NOTES ON THERMODYNAMICS, FLUID MECHANICS, AND GAS DYNAMICS

CHAPTER 1

The Basics

1.1. Symbolic vs. Numeric Analysis

Consider the following example. You need to determine the trajectory of a projectile fired from a cannon.
The projectile has a mass of 10kg and the cannon is tilted at an angle of 30° from the horizontal. The initial
velocity of the projectile from the cannon is 100 ms~!. Determine:

(1) the distance the projectile will travel and
(2) how long the projectile is in flight.

We can approach this problem a couple of different ways. The first is to start with the given numbers and
immediately begin the calculations. The second approach is to solve the problem symbolically and then
substitute the numbers at the end.

1.1.1. Numerical Approach

10 kg*9.81 m/s’=
98.1N

Assume this height is negligible.

o

FI1GURE 1.1. The free body diagram for the projectile example using numerical values.

Draw a free body diagram (FBD) of the projectile, as shown in Figure 1.1. Use Newton’s Second Law to
determine the acceleration of the projectile,

> F,=mi = 0N = (10kg)i — i =0, (1.1)
> F,=mj = (10kg)(—9.81m/s’) = (10kg)j = §j = —9.81m/s. (1.2)

Integrate with respect to time to determine the projectile’s velocity and position given the projectile’s initial
z and y velocities and positions,

& =40 = (100ms~')(cos 30°) = 86.6ms™*, (1.3)
g = (—9.81m/s%)t + o = (—=9.81m/s*)t + (100ms~!)(sin 30°) = (—9.81 m/s?)t + 50ms™*, (1.4)
‘a: = (86.6ms™ ")t \ (1.5)
‘y = (—4.91m/s*)t* + (50ms 1)t ‘ (1.6)
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The projectile will hit the ground when y = 0 so that by rearranging Eq. (1.6) we find that the time aloft is,

50.0ms~?
t=—""—"57+ =102s. 1.7
4.91m/s’ ° (L7)

Substituting into Eq. (1.5) gives the distance traveled as,
2= (86.6ms1)(10.25) = 883m | (1.8)

As you can see, we've made a number of calculations along the way to finding the answers. Now let’s address
some additional questions based on these answers. How does the maximum time aloft depend on the mass of
the projectile? If the initial speed from the cannon doubles, how is the range affected? What angle maximizes
the distance the projectile travels? The answers to these questions are not obvious from Egs. (1.5) — (1.8).
We would need to perform additional calculations. Also, consider how many calculations would need to be
made if we had to determine the range and time aloft for a variety of cannon angles, initial velocities, and
cannon ball masses.

1.1.2. Symbolic Approach

Assume this height is negligible.
FIGURE 1.2. The free body diagram for the projectile example using symbols.

Now let’s try working the same problem using symbols rather than numbers. We’ll plug in the numbers at
the very end of the problem. Draw the FBD as before (Figure 1.2). Follow the same approach as before,

> Fp=mi = 0=mi — i =0, (1.9)
Y F,=mj = —mg=mj = ij=—g, (1.10)
& =dg=Vcosh, (1.11)
y=—gt+ 9= —gt+ Vsinb, (1.12)
x=Vcost| (xzo=0), (1.13)
1
y= —§gt2 + (Vsin@)t| (yo =0). (1.14)
The time aloft is found by setting y = 0,
2V si
. Vsind 7 (1.15)
g
and the distance traveled is,
v 2V2 cos fsin 0 _ V2 sin(26) . (1.16)
g )
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We can now plug in the given numbers to get our numerical answers,
~ 2(100ms™ ) sin(30°)

L =10.25 L1
9.81m/s? i D
1 —1Y2 o °
g — (Q00msTIPSn(60%) _ oo (1.18)
9.81m/s
(1.19)

which are the same answers found previously.

Using these results for ¢ and x we can easily calculate the time aloft and distance traveled for a variety of
values of 6, V, and m. Note that nowhere in Egs. (1.13) - (1.16) does the mass appear so we conclude that
the mass of the cannon ball is unimportant to our calculations. We also observe that if we double the initial
velocity, the time aloft will double and the distance traveled will quadruple. This information is easily lost
in our calculations where numbers were used right away (refer to Eqgs. (1.7) and (1.8).

