Chapter 12 Compressible Flow

Review Problems

12-131 A leak develops in an automobile tire as a result of an accident. The initial mass flow rate of air
through the leak is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow of air through the hole is isentropic.

Properties The gas constant of air is R = 0.287 kPa-m’/kg-K. The specific heat ratio of air at room
temperature is k= 1.4.

Analysis The absolute pressure in the tire is

P =Pype + Py =220+94 =314 kPa
The critical pressure is, from Table 12-2,
P*=0.5283F, =(0.5283)(314 kPa) =166 kPa > 94 kPa

Therefore, the flow is choked, and the velocity at the exit of the hole is the sonic speed. Then the flow
properties at the exit becomes

P
po=—2 = 31‘3”‘1)2‘ =3.671kg/m’
RT, (0.287kPa-m’/kg-K)(298K)
1/(k-1) 3 1/(1.4-1) 3
- =(3.671kg/m*) —— =2.327 kg/m
» p”(kﬂj ( & )(1.4+1) 8
. 2 2
T" =2 T, =—2 _(298K)=2483K
k+1 1.4+1
2 2
V—c=kRT" = \/0.4)(0.287 K/kg- K)(%jmss K) =315.9m/s
g

Then the initial mass flow rate through the hole becomes
= pAV = (2.327 kg/m>)[7(0.004 m)* /4](315.9 m/s) = 0.00924 kg/s = 0.554 kg/min

Discussion The mass flow rate will decrease with time as the pressure inside the tire drops.
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Chapter 12 Compressible Flow

12-132 The thrust developed by the engine of a Boeing 777 is about 380 kN. The mass flow rate of gases
through the nozzle is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow of combustion gases through the
nozzle is isentropic. 3 Choked flow conditions exist at the nozzle exit. 4 The velocity of gases at the nozzle
inlet is negligible.

Properties The gas constant of air is R = 0.287 kPa-m*/kg-K, and it can also be used for combustion gases.
The specific heat ratio of combustion gases is k= 1.33.

Analysis The velocity at the nozzle exit is the sonic speed, which is determined to be

1000 m? /s?
1kJ/kg

V=c

VKRT = \/(1.33)(0.287 kl/kg - K)( J(295 K) =335.6 m/s

Noting that thrust F is related to velocity by F' = mV , the mass flow rate of combustion gases is determined
to be

F_380,000N (1 kg.m/s>

=1132 kg/s
V. 335.6m/s IN

Discussion The combustion gases are mostly nitrogen (due to the 78% of N, in air), and thus they can be
treated as air with a good degree of approximation.

12-133 A stationary temperature probe is inserted into an air duct reads 85°C. The actual temperature of air
is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The stagnation
process is isentropic.

Properties The specific heat of air at room temperature is ¢, = 1.005 kJ/kg-K.

Analysis The air that strikes the probe will be brought to a complete stop, and thus it will undergo a
stagnation process. The thermometer will sense the temperature of this stagnated air, which is the
stagnation temperature. The actual air temperature is determined from

2 2 —>
2 1kJ/k —» T u
T:TO—V—:85°C— ( 501’1’1/5) ( J/zg zjzss.goc > —
2¢, 2x1.005kJ/kg-K\ 1000 m* /s — 250 m/s

Discussion Temperature rise due to stagnation is very significant in high-speed flows, and should always
be considered when compressibility effects are not negligible.
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Chapter 12 Compressible Flow
12-134 Nitrogen flows through a heat exchanger. The stagnation pressure and temperature of the nitrogen
at the inlet and the exit states are to be determined.

Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow of nitrogen through the heat
exchanger is isentropic.

Properties The properties of nitrogen are ¢, = 1.039 kJ/kg-K and k= 1.4.

Analysis The stagnation temperature and pressure of nitrogen at the inlet and the exit states are determined
from

y2 1 2 1kJ/k
Ty =T, +——=10°C+ (90 m) ( - j=14.soc On
¢, 2x1.039kJ/kg-°C\ 1000 m? /s>
k /(k-1) 1.4/(1.4-1) 150 kPa i
T, :
Py =P | % =(150 kPa)(288 OKj =159 kPa 10°C _ 100 kPa
T, 283.2K 100 m/s—®  Nitrogen  — 200 m/s

From the energy balance relation E;, — E = AE .., withw=0

v2-v?
Iin :Cp(Tz_T1)+22—1+APe7IO

150 k/kg = (1.039 kl/kg - °C)(T, —10°C) +

(200 m/s)* — (100 m/s)? ( 1kJ/kg j

2 1000 m? /s>
T, =139.9°C
and
v,? 200 m/s)* 1kJ/k
Ty =T, +22— =139.90¢ 4 200 mS) £ J:159°c
2, 2x1.039kJ/kg-°C 1000 m?2 /52

K (k=1) 1.4/(1.4-1)
T
Py = Py| 22 — (100 kPa)(ﬂ] —117 kPa
T, 431K

Discussion Note that the stagnation temperature and pressure can be very different than their
thermodynamic counterparts when dealing with compressible flow.
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Chapter 12 Compressible Flow

12-135 An expression for the speed of sound based on van der Waals equation of state is to be derived.
Using this relation, the speed of sound in carbon dioxide is to be determined and compared to that obtained
by ideal gas behavior.

Properties The properties of CO, are R = 0.1889 kJ/kg'K and k= 1.279 at T=50°C = 323.2 K.

. RT
Analysis Van der Waals equation of state can be expressed as P = 5 _iz .
v— %
Differentiating, (Ej = Lz n 2_?
XN)r (v-b) v

Noting that p =1/v —— dp = —dv/ v?, the speed of sound relation becomes

) ()
alr &)y

2 _ VkRT _2ak
(v=-b?* v

Substituting,

Using the molar mass of CO, (M = 44 kg/kmol), the constant a and b can be expressed per unit mass as
a=0.1882kPa-m%/kg® and b=9.70x10"* m> / kg
The specific volume of CO, is determined to be

_ (0.1889kPa-m* /kg-K)(323.2K) 2x0.1882kPa-m° / kg’

200 kPa . :
v—0.000970 m>/kg v

—>v=0300m>/kg

Substituting,

1/2
o[ 0300 m*® /kg)* (1.279)(0.1889 ki/kg-K)(323.2K)  2(0.1882kPa-m°® /kg’)(1.279) | 1000 m* /s°
(0.300-0.000970 m* / kg)* (0.300m* / kg)? 1kPa-m?>/kg
=271m/s

If we treat CO, as an ideal gas, the speed of sound becomes

1000 m? /s>

=VkRT = _[(1.279)(0.1889 kJ/kg-K)(323.2K
¢ \/( X g-KX( )( Tklke

J =279 m/s

Discussion Note that the ideal gas relation is the simplest equation of state, and it is very accurate for most
gases encountered in practice. At high pressures and/or low temperatures, however, the gases deviate from
ideal gas behavior, and it becomes necessary to use more complicated equations of state.
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Chapter 12 Compressible Flow

12-136 The equivalent relation for the speed of sound is to be verified using thermodynamic relations.

Analysis The two relations are ¢* = (Ej and ¢? = k(ﬁj
K T

Pp), Pp

Fromr=1/v —— dr=—-dv/v*. Thus,

() (Z) (2 2) - (2)(2)

From the cyclic rule,

1ol ) (5@, —(F AE)E)
(Tov.s) (?N%N%J B (%J - ‘(?M%]

Substituting,
=) @) G5 ) & () (E)
O )p\ 0s )\ & )\ & ), ar)p\ & )\ );
Recall that
¢ c
7ola), w0 E)
Substituting,

i o )

Replacing —dv/v? by dp,

42
Pp )y

Discussion Note that the differential thermodynamic property relations are very useful in the derivation of
other property relations in differential form.
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Chapter 12 Compressible Flow

12-137 For ideal gases undergoing isentropic flows, expressions for P/P*, T/T*, and p/p* as functions of k
and Ma are to be obtained.

T *
Analysis Equations 12-18 and 12-21 are given to be 0 M and Kl = 2
T T, k+1
T, T* 2 DM
Multiplying the two, Lo T7 k- ) a’
T T,
T k+1
Simplifying and inverting, — = ———— 1
pryime ST 2+ (k-1)Ma* M
P T \K/k=D P rt1 k/(k=1)
From —= (—) —= )
P* \T* P* | 2+4(k-1)Ma?
k/(k=1) it k/(k-1)
From L = i L = 3 (3)
p* \p* p* \2+(k-1)Ma

Discussion Note that some very useful relations can be obtained by very simple manipulations.
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Chapter 12 Compressible Flow

12-138 It is to be verified that for the steady flow of ideal gases dTy/T = dA/A + (1-Ma®) dV/V. The effect
of heating and area changes on the velocity of an ideal gas in steady flow for subsonic flow and supersonic
flow are to be explained.

2

Analysis We start with the relation VT =c,(T,-T), (1)
Differentiating, Vdv =c,(dT,-dT) (2)
We also have d_p+d_A+d_V:0 3)
p A TV
and ar +VdV =0 4
P
Differentiating the ideal gas relation P = pRT, ar = ap + d—; =0 (5)
P
From the speed of sound relation, ¢* =kRT = (k=Dc, T =kP/p (6)
dP dT dA dV
Combining Egs. (3) and (5), ——+t—+—=0 7
g Egs. (3) and (5) 2 F a0y (7
Combining Egs. (4) and (6), ar = ap > =-Vav
P kPl/c
2
or, d_P:_LVdV:_kV_d_V:_kMa2d_V (8)
P C? c* v 14
- dv
Combining Egs. (2) and (6), dT =dTy—V —

€p

dT, ? dT, ’ dT,
or, d_T:_O_V_d_V:d_T:_O_ZV—d_V:_O_(k_l)MaZd_V 9)
T r crv T r C k-1 V T V

. drT, A
Combining Eqs. (7), (8), and (9), —(k—1)Ma? d7V _TO +(k-1)Ma? &M +d7V =0
T,
or, Ao _ 44 [ a2 + (k- DMa2 +1)97
T 4 14
drT,
Thus, —O:d—A+(l—Ma2)d—V (10)
T 4 14
Differentiating the steady-flow energy equation g = hy, —hy, =c, (T, —T;)
& = c,dT, (11)

Eq. (11) relates the stagnation temperature change d7; to the net heat transferred to the fluid. Eq. (10)
relates the velocity changes to area changes dA4, and the stagnation temperature change d7, or the heat
transferred.

