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Abstract—Time-dependent performance of a high-temper-
ature MEMS-based thruster is studied in detail by a coupled
thermal-fluid analysis. The material thermal response governed
by the transient heat conduction equation is obtained using the
finite element method. The low-Reynolds number gas flow in
the microthruster is modeled by the direct simulation Monte
Carlo (DSMC) approach. The temporal variation of the thruster
material temperature and gas flowfields are obtained as well as
the thruster operational time limits for thermally insulated and
convectively cooled thrusters. The predicted thrust and mass
discharge coefficient of both two-dimensional (2-D) and three-di-
mensional (3-D) micronozzles decreases in time as the viscous
losses increase for higher wall temperatures. [1046]

Index Terms—Fluid flow, kinetic methods, microfluidics, semi-
conductor device, space vehicle propulsion.

I. INTRODUCTION

DEVELOPMENTS in MEMS technology are currently
being applied to space propulsion. MEMS-based mi-

cropropulsion is viewed by NASA’s mission planners as the
enabling technology for spacecraft formation flying. A space-
craft formation implies two or more miniature spacecraft that
operate synchronously in a controlled spatial configuration.
Miniature spacecraft are usually classified into three cate-
gories by the total mass [1]: microspacecraft (10–100 kg),
nanospacecraft (1–10 kg), and, finally, picospacecraft ( ).
Controlling a spacecraft formation will demand a wide range
of propulsion maneuvers such as orbit raising, drag makeup,
stationkeeping and deorbit. The minimum impulse bits on the
order of mN-s may be required for microspacecraft missions.

New propulsion systems, therefore, are needed that are able
to deliver precise impulse bits while meeting strict mass, size
and power usage limitations. MEMS-based propulsion devices
are being considered for such missions because of a number
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of their advantages: lightweight materials, high degree of inte-
gration between different components, ability to provide versa-
tile thrust levels, and, finally, the potential to batch manufacture
such devices. A MEMS-based propulsion system might consist
of an array of tiny rocket thrusters on a silicon chip with elec-
tronic circuitry that controls the firing. Currently, various mi-
cropropulsion concepts are being considered, such as cold gas
[2], [3], catalytic decomposition [4], vaporizing liquid [5] and
mono- and bipropellant [6] thrusters.

For most micropropulsion devices, the fluid mechanics of re-
duced length scales (high Knudsen numbers, Mach numbers on
the order of 1) dictates that there will be a significant degrada-
tion of the thrust efficiency due to increased viscous and heat
transfer losses. At present, the experimental investigation of
fluid flow and performance of microthrusters is hindered by
large measurement uncertainties at this small scale. Hence, ac-
curate modeling and simulation is indispensable for assessing
the performance and improving the design of micropropulsion
components. On the other hand, due to the high Knudsen num-
bers of the microthruster flows, numerical modeling that in-
cludes rarefied flow effects such as velocity slip and temperature
jump is required. The direct simulation Monte Carlo (DSMC)
method based on kinetic approach to rarefied gas flows was used
in this study. [7]

Due to the reduced physical size of microthrusters, surface ef-
fects such as friction and heat transfer can dominate the gas flow
in such devices. Moreover, in a high-temperature microthruster
it may be necessary to cool its structure. The concept of a micro-
machined bipropellant rocket engine with regeneratively cooled
walls was introduced in [6]. In that work, it was emphasized that
the heat flux and heat load limits are two major physical design
constraints for such micropropulsion devices.

The wall temperature and heat fluxes is one of the major set
of controlling factors for the gaseous flow and thruster perfor-
mance, yet it is often an unknown in the system design. The
heating of the microthruster structure due to heat transfer be-
tween the high-temperature supersonic flow in the nozzle and
thruster walls, imposes time limits on its operation. The burn
time of the thruster is an important design parameter which de-
termines the impulse bit which will be available for spacecraft
propulsion maneuver.

