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Chapter Three

ISENTROPIC FLOW
OF A PERFECT GAS

Problem 1. — Air flows at Mach 0.25 through a circular duct with a diameter of 60 cm.
The stagnation pressure of the flow is 500 kPa; the stagnation temperature is 175°C.
Calculate the mass flow rate through the channel, assuming y = 1.4 and that the air
behaves as a perfect gas with constant specific heats.

p= [1]500 kPa = 0.9575(500) = 478.7500 kPa

P,

T= (%](175 +273)=0.9877(448) = 442.4896 K

o

P (478.75 kN /m?)
RT (0.287 kN-m/kg-K (442.4896 K)

p= =3.7698 kg/m’

A= %(0.6)2 =0.2827m’

V = M/yRT =0.25,/1.4(287 N - m/kg - K )(442.4896 K ) = 105.4136 m/s

m=pAV =112.3603 kg/s

Problem 2. — Helium flows at Mach 0.50 in a channel with cross-sectional area of 0.16
m®. The stagnation pressure of the flow is 1 MPa, and stagnation temperature is 1000 K.
Calculate the mass flow rate through the channel, with y = 5/3.

p= [i} MPa = 0.8186(1000kPa)=818.6 kPa

Po

T

(le(looo K)=0.9231(1000) = 923.1 K

(0]
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R =2.077kJ/kg-K

p 818.6 :
P SI86 4 70ke
PTRT ~ (2077)923.1) sim

V = M{/yRT =0.50,/(5/3)2077 N - m/kg - K }923.1K) = 893.7931 m/s

= pAV = (0.4270 kg/m’0.16 m* (893.7931 m/s) = 61.0639kg /s

Problem 3. — In Problem 2, the cross-sectional area is reduced to 0.12 m?. Calculate the

Mach number and flow velocity at the reduced area. What percent of further reduction in
area would be required to reach Mach 1 in the channel?

Ay As A .
Ao Ao A1 [%)1.3203 —0.9902
AY A A" lod6

So, Ay < A* for M; = 0.5. Therefore, M, =1 and M, will be reduced below 0.5. Since the
exit Mach number is 1, then A, = A*,

Ay A, (s

L= 2 = —j1=1.3333
A" A A 002

Using this area ratio we find: M, =0.4930. Now M,=1 so

T, = (? jTO =(0.7500)1000 = 750.0 K

o

V, =M, /yRT =1.0,/(5/3)(2077)750 =1611.2883 m/s

Problem 4. — (a) For small Mach numbers, determine an expression for the density ratio
p/Po. (b) Using Egs. (3.15) and (3.17), prove that

LG

(a)
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Problem 5. — An airflow at Mach 0.6 passes through a channel with a cross-sectional area
of 50 cm”. The static pressure in the airstream is 50 kPa; static temperature is 298 K.
(a) Calculate the mass flow rate through the channel.
(b) What percent of reduction in area would be necessary to increase the flow
Mach number to 0.8? to 1.0?
(c) What would happen if the area were reduced more than necessary to reach
Mach 1?

50 kPa
@ p=--=

=0.5846 kg/m’
RT (0.287 kN -m/kg-K)298 K

V =M,/yRT =0.64/1.4(287)298 =207.6177 m/s

= pAV = (0.5846)(0.0050 m* {207.6177 m/s) = 0.6069kg /s

(b) ForM =0.8,A/A* =1.0382
For M =0.6, A/A* =1.1882
1.1882-1.0382

(% reduction in area to reach Mach 0.8) = 1882 100 =12.62%
(% reduction in area to reach Mach 1.0) = %100 =15.84%

(c) Flow would be reduced.

Problem 6. — A converging nozzle with an exit area of 1.0 cm?® is supplied from an
oxygen reservoir in which the pressure is 500 kPa and the temperature is 1200 K.
Calculate the mass flow rate of oxygen for back pressures of 0, 100, 200, 300, and 400
kPa. Assume that y = 1.3.
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%
For y = 1.3, the critical pressure ratio is: P _0.5457. So, the back pressure is
P,

%
Dy = (p—Jpo =0.5457(500) = 272.8500kPa ,

(4]

Thus, the nozzle is choked for back-pressures below 272.85 kPa, i.e., for 0, 100, and 200
kPa. For these back pressures, p. = 272.8 kPa and