Lastly, if we wanted to determine the angle that will maximum the distance traveled for a given velocity, we
observe from Eq. (1.16) that we want sin(26) to be as large as possible. Thus, we should tilt our cannon at
an angle of § = 45°. Substituting this result back into Egs. (1.15) and (1.16) gives,

V2V
g b
V2

(1.20)

tmax =

(1.21)

Tmax =

We can also easily double-check the dimensions of the equations and verify that they are dimensionally
homogeneous,

] = f//;; ~7 Ok (1.22)
] = %?22 — L Ok, (1.23)

where L and T represent length and time, respectively. We can conclude from this exercise the following:

(1) More information is contained in our solutions when using the symbolic approach than when using
the numeric approach.

(2) If several calculations must be made using different values of the parameters, solving the problem
first symbolically rather than starting the problem immediately with the numbers can save consid-
erably on the number of computations required. Furthermore, it’s much easier to correct numerical
mistakes at the end of the problem rather than at the beginning or in the middle of the problem.

You're almost always better off working out a problem using symbols rather than numbers!
Be Sure To:

(1) Work out problems symbolically and wait to substitute numerical values until the final relation has
been derived.

(2) Try to physically interpret your equations.

(3) Make sure any relations you derive and the numbers you calculate are physically reasonable.

(4) Double check that the dimensions (or units) of your answers are correct.

1.1.3. A Note on the Use of the Ballistic Equation

From your introductory physics course, you likely recall the ballistic equation for describing the position of
an object, x, as a function of time, ¢, subject to an acceleration a, initial velocity, &g , and initial position,
X,

1
x = 5at2 + &ot + . (1.24)
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This equation was derived in the following manner. Assume an object is subject to a constant acceleration
a so we can write,

di

i=—=a, 1.25

o (1.25)
where the overdots represent differentiation with respect to time. Integrate this equation twice with respect
to time making use of the initial conditions z(t = 0) = xy and &(t = 0) = ig to get,

dx

b= t=t t=t
—:a:>/ d;ir::/ adt:>x'—i’0:a/ dt = at = & = at + o, (1.26)
di E=dg t=0 t=0

T=T t=t

i:fl—f:at+io:>/ dx:/ (at+a’:o)dt:>m—xo:%at2+xot:>m:%atz—i—xot—i—xo. (1.27)
r=z0 t=0

A key step in the derivation to this equation is the assumption that a = constant. When « is a constant, it

may be pulled out of the integrals in Egs. (1.26) and (1.27). Thus, the ballistic equation is only valid when

a = constant. It is not valid when a varies with time. If a is a function of time, then it must be evaluated

within the integral. For example, if we have,

a = ct, (1.28)
where ¢ is a constant, then, using the same initial conditions as before, we have,
di T=x t=t t=t 1 1
— =a = / di: = / adt = & — @9 = / (et)dt = =ct? = &= =ct? + io, (1.29)
di Ji=gq Ji=o0 Ji=o0 2 2
. dx 1 5 . T=x t=t 1 5 . 1 3 ) 1 3 .
r=—=—ct*+190 = dx = (zct® +d@0)dt = = —x0 = —ct® + 2ot = = = —ct® + Zot + xo. (1.30)
e~ 2 vz =0 2 6 6

Thus, we see that the position in Eq. (1.30) is different than the result given by the ballistic equation.

1.2. Dimensions and Units

A dimension is a qualitative description of the physical nature of some quantity.

Notes:

(1) A basic or primary dimension is one that is not formed from a combination of other dimensions. It
is an independent quantity.

(2) A secondary dimension is one that is formed by combining primary dimensions.

(3) Common dimensions include:

M = mass

L = length

T = time

0 = temperature
F = force

(4) If M,L, and T are primary dimensions, then F' = ML/T? is a secondary dimension. If ', L, and
T are primary dimensions, then M = FT? /L is a secondary dimension.

