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11.1 Distinguish between flow of an ideal £as and inviscid flow of
a fluid.

Jhe flow of an 1deal gas mvolves a gas that oée/; the ejmﬁm
of s-fm’-e) Eg. 1l

I
and for wh:ecl: ﬁrz—kmd/ 5”5{'77 J " : /5 a furnction of femfemﬁxre an//.
An idea/ 9d5 may have vion- 3ero w';&asi;‘y_
The mviscid Fow of a Fluid mwies a Hud that has
3ero l//';aosiﬁ, That fluid may ov o vol be an ideal 945,

/-3

11.3 Five pounds mass of air are heated in a closed, rigid container
from 80 °F, 15 psia to 500 °F. Estimate the final pressure of the air
and the entropy rise involved.

To determine the final pressure, F, , , we can use the idea)
gas eguation (€§.10-1) . Thus, for constan? mass = aensity

A ! 7 . 0 Volume.
AR L N T o B P
n —_—
. 7:}11"‘1'4/ 540 %%
Eg-lI.Z?_ ray be used to defermimne the en{y,” vise, 5, -5 . Thus,
s -5 = € /n T;‘:'mu' - R /n Eﬁ'n.f
3 ’ ok - —
Lo fini el
initel Foom Table &7
" L . a) . 2466 fthb
. (¢oe L1t )z i‘ﬁ) - (e £ fm,m): i
5, - 5, - :'Iu’,e‘k 540°R ‘q“j- p) I5PJI'A “j-‘

/-1
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1.4 Air flows steadily between two sections in a duct. At
section (1), the temperature and pressure are T, = 80 °C,
pi = 301 kPa(abs), and at section (2), the temperature and pres-
sure are 7, = 180 °C, p, = 181 kPa(abs). Calculate the
(a) change in internal energy between sections (1) and (2),
(b) change in enthalpy between sections (1) and (2), (¢) change
in density between sections (1) and (2), (d) change in entropy
between sections (1) and (2). How would you estimate the loss
of available energy between the two sections of this flow?

(a) &g- 11-5 m'ay be used H evaluale the change 1n Internal

energy u - AZ Thus
7
-4, = ¢ (4-7,) = (7’7-2 = [453& 3;3() 7 Zoﬁj
(b) Ez /1 7 may be used to evaluate the change 1, enthalpy,
/r l, Thus,
-b = ¢ (T-T )= (1004 T Vys3x - 353¢) = 109400 T
bp-b, = 6(7-T,) b8 ) ol

(c) The idea! gas &guation (&g. 1. /) ma}/ be u.red 7> evaluate
the density at eacl sechon .

. 5 E
Ce RT, kt'é )

or N
2= p ! (12520 'ﬁ) - éa// % z) —-158 %9
= (23‘9 Nm) (453 k) (353 k) —m?
Rg. K
Fom Table 1.9 T

(d) Efz .22 may be used ) evaluare 7%& CAany& wm cﬂhpy/
5.-5, Thus

5-3 =¢ In T: . R In h_ ootf 7\, 6‘53K)
7 7 @x (353k),
- (256“7 /Vn-)/ (/S’/fpd/
5-5 =376 T (701 /2
*9. K
(con't )
/l-
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Swrce the Flow invelves a ff;cm‘#canf C’éwje . 6/&)7!/79) See
solubon o Parl (C) Aém/ej it s c»:n,o'?.f.riéle and @ $/08
st be used fo evaluabom the [loss /n Gvailalble enersy befween
sec Homs (1) amd (2). So Ffo~ Ej 5008 we oef

2
v o v
pss = GGt (0] B
) -

/%
and 1o tomplete Wiy solediom e need POt 1hfomatin, so v
Car evaluate The vak;‘rl/ omd fhef‘ ;
/i

5

11.5 Does the entropy change during the process of Example 11.2
indicate a loss of available energy by the flowing fluid?

We combire Eg. 5.106
dit +/od/_'f_)- 5‘23# = {6’055)
with E¢. 592
= dix d/L
Tds ut p (P}
+v ge'/'
7ds - 53?%: I Irss ) |
and conclude ny%a‘/' o this Flow is adiabatic @q’m‘:a)

in

then em‘npv/v cimnjc je related b Joss.

/-3
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11.6 As demonstrated in Video V11.1, fluid density differences
in a flow may be seen with the help of a schlieren optical system.
Discuss what variables affect fluid density and the different ways
in which a variable density flow can be achieved.

Fov an )'a’ea/ gas : .
e = b

RT
So gﬁanye; n a’eﬂ.rz'.}y,ﬁwi/l accompany changes Iy
pressure, P . 9as compos; /;'on’ ,?} and/or femperature, T.
Var:ations in fluid l/er/achj, and/pr hecﬁ'ry and
oaa/n’oj may result in pressure and  femperatere
changes. C‘J.Mya in gas composidon that affect
the value of Vhe 9as (mnér»/) /?) will result
cétn;e.r of dé’nr«'fjv, e.

I
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11.7 Describe briefly how a schlieren optical visualization system
(Videos V11.1 and V11.4, also Fig. 11.4) works. How else might
density changes in a fluid flow be made visible to the eye?

Den:h“y Variabons i a -hnn.syarenf Howfn ‘f/uz'a/ resutt 1
variatens n the local speed of /:'y#f f‘}yrﬂuyA the Huid.
These. light speed Variahons result- in changes in light ray

direction and phase. Changes in light ray diwection result o
local variations in perceived [ight brfylrfness, 7he.
Shadow_? ra,oh and schlieren wmethods wake visible
these variahons m [ j‘j ht 5"{'74/»78!5. An  mterferometer
makes visible The local variakons in /ight ra 1y phase. .

A 99001 description of These three Horno Vi:}'ua /!5474'07)
methods may be found 1 The Hangbook of Flujd
Dynam;(‘.f edited é} ﬂi'CAaM W, Jehnson and
published by The CRC Press (1998) .

il-5
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11.8 Explain why the Bernoulli equation (Eq. 3.7) cannot be ac-
curately used for compressible flows.

Refer +o Sectiorn 3.8.) Cow/orefsih'/.-é Effects

/1:9

11.9 Air at 14.7 psia and 70 °F is compressed adiabatically by a
centrifugal compressor to a pressure of 100 psia. What is the min-
imum temperature rise possible? Explain.