€

T. = G—jT =0.8696(1200 K ) = 1043.5200 K

[

V, =M_{[YRT, =4/1.3(259.8)1043.52 = 593.6653 m/s

_ P _ 272.85 kN/m’

- - =1.0064kg/m’
RT, (0.2598 kl/kg-K)(1043.52K)

Pe

m=p, AV, = (1.0064)1x10)593.6653) = 0.05975 kg/s

For p, = pe =300 kPa; thus, 2¢ = % = 0.6, from which we find M_ =0.9133

P,

€

T. = G—jT =0.8888(1200 K ) = 1066.5600 K

[}

V, = M_4[YRT, =0.9133,/1.3(259.8)1066.56 = 548.1474 m/s

. p —4_2 300 kg —4_2
= Lo |1x107*m?Y546.5 m/s) = X2 (1x107*m? )(548.1474 ny/
" [RT j( <107 m’f546.5 s O.2598(1066.56)m3( <107’ ms)

e

=0.05935 kg/s

For py = pe = 400 kPa, £ = 0.8, M_ =0.5935
D,

T, =0.9498(1200) =1139.7600 K
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. 400 .
= 107*)0.5935,/1.3(259.8)1139.76 |= 0.04974 kg /
" (0.2598x1139.76)( Jo.5935,1:3259.) ] g/s

Problem 7. — Compressed air is discharged through the converging nozzle as shown in
Figure P3.7. The tank pressure is 500 kPa, and local atmospheric pressure is 101 kPa.
The inlet area of the nozzle is 100 cmz; the exit area is 34 cm”. Find the force of the air on
the nozzle, assuming the air to behave as a perfect gas with constant y = 1.4. Take the
temperature in the tank to be 300 K.

—_ —
T,=300 K
Po =500 kPa

\ .
4

Assume the nozzle is choked. Accordingly, p. = 0.5283 (500 kPa) = 264.15 kPa. Since
this pressure exceeds the back pressure, the assumption is valid.

Figure P3.7

M.=1.0

T, = 0.8333(300) = 249.9900 K

V, =M_[YRT, =/1.4(287)249.99 =316.9321 m/s

At the nozzle inlet, % = 13%‘? =2.9412, fromwhichwefind M, =0.2038

% =0.9938, so T, =0.9938(300) = 298.1400 K

[}

Pi_0.9735, p. =0.9735(500) = 486.7500 kPa
P,

V, =0.2038,/1.4(287)298.14 = 70.5374 m/s
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264.15

= 2D (50034)316.9321)=3.9673kg/
e 0.287(249.99)( X ) &7

piAi + FT _pcAc _patm(Ai _Ac)= m(Vc _\/1)
FT = peAe _piAi + patm(Ai _Ae)+ Ih(ve _\/1)

Fy = (264.15 kN/m? |34 x10*m? )— (486.75 kN/m | 100 x 10 *m?)

+(101.0kN/m? 100 - 34)10~*
s (3.9673 kg/s)(316.9321-70.5374 m/s)
1000 N/kN

F. =0.8981-4.8675+0.6666 + 0.9775 = -2.3253 kN

The force of the fluid on the nozzle (equal but opposite) is 2.3253 kN to the right.

Problem 8. — A converging nozzle has an exit area of 56 cm. Nitrogen stored in a
reservoir is to be discharged through the nozzle to an ambient pressure of 100 kPa.
Determine the flow rate through the nozzle for reservoir pressures of 120 kPa, 140 kPa,
200 kPa, and 1 MPa. Assume isentropic nozzle flow. In each case, determine the increase
in mass flow to be gained by reducing the back pressure from 100 to 0 kPa. Reservoir
temperature is 298 K.

For Ny, y = 1.40. The nozzle is choked for

Pob _ 100

- - —189.2864 kPa
P " (p*/p,)  0.5283

Case 1. p, =120 kPa and p, = 100 kPa

T
Pe _100_ 8333 M, =0.5171, 5 =0949

po 120 o

T, =0.9492(298) = 282.8616 K

 Pe 100 kN /m?

