CHAPTER 9

1
= Sin™! (—) =4].8°
P=sm- {3

9.1
h h =559 Tan B = 559 Tan 41.8°
5 ,

92 M, =M; sinB=(4.0)sin30°=2

m

L =1.687, == =0.7209, M, =0.5774
Po,

From Table A2, for M, =2: 2 =4.5;
jY!

_»ai»—a

pp= 2 py = (4.5) (2.65 x 10%) = [L.193 x 10° N/m]

Py

I = % T) = (1.687)(223.3) =
1

From the 6--M diagrém: 0=17.7°

M 05774

M, = I =p71
27 sin(B-6) sin(30—17.7) 271
- P, T,
From Table A1, for My =4: —2 =1518, —2 =42
Pj T
Ps, Po -
Po, = L py = (0.7209)(151.8)(2.65 x 10%) =[2.9 x 10° N/m 5.5 % 10° W]

—

T, =T, == Ti=(42)2233)=

!



—+ =-(287) n 0.7209=93.9

o

9.3 Consider an oblique shock. For such a case,

Po, (polj
— = — X
pol pZ

Depends on actual Mach
mimber behind the shock
Mg, I]Lt an

5 o
b,

/__v&___\‘
Depends on normal
Mach number upstream
of the shock, M, .

In the derivation of Eq. (8.80), we related M, directly to M, through Eq. (8.78). This holds
only for a pormal shock. If we wish to use Eq. (8.78) for an oblique shock; then both M,
and M; in Eq. (8.78) are replaced by M, and M, . However, in Eq. (1) above, p, /p,
Depends on Mg, not M . Because Eq. (8.78) does not relate M; to M; for an oblique shock
(itrelates M, to M, ), then Eq. (8.78) cannot be used for the derivation of p,, / p, for an

oblique shock. Therefore, the derivation of Eq. (8.80) holds only for a normal shock. It can
not be used for an obligue shock, even with M, replaced by M, . On the other hand,

T
S2—51=Cp fnp—z-R fn =2
P T

where py/p1 and To/T; for an oblique shock depend onlv on M, . Since Pop e, then
' Po,

clearly Pey depends only on M, . For these reasons, when using Table A2 to determine

Oy

P,

1s a valid column,

changes across an oblique shock, using M, , the total pressure ratio

0z

but the column giving 1s not valid.

P

94 To CORRECTLY calculate p,_ :

M, =M;sinf=3sn3687°=1.38

n




From Table A.2, for M, = 1.8: Poy 0.8127

p,,
: P,
From Table A 1, for M; = 3: = '=36.73
P,
p, Do Pou o 0.8127)36.73)(1) = 2985 at
) po, p'l

(b) The INCORRECT calculation of p, would be as follows:

From Table A2, for M, =1.8: Po — 467

P

p,, 2% p; =467 (1 atm) = 4.67 atm.  Totally WRONG
P .

1

85-4. ; .
% error = -2%61 x 100 =539% -- a terribly large error.

9.5

From the 8-B-M diagram:

A

M, =M sinB=2.5sin46°=138

From Table A.2, for M, =18, 22 =3.613,

=1.532, M, = 0.6165
P

|

p2 = P2, =3.613 (1 atm) =613 am]
P



) |
Ty= 2 Ty = (1.532)(300) =
1

M
M= ——2 = . 06165 = [1.546
Sin(f—6) Sin(46—225)

9.6 From the 6-B-M diagram, shock detachment occurs when o> 28.7°. Whena.=0=
28.7°, B = 64.5°.

M, =Misin =24 sin64.5°=2.17

n

From Table A2, for M, =2.17: P2 =5327
P

Prax = 12 p; = 5.327 (1 atm) =
P

t

and the maxymum pressure occurs when o =

9.7

I = 0.5a%m

From the 6-3-M diagram: p =48°

M, =M;sinB=3.5 sin48°=2.60

n

Po, _

From Table A.2: =0.4601, M, =0.5039,
Po,




M, _ 05039

M2 = . = = - - 648
Sin(f—6&) Sin(48-302)
From Table A2, for My = 1.648; ~2 = 0.876
| P,

From Table A.1, for M =3.5; Pe. - 76.27
' P

p, = o Do Poe o (0.876)(0.4601)(76.27)0.5) =
Po, Do, Pu .

