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Basic Facts

1.1 (a) For a thermally perfect gas, by state equation,
p=pRT
Given: p = 101325 Pa, T = 0°C = 273.15 K and p = 0.09 kg/m?. Therefore,
R = -

101325
0.09 x 273.15

— 4121.7J/(kgK)

The gas constant of the specific gas under consideration is

R =|41217kJ (kgK)~"|

Also, we know that,

R,
R=—
M

where R, = 8314 J/(kg K) is the universal gas constant and M is the molecular
weight of the gas. Therefore,

8314
4121.7

M =



2 Applied Gas Dynamics 2nd ed.: Solutions Manual

(b) By state equation, we have pv = RT, where v is the specific volume. Therefore,

RT  4121.7 x 343.15
p 2.3 x101325

= [6.07m3 kg

since 1 atm = 101325 Pa.

1.2 By state equation, we have
p1V = mRT, 1)

where m is the initial mass and V is the tank volume. Final mass is (m + 2) kg
and state equation for the final state is

But Ty = T. Therefore, dividing Equation (1) by Equation (2), we get
po__m
D2 m+ 2
L
240 m+2
m+2 = 2m
m = 2kg
Equation (1) gives
V = mRT1
P

For nitrogen R = 297 J/(kgK), thus,

2 x 297 x 303.15
120 x 103

vV =

= |1.5m?

1.3 Recorded pressure is

P = puggh

—  (13.6 x 10%) (9.81)(0.735) = 98061 Pa



since pu, = 13.6 x 10% kg/m?>.

1.4 Absolute pressure = manometer height + barometer height

Dabs = 750 + 200 = 950 mm of Hg

= (13.6 x 10%) (9.81)(0.95) Pa

1.5 The tank pressure is 250 cm above atmosphere. For standard atmosphere, 1
atm = 760 mm of mercury. Therefore, pressure in the tank is

PT = Pmeas T Patm = 2500 + 760

= 3260 mm of mercury

Also,
latm = 760 mm of Hg = 101325 Pa

Therefore,

101325
- 3260
pr 760

- [Biwkn]

h
1.6 Absolute pressure = (barometric height — 136) mm of Hg

since h is the water column height, it is converted to mercury column height by
dividing by the specific gravity of Hg.

500
Absolute pressure = 760 — 136 — 723.235 mm of Hg

= (13.6 x 10%) (9.81) (0.723235) Pa

= [96.49KPa]
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1.7

Absolute pressure = gauge pressure + atmospheric pressure
. , 740
Atmospheric pressure = (13.6 x 10°)(9.81) 108
= 0.0987 MPa

Thus, absolute pressure = 1.5 4+ 0.0987 = | 1.5987 MPa

1.8 The pressure in terms of fluid column is pgh. Therefore,

50 x 10° = pug g hug
P 50 x 103
He ™ 981 x 13600

= 0.3747m

In terms of water column, we have

50X 10° = pughe
hoo_ 50x 103
Y 9.81 x 103

= 5.097m

Therefore,

Ah = Ty — g



1.9

Area of the piston = - - T %1002 = T x 10* mm?

Pressure =

8000
= X102 x 4 Pa

1.10 By hydrostatic pressure equation, we have

p = pgh

(0.8 x 10%)(9.81)(2.2)

- [irzrim]

1.11 The speed of sound is given by
o — \ET
For air,y = 1.4, R =287J/(kg K), thus,
299 = V14x287TxT

T = 2225K

We know that, at standard sea level T = 288 K and the temperature lapse rate is
6.5 degree per kilometer in the troposphere of earth’s atmosphere. Therefore,

T —Xh = 2225 () is temperature lapse rate)
288 — 6.5 = 222.5
65.5
= —k
i 65

~ [1009m]

That is, the altitude is 10076.9 m.

1.12 The locations of the aircraft and the observer are as shown in Figure S1.12.
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M=3 Aircraft
R

® Observer
| 1000 m |

Figure S1.12

where h is the flight altitude. Given: the distance covered V¢t = 1000 m and the
height is at, where, t is the time taken for the sound signal to reach the observer
and a is the speed of sound. Therefore,

Vi = 1000
. 1000 1000
n vV  Ma

1000
3v/1.4 x 287 x 288.15

= 0.98s
Thus, the flight altitude is

h = at=340.26 x 0.98

~ [m56u]

1.13 At time ¢t = 0, the object is at point 0 and at t = t, it is at point A. Therefore,
the distance traveled in time ¢ is V¢ and

