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Ma < 0.3:  incompressible flow, where density effects are negligible.

0.3 < Ma < 0.8: subsonic flow, where density effects are important but no
shock waves appear.

0.8 < Ma < 1.2:  transonic flow, where shock waves first appear, dividing sub-
sonic and supersonic regions of the flow. Powered flight in the
transonic region is difficult because of the mixed character of
the flow field.

.2 < Ma < 3.0: supersonic flow, where shock waves are present but there are
no subsonic regions.

3.0 < Ma: hypersonic flow [13], where shock waves and other flow
changes are especially strong.
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:M=28.97 L1 o, <
R = 1717 ft2/(s*> - °R) = 287 m*/(s* - K) k = 1.400
c,=——=4293 {t*/(s* - °R) = 718 m*/(s” - K)

kR | 2, 9 - 2,2
C, = 1 6010 ft=/(s= - °R) = 1005 m~/(s~ - K)
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Argon flows through a tube such that its initial condition is p; = 1.7 MPa and p; = 18 kg/m’

and its final condition i1s p, = 248 kPa and 7, = 400 K. Estimate (a) the initial temperature, (b)
the final density, (¢) the change in enthalpy, and (d) the change in entropy of the gas.
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R=208m%(s*-K), k=167

T, = P 1.7 E6 N/m”>

oR (I8 ke/m)[208 m/s2 - K)] PR

_ P2 _ 248 E3 N/m’ — 2.98 ko/m’
o T.R (400 K)[208 m*/(s* - K)] 2.98 kg/m

kR 1.67(208) 5, 5
g = e P 5 h\_ .
Cp k— 1 167 — 1 19 m~/(s K)
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hy = hy = ¢ (T, — Ty) = 519(400 — 454) = — 28,000 J/kg (or m*/s°)

§2 = 81 = ¢, In % — R In f
, n,
= 519 In ﬂ — 208 In 0.248 EO = —606 + 400 = 334 1'112f(5:2 - K)

454 1.7 E6
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control volume fixed

Friction and heat
transfer effects are
confined to wave interior
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Fixed
wave

control volume moving left at wave speed C.
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Table 9.1 Sound Speed of Various
Materials at 60°F (15.5°C) and 1 atm

Material a, ft/s a, m/s
Gases:
H» 4.246 1,294
He 3,281 1,000
Air 1,117 340
Ar 1,040 317
CO, 873 266
CH,4 607 185
HUF, 297 91
Liquids:
Glycerin 6,100 1,860
Water 4,890 1,490
Mercury 4,760 1,450
Ethyl alcohol 3,940 1,200
Solids:*
Aluminum 16,900 5,150
Steel 16,600 5,060
Hickory 13,200 4,020
Ice 10,500 3,200
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Local isentropic stagnation properties.
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Compressible flow in an infinitesimal stream tube.
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(1) Steady flow.
(2) Uniform flow at cach section.
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pViA = (p +dp)(Vy +dVi)(A +dA)

L (3) Fg =0.
Sledys (4) Frictionless flow.

—0(3)=0(1)
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Air flows adiabatically through a duct. At point 1 the velocity is 240 m/s, with 7, = 320 K and
p1 = 170 kPa. Compute (a) Ty, (D) poy, (¢) po. (d) Ma, (€) Ve and (f) V¥ At point 2 further
downstream V, = 290 m/s and p, = 135 kPa. (g) What is the stagnation pressure pg»?

= <

k=14, ¢, = 1005 m*/(s* - K), and R = 287 m*/(s” - K). Hoa ol <
fo (240 m/s)’
e = 37 e 'j' 'j'L e A0
Tor =T, + T 320 + 311005 w7 - Kl 320 4+ 29 = 349 K
> (349 N\ o
Ma? = 5(_320 - 1) = 0453  Ma, = 0.67

ay = V ERT, = 359 m/s, whence Ma, = V|/a, = 240/359 = 0.67. The

Por = pi(1 + 0.2 Ma7)™ = (170 kPa)[1 + 0.2(0.67)°]’> = 230 kPa 45 (b)
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from the perfect-gas law

P 170,000 i 3
== = = * 5 4 T [
P1 RT| (28?){320) .8 Lbjln

por = pi(1 + 0.2 Ma$)*> = (1.85)[1 + 0.2(0.67)*]*° = 2.29 kg/m’

po = po/(RTo) = (230 E3)/[(287)(349)] = 2.29 ke/m".

