the SEV design. Firstly, it has a very high mass and volume, which is not
ideal for such a large mission. Whereas the SEV had advantages in modularity, it was more
expensive than using two separate vehicles for science and recreation, which we quickly found.
The GPRR was designed, and the benefits of each weighed. A brief trade study can be seen below.
In the end, the GPRR was chosen because it better fit the recreation niche (the SEV’s 19.3 km/h
top speed was not sufficient for recreation) and because it was significantly more cost effective.
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Figure 11.5.14: A brief trade study between the GPRR and SEV. The SEV was removed due to manned
science missions being replaced by automated rovers and its huge MPV cost.
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11.5.13 Modular Construction Rover

Much like the SEV, the Modular Construction Rover (MCR) was designed early on in the
100-person colony stage of this project. The emphasis was on modularity, since it was inefficient
early on to bring many specialized vehicles. The MCR design took this into account, as it was
essentially a flatbed truck styled rover. A concept sketch can be found below in Figure 13.5.15.

Figure 11.5.15: MCR concept sketch. The wheels are omnidirectional, and it has a large
flatbed for moving cargo or holding large equipment. (Credit: Jon Tucker)

The MCR concept was intended to utilize truck-mounted construction equipment, which
would allow for multiple jobs to be filled without the need for entire vehicles. From research,
many useful construction tools such as telescopic boom cranes, telescopic excavators, and even
mounted drill rigs were possibilities.
As more work was done regarding the necessary propellant manufacturing on Mars, the
fact that we needed many dedicated construction vehicles was revealed quickly. The MCR was
then scrapped in favor of a fleet of excavators and dump trucks for a more efficient mining
operation. Some of its features lived on in the future vehicles, such as their cabins for human
pilots and omnidirectional wheels.
11.5.13.1 References

[1] “Space Exploration Vehicle Concept,” NASA.
Available: https://www.nasa.gov/pdf/464826main_SEV_FactSheet_508.pdf.
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11.6 Subsystem Design
11.6.1 ECLSS design
11.6.1.1 Previous ECLSS Designs

For our rovers’ ECLSS systems, a few different systems were considered. The two rejected
designs for carbon dioxide removal that we will discuss are Lithium Hydroxide (LiOH,
pronounced like Leo) canisters and amine beds.
The lithium hydroxide canisters have an established history of being wielded by NASA in
their space missions. It operates much like the Carbon Dioxide Removal Assembly, but uses nonregenerable canisters that are able to extract the carbon dioxide from the air via a chemical reaction.
The big issue with these canisters is that they take an enormous mass budget if they are to be used
as the primary carbon dioxide scrubber. For every 1.5 kilograms of LiOH only 1 kilogram of
carbon dioxide is removed from the air [1], which is the same amount that a single person exhales
over the course of a day. With a crew of 100 members on a mission of 150 days (approximately
the length of a cycler trip), an astounding 22.5 Mg of LiOH is needed to scrub the CO2. This is
because they have no way to be reused, and as such, we reject LiOH canisters as a choice for our
ECLSS system.
The second method we considered was amine bed technology, which filters the carbon
dioxide out of the air, and is regenerated by simply being exposed to the vacuum of space. It was
rejected due to how novel this technology is – it is currently undergoing testing by NASA to be
used on their experimental Space Exploration Vehicle. As such, there was very little information
available regarding this method of CO2 scrubbing. In addition, it requires being exposed to a
vacuum, and while Mars has a much lower atmospheric pressure, it has a lot of carbon dioxide.
This poses the issue that exposing the amine beds may not release the CO2; for these reasons, we
did not elect to use amine swing bed technology.
11.6.1.2 Human Heat Release

The heat released by the bodies of the crew within our rovers requires analysis to balance
the thermal loads on the vehicle. The heat output of the human body takes can be found using the
law of conservation of energy. All of the energy from food intake must be converted to heat that
escapes the body. For the purposes of this simple analysis, we will assume that none of this energy
is converted into chemical energy (i.e. fat stored in the body). In addition, we will assume that
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each individual consumes food that provides 2,250 kilocalories (kcal) per day, which is about the
daily average. We can then show that the heat output is simply a conversion from kilocalories to
joules, as below:
𝐻𝑢𝑚𝑎𝑛 ℎ𝑒𝑎𝑡 𝑜𝑢𝑡𝑝𝑢𝑡 = 2250

𝑘𝑐𝑎𝑙
𝐽
𝐽
∗ 4184
= 9.414 ∗ 106
𝑑𝑎𝑦
𝑘𝑐𝑎𝑙
𝑑𝑎𝑦

In a more common power measurement, each crewmate is releasing a constant 109.0 Watts.
This amount of heat energy released per day is not significantly affected by exercise or movement.
The energy requirement for these actions are on a much smaller scale. We can demonstrate this by
calculating the energy needed for a person to lift a 100 kilogram object (quite heavy!) one meter
on Mars, as shown below.
𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑥𝑝𝑒𝑛𝑑𝑒𝑑 = 𝑀 ∗ 𝑔𝑚𝑎𝑟𝑠 ∗ 𝐻 = 100 𝑘𝑔 ∗ 3.711

𝑚
∗ 1 𝑚 = 371.1 𝐽
𝑠2

We quickly see that this value is many orders of magnitude smaller than the energy emitted
from just food consumption itself, so the value stands. In addition, a person just as often lowers an
object, which converts the object’s potential energy into heat in the body. This will also balance
out the effects of movement and exercise on a person’s heat output, which we will consider to be
110 W per person.
With this value and the fact that the vehicle is not releasing very much heat by conduction
due to the low atmospheric pressure, we arrive at the conclusion that the rovers will need to release
heat. Otherwise, the temperature of the interior will climb too high.
11.6.1.3 System Overview

The Environmental Control Life Support System (ECLSS) of the various vehicles on Mars’
surface are nearly identical to those that are used within the habitats. After all, the same needs exist
for the vehicles and habitats in terms of life support. The main focus of this design will encompass
the air needs of the passengers of the rovers. A simple diagram of the ECLSS systems is shown
below in Figure 1.1.1.
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Figure 11.6.1: Rover ECLSS system map. It depicts how the air within the rovers is handled.

First, we will discuss the properties required by the air within the rovers. Firstly, the air
within the rovers must be pressurized to the levels of Earth’s atmosphere (that is, 1 atm). The
atmosphere within the rover will be comprised of nitrogen and oxygen gas. The oxygen is included
as it is necessary for human function, and the nitrogen will provide the rest of the pressurization.
High concentrations of oxygen can be toxic, so the inert nitrogen gas is ideal to fill the rest of the
pressure. The partial pressures are based on Earth’s atmosphere, with nitrogen gas (N2) comprising
79% by mole and oxygen gas (O2) comprising 21% by mole. The amount of each gas (in
kilograms) necessary to pressurize each manned rover can be calculated based on the volume of
its interior using the code at the end of this section.
According to NASA, the average person needs 0.84 kg of oxygen per day [1]. For this
analysis, we will assume that this amount of oxygen is taken in at a constant rate over the day,
which we can then use to find the oxygen needed for a mission. The amount can be calculated
based on crew size and mission below. No additional nitrogen is necessary, since it is inert and not
held by the body.
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function [massO2 massN2 O2Supply] = AirSupply(Vol, Crew, Length)
% The function accepts one, two, or three inputs. One input of volume
% returns the mass of O2 and N2 needed to pressurize a rover. Two inputs of
% crew size and mission length returns the amount of oxygen needed, and all
% three inputs will return both (volume, crew, length, in that order).
%Temperature is assumed to be 23 degrees Celcius.
if (nargin==0)
disp('Please specify your inputs.')
end
if (nargin==1 | nargin ==2)
n_O2 = 0.21; %O2 percentage by mole
n_N2 = 0.79; %N2 percentage by mole
MM_O2 = 32; %O2 Molar Mass (g/mol)
MM_N2 = 28.02;%N2 Molar Mass (g/mol)
T = 23+273.15; %Temperature (in K), assumed to be 23 deg C
P = 101325;
%Pressure, default 1 atm
% mf_O2 = (MM_O2*n_O2)/(MM_N2*n_N2+MM_O2*n_O2); %Oxygen mass fraction
% mf_N2 = (MM_N2*n_N2)/(MM_N2*n_N2+MM_O2*n_O2); %Nitrogen mass frac
RO2 = 259.8; %O2 R value, J/kgK
RN2 = 296.8; %N2 R value, J/kgK
massO2 = IdealG(n_O2*P,Vol,RO2,T)
massN2 = IdealG(n_N2*P,Vol,RN2,T)
end
if (nargin ==3 | nargin == 2)
O2Supply = Crew*Length*0.84/24
end
end
function mGas = IdealG(P,V,R,T)
%Uses Ideal gas law to find the mass of the gas based on pressure (Pa),
%volume (m^3), R value (J/kgK), and temperature (K)
mGas = P*V/(R*T);
end
Figure 11.6.2:Code to find air requirements for pressurizing a rover as well as oxygen needs for a given crew size and mission
duration.

The Carbon Dioxide Removal Assembly (CDRA) is able to remove moisture,
contaminants, and (most important of all) carbon dioxide from the air. It is the same version that
is used on the ISS as well as within the habitats in this project. It first sends air through a bed of
silicates that dry out the air. This dry air is then sent through a bed of zeolite, a synthetic mineral
that has pores in it that foreign pollutants and carbon dioxide cannot fit through. It then outputs
dry, clean air that has been scrubbed of its carbon dioxide content. It is then regenerable by heating
up the zeolite filter while outside of the vehicle [2].
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The CDRA can support a crew of 6 on the ISS, where it can keep pace with the 1 kilogram
of carbon dioxide exhaled by each crew member over the day [2]. Using the numbers in the table
below, we can scale the ECLSS to each vehicle based on its crew size.

Table 11.6.1: ECLSS mass, power, and volume per crew of 6 members.