Po 151.8

9.8 From Table A.1, for M; =4,

P

Hence, p, = Po, p1=151.8 (1 atm) = 151.8 atm.
P

1

a)y M;=4j From Table A.2, for M, = 4: Po, 0.1388

e p“]
p°| poz
P,

p,, = 2 p, =0.1388(151.8)=21.07 atm

01

Loss 1n total pressure = p, - P,, = 151.8 —21.07=

b)
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From the 8-§-M diagram,
f=38.7°

M, =M;sinB=4sin38.7°=25

From Table A2, for M, =2.5: Po, _ 0.499, M, =0.513
D,
M, 0513

: = — =221
si(f—0) sin(38.7-253)

b

From Table A2, forM,=221: =2 =(0.6236
P,
p03 po pol _ - _
p, == % I p = (0.6236)(0.499)(151.8)(1 atm) = 47.24 atm
po, pn, P :

Loss In total pressure = p,, - p,, =151.8-47.24 = ]104.6 atm

©)

From part (b) above, My =2.21, Do, 0.499.
. P,

From the $-0-M diagram: B, =47.3°
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For the second shock: M, = M, sin 3, =2.21 sin 47.3° = 1.624

From Table A2, for M, =1.624: 22 =0.8877, M, =0.6625
R P, |
M
Vo M 06625 ..,
sin(f, —6,) sin(47.3-20)
From Table A.2. for M3 = 1.444: Po, 0.947
Po,

— Doy Po; Po, Do,

Po,
an po2 po, pl

p,, =63.68 atm

Loss in total pressure= p, - p,, = 151.8 —63.68 =

29 ) = (0.947)(0.8877)(0.499)(151.8)

CONCLUSION: To decrease a supersonic flow to subsonic speeds via a shock system, a
series of oblique shocks followed by a normal shock yields a smaller total pressure loss than
a normal shock by itself Hence, a system of oblique shocks, followed by a normal shock 1s a
more efficient means of slowing a supersonic flow to subsonic speeds than a single normal

shock itself.

9.9
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From the 6-B-M diagram, B,=34.2°
M | = M1 sm B]

n

=(32)sin34.2°=1.38

From Table A.2; for M, =1.8: £2 =3613, L 53,
b T,
M, =0.6165
M, 06165

P sin(B,-0) sn(342-82)

For the Reflected Shock:

From the 0-B-M diagram, for M =204 and §=18.2°: B, =44°

an =M, sin B, =2.24 sin 44° = 1 56

From Table A2, for M, =1.56: 2 =2.673, % =1361, M, =0.6809
joi 2 )

_ M, 06809
sin(B, —6) sin(44-182)

Note: The fact that M3 and M, are

equal is just a coincidence.

D=P,-H=44-182=D58

ps= P2 B2 5 w0 673)(3.613)(1 atm) = 5.66 at|
b, B :
Ty= 22 Ty = (1361)(1.532)(520) =71084°K]
2 1
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9.10
M, =2

'rle =G, 7atm
7, T G3OR

ST

From Table A.3: ForM,=2,v,=26.38°
vy =0 + vy =23.38°+26.38°=49.76°
Hence,
M, = 3.0

T,

o

From Table A1, for M; =2: 200 =7804 —%—=138

Py

3

Po 5
ForM,=3: — =36.73, —-=28
P: T

However: p, =p, and T =T, . Thus

p= Lo Eng]=( 1 )(7.824)(0.7)=
Po, P

36.73

T T - '
L T1=(2—1§)(1.8)630)=

T, T

p, _ (0149)(2116)

_ = |.537 x 107 slug/ft|
RT, (1716)(405)

M=

o, = Dy, = 2 pi=(7.824)0.7) = B477 atnd

P
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T,

T, =T, == Ti=(1.8)(630) =

From Table A3: forM, = 2., py =30°
For My =3, pz = 19.47
Referenced to the upstrearn direction:
Angle of forward Mach line = p; =

Angle of rearward Mach line = py -6 = 19.47 - 23.38° =

Note: The rearward Mach line is below the upstream direction for this problem.

9.11 From Table A.1, for M; =1.58: Po, =4127

P
Poy _ Doy _Po Py =(4.127) [___1__) =131.6
Py P, P, P, 01306
From Table A1, for Por 31.6,M, =29
P2

From Table A.3, for M = 1.58; vi = 14.27, for M; =2.9: v,=47.79

O=vy-v,=4779-1427 =

9.12

8]



From the 0-$-M diagram:

For Mj =3 and 0 =30.6°, p = 53.1°

=Misin f=3sin53.1=24

Mﬂ]
— . pl T p°2 — —
From Table A.2, for M, =2.4: == =6.553, =~ =2.04, =0.541, M, =0.531
pl T; po,
M 2
= L = 00231 =137

sin(f—6)  sin(53.1-30.6)
From Table A.3: For My =1.37, v5 = 8.128
vy =8.128 + 30.6 = 38.73°