A unit is a quantitative description of a dimension. A unit gives “size” to a dimension. Common systems of
units in engineering are given in Table 1.1.

Notes:

(1) The mole is the amount of substance that contains the same number of elementary entities as there
are atoms in 12g of carbon 12 (= 6.022 x 10?3, known as Avogadro’s constant). The elementary
entities must be specified, e.g., atoms, molecules, particles, etc. The unit kmol (aka kgmol) is also
frequently used, with 1 kmol = 1000 mol = 6.022 x 10?6 entities. The unit lbmol is used in the
English system of units. Since 1 Ibm = 0.453 kg, 1 lbmol = 453.592 mol. The number of kmols
of a substance, n, is found by dividing the mass of the substance, m (kg) by the molecular weight
of the substance, M (in kg/kmol): n = m/M. For example, the atomic weight of carbon 12 is 12
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TABLE 1.1. Common units used in engineering.

ST (Systéme
International BG (Bl‘itish EE (English
primary dimension d’ Unités) Gravitational Engineering)
L, length meter (m) foot (ft) foot (ft)
T, time second (s) second (s) second (s)
6, temperature Kelvin (K) degree Rankine (°R) | degree Rankine (°R)
M, mass kilogram (kg) -not primary- pound mass (lbm or 1b)
N, amount of a substance | mole (mol) mole (mol) pound mole (Ibmol)
F, force -not primary- pound force (1bf) pound force (Ibf)

kmol/kg, hence, 1 kg of carbon 12 contains: (12 kg)/(12 kg/kmol) = 1 kmol = 1000 mol (or 12 g
of C12 contains 1 mol).

(2) In the SI system, force is a secondary dimension and is given by: F' = M L/T? where 1 N = 1kgm/s?.

(3) In the EE system, both force and mass are primary dimensions. The two are related via Newton’s
second law, g.F = ma where g. = 32.21b,,ft/(Ibes?). It’s easiest just to remember that: 11by =
32.21b,,ft/s%.

(4) The slug is the unit of mass in the British Engineering system of units. To convert between a slug
and lbg is: 11by = 1slugft/s?.

(5) The kilogram-force (kgf) is (unfortunately) a not uncommon quantity. The conversion between kgf
and Newtons is: 1 kgf = 9.81 N.

(6) It’s a good policy to carry units through your calculations. Remember that, unless it’s dimensionless,
every number has a unit attached to it. For example, if m = 11lb,, and g = 32.2 ft/s?,

Poor Practice: mg = (1)(32.2) = 11by,

11b
Good Practice: mg = (11by,)(32.2ft/s%) = (32.21by,ft/s) (W) = 11b;
Carrying through your units makes it less likely that you’ll make unit conversion errors, plus it
makes it easier for you and others to follow your work.

Example: What is 70 mph in furlongs per fortnight?
Solution:

miles 5280 feet rod furlong 24 hours 7 days 2 weeks 5 furlongs
=1. 10° ———— (1.31
<70 hour) ( miles ) (16.5 feet> (40 rods) < day ) (Week) (fortnight) 88 < 10 fortnight (1.31)
Example: What is weight of 11by, of water in Ibg?
Solution: Weight is mass multiplied by gravitational acceleration,

11b
W =mg = (11by,) (32.2ft/s?) <3221bfft/52> = 11by. (1.32)

Dimensional homogeneity is the concept whereby only quantities with similar dimensions can be added (or
subtracted). It is essentially the concept of “You can’t add apples and oranges.” For example, consider the
following equation,

10kg + 16 K = 26ms ™. (1.33)

This equation doesn’t make sense since it is not dimensionally homogeneous. How can one add mass to
temperature and get velocity?!?

Note that dimensional homogeneity is a necessary, but not sufficient, condition for an equation to be cor-
rect. In other words, an equation must be dimensionally homogeneous to be correct, but a dimensionally
homogeneous equation isn’t always correct. For example,

10kg + 10kg = 25kg. (1.34)
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The equation has the right dimensions, but the wrong magnitudes!