Parameter

Value

Mass (Mg)

0.098

Power (kW)

50

Volume (m3)

0.0491

11.6.1.4 References

[1] “Closing the Loop: Recycling Water and Air in Space ,” NASA.
Available: https://www.nasa.gov/pdf/146558main_RecyclingEDA(final)%204_10_06.pdf
[2] James, John T. “Carbon Dioxide – Our Common ‘Enemy,’” NASA Johnson Space Center.
Available: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20090029352.pdf
[3] Jones, H. “Equivalent Mass versus Life Cycle Cost for Life Support Technology Selection.”
NASA Ames Research Center. Available:
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040015099.pdf
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11.6.2 Surface Operations Communications
11.6.2.1 Determination of Data Rate Required for Two-Way Communication

All surface operation vehicles are capable of two-way communication with both Mars
ground station and Mars satellites. In order for this to be possible, we determine a data rate needed
for video communication and telecommunication, respectively. We calculate a data rate to support
480p resolution video. 480p resolution video is chosen because it gives high enough video quality
for intended mission objectives while requiring a small data rate. This allows for reasonable
antenna sizes for our vehicles. Properties of 480p resolution video that we use to calculate the data
rate necessary to enable two-way video communication with surface operation vehicles are given
in Table 11.6.2 [1].
Table 11.6.2 Properties of 480p definition video

We use Eq.

Item

Value

Units

Frame Rate

24

frames per second

Resolution

720 by 480

pixels

Color Depth

8

bits

() [2] to calculate the required uncompressed data rate for video

communication with all surface operation vehicles.
𝐷𝑎𝑡𝑎 𝑅𝑎𝑡𝑒 = 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑃𝑖𝑥𝑒𝑙𝑠 × 𝑉𝑒𝑟𝑖𝑡𝑐𝑎𝑙 𝑃𝑖𝑥𝑒𝑙𝑠 × 𝐶𝑜𝑙𝑜𝑟 𝐷𝑒𝑝𝑡ℎ × 𝐹𝑟𝑎𝑚𝑒 𝑅𝑎𝑡𝑒 (13.1.1)

Plugging in the values from Table 11.6.2 into Eq.

() yields a required uncompressed

data rate of 66.36 Mbps. We employ an M-JPEG technique to compress the video using a 20:1
compression ratio [3]. Applying the compression ratio to our uncompressed data rate of 64.88
Mbps yields a compressed data rate of 3.318 Mbps. We then round this number up to 4 Mbps allow
for extra bandwidth if needed. The required compressed data rate is used to appropriately size
antennas needed for surface operation vehicles that support two-way video communication.
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According to Smith, the data rate required for two-way telecommunication is 0.096 Mbps
[4]. This data rate provides telephone quality speech. We use this required data rate to
appropriately size antennas needed for surface operation vehicles that support two-way
telecommunication.
We equip surface operation rovers with cameras capable of recording 720p HD video.
These recordings are saved and can be uploaded to the Mars ground station for two-way HD video
communication with Earth.

11.6.2.2 Determination of Radio Frequency for Communication with Vehicles

Communication with surface operation vehicles is performed using radio frequency. We
conduct a trade study between different common radio frequencies to determine the frequency that
bests meets our communication environment. This study is given in Table 11.6.3 [5].

Table 11.6.3: Trade study conducted between different common radio frequencies. If a frequency band possesses a certain
desired quality, an 'X' is placed in the corresponding column.

Metric
Weatherproof

Frequency Band
C (6 GHz)

X (8 GHz)

X

X

High-Throughput

X

Small Antennas/Low Cost

X

High Link Availability

X

Low Probability of Interference

Ku (12 GHz)

Ka (32 GHz)

X

X

X
X

We choose to communicate with X-band radio frequency due to its numerous benefits. The
frequency band can support several types of data transfer, including HD video and
telecommunication. X-band frequency upholds good signals in harsh weather conditions, making
it able to tolerate dust storms on Mars. Surface operation vehicles require small antennas since
they are mobile. X-band frequency aides in this requirement.
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11.6.2.3 Antenna Sizing Methodology

We use link budget analysis methodology presented in Space Mission Analysis and Design
[6] to size antennas for our surface operation vehicles. Definitions of input parameters for link
budget analysis are given in Table 11.6.4. Definitions of calculated parameters for link budget
analysis are given in Table 11.6.5.

Table 11.6.4: Input parameter definitions for link budget analysis.

Parameter

Symbol

Units

Speed of Light

c

m/s

Boltzmann’s Constant

k

J/K

Antenna Efficiency

η

-

Frequency

f

GHz

Propagation Path Length

S

km

Data Rate

R

bps

Input Transmitter Power

Pi

W

Transmitter Antenna Diameter

Dt

m

Transmitter Line Loss

Ll

dB

Transmit Antenna Pointing Offset

et

degrees

Receiver Antenna Diameter

Dr

m

Receiver Antenna Pointing Offset

er

degrees

System Noise Temperature

Ts

K

Table 11.6.5: Calculated parameter definitions for link budget analysis.

Parameter
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Peak Transmit Antenna Gain

Gpt

dBi

Transmit Antenna Beamwidth

θt

degrees

Transmit Antenna Pointing Loss

Lpt

dB

Transmit Antenna Gain

Gt

dBi

Space Loss

Ls

dB

Propagation Loss

La

dB

Peak Receiver Antenna Gain

Grp

dBi

Receiver Antenna Beamwidth

θr

degrees

Receiver Antenna Pointing Loss

Lpr

degrees

Receiver Antenna Gain

Gr

dBi

Eb/No

Eb/No

dB

Carrier-to-Noise Density Ratio

C/No

dB-Hz

Required Eb/No

Req Eb/No

dB

Implementation Loss

-

dB

Margin

-

dB

Noise

N

dB

Signal-to-Noise Ratio

SNR

dB

Power Received

C

dB

We convert the transmit antenna power from Watts to decibel Watts using Eq.
(13.1.2).
𝑃 = 10 log(𝑃𝑖 )

(13.1.2)

The properties of the transmit antenna are calculated. Since the receive antenna may not be
located at the center of the beam emitted from the transmitter, or vice versa, a pointing loss of the
transmit antenna must be determined. We find transmit antenna pointing loss using Eq.
(13.1.3). The angle across which the gain is within 3 dB of the peak gain is known as the
antenna beamwidth. We calculate transmit antenna beamwidth using Eq. (13.1.4).
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2

𝑒

𝐿𝑝𝑡 = −12 (𝜃𝑡 )

(13.1.3)

𝑡

𝜆

180

𝜃𝑡 = 𝐷 (
𝑡

𝜋

)

(13.1.4)

Similarly, we calculate the properties of the receive antenna. Receive antenna pointing loss
is found using Eq.

(13.1.5).

We

determine

receive

antenna

beamwidth

using

Eq.

(13.1.6).

𝑒

𝐿𝑝𝑟 = −12 (𝜃𝑟 )

2

(13.1.5)

𝑟

21

𝜃𝑟 = 𝑓𝐷

(13.1.6)

𝑟

We calculate the gains of the transmit antenna. Inputting the diameter and efficiency of the
transmit antenna along with the frequency of the signal, we calculate peak transmit antenna gain
using Eq.

(13.1.7). The net transmit antenna gain is determined using Eq.

(13.1.8).

𝐺𝑝𝑡 = 20 log(𝜋) + 20 log(𝐷𝑡 ) + 20 log(𝑓) + 10 log(𝜂) − 20 log(𝑐)

(13.1.7)

𝐺𝑡 = 𝐺𝑝𝑡 + 𝐿𝑝𝑡

(13.1.8)

We calculate the losses of the transmit antenna. When traveling through free-space, the
signal suffers loss from the line-of-sight path. Free-space loss over the propagation path length is
calculated using Eq. (13.1.9).
𝐿𝑠 = 20 log(𝑐) − 20 log(4𝜋) − 20 log(𝑆) − 20 log(𝑓)

(13.1.9)

We calculate the gains of the receive antenna. Peak receive antenna gain is calculated
similarly to peak transmit antenna gain, using Eq. (13.1.10) Receive antenna gain is determined
using Eq.

(13.1.11).
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𝐺𝑟𝑝 = 20 log(𝜋) + 20 log(𝐷𝑟 ) + 20 log(𝑓) + 10 log(𝜂) − 20 log(𝑐)

(13.1.10)

𝐺𝑟 = 𝐺𝑟𝑝 + 𝐿𝑝𝑟

(13.1.11)

Using gains and losses of both antennas, the system noise temperature, and the data rate
we calculate Eb/No with Eq. (13.1.12).
𝐸𝑏 /𝑁𝑜 = 𝑃 + 𝐿𝑙 + 𝐺𝑡 + 𝐿𝑝𝑟 + 𝐿𝑠 + 𝐿𝑎 + 𝐺𝑟 + 228.6 − 10 log(𝑇𝑠 ) − 10 log(𝑅)

(13.1.12)

This allows us to calculate carrier-to-noise density ratio using Eq. (13.1.13).
𝐶/𝑁𝑜 = 𝐸𝑏 /𝑁𝑜 + 10 log(𝑅)

(13.1.13)

We calculate a margin for our link budget. This margin must be positive in order for the
system to work. The margin is determined using Eq.

(13.1.14).

𝑀𝑎𝑟𝑔𝑖𝑛 = 𝐸𝑏 /𝑁𝑜 − 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐸𝑏 /𝑁𝑜 + 𝐼𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠
Noise system experiences is calculated using Eq.
signal-to-noise ratio using Eq.

(13.1.14)

(13.1.15). We can then calculate a

(13.1.16).
𝑁 = 10 log(𝑘 × 𝑇𝑠 × 𝑓)

(13.1.15)

𝑆𝑁𝑅 = 𝑃 − 𝑁

(13.1.16)

We calculate power received by our system using Eq.
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𝐶 = 𝑃 + 𝐿𝑙 + 𝐺𝑡 + 𝐿𝑠 + 𝐿𝑎 + 𝐺𝑟

(13.1.17)

11.6.2.4 Antenna Sizing for Rovers

The antenna sizing of the all surface operations rovers is performed using the methodology
found in Section 11.6.2.3. All rover antennas are sized to the same diameter because they possess
the same inputs and requirements. This also aides in maintenance, as using the same size antenna
allows for easier replacement of faulty hardware. We display the inputs for the link budget analysis
in Table 11.6.6.

Table 11.6.6: Inputs needed to perform link budget analysis to size the rover antenna.