The wisnimurn temperature rise would occur with an adighatic and
Frictionless process which involves a constint enﬁvpy or /sentrapic
Flow. Acwm’/hj 70 fhe second law of ﬂrermadynamia , &g 5100
the entropy nmust wcrease or vemtam Constan? d«n}?j an adjabatic
process jt  cannot dccrease., The 7-s o 1agvam skefched Yelmw

illestrates how The isenbopic process resultr i a minimem Temperatux
Fise . Fout

I

2 adiabatic process with Friction
/

. P-

1sentropi ¢ o

Compression

s
For the isentrpic process , Eg.11.2% i5s valid. Thus,

-1 ; It
£ = Y ; 2.y
Touf‘ = T (ouf) =(5':?0R)/00/”’4 2?17%
mini murm i Fx 14, 2psiq
dnd
- 7. —97% -53%0% = 381X
o 1;7

/1-&
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11.10 Methane is compressed adiabaticaliy from 100 kPa(abs) and
25 °C to 200 kPa(abs). What is the minimum compressor exit tem-
perature possible? Explain.

7he  minimurm compressor exit temperatwre. would occur with an
adiakaric and Frichonless process which inveles a comstant
enfmp] ov Isentropic Flow . Aceardmng +o the second law of
thermodynarmijcs | £g. 5./01, the enbropy must Increase or
Yemasn  consiant duru'?j gn adiabatc process, it~ cannof
decreqase . The T-< diagram stefched belnv 1llustrates how Fhe

ISentvapic  process results in o lower exit temperature than any
actuad pdiabatic process betweer Fhe Same  pressures .

-
For 7% /s . : 2
e e 1€ COmpression , we conclude Fon é’g /1-24 That
- Bt N
Tt = T ()R
Mlinrmim h
or 3t
U 1.3/
- 2
T, (o) 20He | o 35
P10 oy /oa £ A

/- F
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11.11 Air expands adlabatically through a turbine from a pressure
and temperature of 180 psia, 1600 °R to a pressure of 14.7 psia. If
the actual temperature change is 85% of the ideal temperature
change, determine the actual temperature of the expanded air and
the actual enthalpy and entropy differences across the turbine.

Jo determme the actual femperature of the expanded Gi- ang the
actual emﬂm/py and enfro/py diffevences across the turbjne we need
fist Fo defermine the ideal Temperature change across the turbine.
The ideql femperature change acwss the turbine is associaka with an
ad idhatic and frictiomless and Thus isentrgoic turbne EXparsion .

The actual process wwhes a Swallev Fesmpesature change as jllestrated
with the 7-5  djagram sketetr belno.

T

Ef 11.24 /s vald Forr the /s'en/)@oic Expalumn 7hu:

i -7
7 4 / wut | * _ (l600% ) /"/ 7,,,,) _ W2
Jdee) oS 180 psia

Since
(7 = 0.85 / F =7
out out 3
P achual jdea )
(4] ) -
Tat = o.ag(?gz‘k-/daa‘}e)+ 1600°R =?05 ®
actnal

«, Mf 4 ,hmyéc oblamned with & f//-? Thu s,

bout = by = G (Tp - 7’) (5006 i /(’ (905‘1? lgao,ﬂ—-i’l?x!a AU
actual actual — 5’“}

e actuwal enbrp, diffvence, ,u,e -3, may bc c‘/m{.kx with &.41.22. Thus,

- t (
-5 =Cinf ' 2/ 5@5 £l /n _ﬁ,‘ LY i’ /4.7 psia
L aé‘;fu! w C ) "( ) / Sug.*R /600°R ) ’ )

ﬂa’ °R ’;0,-&‘.
_ 4 1b.
St ;5 = 8T Lol L oo 72t1e 1.7

The actuat fnféat/py diffevence b,
"g

/l- 3
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11.1Z An expression for the value of ¢, for carbon dioxide as
a function of temperature is

1.15 X 10% = 2.49 x 10°
+
TZ
where ¢, is in (ft - 1b)/(Ibm - °R) and T is in °R. Compare the
change in enthalpy of carbon dioxide using the constant value
of ¢, (see Table 1.7) with the change in enthalpy of carbon diox-

ide using the expression above, for 7, — T, equal to (a) 10 °R,
(b) 1000 °R, () 3000 °R. Set T, = 540 °R.

¢, = 286 —

v

kv constam? G , The c/mmje /n en/hr/py)/;z-éu may be
evaluated with €g. /1.9, Thus,

(Az_ g )::a:fnnf G (T-7)

v v
57- Vay}l/}zﬁ c’(;ﬂ 3 The Chdnjﬁ m eh‘ﬂlﬂ/ﬂy} éz-é}/ma,y be
eveluated  with &g /1.8, Thus,

v v A A
hi-b, = [gar =/(zse - wsx10’, 249x10° ) dr
A

4 ! T
or
v v ¢
(/1 - h )-“'zw ‘ﬁ—!f* (7;-7; ) -f"SX/{ﬂA(E —-?f{fxmﬁ.u.'k(_’. .
2 / wz‘;,, 1bm R . lom 7;. T 7;. T

(WFry T =540k aud 7, = 550°F

Ch-h,)

e (152 £+ /6 )Gsa‘ie-m"z) = I5z0 Ttlb

2 constant lbm. % /b,
%
and
v v ) " )
(/1:_[":) ' =/25’6 _fué’_)/ffok‘55‘0)9.(!5)(/05_7["-/é LA
o
_ﬁ.n,tqmé N AT I
tbm SBoR  S%or
v v
— 0 £+ 1b
(hz‘ L’I _) ; /5§ -__—fé
Varym] — I

Ge

(Ccm’% v

/-1
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(b)FOV 7,_ = 5%0 ‘£ and T = /54%p°p

(A:'L“: )com/nn (/5-2 P )//S"{We 5_5‘5’/9 = 152 xp ’Z’f
&,

and

i) = (56 2 e s
2 L varging [bm. “R

f
—(H5x10%44- 16 1.4 A(
$%0 k.
(‘r“ixm £+ 1. %
(p ) lbm 5¥a£ 5'40’,2
/72’;,,) : = 1.95 x/0° £1- 16
arpng = b
Z,
| @fr T[S0 aud T -3540%
v i 5-
O’ ‘Av) g //57— ﬁi (35?‘0 ﬂ-ﬂ‘o?e) 456 10" £ 1lb
Z ' 4 —
[
»

=ﬁ% 7. ’-‘)@mz ShR ) _ [ 15100 -1 ﬁ‘tﬁfﬁm
[bm, %

2" ‘h ) Vdrylhj /ém

% /Zcﬁx,a £t 16, ﬁ)[ )
/b 35%0% ﬁoﬂ
v vV _;'
(g i ) = 690 xj0~ FH/6
- Vdrylhj —_—_— /5““)
%

/-10
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]131314 Confirm the speed of sound for air at 70 °F listed in Table

55.11-36 5 suitable 4, Calealating the s/ee/ of Sound 1n air. Thus,

I/RT (’?/6 i /é e "4)//.4@,) = w29
/ b 5
% “7 ({S/#y_ “t ) ‘
SI.