Vi=104+104+3=23m

At the same time duration, the disturbance might have traveled a distance at, where
a is the speed of sound. Thus,

at=10—3="7m

Thus, the Mach number of the object is

vVt 23
M:—:—:-3.286
at 7
At sea level, T' = 288.15 K. Therefore, the speed of sound becomes

a=+/YRT =340m/s



Thus, the velocity of the object is

V=Ma=|1117.24m/s

The Mach angle p of the disturbance cone is

p=sint (57 ) =777

1.14 Assume air to be a perfect gas. The speed of sound is then given by

a=+/yRT
(a) v =14 and R =287J/(kg K) for air. Therefore,
a = /1.4 x287 x (25 + 273.15)
= 346.1m/s

Flight speed V = 1100/3.6 = 305.6 m/s. Thus, the flight Mach number M is
vV 3056

(b) At T'= —55°C the sound speed a becomes

a = +/1.4x 287 x (=55 + 273.15)

= 296.1m/s
Thus,
305.6
M=——=]|1.
2961
Note that, for the same flight speed, the plane flies subsonically at sea level but

supersonically at high altitude. These aspects must be considered in the design of
the plane.

1.15 In the reservoirs, the air is at stagnation state. So, the entropy relation would

be
T02> <P02>
S9—81=c,In|{ — ) —RIn | —
S <T01 Po1



8 Applied Gas Dynamics 2nd ed.: Solutions Manual

But, Ty; = Tye for adiabatic process. Therefore,
As = Rln (1701)
Po2

Rln ( Lo ) — RIn2
3Po1

1198.933) (kg K) ! |

Note: Tt should be noted that, for entropy only subscripts 2 and 1 are used; since
entropy is not defined like static or stagnation entropy.

1.16 Let the initial state be denoted by subscript 1 and expanded state by subscript
2.

(a) Since the cylinder is insulated, preventing any heat transfer what-so-ever, the
process is adiabatic. The governing equation for this process is given by

p1V] = p2 V7 = constant (1)
Also, from ideal gas state equation

p1Vi _ P2 Vo
T TS

=R 2)

From Equations (1) and (2), we get
I3 V2 ol Tl v/ (v=1)
n-(v) - ()
T o= T /10070 = 55735K

ar - [CEGK

Work:w:/pdv:/dhf/duf/vdp (3)

pv? = constant  from equation (1)

Therefore,

(b)

Also,

Differentiating equation (1), we have,

pyv? v +0v7dp =0



Dividing throughout by v¥~! and integrating, we get

/p’ydv—&—/vdp:O
/ vdp = —y / pdv = —yw (4)

Substituting equation (4) into equation (3) and simplifying, we get
(1-y)w = RAT

RAT 287 x (—842.65)
1—vy (—0.4)

= [6.04x10°] kg

Note: Since the process undergone is expansion from a high pressure, the work
removed is positive, i.e. work is done by the gas.

(c) Also, from Equation (1)

:
P1_ <V2> — 10" = 25.1189

Therefore, pressure ratio =|25.1189

1.17 pyv] = povy, where v is specific volume, i.e. volume per mbox mass = V/m.

Therefore,
() =)
pi{— =p2\
mi mo

Also, Vi = Vo =V = volume of the tank.
()
P\ —
mi
1\ 14
= 5x10°x (=
X 107 x (2)

| 1.8946 x 10° Pa

b2
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From equation of state for a calorically perfect gas,

ppo_ ph
D2 p2 T
R IE
P1 ma
= (1'85946> x 2 % 500

- [mex]

1.18 For the isentropic process,

pl_(T1>”w1
D2 Ty
2=1
T, = (p2> T,
P

= 635 x 290 = 483.868 K

(a) Therefore,

The change in the temperature is
AT = [193.868K

(b) By first law of thermodynamics, we have
du+ d(PE)+ d(KE) = dq + dw
Here, velocity changes are neglected. Therefore,
d(KE)=0

Also, assuming
d(PE)=0

from thermodynamics first law, we get
du = dq + dw
Since the process is isentropic, dg = 0. Therefore,

du = dw=c,AT =717.5 x 193.868

1.39 x 10° J kg1
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(c) The work done is negative, i.e. work is done on the gas. It has been computed
in (b) above.