Link
Parameter

Symbol

Rover to

Mars

Mars

Ground to

Ground

Rover

Rover to

Satellite to

Satellite

Rover

Units

Frequency

F

8

8

30

30

GHz

Propagation Path Length

S

1600

1600

17100

17100

km

Data Rate

R

4

4

4

4

Mbps

Transmit Power

P

10

10

10

5

W

Transmit Antenna Diameter

Dt

0.1

5

0.1

1

m

Transmit Antenna Line Loss

Ll

-1

-1

-1

-1

dB

Transmit Antenna Beamwidth

θt

21.5

0.4

5.7

0.1

degrees

Transmit Antenna Pointing Offset

et

0.006

0.006

0.006

0.006

degrees

Receive Antenna Diameter

Dr

5

0.1

1

0.1

m

Receive Antenna Pointing Offset

er

0.006

0.006

0.006

0.006

degrees

System Noise Temperature

Ts

290

290

218

290

K

Frequency for communication on the surface of Mars is determined in Section 11.6.2.2.
Frequency for communication with Mars satellites is determined in Section 4.4. We determine the
propagation path length on the surface of Mars by using the diameter of the colony location. This
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allows the rover to maximize its communication ability. We determine data rate for two-way rover
video and telecommunications in Section 11.6.2.1. An antenna efficiency of 55% is assumed.
Transmit power and transmit antenna diameter are traded in order to obtain a positive margin. For
simplicity, we perform the link budget analysis in an Excel Spreadsheet containing all inputs and
equations. We give the outputs of the link budget analysis in Table 11.6.7.

Table 11.6.7 :Outputs obtained from performing link budget analysis to size the rover antenna.

Link
Parameter

Symbol

Rover to

Mars

Mars

Ground to

Ground

Rover

Rover to

Satellite to

Satellite

Rover

Units

Peak Transmit Antenna Gain

Gpt

15.87

49.85

27.35

61.33

dBi

Transmit Antenna Pointing Loss

Lpt

-9.36E-7

-2.34E-3

-1.32E-5

-3.29E-2

dB

Transmit Antenna Gain

Gt

15.87

49.84

27.35

61.29

dBi

Space Loss

Ls

-174.59

-174.59

-206.64

-206.64

dB

Propagation Loss

La

-3.35

-3.35

-3.35

-3.35

dB

Peak Receive Antenna Gain

Grp

49.85

15.87

47.35

27.35

dBi

Receive Antenna Beamwidth

θr

0.53

26.25

0.70

7.00

degrees

Receive Antenna Pointing Loss

Lpr

-1.57E-3

-6.27E-7

-8.82E-4

-8.82E-6

degrees

Receive Antenna Gain

Gr

49.84

15.87

47.35

27.35

dBi

Eb/No

-

34.73

34.73

12.89

22.59

dB

Carrier-to-Noise Density Ratio

C/No

100.75

100.75

78.91

88.61

dB-Hz

Required Eb/No

Req Eb/No

10.30

10.30

10.30

10.30

dB

Implementation Loss

-

-2.00

-2.00

-2.00

-2.00

dB

Margin

-

22.43

22.43

0.59

10.29

dB

Noise

N

-104.95

-104.95

-100.45

-99.21

dB

Signal-to-Noise Ratio

SNR

114.95

114.95

110.45

106.20

dB

Power Received

C

-103.23

-103.23

-126.30

-115.36

dB

The finalized antenna diameter and the power required to send the communication signals
are given in Table 11.6.8.
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Table 11.6.8: Finalized antenna diameter and the power required to send communication signals.

Item

Value

Units

Antenna Diameter

0.1

m

Power Required

0.01

kW

11.6.2.5 Antenna Sizing for Mechanical Counter Pressure Suits

The antenna sizing for all mechanical counter pressure suits is performed using the
methodology found in Section 11.6.2.3. We display the inputs for the link budget analysis in Table
11.6.9.

Table 11.6.9: Inputs needed to perform link budget analysis to size the mechanical counter pressure suit antenna.

Link
Parameter

Symbol

Suit to Mars
Ground

Mars
Ground to

Suit to Suit

Units

Suit

Frequency

f

8

8

8

GHz

Propagation Path Length

S

1600

1600

1600

km

Data Rate

R

9.6E-2

9.6E-2

9.6E-2

Mbps

Transmit Power

P

10

10

10

W

Transmit Antenna Diameter

Dt

0.03

5

0.03

m

Transmit Antenna Line Loss

Ll

-1

-1

-1

dB

Transmit Antenna Beamwidth

θt

71.6

0.4

71.6

degrees

Transmit Antenna Pointing Offset

et

0.006

0.006

0.006

degrees

Receive Antenna Diameter

Dr

5

0.03

0.03

m

Receive Antenna Pointing Offset

er

0.006

0.006

0.006

degrees
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System Noise Temperature

Ts

290

290

290

K

Frequency for communication on the surface of Mars is determined in Section 11.6.2.2.
We determine the propagation path length on the surface of Mars by using the diameter of the
colony location. This allows the mechanical counter pressure suit to maximize its communication
ability. We determine data rate for two-way suit telecommunication in Section 11.6.2.1. An
antenna efficiency of 55% is assumed. Transmit power and transmit antenna diameter are traded
in order to obtain a positive margin. For simplicity, we perform the link budget analysis in an Excel
Spreadsheet containing all inputs and equations. We give the outputs of the link budget analysis
in Table 11.6.10.

Table 11.6.10: Outputs obtained from performing link budget analysis to size the mechanical counter pressure suit antenna

Link
Parameter

Symbol

Suit to Mars
Ground

Mars
Ground to
Suit

Suit to

Units

Suit

Peak Transmit Antenna Gain

Gpt

5.41

49.85

5.41

dBi

Transmit Antenna Pointing Loss

Lpt

-8.42E-8

-2.34E-3

-8.42E-8

dB

Transmit Antenna Gain

Gt

5.41

49.84

5.41

dBi

Space Loss

Ls

-175.11

-175.11

-175.11

dB

Propagation Loss

La

-3.35

-3.35

-3.35

dB

Peak Receive Antenna Gain

Grp

49.85

5.41

5.41

dBi

Receive Antenna Beamwidth

θr

0.53

87.50

87.50

degrees

Receive Antenna Pointing Loss

Lpr

-1.57E-3

-5.64E-8

-5.64E-8

degrees

Receive Antenna Gain

Gr

49.84

5.41

5.41

dBi

Eb/No

-

108.94

118.39

55.51

dB

Carrier-to-Noise Density Ratio

C/No

98.76

108.22

45.33

dB-Hz

Required Eb/No

Req Eb/No

10.30

10.30

10.30

dB

Implementation Loss

-

-2.00

-2.00

-2.00

dB

Margin

-

96.64

106.09

43.21

dB

Noise

N

-104.95

-104.95

-104.95

dB
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Signal-to-Noise Ratio

SNR

114.95

133.40

114.95

dB

Power Received

C

-105.21

-95.76

-158.65

dB

The finalized antenna diameter and the power required to send the communication signals
are given in Table 11.6.11.
Table 11.6.11: Inputs needed to perform link budget analysis to size the mechanical counter pressure suit antenna.

Item

Value

Units

Antenna Diameter

0.03

m

Power Required

0.01

kW
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11.6.3 Surface Vehicles Autonomous Control

Autonomous control of our vehicles requires various navigation equipment. We give a list
of required equipment in Table 11.6.12 along with a mass, power, and volume breakdown of each
part.
Table 11.6.12: Breakdown of mass, power, and volume of the autonomous navigation system.

Item

Quantity

Mass [Mg]

Power [kW]

Volume [m3]

Top-Mounted Camera [3]

2

0.00399

0.0174

0.0109

Inertial Measurement Unit [5]

2

0.00150

0.0240

0.00115

Star Tracker [4]

1

0.00350

0.0130

0.00770

Side-Mounted Stereo Camera [3]

4

0.00798

0.0348

0.0218

We use two top-mounted cameras (similar to the NASA Curiosity and the Mars 2020 rover
design) to act as the eyes of the rover. These camera are capable of recording 720p HD video and
also allow for visual odemetry [1]. To aid in maneuvering, two inertial measurement units are used
to determine position, orientation, and velocity of the rover. The inertial measurement unit also
responds to navigation software, controlling the movement of the rover. To aid in visual odemetry
and enable navigation at night, a star tracker is used [2]. Lastly, we mount four smaller cameras
on each side of the vehicle. The cameras give additional close-up views of surrounding terrain and
have the power to map the surrounding area, and also can record 720p HD video. We present a
total mass, power, and volume of the autonomous navigation system in Table 11.6.13.
Table 11.6.13: Total mass, power, and volume of the autonomous navigation system.

Item

Value

Mass [Mg]

0.0170

Power [kW]

0.0892

3

Volume [m ]
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Through research, we obtained a general idea of the cost of the autonomous navigation system. We
present a breakdown of cost of each item in Table 11.6.14.
.
Table 11.6.14: Breakdown of cost by item for the autonomous navigation system

Cost for 1

Item

Quantity

Top-Mounted Camera [6]

2

45,000

Inertial Measurement Unit [7]

2

1600

Star Tracker [4]

1

330,000

Side-Mounted Stereo Camera [8]

4

450

Item [$]

The total cost of the navigation system, calculated by summing together the price of the
individual parts, is estimated to be $425,000.

11.6.3.1 Autonomous Excavation System

In order to keep colonists safe and available to do other tasks, it is important that land
excavation is accomplished autonomously. To do this, we develop a list of steps necessary to
complete the process [9]. The first step is to create a 3D map of the land that needs to be excavated,
using drones. This map will be an input into the control system, telling our vehicle where exactly
the excavator needs to be placed to move Martian land. The next step is to deploy excavators and
dump trucks to the excavation location. This will also be done autonomously, using the navigation
system outlined in Section Error! Reference source not found.. After the vehicles arrive to the
site, excavation will begin using the control system presented in Table 11.6.15. The excavator
dumps Martian soil into the dump trucks, which will autonomously take the Martian soil to the
desired location when full. These steps are repeated until the desired quarry is dug.
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Table 11.6.15: Breakdown of mass, power, and volume for autonomous excavation system.