From Table £3
etz B Ly amr aF 70°B  The valuer of ¢ ave (M/aﬂ‘ﬁé/&
= :

/115 |

11.15 From Table B.1 we can conclude that the speed of sound
in water at 60 °F is 4814 ft/s. Is this value of ¢ consistent with the
value of bulk modulus, E,, listed in Table 1.5?

The speed of sound 15 water may be approximated FHpn o

nominal value of the bulk modulus, £, , and density, p,
with &Eg. 11-38. 7hus

B} € 3/2)«'/05 % (/‘/“
¢ = I/;—= ( ) -f-P = 49/2 ff

7.94 :/u / /6 )
From Table B. | ""’ ﬂ“’ ﬁ

c = 4814 £f
S

=1/
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11.16 If the observed speed of sound in steel is 5300 m/s, deter-
mine the bulk modulus of elasticity of steel in N/m>. The density
of steel is nominally 7790 kg/m*. How does your value of E, for
steel compare with E, for water at 15.6 °C? Compare the speeds
of sound in steel, water, and air at standard atmospheric pressure
and 15 °C and comment on what you observe.

The speed of sound , ¢, is related A Hhe bult modulus of
easticity , £, and density , p, by Eg. 1138 as follows

C =|/€v
yZ

Thus
g R
= Table J.
£, P2C able 1.7).

and for stee/

Z
%
& =(77?o _:)(5300 ;_r_:)ﬁ_/\i )
m

Jtee/ Téy m
o / e
E = z208xp Z
steel _— m*
For water al /56 C we get hm, Table 1.4 oo Talle 17,
£ = zi5x107 N
lfulw m*

Fov walr at 154 %

N
- if& [’ &) ..
wate | s

PN =
(‘m»;{)( Ay 2

For -sfee I

C = 5300 m which s wmuch h::?hc/ thah The
i <
stee! speeA of  sound 1 wafltr—

Fv air a,f I5c we yer‘ Hom Table 8.4

¢, = 3404 rmk

The least compressible matevial | stee], wvelves the /Mjé’f?( speed of
sound . The most compressible matevial, aiy rivofves the smallest speed
of sound. This matches ewv ,ptui fien -

/1-12Z
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11.177 Using information provided in Table C.1, develop a table
of speed of sound in ft/s as a function of elevation for U.S.
standard atmosphere.

We can use &7. 11-36 12 defermine the speed of sound ui LS.
Standard Afmosphere  at 1he elevations liskd ,, Table C.) Thus,

C = PRT-}@

We use R = 1716 ;’L fbg and % = /.40 From Table 1-7. For absyute
ug

'ff-’mpcraﬁlre we add  Féo R % F. For altitde = - 5000 F+

1746 T+ 16 (538.8%°R )(1- %0 )
/( . ) a = /136 £

g (/ /6 >

.S'/a,. ff
‘-J
For afl elevations , The  same procedure shown above was used.

The résult aye

altitude £
ft 1/s
-5000 /1136
0 /117
5000 109 7
10,0 00 1078
15,000 105 8
Zq, 000 10377 )
25000 /016
70,000 995
35 000 273
40,000 9668
45,000 96 8
50,000 9% |
60,000 96 B A
70,000 Q7
0,000 778
9,000 98¢
/00,000 991
/50,000 1073
200, 000 /1028
250, 000 94y

11-13
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11.18  Using information provided in Table
C.2, develop a table of speed of sound in m/s as
a function of elevation for U.S. standard atmo-

sphere.

We can use £g. /136 To defermmne the speed of Sound in U.S.
Standard atmosphere at the elevations listed (b Table C. 2. Thus,

C=|rT+4
we use R = Zgé'qif—k and #
Temperatwre e Mdj. 273K +o °C. For a/v’n‘uak:-/oaam)

c = 286.‘? )(2?45‘1«)(/40) S b

(’kj _m d

For all elevatons the above procedure was used. The vesyulhs are:

= L40  from Table I8, Fov absolute

altitnde &
m fh/s

- 1000 344
o 340
/1000 330
2000 372
3000 328
4000 324
5000 220
6000 316
7000 312
F000 308

T 000 304
16, 000 299
/15,000 295
20,000 295
25 000 298
30, 200 302
40,000 317
50, 000 330
60, 000 zis
70,000 z97
g0,000 z82

/i~14
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11.1%  Determine the Mach number of a car
moving in standard air at a speed of (a) 25 mph,
(b) 55 mph, and (c) 100 mph.