= =1.1911 kg/m>
RT, (0.2968 kJ/kg -k)282.8616 K

Pe

Ve = Mg+/YRT, =0.5171,/1.4(296.8)282.8616 =177.2791 m/s
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m=p, AV, =(1.191 1)(56>< 10‘4)177.2791 = 1.1825kg/s

Case 2. p, = 140 kPa and p, = 100 kPa

Pe _100_ ) 7143, M, =0.7103, T, =0.9083(298)=270.6734K
p, 140
b, = — 100 ~ 12448 kg/m’

0.2968(270.6734)

Ve =0.7103,/1.4(296.8)270.6734 = 238.2103 m/s
= 1.2448(56 x1074 )238.2103 =1.6605 kg/s

Case 3. p, = 200 kPa and py, = 100 kPa

Since p, is above the critical reservoir pressure the nozzle is choked, therefore M. = 1.0

pe = 0.5283(200) = 105.6600 kPa
T, = 0.8333(298) = 248.3234 K

10566
Pe = 0.2968(248.3234)

=1.4336 kg/m>

V, =1.04/1.4(296.8)248.3234 = 321.2216 m/s

= (1 .4336)(56>< 1074 X321.2216) =2.5788 kg/s

Case 4. p, = 1 MPa = 1000 kPa and p, = 100 kPa

m =2.5788 10007 _ 12.8941kg/s
200

Case 5. p, =120 kPa and p, = 0 kPa

For Case 1, lowering back pressure to 0 kPa will change the flow and the nozzle will now
be choked. Therefore,

M. = 1.0,

V.=321.2216 m/s
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0. = 0.5283(120) 0.8602 ke/m>
0.2968(248.3234)

= (0.8602)(56>< 1074 X321.2216) =1.5473 kg/s

Case 6. p, = 140 kPa and p, = 0 kPa

The nozzle is choked, so M. =1

= %(l 5473)=1.8052 kg/s
Case 7.
= @(1.5473) =2.5788kg/s
120
Case 8.
th = %(1.5473) =12.8941kg/s

Problem 9. — Pressurized liquid water flows from a large reservoir through a converging
nozzle. Assuming isentropic nozzle flow with a negligible inlet velocity and a back
pressure of 101 kPa, calculate the reservoir pressure necessary to choke the nozzle.
Assume that the isothermal compressibility of water is constant at 5 x 107 (kPa)” and
equal to the isentropic compressibility. Exit density of the water is 1000 kg/m’.

2
J@ﬂ_:c
p 2
lop 1dp
kp #kg=———=—
pop pdp
vV
L d_§+_2_0
lep 2
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Vz =aj 2\/ 1 = 3 ! 1 =1414.2136 m/s
paks 1 (1000 kg/m>)5x1077 (kPa)

Pt P2

11 [ 14142136 m?
2 2

J(5x10_7)<Pa_1 =-0.0005m>/kg

L b 00005m’/ke

b, 1000 kg/m’

p, =2000.0 kg/m’

2 1 2

o

Py - D :Lgn(p—zj = : 1 1n(1000j =-1.3863x10° kPa
kt \p1) 5x1077(kpa)™ 12000

or p, =101+1.3863x10° =1.3864 x10° kPa

Problem 10. — Calculate the stagnation temperature in an airstream traveling at Mach 5
with a static temperature of 273 K (see Figure P3.10). An insulated flat plate is inserted
into this flow, aligned parallel with the flow direction, with a boundary layer building up
along the plate. Since the absolute velocity at the plate surface is zero, would you expect
the plate temperature to reach the free stream stagnation temperature? Explain.

M =5
e
Figure P3.10
T, = 273 =1637.7K
0.1667

No. In general the reduction to zero speed is not an adiabatic process. However, it could
be if viscous heating counteracts heat conduction back through the boundary layer.
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Problem 11. — A gas stored in a large reservoir is discharged through a converging
nozzle. For a constant back pressure, sketch a plot of mass flow rate versus reservoir
pressure. Repeat for a converging-diverging nozzle.

A A
m 0
M =1 at M=1at
nozzle exit nozzle
> throat -
Po pr Po P
Converging Nozzle C-D Nozzle

Problem 12. — A converging-diverging nozzle is designed to operate isentropically with
air at an exit Mach number of 1.75. For a constant chamber pressure and temperature of 5
MPa and 200°C, respectively, calculate the following:

(a) Maximum back pressure to choke nozzle
(b) Flow rate in kilograms per second for a back pressure of 101 kPa
(©) Flow rate for a back pressure of 1 MPa Nozzle exit area is 0.12 m’.
A
(a) ForM=1.75, — =1.3865
A k

For % —1.3865, M =0.4770, -2 =0.8558

Po

Maximum back pressure to choke nozzle = 5(0.8558) = 4.2790 MPa

(b) pv = 101 kPa, nozzle choked
_012m® _ 0.086549 m2
throat 1.3865 .