Item

Quantity

Mass [Mg]

Power [kW]

Volume [m3]

Fiber Optic Gyro [10]

1

0.00013

0.0040

0.00015

Direction Sensor [11]

2

0.00020

0.0050

0.00016

Laser Scanner [12]

1

0.00044

0.13

0.0019

Stereo Camera [8]

1

0.00016

0.0019

0.00017

Video Camera [6]

2

0.00399

0.0174

0.0109

Rotary Encoder [13]

1

0.00080

0.13

0.00015

The control system hardware of the excavator consists of five major parts: a fiber optic
gyro, two direction sensors, a laser scanner, a stereo camera, a video camera (same camera used
in the navigation system), and a rotary encoder. The fiber optic gyro is used to measure direction,
inclination, and oscillation of the excavator. We employ the two direction sensors measure the
excavator speed and direction. The laser scanner and stereo camera work together to map the
ground that is removed. Because of the amount of dust on the Martian surface, it is important to
have the stereo camera to aid the laser scanner in this process. Creating a constantly updating 3D
map of the land to be excavated allows the control system to plan the excavator’s next move with
ease. We use the video camera to allow for the process to be monitored by the colonists and to
record the process. The rotary encoder is used to determine the rotation of the excavator. The
antenna of the rover receives input commands, and the five major parts of the system along with
autonomous excavation software are then used to control the rover. We give the total mass, power,
and volume for the autonomous excavation system in Table 11.6.16.
Table 11.6.16: Total mass, power, and volume of the autonomous excavation system.

Item

Value

Mass [Mg]
Power [kW]
Volume [m3]

0.0057
0.29
0.00015

Purdue University | PROJECT DESTINY

J. Hazi | 11-68

Surface Operations Appendix
11.6.3.2 Referencees

[1] Cheng, Y., Maimone, M., and Matthies, L., “Visual Odometry on the Mars Exploration
Rover,” IEEE International Conference on Systems, Man and Cybernetics, published online 10
Jan. 2006.
[2] Gammell, J., Tong, C., Berczi, P., Anderson, S., and Barfoot, T., “Rover Odometry Aided by
a Star Tracker,” Aerospace Conference, 2013 IEEE, published online 13 May 2013.
[3] Bell, J., “Mastcam-Z Tech Specs,” NASA Mars 2020 Rover, Tempe, AZ, 2017
[4] Surrey Satellite Technology, “Procyon Star Tracker,” Guildford, United Kingdom, 2015
[5] Northrop Grumman, “LN-200C Inertial Measurement Unit (IMU),” Woodland Hills, CA,
2015
[6] Ma, W., “Riding Shotgun with Google Street View’s Revolutionary Camer,”
http://www.popularmechanics.com/technology/gadgets/a2300/4232286/ [retrieved 29 March
2017].
[7] Powell, “Position Sensors,” https://www.powell.com/item/Honeywell-Sensing-and-Control6DF-1N6-C2-HWL-GSorAZ/2067766?gclid=Cj0KEQjwk-jGBRCbxoPLld_bpIBEiQAgJaftYrzpmTNRYe-hcYJ4guwCeOkjfowwdtOyQlS81YKSa0aAuPw8P8HAQ
[retrieved 29 March 2017].
[8] Stereo Labs, “Zed 2K Stereo Camera,” https://www.stereolabs.com/ [retrieved 29 March
2017].
[9] Yamamoto, H., Moteki, M., Shao, H., & Ootuki, T. (2009). Basic Technology toward
Autonomous Hydraulic Excavator. 26th International Symposium on Automation and Robotics
in Construction (ISARC 2009), 288–295. Retrieved from
http://www.irbnet.de/daten/iconda/CIB14849.pdf%5Cn
[10] KVH Industries, “DSP 1750 Analog Datasheet,”
file:///Users/jacobhazi/Downloads/DSP%201750%20Analog%20Datasheet%200715.pdf,
[retrieved 20 March 2017]
[11] Switches & Sensors, “Speed Direction Sensor Datasheet,” http://switchessensors.zf.com/us/wpcontent/uploads/sites/7/2012/05/SD101201_Speed_Direction_Sensor_Datasheet_Letter.pdf,
[retrieved 20 March 2017]
[12] Nikon, “XC65Dx Specifications,” http://www.nikonmetrology.com/en_US/Products/LaserScanning/CMM-scanning/XC65Dx-LS-digital-Cross-Scanner/(specifications), [retrieved 20
March 2017]
[13] Dynapar, “Heavy Duty Hollowshaft Encoder Specs,”
https://ecatalog.dynapar.com/downloads/HS35R_DS_702761_2_U.pdf, [retrieved 20 March
2017]

Purdue University | PROJECT DESTINY

J. Hazi | 11-69

Surface Operations Appendix

11.7 Power Analysis
11.7.1 Preliminary Comparison of Current Batteries used on Mars Rovers

Table 11.7.1: Initial Battery Choice Trade Study

Power

Power

Lifetime

Lifetime

(Wh/L)

(Wh/kg)

(years)

(cycles)

Ag-Zn

200

100

1

30

Ni-MH

155-245

62-70

>7

>500

Li/MnO2

200

70

>4.5 hours

>100

New Lithium ION Polymer

>250

>125

>5

Radioisotope thermoelectric generator

190

100-150

>10

n/a

110

90

>14

n/a

Battery Option

150

(RTG)
Multi-Mission RTG (MMRTG)

A radioisotope power system (RPS) is designed to continuously recharge the batteries in
the rover. This is done by converting the heat from the decay of plutonium-238 into electric voltage
by thermocouples and the left-over heat after recharging the batteries is used warm the rest of the
systems. This is a dangerous process to humans and this would be restricted to unmanned rovers.
Additionally, the amount of plutonium available is decreasing so unless this is a resource found of
the surface or other nearby asteroids, this will only be a source of power for the rovers during the
first years of the colonization process.
With this current design, an RPS can initial give off 2000 watts and decrease to a more
constant 125 watts. The amount of run-time that this rover can have depends on how fast the
instruments will use this amount of power but the RPS will constantly be recharging the batteries.
For scientific rovers such as Curiosity, the rover can last up to 14 years. Construction rovers and
manned recreational vehicles still need more analysis to determine the type of battery appropriate
for those uses. Construction rovers are very high powered vehicles that may need more than an
RPS can produce. Likewise, manned vehicles will need a reliable and safer battery.
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There are three types of RPS: Radioisotope Thermoelectric Generator (RTGs), MultiMission Radioisotope Thermoelectric Generator (MMRTG), and the Radioisotope Heater Unit
(RHU). The purpose of the RTG is that it o provides power for spacecraft by converting heat
generated by the natural radioactive decay of its fuel source, plutonium dioxide, into electricity
using devices called thermocouples. Additionally, that are no moving parts which decreases risk
of failures. The MMRTG is the latest RPS to be qualified for flight and can be used on the vacuum
of space as well as within the atmosphere of Mars. For the rovers on Mars, this type is not necessary
because we will not be using flight vehicles nor rovers in a vacuum. Finally the RHU employs a
small, pencil eraser-sized pellet of plutonium dioxide to generate heat for spacecraft structures,
systems, and instruments, enabling their successful operation throughout a mission [3.2]. The
purpose that NASA has set out for this RPS is to power a compact system that could provide a few
dozen mill watts of electrical power. For the purposes of the batteries on the Mars rovers, we desire
a battery that can suffice for all the electrical needs of the vehicle.
These batteries have been explored further in another section. This further analysis will
include the power needs of the different vehicles in a trade study will be done on the following
four categories: batteries for science, construction, recreational, transport (human and cargo).
First the power requirements for manned and unmanned construction rovers are needed.
Then the possible batteries for this will be evaluated. Next the power requirements of a manned
science rover are needed to determine the safe and applicable battery for this. An unmanned
science rover was assumed to be similar to Curiosity.
The battery that uses Ag-Z can be expected to have high maintenance cost and a high
lifecycle cost. Some of its other limiting factors is that it has a limited operating temperature range
and a voltage delay [5]. The limitations for the Ni-MH battery includes having passive issues with
dormancy. However, because resources on Mars are not as easily to come by as they are on Earth,
there will not be an abundance of batteries on Mars. At this moment dormancy is not an issue. On
the other hand the new Lithium ION Polymer battery is projected to have low maintenance and
low life cycle cost [5]. This would be optimal for the batteries on Mars because it is expected that
batteries will going through more cycles than typical batteries on Earth. The Radioisotope
thermoelectric generator (RTG) and the Multi-Mission RTG (MMRTG) have proven to be very
useful to the science rovers that are currently on Mars, such as Curiosity [3.2]. However, according
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to NASA [3.2], there is only a certain amount of radioisotope left on Earth and all of the mass that
was allocated to space exploration has already been given to the New Horizons missions.

[3] “EXTRAVEHICULAR ACTIVITY (EVA),” NASA Available:
https://msis.jsc.nasa.gov/sections/section14.htm.
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11.7.2 Common Vehicle Electrical Power System Design

We have selected the GS Yuasa LSE Gen. III battery cells as a primary power source for
surface operations. Most recently, these Li-Ion batteries have been installed on the International
Space Station (ISS). This proof of flight-readiness, along with the data sheet, shows that they are
capable of withstanding the harsh Martian environment. These cells are packed into larger
54.8kWh battery called the Universal Battery Module (UBM). This capacity was determined by
evaluating the cell arrangement that yielded the highest capacity while still keeping battery volume
under 0.2m2 so that 5 batteries can be stacked in each 1m3 shipping crate.
At this rated capacity, many vehicles require multiple batteries to meet system
requirements. For example, the dump truck requires 17 battery modules to meet its needed
capacity of 922.50 kWh. As a result, we design our surface vehicles such that UBMs can be
stacked and linked as shown in Figure 13.7.1. Terrestrial battery racks, very similar to th concept
of stacking UBMs, are already a proven technology on Earth and are generally deployed to
maximize vehicle mission customization [7]. Using this technique helps the colony to stay lean
on batteries by ensuring that vehices onlny ever use as many batteries as they need.

Figure 11.7.1: Battery Units are modular to that a vehicle is only given as much energy as it requires.

11.7.2.1 Battery Type and Model Selection

11.7.2.1.1 Battery Selected
As stated in the previous selection. We have selected the LSE 134 model of the GS Yuasa
LSE Gen. III battery cells as the primary battery type for Surface Operations Rechargeable Power
Systems (SORPS). Each LSE134 cell is rated at 548 Wh with an excellent energy density of 155
Wh/kg. Full cell specification are available in Reference [5].
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11.7.2.1.2 Selection Justification and Trade Study
We consider several alternative battery chemistries and configurations in our analysis. The
following categories are studied via a decision matrix to aide type selection. First, we assess TRL
level to determine whether a particular battery type is ready for mission deployment. Second, we
note that each battery assembly will be deployed in the harsh, near-vacuum Martian atmosphere.
As a result, we give a score factor of 10 to batteries that are ‘space-rated.’ Third, we give
preference, with a score factor of 6, to batteries which have been proven to operate successfully
on orbit. The Results of the Trade Study appear in Table 13.7.2.Note that, of the batteries
considered, only the ISS batteries have been proven on orbit. Next, we considered place a premium
on small and light batteries by assigned a score factor of 5 to both the mass and volume energy
density. Finally, we recognize that these batteries may need to be cycled multiple times per sol,
for 780 sols per synodic cycle, so cycle maximizing cycle life is critical and assigned a score factor
of 8.