To accommodate the above constraints, a general capability
to model coupled, time-dependent fluid and thermal behavior
in microcombustion devices is required. Comparisons of our
DSMC calculations of heated hydrogen flow in an axisymmetric
nozzle [8] with the experimental data [9], showed that the flow is
strongly nonadiabatic. The DSMC results are in good agreement
with the experimental data if a wall temperature of
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Fig. 1. Schematic of half-section of the microthruster.

is assumed. The numerical results for the specific impulse effi-
ciency [8] were found to agree with the experimental data [9] for
Reynolds numbers of 178, 306, and 409 within 0.5% agreement.
However for a lower wall temperature of 300 K and an adiabatic
wall model, the simulation significantly overestimates the data.
Therefore, the wall temperature is an important unknown pa-
rameter in the micronozzle system.

In the present paper, a coupled fluid and thermal model is ap-
plied for the first time to the modeling of fluid flow in a MEMS
device. The developed computational tool allows the accurate
computation of wall heat fluxes, temporal variation of the gas
flow, and other system parameters without having to specify
the unknown wall temperature. The nozzle material thermal re-
sponse can be expected to have an impact on micro-nozzle in-
tegral quantities such as thrust, specific impulse efficiency and
system specifications such as the maximum operational burn
time. The model and computational approach was applied to a
prototype micropropulsion system designed and tested at NASA
Glenn Research Center.

II. MICROTHRUSTER GEOMETRY AND FLOW CONDITIONS

The geometric configuration of the micronozzle studied in
this work corresponds to the microthruster design proposed
by NASA Glenn researchers. A schematic of the single mi-
crothruster modeled here and axis notations used henceforth
are shown in Fig. 1. The location of the origin of the coordinate
system which is used in the calculations below is shown in
Fig. 1 by a dotted line. The dimensions of the outer surfaces
of the thruster are as shown in the figure. The micronozzle has
a throat width of 300 , a depth of 600 and a length of
250 . The converging part of the nozzle has a half-angle of
30 deg and the inlet to throat area ratio of 10. The expansion
half-angle of the diverging part is equal to 15 deg with an exit
to throat area ratio of 5. Due to the computationally inten-
sive nature of the calculations, a two-dimensional (2-D) and
three-dimensional (3-D) version of this nozzle was modeled.
The 2-D nozzle corresponds to a cut of the 3-D geometry
parallel to the - plane with infinite depth, . In the discussion

Fig. 2. Computational mesh for 2-D coupled calculations.

Fig. 3. Wall temperature temporal variation for different temperature
increments between heat flux updates.

of the 3-D results, the term “side-wall” will be used. This refers
to the - planes at and of the 3-D nozzle.

The high-temperature flow inside the proposed microthruster
will be generated by a laser-ignited solid mono-propellant
decomposition. In the present modeling study, the flow of
molecular nitrogen, one of the major components of the decom-
position products, was simulated at the stagnation pressures
of 0.1 and 0.5 atm and a stagnation temperature of 2000 K.
The Reynolds number based on the throat width of 300
is equal to 35 and 175 for these two pressures, respectively.
The Knudsen number at the throat is 0.04 and 0.009, respec-
tively, which corresponds to transitional flow regime. At such
conditions, gas flow cannot be calculated using conventional
computational fluid dynamics techniques such as the solution
of Navier-Stokes equations [8]. The DSMC method, a kinetic
approach, retains its theoretical validity throughout the whole
range of Knudsen numbers from continuum to free molecular.
Therefore, it is used in this work to compute the gas flow inside
the microthruster.

III. NUMERICAL APPROACH

The proposed computational approach is based on the so-
lution of the transient conduction heat transfer problem cou-
pled with the DSMC solution of the gas flow inside a thruster.
The coupling between the material thermal response and fluid
flow is carried out by using the DSMC calculated heat fluxes as
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Fig. 4. Temperature field for p = 0:1 atm, Case 1.

the boundary condition in the heat conduction problem at the
gas-solid interface. The wall temperature calculated in the heat
transfer simulation is in turn applied in the flow simulation.

A. Finite Element Solution

The thermal response of the solid structure is governed by the
heat transfer equation

(1)

where is the temperature, is the density, is the specific
heat at constant pressure, is the thermal conductivity, and is
the domain. The boundary conditions for the problem are

where is the conduction heat flux, is the
convective heat flux, is the radiative heat flux, and are
prescribed temperatures, is the boundary of the
domain, and is the normal unit vector to the boundary.