Pthroat = 5 MPa(0.5283) = 2.6415 MPa

Tihroat = (200 +273)0.8333 = 394.1509 K
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Vinroat = v/1.4(287)394.1509 = 397.9571 m/s

2641.5kPa
Pthroat = K
0.287 —(394.1509K )
kg-K

=23.3510 kg/m’

M = Pihroat A throat Vihroat = (23-3510)(0.08655)(397.9571) = 804.2829 kg/s

(c) h = 804.2829 kg/s

Problem 13. — A supersonic flow is allowed to expand indefinitely in a diverging
channel. Does the flow velocity approach a finite limit, or does it continue to increase
indefinitely? Assume a perfect gas with constant specific heats.

2
For adiabatic flow, cpTo =c,T+ VT However, T cannot be less than 0 K (second law)

So,

Vinax =4/2¢pTo and Vi, is finite

Problem 14. — A converging-diverging frictionless nozzle is used to accelerate an
airstream emanating from a large chamber. The nozzle has an exit area of 30 cm” and a
throat area of 15 cm”. If the ambient pressure surrounding the nozzle is 101 kPa and the
chamber temperature is 500 K, calculate the following:

(a) Minimum chamber pressure to choke the nozzle

(b) Mass flow rate for a chamber pressure of 400 kPa

(c) Mass flow rate for a chamber pressure of 200 kPa

A .

(a) texit 5

A throat

For 2 =20, M=03059, £ =09372

A Po
.. 101

Minimum chamber pressure to choke = 5 =107.7678 kPa

(b) Nozzle choked for p. = p, = 400 kPa

Pthroat = 0-5283(400) = 211.3200 kPa

42



From GasDynamics,Third Edition, by Jame<E. JohnandTheoG. Keith. ISBN 0-13-120668-0© 2006PearsorEducation|nc.,
UpperSaddleRiver,NJ. All rightsreservedThis materialis protectedunderall copyrightlawsastheycurrentlyexist. No Portionof
this materialmaybereproducedin anyform or by anymeanswithout permissiorin writing from the publisher.

Tihroat = 0.8333(500) = 416.6500 K

211.32 kPa

kJ
0.287)———(416.65K
(0287), 7, 16.65%)

= pAV = (15 x10™*m? )\/1.4(287)(416.65)

~ (17672 ke/m? Ji5 %1074 m }409.1576 mis

=1.0846kg/s

(©) i =1.0846 222 | = 05423 kg
400

Problem 15. — Sketch p versus x for the case shown in Figure P3.15.

\_/

—> M>1 M>1 —

—.X

Figure P3.15

\

v

throat

43



From GasDynamics,Third Edition, by Jame<E. JohnandTheoG. Keith. ISBN 0-13-120668-0© 2006PearsorEducation|nc.,
UpperSaddleRiver,NJ. All rightsreservedThis materialis protectedunderall copyrightlawsastheycurrentlyexist. No Portionof
this materialmaybereproducedin anyform or by anymeanswithout permissiorin writing from the publisher.

Problem 16. — Steam is to be expanded to Mach 2.0 in a converging-diverging nozzle
from an inlet velocity of 100 m/s. The inlet area is 50 cm?; inlet static temperature is 500
K. Assuming isentropic flow, determine the throat and exit areas required. Assume the
steam to behave as a perfect gas with constant y = 1.3.

M; = 199 =100 41826
J1.3(461.5)500  547.6997

A* =3.2669, A roat = Y 153050 cm?