(a) When Ma < 1 (subsonic flow), the fluid will accelerate if the duck converges (d4 < 0) or the fluid is
heated (d7y > 0 or 8g > 0). The fluid will decelerate if the duck converges (dA < 0) or the fluid is cooled
(dTy <0 or d8q <0).
(b) When Ma > 1 (supersonic flow), the fluid will accelerate if the duck diverges (d4 > 0) or the fluid is
cooled (dTy < 0 or 8g < 0). The fluid will decelerate if the duck converges (d4 < 0) or the fluid is heated
(dTy > 0 or 8g > 0).
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Chapter 12 Compressible Flow
12-139 A Pitot-static probe measures the difference between the static and stagnation pressures for a
subsonic airplane. The speed of the airplane and the flight Mach number are to be determined.
Assumptions 1 Air is an ideal gas with a constant specific heat ratio. 2 The stagnation process is isentropic.
Properties The properties of air are R = 0.287 kJ/kg-K and k= 1.4.
Analysis The stagnation pressure of air at the specified conditions is

Fy=P+AP=70.109+22 =92.109 kPa

Then,
5 \NK/k-1 5 \14704

PR 1+(k—1)Ma 92.109 1+(1.4—1)Ma

P 2 70.109 2
It yields Ma = 0.637
The speed of sound in air at the specified conditions is

2,2
¢ = JRRT = |(1.4)(0.287 kJ/kg - K)(268.65 K| 12000 /S" | _ 38 5 s
1kJ/kg

Thus,
V =Maxc = (0.637)(328.5 m/s) = 209 mls

Discussion Note that the flow velocity can be measured in a simple and accurate way by simply measuring
pressure.
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Chapter 12 Compressible Flow

12-140 The mass flow parameter 71,/ RT, / (AF,) versus the Mach number for k = 1.2, 1.4, and 1.6 in the
range of 0 < Ma <1 is to be plotted.

Analysis The mass flow rate parameter (ri14/RT;)/ FyA can be expressed as

RTy (1 k[ 2

](k+l)/2(k1)

Py A 2+ (k—1)M?
Thus, 075
Ma k=12 k=14 k=1.6 k=16
0.0 0 0 0 0.60 1,4\
0.1 0.1089 0.1176 0.1257 ] 1.2
0.2 0.2143 0.2311 0.2465 05
0.3 0.3128 0.3365 0.3582
0.4 0.4015 0.4306 0.4571 1
0.5 0.4782 0.5111 0.5407 0.30
0.6 0.5411 0.5763 0.6077 |
0.7 0.5894 0.6257 0.6578
0.8 0.6230 0.6595 0.6916 0.15
0.9 0.6424 0.6787 0.7106 |
1.0 0.6485 0.6847 0.7164 R ¥ |
T T T T T T T T T =
0 0.2 0.4 0.6 0.8 1.0

Discussion Note that the mass flow rate increases with increasing Mach number and specific heat ratio. It

levels off at Ma = 1, and remains constant (choked flow).
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Chapter 12 Compressible Flow
12-141 Helium gas is accelerated in a nozzle. The pressure and temperature of helium at the location where
Ma = 1 and the ratio of the flow area at this location to the inlet flow area are to be determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady,
one-dimensional, and isentropic.

Properties The properties of helium are R = 2.0769 kJ/kg-K, ¢, = 5.1926 kl/kg-K, and k= 1.667.

Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by
superscript *. We first determine the stagnation temperature and pressure, which remain constant
throughout the nozzle since the flow is isentropic.

y2 2
Ty =T, +——=500K + (120 m/s) ( 1klkg ]:501.41(
2, 2x5.1926 kl/kg-K \ 1000 m? /s>

@O —» e —»

120 m/s /////////// Ma=1

The Mach number at the nozzle exit is given to be Ma = 1. Therefore, the properties at the nozzle exit are
the critical properties determined from

+ .

and

Py =P

1

K /(k=1) 1.667/(1.667-1)
T .
2 =(0.8 MPa)(SOl 4K) =0.806 MPa
T 500K

i

5 kKD 1.667 /(1.667-1)
P*=P)| — =(0.806 MPa)| — =0.393 MPa
k+1 1.667 +1
The speed of sound and the Mach number at the nozzle inlet are
2,2
¢, =\JIRT ; = |(1.667)(2.0769 kI/kg - K)(500 K)| 1220 /S™ | _ 1316 mys
1kJ/kg

|14
Ma, =20 - 120008 _ 0915

c; 1316m/s

1

The ratio of the entrance-to-throat area is

e+ 1) [2(k=1)]
A. _
2 )
A Ma; |\ k+1 2

2.667/(2x0.667)
- ( 2 j(1+1'667 l(0.0912)2j
0.0912 [\ 1.667 +1 2

=6.20
Then the ratio of the throat area to the entrance area becomes
A_ = L =0.161
A, 6.20

1

Discussion The compressible flow functions are essential tools when determining the proper shape of the
compressible flow duct.
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Chapter 12 Compressible Flow

12-142 Helium gas enters a nozzle with negligible velocity, and is accelerated in a nozzle. The pressure
and temperature of helium at the location where Ma = 1 and the ratio of the flow area at this location to the
inlet flow area are to be determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady,
one-dimensional, and isentropic. 3 The entrance velocity is negligible.

Properties The properties of helium are R =2.0769 kl/kg-K, ¢, = 5.1926 kJ/kgK, and k = 1.667.

Analysis We treat helium as an ideal gas with £ = 1.667. The properties of the fluid at the location where
Ma = 1 are the critical properties, denoted by superscript *.

The stagnation temperature and pressure in this case are identical to the inlet temperature and
pressure since the inlet velocity is negligible. They remain constant throughout the nozzle since the flow is
isentropic.

T() = Tl =500 K

P():Pi:().SMPa @_> He — @
The Mach number at the nozzle exit is given to be Ma = 1. Therefore, Viz0 Ma=1
the properties at the nozzle exit are the critical properties determined
from

2 2
T*=T,| — |=(500K)| ——— |=375K
k+1 1.667 +1

. 5 KD )
P*=Py| —— = (0.8 MPa) - 0.390 MPa

1.667 /(1.667—1)
k+1 1.667 + 1)

The ratio of the nozzle inlet area to the throat area is determined from

(k+1)/[2(k-1)]
A —
L :L (L)(1+MM35)
A Ma;|[\k+1 2

But the Mach number at the nozzle inlet is Ma = 0 since V; = 0. Thus the ratio of the throat area to the
nozzle inlet area is

*
A*_1
A o©

1

Discussion The compressible flow functions are essential tools when determining the proper shape of the
compressible flow duct.
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Chapter 12 Compressible Flow

12-143 Air enters a converging nozzle. The mass flow rate, the exit velocity, the exit Mach number, and
the exit pressure-stagnation pressure ratio versus the back pressure-stagnation pressure ratio for a specified
back pressure range are to be calculated and plotted.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the
nozzle is steady, one-dimensional, and isentropic.

Properties The properties of air at room temperature are R = 0.287 kJ/kg'K, ¢, = 1.005 kJ/kg-K, and k =
1.4.

Analysis The stagnation properties remain constant throughout the nozzle since the flow is isentropic.
They are determined from

V~2 2
Ty =T, 4+~ — 400K +— 180 MS) [ 1ki/kg ):416.1K
2c,, 2x1.005 kJ/kg-K \ 1000 m? /s>

and @_> Ar - — @

k1) 180 m/s
T - _ 1.4/(1.4-1) /
Py = E[TOJ = (900 kPa)(416 IK) =1033.3kPa

400K

i
The critical pressure is determined to be

2
k+1

K /(k-1)
) =(1033.3 kPa)(
14+1

1.4/04
P*= PO( ] = 545.9 kPa

Then the pressure at the exit plane (throat) will be
P,_,:Pb for Pb25459kPa
P,=P*=545.9 kPa for P, < 545.9 kPa (choked flow)

Thus the back pressure will not affect the flow when 100 < P,
< 545.9 kPa. For a specified exit pressure P,, the temperature,
the velocity and the mass flow rate can be determined from
(k=1)/k 0.4/1.4
Temperature T, =Ty = =(416.1 K)( < ]
P, 1033.3 > P,
252)
Velocity V = 2, (T, - T,) = ,|2(1.005 kl/kg - K)(416.1-T,) 1000m?7/s™
1kJ/kg
c
2,2
Speed of sound ¢, = KRT , = |(1.4)(0.287 kl/kg - K| 1200 ™" /S
1kJ/kg
> P,
Mach number Ma, =V, /c, .
A
. Pe Pe

Density Po = = 3 )

RT, (0.287kPa-m”’/kg-K)T, m,,.
Mass flow rate = p,V,A4, = p,V,(0.001m?)

+ t —» P,
100 475.5 900 kPa
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The results of the calculations can be tabulated as

Chapter 12 Compressible Flow

P,kPa P,P, P,kPa P,Py T,K V,mis Ma p,kgm® m,kg/s
900 0.871 900 0.871  400.0  180.0 0.45 7.840 0
800 0.774 800 0.774  386.8 162.9 0.41 7.206 1.174
700 0.677 700 0677 3723  236.0 0.61 6.551 1.546
600 0.581 600 0.581 3562 296.7 0.78 5.869 1.741

5459  0.528 5459  0.528 3333 3662 1.00 4.971 1.820
500 0484 5459 0528 3332 3662 1.00 4.971 1.820
400 0387 5459 0528 3333  366.2 1.00 4.971 1.820
300 0290 5459 0528 3333 3662 1.00 4.971 1.820
200 0.194 5459 0528 3333 3662 1.00 4.971 1.820
100 0.097 5459 0528 3333 3662 1.00 4.971 1.820
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Chapter 12 Compressible Flow

12-144 Steam enters a converging nozzle. The exit pressure, the exit velocity, and the mass flow rate
versus the back pressure for a specified back pressure range are to be plotted.