The numerical solution to the heat conduction problem can
be obtained by the finite element method [10] which is espe-
cially suitable for problems involving complex geometries. In
this work, triangular and tetrahedral elements with linear inter-
polation functions have been used in the finite element solution
for the 2-D and 3-D models of the micronozzle, respectively.
The details of the finite-element formulation are given in the
Appendix . The unstructured grids were constructed using the
GRIDGEN code [11]. Fig. 2 shows the triangular grid for 2-D
microthruster configuration. The mesh has 643 nodes and 1174
triangular elements. The 3-D mesh has 1627 nodes and 7291
tetrahedral elements.
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Fig. 5. Temperature field for p = 0:1 atm, Case 2.

The time integration in the transient heat conduction cal-
culations is carried out using a first-order purely implicit
scheme. The solution of the system of linear algebraic equa-
tions resulting from the finite element formulation is obtained
by a Lower/Upper triangular (LU) decomposition. An object
oriented Java code has been developed for the finite element
method implementation of the 2-D and 3-D heat transfer
problem.

B. Direct Simulation Monte Carlo Method

The solution for the gas flow inside the microthruster is
obtained by the direct simulation Monte Carlo method. The
DSMC method is a statistical approach for solution of the
Boltzmann equation, the governing equation of the rarefied
flows. The DSMC method, initially proposed by Bird in the
early 1960s, has become the most powerful and accurate
method of numerical modeling of complex rarefied gas flows.
[7] The fundamental principle of the DSMC method is the
splitting of the dynamics of molecular motion during a time
step into two sequential stages: free-flight of molecules and
intermolecular binary collisions. The DSMC method is nonsta-
tionary in nature, but can be used to solve stationary problems
as well. Implementation of the DSMC method usually implies
the discretization of the flow domain into a grid of cells. The
size of computational cells should be sufficiently small so
that the change in gas dynamic properties across each cell is
small. In each cell, the Knudsen number based on the cell size
should be larger than one. When the cell size in a simulation
is too big, macroscopic gradients are typically underpredicted
and the solution corresponds to an artificially larger Knudsen
number. The time step in the simulation is usually selected such
that , where is the mean time between
collisions, is the mean residence time in a cell, so that the
molecules do not cross more than one cell during a time step. At

each time step, the boundary conditions of the flow problem are
modeled through particle injection at the domain boundaries
and collisions with solid surfaces. After steady flow is reached,
sampling of macroparameters within each cell is performed for
a time period long enough to avoid statistical scatter.

In order to effectively apply the DSMC method on today’s
parallel computers, domain decomposition with load balancing
is used. The parallel DSMC code SMILE [12] is used in these
calculations. The VHS model was assumed for the intermolec-
ular collisions, and the Larsen-Borgnakke model was used for
internal energy transfer. The Maxwell model with full energy
and momentum accommodation was taken for the gas-surface
interaction. The total energy flux normal to the surface obtained
in SMILE was used in the heat transfer calculations as the
boundary condition, , at the gas-solid interface.

The background cell size in 2-D DSMC calculations was
20 and 5 microns for stagnation pressure 0.1 and 0.5 atm, re-
spectively, and the average total number of molecules was 0.4
and 2.3 million. In the 3-D calculations the average number
of molecules was about 2.1 and 13 million for and
0.5 atm, respectively. The study [15], [16] of the convergence
with respect to the number of cells and molecules of the DSMC
calculations showed that the numerical error in thrust and mass
flux of the microthruster is no worse than 5%.

C. Coupling Implementation

The coupling between the heat transfer spatial and time solu-
tion and the gas flow is obtained by subsequently updating the
wall temperature in the DSMC solution and wall heat fluxes in
finite element heat transfer calculations. This approach is justi-
fied if the time to reach a steady state in the gas flow is negligible
compared to the thermal time constant in the solid microthruster
structure. Let us estimate the two time scales.