A 3.2669

*

A
For M =2.0, i =-%-1.7732 so Ayit =27.1389 cm?
A Ay

Problem 17. — Write a computer program that will yield values of T/T,, p/po, and A/A*
for isentropic flow of a perfect gas with constant y = 1.27. Use Mach number increments
of 0.05 over the range M =0 to M = 2.0.

bH 1
p_y-1 T _ 1-b 1_(1]% i_[1+b(M2—l)]%
v+1" T, 14bM2-1) Po \To) = A* M
M T/T, P/pPo A/A*

0.00 | 1.00000 | 1.00000 | infinite
0.05  10.99966 | 0.99841 [11.76142
0.10 ] 0.99865 | 0.99367 | 5.90577
0.15 10.99697 | 0.98584 | 3.96515
0.20 1 0.99463 | 0.97499 | 3.00342
0.25 10.99163 | 0.96125 | 2.43340
0.30 ] 0.98800 | 0.94478 | 2.05940
0.35 ]0.98373 | 0.92575 | 1.79759
0.40 ] 0.97886 | 0.90437 | 1.60608
0.45 10.97339 | 0.88086 | 1.46164
0.50 ] 0.96735 | 0.85545 | 1.35034
0.55 10.96076 | 0.82839 | 1.26335
0.60 | 0.95365 | 0.79994 | 1.19481
0.65 ]0.94604 | 0.77035 | 1.14069
0.70 1 0.93795 | 0.73986 | 1.09813
0.75 10.92942 | 0.70873 | 1.06506
0.80 10.92047 | 0.67720 | 1.03995
0.85 091113 | 0.64547 | 1.02166
0.90 10.90143 | 0.61378 | 1.00931

44



From GasDynamics,Third Edition, by Jame<E. JohnandTheoG. Keith. ISBN 0-13-120668-0© 2006PearsorEducation|nc.,
UpperSaddleRiver,NJ. All rightsreservedThis materialis protectedunderall copyrightlawsastheycurrentlyexist. No Portionof
this materialmaybereproducedin anyform or by anymeanswithout permissiorin writing from the publisher.

0.95 ]0.89139 | 0.58230 | 1.00226
1.00 | 0.88106 | 0.55121 | 1.00000
1.05 ] 0.87045 | 0.52067 | 1.00215
1.10 | 0.85959 | 0.49081 | 1.00844
1.15 ]0.84851 | 0.46177 | 1.01864
1.20 | 0.83724 | 0.43362 | 1.03264
1.25 ] 0.82581 | 0.40646 | 1.05032
1.30 | 0.81423 | 0.38035 | 1.07166
1.35 ]0.80254 | 0.35534 | 1.09664
1.40 | 0.79076 | 0.33147 | 1.12530
1.45 10.77891 | 0.30875 | 1.15768
1.50 ] 0.76702 | 0.28718 | 1.19389
1.55 ] 0.75509 | 0.26678 | 1.23404
1.60 | 0.74316 | 0.24752 | 1.27826
1.65 ]0.73124 | 0.22939 | 1.32672
1.70 ] 0.71935 | 0.21236 | 1.37960
1.75 1 0.70750 | 0.19640 | 1.43712
1.80 ] 0.69570 | 0.18147 | 1.49952
1.85 ]0.68398 | 0.16753 | 1.56703
1.90 ] 0.67234 | 0.15453 | 1.63996
1.95 10.66079 | 0.14244 | 1.71860
2.00 | 0.64935 | 0.13121 | 1.80329

M TT, | plp, | A/A*

Problem 18. — A gas is known to have a molecular mass of 18, with ¢, = 2.0 kJ/kg - K.
The gas is expanded from negligible initial velocity through a converging-diverging
nozzle with an area ratio of 5.0. Assuming an isentropic expansion in the nozzle with
initial stagnation pressure and temperature 1 MPa and 1000 K, respectively, determine
the exit nozzle velocity.

~ 8314.3J/kg —mole-K
18 kg/kg —mole

= 461.9056 J/kg-K

c =R—y1=2.OkJ/kg-K

Py

Yo 2.0 — 43299
y—1 0.4619056
-~y =1.300

A

=50, M, =29723, T, =1000(0.4301)=430.1000 K

A
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V, =2.9723,/1.3(461.9056)430.1 =1510.5171 m/s

Problem 19. — A jet plane is flying at 10 km with a cabin pressure of 101 kPa and a cabin
temperature of 20°C. Suddenly a bullet is fired inside the cabin and pierces the fuselage;
the resultant hole is 2 cm in diameter. Assume that the temperature within the cabin
remains constant and that the flow through the hole behaves as that through a converging
nozzle with an exit diameter of 2.0 cm. Take the cabin volume to be 100 m’. Calculate
the time for the cabin pressure to decrease to one-half the initial value. At 10 km, p =
26.5 kPaand T=223.3 K.

