CHAPTER 10

10.1  From Table A.1, for A/A* =2.193,

. T
Po. 1. , 2= =2.058.
P. T

For 1sentropic flow, T, = constant and p, = constant. Hence,

Po, =Po = fatu],and T, =T, ~
1
pe = ;&'Po=(ﬁg) (5 atm) = 0.4 atrm]

T
T= & [ ) 520 *-527"
T To= 2058 (520)

_ p. _ (04)(2116)
P T R, T 1716)(252.7) = 1000195 shug/tt]

a.= ORI, = JA4)A716)(252.7) = 7792 fi/sec

=M, a. = (2.3)(779.2) =

102 Po— 5 31] yeia 3.182. From Table A.1, we see that and A/A* =]1.113|.
Pe -

10.3  Ahead of the normal shock in front of the Pifot tube,

\/_D:U - p°.=p°=2.02x105N/m2
4
i . P, _892x10° _

p,, 202x10
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From Table A.2: M.=2.65

From Table A.1: AJ/A¥*={3.036

P, _ _(Y210) —0.01186—-5215

10.4 r;1=p*u*A*;p0= = =
RT, (1716)(520)

5
o = P2 by = (0.634)(0.01186) = 0.007519 shug/ft

P

*
T*= 1{ T, = (0.833)(520) = 433.2°R

u* =a* = [(14)(1716)(4332) = 1020 fu/sec

" = pFuF A = (0.007519)(1020 (—) =
m = prurA* = (0 9)(1020)| 7

0.213

| slug

sec

10.5 m = p*u*A*

Hence,

- P* B p*A*

m= A* T#* =

oy AY JRTT = S

Since, M* =1, then

'I:) =1+ 7/—1 M*l 7+1

T* 2 2

b (y+l yi=1 -

P\ 2 )

Thus,




=Hy+1)2(y-1)
R 2

A

or,

. * () r-1)
e
\/f R\y+1

10.6  po=15 atm = 5(2116) = 10580 Ib/ft>

A* =4/144 = 0.02778 £

- _ (105809)(0.02778) | (14) ( 2\ =' shig
" J520 \/(1716)\2.4) 0213

sec

which is the same as obtained in
Problem 10.4

10.7

/Qﬁ;e ;
> My —t—
, Me
/";\'
Ae
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First, check to see if the flow is sonic at the throat.

Po— 1 _q0s6
p. 0947

From Table A, for 22 = 1.056: M, = 0.28 and AJA* =2.166
P,

. A A L. )
Since :&f— =1616< A:‘ =7.166, then A, > A*. The throat size is larger than that for sonic

t
flow, hence the throat Mach number, M, is subsonic.

A
ﬁmi—-:R@l%)—lﬂ
A* A, A* 1616

| A
From Table A1, for -=% =134 2o —1186
P,

po=2t Po pp - [1—1183) (1.056)(0.947) =

P, P.

10.8 Note: The équation for m given in Problem 10.5 can pot be used here because the
flow is not choked, i.e., the throat Mach number is not sonic.

I;1=p,:Aeuc

From Table A.1, for £ —=1.056: M.=0.28, ;f‘— =1.016
P'e . S c ) )

=T,/1.016 =288/1.016 =283.5°K

5
o= B _ (0941101 x 1) 1 176 kefec?
RT, (287)(2835)

= JRT, = J(14)(287)(2835) =337.5 m/sec

1= M, a. = (0.28)(337.5) = 94.5 m/sec
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Ac:At (Ae
A

] = (6.3)(1_616) =0.4848 m’

t

m = pActe = (1.176)(0.4848)(94.5) = [53.88 kg/se

109 (a) e =1 —1064.
p. 094
From Table A.1: M, =03 and AJA* =2.035. 2L A0 A _ (—-1—) (2.035)=1.33.
A* A, A* \153

Since A;> A*, then the flow is completely subsonic. No shock wave exists. Hence, from

Table A.1, for £ =1.064, M, = 0.3

e

p 1
=2 = ——=1,129.
®) p. 0886
P A
From Table A.1, for 2> =1.129: M. =0.42 and A:‘ =1.539.
P. .
A A A (—L) (1.529) = 0.999 ~ 1.0,
A* A, A* \153/°

Hence, A;= A*, and the flow is precisely sonic at the throat. Tt is subsonic everywhere else.

Hence, from the above M, = 0.42|

(c) From the above results, clearly when pe is reduced below 0.866 atm, sonic flow
will occur at the throat, and the nozzle will be choked. Since pe = 0.75 atm is far above the

supersonic exit pressure, we suspect that a normal shock wave exists within the nozzle. Note

that, if we run the same calculation as in parts (a) and (b) above, we find:

Po (J-) ~1.333.
P. 0.75.

From Table A.1, for Py - 1.333, we have
P.

Be 1.127

A*
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A A A _ (——1—] (1.127) = 0.7366. Since it 1s impossible for Ay < A*, then

A* A, A* \153

clearly the flow can not be completely isentropic. There must be a shock wave inside the
nozzle, with a consequent change in both po and A* across the shock. Hence, the above-
calculation is meaningless. Instead, set up the following trial-and-error process as follows:

Assume a normal shock exists inside the pozzle, say at a location where AA=
1.024. Let:

A* = somic throat area for the flow ahead of the shock.
A,* = sonic throat area for the flow behind the shock.

p,, = total pressure for the flow ahead of shock.

p,, = total pressure for the flow behind shock.