The time for the gas flow in a micronozzle to reach a steady
state, , is on the order of the residence time of a gas molecule
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Fig. 6. Temperature field for p = 0:5 atm, Case 1.

in the micronozzle, that is , where is the charac-
teristic length scale and is the characteristic velocity scale of
the gas flow. For the conditions of interest, and

, the gas time scale is .
Since the Biot number for microdevices is small, the thermal

time constant of the microthruster, , can be estimated by the
lumped capacitance method [14] as where

, – solid density and specific heat, is the gas convec-
tive heat transfer coefficient. For typical microthruster condi-
tions , , and the density and
specific heat of silicon, we have . Thus, for
a typical microthruster the time scale of the gas flow is much
smaller than that for the heat conduction in the solid material.

Hence, a steady-state solution for the gas flow is obtained
with the DSMC method, and the DSMC results are then used to
update the wall temperature boundary conditions in the finite-

element heat transfer calculations. The updates are performed
when the temperature at the gas-solid interface obtained in the
heat transfer solutions changes by several percent.

To analyze the impact of the update frequency, the computa-
tions of a one-dimensional (1-D) heat conduction problem were
performed. Fig. 3 shows the temporal variation of the wall tem-
perature at the gas-surface interface for this problem. Three dif-
ferent criteria for temperature increments are used here, namely,

5%, 10%, and 20% of the initial wall temperature. Since the
difference in the wall temperature among the three test cases
was only a few degrees, a 10% increment was used for the 2-D
and 3-D coupled calculations.

D. Thermal Conditions

Two conditions at the external boundary of the microthruster
have been studied, zero heat flux (thermally insulated condi-
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Fig. 7. Temperature field for p = 0:5 atm, Case 2.

tions, ) designated as Case 1 and convective heat
flux designated as Case 2. The latter cor-
responds to the situation where the microthruster wall is ac-
tively cooled by a liquid flow with a heat conduction coeffi-
cient and freestream temperature of 300 K.
Such a heat conduction coefficient is typical for nucleate boiling
water-steam cooling systems. The liquid flow active cooling
was modeled assuming that it is used along the perimeter of
the rectangular material shape. The thermal properties of the
silicon nozzle material were assumed to be constant at

, , and . The
microthruster material temperatures are limited by the melting
temperature of silicon which is sufficiently low so that radiative
heat fluxes can be neglected ( ). Comparison of the cal-
culations for Case 1, with and without radiation

heat flux showed only negligible ( ) differences in the
predicted material temperature.

IV. MICROTHRUSTER SIMULATION RESULTS

A. 2-D Simulations

Material Thermal Response: As a demonstration of the
coupled heat transfer and transitional flow calculations we first
considered a 2-D heat transfer calculation. The nozzle depth
is assumed infinite in this case. The 2-D results may provide
important information on the effect of fluid/thermal coupling
at a much lower computational cost than full 3-D calculations.
However, as the gas flow develops toward the exit, the viscous
boundary layer grows in all three dimension. Hence, a fully
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Fig. 8. Wall heat flux distribution along the surface for p = 0:1 atm, Case 1.
The maximum heat flux value for both pressures is at the nozzle throat (location
of the throat is shown in Fig. 8 by dotted lines).

Fig. 9. Wall heat flux distribution along the surface for p = 0:5 atm, Case
1. The heat flux is not proportional to the stagnation pressure due to a higher
heat transfer coefficient in the gas for the more rarefied case, p = 0:1 atm.

3-D, coupled, time-dependent heat transfer calculation must be
obtained before final system conclusions may be drawn.

Figs. 4 and 5 show the temporal evolution of the tempera-
ture in the gas flow and in the solid material for the two thermal
boundary conditions under consideration and a stagnation pres-
sure of 0.1 atm. These and succeeding figures only show the
gas translational temperature since the rotational temperature
closely follows the translational one, and the vibrational tem-
perature does not change because of the very large vibrational
relaxation time. The initial material temperature was assumed
to be 300 K hereafter. It is seen that the flowfield structure and
the material temperature changes significantly with time. For
Case 1, the material temperature increases from 300 to 1200 K
over about 14 s. The calculation was stopped after the material
temperature reached 1200 K, a value close to the melting tem-
perature of silicon.

Note that the temperature inside the solid material is ap-
proximately the same at any fixed time moment (the maximum

Fig. 10. Translational temperature profiles at the nozzle exit for p =

0:1 atm, Case 1.