Be sure to:

(1) Verify that equations are dimensionally homogeneous.

(2) Carefully evaluate unit conversions. A unit conversion error caused the loss of the $125M Mars
Climate Observer spacecraft in 1999!

(3) Always include units with numerical values. An Air Canada Flight in 1983 (now referred to as the
“Gimli Glider”) ran out of fuel and had to make an emergency landing due, in part, because the
fuel load was assumed to be in pounds when in fact it was reported in kilograms.
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The Ideal Gas Law is used to find the volume as given in the following formula,
MmRT

v =18,
p

where m =2 kg, R = 0.189 kJ/(kg.K), T=300K, and p = 1 bar (abs). Calculate the volume in m3. Show all of your
calculations and unit conversions.

SOLUTION:

v e = () ) ) ) 69 65) () (57) g

V=113m]
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A piston, with a mass of m = 100 kg and cross-sectional area of A = 10 cm?, is located within a cylinder as shown in
the figure. The pressure on the top surface of the piston is a uniform p; = 200 kPa (abs). The pressure on the
bottom of the piston is a uniform p, = 1 bar (abs). If a force is applied to the piston to move it slowly upwards, i.e.,
in a quasi-equilibrium process, a distance of L = 1 cm, determine the work done on the piston by the force, in kJ.
Show all of your unit conversions.

m=100kg| "' IL

A=10cm?
Fl o

lg =9.81 m/s?

SOLUTION:

PA
—————— L

First, determine the force by performing a vertical force balance on the piston, keeping in mind that the process is
in quasi-equilibrium so that there is no acceleration of the piston,

YXF=0=F+p,A—mg—pA =>F =mg + (p; — pp)A. (1)
The work due to the force is,

W = [F-ds = [[mg + (p. — py)Alds = [mg + (p, — p,)AIL, (2)

W = mgL + (p, — p,)AL (3)

Note that the first term on the right-hand side is the change in potential energy while the second term is the
pressure difference multiplied by the volume traced out by the piston (= AL).

Using the given values, evaluate the terms in Eq. (3). Start with the mgL term,

_ m 1N 1m 1 1KkJ _ _3
mgl = %)/(9'81 sz)w<1‘ﬁ%_-zm) (100 cm) (1 N.m) (1000 ) =9.81+107 K. (4)
=m —*—‘:g =L s

Now evaluate the (p: — ps)AL term,

(pe = poAL = | 200 kPa) ((37) ~ (@ bar) (Z"i::)] a0 @) (55 () (59 (o) =1 107w G)

=Pt =Pp =A =

Combining the numerical values in Egs. (4) and (5),

W =1.08x10"2K]|
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For the flow of gas in a nozzle,
h, = hy +%(V12 - sz):
where h; and h; are the gas’s specific enthalpies at the inlet and outlet of the nozzle, respectively, and V; and V,

are the gas speeds at the inlet and outlet, respectively. For the current case, h; = 300 kl/kg, V1 = 100 m/s, and V, =
200 m/s.

Using the given formula, calculate the value for h; in ki/kg.
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SOLUTION:

Substitute the given parameter into the equation to solve for h,, including appropriate unit conversions,
ha = (3003 + 3] (100%)" - (2008)] (o) (i) g
h, = (300.2) +3(=30000 m?/s?) (o), (2)
h, = (3002) - (15 2), (3)
h, = 285 ]‘:—; (4)
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1.4. Significant Digits

Significant digits (aka significant figures) are the number of digits in a value that contribute to the accuracy of
the value. A large number of significant digits implies that the value is known to high accuracy. For example,
let’s say we report the length of a mobile phone as 14.681230924 cm. Having such a large number of digits
(in this case, 11 significant digits) implies that we know the phone length very accurately, in this case down
to the nanometer scale. Obviously this isn’t typically the case. A more reasonable length to report would be
14.7 cm (three significant digits), implying we know the length down to the millimeter. Thus, one should use
an appropriate number significant digits when reporting values. Clearly the reporting of significant digits is
closely related to the uncertainty in a reported value.