Assumptions 1 Steam is to be treated as an ideal gas with constant specific heats. 2 Flow through the
nozzle is steady, one-dimensional, and isentropic. 3 The nozzle is adiabatic.

Properties The ideal gas properties of steam are R = 0.462 kJ/kg.K, ¢, =1.872 kJ/kg.K, and k= 1.3.

Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is
negligible. Since the flow is isentropic, they remain constant throughout the nozzle,

Py=P; =6 MPa
Th=T;, =700K

The critical pressure is determined from to be

@ —» steam—» (o)

5 kD 13/0.3 hi=0 /
P*= PO( j =(6 MPa)( j =3.274 MPa
k+1 1.3+1
P,
Then the pressure at the exit plane (throat) will be A
P,=P, for P, >3.274 MPa
P,=P*=3274 MPa for P, <3.274 MPa (choked flow)
Thus the back pressure will not affect the flow when 3 < P, <
3.274 MPa. For a specified exit pressure P,, the temperature,
the velocity and the mass flow rate can be determined from oA
(k=1)/k 0.3/1.3 c
Temperature T, =T, = = (700 K)(—e)
P, 6
2.2 i —» P,
Velocity ¥ = [2e Ty =T,) = .|2(1.872 ki/kg - K)(700— T, )| 1000 m~/s~
r 1kJ/kg iy
Density L Fe m
e = RT, ~ (0462kPa-m” / kg K)T, )
Mass flow rate = p,V, A4, = p,V,(0.0008 m?) ‘ | > p,
The results of the calculations can be tabulated as follows: 3 3274 6 MPa
P,,MPa P, MPa T, K V,, m/s P, kg/m® 1, Kg/s
6.0 6.0 700 0 18.55 0
5.5 5.5 686.1 228.1 17.35 3.166
5.0 5.0 671.2 328.4 16.12 4.235
4.5 4.5 655.0 410.5 14.87 4.883
4.0 4.0 637.5 483.7 13.58 5.255
3.5 3.5 618.1 553.7 12.26 5.431
3.274 3.274 608.7 584.7 11.64 5.445
3.0 3.274 608.7 584.7 11.64 5.445
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Chapter 12 Compressible Flow
12-145 An expression for the ratio of the stagnation pressure after a shock wave to the static pressure
before the shock wave as a function of £ and the Mach number upstream of the shock wave is to be found.
Analysis The relation between P; and P, is
P, 1+kMaj 1+kMa?
22 _ —i—) P2 = P1 faiid il O
B 1+iMa;
Substituting this into the isentropic relation
/(K1)

P?‘)IZ:(H(k—l)Ma%/Z)

Then,
P, 1+ kMa? _
2o PR 1y (- 1yMa3 /2) ¢
B 1+ kMa;
where
Ma? = Ma? +2/(k—1)
2 2 N
2kMa? /[(k-1)-1
Substituting,

2 2 2 k/(k=1)
Py _[(+kMai)@kMai —k+1) || (k—DMa; /2+1
P, Maj (k+1)—k+3 2kMa? /(k—1)—1
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Chapter 12 Compressible Flow

12-146 Nitrogen entering a converging-diverging nozzle experiences a normal shock. The pressure,
temperature, velocity, Mach number, and stagnation pressure downstream of the shock are to be
determined. The results are to be compared to those of air under the same conditions.

Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady,
one-dimensional, and isentropic. 3 The nozzle is adiabatic.

Properties The properties of nitrogen are R = 0.297 kJ/kg-K and k= 1.4.

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet
velocity is negligible. Assuming the flow before the shock to be isentropic,

Py, =P, =700 kPa
Ty =T; =300K shock

Then, w'/wave
) ) ® x— ® 0
T, =Ty| —————— |=(300K) ————— [=107.1K V.m0
2+ (k—1)Ma; 2+(1.4-1)3 i~ M
Ma1=3.0

and

k/(k=1) 1.4/0.4

T, :

P, =Py, [T—lj = (700 kPa)(%) =19.06 kPa
01

The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through
the functions listed in Table A-14. For Ma, = 3.0 we read

P, P. T
Ma, =0.4752, %% = 0.32834, —~ =10.333, and —= =2.679
01 4] T
Then the stagnation pressure Py, static pressure P,, and static temperature 75, are determined to be
Py, =0.32834P,, =(0.32834)(700 kPa) = 230 kPa

P, =10.333P, = (10.333)(19.06 kPa) = 197 kPa
T, =2.679T; =(2.679)(107.1K) = 287 K

The velocity after the shock can be determined from V, = Mayc,, where c, is the speed of sound at the exit
conditions after the shock,

1000 m? /s>

=164 m/s
1kJ/kg

V, =Ma,c, = Ma, JkRT, =(0.4752) \/(l 4)(0.297 kl/kg - K)(287 K)(

Discussion For air at specified conditions k£ = 1.4 (same as nitrogen) and R = 0.287 kJ/kg-K. Thus the only
quantity which will be different in the case of air is the velocity after the normal shock, which happens to
be 161.3 m/s.
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Chapter 12 Compressible Flow

12-147 The diffuser of an aircraft is considered. The static pressure rise across the diffuser and the exit area

are to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the

diffuser is steady, one-dimensional, and isentropic. 3 The diffuser is adiabatic.

Properties Air properties at room temperature are R = 0.287 kl/kg-K, ¢, = 1.005 kJ/kg-K, and k= 1.4.

Analysis The inlet velocity is

1000m? /s>

V. =Ma,e, = M, JkRT, :(0.8)J(1.4)(0.287kJ/kg-K)(242-7K)( ™=
J g

Then the stagnation temperature and pressure at the diffuser inlet become

V2 . 2
To =T, + L = 24p.7, P8BS ( il 2]:273.71{
2, 2(1.005 kJ/kg - K) { 1000 m? /s
k/(k-1) 1.4/(1.4-1)
T,
Py =P| 2 =(4l.1kPa)(273'7K) =62.6 kPa
T 242.7K

For an adiabatic diffuser, the energy equation reduces to /g, = hg,. Noting that 4
heats are assumed to be constant, we have

The isentropic relation between states 1 and 02 gives
k/(k=1) 1.4/(1.4-1)
T, .
Py, =P, =P| -2 =(41.1 kPa)(M) =62.61kPa
T 242.7K

The exit velocity can be expressed as

j =249.8 m/s

.

©) —

Diffuser

M31 = OS\MaZ =03

= ¢,T and the specific

2 2
V, = Mayc, = Ma, JKRT, = (0.3).(1.4)(0.287 kifkg - K) 7, | 1000m_/s~
1kJ/kg
V,? 6.01°T, m?/s? 1kJ/k
Thus T, =Ty, ——2—=(273.7)— 2 21 ( £ ) =268.9K
2, 2(1.005 kJ/kg - K) L 1000 m? /s

Then the static exit pressure becomes
k/(k=1) 1.4/(1.4-1)
T. .
P, = Py, | —= = (62.61 kPa)( 268.9 K) =58.85kPa
Too 273.7K

Thus the static pressure rise across the diffuser is

AP=P,—P, =5885-41.1=17.8 kPa
P, 58.85kPa

Also, p, = = . =0.7626 kg/m’
RT, (0.287 kPa-m?/kg-K)(268.9K)
V, =6.01T, =6.014/268.9 =98.6 m/s
Thus A, =—— 65 kels =0.864 m?

27 paVs (0.7626 kg/m®)(98.6 m/s)

J =6.01,/T,

Discussion The pressure rise in actual diffusers will be lower because of the irreversibilities. However,

flow through well-designed diffusers is very nearly isentropic.
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Chapter 12 Compressible Flow

12-148 Helium gas is accelerated in a nozzle isentropically. For a specified mass flow rate, the throat and
exit areas of the nozzle are to be determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady,
one-dimensional, and isentropic. 3 The nozzle is adiabatic.
Properties The properties of helium are R = 2.0769 klJ/kg.K, ¢, = 5.1926 kl/kg.K, and k= 1.667.

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet
velocity is negligible,

Ty, =T, =500 K
By, =P =10 MPa
The flow is assumed to be isentropic, thus the stagnation W
temperature and pressure remain constant throughout the nozzle, @ H @
c O — 0O

T = Tyy = 500 K

Vi=0
Py, = Py, =10 MPa M

The critical pressure and temperature are determined from

+ .

5 KAk 1.667/(1.667-1)
Pr= PO( ) =(1.0 MPa)(—j =0.487 MPa
k+1 1.667+1
*
pre L 487 kPa = 0.625 kg/m®
RT*  (2.0769 kPa-m°/kg-K)(375K)
2 2
V¥ = c* = JKRT * = J(1.667)(2.0769 kI/kg -K)(375 K)(%] = 1139.4 m/s
g
Thus the throat area is
ar=—"__ 0.25kgs ~3.51x10#m? = 3.51cm?

PEV*  (0.625kg/m>)(1139.4 m/s)

At the nozzle exit the pressure is P, = 0.1 MPa. Then the other properties at the nozzle exit are determined
to be

P _ k I(k-1) _ 1.667/0.667
_OZ(Hk 1Ma§) 1.0 MPa :(1+1.667 1Ma§j
P, 0.1MPa

It yields Ma, = 2.130, which is greater than 1. Therefore, the nozzle must be converging-diverging.

T, =T, ;2 =(500K) 2 - |=199.0K
2+ (k—1)Ma? 2+(1.667-1)x2.13

P 100 kPa
RT, (2.0769 kPa-m’/kg-K)(199K)

P> =0.242 kg/m’

1000m? /s?

=1768.0 m/s
1kJ/kg

V, =Ma,c, = Ma, JkRT, =(2.13) J(1.667)(2.0769 kJ/kg - K)(199 K)(

Thus the exit area is
m 0.25kg/s

) = = - =5.84x10"'m” =5.84 cm?
P2Va  (0.242kg/m>)(1768 m/s)

Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities.
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Chapter 12 Compressible Flow

12-149E Helium gas is accelerated in a nozzle. For a specified mass flow rate, the throat and exit areas of
the nozzle are to be determined for the cases of isentropic and 97% efficient nozzles.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady,
one-dimensional, and isentropic. 3 The nozzle is adiabatic.

Properties The properties of helium are R = 0.4961 Btu/lbm-R = 2.6809 psia-ft’/lbmR, c, = 1.25
Btu/Ibm'R, and k= 1.667.