1.19 Work done by the weight on the piston goes towards increasing the internal
energy of the gas. From the first law of thermodynamics

Ey—E =Q+W

where, F, @), and W are respectively the internal energy, heat transferred, and
work done. Since no heat is transferred, @) = 0. Therefore,

EQ—El :W:/FdS
where, F' is force and ds is distance. At the new equilibrium position, the force
acting on the piston face is F' = po A, where A, is the area of the piston face. The

distance traveled by the piston is ds = (Vi — V2)/A,, Vi and V; are the initial and
final volumes, respectively. Thus, we have,

Ey —E1 = p2.A,(Vi—Va)/A,

*PQ(VQ - Vl)
For mbox mass, this reduces to
ea—er = —pa(Va—V1)

For a calorically perfect gas, e = ¢,T. Therefore,

RT: RT:
(T =T1) = —po (2— 1)
P2 p1
CU(T2_1> _ L o
R \Ty T p;
T: Co Co
i(l—'—E) = — 4+ X (where A =py/p1)
But ¢,/R=1/(y — 1). Thus,
T: 1
A R
y—1T; y—1
1 1+ (y—DA

i v
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Entropy change for a perfect gas can be written as

Tz) <p2>
As = ¢,Inl =) —-Rln|—=
P (Tl 1

As l1{1+(y7—1)A}f—1]

i{H (77— 1),\}31]

s9—81 = Rln

Let A =1+ ¢, where ¢ < 1. Therefore,

As v [T+ (y—1)(1+¢)
- 1 —In(1
R ’y—ln_ 0 a(l+e)
= T 1+7_1+€(7_1):|—1H(1+6)
y—=1 | gl
= T 1+7_1e}—1n(1—|—6)
y—=1 | Y

Expanding the RHS, and retaining only up to second order terms, we get,

As v [r=1 (=12, e?
— = €— el —e— =
R ~v—1 5 2ry2 2
y=l. e & & &
= 5 € e—|—2 2+2’y+2

= |5

Note: Work has been done by the weight which is equal to po A, on the gas. The
weight has moved by a distance of ds. Therefore, AE = W.ds = pa A,,.ds.
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1.20 Since it is an open system,

Work done = —c¢, (T> —Th)

1

({gf}” . 1) 7

~1004.5 x (21/3'5 _ 1) % 303

= |- 66.66k] kg!]

1.21 Work done is given by

W

p(Va— Vi) = 101325 x 6 (2 — 0.3)

since 1 atm = 101325 Pa.

1.22 The compression process is given as isentropic. Let subscripts 1 and 2 refer
to the initial and final states, respectively. By isentropic process relation, we have

b1

Py

P2

1.23 As we know, the

1/v 1/1.3
= (p2> X p1 = <690> x 1.5
P1 150
= [4.85kgm™3

relation between temperature and pressure for isentropic

change of state may be written as

y—1

T _ (pQ) o
Ty P1

where subscripts 1 and 2 refer to the initial and final states, respectively.
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= 0.286
1.4 7
T = T (7”2> — 298 ()
1 1

I
t
=
©
Ne)
o

1.24 By isentropic relation, we have

Ty _ (o

T \ v
where subscripts 1 and 2 refer to the initial and final states and v is specific volume.
For air v = 1.4, therefore,

" 0.4
nen (3
V2

= (30 +273.15) (30)"* = 1181.7K
= [908.55°C

1.25 (a) We have ¢, = ﬁ R, therefore, the gas constant is

v—1
R = c
NP
0.4
= 11" 1000 = 285.7J/(kg K)
Also,
R, 8314
R = — = —
M M

where M is the molecular weight and R, is universal gas constant. Thus,
8314
M=——=[290.1
285.7 -
(b) By ideal gas state equation, we have

p1Vi =mRT

p2Vo = mRT,
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where subscripts 1 and 2 refer to initial and final states, respectively. But p; = pa,
therefore,

Vo T 50427315
Vi Ty 200+273.15
32315
T 47335

1.26 For an ideal gas the speed of sound a may be expressed as
a=+/vRT

where + is the ratio of specific heats and R is the gas constant. For the given gas,

R, 8314
= _— = — = 2 . k K
R % 29 86.7J/(kg K)
Therefore,
400 = /v x 286.7 x 373.15
4007
7T 2867 x 373.15
The specific heat ¢, and ¢, can be written as
v
= —R
Cp o
R
Cy = —
v—1
Therefore,
¢p = (1.5/0.5) x 286.7

186010 (kg K) ! |

286.7/0.5

Cy

= 57340 (kgK) |

Note: The ratio of specific heats is v = ¢,/c,. For the present case v = 1.5 =
860.1/573.4 is correct. This way the answer obtained for ¢, and ¢, may be checked.
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1.27 At the nozzle exit, V = 390m/s and T = 28 + 273.15 = 301.15K. The
corresponding speed of sound is

a = +/yRT =+/1.4 x 287 x 301.15

347.85m/s
Thus,

V 390
M=—= =]1.12
+ = 3irss — 2]
By isentropic relation, we have
To v

D - 1
T +2

= 1402x1.122=1.25

Ty = 1.25x301.15=376.44K

= [103.20°C]

For the flow, the stagnation temperature is Ty = 376.44 K.