Because the back pressure to cabin pressure is 26.5/101 = 0.2624, which is less than
0.5283 the critical pressure ratio at y = 1.4, the flow is choked and Me = 1. Hence, the
mass flow rate is

(0.5283)p, (E 0.022

287(0.8333)293)\ 4 j(wl.4(287)(0.8333)(293)

I = pAV = %AM,MRT -

= 7.4186x10 p,

In the cabin,

p.V =mRT

_dpc _RTdm__RT_

: = m
dt v odt v

de _ RT(; 418651077 )t
Pc v

Integration produces,

| Dofinal _ _E(7.4186x 10‘7)t

Pcinitial
In2= M(7.4186x10_7)t
100

t=1111.1096 s =0.3086 h
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Problem 20. — A rocket nozzle is designed to operate isentropically at 20 km with a
chamber pressure of 2.0 MPa and chamber temperature of 3000 K. If the products of
combustion are assumed to behave as a perfect gas with constant specific heats (y = 1.3
and MM = 20), determine the design thrust for a nozzle throat area of 0.25 m™.

At 20 km, p=15.53 kPa

Pp _ 533 _ 0.002765 = Pe.

pr 2000 Po

M, =4.3923, T, = (le T, =0.2568(3000) = 770.4000 K
c

[}
At design

Thrust = mV, +(pe )A.

V., = 4.3923\/1 .3(83213'3j770.4 =2834.1293 m/s

Now at the throat M = 1, so (p/po): = 0.5457 and (T/T,); = 0.8696.

2
(0.5457)2000 kN/m (0.25m 1) \/1 .3[%)(0.8696)(3000) m/s

Iht =
8.3143 kNm ), ¢606)(3000)K
20 kg-K

= (1 0063 kg/m’ Xo.zsmzh 187.3805 m/s)

= 298.7290 kg /s

Thrust = [(298.7290)(2834.1293)+(5530)(0.25)]/(1,000,000)
= 0.8466 +0.0014
= 0.8480MN

Problem 21. — A converging nozzle has a rectangular cross section of a constant width of
10 cm. For ease of manufacture, the sidewalls of the nozzle are straight, making an angle
of 10° with the horizontal, as shown in Figure P3.21. Determine and plot the variation of
M, T, and p with x, taking M; = 0.4, P,; = 200 kPa, and T,; = 350 K. Assume the
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working fluid to be air, which behaves as a perfect gas with constant specific heats
(y=1.4), and that the flow is isentropic.

10 cm

M, = 0.4 t0.em
P, = 200kPa
Cross section at 1
Tol =350K
1
10 cm
M,=1.0
h
X Cross section at 2
Figure P3.21
A2 = A*
2 Ay
A;=100cm?, M; =04, L =1.5901
A*
Ay =90 _6r89em2, so h=6289cm
1.5901
hy—h
X=———
2tan(10)

h(cm) | x(cm) A/A* M p (kPa) | T (K)
10.00 0 1.5901 0.400 179.1 339.2
9.50 1.418 1.5106 0.426 176.5 337.7
9.00 2.836 1.4311 0.457 173.3 336.0
8.50 4.253 1.3516 0.494 169.3 333.7
8.00 5.671 1.2721 0.539 164.1 330.8
7.50 7.089 1.1926 0.596 157.3 326.8
7.00 8.507 1.1131 0.676 147.3 320.7
6.50 9.925 1.0336 0.812 129.7 309.3
6.29 10.523 | 1.0000 1.000 105.7 291.7
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Problem 22. — A spherical tank contains compressed air at 500 kPa; the volume of the
tank is 20 m’. A 5-cm burst diaphragm in the side of the tank ruptures, causing air to
escape from the tank. Find the time required for the tank pressure to drop to 200 kPa.
Assume the temperature of the air in the tank remains constant at 280 K, the ambient
pressure is 101 kPa and that the airflow through the opening can be treated as isentropic
flow through a converging nozzle with a 5-cm exit diameter.