Fig. 11. Translational temperature profiles at the nozzle exit for p =

0:5 atm, Case 1.

change is about 10 K). This thermal behavior is characteristic
of the low Biot number conditions. The Biot number is defined
as and is much smaller than unity in microdevices
primarily due to the very small dimensions.

The heat flux to the surface decreases with time as the dif-
ference between the gas and the surface temperatures becomes
smaller. This, in turn, decreases the temporal rate of change of
the material temperature.

Gas Flowfield Structure: The change in the gas flow struc-
ture is determined by the change in the wall surface temper-
ature. Initially, the flowfield is typical for that of a cold wall
micronozzle. The temperature of the gas near the wall is lower
than that at the nozzle centerline ( -axis). As the material tem-
perature increases with time, the structure of the converging part
of the flow does not change qualitatively. In the diverging part,
however, the temperature maximum shifts from the centerline
toward the surface.

In Case 2, Fig. 5, the outer boundary of the material is cooled,
and the cooling does not allow the material temperature to reach
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Fig. 12. X-component of velocity profiles at the nozzle exit for p = 0:1 atm,
Case 1.

Fig. 13. X-component of velocity profiles at the nozzle exit for p = 0:5 atm,
Case 1.

Fig. 14. Number density profiles at the nozzle exit for p = 0:1 atm, Case 1.

the melting point for the flow conditions under consideration. In
this case, therefore, the coupled calculations were carried out in

Fig. 15. Number density profiles at the nozzle exit for p = 0:5 atm, Case 1.

Fig. 16. Total energy flow for p = 0:1 atm, Case 2.

TABLE I
CALCULATED PERFORMANCE: 2-D

time until the steady state is reached. Note that the initial tem-
perature field at time zero is not shown here since it coincides
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Fig. 17. Temperature field for p = 0:1 atm in Z = 0 plane for Case 1, 3-D calculations.

with that in Fig. 4. The steady-state temperature in the material
in this case is about 450 K. Even this relatively small change in
the nozzle material temperature causes a change in the boundary
layer structure.

Let us now consider a higher stagnation pressure case. The
temporal evolution of the gas and material temperature for

is shown in Figs. 6 and 7 for the two different thermal
boundary conditions at the outer thruster surface. The principal
difference between the lower and high pressure flows is the
higher heat flux from the gas to the surface. The heat flux at

is higher than the value by a
factor of about 2.6 (see Figs. 8 and 9). This causes a larger
temperature change inside the solid material (about 30 K), but
it is still small compared to the temperature variations in the
gas flow. The higher heat flux also results in a change in the
time necessary to reach the melting temperature for Case 1. It

is about 6 s for (cf. to 14 s for ).
For Case 2, even with the higher stagnation pressure, the mate-
rial does not reach the melting temperature due to the applied
cooling. The steady-state material temperature for this case is
about 700 K. The change in the gas flow structure as a function
of time is qualitatively similar to the lower pressure case. How-
ever in the higher pressure case, the boundary layer thickness
is much smaller both in the diverging and converging portions
of the nozzle. Also, there is a temperature minimum in the di-
verging part between the surface and the centerline.

The gas flowfield inside the microthruster is more sensitive
to the change in wall temperature for the lower pressures, due
to larger surface effects for the lower Reynolds number case.
Figs. 10 and 11 shows the translational temperature profiles at
the nozzle exit for Case 1 and two different stagnation pressures,
0.1 and 0.5 atm, respectively. For , the tempera-
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Fig. 18. Temperature field for p = 0:1 atm in Z = 0 plane for Case 2, 3-D calculations.

ture at the center line ( ) changes by less than 80 K with
the wall temperature changing from 300 to 1200 K, whereas
for the lower pressure, , the change is more than
400 K. The -component velocity profiles at the exit are plotted
in Figs. 12 and 13 for stagnation pressure of 0.1 and 0.5 atm, re-
spectively. For the lower pressure case, the velocity increases
with time due to the greater influence of the wall temperature.
For the higher pressure, the velocity is almost constant with re-
spect to time or wall temperature. The change in the wall tem-
perature has the greatest effect on the gas density field. The den-
sity profiles at the exit are shown in Figs. 14 and 15 for the two
pressures. The density changes by as much as 100% for both
pressures as the wall temperature increases from 300 to 1200 K.