Following are the rules for identifying the number of significant digits in a value.

(1)

(7)

Leading zeros are not counted as significant digits. For example, 0.0023 has only two significant
digits, the 2 and the 3. The three leading zeros do not count as significant digits and only serve as
placeholders (the ones, tenths, and hundredths spots).

Trailing zeros that serve merely as placeholders are not counted as significant digits. For example,
23000 has only two significant digits, the 2 and the 3. The three zeros are not significant and only
serve to fill in the ones, tens, and thousands spots.

Zeros between non-zero values are considered significant. For example, 23001 has five significant
digits: 2, 3, 0, 0, and 1.

Trailing zeros immediately before and immediately after a decimal point are considered significant
digits because they indicate that a value is known with some accuracy. For example, 23000. has
five significant digits. Similarly, 2.3000 has five significant digits.

A line over a zero can indicate that that the numbers to the left of that value are significant. For
example, 23000 has four significant digits: the 2, the 3, the 0 in the thousands spot, and the zero
in the tens spot.

A handy way of determining the number of significant digits is to write the value in scientific
notation then count the digits in the mantissa, i.e., the number being multiplied by 10 raised to
some power. For example, 0.0023 can be written as 2.3 * 1072, The mantissa is 2.3, which has two
significant digits. The number 23000 can be written as 2.3 * 10%, which as two significant digits.
The numbers 23000. and 2.3000 can be written as 2.3000 * 10* and 2.3000 * 10!, respectively, and
have five significant digits each.

An exact number has an infinite number of significant digits. For example, if the number of apples
you have is five, then the number 5 has an infinite number of significant digits since it could be
written as 5.0000... with an infinite number of zeros.

There are rules for performing calculations with significant figures so that calculated values are not reported
more precisely than the numbers used in the calculations.

(1)

For addition and subtraction, the rightmost significant digit in the calculated value is determined
by the least accurate added/subtracted value. For example, the sum 1.2 + 0.444 should be reported
as 1.6 since the accuracy of the sum is set by the tenths position of the first number. Similarly,
1.234 — 4.5 should be reported as —3.3, where the significant digit in the tenths position has been
rounded.

For multiplication and division, the number of significant digits in the product/quotient should
have the same number of significant digits as the lesser of the two multiplied/divided values. For
example, 1.23 % 0.4 should be written as 0.5. The product has one significant digit and has been
rounded. The operation 1.2/0.456 should be written as 2.6.

There are also rules for logarithms, exponential, and trig functions, but these are not covered in
these notes and are instead available in introductory physics textbooks or online.

To prevent a loss of accuracy, when performing intermediate calculations retain all of the digits as
is practical rather than rounding the intermediate values. Only round the final result. For example,
(1.23 % 0.4) + 5.67 is calculated as 0.492 + 5.67 which should then be reported as 6.2.
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Despite all of these rules, many engineering analyses (including most of the examples I present in these notes)
only follow these rules loosely. A best practice would be to follow the rules exactly. The author’s only excuse
for not following the rules is that it would be a considerable effort to correct all of the examples in these
notes, which isn’t a great excuse. An engineering rule of thumb is to present final values to within three
significant digits, i.e., 1.23 * 10™ (where n is some number) since most engineering calculations don’t involve
highly accurate values. That being said, if one handles numbers and calculations requiring high accuracy,
then following the significant digit rules carefully would be wise.
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CHAPTER 3

Introductory Thermodynamics

3.1. Basics

3.1.1. What is thermodynamics?

Thermodynamics is the study of energy, work, and heat, and the transformation between these quantities.

3.1.2. Where is thermodynamics used?

power generation, e.g., fossil fuel power plants, internal combustion engines, gas turbine engines,
solar thermal power plants

high speed flows of gases, i.e., compressible flows, e.g., jet engines, rockets, high speed aircraft
heating, ventilation, and air conditioning

refrigeration

combustion

phase changes (evaporation, condensation, sublimation)

Thermodynamics serves as a foundation for many other topics, including fluid mechanics and heat transfer.