Table 11.7.2: According to the battery type decision matrix, the ISS Li-Ion battery produced by GS Yuasa has the most
preferable specification for the selected weights and ratings.
TRL
weight
Value
ISS NiCad
9
Tesla 95kWh
9
Industrial Li-Ion
9
ISS Li-Ion
9
Li-Br
5

Space Compatible Space Deployment Mass Density
Vol Density
Cycle Life
4 weight
10 weight
6 weight
5 weight
5 weight
8 Rating
Score
Value
Score
Value
Score
Value
Score
Value
Score
Value
Score
5
1
5
1
5
48.0
1.0
7.06E+04
1.0
30000
5
150.00
5
0
0
0
0
157.0
3.0
1.32E+05
2.0
15000
3
69.00
5
1
5
0
0
243.0
4.0
6.76E+05
4.0
500
2
126.00
5
1
5
1
5
155.0
2.0
9.00E+05
5.0
30000
5
175.00
3
1
5
0
0
791.0
5.0
3.49E+05
3.0
500
2
118.00

As shown in Table 13.7.2, the ISS-Li-Ion battery produced by GS Yuasa is the best fit for
deployment in vehicles on the Martian surface. This battery is flight proven, has excellent energy
density, and can support the highest numbers of cycles of any battery studied. For the purpose of
future analysis, we note that it may be possible to dramatically reduce the mass and volume of the
battery system if the Li-Br battery, an emerging technology, can be matured. Error! Reference
source not found..1 shows that for comparisons of required system mass or volume, the LI-Br has
a much lower total system cost.
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Figure 11.7.2: Comparing the mass and volume of equivalent capacity systems, it is clear that the Li-Br battery technology
offers significant mass and volume reduction compared to the ISS Li-Ion battery. Credit: B. Merrel.

Table 11.7.3: Universal Battery Module Geometry. (Credit: B. Merrel)
Capacity

# Cells

Mass

Volume

Length

Width

Depth

54.8kWh

100

0.389Mg

0.173m3

0.8m

0.51m

0.425m

11.7.2.2 Battery Charging Station

11.7.2.2.1 Justification for Battery Exchange Station
As we have described in Section 11.7.2, all surface operations vehicles are powered by
rechargeable batteries. It is noted that while rechargeable batteries can offer desirable reductions
in the mass and volume of the EPS for each vehicle, they introduce an additional constraint my
means of a notable charging time. Vehicle operational time comes at a premium on Mars because
any reduction in operational hours for a vehicle like the RMH or the GPRR can increase mission
cost by increasing the total number of vehicles required to accomplish a task. We propose to
mitigate the negative effects of battery charging time by implementing a battery charge and swap
station to serve all vehicles. Instead sitting idle while a battery system charges, each vehicle will
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approach a Battery Exchange Station (BES) and be fitted with a fully charged battery.
Mechanically, BES will operate similarly to the battery swap version of the Tesla Supercharger
Station, which was demonstrated by Tesla Motors in 2014 [6]. Following the Tesla model, BES
is capable of performing the full battery swapping maneuver in 5 minutes (0.083hr). By following
the battery swap methodology, we can reduce power-related downtime for each vehicle by as much
as 48%.
We justify the BES concept by considering the RMH as a case study. For a range of 45km,
the RMH must carry 17 UBMs to meet its total energy needs. At a charging power load of 240
kW, it takes 3.9 hours to charge the vehicle to full capacity. Using the vehicle configuration
detailed in Section Error! Reference source not found., each RMH would be required to fully
recharge its batteries 2 times per sol. If we assume the dock & charge model, each RMH would
lose 7.8hr/sol of work time to charging. By employing the BES rated at 0.083hr/swap, we can
reduce the total power-related downtime of the vehicle from 7.8hr/sol to 1.66hr/sol. Recovered
time from the BES method can be assumed to provide additional work time per sol for the vehicle
and at an improvement of 6.14hr/sol, we improve the hauling capacity of a single RMH by
99.6Mg/sol.
11.7.2.2.2 Location, Capacity, and Power Specifications for the BES
Each rover port will contain a BES stack along with a battery bank with enough UBMs to
serve the appropriate size fleet. Full scaling solutions can be found…
Power requirement for the BES is a function of the total numbers of batteries that must be
charged at any given time. This metric is driven by the excavation needs of the colony, along with
the total population (for GPRR scaling). We have optimized the charging system to ensure that
fully charged UBMs are always available when a rover docks, and that charging waste time is
minimized. This analysis is presented as part of a GENERAL SPREADSHEET. For optimal
charge time, we intend to charge two batteries per vehicle at all times. Assuming similar hardware
to the SpaceX Superchargers, which are state of the art for vehicle battery chargers, we plan to
provide 240 kW per vehicle (120kW per battery) for charging purposes.
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11.7.2.3 Battery and Charging Station Cost Analysis

11.7.2.3.1 Battery Cost
We estimate that the GS Yuasa LSE143 type batteries will be able to be produced at a cost
of $200/kWh. Lithium-Ion battery technology is a well-established technology that has been in
mass-production since the mid 1970’s. Over 40+ years of development, production costs have
fallen substantially. The LSE134 battery cells selected for Martian deployment use a Lithium
Cobalt Oxide chemistry, which is the most widely produced battery on the market today. Li-ion
battery costs, generally reported in dollars per kWh, are closely tied to production economies of
scale. While GS-Yuasa, the manufacturer we have chosen, is an expert in space-rated battery
design, we note that the total number of batteries required for Project Destiny will far exceed their
current production capabilities. As a result, current cost estimates of $365/kWh for the LSE134
batteries are likely too high for three reasons.
First, this cost will be reduced as production increases. Second, LSE134 were priced on
government applications. We estimate at least a 20% decrease in cost per cell for a large
commercial project like Project Destiny. Finally, we note that SpaceX will likely leverage the
battery production capabilities of sister company Tesla Motors. Tesla Motors is expected to
produce 35 GWh worth of batteries by 2025 [7], which will allow them to dramatically reduce
production costs per kWh.
Noting these trends in global battery production, several production analytics consulting
groups have reported that a production cost under $200/kWh should be achievable for Li-Ion
batteries. McKinsey and Company, a management and analytics consulting company that serves
80% of the world’s largest corporations, reports that “costs are falling and could be $200 per
kilowatt-hour in 2020, half today’s price, and $160 per kilowatt-hour or less in 2025” [8].
Greentech Media, a Massachusetts-based media and market research company, reports that Tesla
be reach as low as $100/kWh by 2025. Finally, Version 3.0 of Argonne National Labs’ battery
cost forecasting model BatPaC estimates that Tesla-type batteries could be produced at a cost as
low as $109/kWh.
As evidenced by the variation among professional market research groups, it is not feasible
to give a perfect cost estimate for UBM production. However, we can observe that all estimates
place terrestrial Li-Ion battery production in a range of $100-$160/kWh. Additionally, there is an
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additional cost associated with ‘space-rating’ the UMBs. Applying a factor of up to 100% cost
increase to covert batteries to space use, we estimate the cost of UMB production to be $200/kWh.
11.7.2.4 Power System Risk and Reliability Analysis

Due to the large number of batteries and charging stations to be deployed, we expect to see
some number of failures over the course of the 100-year mission. In this section, we present tue
most likely failure types, their impact on the overall system and mission, and several strategies to
mitigate overall risk. First, we present a system fault tree in figure.

Figure 11.7.3: The Surface Operations Fault Tree shows that multiple failure modes can result in total vehicle loss or even
loss of crew life.
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Figure 13.7.3 shows the primary failure paths that lead to loss of vehicle or loss of life.
Immediately, one can observe that battery health monitoring and thermal control play a critical
role in system reliability. The single most catastrophic event which can affect the power system
directly is an exothermic battery failure in which an explosion damages both the battery and
surrounding systems. This type of event typically can occur when a battery is either overheated,
or over charged. Each UBM will contain a self-regulating thermal control system to keep the
batteries at safe operating conditions. However, we cannot ignore edge cases in which a vehicle
or charging station’s thermal management system fails and leads to rapid temperature increase.
High-frequency thermal monitoring can improve reliability by identifying and mitigating rapid
temperature increases in any system before they cause battery failure.
Battery explosions can also occur when incorrect battery health data leads to overcharging.
IT is reasonable to except that a certain amount of cycle-dependent error will accumulate in the
battery health statistics over time, so it is critical to design the system with a sufficiently large
charging margins. Following this mitigation strategy, we limit our batteries to be charged only to
90% capacity. This both reduces the risk of batter failure, and extends the cycle life of the battery.
While all failures in the fault tree show a potential path to full system failure, we note that
many subsystem failure modes, outside of battery explosion, can actually be accounted for by other
systems. For example, battery capacity overestimation could result in a vehicle being stranded
during an outing. In many cases, it would be possible to send the MCPT or the science vehicle to
perform in situ maintenance and save the vehicle. This extended set of likely failure modes is
represented in the following FMECA chart.
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Table 11.7.4: Power Systen FMECA Diagram

Component

Description of Failure

Effects of Failure on the
System

Unit combusts due to
overheating

Vehicle Is engulfed in flames

Battery

Battery

Unit combusts due to
overheating

Battery

Battery

Potential
Hazard
Level

Risk Mitigation
Monitor and Regularly
inspect battery thermal
systems

Critical

Battery Charging Station is
Destroyed, Fleet capabilities
are diminished

Monitor and Regularly
inspect battery thermal
systems

Moderate

Vehicle is Unable to
Power Life Support
Systems

Manned Vehicle Can no longer
support Life, loss of crew

Manned Vehicles should
carry redundant batteries

MULTI Battery Failure
(enough to exceed the
included margin)

Number of available batteries is Pre-supply batteries for
insufficient for Surface Ops
future arrivals so that the
Power needs
colony has a very large
reserve of batteries

Critical

Critical

Battery

Vehicle has insufficient energy
Battery Capacity is over to return to base
estimated or depleted at
an accelerated rate