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet

velocity is negligible,
o, =T, =900 R

fn =# =130 peia W

The flow is assumed to be isentropic, thus the stagnation temperature
and pressure remain constant throughout the nozzle, @ He @ — @

Ty, = Tp; =900 R Vim0

Py, = Py, =150 psia m

The critical pressure and temperature are determined from

T*= To(kz J =(900 R)(TZHJ =6749R
+ .

5 \KAkD 1.667/(1.667-1)
P*=P0(k+1) :(150psia)( j

= p* 73.1psia
RT*  (2.6809 psia-ft*/Ibm-R)(674.9 R)

e =73.1psia
1.667 +1

=0.0404 1bm/ft>

25,037 ft? /s>

V*=c*=JkRT* = _|(1.667)(0.4961Btu/lbm -R)(674.9 R)
1Btu/1bm

j =3738 ft/s

and A= 0.2 1bm/s ~0.00132 ft?

T pRVE(0.0404 1bm/ft? (3738 ft/s)

At the nozzle exit the pressure is P, = 15 psia. Then the other properties at the nozzle exit are determined
to be

k/(k=1) . 1.667/0.667
-1 150 1.667-1
p—0=(1+k—Ma§j p§1a=(1+ 667 Ma%)
P2 15 psia

It yields Ma, = 2.130, which is greater than 1. Therefore, the nozzle must be converging-diverging.

T, =T, ;2 = (900 R) 2 - |=358.1R
2+ (k—1)Ma? 2+ (1.667-1)x2.13

P 15 psia
RT,  (2.6809 psia - ft*/Ibm-R)(358.1R)

05 =0.0156 1bm/ft*

25,037 ft? /s>

V, =M =Ma, JkRT, =(2.13) [(1.667)(0.4961Btu/lbm-R)(358.1R
2 a,C) a) > =( )J( X m - R)( )( Bt/ lbm

J = 5800 ft/s

Thus the exit area is
m 0.2 Ibm/s

= =0.00221 ft?
P2V5  (0.0156 Ibm/ft?)(5800 ft/s)

A2:

Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities.
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Chapter 12 Compressible Flow

12-150 Using the compressible flow relations, the one-dimensional compressible flow functions are to be
evaluated and tabulated as in Table A-13 for an ideal gas with £ = 1.667.

Properties The specific heat ratio of the ideal gas is given to be k= 1.667.

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated.

Ma" =Ma Lz
2+ (k—1)Ma
0.5(k+1)/(k-1)
i ) G
Ma k+1
—k (k-1)
7]

“1/(k=1)
£ (1+—Ma )

ot

k=1.667
PPO=(1+(k-1)"M2/2)*(-k/(k-1))
TTO=1/(1+(k-1)"M"2/2)
DDO=(1+(k-1)*MA2/2)*(-1/(k-1))
Mcr=M*SQRT((k+1)/(2+(k-1)"MA2))
AACr=((2/(k+1))*(1+0.5*(k-1)*MA2))A(0.5% (k+1)/(k-1))/M

Ma Ma" AlA” P/P, olpy T/T,

0.0 0 w 1.0000 1.0000 1.0000
0.1 0.1153 5.6624 0.9917 0.9950 0.9967
0.2 0.2294 2.8879 0.9674 0.9803 0.9868
0.3 0.3413 1.9891 0.9288 0.9566 0.9709
0.4 0.4501 1.5602 0.8782 0.9250 0.9493
0.5 0.5547 1.3203 0.8186 0.8869 0.9230
0.6 0.6547 1.1760 0.7532 0.8437 0.8928
0.7 0.7494 1.0875 0.6850 0.7970 0.8595
0.8 0.8386 1.0351 0.6166 0.7482 0.8241
0.9 0.9222 1.0081 0.5501 0.6987 0.7873
1.0 1.0000 1.0000 0.4871 0.6495 0.7499
1.2 1.1390 1.0267 0.3752 0.5554 0.6756
1.4 1.2572 1.0983 0.2845 0.4704 0.6047
1.6 1.3570 1.2075 0.2138 0.3964 0.5394
1.8 1.4411 1.3519 0.1603 0.3334 0.4806
2.0 1.5117 1.5311 0.1202 0.2806 0.4284
2.2 1.5713 1.7459 0.0906 0.2368 0.3825
2.4 1.6216 1.9980 0.0686 0.2005 0.3424
2.6 1.6643 2.2893 0.0524 0.1705 0.3073
2.8 1.7007 2.6222 0.0403 0.1457 0.2767
3.0 1.7318 2.9990 0.0313 0.1251 0.2499
5.0 1.8895 9.7920 0.0038 0.0351 0.1071
o« 1.9996 w 0 0 0
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Chapter 12 Compressible Flow

12-151 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as
in Table A-14 for an ideal gas with £ = 1.667.

Properties The specific heat ratio of the ideal gas is given to be k= 1.667.

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated.

iy (k—1)Ma? +2 P, 1+kMa? 2kMa? —k+1
ar,= |—————— — = =
27\ 24Ma? —k+1 P 1+kMa? k+1

T, 2+Maj(k-1) pr PP (k+DMai ¥

T, _2+Ma§(k—l) o T/T _2+(k_1)M312 _V2 ’
k+1
Py _ Ma, {1+Ma§(k—l)/2}2(k—l)

Py Ma, | 1+Ma?(k—1)/2

Py _ (1+kMalz)[l+Ma§(k_l)/z]k/(kfl)
A 1+kMa?

k=1.667

My=SQRT((Mx"2+2/(k-1))/(2*Mx"2*k/(k-1)-1))
PyPx=(1+k*Mx"2)/(1+k*My"2)
TyTx=(1+Mx"2*(k-1)/2)/(1+My"2*(k-1)/2)

RyRx=PyPx/TyTx
POyPOx=(Mx/My)*((1+My”2*(k-1)/2)/(1+Mx"2*(k-1)/2))*(0.5*(k+1)/(k-1))
POyPx=(1+k*Mx"2)*(1+My"2*(k-1)/2) k/(k-1))/(1+k*My”"2)

M31 Ma2 Pz/P] pZ/pl T2/T1 POZ/POI P02/Pl
1.0 1.0000 1.0000 1.0000 1.0000 1 2.0530
1.1 0.9131 1.2625 1.1496 1.0982 0.999 2.3308
1.2 0.8462 1.5500 1.2972 1.1949 0.9933 2.6473
1.3 0.7934 1.8626 1.4413 1.2923 0.9813 2.9990
1.4 0.7508 2.2001 1.5805 1.3920 0.9626 3.3838
1.5 0.7157 2.5626 1.7141 1.4950 0.938 3.8007
1.6 0.6864 2.9501 1.8415 1.6020 0.9085 4.2488
1.7 0.6618 3.3627 1.9624 1.7135 0.8752 4.7278
1.8 0.6407 3.8002 2.0766 1.8300 0.8392 5.2371
1.9 0.6227 4.2627 2.1842 1.9516 0.8016 5.7767
2.0 0.6070 4.7503 2.2853 2.0786 0.763 6.3462
2.1 0.5933 5.2628 2.3802 2.2111 0.7243 6.9457
2.2 0.5814 5.8004 2.4689 2.3493 0.6861 7.5749
23 0.5708 6.3629 2.5520 2.4933 0.6486 8.2339
24 0.5614 6.9504 2.6296 2.6432 0.6124 8.9225
2.5 0.5530 7.5630 2.7021 2.7989 0.5775 9.6407
2.6 0.5455 8.2005 2.7699 2.9606 0.5442 10.3885
2.7 0.5388 8.8631 2.8332 3.1283 0.5125 11.1659
2.8 0.5327 9.5506 2.8923 3.3021 0.4824 11.9728
2.9 0.5273 10.2632 2.9476 3.4819 0.4541 12.8091
3.0 0.5223 11.0007 2.9993 3.6678 0.4274 13.6750
4.0 0.4905 19.7514 3.3674 5.8654 0.2374 23.9530
5.0 0.4753 31.0022 3.5703 8.6834 0.1398 37.1723
) 0.4473 ) 3.9985 ) 0 )
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Chapter 12 Compressible Flow

12-152 The critical temperature, pressure, and density of an equimolar mixture of oxygen and nitrogen for
specified stagnation properties are to be determined.

Assumptions Both oxygen and nitrogen are ideal gases with constant specific heats at room temperature.

Properties The specific heat ratio and molar mass are k = 1.395 and M = 32 kg/kmol for oxygen, and k =
1.4 and M = 28 kg/kmol for nitrogen.
Analysis The gas constant of the mixture is
M, =yo,Mp, +yyMy, =0.5x32+0.5x28=30 kg/kmol
R - R, 8.314 kJ/kmol-K
" M,  30kgkmol

m

=0.2771 kl/kg-K

The specific heat ratio is 1.4 for nitrogen, and nearly 1.4 for oxygen. Therefore, the specific heat ratio of
the mixture is also 1.4. Then the critical temperature, pressure, and density of the mixture become

T*=T, (ﬁj = (800 K)(%) =667 K
+ A+

2 k/(k-1)
P*:PO(EJ =(500kPa)(

P* 264 kPa
RT*  (0.2771kPa-m?/kg-K)(667 K)

1.4/(1.4-1)
=264 kPa
1.4+1

p* = =1.43 kg/m?®

Discussion 1f the specific heat ratios & of the two gases were different, then we would need to determine
the k of the mixture from k= C,,,/C, ,, where the specific heats of the mixture are determined from
Cpn=miy C,o +mfy C,\ =(yo, Mo, IM,)C,o +(yyMy /M,)C,y,

p.m
Cv,m = meZ Cv,02 + mfN2 Cv,N2 = (yOZ MOZ /Mm )Cv,02 + (yNzMNZ /Mm )CV,N2

where mf is the mass fraction and y is the mole fraction. In this case it would give
C,m=(0.5x32/30)x0.918 +(0.5x 28/30) x 1.039 = 0.974 kJ/kg K
Cpm =(0.5x32/30)x0.658 +(0.5x 28/30)x 0.743 = 0.698 kI/kg. K

and £ =0.974/0.698 = 1.40
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Chapter 12 Compressible Flow

12-153 Using EES (or other) software, the shape of a converging-diverging nozzle is to be determined for
specified flow rate and stagnation conditions. The nozzle and the Mach number are to be plotted.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-
dimensional, and isentropic. 3 The nozzle is adiabatic.