Shock
‘/’_,-—""_'_—
y ]
M |
|
rote t
P, 2 Lt A
!
: 1
A
o L.‘_-"“"‘“‘—-—-i
A, Ao
e S—" ——
Flow with FA¥= A* Flow with A%=A3"

Note that p,. <P, As™> Ayt o
which comes from the shock wave theory discussed in the text.

Key equation:
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e poz
Pe = _,,I.).._ — po‘

Po, Po,

To find the values of the ratios in Eq. (1):

From Table A.1 for Ay/A1* =1204: M; =1.54

From Table A2 for M; = 1.54: M; = 0.6874, 2 = 0.9166
P, .
— A2
From Table A.1, for M; = 0.6874: Ar =1.1018
A, A
e o= Ae B Ay =(15 3)( )(1 1018)=14
AZ * Al AZ AZ *
A P,
From Table A.1, for —&— =14: M. =0.47, =22 =1.163
- A2 * pc
Returning to Eq. (1):
pe=PePor o ( ! )(0 9166)(1 atmm) = 0.788 atm.
Do, P, \1163

This is slightly higher than the given p. = 0.75. Hence, move the shock wave slightly
downstream.

Assume Asx/A.=1.301

From Table A.1: M;=1.66

From Table A1, for M; = 1.66: 2= = 0.872, M, = 0.6512
Po,

Al .
From Table A.1, for M, = 0.6512: \ 2* =1.1356

2

: =_~£%L=(1 53)(

) (1.1356) =1.335
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p°2 —

From Table A.1, for =1.1862

Be 1.335: M, =0.50,
A2 * pe

From Eq. (1):

D= .p_epipm = ( ! ) (0.872)(1 atm) = 0.735 atm.

P,, P, 11862
0.75— 0.
Interpolate: - B2 1.301—(1.301 — 1.204) 07520735 _ 1.274
A, 0.788 — 0.735
Thus, Assume Ay/A;=1.274
From Table A.1: M;=1.63
From Table A.2: M, = 06596, 2% = 0.8838
Po, .
A,
From Table A.1: —— =1.1265
A *
A A
A A B A g 3)( ](1 1265) = 1.353
Al* A( AZ A2 *

From Table A.1: M,=0.49, P, - 1.178
P.

Pe= Pe Po, Py = ( )(0 8838)(1 atm) = 0.75 atm
Po, Po, ! 1178/

Hence, p. calculated agrees with p. given. Thus,
M. = 0.49

o tm
(d) P, lam 6.49. -
p. 0154 atm

From Table A.1: A:‘ = 1.53, which is precisely the given area ratio of the nozzle. Hence,

for this case, we have a completely isentropic expansion, where,
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@33-1.88

10.10 From the 6-B-M diagram, for 6 = 20° and B = 41.8°, we have M; = 2.6. From Table
Al, i

10.11  From Table A.1, for Ae 6.79,M.=3.5

A*

From Table A2, for M. =3.5: Po _ 02129

P,,

P, (1 _
P, == p,, =| ](1.448)=

P, 02129

T
10.12 From Table A1, for M, =2.8: L%-=27.14, 2-=2.568

P. e

At standard sea level: p=2116 Ib/f, T = 519°R

Po= 2%t p, = (27.14)(2116) = 57,430 b/ = 27.14 atm)
P

c

T ‘
To= - Te= 2.568)(519) =

o= o= T80 _ 4565 chug/®

RT, (1716)1333)

p* =(0.6339)(0.0251) = 0.0159 shug/f>

T*=0.833 (1333)=1110°R

a*= _[RT* = J(14)(1716)(1110) =-1633 fi/sec = u*
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m = prurA*

m 1

A= 0.0385 ft

prur | (0.0159)(1633)

From Table A.1: AJA*¥=3.5

A,
A=t Ar= (3.5)(0.0385) = [0.1348 ft

A
From Eg. (10.38) in text: At’ =22 _te

From Table A.2: for Mo = 2.8 % = 0.3895

Do,
P, P, ‘ 1 )
A, =A, | 5] =A== =(00385) ~ [0.0988 ft
=~ T p,, P, 03895
10.13 m = pru*A* (1)
Also, R=RM = 3222 - 519,628
16 kg K
i 1
* =1 02
pF = B_po*——( Z_JT Lo =(i)°' — P =3319%107p,
0, y+1) RI, \22/ (519.6)(3600)

T*=—T, = (——2*) (3600)=3273 K
T, y+1

¥ = a* = RT* = J(12)(519.6)(3273) = 1428.6 m/sec

Hence, fom Eq. (1), with m =287.2 ke ,
: sec

287.2= (3319 x 107 po)(1428.6)(0.2)

o1,
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= _2787'2 =3.029x10° —
(3319x107)(1428.6)(02) m’

Po

or,

_ 3029 x 10° _

=30 ai
101 x 10° 30 atny

10.14 We assume the flow velocity is low at the diffuser exit; hence the total pressure at the

exitis 1 atm. From Appendix B, for M = 3, Por 03283,

Do,
np=P2/Ps__ 1,
Do, /D,
Py _1p Pu gy (0.3283) =0.394
D, Do,

po= P = —P3iam

0394 (0394
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