From Table A.3: For v =38.73°, Ms = ‘

From Table A.1: For M; =3, Por 36.73, % =28

P, 1

Po, T,
ForM;=248,: =16.56, —~=223
P; T

=P Pos Poy Po (161 ) (1)(0.5401)(36.73)(1 atm) =

po:‘ pcz po, pl

T T T
T,= 5 o S Ty (ﬁ] (1)(1)(2.8)(285) =
)

Clearly, ps # p1, Ts = Ty, and Mz = M. Why'7 Because there is an entropy increase across the
shock wave, which permanently alters the thermodynamic state of the original flow, even
after 1t 1s brought back to 1its onginal duectlon )
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9.13

(a) ForM;=2.6and §=5° [ =26.5°

M, =M sinf=2.6sin265°=1.16

From Table A.2: P2 =1.403
P

Po, _ 19.95
Jull

From Table A.1, for M; =2.6:

From Table A3, for My =2.6: v, =41 41°

va=vi+8=4141+5°=4641° -+ M,;=2.83

From Table A.1, for M, =2.83: Po, _ 28.4
P2
Py = P2 P Po ) 0350)(1)(19.95) = 0.7022
P, Po, Po D

_ L (p; ~p,)c cos Of“: (p:—p,)
Qo 4. ¢ () q.

cos &

_ oYy _r ey pM;
2y p 2 a 2
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2 —
c, = ————m(p3 Pzz) cos o = 2 > (&—&) cos o
Y Py M] yM} Ph B

) .
¢, = ————— (1.403-0.7022) cos 5° = 0.148
T Tl )

- = 5Q .
oy 2 (gl_&) sno=c, S2% _0148 Smsu =

¥y M: \p, p, cos cos

(b) ForM;=26and0=15°p=359°

M, =M;sin = 2.6 sin35.9°=1.525

n

From Table A2: £2 =2.529
P

From Table A 1, for M; = 2.6: 2% =19.95
jol

From Table A3, forM;=2.6:v;=41.41°
v,=vi+0=414]1+15=5641°—>M,=337

Po, _
P>

63.33

From Table Al forM,=3.37:

&=&3?z—pi=[ ! ) 1)(19.95) = 0.315
6333 (D{A-95)=0-

¢ = —> (&—&J cos = ——> (2529 —0.315) cos 15° = 0.452)

‘ 4 Mlz B D (1-4)(2-6)2

il

6= c, SN _ o 455 smml5 =‘,.

[
©cosa cos15°®
(¢)  ForMj=2.6and6=30°p=59.3°

M, =M; sinB=2.6 sin 59.3° ~2.24
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Ps 5687, 2o —19.95, v, =41.41°
jo Pi

Vvy=vi+0=4141+30=7141°-> M; =446

Po, 97525
P2

Pz=&p¢p¢=( ! )(1)(1995) 0.0725
27525

el (1 J (]4)(26) (5.687 —0.0725) =[1.19

ce=1.19 sin30°

cos30°

9.14
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Forregion 2:
vy =49.76°
Vo=V +0=49.76°+5°=54.76° > My =327

For M, = 3: Yo =36.73:

Pz

P,
P

For M, =327, = 5476

Forregion 3:

va=vy+0=5476°+20°=74.76°—> M3=4.78

For Ms = 4.78: 2o = 407.83
Ps

For region 4:
M;=3and 6=25°—>  =44°

M, =M; sin =3 sin 44 = 2.08

Pe ~ 4881, M, =0.5643,and 22 = 06835
P P, ’

_ M, 05643
sin(f—0)  sin(44—25)

=1.733.

M,

Thus.

7

vs=18.69, £or = 5165
Ps e

Forregion 5:

Vs =vg4+0=18.69°+20°=38.69° > Ms; =2.48
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P 1656
Ps

Pressure ratios

Py _ Py Poy Po (L) (1)(36.73) = 0.6707
5476

Ps _PaPs_ P2 Py Poy Po (0.6707)( )(1)(54-76') =0.09

Pr Pi P P1Po. Po, P2 407.83
Ps 4881
o

_p_5= Ps Po; Po, P,
p1 pos po_, pol P]

1 - o
- (1656) (1)(0.6835)(36.73) = 1.516

Let ¢ = length of each face of the -diamond wedge.
L =pq £ cos 25°+ps £ cos 5°-pp £ cos 5° - p3 cos 25°