Micronozzle Performance: Consider now how the per-
formance characteristics of the micronozzle such as mass
discharge coefficient, thrust and specific impulse, change in

time as the wall temperature increases. The temporal variation
of the thrust for the two-dimensional cases under consideration
is given in Table I. For the lower stagnation pressure case, the
initial value of the thrust is 2.0 mN, and for the
value is 12.5 mN (assuming the nozzle depth in the direction
is 600 ). The thrust decreases in time in all four cases due to
the higher temperatures and thus larger viscous losses, though
the decrease in thrust is small. For Case 1 (zero heat flux at the
external boundary) the final value of thrust is about 2% lower
than its initial value, and for Case 2 the final value is 3% lower.

The amount of the flow energy that is lost to the wall in the
form of heat can be estimated from the total energy flow in the
nozzle. The total energy flow is given in Fig. 16 for Case 2 and
a stagnation pressure of 0.5 atm as a function of the distance
from the nozzle inlet. The total energy flow is calculated as the
sum of the kinetic and internal energy flows through a section
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Fig. 19. Temperature field for p = 0:5 atm in Z = 0 plane for Case 1, 3-D
calculations.

perpendicular to the nozzle axis. It is normalized by its value at
the inlet. For s the inlet value is 35.2 kW, and at

s, it is 33.3 kW. The flow of the total energy is constant in
the adiabatic case but is decreasing for Case 2, the nonadiabatic
thermal condition, due to the heat transfer losses. Thus, the heat
transfer losses in the micronozzle are about 35% for s and
about 29% at s.

The reason that the thrust of the micronozzle decreases even
though the heat transfer losses are decreasing is that the mass
discharge coefficient becomes smaller with time. The initial
values of mass discharge coefficient are 0.89 and 0.94 for
stagnation pressures of 0.1 and 0.5 atm, respectively. The mass
discharge coefficient decreases in time because of the increased
thermal boundary layer as the wall temperature increases. The
density in the thermal boundary layer is decreased as well as
flow velocity and thus the mass flow is diminished. The similar
influence of the thermal wall boundary conditions on mass
discharge was obtained in [13] for higher Reynolds numbers
from 2000 to 20 000. In the presented 2-D micronozzle sim-
ulations, the largest decrease in mass discharge occurs at the
lower pressure in Case 1 where the final value of the discharge
coefficient is 21% less than the initial one.

B. 3-D Simulations

As mentioned above, 3-D computations are necessary to draw
quantitative conclusions about the impact of heat transfer from
the flow to the wall on the micronozzle performance. The results
of the full 3-D gas flow calculations coupled with the 3-D heat
conduction analysis are presented below for stagnation pres-
sures of and 0.5 atm and for Cases 1 and 2.

The temperature fields in the gas and material are shown in
Figs. 17 and 18 for and Case 1 and 2, and Fig. 19
for , Case 1. As in 2-D simulations, the coupled
calculations in Case 1 were carried out until the material temper-
ature reaches 1200 K, close to the silicon melting temperature.
For the lower pressure and Case 2, the calculations were per-
formed until the steady state is reached.

Fig. 20 shows transient behavior of the material temperature
near the thruster throat for the two thermal conditions. In Case

1, the final time is about 15 s which is close to that in 2-D cal-
culations (14 s). In Case 2, the steady-state is reached in about
5 s and the final material temperature is approximately 450 K,
the same as in the 3-D case. For the higher stagnation pressure
of 0.5 atm, temperature of 1200 K has been reached after 3.4 s.
Comparison of Fig. 17 with Figs. 4 and 18 with Fig. 5 shows that
the material response is qualitatively similar for the 2-D and 3-D
cases.

The major difference between the gas flowfields inside the
microthruster in the 3-D and 2-D calculations is due to the im-
pact of the boundary layer on the side walls in the three-dimen-
sional case. Fig. 21 shows the comparison of the -component
of velocity profile along the nozzle centerline for 2-D and 3-D
calculations. In the 2-D case, the velocity increases monoto-
nously along the nozzle centerline whereas in the 3-D flow the
side wall boundary layer hinders the gas expansion in the di-
verging part of the nozzle.