Properties The specific heat ratio of air at room temperature is 1.4.

Analysis The problems is solved using EES, and the results are tabulated and plotted below.
k=1.4 25

Cp=1.005 "kJ/kg.K"
R=0.287 "kJ/kg.K" )
P0=1400 "kPa"
T0=200+273 "K"
m=3 "kg/s" 1.5
rho_0=P0/(R*T0) ©
rho=P/(R*T) =
T=TO*(P/PO)*((k-1)/Kk) !
V=SQRT(2*Cp*(TO-T)*1000) I
A=m/(rho*V)*10000 "cm2" 0.5
C=SQRT(k*R*T*1000)
Ma=V/C N ) ) ) ) ) )
vO 200 400 600 800 1000 1200 1400
50— . . P, kPa
Pressure Flow area Mach number
P, kPa A, cm? Ma
1400 o 0
1350 30.1 0.229
1300 21.7 0.327
1250 18.1 0.406
1200 16.0 0.475 “e
1150 14.7 0.538 :
1100 13.7 0.597 S
1050 13.0 0.655 ©
1000 12.5 0.710 %
950 12.2 0.766 w
900 11.9 0.820
2(5)8 }ig 82;? 0 ‘ 200 ‘ 400 ‘ 600 ‘ 800 ‘ 1000 ‘ 1200 ‘ 1400
750 11.5 0.988 P, kPa
700 11.5 1.047
650 11.6 1.107
600 11.8 1.171
550 12.0 1.237
500 12.3 1.308
450 12.8 1.384
400 13.3 1.467
350 14.0 1.559
300 15.0 1.663
250 16.4 1.784
200 18.3 1.929
150 21.4 2.114
100 27.0 2.373
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Chapter 12 Compressible Flow

12-154 Using the compressible flow relations, the one-dimensional compressible flow functions are to be
evaluated and tabulated as in Table A-13 for air and methane.

Properties The specific heat ratio is given to be k= 1.4 for air.

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated.

Ma" =Ma Lz
2+(k—-1)Ma
0.5(k+1)/(k-1)
RN RN
A Ma k+1 2

—k /(k-1)
i:(n—Maz)
P,
£

—1/(k-1)
= (1+uMa2)
Po 2

-1
l=(1+ﬁMa2j
Ty

Air:

k=1.4

PPO=(1+(k-1)*M"*2/2)(-k/(k-1))

TTO=1/(1+(k-1)*"M"2/2)

DDO=(1+(k-1)*"M*2/2) (-1/(k-1))
Mcr=M*SQRT((k+1)/(2+(k-1)*M"2))
AAcr=((2/(k+1))*(1+0.5*(k-1)*M*2))*(0.5*(k+1)/(k-1))/M

Ma Ma" AlA” P/P, olpy T/T,

1.0 1.0000 1.0000 0.5283 0.6339 0.8333
1.5 1.3646 1.1762 0.2724 0.3950 0.6897
2.0 1.6330 1.6875 0.1278 0.2300 0.5556
25 1.8257 2.6367 0.0585 0.1317 0.4444
3.0 1.9640 4.2346 0.0272 0.0762 0.3571
3.5 2.0642 6.7896 0.0131 0.0452 0.2899
4.0 2.1381 10.7188 0.0066 0.0277 0.2381
4.5 2.1936 16.5622 0.0035 0.0174 0.1980
5.0 2.2361 25.0000 0.0019 0.0113 0.1667
5.5 2.2691 36.8690 0.0011 0.0076 0.1418
6.0 2.2953 53.1798 0.0006 0.0052 0.1220
6.5 23163 75.1343 0.0004 0.0036 0.1058
7.0 2.3333 104.1429 0.0002 0.0026 0.0926
75 2.3474 141.8415 0.0002 0.0019 0.0816
8.0 2.3591 190.1094 0.0001 0.0014 0.0725
8.5 2.3689 251.0862 0.0001 0.0011 0.0647
9.0 2.3772 327.1893 0.0000 0.0008 0.0581
9.5 2.3843 421.1314 0.0000 0.0006 0.0525
10.0 2.3905 535.9375 0.0000 0.0005 0.0476
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Chapter 12 Compressible Flow

12-155 Using the compressible flow relations, the one-dimensional compressible flow functions are to be
evaluated and tabulated as in Table A-13 for air and methane.

Properties The specific heat ratio is given to be k= 1.3 for methane.

Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated.

Ma" =Ma Lz
2+(k—-1)Ma
0.5(k+1)/(k-1)
" Ma { k+1

—k (k=1)
P
7 (“ ;M 2)
Py
P

~1/(k—1)
(1+—Ma )

oot

Methane:

k=1.3

PPO=(1+(k-1)*M*2/2)(-k/(k-1))

TTO=1/(1+(k-1)*"M"2/2)
DDO=(1+(k-1)*"MA2/2)A(-1/(k-1))
Mcr=M*SQRT((k+1)/(2+(k-1)*M"2))
AAcr=((2/(k+1))*(1+0.5*(k-1)*M*2))*(0.5*(k+1)/(k-1))/M

Ma Ma" AlA” P/P, olpy T/T,

1.0 1.0000 1.0000 0.5457 0.6276 0.8696
1.5 1.3909 1.1895 0.2836 0.3793 0.7477
2.0 1.6956 1.7732 0.1305 0.2087 0.6250
25 1.9261 2.9545 0.0569 0.1103 0.5161
3.0 2.0986 5.1598 0.0247 0.0580 0.4255
3.5 2.2282 9.1098 0.0109 0.0309 0.3524
4.0 2.3263 15.9441 0.0050 0.0169 0.2941
4.5 2.4016 27.3870 0.0024 0.0095 0.2477
5.0 2.4602 45.9565 0.0012 0.0056 0.2105
5.5 2.5064 75.2197 0.0006 0.0033 0.1806
6.0 2.5434 120.0965 0.0003 0.0021 0.1563
6.5 2.5733 187.2173 0.0002 0.0013 0.1363
7.0 2.5978 285.3372 0.0001 0.0008 0.1198
75 2.6181 425.8095 0.0001 0.0006 0.1060
8.0 2.6350 623.1235 0.0000 0.0004 0.0943
8.5 2.6493 895.5077 0.0000 0.0003 0.0845
9.0 2.6615 1265.6040 0.0000 0.0002 0.0760
9.5 2.6719 1761.2133 0.0000 0.0001 0.0688
10.0 2.6810 2416.1184 0.0000 0.0001 0.0625
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Chapter 12 Compressible Flow

12-156 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as
in Table A-14 for air and methane.

Properties The specific heat ratio is given to be k= 1.4 for air.

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated.

Ma. - (k—1)Ma} +2 P, 1+kMaj 2kMaj —k+1
27\ 24Ma? —k+1 P 1+kMa? k+1

T, 2+Maj(k—1) p, P /P (k+DMa; ¥,
T,  2+Ma3(k-1) pr T/T, 2+(k-)Ma? V7,
k+1
Py Ma; | 1+Maj(k—1)/2 [20-D Py (1+kMaj)[1+Maj (k—1)/2]*/*
Py, Ma, | 1+Maf(k-1)/2 P, 1+ kMa?
Air:
k=1.4

My=SQRT((Mx*2+2/(k-1))/(2*Mx*2*k/(k-1)-1))
PyPx=(1+k*Mx"2)/(1+k*My"2)
TyTx=(1+Mx"2*(k-1)/2)/(1+My"2*(k-1)/2)

RyRx=PyPx/TyTx
POyPOx=(Mx/My)*((1+My"2*(k-1)/2)/(1+Mx*2*(k-1)/2))(0.5*(k+1)/(k-1))
POyPx=(1+k*Mx"2)*(1+My*2*(k-1)/2)*(k/(k-1))/(1+k*My”"2)

M31 Maz Pz/P] p2/pl Tz/T] P02/P01 POQ/PI

1.0 1.0000 1.0000 1.0000 1.0000 1 1.8929

1.5 0.7011 2.4583 1.8621 1.3202 0.9298 3.4133

2.0 0.5774 4.5000 2.6667 1.6875 0.7209 5.6404

2.5 0.5130 7.1250 3.3333 2.1375 0.499 8.5261

3.0 0.4752 10.3333 3.8571 2.6790 0.3283 12.0610
35 0.4512 14.1250 4.2609 3.3151 0.2129 16.2420
4.0 0.4350 18.5000 4.5714 4.0469 0.1388 21.0681
4.5 0.4236 23.4583 4.8119 4.8751 0.0917 26.5387
5.0 0.4152 29.0000 5.0000 5.8000 0.06172 32.6535
5.5 0.4090 35.1250 5.1489 6.8218 0.04236 39.4124
6.0 0.4042 41.8333 5.2683 7.9406 0.02965 46.8152
6.5 0.4004 49.1250 5.3651 9.1564 0.02115 54.8620
7.0 0.3974 57.0000 5.4444 10.4694 | 0.01535 63.5526
7.5 0.3949 65.4583 5.5102 11.8795 | 0.01133 72.8871
8.0 0.3929 74.5000 5.5652 13.3867 | 0.008488 | 82.8655
8.5 0.3912 84.1250 5.6117 149911 | 0.006449 | 93.4876
9.0 0.3898 94.3333 5.6512 16.6927 | 0.004964 | 104.7536
9.5 0.3886 105.1250 5.6850 18.4915 | 0.003866 | 116.6634
10.0 0.3876 116.5000 5.7143 20.3875 | 0.003045 | 129.2170

12-108

PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc. Limited distribution
permitted only to teachers and educators for course preparation. If you are a student using this Manual,
you are using it without permission.




Chapter 12 Compressible Flow

12-157 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as
in Table A-14 for air and methane.

Properties The specific heat ratio is given to be &= 1.3 for methane.

Analysis The normal shock relations listed below are expressed in EES and the results are tabulated.