The Mach  pumbey is the rabio of local velocity 4 speed of spund
Thus

Fov stavdayd aw

& = 1/;;; -_/(m £ 16 )/5/'7 R)(14) = 1017 E
,’/uj.?

i (3600 =
s iy £F _/7'“) = %16 mph
¢ = (1 5)(5'23‘0 £t .
en
@by V= 25 rmph
Ma = M = 0.032%
76/.¢ m'pl,

GIFor v = 55 rmph
MA . 54 m/ah

= 20722
76 /_g m,al-. —e——
©Fy V= 100 mph
Ma = 100 7ph = 0./3/
761.6 mph —

/1-/5~




/1. 23 | instandtaneous {focation

of the point
11.23 At a given instant of time, two of the Souree
pressure waves, each moving at the speed of sound,
emitted by a point source moving with constant ' /
velocity in a fluid at rest are shown in Fig. P11.23
Determine the Mach number involved and indi- -
cate with a sketch the instantaneous location of
the point source.

|
I j———————0!15 m

E L . FIGURE P11.2
The Mach number associaled with, +he motior of rhe

point Ssource  mvolved 1m  the sketch above /s ea.r/'/y dé/mn.ed'
with €2.1.39 as Shown below.
M@ = _/_..
Sth &
From +he skekely above we note thal

st - 00m  _ 0./ m
£ 0.15m +4
7hus
é.d/m)/a./.s‘m-rﬂ) = (ﬂ./»'a)l
= L = (ow(oism) . 60167 m
(0.09»:) -
and
Ghw = U = 28599
0.0/67m
W‘A-M_

"

MQ ‘L = ‘—A- = . b
Siha 2.599 _/=7_

/1~ 16
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11.24 At a given instant of time, two of the

pressure waves, each moving at the speed of sound,

emitted by a point source moving with constant

velocity in a fluid at rest are shown in Fig. P11.24.

Determine the Mach number involved and indi-
cate with a sketch the instantaneous location of
the point source.

instantaneous loczhion
of the Pt f
source. 10 in.wC

2in.=¢(4-¢, )

L

FIGURE P11.24

70 defermme the Macs number  Ma, we use

M a = V-dwaw (/ )
¢ twa ve
H owewewv, from  the skelh above we have

C(z‘—quve) = 2in. = Cf - C'd'w‘m = /O in. —-G?Cw‘w
Thus

waaw = 1O W, = 2/n. = 8 i .

and wilh Ej./.
Ma = __5-.:“_ = 0.625

8 in.
Also
Md = Vt - i_ 1 0.625.
¢t /0 i1n .
Thas,

V< =(0.6_25)(/¢9/f1 ) = 6.25 i,

11~17
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11.25 Sound waves are very small amplitude pressure pulses that
travel at the “speed of sound.” Do very large amplitude waves
such as a blast wave caused by an explosion (see Video V11.7)

travel less than, equal to, or greater than the speed of sound?
 Explain.

The speed of Sound ;s the speed al whieh an

infinjtesimal pressure dicturbance Fravele /Zrau/z,
@ fluid and it fe/:?/e_fcnyl_( The min/ mum J;oeea/
of T1hiy disturbance . Fin;te pressure a’;'.rf‘uréaacle.r
frave! Faster than soungd waves because +he
/aryer pressure diffevence acts as a driver of
facter mM»;enf.

.26

11.26 How would you estimate the distance between you and an
approaching storm front involving lightning and thunder?

One weay fo eshbimalte Fthe distance between you
and a—ppmachn;j s form c/oua’.r) x /s Ho cound
the humbey af Seccma/;/ z‘/ between Seen‘y ﬂe‘
/iyhilhziwj and hear/'f;j thunder . (Lsmo an
approx,male value of ‘the speed of soand}
1145 £t ((see Table B.3 ) we can approx male
=
J If&mcc ) X ‘40-"»

x-;ﬁm';ff)/{)

//-18
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11.27 If a person inhales helium and then talks, his or her voice
sounds like “Donald Duck.” Explain why this happens.

The speed of sound i helium /s nearly three himes the
speed of sound in air,

/1-28

11.28 If a high-performance aircraft is able to cruise at a Mach
number of 3.0 at an altitude of 80,000 ft, how fast is this in (a) mph,

(b) ft/s, (¢) m/s?

(6) With Eg. 1 46

V= Ma)c
and at 80,000 T+ 1n U-S- Standard atmosphere, we bave
From +the Ssolution of problers //1./6

C = 98 T+
, S

Thus
o f+) = 2930 tt
v = (3.0)(978 t4) L
(a) 7hen
s
V = (2,‘?30 3{* fggooz;) 2000 mph
(5280 _ff_)
my
(c) Also

y = (2?30 ?’)(0304‘!{;17 = 573 =

—

/-9
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11.29 At the seashore, you observe a high-

speed aircraft moving overhead at an elevation

of 10,000 ft. You hear the plane 8 s after it passes

directly overhead. Using a nominal air temper-

ature of 40 °F, estimate the Mach number and -
speed of the aircraft.

The Mach numébev is related +o fhe angle & by Eg. /139 Dus

Ma = -—/- = V ()
Sin & C

Also

tanae = Z

V4 (2)

Com b:’n:r}j Egs. /and z we Oéﬁl/h

Sin & 2 sin X

(os & C ¢

or b g
= (Us (C_.)
x z

Now — :
S

S
"

Stuo. /6
llf € /.f/u, f{-)
Then .
x = o5 60%?)/35)j = Z87°
(10000 1) /
/ 2.08
Ma = 5/;—2-&7 = =
Further

£t
= (Ma)c =(z2.08)(10% é.’y = 2270

11-20
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11.30  Explain how you could vary the Mach number but
not the Reynolds number in air flow past a sphere. For a con-
stant Reynolds number of 300,000, estimate how much the drag
coefficient will increase as the Mach number is increased from
0.3 to 1.0.

Cansidering air as an ideal gas, we can <xpress He Mach number
Ma, as

y |
Ma = ! = <|
. (RT# )
The Reynolds aumber, Re, Is
Re = ¢Vd - BVd (2)
- M RT 1
Lo.:>|=mct at ea.uq'l"lons | and 2 we veason +hat we can vary
Ma while hold'ma Re cwnstant by va.vy'mﬂ V and p anly
wWith pV held constant-

From he quh below we conclude that at Re = 3Kl0f

the dragq wefficient ncases from 047 42 075 ot Ma
InCreases fem 0.3 4 1,0.

Ma=12 20 3. :
- Ma=12 2030 15

. ———

0.9

0.8

- 0.7

0.6

Cp 05

0.4

0.3

0.2}

0.1 i | ‘ FIGURE 11.2 The variation of
| the drag coefficient of a sphere

with Reynolds number and

% Mach number. (Adapted from

Re x 10-% Fig. 1.8 in Ref. 1 of Chapter 9)

~nN
w
F=S
o —
[=)]
~
[2 ]

1-2)
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11.33 Starting with the enthalpy form of the energy equation (Eq.
5.69), show that for isentropic flows, the stagnation temperature
remains constant. Why is this important?