Py _ 101

For pank = 200 kPa, ; 5= 0.505 (< 0.5283 so choked)
(6]

pe =0.5283p,, T, =0.8333(280)=233.3240K

V, = JYRT, =4/1.4(287.0)233.3240 = 306.1855 m/s

= — 09283 P (50.052j306.1855
0.287(233.3240)\ 4

=0.004743 p, kg/s with p,inkPa
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In the tank,
PoV=mRT
dp, _RTdm __RT . RT

TR ——Vm:—7(0.004743p0)

dpo _ = 0'287(270)(0.004743)dt
Po

lnﬂ =-0.01838t
500

(o 04) _oeore
Z0.01838

Problem 23. — A converging-diverging nozzle has an area ratio of 3.3 to 1. The nozzle is
supplied from a tank containing a gas at 100 kPa and 270 K (see Figure P3.23).
Determine the maximum mass flow possible through the nozzle and the range of back
pressures over which the mass flow can be attained assuming the gas is (a) helium (y =
1.67, R =2.077 kJ/kg-K) and (b) hydrogen (y = 1.4, R =4.124 kJ/kg'K).

—

T,=270 K
A hroat — 60 sz
po = 100 kPa J J

-,

T

Figure P3.23

A
(a) Helium: y =1.67, —< =33

A*
M, =0.1739, 3.1494

Maximum py to choke nozzle: at M. = 0.1739, (iJ =0.9752
Po /.

Maximum py to choke nozzle = 97.52 kPa

Nozzle choked for py, <97.52 kPa
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. _ DPthroat /
Myyax = AMthroat yRTthroat

R throat

_ (0.4867)100
2.077(0.7491)270

(60>< 10—4)(Wl.67(2077)(0.7491)270

m . = 0.5822 kg/s

Ae
(b) Hydrogen: y =1.40, Yl 33
M, =0.1787, [ij =0.9780
Po /.
Nozzle choked for all py, <97.8 kPa

I (0.5283)100
M 4,124(0.8333)270

(60 x1074 )(1)\/1 4(4124)0.8333)270

=0.3894 kg/s

Problem 24. — Superheated steam is stored in a large tank at 6 MPa and 800°C. The
steam is exhausted isentropically through a converging-diverging nozzle. Determine the
velocity of the steam flow when the steam starts to condense, assuming the steam to
behave as a perfect gas with y = 1.3.

Solution Using Steam Table Data

At 6 MPa, 800°C: s; =7.6554kJ/kg-K

hy =u; +p1vy

3641250 (6000)(0.08159)£
kg kg
=4130.7 kl/kg

Steam will just condense for s, = s, = s
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At 45 kPa, Sg = 7.6307; at 40 kPa, Sg = 7.6709

Interpolation gives

py = 42kPa, T, =77°C, hy = 2638.8-

kg

V, =4/2(h; —hy) =4/2(4130.7 - 2638.8)1000 = 1727 m/s
Solution Assuming Steam is a Perfect Gas

P _ 92 =0.007, M, =3.7794, T,=273+600=873K

p, 6000

T, =873 (0.3182) =277.7886 K

V, =3.7794,/1.3(461.5)277.7886 =1542.8994 m/s

Because the second answer assumes that the steam is a perfect gas with constant specific
heats, the first answer is more accurate.

Problem 25. — Air is stored in a tank 0.037661m’ in volume at an initial pressure of
5,760.6 kPa and a temperature of 321.4K. The gas is discharged through a converging
nozzle with an exit area of 3.167x10” m?. For a back-pressure of 101 kPa, assuming a
spatially lumped polytropic process in the tank, i.e., pv" = constant, and isentropic flow in
the nozzle, i.e., pv’ = constant, compare predicted tank pressures to the measured values
contained the following table. Try various values of the polytropic exponent, n, from 1.0
(isothermal) to 1.4 (isentropic). Perform only a Stage I analysis, i.e., the nozzle is

choked.
t‘;::’ 00| 1.0[2030/|40|50]60]70]90][11.0]/130/15.0](17.0/19.0
Do/pay | 000|0-717/0.551/0.44810.358/0.281/0.24110.199)0.142|0.104/0.078 0.059|0.044/0.033
0 0

Now from the continuity equation

dm

E =—M, = —PA. Ve

For polytropic expansion within the tank
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Po _ Po1.
Pg Pgl