Vmax = {2( ;.T{]}”z = [2(1005){349)]”2 = 838 m/s

!

from Eq. (9.33) is

2k V2 2(14)
RT“_) N [1,4 + 1

= (a + 1

1/2
{28?){349}] = 342 m/s

At point 2, the temperature is not given, but since we know the flow is adiabatic, the stagnation
temperature is constant: 7, = Ty = 349 K. Thus, from Eq. (9.23),

2 2
V3 (290)

=349 — =~ — 3
20, ¥ 30005 TR

I =Ty —
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Pos Pz( Tz) (13 )(30?) 11 kPa
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Stagnation pressure  pq
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Static pressure
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Subsonic nozzle

Supersonic diffuser

dA 1 dv —  dA 1
A (1 - M| V A 1 - M2
Duct geometry Subsonic Ma < 1 Supersonic Ma > 1
dV <0 dV=1(

dA >0 dp >0 dp <0

\ Subsonic diffuser Supersonic nozzle

dV =10 dV<0

dA <0 dp <0 dp=0
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Mass flow function = — 2= (I ) {l — (L)
A po \ k—1\po Po
plpo 10 | 098 | 095 | 09 | 08 | 07 | 06 |=05283
Function | 0.0 | 01978 | 03076 | 04226 | 05607 | 06383 | 0.6769 | 0.6847
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Air flows isentropically through a duct. At section 1 the area is 0.05 m” and V, = 180 m/s,
P = 500 kPa, and 7), = 470 K. Compute (a) Ty. (b) May, (¢) pg, and (d) both A* and m.
If at section 2 the area is 0.036 m-, compute Ma, and p, if the flow is (¢) subsonic or

( /) supersonic. Assume kK = 1.4.

Possibly
Subsonic supersonic

Throat |

Vi =180 m/s

| | | Assume
o | — : — | == isentropic
py=>500kPa | flow

Ty =470K

A; =0.036 m? A, =0.036 m2

A =0.05m?
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[y /2 Ly~
h 4+ i{; — h” = CcOonst {‘PT + f‘r’x — {‘!)T{}

% (180
T{p: ‘Tl + — =470+ —— = 486 K
2¢, 2(1005)

The local sound speed a; = '\.-""".A'RT] = [(1.4)(287)(470)]"* = 435 m/s. Hence

v, 180
Ma, = ~L = —— = 0.414
fi'] "-I-J‘:"‘

With Ma; known, the stagnation pressure follows from Eq. (9.34):
Po = pi(1 + 0.2Ma7)™” = (500 kPa)[ 1 + 0.2(0.414)*]7 = 563 kPa
Similarly, from Eq. (9.45), the critical sonic throat area is

Ay (1 4+02May)’ 1+ 02(0414)°]

! | = i\ — 1.547
A 1728 Ma, | 728(0.414)
. A, 0.05 m? 00393 12
ar AT o= = = AaZaym”
‘ 1547 1.547 !
| PoA®  (563.000)(0.0323)
m = 0.6847 —=—= = 0.6847 = 33.4 kg/s

RT, V(287)(486)

Ans. (a)

Ans. (b)

Ans. (c¢)

Ans. (d)
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Continuity: p vV, = p,V, = G = const
2 2
Momentum: P — P2 = pVs — pV;
11,2 11,2
Energy: hy, + 5V = hy, +5V5 = hy = const
P1 P2

Perfect gas:

pi T - P21

Constant ¢, h=c,T k = const
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1/k

P2 _ 1+ Bpip, B:k+l &:<p_2)

pPr B+ pap k—1 Pi P
P2 P/ p §7 — 84
P R ) B

| Eq. (9.51) Isentropic v
0.5 0.6154 0.6095 —0.0134
0.9 0.9275 0.9275 —0.000035
1.0 1.0 1.0 0.0
1.1 1.00704 1.00703 0.00004
1.5 1.3333 1.3359 0.0027
2.0 1.6250 1.6407 0.0134
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Subsonic

Supersonic

(a) Normal shock

Subsonic
R —

Supersonic

(c) Attached shock

Supersonic

=

(b) Oblique shock

Subsonic

—_— =
Supersonic

(d) Detached shock




1.0

p¥
Py
J2
Py

Semnan University ||

2N 15 Ol |

U5 o S50 39 2y o515 b >

Jet
boundary

(a)

a | Subsonic
b jet

_______________ | ¢

-—

je

point .
expansion

e

_ / Supersonic
Sonic I d} :
|
|

Y

(b)



Semnan University ||

2N Ok
S o J36 50 Ko oo 9 (20 O ki

e d
1.0 o—0
m
m max A
0 Py




x ;\2‘ M' ; g b“ ﬁ || Semnan University ||
H519-15 o J36 50 pdy o515 Ob &

Possible
normal shock
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A converging—diverging nozzle (Fig. 9.12a) has a throat area of 0.002 m” and an exit area
of 0.008 m~. Air stagnation conditions are pg = 1000 kPa and T, = 500 K. Compute the
exit pressure and mass flow for (a) design condition and the exit pressure and mass flow if

(b) p;, = 300 kPa and (c) p, = 900 kPa. Assume k = 1.4.