Ma. - (k—1)Ma} +2 P, 1+kMaj 2kMaj —k+1
27\ 24Ma? —k+1 P 1+kMa? k+1

T, 2+Maj(k—1) p, P /P (k+DMa; ¥,
T 2+Ma§(k—l) o T/T 2+(k_1)Mal2 vy
k+1
Py Ma; | 1+Maj(k—1)/2 [20-D Py (1+kMaj)[1+Maj (k—1)/2]*/*
Py, Ma, | 1+Maf(k-1)/2 P, 1+ kMa?
Methane:
k=1.3

My=SQRT((Mx*2+2/(k-1))/(2*Mx*2*k/(k-1)-1))
PyPx=(1+k*Mx"2)/(1+k*My"2)
TyTx=(1+Mx"2*(k-1)/2)/(1+My"2*(k-1)/2)

RyRx=PyPx/TyTx
POyPOx=(Mx/My)*((1+My"2*(k-1)/2)/(1+Mx*2*(k-1)/2))(0.5*(k+1)/(k-1))
POyPx=(1+k*Mx"2)*(1+My*2*(k-1)/2)*(k/(k-1))/(1+k*My”"2)

M31 Maz Pz/P] p2/pl Tz/T] P02/P01 POQ/PI

1.0 1.0000 1.0000 1.0000 1.0000 1 1.8324
1.5 0.6942 2.4130 1.9346 1.2473 0.9261 3.2654
2.0 0.5629 4.3913 2.8750 1.5274 0.7006 5.3700
2.5 0.4929 6.9348 3.7097 1.8694 0.461 8.0983
3.0 0.4511 10.0435 4.4043 2.2804 0.2822 11.4409
35 0.4241 13.7174 4.9648 2.7630 0.1677 15.3948
4.0 0.4058 17.9565 54118 3.3181 0.09933 19.9589
4.5 0.3927 22.7609 5.7678 3.9462 0.05939 25.1325
5.0 0.3832 28.1304 6.0526 4.6476 0.03613 30.9155
5.5 0.3760 34.0652 6.2822 5.4225 0.02243 37.3076
6.0 0.3704 40.5652 6.4688 6.2710 0.01422 44.3087
6.5 0.3660 47.6304 6.6218 7.1930 | 0.009218 | 51.9188
7.0 0.3625 55.2609 6.7485 8.1886 | 0.006098 | 60.1379
7.5 0.3596 63.4565 6.8543 9.2579 | 0.004114 | 68.9658
8.0 0.3573 72.2174 6.9434 10.4009 | 0.002827 | 78.4027
8.5 0.3553 81.5435 7.0190 11.6175 | 0.001977 | 88.4485
9.0 0.3536 91.4348 7.0837 12.9079 | 0.001404 | 99.1032
9.5 0.3522 101.8913 7.1393 14.2719 | 0.001012 | 110.367
10.0 0.3510 112.9130 7.1875 15.7096 | 0.000740 | 122.239
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Chapter 12 Compressible Flow

12-158 Air enters a constant-area adiabatic duct at a specified state, and leaves at a specified pressure. The
mass flow rate of air, the exit velocity, and the average friction factor are to be determined.

P,=55kPa

Py=100 kPa
Thy=300K

Assumptions 1 The assumptions associated with Fanno flow (i.e., steady, frictional flow of an ideal gas
with constant properties through a constant cross-sectional area adiabatic duct) are valid. 2 The friction
factor is constant along the duct.

Properties We take the properties of air to be k = 1.4, ¢, = 1.005 kl/kg-K, and R = 0.287 kl/kg-K. The
friction factor is given to be /= 0.025.

Analysis Noting that the flow in the nozzle section is isentropic, the Mach number, thermodynamic
temperature, and density at the tube inlet become

_ —k I(k-1) )
P, =P01(1+%Ma%j - 97kPa:(100kPa)(1+1"; !

-1.4/0.4
Ma%) —  Ma; =0.2091

k-1 - 1.4-1 B
Tl:Tm(HTMafj :(300K)(1+ '2 (0.2091)2) =297.4K
P 97 kPa

Py = = =1.136 kg/m*
RT,  (0.287 kJ/kgK)(297.4 K)

Then the inlet velocity and the mass flow rate become

1000 m? /s

= JkRT, = |(1.4)(0.287 kI/kg - K)(297.4 K
€ i J( X g-K)( )[ Tkikg

J =345.7m/s
V, =Ma,c; =0.2091(345.7 m/s) = 72.3 m/s

iy, = pi AV, = (1.136 kg/m?)[7(0.03 m)?* / 4](72.3 m/s) = 0.0581 kg/s

The Fanno flow functions corresponding to the inlet Mach number are, from Table A-16,

Ma; =0.2091:  (fL'/D,), =13.095 TV/T =1.1896, P,/P'=52173, Vy/V =0.2280
Therefore,P; = 5.2173P". Then the Fanno function P,/P" becomes
P P .
s _ 2 _52173(55kPa) _ o con
P P/52173 97 kPa

The corresponding Mach number and Fanno flow functions are, from Table A-16,
Ma, =0.3655, (fL°/Dy); =3.0420, and  V,/V" =0.3951.
Then the air velocity at the duct exit and the average friction factor become

vy ValV 03951
Vi v /vt 0.2280

=1.7329 — ¥V, =1.7329V, =1.7329(72.3m/s) =125 ml/s

. . S \D .
L=L-L, = &—& —h 2m=(13.095—3.042)00311l - [=0.151
Dh Dh f f

Discussion Note that the mass flow rate and the average friction factor can be determined by measuring
static pressure, as in incompressible flow.
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Chapter 12 Compressible Flow

12-159 Supersonic airflow in a constant cross-sectional area adiabatic duct is considered. For a specified
exit Mach number, the temperature, pressure, and velocity at the duct exit are to be determined.

Assumptions 1 The assumptions associated with Fanno flow (i.e., steady, frictional flow of an ideal gas

with constant properties through a constant cross-sectional area adiabatic duct) are valid. 2 The friction
factor remains constant along the duct.

Properties We take the properties of air to be k = 1.4, ¢, = 1.005 kJ/kg-K, and R = 0.287 kl/kg-K. The
average friction factor is given to be /= 0.03.

Analysis The inlet velocity is

1000m* /s°
¢; =+JkRT; = _|(1.4)(0.287 kJ/kg-K)(250K)) ——— | =316.9m/s
1kJ/kg
vV, =Ma,c; =2.2(316.9 m/s) = 697.3 m/s
The Fanno flow functions corresponding to the inlet and exit Mach numbers are, from Table A-16,

Ma, =2.2: (/L"/Dy), = 0.3609 TV/T =0.6098, P,/P"=0.3549, V\/V =1.7179
Ma, = 1.8: (fL"/Dy), = 0.2419 To/T" =0.7282, P,/P" =0.4741, Vo/V =1.5360

Then the temperature, pressure, and velocity at the duct exit are determined to be

T, T,/T" 07282

_ = =1.1942 — T, =1.19427, =1.1942(250K) = 299 K

T, T,/T" 0.6098

P, P /P 0.

22 - 04741 _ 3359 — P, =1.3359P, =1.3359(80 kPa) =107 kPa
P, P/P" 03549

v, VIV 1.

M IR R 5360 _ ) 3941 — V, =0.8941F; =0.8941(697.3 m/s) = 623 m/s
Vi v v L7179

Discussion The duct length is determined to be

. . J/Ly\D .
p=r - = S Py 63600 -02419) 2% ™ _ g 16 m
D, D, f 0.03

Note that it takes a duct length of only 0.16 m for the Mach number to decrease from 2.2 to 1.8. The
maximum (or sonic) duct lengths at the inlet and exit states in this case are L,” = 0.48 m and L, = 0.32 m.
Therefore, the flow would reach sonic conditions if a 0.32-m long section were added to the existing duct.
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Chapter 12 Compressible Flow
12-160 Air flowing at a supersonic velocity in a duct is accelerated by cooling. For a specified exit Mach
number, the rate of heat transfer is to be determined.

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal
gas with constant properties through a constant cross-sectional area duct with negligible frictional effects)
are valid.

Properties We take the properties of air to be k= 1.4, ¢, = 1.005 kl/kg-K, and R = 0.287 kJ/kg-K.
Analysis Knowing stagnation properties, the static properties are determined to be

1.4-1
2

-1 -1
T, :T01(1+?Maf] :(350K)(1+ 1.22) =271.7K 0

4] :1)01(14rﬂ

1.4_11 22)14/0.4 Po; =240 kPa

—k /(k=1)
Mafj =(240 kPa)(l + =98.97kPa T, =350 K

P, Ma, = 12
L 98.97 kPa 1,269 kg/m® =
RT, (0287kIkgK)Q71.7K) = e e

P1=

=<

&
Il

&)

|

Then the inlet velocity and the mass flow rate become

1000m? /s>

=330.4 m/s
1kJ/kg

¢, = JkRT, = J(1.4)(0.287 kl/kg-K)(271.7 K)[
V, =Ma,c, =1.2(330.4 m/s) = 396.5 m/s
iy, = p1AgVy = (1.269 kg/m?)[7(0.20 m)* / 4](396.5 m/s) = 15.81kg/s

The Rayleigh flow functions 7y/T, corresponding to the inlet and exit Mach numbers are (Table A-15):

Ma, = 1.8: Tol/T," = 0.9787
Ma, = 2: Too/To = 0.7934

Then the exit stagnation temperature is determined to be

Ty T /Ty _0.7934
Toy Ty /T, 09787

=0.8107 — Ty, =0.8107T,, =0.8107(350K) = 283.7K

Finally, the rate of heat transfer is

O =rgc,(Ty, —Typ) = (15.81kg/s)(1.005 kl/kg - K)(283.7 -350) K = -1053 kW

Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it
can be shown that the thermodynamic temperature drops to 158 K at the exit, which is extremely low.
Therefore, the duct may need to be heavily insulated to maintain indicated flow conditions.
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Chapter 12 Compressible Flow
12-161 Air flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat
transfer without affecting the inlet conditions is to be determined.

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an
ideal gas with constant properties through a constant cross-sectional area duct with negligible frictional
effects) are valid. 2 Inlet conditions (and thus the mass flow rate) remain constant.

Properties We take the properties of air to be k= 1.4, ¢, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K.