So

And for isentropic expansion in the nozzle
Po _ Pe

Py PY
So

_ y/(y=1) y/(y=1)
p—°=(1+yTlng :(v_ﬂj

Pe 2
So,
y+1 y/(1-v)
Pe = pO(T)
Therefore,
1 1
+1\1—y n
Pe :pol(y j v(p_oj
2 Poi
Now,

1'he = peAeVe = peAeae = peAeW,Y% = Ae YPePe
e

y 1 1

1\201=7) 1\ 2(1=v) 2n
el s

2 Poi
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Using a, = \/ypol/ po1 the mass flow rate at the exit can be written as

v+ LS|

- o 5o

l’i’le :Aeaol Pol y+1 2(1 Y) ! np02n
V2\ 2 Pol
Pol °

Now the time rate of change of the mass within the tank is given by

(i-n)
d_m_vdpo_ Po1V a dpo

¢ dt np!/" Po "4t
(¢]

Equating this to the exiting flow rate gives

v (1-n) d v+l . 1 oan
Pol n Po . Pol Y+1j2(l—y)( J2n n
pO :_me :_Aeaol _— — RN po
npi)/ln dt le 2 Pol
or
I-n
n I-n) (n+l 1-3n y+1
Po” dpo _ ( n j (211) dpo _ on dPo _ —DAeAr (y+1)2(1-y) 1/n-1/2-1/2n
~Po "t Po B pol
n+l o dt dt dt v 2
p02n
v+l 1-n
_ —NAcay) ('Y"‘ljZ(l—y)pzn
A/ 2 ol
Integration yields, (note: I=3n +1= lz—_n)
n
l-n 1-n v+l 1-n

o on _(n-—1 Agag |(v+1 2(1-y) _on
ps" —pg" —( 5 j( v j( 5 pi"t

Rearrangement brings
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2n
y+1 1-n

Po _ n n—1) Acag | v+1 Z(I_Y)t
2 v 2
Pol

Note this is not valid for n =1, the isothermal case which must be treated separately. For
n=1

y+1

Po

y+1
d d _
d—m—v Po _yPol Po = -1, =—Aea01pil(—y“j2(l Y)po
dt dt Pol dt Pol 2

Canceling, separating variables, integrating and rearranging yields,

y+1
_Aedol (Yﬂjz(l—y)t
Po _, v (2
Pol
A spreadsheet program was written and run for various n. A table of the results is as
follows
n= 1.0 1.1 1.2 1.3 14
t Po/Poi | Po/Po1 Po/Por Po/Pot Po/Poi__ |Po/Po1 (eXp)

0.0 1.0000 | 1.0000 1.0000 1.0000 1.0000 1.000
1.0 0.8396 | 0.8257 | 0.8122 0.7990 0.7862 0.717
2.0 0.7049 | 0.6830 | 0.6620 0.6421 0.6230 0.551
3.0 0.5918 | 0.5658 | 0.5415 0.5187 0.4974 0.448
4.0 0.4969 | 0.4695 0.4443 0.4212 0.3999 0.358
5.0 0.4172 | 0.3902 | 0.3658 0.3437 0.3237 0.281
6.0 0.3503 | 0.3247 | 0.3021 0.2818 0.2636 0.241
7.0 0.2941 | 0.2707 | 0.2502 0.2321 0.2159 0.199
9.0 0.2073 | 0.1890 | 0.1731 0.1594 0.1473 0.142
11.0 0.1461 | 0.1327 | 0.1211 0.1112 0.1025 0.104
13.0 0.1030 | 0.0937 | 0.0856 0.0787 0.0726 0.078
15.0 0.0726 | 0.0665 0.0611 0.0564 0.0522 0.059
17.0 0.0512 | 0.0474 | 0.0440 0.0410 0.0382 0.044
19.0 0.0361 | 0.0340 | 0.0320 0.0301 0.0283 0.033

55

Full download all chaptersinstantly please go to Solutions Manual, Test Bank site: TestBankL ive.com



https://testbanklive.com/download/gas-dynamics-3rd-edition-john-solutions-manual/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Text1: From Gas Dynamics, Third Edition, by James E. John and Theo G. Keith. ISBN 0-13-120668-0. © 2006 Pearson Education, Inc., Upper Saddle River, NJ.  All rights reserved. This material is protected under all copyright laws as they currently exist. No Portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