5‘+dr7‘7”nj with £Z' $69 we have

2 2 : .
" v bt V,~-1. < -
m/| h = h 4+ ot Vs 4 5 [%u)l 2:5) s Qnef+ Mg’mff-

ourt n 2

/n het in

For isentropic FHons the en'/mpy remans Consant
and Q, ,= O. Stagnatim enr%a{o/q /s defined 5
v

by= htV?
4
So , For nf‘!fé'j/'b/e chan;e u elevaty,, /oéy For jﬂ!es)
and ho sheft work, Vig_/“ﬁ) then
v

40 Yemains ConStant )

and since tor an ideal gas cm%a/,py /s a functon
af femperature only, we conclude that constant

éo means constant s%ajma Hon :‘&m,oamﬁae 7;.

- This constant .fﬁyna%’an tempe rature provides us with

a Comvenient reference property at evevy location in
a  specific  jsentropic Flow .

=22
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11.3%  Explain how fluid pressure varies with
cross section area change for the isentropic flow
of an ideal gas when the flow is (a) subsonic; (b)
supersonic.

Wwith the he/p of Ei. 1. 47 we cary Cormment- On how pressure vares
with drea  change m an Isentrepic FHow.  From Eg. 1197 we obtan

dp = /_O_V__,_. ‘j-.d (l)
(7w Mﬂz) A

(a) For subsonic Fow, £g.1 Suggest that changes of p #Vllow
Changes of A. If A increases | p iicreases and Vice versa.

(b) Fr su personic f/aw, & .| suggesh that changes OF p aye oppesite
% changes of A. IFf A ncreases , p decreases and vice versa.

M, 35

11,35 For any ideal gas, prove that the slope of constant pres-
sure lines on a temperature—entropy diagram is positive and
that higher pressure lines are above lower pressure lines. Why
is this important? '

Fropmm the second Tds /egmcﬁbu A Eg./1.18 ) we pote that for 4 constaut
pressue line

v
dh _ 1
ds
and since for an idea/ gas 67.//-7 is vabd, we have
dhv = c,,d?'
ancl thus
ar _ T (1)
das o)

With E4.] e conclude +hat the slope of a constant presure line on
a tTempevature - e”'fmr; dragram /s positive .
;ttr/'her-, Hron Eg /.24 we conclude Fhat
(%
A . /%)

5 7 ’
or any /mhfrzyw'c process anol thus h)'?ﬁer pressene /IMCJ are aboe

. : " 'mcmafam ¥
Jowe resSure [ines i —8')‘!{"‘77 V/M YAy, Bis ¢
impo:'fnf"‘ because it enables us fo Sketed 7' % d'ia.z:-amr covvectly -

1H-23
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11.36 Air flows steadily and isentropically from standard
atmospheric conditions to a receiver pipe through a converging
duct. The cross-sectional area of the throat of the converging
duct is 0.05 ft>. Determine the mass flowrate through the duct if
the receiver pressure is (a) 10 psia, (b) 5 psia. Sketch tempera-
ture —entropy diagrams for situations (a) and (b). Verify results
obtained with values from the appropriate graph in Appendix D
with calculations involving ideal gas equations. Is condensation
of water vapour a concern? Explain.

This problem s somilar +» Example //.5
The wmass Fowrate is obtamed at #he throal with Eg . I1-%0. Thus

it @h Afﬁ Vﬂa (l)
The throat dm:f'y can be obitamed wilh Eg.//-o’ﬁ. Thus,
/ £
/gb=/g/-/f(z@_—_f)M41_7 (z)
2. 74

To defermihe The throat Mach number we use Eg. 11.59. Thus,

&
Mq#, =\/57)/(£)t— /] i)

The critical throat pressure Js obtamed with Eg.1161. Thus,

¥ i?— .
2 = , 1=
8,,‘ = F 'E::_) = (/47,0.::«) < ) = 776 psia
140+
If the vrecelver pressure P is gqreater 'han or esual o /3::
& ; 4 .4 ¥
fhe n ﬁz, eg ard The Flow is ol choted £ /_;.:c< ﬁf
Then p = p" and  +he Flow is chioked .
+h +i

The vefaaﬁ at the thvoat /s obtarred w,h &35 [1-36 and /1.4¢
Combined 1o yreld

_ [/ (4
‘4}. g M‘T*A E-g,é

wheve T, 15 dblamed witt 57. /156 . Thus

7
T S ee (5)
/ +(§_?:_)Mqﬂ
(con'f‘)

V- 2Y




//.36 | (con't

(a) For P = /0 psia. > p = 776/“:4

£, =/0psia and we use .3 7

Ca/cu/ak. the 7‘/)mar‘ Mach hungber  Thus,

47 . 1.40-1
fld
40! /0;:“; " /j = 0.7628
From Eg.2 we obtain '
/ Lo -1
(233"(/0 I/“f)/_ L9 _3/
£42 !+ /.:{_o_:[ (0.7%28 2 = [§07Xxl0 {:}
( 2 ) 4 £73
Fravm Ef_S’ we 927‘
. 515 )
/*(142-1)00,7%2¢8)
and wilh Eg. ¥
lﬁ :(0.7525’) (/7/6 sl )0.4@)(%4@2)
4 sg. % ) 77 7 = 80¢.2 Ft
""“f-f") ’
ST
Wit Eg. 1 we obtain
M= /mm slug )(aasﬁ)(wgz #) = 0.0728 iy
F17
ﬁ/+evn4£\rc9}'ay}1f F}g, D.l wit ( 0728 Ifw])(éz 174 Ib'n)
;;5-"' ; /0 psia - OdP m = 2.34 :s{’_f_"
@ /({'7%!/'&
The value of M@‘ s
Mg = 0.76
#h
For Ma,, = 076, we et fom Fig. D1
T =009 )7 =(09 Nsie)=-47%
Then witt. €g. %
V., = 0.7 17/4 4. 1
o Slug °R (IM) = Jo5 ¥+
h 2 (/ A = 05 71
Stus, o
:"—
(Can't)

/1-25




'//-36 (con't)

for Ma, = 076 we gel fom Fig O 1

i)
-7
p, = 0Totbp = (0% )(z.38x00 " stug /8 xt0 Slug
), o #47 2
A/Wl with Eﬁ'/ we obtam
_./,f X’O f/a 0.0% £+ (fﬂ.s-f?‘ = 0.076 .i/f_f— lbm
}/ / ol G
(b) Fer 2 5,anq = /D = 776)°.rm /_7#, = 776 pic. 4 M‘-’} e ﬁmél)