Include extra batteries for
margin

Moderate

Battery

Vehicle has insufficient energy
Battery Capacity is over
to power autonomy-critical
estimated or depleted at
systems
an accelerated rate

Include extra batteries for
margin

Moderate

Battery

Battery Capacity is
reduced more than
excepted over time

Include extra batteries for
margin

Low

Reduced Margin for vehicles.
May need to reduce vehicle
ranges

Battery Temperature is
Battery Thermal
either too high or low
Control

Battery Combusts and vehicle is Monitor and Regularly
destroyed
inspect battery thermal
systems

Battery Temperature is
Battery Thermal
either too high or low
Control

Batteries Deplete at
Accelerated Rate and the
vehicle range is diminished

Monitor and Regularly
inspect battery thermal
systems

Charging Station
Components wear out;
Charging Station
unable to charge
batteries

Surface Ops Fleet capabilities
are reduced due to loss of
charging efficiency

Bring Spare Parts and
ensure reparability

Critical

Moderate

Moderate

MULTI Station Failure
There are no long enough
leads; sufficient number stations to charge the entire
Charging Station
such that…
fleet. Loss of life or schedule
slip due to lost capability

Bring Spare Parts and
ensure reparability

A single charging or
Charging Station battery swapping
terminal is damaged

Bring Spare Parts or have
redundant charging
terminals

Charging station capapbilities
are reduced until repair
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11.8 Science Rovers
11.8.1

Science Rover Totals & Capabilities

Table 11.8.1: Mass, Volume, Power of Instruments on Rover

Instrument Name

Mass
(Mg)

Volume (m3)

Power (kW)

Panoramic Imaging

6.02×10-

9.33×10-2

2.00×10-3

Camera

4

Microscopic Imager

2.90×10-

1.99×10-4

5.00×10-3

5.94×10-3

5.60×10-3

7.00×10-4

2.00×10-3

3.51×10-4

1.12×10-3

1.40×10-2

1.12×10-3

1.67×10-3

2.00×10-3

7.50×10-1

N/A

4.40×10-6

N/A

4

Thermal Emission

2.40×10-

Spectrometer

3

Mossbauer Spectrometer

4.00×104

Alpha Particle X-ray

3.70×10-

Spectrometer

4

Millimeter Scale

5.78×10-

Spectroscopy

3

Vaporization Laser
Geological Sample

4.00×10-

Extraction Apparatus &

4

Sample Container
Chassis

7.70×102

Solar Panel

3.40×104
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Table 11.8.2: Total Mass, Volume, Power per Science Rover

Total

Mass (Mg)

Volume (m3)

Power (kW)

Value

8.76×10-2

8.66×10-1

1.88×10-2

These tables show the calculated mass, power and volume values of the science rovers.
The first table shows each individual instrument’s data values for the categories. The second table
shows the total mass, power and volume per rover. As a result, the rovers do not take up much
space or are heavy, so it is possible for multiple rovers to be packed onto the ITS.

11.8.1.1 Science Rover Capabilities

The rover is designed to be capable of crossing over the terrain of mars. This includes
traveling over smoother plains and rougher terrains, even though it is preferred that the rover
traverses over smoother terrain as much as possible to minimalize damage. The wheels on the
chassis allow the rover to be able to travel steeper elevations without the rover sliding down and
falling. The expected distance the rover will travel is around a total of 1,000km. It can travel at a
top speed of 16 km/hr but most of the time the rover will be traveling at a speed of around 1 km/hr.
The rovers can record various types of data about the composition of Mars. With the
instruments on board, the rover is capable of finding sources of iron in the soil, identify traces of
elements in the soil as well as detecting minerals in the soil. The rover will also be able to break
down small samples of regolith and study its composition as well using its vaporization laser. The
rover has an extractor apparatus which will allow the rover to scoop up samples of soil to be
collected. The samples of the soil are collected in a bottle container which can hold up to 2 kg of
sample.
The rover will also be capable of taking panoramic images of the areas it traverses. This will
also provide a way for those controlling the rover to view where the rover is going. With the
microscopic imager, the rover can examine fine features for determining geological history. The
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rover will be recording observational data through its cameras as well as infrared imaging with its
chem cam from the thermal emission spectrometer.
The rover is capable of providing a payload of 2kg. This is calculated in Eq. (13.1.18):
𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝑆𝑐𝑖𝑒𝑛𝑐𝑒 𝑅𝑜𝑣𝑒𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑃𝑎𝑦𝑙𝑜𝑎𝑑

(13.1.18)

The total weight that the rover is capable of holding is the amount of sample it brings back plus
the weight of the rover itself. The rover is not designed to carry very large samples or other various
objects. The difference in weight is only 2kg, as it is the maximum weight of sample it can bring
back to the colony.
The lifetime of the rover is expected to be around 15 years. They are capable of lasting
through multiple missions if taken care of properly and do not fail along the way. With consistent
enough maintenance, they are capable of lasting longer, potentially up to around 20+ years.
11.8.1.2 References:
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doi:10.1007/s11214-012-9902-4

Purdue University | PROJECT DESTINY

S. Tandon | 11-85

Surface Operations Appendix

11.8.2 Manned Science Missions
11.8.2.1 Introduction

A great advantage of living in a colony on a different planet, is that colony scientists get
more field experience and hands on research than we would by sending rovers and orbiters around
the planet. In this section, we discuss future possibilities of using MCPT as manned science
mission modules.
11.8.2.2 Design Process

The manned science mission will accommodate a few scientists (5-7) who would travel to a
distant location on the planet for scientific exploration. They would be sent to the location with
the use of a partially filled ITS that can carry the MCPT as cargo along with some other scientific
instruments of interest for the mission.
These scientific missions will act as stepping stones for making Mars a scientific laboratory,
a place where scientists from a million person colony would constantly learn and explore more to
advance our understanding of the universe.
Some probable manned missions would include – Mars sample return from Eberswalde
crater, Mars sample return from Mawrth Vallis, construction of observatories and outposts and
many more.
This long-range science variant of the MCPT can be built on Mars from the resources
available from the planet or it could be shipped from Earth on a ITS, where the cost would be
shared by the sponsors. This vehicle will be better equipped with scientific instruments and gadgets
which will make it a suitable scientific explorer.
11.8.2.3 Explanation for a future study

The above model for science exploration with the use of MCPT for manned missions is not
studied with Mass, power, volume and cost due to feasibility factors. These missions we propose
are future possibilities one that can be sponsored by private or government organizations.
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11.9 EVA Suits
11.9.1 Designs

Early in the design process, it became clear that some sort of Extra Vehicular Activity
(EVA) pressure suit would be required for several crucial activities on the Martian surface.
However, current gas pressure suits like the United States’ EMU offer insufficient comfort for
prolonged use and insufficient dexterity/mobility for efficient movement on the Martian surface.
The developing concept of Mechanical Counter-Pressure (MCP) EVA suits provides an
alternative to the unwieldy gas pressure variety currently in use. Rather than maintaining gas
pressure within a bladder, MCP suits will use tight elastics to provide pressure directly to the skin.
These suits act like a second skin and are projected to offer greater mobility at a lower metabolic
cost than gas pressure suits [1]. Tests have shown that despite the difference in technological
refinement between MCP (TRL 4) and gas pressure (TRL 9) suit gloves, users grip strength and
endurance was slightly better with an MCP glove than a gas pressure glove exerting the same
amount of pressure [2].
The MCP is far lighter than a gas pressure suit and occupies less volume. Additionally, it
is anticipated that the MCP will offer much higher dexterity and mobility than existing systems
[2-4]. The MCP is also safer than the EMU. When the MCP is punctured, only local bruising
occurs as opposed to catastrophic pressure loss and death with a gas pressure suit [5]. Current gas
pressure EVA suits can be pressurized to a lesser degree for greater mobility, but this requires
astronauts to undergo a lengthy denitrogenization process first so that they do not get the bends
during their EVA [1]. We see the clear benefits of MCP suits over their gas pressure predecessors
in Table 11.9.1.
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Table 11.9.1: This trade study clearly outlines the benefits of MCP suits over gas pressure suits [2-4,8]

Property

Advanced Gas

Mechanical

Pressure Suit

Counter Pressure
Suit

Mass (Mg)

0.113

0.025

Energy (kW∙hr)

0.450

0.450

Volume (m3)

0.2

0.055

Dexterity

Low

High (anticipated)

Mobility

Low

High (anticipated)

Safety

Low

High

Donn/Doff

10-20 min

Up to 30 min

Versatility

Modular, fits

Specifically tailored

many sizes

The one prominent drawback of the MCP suit is the fact that each suit must be specifically
tailored to its user which means, everyone who will use an MCP suit on Mars must bring their
own. The monetary and ITS launch expenses of bringing a suit for each of the million colonists is
difficult to justify, but in the following section, we discuss the potential merits of bringing enough
to outfit a special cadre of emergency personnel.
11.9.1.1

Justification for Future Use

Unfortunately, the requirements of Project Destiny were established under the assumption
that there is no emerging technology which addresses the multitude of problems present in current
EVA suit technology, so throughout the design process we make decisions specifically to preclude
their use in Project Destiny. Although MCP suits are not included in the final design iteration, they
have the potential to greatly benefit a colony outside of the Earth’s atmosphere. We will list
scenarios where MCP suits might come in handy so that their implementation can be carefully
considered for future use.
The technology of today makes available machines which are dexterous enough
to conduct tasks even as complex and as surgery remotely and even semi-autonomously. Despite
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this, machines are only as good as their human maintainers, as they are prone to failure and require
regular maintenance. It is true that, on the surface of Mars, many maintenance
and construction tasks can be conducted by humans controlling robotic arms either remotely
or from within a rover but, what happens when one such maintenance rover encounters a critical
issue out on the Martian landscape? Does another rover come to fix it? Where does the cycle of
machines maintaining machines end? No matter how many specialized, expensive, resource
thirsty machines are constructed in a maintenance chain, humans will be at its root. For Martian
colonists to personally perform critical maintenance on systems on the open Martian landscape
rather than in the controlled environment of a rover garage, EVA suits are required.
Aside from required maintenance and safety considerations. If a rover operator is
not wearing a space suit, rover depressurization will be a death sentence. Additionally, Exploration
and scientific research on Mars will almost certainly require people to access areas in canyons,
craters, lava tubes, or on mountain peaks. Vehicles that are as capable as humans when it comes
to traversing rugged environments have yet to be produced. According to the Vice Administrator
of NASA, Dava Newman, “One of the key requirements of human planetary surface exploration
is a spacesuit that enables astronaut locomotion,” [3]. As one of the primary goals of Project
destiny is Martian exploration and scientific discovery, EVA suits are a potentially vital,
overlooked component of Project Destiny.
11.9.1.2 References
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Beyond the Bio – Suit System," AIP Conference Proceedings, Vol. 880, Issue 1, Published
online Feb. 2007, pp. 975-986.
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11.9.2 EVA Suit Power