L) = (ps—p3) £ cos25° +(ps—p2) £ cos 5°
F v f ) . i
€ = E__ ¢ -2 =~ Ii(?i_&] c0325°+(&_22.) cosS{i
q,,S gle?C b4 Ml C pl Pr o a3

c, = —-2—2- £ [(4.881 — 0.09) cos 25° + (1.516 — 0.6707) cos 5°]
14)X3)" c

/
6=0.823 —.
c
However,
.iz;=cos 10'3 £ =___._._.]_l..._...__ :0'5077
4 ¢ 2 cos 10°

¢ = (0.823)(0.5077) =
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D'=ps £ sm25°+ps £ sm5°-py £ 510 5°-p3 £ 51n 25°

= (ps—ps) £ sin 25° + (ps —p2) £ sin 5°

Cg= >y__D -2 3 = K& p3]5m25° ( p’jsmS"{l
9.5 glefc yMpc\p P P P

o= — 2 [(4 881 —0.09) sin 25° + (1.516 — 0.6707) sin 5°)
a4E)?
ca=0333 £ =033 (0.5077) = [0.169)
C

9.15  The maximum expansion would correspond to Mz — c0. From Eq. (9.42) in the text,

: - y+l o y—-1 0 B Ny
Imwv, = hm{ ltn \/—Tﬁ(Mz—l)—tan JM ~1}

y- Y

M; —> 0 My >
. fZ_:tl LA s 1)——2277rad—13045°

Since, for M; =1, v =0, then

0= Va2 -V = 13045—-0= 130.459

max

M=/

38



9.16  For the cylinder, with ¢4 based on frontal area,

Doyt = G S 06 = G A1 V(4/3) = % @) g

For the dimensional wedge airfoil, referring to Figure 9.27.

D)w=(p2—ps3)t

Hence,

4
(D g(d) q,
D), (P—ps)t

However,t=d and q.. = 22,— 19 M;?
Thus,

4(7’ 2 2
' - =M - 2
(D )cyl =3 QJ ! -3 y M;

(D), (p_z_&) (E.Z__Bi)
P P P P

To calculate p»/p), we have, for M =5 and 6 =5°, B =15.1°.

M,; =M, sin p =5 sin (15.1°) = 1.303

From Appendix B, for My = 1.302, P2 _ 1 .80s. Also,
P

M,, 0786 _, 4o

Mo (s 6) sm(151-5)

To calculate & , the flow is éxpanded fﬂrough an angle of 10°. From Table C, for M, =
P
448, vo = 71.83 (nearest entry).
v3=vy+8=71.83+10=281.38°

Hence, M; = 56 (nearest entry)
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Po, _

From Appendix A: For My =35, =529.1
P;
—_ p°3 —
ForM;=15.6, =1037
bs

. P,
From Appendix B: For M, =1.303, -+ =0.979%4

Po,

Thus,

Ps _ P Po, P Po 2( 1 )(1)(0.9794)(529.1)=0.5
pl p°: POI pol pl 1037

Hence,

2 g .
Oy, M 2090

— 3 = = CR
(D", ( P &J (1805—05)
Pr P

Note: This is why we try to avoid blunt leading edges on supersonic vehicles. (However, at
hypersonic speeds, blunt leading edges are necessary to reduce the aerodynarmic heating.)

9.17 The supersonic flow over a flat plate at a given angle of attack in a freestream with a
given Mach number, M., is sketched below.




The flow direction downstream of the leading edge is given by line ab. The flow direction 1s
below the horizontal (below the direction of M) because lift is produced on the flat plate,
and due to overall momentum considerations, the downstream flow must be inclined slightly
downward. Also, line ab is a slip line; the entropy in region 4 is different than in region 5
because the flows over the top and bottom of the plate have gone through shock waves of
different strengths. The boundary condition that must hold across the slip line is constant
pressure, i.e., ps = ps. It is this boundary condition that fixes the strengths of the expansion
wave and the shock wave at the trailing edge.

To calculate the trailing edge shock and expansion waves, and the flow direction
downstream, use the following iterative approach:

1. Assume a value for ¢

2. Calculate the strength of the trailing edge shock for the local deflection angle (-
$).- This gives, among other quantities, a value of ps-

3. Calculate the strength of the trailing edge expansion wave for a local expansion
angle of (¢-¢). This gives a value for ps.

4. Compare ps and ps from steps 3 and 4. If they are different, assume a new value
of ¢. ‘

5. Repeat steps 2-4 until ps = ps. When this condition is satisfied, the iteration has
converged, and the trailing edge flow is now determined.
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