[2.?[)(/0 ffaj) 19,..
/ +{l#o f) = 25'0?9(“’ ﬂ”f

Frowa é:g S we obtam

¥ L3 .
77; r SME . mese%
1+ (/-‘*0-'
-
and  w;tt, Eg 4
Vo= ﬁwe f" 16 )(/%}(6’3252)
#h g RS = /019 f2
J’luy {") &
_r'l-

Witth 67-/ we Obtan
//5‘07)(/0 g ) (0.05 #¢* ) (for? L) = 0.0765 shy - 247 lbm

#43 s -—
A/*&rna?‘)\l\!{y) #’yr, FI?- D.! fz2r Ma= 10
<(083  )srs)= #21 %
and -3
- (0.¢u 2.38 X0 /. f/aj
/31. 64 ) ( fTi) 52 x10 P
Then will, Ef ¥
/75 -F/ - 1o (i
43
ﬂ( )K i S = /0207‘*}/

(.
) .ffq; ff“)

St

(Con'? )

/1~ 26



and with E? ! we obkim

, -3
m = ﬂs'z X1 f_ﬂg)/o.og ff‘)(mzaf*) = 0078 Skt - 25/ lbm
) £43 35 ?— _—
P R
T 0 7
T, i T
@ p =p ()
/ H‘,a. re
p* £ 2 P
// N th b 'th "
= T < T
. hre
S L3

Condensation of water vapour is a topic. fhat deserves Further
Study and discussjon .

n-23
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11.37 Determine the static pressure to stagnation pressure ra-
tio associated with the following motion in standard air: (a) a
runner moving at the rate of 10 mph, (b) a cyclist moving at
the rate of 40 mph, (c) a car moving at the rate of 65 mph,
(d) an airplane moving at the rate of 500 mph.

With' o value of Mach y-umber Cﬂ/cu/ak_d wr'm

Ma = % ()
we can Cafculakl— (
/1-59)

” f_ . ﬁl
;:; L Iz I-f-(‘ﬁ I)Ma
Frr ¢ we use fov parts a b andc

C =l/rT 716 f1.16
RT% ( = Lé?zq i)(/ $) s &2
! _1b 5

ar ( . ( .f/uf_ f_)‘)

c = (1117 1) (300 s

)\l 761. 6 mph
5_25"0 1‘7‘)

(@) For V= /omph a2

Ma. = _[Cmph = p.0l3/

7616 mph 35

and.
/ =09%8

R
' w-*/
g - [ I 4= (}*-‘)(50/31)_/ [/-y—(az)(ao/ﬂd

(b) For v = %o mpA
Ma = Tomph - 0p525
761.4 mal

Guo 2%

/
P - - 897
2 [ 1+ 0.2_(0.0529)7'] ul 118

(c) Fr V= 6% mph

Ma = 6Smph . pOFSY

L] = 0.9949

ana’
t I+ 0, 2.@.0854)

(con't)

/I~ 28




11-37 | (con't)

(d) For airplane we assume a nominal altitude of 30,000 F+.
Franq Table ¢.| we note a Mﬁdna’;n? Tempovatove of - 4783 F

/(7;5 +4. Ib\ ((47931-%&)&76’ &)

sluj l 16 >
sty
" 2
c= 995 f#
Ov
c-.-@?s 3 (3600 5 ) 678 rmph
(6‘280 i 4
Bien o '
M S0 mPh _ 0738
& 7% m,;l—\

f- 29
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11.38 The static pressure to stagnation pressure ratio at a point in
a gas flow field is measured with a Pitot-static probe as being equal
to 0.6. The stagnation temperature of the gas is 20 °C. Determine
the flow speed in m/s and the Mach number if the gas is air. What
error would be associated with assuming that the flow is incom-
pressible?

7o defermine the Fw speed and Mach number having been g/ven
the stafic pressure  Fo :fzymré'on Pressure rd/'/'o) £ and
stagnation  f<mperature | 7, for an we enter F,{:. D. 1 with
the given value of _Z_’. and yead Yhe

Came.rpawfgf Va/uc of Ma. Thus W/#' Z = 0.6 , he

Corvesponding vame i,  Fig. O] is

9
~0

Ma = 0.

ll

For  Ma =089, F/q. 0.1 gies

L _ 0.5
70
and s

7 o8 (7_3: 7, = (086 ) (293k) = 252 K
o

Then
V= Ma)c Ma (/RT# = 089 [(286.9 A/rn)(zsz K)(1-4)
29. k —_7_—
or 15?-’-;’-)
V = 283 m ’

Inspccﬁdh afr F/y. 3-24 fuyje.ﬁ(s ﬁvdf 16.' ﬂu'g Mach numéer

Jevel, the erroy associated witth assuming that +he flow
is in com/uressiéle Would be omacce,m‘ué/} lavge.

//-30
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11.39  The stagnation pressure and tempera-
ture of air flowing past a probe are 120 kPa (abs)
and 100 °C, respectively. The air pressure is 80
kPa (abs). Determine the air speed and Mach
number considering the flow to be (a) incom-
pressible; (b) compressible.

(A) Assam,hﬁ mcompress/ible.  How we use Bernoullif efuation (&.3.7)
o connecl the stabc and stagnaltion Stafes and get

V:/Z(/)f;—/p) //)

With the ideal gas eguation of stk (Eg.;) we obtm

= A
5 b (2)

and wmé;}w;y 575- !/ and 2 we obtamn

I/ = 2(F/-FP)RT;
%

or
o 2 [120 Rfafabs)— 30 *Aafats)] (286.9 zgg_ 73K )
= m
[720 #tulabs)] (, s ) 7.k = X772
%5
For Mach number we rieed s
Ma = ¥ = ¥ (2)

} l RT%.