The current EVA suits power systems need to be identified and evaluated to determine
what power system would be best for the EVA suit required for Mars. The current EVA power
systems of EVA suits and they’re battery compositions are listed in Table 11.9.2 below. The
requirements for a power subsystem include: Light weight- high energy density, compact- high
specific energy, long life (500 sorties or more), low maintenance, quick swap or recharge,
compatible with planetary or space environment, safe-human rated, modular/reconfigurable for
use in other EVA elements [1].
Table 11.9.2: EVA suit battery comparison

Power System

Composition

Pistol Grip Tool (PGT) Battery

Nickel Metal Hydride (NiMH)

Helmet Light (EHIP) Battery

Nickel Metal Hydride (NiMH)

Increased Capacity Battery (ICB) for EMU

Silver-Zinc(Ag/Zn)

Rechargeable EVA Battery Assembly

Nickel Metal Hydride (NiMH)

(REBA)
Simplified Aid for EVA Rescue (SAFER)

Lithium Manganese Dioxide (LI-MnO2)

Battery

Batteries have higher TRL for space applications and have a multitude of chemistries
developed for and flown in space environment. They are simple Device that have no moving
parts and all reactants and products are contained within the battery housing which produced
high volumetric energy density (Wh/l), high roundtrip efficiency, and multiyear cycle life.
However, one of the cons of battery include that batteries have application specific development
needs and require electrical recharge process (which can be slow) making the capacity (run time)
directly related to weight and volume [3]. Fuel cells are another power option. Fuel cells operates
with continuous feed of reactants from external storage with an unlimited capacity if source of
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reactants, can be recharged via reactant resupply (fast) [1]. They have long run times (high
gravimetric energy density (Wh/kg)) with potential to interface with portable life support
systems: oxygen and CO2 removal. The reactants for the fuel cells can be regenerated from
products via electrolysis, potential for in-situ production of reactants. On the other hand, fuel
cells lower TRL for space applications because small, compact fuel cells have not been
developed or flown in space environment. To use fuel cells in the EVA suits for Mars would
require specific development and liquid reactant storage requires reformer/processors to extract
vapor fuel from liquid. This method demonstrates a limited lifetime in previous applications
from thermal interfaces and heat rejection, eater management issues in Zero G, and durability
issues [1].

The issues and challenges associated with batteries and fuel cells in space include the
harsh environment, improved performance over current system, and human-rated safety. The
harsh environments of Mars include low extremes, radiation tolerance and dust contamination
[2]. These factors all challenge the capabilities of the current power systems. The power systems
in research right now have the following expected improved performance capabilities over the
current system: higher energy density and specific energy, higher efficiency, longer storage and
operational life, lower maintenance, and faster recharge/swap out rates [2].
11.9.2.1 References

[1] Manzo , M., “Power Subsystem for Extravehicular Activities ,” nasa.gov Available:
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110000699.pdf.
[2] Patrick, N., Kosmo, J., Trevino, L., and Trevino, R., “Extravehicular Activity Operations and
Advancements,” nasa.gov Available:
https://www.nasa.gov/centers/johnson/pdf/584725main_Wings-ch3d-pgs110-129.pdf.
[3] “EXTRAVEHICULAR ACTIVITY (EVA),” NASA Available:
https://msis.jsc.nasa.gov/sections/section14.htm.
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11.10 Earth Vehicle Scaling Curves
These scaling curves were used in the early stages of our analysis to size our vehicles by
scaling the capabilities against similar Earth vehicles.
11.10.1 Mathematical Model for PMV of Earth construction/landscaping vehicles
11.10.2 Bulldozers

We looked on four bulldozers that has different mass and volume that is used on Earth. We
chose so that we include the size of the vehicle ranging from small to large ones. The value for
PMV for each vehicle is shown in Table 11.10.1. The plot for the PMV vs earth moved is shown
in Figure 11.10.1, Figure 11.10.2, and Figure 11.10.3. To calculate the Earth moved / day, we used
the equation below. To get this equation, we assumed: the vehicle we go 300m to pile up the dirt
and go back, the speed of carrying the dirt is 50% of maximum forward speed, the speed to go
back is 90% of maximum reverse speed. Also, to calculate the volume of earth moved in a day,
we assumed the vehicle move for 10 hours.
Earth moved [m3] / hour = Number of cycles to dump the dirt per hour [cycles/hour]
* Capacity of the blade [m3]

(13.9.1)

Number of cycles to dump the dirt per hour
[cycles/hour]=1[hours]/{(300[m]/Forward speed[m/hours]*0.5)+(300[m]/Reverse
speed[m/hours]*0.9)}
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Table 11.10.1: The power, mass, volume for the different type of bulldozers [24] Credit: K. Nakagoshi

Earth
Mass

Volume

moved

Earth moved (m3)

Power (kW)

(Mg)

(m3)

(m3) /day

/day (10hours)

VPAT – XL

192

23.48

42.74

605.26

6052.6

D11T/D11T CD Dozer

695

103.41

222.76

5789.59

57895.9

D3K2 TIER 4 FINAL LGP

59.7

8.30

28.36

165.07

1650.7

D10T2 10U ABR

571

69.62

150.81

4323.13

43231.3

Type (bulldozers)
D6T Track-Type Tractor 6
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Figure 11.10.1: Plot of vehicle mass vs earth moved – Bulldozers. Credit: K. Nakagoshi

Figure 11.10.2: Plot of volume vs earth moved – Bulldozers. Credit: K. Nakagoshi
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Figure 11.10.3: Plot of power vs Earth moved – Bulldozers. Credit: K. Nakagoshi

From the plot above, we can estimated a mathematic relationship between Vehicle Mass,
Volume, Power vs Earth moved/day. The equation is shown on the graph.
11.10.3 Scrapers

We did the same analysis for scrapers as we did on the bulldozers. The PMV for each type
of scrapers is shown in Table 11.10.2. The plot for the PMV vs earth moved is shown in Figure
11.10.4, Figure 11.10.5, and Figure 11.10.6.
Table 11.10.2. The power, mass, volume for the different type of scrapers Credit: K. Nakagoshi [25]

Type (Scrapers)

Power (kW)

Mass

Volume

Earth moved

Earth moved (m3)

(Mg)

(m3)

(m3) /day

/day (10hours)
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623K

304

39.63

199.14

10104.56

101045.6

657G

337

71.47

346.71

31592.31

315923.1

637G

211

53.51

254.75

21638.57

216385.7

Figure 11.10.4: Plot of vehicle mass versus earth moved - Scrapers. Credit: K. Nakagoshi

Figure 11.10.5: Plot of volume versus earth moved – Scrapers. Credit: K. Nakagoshi
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Figure 11.10.6: Plot of power versus earth moved – Scrapers. Credit: K. Nakagoshi

11.10.4 Graders

We did the same analysis for the graders as we did for bulldozers and scrapers. The PMV
for each type of graders is shown in Table 11.10.3. However, the calculation for the Earth moved
/ day is different which is shown in Eq. (13.9.3). The plot for the PMV vs earth moved is shown
in Figure 11.10.7, Figure 11.10.8. and Figure 11.10.9.
Earth moved [m3] / hour = Blade width [m] * Speed of graders [m/hour] *
Depth cut of the blade[m]
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Table 11.10.3. The power, mass, volume for the different type of graders Credit: K. Nakagoshi [26]

Mass

Volume

Earth moved

Earth moved (m3)

Type (Graders)

Power (kW)

(Mg)

(m3)

(m3) /day

/day (10hours)

120M2

108

17.95

83.35

1175.87

11758.7

24M

397

65.32

306.83

2046.21

20462.1

18M3

227

33.45

154.00

1303.24

13032.4

Figure 11.10.7: Plot of vehicle mass versus earth moved - Graders. Credit: K. Nakagoshi
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Figure 11.10.8: Plot of volume versus earth moved -Graders. Credit: K. Nakagoshi

Figure 11.10.9: Plot of Power versus earth moved -Graders. Credit: K. Nakagoshi
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11.10.5 Excavators
Table 11.10.4: Specification for various excavators [27]

Equipment

Mass (Mg)

Approx.
Volume
(m^3)

Mini
Excavator
(CAT 301.7D)

1.728

8.74

0.0719

1.43

43.14

17.70

71.4

0.76

4.95

456

38.18

119

1.97

18.92

1182

86.84

295.2

6.50

5.73

3900

Bucket
Size (m^3)

Max Dig
Depth (m)

Estimated Earth
Moved/day (m^3)

Small
Excavator
(CAT 316FL)
Medium
Excavator
(CAT 335FL)
Large
Excavator
(CAT 390FL)

These vehicles are on treads and have the ability to rotate about 360 degrees. They have a
single bucket for digging. These are very slow moving, so they would take a long time to move to
their dig site. The amount of earth moved per day assumes 10 hours of work. It also uses a time to
move a full bucket of 60 seconds to try to account for the time needed to move the vehicle or wait
for another vehicle to move the dirt. This means each workday accounts for 600 full loads of the
bucket.
Note that these all use hydraulic systems that would not work in Mars conditions. There
are wire-based excavators that would be a suitable replacement, but they are not nearly as capable
as hydraulic lifts. Thus, it will have to be assumed that the hydraulic systems will be modified with
heaters or different fluids so that they will not be rendered useless in the Mars environment. This
estimate is based on videos of these excavators at work; each size appeared to work at a comparable
rate.
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Figure 11.10.10: Earth Vehicle mass vs. Volume of Earth moved by Vehicle

Figure 11.10.11: Earth Vehicle Volume vs. Volume of Earth moved by Vehicle
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11.10.6 Backhoe Loader
Table 11.10.5: Specification for Backhoe loader [28]

Equipment

CAT 420F

Mass
(Mg)

11

Approx. Excavator
Volume

Bucket

(m3)

Size (m3)

64.0

Loader

Max

Bucket

Dig

Size

Depth

(m3)

(m)

0.76

0.96

Estimated

Estimated

Earth

Earth

Moved/Day Moved/Day
(m3)

(m3)

[excavator]

[Loader]

5.44

456

384

These are comparable to a small excavator but also have a small loader bucket that can be
used like a bulldozer. Their excavator cannot rotate 360 degrees, though. This is an average size
for a backhoe loader. They are much faster than excavators since they operate on wheels and do
not carry as large of a load. These wheels may not be ideal for moving on Mars’ surface when
compared to treads. A large benefit of backhoe loaders is their modularity. There are many
different attachments that can be used rather than the ones listed, such as augers or tillers, since
they are essentially tractor bodies.
These vehicles also use hydraulics, which again will have to be modified. These again use
an estimate of 60 seconds to move earth with the excavator, but a 90 second estimate for the loader.