Analysis Heat transfer will stop when the flow is choked, and thus Ma, = V,/c, = 1. The inlet density and
stagnation temperature are

» .
py= - 400kPa ~3.871kg/m’ ¢
RT,  (0.287 kJ/kgK)(360 K) ,—————} —————— .

P1 = 400: kPa i
TOI:Tl(1+—k_1Ma12j=(36OK)(l+1'4_10.42):371.5K T =360:K Ma, = 1

Ma, = 0.4 :
Then the inlet velocity and the mass flow rate become 1 : |

2,2
¢, =+kRT| = J(l 4)(0.287 kl/kg - K)(360 K)(%] =380.3m/s
g

V, =Ma,c; =0.4(380.3m/s) =152.1m/s
g, = pi AV, = (3.871kg/m?)(0.1x0.1m?)(152.1 m/s) = 5.890 kg/s

The Rayleigh flow functions corresponding to the inlet and exit Mach
numbers are

Too/T," =1 (since Ma, = 1)

Ty _ (k+1)MaZ[2+(k—1)Ma?] _ (1.4+1)0.42[2+(1.4-1)0.4%]

T, (1+kMa7)? (1+1.4%0.4%)?

Therefore,

=0.5290

Ty, Tul/Ty 1
Toy Ty /T, 05290

- Ty, =T, /0.5290 = (371.5K)/0.5290 = 702.3 K

Then the rate of heat transfer becomes
Q =ity €, (Toy — Ty ) = (5.890 kg/s)(1.005 kl/kg - K)(702.3-371.5) K = 1958 kW

Discussion 1t can also be shown that 7, = 585 K, which is the highest thermodynamic temperature that can
be attained under stated conditions. If more heat is transferred, the additional temperature rise will cause
the mass flow rate to decrease. We can also solve this problem using the Rayleigh function values listed in
Table A-15.
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Chapter 12 Compressible Flow
12-162 Helium flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat
transfer without affecting the inlet conditions is to be determined.

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an
ideal gas with constant properties through a constant cross-sectional area duct with negligible frictional
effects) are valid. 2 Inlet conditions (and thus the mass flow rate) remain constant.

Properties We take the properties of helium to be k= 1.667, ¢, = 5.193 kl/kg'K, and R = 2.077 kl/kg-K.

Analysis Heat transfer will stop when the flow is choked, and thus Ma, = V,/c, = 1. The inlet density and
stagnation temperature are

, .
P =— = 400 kPa = 0.5350 keg/m? Q
RT,  (2.077 ki/kgK)(360 K) e } ______ .
P1 = 400: kPa i
Ty, :Tl(1+uMafj:(360K)(l+1'667_10.42):379.2K I =360.K Ma, = 1
2 2 — e
Ma, = 0.4 :
Then the inlet velocity and the mass flow rate become 1 : '
2 2
¢, = JRRT, = |(1.667)(2.077 ki/kg -K)360 K)| 200 /S" | 1116 mys
1kJ/kg
V, =Ma,c; = 0.4(1116 m/s) = 446.6 m/s
i, = p1 AV, =(0.5350 kg/m?)(0.1x0.1m?)(446.6 m/s) = 2.389 kg/s
The Rayleigh flow functions corresponding to the inlet and exit Mach
numbers are
T02/T0* =1 (since Ma, = 1)
Ty _ (k+ DMa;[2+(k-DMaj]  (1.667+1)0.4%[2+(1.667-1)0.4>] 0.5603
T, (1+kMa?)? (1+1.667x0.4%)> '
Therefore,

Ty, ToplTy 1

) = — Ty, =T, /0.5603=(379.2K)/0.5603 = 676.8 K
Ty, T, /T, 0.5603

Then the rate of heat transfer becomes
Q = n'aaircp (Ty, —Tp1) =(2.389kg/s)(5.193 kJ/kg - K)(676.8—379.2) K = 3690 kW

Discussion 1t can also be shown that 7, = 508 K, which is the highest thermodynamic temperature that can
be attained under stated conditions. If more heat is transferred, the additional temperature rise will cause
the mass flow rate to decrease. Also, in the solution of this problem, we cannot use the values of Table A-
15 since they are based on k£ = 1.4.
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Chapter 12 Compressible Flow

12-163 Air flowing at a subsonic velocity in a duct is accelerated by heating. For a specified exit Mach
number, the heat transfer for a specified exit Mach number as well as the maximum heat transfer are to be

determined.

Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an
ideal gas with constant properties through a constant cross-sectional area duct with negligible frictional
effects) are valid. 2 Inlet conditions (and thus the mass flow rate) remain constant.

Properties We take the properties of air to be k= 1.4, ¢, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K.

Analysis The inlet Mach number and stagnation temperature are q
1000m? /s’ } _______ ,
¢, =+JkRT, = J(1.4)(0.287 kJ/kg - K)(400 K)(WJ =400.9 m/s P, =35 kPa i
T, = 400iK Ma, = 0.8
v, | |
Ma, =21 = 100MS _ 5404 —> —
¢, 4009m/s v, = 100: m/s :

1.4-1

Ty :Tl(l+%Mafj:(400 K)(1+ 0.24942j:405.01<

The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-15):

Ma, = 0.2494:  T,/T =0.2559
Ma, = 0.8: Too/T" =0.9639

Then the exit stagnation temperature and the heat transfer are determined to be
Ty, T /T 0.9639

Ty To/T" 02559
q=c,(Ty, —Ty)=(1.005kl/kg-K)(1526 —405) K =1126 kJ/kg

=3.7667 > T, =3.7667T,, =3.7667(405.0K) =1526 K

Maximum heat transfer will occur when the flow is choked, and thus Ma, = 1 and thus 7y,/7" = 1. Then,
Ty, Tp!/T 1
Tyy Ty /T 02559

=c,(Ty, —Ty)=(1.005kI/kg-K)(1583-405) K =1184 kJ/kg

— Ty, =T /0.2559 = (405K)/0.2559 = 1583 K

q max

Discussion This is the maximum heat that can be transferred to the gas without affecting the mass flow
rate. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease.
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Chapter 12 Compressible Flow
12-164 Air flowing at sonic conditions in a duct is accelerated by cooling. For a specified exit Mach
number, the amount of heat transfer per unit mass is to be determined.

Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal
gas with constant properties through a constant cross-sectional area duct with negligible frictional effects)
are valid.

Properties We take the properties of air to be k= 1.4, ¢, = 1.005 kl/kg-K, and R = 0.287 kJ/kg-K.

Analysis Noting that Ma, = 1, the inlet stagnation temperature is q
TOI:TI(HEMafj:(mOK)(H1'4'112j:6001< Py, =420 kPa i
2 Ty =500 K Ma, = 1.6
The Rayleigh flow functions 7/T," corresponding to the inlet and Ma, :31 i : >
exit Mach numbers are (Table A-15): i ]
Ma1=1: TOl/T()*:l
Ma, = 1.6: Too/ Ty = 0.8842
Then the exit stagnation temperature and heat transfer are determined to be
Ty, Ty /T, 0.8842
Too _Too Ty 08842 ) gayr — T, =0.8842T,, = 0.8842(600K) = 530.5K

Ty, Ty /T, 1
g =c,(Ty, —Ty;) = (1.005 k/kg - K)(530.5-600) K = - 69.8 kJ/kg

Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it
can be shown that the thermodynamic temperature drops to 351 K at the exit
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Chapter 12 Compressible Flow

12-165 Combustion gases enter a constant-area adiabatic duct at a specified state, and undergo a normal
shock at a specified location. The exit velocity, temperature, and pressure are to be determined.

Ma =1

Assumptions 1 The assumptions associated with Fanno flow (i.e., steady, frictional flow of an ideal gas
with constant properties through a constant cross-sectional area adiabatic duct) are valid. 2 The friction
factor is constant along the duct.

Properties The specific heat ratio and gas constant of combustion gases are given to be k = 1.33 and R =
0.280 kJ/kg-K. The friction factor is given to be f=0.010.

Analysis The Fanno flow functions corresponding to the inlet Mach number of 2 are calculated from the
relations in Table A-16 for k= 1.33 to be

Ma, = 2: (/L"/Dy), = 0.3402 /T =0.7018, P,/P"=0.4189

First we check to make sure that the flow everywhere upstream the shock is supersonic. The required duct
length from the inlet L,” for the flow to reach sonic conditions is

L =034022 2034022190 _3 4010
f 0.010

which is greater than the actual length 2 m. Therefore, the flow is indeed supersonic when the normal
shock occurs at the indicated location. Also, using the actual duct length L, we have

JLi_ (0.010)(2 m)
D,  0.10m

=0.2000

Noting that L, = LT - L; , the function fL"/D,, at the exit state and the corresponding Mach number are

[LJ :(LJ —&20.3402—0.2000:0.1402 — Ma, =1476
Dy ), Dy ), h

From the relations in Table A-16, at Ma, =1.476:  T»/T" =0.8568, Py/P"=0.6270,

Then the temperature, pressure, and velocity before the shock are determined to be
T, T,/T" 0.8568
T, T,/T° 07018
P, P /P 0.6270
P, P/P 04189

The normal shock functions corresponding to a Mach number of 1.476 are, from the relations in Table A-
14,

=1.2209 — T, =1.22097, =1.2209(510K) =622.7K

=1.4968 — P, =1.4968P, =1.4968(180 kPa) = 269.4 kPa

Maz =1.476: Ma3 = 07052, T3/T2 = 12565, P3/P2 =2.3466
Then the temperature and pressure after the shock become

Ty =1.2565T, =1.2565(622.7K) =782.4K
Py =2.3466P, =2.3466(269.4 kPa) = 632.3 kPa

Sonic conditions exist at the duct exit, and the flow downstream the shock is still Fanno flow. From the
relations in Table A-16,
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Chapter 12 Compressible Flow

Ma; =0.7052: T5/T =1.0767, Py/P =1.4713
Ma, = 1: T =1, PJP =1

Then the temperature, pressure, and velocity at the duct exit are determined to be
T, T,/T" 1
T, T,/T" 1.0767
P, PP 1
Py Py/P" 14713

- T, =T,/1.0767=(782.4K)/1.0767=727TK

— P, =P;/1.4713=(632.3kPa)/1.4713 =430 kPa

1000m? /s?
V, =Ma,c, = (DJKRT, = _|(1.33)(0.280 ki/kg-K)(727 K) el 520 m/s
g

Discussion It can be shown that L;" = 2.13 m, and thus the total length of this duct is 4.13 m. If the duct is
extended, the normal shock will move further upstream, and eventually to the inlet of the duct.
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Chapter 12 Compressible Flow

12-166 Choked supersonic airflow in a constant cross-sectional area adiabatic duct is considered. The
variation of duct length with Mach number is to be investigated, and the results are to be plotted.