The static temperature is 7T = 92.5°C = 92.5 + 273.15 = 365.65 K. The temper-
ature is

To 376.44
T = =

Thus,

0.03
M? = =— =015
0.2

M = [0387]

This is the Mach number at the station where temperature is 92.5°C.

1.28 For hydrogen, the gas constant R = 8314/2.016 = 4124 J/(kg K).

By isentropic relation, we have

y—1

L _ (pz> ’
Ty D1
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Therefore,

T, = 0573 x1T)

= 0.573 x300=171.9K

By energy equation, we have

Vi ~
ho + > = hy, since V3 =0
Vi = 2(h —ha)
But h = ¢,T, therefore,
Vo =1/2¢, (11 — 1)
¥ 1.4
“ y—1 T 04"

= 14434J/(kg K)
Thus,

Vo = /2 x 14434 (300 — 171.9)

= [1923m 7]

The speed of sound is given by

ag = \/YRTy =/1.4x 4124 x 171.9
= 996.23m/s
Thus,
Vs 1923
T ay 996.23 [L.93]
The mass flow rate is given by
m = pg Ay Vo
p2 = RL;Q’ by state equation
101325
= ——— i 1 =101325P
02 <1719 since 1 atm 01325 Pa

= 0.143kg/m?
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Thus,

m = 0.143 x 10 x 107* x 1923
= |0.275kg s~ !

1.29 The given process is a polytropic process with index n = 1.32. Since air is
given as an ideal gas with constant specific heats, we have from isentropic relations
the change of entropy as

TS D2
— 81 =¢p,l — | —RI1 —=
52 o1 @ <T1) . <p1>

For a polytropic process,

n—1

T _ (pz ) =
T D1
Combining these two equations, we obtain
—1
(5 2)
n p1

since ¢, = ﬁ R for an ideal gas, the above equation may be written as

With the given data,

v—1 0.4
R = 5 =17 " 1004 = 287J/(kg K)

Therefore,

(1.32 — 1.4) 287 (1100)
S9 — 81 = n

1.32 x 0.4 101

|-103.8J (keK)~'|

Note: Since the entropy of the gas decreases for this internally reversible process,
heat must be removed from the gas. This is why the cylinder used for such compres-
sion process is usually water jacketed. Also, we know that the entropy of the system
and surrounding cannot decrease. But in this problem, the entropy decreases. It
should be noted that, what decreases is entropy of the system alone and not the
combined entropy of the system and surrounding.
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1.30 For oxygen, molecular weight M = 32. The gas constant R = 8314/32 =
259.8 J/(kg K). Therefore,

gl

¢ = 7 R =909.3J/(kgK)
Y
o = 2 =6495]/(kgK)
v
The increase in internal energy is
Au = ¢, (To —T1) = 649.5 (125 — 25)

= 649507 (kgK) !

The increase in enthalpy is

Ah = ¢, (Ty —Ty) = 909.3 (125 — 25)

90930 (kg K) ! |

1.31 Let subscripts 1 and 2 refer to the inlet and exit states, respectively. At state
1, p1 = 100 kPa, p; = 1.175 kg/m?>. Therefore,

1 100 x 103
Ty=—-+ = — " —92065K
""" Rpy 287 x 1.175

At state 2, ps = 500 kPa, p; = 5.875kg/m?. Therefore,

500 x 10
P2 DXV og65K

T = =
> Rps 287 x 5.875

Assuming air to be a perfect gas, the enthalpy difference can be obtained as

hQ — hl = Cp (T2 — Tl)

¢y (296.5 — 296.5)

1.32 The entropy change is given by

ds = —=
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where ¢ is the reversible heat addition per mbox mass. For an ideal gas
6q = dh — vdp
where dh is the enthalpy change and dh = ¢,dT'. Thus,
0q = cpdT — vdp

Using the above relation, we get the entropy change as

dl' v
ds=c,— — =d
§=Cpo — g dp
By state equation, pv = RT, therefore,
v j—
T p
Therefore,
dIl' R

ds =cp— — —d
$=Cpp » D
Taking log of the state equation and differentiating, we get

dT_dp  do
T p v

dr
Substituting for T in ds expression, we obtain

d d d
ds = ¢p <;+:>—Rﬁ

ds:cp7+(cp—R)—

But ¢, —c, =R, ¢, — R=c,. Thus,

dv dp

ds:cp7+cv—

For an isentropic change of state, we have

d d
0 = cp—v cv—p
o
o = "
& dv dp