AJA, = 0.008/0.002 = 4.0.
Mﬂf,design ~ 295

The design pressure ratio follows from Eq. (9.34):

b
20 = 11 + 022957 = 34.1

Pe
1000 kPa
or Pedesion = — - = 29.3 kPa Ans. (a)
o 34.1

Since the throat is clearly sonic at design conditions, Eq. (9.460) applies:

, . 0.6847poA,  0.6847(10° Pa)(0.002 m”)
"“design = Mpax = {RTD}IIE - [,-,87(500}]”2 Ans. (“)

= 3.6l kg/s
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Ma, = 2.95 — = —12.8(2.95) — (04| = 999
: P 2.4 [ ( ) }

or p2 =999 = 999, desion = 293 kPa

Since this is less than the given p, = 300 kPa, there is a normal shock just upstream of the
exit plane (condition E). The exit flow is subsonic and equals the back pressure:

p. = p, = 300 kPa Ans. (b)
Also ”f:"- = f?}nmx = 3.6l Lgfc., Ans. (h)

The throat 1s still sonic and choked at its maximum mass flow.
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P,=900 kPa (c
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Ma (C) = 0.147 (exact = 0.14655)

Then the isentropic exit pressure ratio for this condition is

Po : i 2135 . — 1000 — 0ORS5 P!

= =11+ 0200.147)"]" = 1.0152 p. = = 985 kPa

o, [ 1.2(0.147)7 ] 1.01 ! {0152
The given back pressure of 900 kPa is less than this value, corresponding roughly to con-
dition D in Fig. 9.12b. Thus for this case there 1s a normal shock just downstream of the
throat, and the throat is choked:

p. = p, = 900 kPa m=m,.. = 3.61kas Ans. (¢)
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Continuity: pV = A = (G = const
d dV
or Py (9.60a)
p V
¥ momentum: pA — (p +dp)A — 7, 7Ddx = m(V + dV — V)
4.4
or dp + 2 4 oV av =0 (9.60b)
Energy: h + %VE = hy = CPTO = CF,T + %Vz
or cp,dl + VdV =1 (9.60c)

Since these three equations have five unknowns—p. p. T, V. and 7,—we need two
additional relations. One 1s the perfect-gas law:
dp dp N dT

- (9.61)

= pRT or
pP=p » P T

To eliminate 7,, as an unknown, 1t 1s assumed that wall shear i1s correlated by a local
Darcy friction factor f

T, = sfpV* = 1 fkp Ma® (9.62)
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D k Ma~ 2k 2+ (k—1)Ma"

AL required to develop from Ma,; to Ma, is given by

AL (2L ()
A | D /,

Property Subsonic Supersonic
p Decreases Increases
p Decreases Increases

V Increases Decreases

Po. Po Decreases Decreases
T Decreases Increases

Ma Increases Decreases
Entropy Increases Increases
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Air flows subsonically in an adiabatic 2-cm-diameter duct. The average friction factor is
0.024. What length of duct is necessary to accelerate the flow from Ma, = 0.1 to Ma, = 0.57
What additional length will accelerate it to Mas = 1.07 Assume k = 1.4.

Equation (9.67) applies, with values of fL*/D computed from Eq. (9.66) or read from

Table B.3:
FAL _0.024AL (f!_) (H_)
- D 0.02 m D /Ma=0.1 D /Ma=05
= 66.9216 — 1.069] = 65.8525
65.8525(0.02 m)
Thus AL = =55m Ans. (a)

0.024

The additional length AL’ to go from Ma = 0.5 to Ma = 1.0 is taken directly from Table B.2:

AL (f L) 10691
— — . "’
D D Ma=0.5
) , 1.0691(0.02 m)
or AL = Lij,—0s = = (.9 m Ans. (b)

0.024

This is typical of these calculations: It takes 55 m to accelerate up to Ma = 0.5 and then
only 0.9 m more to get all the way up to the sonic point.
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PV, = p,V, = G = const
pr — P2 =GV, — V)

Continuity:

X momentum:

-
£

Energy: Q = m(h, + %V% — hy — %V])
or — g — S—Q = hgy — h
T 0~ om 02 v

To complete the analysis, we use the perfect-gas and Mach number

P2 Pi '
— h{}z - h(}l — {Tp(?_"[}f o ;r"[“]

po 1> p1T
V, Maya, Ma, (E)”f
VI P\’]ﬂ] ﬂ] P\f’lﬂ] TI
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Heating Cooling

Subsonic Supersonic Subsonic Supersonic
Ty Increases Increases Decreases Decreases
Ma Increases Decreases Decreases Increases
P Decreases Increases Increases Decreases
p Decreases Increases Increases Decreases
V Increases Decreases Decreases Increases
Po Decreases Decreases Increases Increases
s Increases Increases Decreases Decreases
T * Increases i Decreases

*Increases up to Ma = 1/k"* and decreases thereafter.
tDecreases up to Ma = 1/k' and increases thereafter.