3.1.3. Definitions

A closed system (aka system, aka control mass) is a particular quantity of matter chosen for study.
The system may change shape and location, but it is always the same matter.

e The surroundings consist of everything that is not the system.
e The boundary of a system is the surface separating the system and surroundings.
e An isolated system is a closed system that does not interact with its surroundings. For example,

if the system consists of air in a sealed, rigid, insulated container, then the air may be consider an
isolated system since it has no mass, work, or heat transfer with the surroundings.

A control volume (CV) (aka open system) is a particular volume chosen for study. Unlike a system,
matter may change within a control volume. Note that the control volume does not need to remain
fixed in size or location; it may move or change size and shape.

A control surface (CS) is the surface enclosing a control volume. The orientation of the CS at a
particular location is given by the direction of its outward-pointing unit normal vector, fi, at that
location. The outward-pointing unit normal vector has a magnitude of one, is perpendicular to the
control surface, and always points out of the CV (Figure 3.1).

Properties are macroscopic characteristics of a system. Example properties include mass, volume,

energy, pressure, and temperature. A quantity is a property if and only if its change in value
between two states is independent of the process between these states. For example, pressure is a
property since its value only depends on the current state, but the work done on a system is not
since the work depends on the process taken to reach a given state.

An extensive property is one that depends on the mass in the system. For example, kinetic energy
and mass are extensive properties since their values are proportional to the mass in the system.
An intensive property is one that is independent of the mass in the system. For example, temper-
ature and pressure are intensive properties since their values are independent of how much mass is
in the system.
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FIGURE 3.1. Tllustration of control volume (CV), control surface (CS), and outward-
pointing, unit normal vectors.

e A specific property is an extensive property per unit mass. A specific property is also an intensive
property. An example of a specific property is specific volume v = V/m where V is the system
property and m is the system mass.

e An easy way to determine whether a property is extensive or intensive is to divide the system into
two parts and see how the property is affected.

e The state of a system is the system’s condition or configuration as described by its properties in
sufficient detail so that it is distinguishable from other states. Often only a subset of properties is
needed to define a state since some properties may be related.

e A process is the transformation of a system from one state to another. A few common processes
include:

— isothermal process: A process that occurs at constant temperature.

— isobaric process: A process that occurs at constant pressure.

— isochoric or isometric process: A process that occurs at constant volume.

— adiabatic process: A process in which there is no heat transfer between the system and sur-
roundings.

— isentropic process: A process that occurs at constant entropy.

e A process is in steady state if the system’s state does not change with time.

e A system is in a state of equilibrium if there are no potentials driving the system to another state.
Examples of driving potentials include unbalanced forces, unbalanced temperatures, an electric
potential (aka voltage).

e A process path is the series of states that a system passes through during some process.

e A quasi-equilibrium process is one where the process proceeds in such a manner that the system re-
mains infinitesimally close to an equilibrium state at all times. One can interpret a quasi-equilibrium
process as occurring slowly enough so that the system has time to adjust internally such that prop-
erties in part of the system do not change any faster than those properties in other parts of the
system.

e A reversible process is one in which the system is in a state of equilibrium at all points in its path.
In a reversible process, the system and the surroundings can be restored exactly to their initial
states.

e An irreversible process is one where the system is not in a state of equilibrium at all points in its
path. The system and surroundings cannot be returned to their exact initial states in an irreversible
process. Note that all natural processes are irreversible. Several effects causing irreversibility include
viscosity, heat conduction, and mass diffusion.
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e A cycle is a sequence of processes that begins and ends at the same state. At the conclusion of a

cycle, all properties have the same values they had at the beginning of the cycle. Thus, there is no
change in the system’s state at the end of a cycle.
An equation of state is a relationship between properties of a particular substance or class of
substances. Equations of state cannot be obtained from thermodynamics but are obtained either
from experimental measurements or from some molecular model. Note that there can be various
types of equations of state, e.g., two equations of state for an ideal gas include a thermal equation
of state, which is the ideal gas law, p = pRT, and a caloric equation of state, which describes the
relationship between the internal energy and temperature, du = ¢,dT.
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