Let us now consider the temporal variation of the mi-
crothruster performance for the 3-D case. Calculated perfor-
mance parameters of the 3-D microthruster are listed in Table II.
The thrust of the micronozzle decreases with time much more
significantly than in the two-dimensional case due to higher
viscous and heat transfer losses. For the lower stagnation
pressure, , the final thrust value are 15% and 6%
smaller than the initial values for Case 1 and 2, respectively.
The corresponding decrease of the thrust in the two-dimen-
sional case is only 2–3%. The mass discharge coefficient, ,
normalized by its value at time zero is plotted in Fig. 22. The
initial value of the mass discharge coefficient is 87%. The final
predicted values of the mass discharge coefficient are 55% and
20% less than the initial values for Cases 1 and 2, respectively.
Again, the change in mass discharge coefficient with time is
more pronounced in the 3-D than the corresponding 2-D case.
The initial value of the mass discharge for is
93% and it decreases to 68% and 81%, respectively, for Cases
1 and 2. Thus, the mass discharge degradation is much more
significant in the 3-D case.

V. CONCLUSION

Time-dependent performance of a high-temperature MEMS-
based thruster is studied in detail by a coupled thermal-fluid
analysis. The thermal response of the silicon micronozzle ma-
terial was modeled as a solution of the transient heat conduc-
tion equation which is obtained by the finite element method.
The gas flow solution was obtained by the direct simulation
Monte Carlo method. Two cases of chamber pressure, 0.1 and
0.5 atm, were considered which correspond to the Reynolds
number at the throat equal to 35 and 175, respectively. Two
thermal boundary conditions were considered: the first corre-
sponds to a thermally insulated outer boundary; and the second
one to a nozzle actively cooled by a liquid flow at the outer
surface.

The material temperature response and the gas flowfields
were studied for the 2-D model for the two stagnation pressures
and two thermal conditions. Both the flowfield temperature
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Fig. 20. Throat temperature versus time for p = 0:1 atm, 3-D calculations.

field structure as well as the material temperature changed
significantly as a function of time. The flow structure in the
converging part of the thruster does not change qualitatively,
however, there are significant changes in the diverging portion
as the viscous boundary layer grows with increasing tempera-
ture. For the higher pressure case, the change in the gas flow
structure as a function of time is qualitatively similar to that of
the lower pressure case although the boundary layer thickness
was smaller both in the diverging and converging portions.

In the 3-D cases the time dependence of the material thermal
response was found to be qualitatively similar to that observed
in the corresponding 2-D cases. However, the gas flow in both
the converging and diverging portions of the nozzle were very
different due to the impact of the boundary layer on the side
walls in the 3-D model.

The predicted thrust and mass discharge coefficient of both
2-D and 3-D micronozzle models decreases in time as the vis-
cous losses increase for higher wall temperatures. However due
to the greater impact of the side walls, the decrease in thrust and
mass discharge coefficient as a function of time is greater for the
3-D than the corresponding 2-D cases.

APPENDIX

The spatial discretization of the computational domain for the
heat transfer calculations is based on the Galerkin finite element
algorithm [10]. When the heat transfer equation is multiplied by
weighting functions , and then integrated over the domain ,
one gets the following equation:

(2)
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Fig. 21. Comparison of X-component of velocity profile along the nozzle
centerline for p = 0:1 atm, Case 1 for 2 and 3-D models. T = 300 K

represents the wall condition at t = 0 s.

Fig. 22. Variation of the normalized mass discharge coefficient with time for
p = 0:1 atm, 3-D calculations.

where is the computational domain, and are weighting
functions. Then applying the divergence theorem, the above
equation takes the form:

(3)

where is the boundary of this domain.
The computational domain is divided onto the triangle ele-

ments in 2-D case, and the tetrahedral elements in 3-D case.
Temperature is approximated by a linear combination of
weighting functions and values of the temperature in the
nodes of the elements:

(4)

TABLE II
CALCULATED PERFORMANCE: 3-D

When linear approximation functions are applied to trian-
gular and tetrahedral elements, the integral (3) can be discretized
as

(5)

or in matrix notations

where is the time differentiation.
The system can be integrated in time using the purely implicit

scheme as

where is the initial domain temperature and is the
domain temperature at the -th time step.
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