7-.0 defermme 7 we use fhe djua.ﬁ'ah of mdton (57.//-5‘/)79&%:3

T= T - V%D 3950 _ (2672 )(14-1) (jiil%r)

“ ﬁR 2(/.4)(28‘_9 Air_ﬂ) s>
Ry L

* T w2l

(Con‘t)

1181
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(Canff)

With &Eg.-3 we obta/n
67 &
= & 725

5

Ma =

/(235.? N N (3372.5k)01-4)
7 %g. ™ )

S&

(é) For COmpressible flow,

§o kPalabs)
/20 %ra (ats)

= 0.67

I
%

and  from Fig. D.i we pead

Ao from Fig. D/ we vead
2

-—
-_— =

7

ana Thus
r =(0.89 )(373k) = 332 K

0.89

Thus

N. ¥ (33’2 R(1-4)
N

25. K (/1;2
=

V= Mal|/RT#% =(0.73) (z%.‘i

==
|\
N
l\;g
“)3

LS
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11.40 The stagnation pressure indicated by a
Pitot tube mounted on an airplane in flight is 45
kPa (abs). If the aircraft is cruising in standard
atmosphere at an altitude of 10,000 m, determine
the speed and Mach number involved.

For 10, 000 m stfandard dr‘mas,a/rcrs we yef‘ o Table C.2
Z6-50 Hkifa labs)

P =
and
T = 223./K
Thus
P oo 250k (2s5) 4, g
% Y5 B (abs)

and Ffromi: Fig3. D.) we read

Ma = 0_-_‘?_0_
Thus
V= (Ma)c = MallRT# =(049 ))(28.9 %™ Yzz23.1k 110>
*g -k (/_L
2§, ™
52

/- 33
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*11.42 An ideal gas enters subsonically and flows isentropically
through a choked converging—diverging duct having a circular
cross-sectional area A that varies with axial distance from the
throat, x, according to the formula

A=01+ 2

where A is in square feet and x is in feet. For this flow sitnation,
sketch the side view of the duct and graph the variation of Mach
number, static temperature to stagnation temperature ratio, T/T,,
and static pressure to stagnation pressure ratio, p/py, through the
duct from x = —0.6 ft to x = +0.6 ft. Also show the possible
fluid states at x = —0.6 ft, 0.ft, and +0.6 ft using temperature —
entropy coordinates. Consider the gas as being helium (use
0.051 = Ma = 5.193). Sketch on your pressure variation graph
the nonisentropic paths that would occur with over- and under-
expanded duct exit flows (see Video V11.6) and explain when
/1.8 they will occur. When will isentropic supersonic duct exit flow

This is like Example

occur?

Since

A = 77'"1-
and

A = 0,[ i X‘z
then

F o= O +x* ()

i

With Eg.1 we can defermine r  values corrcspand:hj +v values of
X. The are summorized ;n the grapi and tables
duct Is choked,
A¥= 0 #*
and

=/ + X @)
0.1

A
¥
With €32 we can detrmne % Values  covrespondimg 1o values of x.

These A values ave Habulated
A#

Fov helium we enter pregrar LSENTROL with+=166 and with
Ma. values within the range  specified i1n the problem siafement and

obtain values of % (Eg.//.?t)) x(ég.Z)J }7_'_'(57.1;.96) and

g [gg_u.ﬂ'). These values arc fabulaks and graphed on
peges  that #o/low.

(con't )
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(con't)

0,0 51
0.0.76
0.123
0.223

a4
26

From

11.06

3

461

[

N
g L}

program ISENTROP with %=1.66

-

To

£g 2
X(ft)

subsonic solution

11.00
tosg0

10.60
o040

0.99914
0.99809
0.99503
098385

1

i
k

0.99784
0.99522
0.98755
0.95989

State

0.460
/, 00

0.943%6
0.48%08 b

|40
1-00

0.93473
07518¢

supersonic  Solufion

T0.20
o

0. 149833
0. 04141
0, 01446
0.00624
0.00313%

0.46827
6.29195
0.18556

0.13282

O.lol02-

Mﬁ . o | L || - / | =S

e P e T e AT ENEE

T S I ‘_:[_‘__i"‘ 90 0 ) ‘ EN
e - | o S T — ad e A ol ! . ——
T it T
R e e

e o mmauz= IS SB RN Buaeaoc o eee e ]
| ‘ﬁ 9= -,,',, -rtlf ~0h | =02 #M H’__ 3 ;ﬁ’b-"f_'__ R IMER T amm “w
[ T () TR

B 0 4 v o

Var:aﬁan of Maah number foy /:e./:um

(con't)
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Variation of 57&/75 fempe ratune b stagnatior temperature ratf

for  helium

T
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|
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ho | |08 _i
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|

7
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J‘EN heflum

(con't)
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Over- and under-expanded duct exit flows will occur on

~ approximate paths sketched on the magnified pressure variation
‘graph below when the ambient pressure of the surroundings into
which the duct is discharging is respectively greater than and less
than the flowing fluid pressure at the duct exit.This illustrates how
the flow adjusts to these pressure differences through oblique
shock waves that involve irreversible and thus non-isentropic
flows. When these two pressures are equal, the flow is “ideally
expanded” and the flow into the immediate surroundings is nearly
isentropic.

over- cxPanded

o O / |deal! —e:cP""d"d

unJcr.. exparded

.'o
X (1)

11- 3§
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*11.43 An ideal gas enters supersonically and flows isentropi-
cally through the choked converging—diverging duct described
in Problem 11.42. Graph the variation of Ma, T/T,, and p/po
from the entrance to the exit sections of the duct for helinm
(use 0.051 = Ma =< 5.193). Show the possible fluid states at
x=—06ft,0ftt and +0.6ft using temperature —entropy
coordinates. Sketch on your pressure variation graph the nonisen-
tropic paths that would occur with over- and underexpanded duct
exit flows (see Video V11.6) and explain when they will occur.
When will isentropic supersonic duct exit flow occur?

This js similay 1o Example 11.9.

This problew involves the duct of FBoblew 1+ . However the
Flow enters Sypersonically . We can use Vvalues From Fhe table
of problesn /. with & liffle rearvangement 7o accouni for the
supersonic en'fe/w;}? flow.

For helium we have
Fropn Pvogran. ISENTROP with k= /66

£4.2 ofF 1139 7 it

Ma. A % L L Stae

A¥ To 5

supersonic Solution,

5.193 1.0 -[.00 0. )0102 0.00313 a

4.948 7.4 - 0.0 0.13282 0.00624

3.647 4.6 -0.40 0.185% 0.0146

2.77¢ 2.6 -0.40 0.28195 0.04141

1.855 K -0.20 044827 0.14833

1.0 1.0 v} 015188 048808 b

1.855 -4 0.20 0.46817 0.14833

2.77¢8 26 o.40 0.28195 0-0414!