Assumptions 1 The assumptions associated with Fanno flow (i.e., steady, frictional flow of an ideal gas
with constant properties through a constant cross-sectional area adiabatic duct) are valid. 2 The friction
factor remains constant along the duct.

Properties We take the properties of air to be k = 1.4, ¢, = 1.005 kJ/kg-K, and R = 0.287 kl/kg-K. The
average friction factor is given to be /= 0.03.

Analysis The flow is choked, and thus Ma, =1. Corresponding to
the inlet Mach number of Ma, = 3 we have, from Table A-16,
fL'/D, = 0.5222, Therefore, the original duct length is

[ =05222 _ 05000008 m _ 515,
! 0.03

Repeating the calculations for different Ma, as it varies from 3 to 1
results in the following table for the location on the duct from the
inlet:

w

Mach Duct length
number, Ma L, m
3.00 0.00 6
2.75 0.39 '
2.50 0.78 22
2.25 1.17 S
2.00 1.57 3 is
1.75 1.96 E
1.50 2.35 £
1.25 2.74 é 14
1.00 3.13
10 ‘ 0.5 ‘ 1 ‘ 1.5 ‘ 2 ‘ 2.5 ‘ 3 ‘ 3.5
EES program: Duct length L, m
k=1.4
cp=1.005
R=0.287
P1=80
T1=500
Ma1=3
"Ma2=1"
f=0.03
D=0.18
C1=sqrt(k*R*T1*1000)
Ma1=V1/C1
TO1=T02

TO1=T1*(1+0.5*(k-1)"Ma12)
T02=T2*(1+0.5*(k-1)*Ma2/2)
P0O1=P1*(1+0.5%(k-1)*Ma122)"(k/(k-1))

rho1=P1/(R*T1)
Ac=pi*D"2/4
mair=rho1*Ac*V1

PO1Ps=((2+(k-1)*Ma12)/(k+1))(0.5*(k+1)/(k-1))/Ma1
P1Ps=((k+1)/(2+(k-1)*Ma142))*0.5/Ma
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T1Ts=(k+1)/(2+(k-1)*"Ma172)

R1Rs=((2+(k-1)*Ma122)/(k+1))*0.5/Ma1

V1Vs=1/R1Rs
fLs1=(1-Ma172)/(k*Ma172)+(k+1)/(2*k)*In((k+1)*Ma172/(2+(k-1)*Ma142))
Ls1=fLs1*D/f

P0O2Ps=((2+(k-1)*Ma2"2)/(k+1))*(0.5*(k+1)/(k-1))/Ma2
P2Ps=((k+1)/(2+(k-1)*Ma2"2))*0.5/Ma2

T2Ts=(k+1)/(2+(k-1)*"Ma2"2)

R2Rs=((2+(k-1)*Ma2/2)/(k+1))*0.5/Ma2

V2Vs=1/R2Rs
fLs2=(1-Ma2"2)/(k*Ma22)+(k+1)/(2*k)*In((k+1)*Ma2"2/(2+(k-1)*Ma2"2))
Ls2=fLs2*D/f

L=Ls1-Ls2

P02=P02Ps/P01Ps*P01
P2=P2Ps/P1Ps*P1
V2=V2Vs/V1Vs*V1

Discussion Note that the Mach number decreases nearly linearly along the duct.
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Chapter 12 Compressible Flow

12-167 Choked subsonic airflow in a constant cross-sectional area adiabatic duct is considered. The effect
of duct length on the mass flow rate and the inlet conditions is to be investigated as the duct length is
doubled.

Assumptions 1 The assumptions associated with Fanno flow (i.e., steady, frictional flow of an ideal gas
with constant properties through a constant cross-sectional area adiabatic duct) are valid. 2 The friction
factor remains constant along the duct.

Properties We take the properties of air to be k = 1.4, ¢, = 1.005 kl/kg-K, and R = 0.287 kl/kg-K. The
average friction factor is given to be = 0.02.

Analysis The flow is choked, and thus Ma, =1. The inlet Mach number is

2 2
¢, = JRRT, = |(1.4)(0.287 ki/kg - K)00 K| 2220 /5™ 1 _ 400.9mys
1kJ/kg
%
Ma, =L = 120mfs 5993
¢, 4009 m/s

Corresponding to this Mach number we have, from Table A-16,

fL'/D, = 5.3312, Therefore, the original duct length is =100 kPa
T, =400 K _ *
" D : ! = P
L=1 =533122 25332290 1501 n=120ms ——>| P70,
f 0.02
Then the initial mass flow rate becomes i L

O‘_)L

P 100 kPa

= =0.8711kg/m’
RT,  (0.287 kJ/kgK)(400 K)

P1=

iy, = p1 AV, = (0.8711kg/m>)[7(0.06 m)* / 4](120 m/s) = 0.296 kg/s

Duct length | Inlet velocity | Mass flow rate
L,m 7y, m/s my;, , kg/s

13 129 0.319

14 126 0.310

15 123 0.303

16 120 0.296

17 117 0.289

18 115 0.283

19 112 0.277 0.2

20 110 0.271 031l

21 108 0.266 I

22 106 0.262 0.3

23 104 0.257 020l

24 103 0.253 ” I

25 101 0.249 2 o2

26 99 0.245 £ I
£ 027

0.26

0.25

024 . . . . . .
12 14 16 18 20 22 24 26
Duct lenght L, m

12-121
PROPRIETARY MATERIAL. © 2006 The McGraw-Hill Companies, Inc. Limited distribution

permitted only to teachers and educators for course preparation. If you are a student using this Manual,
you are using it without permission.




EES Program:
k=1.4
cp=1.005
R=0.287

P1=100
T1=400
llL:26ll
Ma2=1
f=0.02
D=0.06

C1=sqrt(k*R*T1*1000)

Ma1=V1/C1

T01=T02
TO1=T1*(1+0.5*(k-1)*Ma142)
T02=T2*(1+0.5*(k-1)*Ma2"2)
P0O1=P1*(1+0.5%(k-1)*Ma12)A(k/(k-1))

rho1=P1/(R*T1)
Ac=pi*D"2/4
mair=rho1*Ac*V1

PO1Ps=((2+(k-1)*Ma122)/(k+1))*(0.5*(k+1)/(k-1))/Ma1
P1Ps=((k+1)/(2+(k-1)*Ma1/2))*0.5/Ma1
T1Ts=(k+1)/(2+(k-1)*"Ma12)
R1Rs=((2+(k-1)*Ma142)/(k+1))*0.5/Ma1
V1Vs=1/R1Rs

fLs1=(1-
Ma142)/(k*Ma142)+(k+1)/(2*k)*In((k+1)*Ma142/(2+(k-
1)*Ma1/2))

Ls1=fLs1*D/f

P02Ps=((2+(k-1)*Ma2"2)/(k+1))(0.5*(k+1)/(k-1))/Ma2
P2Ps=((k+1)/(2+(k-1)*Ma2"2))*0.5/Ma2
T2Ts=(k+1)/(2+(k-1)*Ma2"2)
R2Rs=((2+(k-1)*Ma2/2)/(k+1))*0.5/Ma2
V2Vs=1/R2Rs

V4, mis
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125

120

115

110

105

100

95

12

14 16 18 20 22 24 26
Duct length L, m

fLs2=(1-Ma2"2)/(k*Ma2/2)+(k+1)/(2*k)*In((k+1)*Ma2:2/(2+(k-1)*Ma2/2))

Ls2=fLs2*D/f
L=Ls1-Ls2

P02=P02Ps/P01Ps*P01
P2=P2Ps/P1Ps*P1

V2=V2Vs/V1Vs*V1

Discussion Note that once the flow is choked, any increase in duct length results in a decrease in the mass

flow rate and the inlet velocity.
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Chapter 12 Compressible Flow

12-168 The flow velocity of air in a channel is to be measured using a Pitot-static probe, which causes a
shock wave to occur. For measured values of static pressure before the shock and stagnation pressure and
temperature after the shock, the flow velocity before the shock is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady and
one-dimensional.

Properties The specific heat ratio of air at room temperature is k= 1.4.

Analysis The nose of the probe is rounded (instead of being pointed), and thus it will cause a bow shock
wave to form. Bow shocks are difficult to analyze. But they are normal to the body at the nose, and thus we
can approximate them as normal shocks in the vicinity of the probe.

It is given that the static pressure before the shock is P; = 110 kPa, and the stagnation pressure
and temperature after the shock are Py, = 620 kPa, and T}, = 340 K. Noting that the stagnation temperature
remains constant, we have

Ty =Ty, = 340K

P
Also, o2 _620KPa o o 564

P, 110kPa

P02 =620 kPa
T()2 =340K

P

The fluid properties after the shock are related to those before >
the shock through the functions listed in Table A-14. wave
For Py, / P, =5.64 we read

P %
Ma, =2.0, Ma, =0.5774, -2 =07209, -L=F2

=2.6667,
Py V,  p

Then the stagnation pressure and temperature before the shock become

Py =Py, /0.7209 = (620 kPa)/0.7209 = 860 kPa

(k=1)/k (1.4-1)/1.4

P

T, =Ty, il B =(340 K)(Mj =188.9K
Py, 860 kPa

The flow velocity before the shock can be determined from V; = Ma,c;, where c; is the speed of sound
before the shock,

1000 m? /s

=275.5m/s
1kJ/kg

¢, =JkRT, = J(1.4)(0.287 ki/kg - K)(188.9 K)[

Discussion The flow velocity after the shock is V, = V1/2.6667 = 551/2.6667 = 207 m/s. Therefore, the
velocity measured by a Pitot-static probe would be very different that the flow velocity.

12-169 --- 12-171 Design and Essay Problems

C
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