11.10.7 Excavating Drill
Table 11.10.6: Figure 6. Specification for Excavating Drill [29]

Equipment

Sandvik
D245S

Mass (Mg)

33.57
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Max Drill

Volume

Depth

(m3)

(m)

282

45

Hole Diameter
(mm)

203
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Sandvik
D75KS
Sandvik
1190E

64.86

392

53

279

140.6

920

85

349

These are blasthole drills that are intended to drill holes for putting explosives into the
ground, but can also be used for excavating a deep hole into the ground. This works well with the
idea from the Mars Resource Management team, since their water recovery system can be mounted
alongside the drill. They would be able to relocate easily using the rig’s treads. This could possibly
be useful for drilling up ground ice or specific deposits of hydrated minerals as an alternative to a
large mine. One piece of data this is lacking is the time it takes to drill each hole.
There are auger attachments for mini excavators and backhoe loaders, but they only reach
around 2 to 3 feet deep. These have a mass less than 100 kg (motor and auger bit included), which
is similar to the weight of a bucket for the same vehicle. These may be more viable, since the large
drills have immense masses and volumes.

Figure 11.10.12: Mass of Drilling Rigs vs. Maximum Digging Depth
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Figure 11.10.13: Mass of Drilling Rigs vs. Bore Hole Diameter

11.10.8 References

[24]"New equipment DOZERS" CAT Available:
http://www.cat.com/en_US/products/new/equipment/dozers.html
[25]"New equipment WHEEL TRACTOR-SCRAPERS" CAT Available:
http://www.cat.com/en_US/products/new/equipment/wheel-tractor-scrapers.html
[26]"New equipment MOTOR GRADERS" CAT Available:
http://www.cat.com/en_US/products/new/equipment/motor-graders.html
[27]"New equipment EXCAVATORS" CAT Available:
http://www.cat.com/en_US/products/new/equipment/excavators.html
[28]"New backhoe loaders 420F/420F IT" CAT Available:
http://www.cat.com/en_US/products/new/equipment/backhoe-loaders/centerpivot/18293202.html
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[29]"Product Equipment BLASTHOLE DRILLS - ROTARY" SANDVIK Available:
http://mining.sandvik.com/en/products/equipment/surface-drilling/blasthole-drills-rotary
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11.11 Excavator scaling and ITS ships
The original excavator analyzed for the 100 person colony was classified as a mini excavator.
This was sufficient and overall great in terms of power, mass and volume requirements for 100
person colony. However, when this is scaled to a million person colony, Figure shows that 409
mini excavators would be needed. For the million person colony it was decided that a larger
excavator would be more efficient. Figure 3 and 5 shows the total mass required for this for the
entire million person colony is 401.97 mega grams for a mini excavator and 4366.15 mega grams
for a large excavator. Although the amount of large excavators is significantly less than the amount
of mini excavators, the total mass of large excavators is significantly larger. From figure 2 it is
seen that the mini excavators increase dramatically so therefore, we will look at how incorporating
the large excavators would be beneficial at this point in time.
There are many ranges of size excavators that can be chosen from to use on Mars
for the one million person colony. If we were to use all of one size, the comparison of quantity,
mass and volume are in Table 3. However, as stated above, we will look at how switching out the
size excavators will be beneficial in terms of how many ITS ships that it will require. To use all of
one size excavators, the number of ITS ships required is shown in Table 4. This table shows the
quantity of each required and the number of ITS ships required based on the mass and volume of
each size. The maximum capacity of the ITS is a total mass of 300 mega grams and 1480 meters
cubed worth of space. Each mass and volume total was divided by these limiting values in order
to determine how many ships would be required based on an excavators total mass or total volume.
As shown in Table 4, the most ITS ships was based on a vehicle’s mass, therefore that would be
the total required for that sized excavator.
The same process is used for the mixing excavators. Table 5 and Table 6 show each
combination of mixing each size of the vehicle. Each of these combination is mixed at a different
point in time; they mixed at the half-way point in the colony timeline (cycle 28) and the point at
which the population rate becomes constant (cycle 42). The same process of evaluating mass
versus volume to obtain total number of ITS ships required, however Table 5 and Table already
show the result and compares the different size combinations. According to this information, a
mixture between the medium excavator and mini excavator is the most efficient in terms of
required number of ITS ships. Table 7 shows each of the sized excavator information obtain from
the Caterpillar database of construction vehicles.

The following formula was used to determine the number of dump trucks, OCSCAR, and MCPTs
needed for the one million person colony: total volume of regolith needed per cycle/
(speed/range*payload volume*cycle number).
The total volume of regolith comes from the volume of regolith needed from habitat, central power,
mars resource management and basalt. This formula assumes that the dump truck, OCSCAR, and
MCPTs are used at full capacity for each trip.
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Table 11.11.1: Comparing the quantity, mass, power and volume of many construction vehicles

Volume

Construction Vehicle

Quantity

Mass (Mg)

Excavator

217

213.24

636.97

Dump Truck

186

2952.79

2224.52

Oscar

158

4721.66

97517.85

GPRR

26942

29636.28

202065.59

MCPT

127

881.96

4327.57

(m3)

Table 11.11.2: Number of ITS vehicles required based on maximum capacity of volume and mass

Construction Vehicle

Number based on Mass

Number Base on Volume

Excavator

0.71

0.43

Dump Truck

9.84

1.51

Oscar

15.74

65.89

GPRR

98.79

20.02

MCPT

2.94

2.92

Table 11.11.3: Quantity, Mass and Volume Comparison for each type of excavator

Excavator Size

Quantity

Mass (Mg)

Volume (m3)

Large

118

4366.15

710.09
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Medium

84

1852.04

473.39

Small

217

3723.62

355.04

Mini

409

401.97

236.70

Table 11.11.4: The number of ITSs required to ship all of each type based on maximum capacity mass or volume

Quantity of

Number Based on

Excavator

Mass

Large

118

14.55

0.48

Medium

84

6.17

0.32

Small

217

12.41

0.24

Mini

409

1.34

0.16

Excavator Size

Number Based on Volume

Table 11.11.5: First set of excavator sizes mixed at two different points in the timeline

Large and

Large and

Small

Medium

4.75

4.80

4.78

2.63

3.22

2.96

Excavator Size

Large and Mini

Mixed at cycle 28
Mixed at cycle 42

Table 11.11.6: Second set of excavator sizes mixed at two different points in the timeline

Excavator Size

Medium and Mini

Medium and Small

Small and Mini

Mixed at cycle 28

2.02

2.07

3.54

Mixed at cycle 42

1.44

2.03

2.39
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Table 11.11.7: Information about each size of excavator [3],[2],[7],[4],[5]

Excavator Variable Type

Large

Medium

Small

Mini

Payload Mass (Mg)
Payload Volume (m3)
Vehicle Mass (Mg)
Vehicle Volume (m3)
scoops per hour
scoops per day
m^3/year/exc

9.56
6.05
37.20
124.96
60.00
1440.00
3179880.00

9.01
5.70
22.30
94.66
90.00
2160.00
4493880.00

2.59
1.64
17.20
61.48
120.00
2880.00
1723968.00

0.92
0.58
0.99
2.94
180.00
4320.00
914544.00

Table 11.11.8: Information on the dump truck

Excavator Variable Type

Large

Payload Mass (Mg)
Payload Volume (m3)
Vehicle Mass (Mg)
Vehicle Volume (m3)
Range (km)
Speed (km/hr)

20
12
15.9
12
30
30

Figure 11.11.1: If only small excavators were used, this would be the required amount for a million person colony.
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Figure 11.11.2: If only small excavators were used, this would be the required mass for all the excavators needed for a one
million person colony.

Figure 11.11.3: If only large excavators were used, this would be the required amount for a million person colony.
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Figure 11.11.4: If only large excavators were used, this would be the required mass for all the excavators needed for a million
person colony.

Figure 11.11.5: If small excavators are used to start the colony and large excavators were used later on to keep up with the
demands of a one million person colony.
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Figure 11.11.6: Total mass of excavators if small excavators are used to start the colony and large excavators were used later on
to keep up with the demands of a one million person colony.

Figure 11.11.7: Number of each vehicle per cycle
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Figure 11.11.8:Total amount of Mass for each vehicle
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11.12 Rover Elevation Analysis
The EVA rover power consumption was initially calculated by relating power to change in
elevation. Using the interactive map from NASA in Figure 12 [1], three strips of elevation were
taken at the colony site. Data points of the change in elevation and distance were collected from a
strip of a higher longitude of the colony site, middle longitude and lower longitude. These elevation
data points are specifically used for construction vehicles because this will be the location
construction vehicles will generally stay at. However, the canyon is the primary location the
science rover will explore, therefore there is a separate set of elevation data for the science rover.
One hundred data points were individually extrapolated from the NASA website in order to create
text file for the Matlab elevation of the power consumption due to change in elevation [1].
Originally the rover were assumed to travel over any elevation at a constant speed. Another
assumption made is that a rover would not have to climb higher than 60 meters. It can be seen
from figure 10, that for the same change in elevation, each of these three vehicles have a different
requirement of power. Figure 13 represents how the three different location within the colony site
changes in elevation and therefore different areas of the colony will require different amounts of
power output.

Figure 11.12.1: Evaluation on how power changes based on how elevation change for 3 different construction vehicles.

Purdue University | PROJECT DESTINY

M. Keane | 11-115

Surface Operations Appendix

Figure 11.12.2: Visual representation of the location of the data points used for elevation

Figure 11.12.3: Evaluation on how power changes based on how elevation change for 3 different elevation data sets.
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