2.647 4.6 0.60 0.1855¢ 0- 0446

4.HY4¢ 7.4 0.20 0.13282 0.00624

5.193 1.0 |.00 0.lolo2 0.00313 c
Subsonic  Soluton

0.460 1-40 0.20 0.93473 0.9%4326

0.223 2.6 0.%0 0.78385 095989

0.123 yer 0-60 0.99503 0-92755

0.076 7.43 0.§0 0-99809 0.99522

0.051 11.06 |.00 0.99914 0.99794 d

Con't)
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(con't)
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?4)7 helium

Variation of Mach number

Variafion of Sfafic temperature 41 stasnation temperature rafio

for  helium

(con’t)
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Over- and under-expanded duct exit flows will occur on
approximate paths sketched on the magnified pressure variation
graph below when the ambient pressure of the surroundings into
which the duct is discharging is respectively greater than and less
than the flowing fluid pressure at the duct exit.This illustrates how |
the flow adjusts to these pressure differences through oblique
shock waves that involve irreversible and thus non-isentropic
flows. When these two pressures are equal, the flow is “ideally
expanded” and the flow into the immediate surroundings is nearly
isentropic.

1o

mr.expanded

\ / {deal ty_e,tpn nded
o

under . xparded

" (-H-) .0
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11.44 An ideal gas flows subsonically and isentropically through
the converging —diverging duct described in Problem 11.42. Graph
the variation of Ma, T/T,, and p/p, from the entrance to the exit
sections of the duct for air. The value of P/pyis 0.6708 at x = 0 ft.
Sketch important states on a T—s diagram.

This is like Example 11.10.
: * :
Since £ = 06708 at x= 0 is greater than ;£> = 0.5282 for aw
[ A )

the arw : Flow thvough the converging- d/i/erylr}]
duct 1S not choked. Fov values of j%, at different values of x we

obtam covvesponding values of Ma, 7—3: ana L .

2 ] B
(a) Fov aw we enter F"_?* L. with values of ;* 2 get Ma, }Z

and £ - For A* we use

o

r. A
A = ﬁ*)
A »
evaluated at X=0 wheye A =0.] f#. We clefermine Ad}' al x=0
From Fig.D.l  For the subsome flow value of P-E = b8,
o
we get
A o Lo anol  Thus
A% . 5
2% 01 - 0095
105 .
We the n detrmine The f? variafion through the duct witt
_/2 = X'L-} 0.1 = )(2-!- 0. (l)
A* A¥ 0.095
The correspondin _ values of A Ma, T and B FHom
g ) 'z 7

A%
F/}D./ are also fabulated on the next page .

(Con't)
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X (f+)

-1,0
-0.8
~0:b
-0.4
-0-2
0
0.2
o4
0.6
0.8
1.0
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11.45 An ideal gas is to flow isentropically from a large tank
where the air is maintained at a temperature and pressure of 59 °F
and 80 psia to standard atmospheric discharge conditions. Describe
in general terms the kind of duct involved and determine the duct
exit Mach number and velocity in ft/s if the gas is air.

To determime the duct exit Mach namber , Ma, ., ,we use
Eg.-11-59 or fo air, Fig. D.;. Thus,

_ /
M""ex;f \//(Eﬂ)i_, - /] 1_21__) (7)
A

o fa awr
Ma = F,‘g' D.) VAlue 4s 4 Yunchon o f ’EX_H‘ (2)
€xit ~=
7o defermme exit velocity, V. = we use
Vex}f- - (quxh" ) Cé'xii": qux}f- R7€_xﬂ- & (?.)
h
w CV; - 7.
exi} %- 2
/ + __-‘ [Zf
) ( 2 )Mdfx,'p )
or for aw
T = Tevi? /
{Sx}f A / fr_ value fim Fig- 0.1 for Mth;f) ()
Pexit .7 psi.
ME o Jodpes = 0./83%
7o gﬂ/.{itg

ond s Fom  Frg. D1, the Corresponding values are

= (-3
qux;f —_—
anel
Texit . 0.62
7o

(Con't )
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Then with Eg. 5 we Obfdl):l

d,
= = 0. = 322 R,
Ty = G19°R) (062 )

and wilh Eﬁ‘ 3 we Conclude that-

Vessie (1.3 i/(/7/6 £t 16 )szz o )(1.4)

L
su;

f/dw' /5 :upe,rsan/c,

= 1580 ##

—-—-_' 5

A Cany‘gr?’”j"d’“"rf’”j rne3yle /s refume(/ becawse lhe €X/F

H-%7




I 46 11.46 An ideal gas flows 1sentroplca]ly through a converging—

diverging nozzle At a section in the converging portion of the noz-
zle, A; = 0.1 m? p, = 600 kPa(abs), T; = 20 °C, and Ma, = 0.6.
For section (2) in the diverging part of the nozzle, determine A,, p,,
and T, if Ma, = 3.0 and the gas is air.

To determme A, we use Eg.i.71 or for awr, Fig. P.]  Tus,

R+
) . . (G o
A;_ - ﬂ' AX* ) ’ Ma If'(.*::-i) J& [/)
A, A !+ (R=t) Ma? ) 2tk-1)
/A*) qu [ ’*(Z:__,) ]

(Fig. D1 veme of Az for Ma,)
A, = A Al )

(Fzg D.l value 0F A, 4. Ma,")
A¥
To detormine £ we use &£g.1-5%9 or for a,;f) Fg.D.|. Thas,

fz, ]"
g =t [’”"')M" (3)

ff
,Z— i-:
¢ /+-(ﬁ- Ma,]
or for ai g
P,_ 0 P/(FI? D- 1 value o7c 2 for Ma, )] (%)
( Frg 0.} value aff’ for Ma, )

To dé'fEYm:;:c 7;_ we use E£g. /. 5'6 Ofé" 4”‘ plq D./, 77’”‘

‘f[_l +(1¢—f)qu ]} (5)

by =
/T ]
/f(:& !)Mq
oy ‘#.UY a.'.f
r o 7 [ a0 ane of ;g-ﬁvm)y (&)
E3.2 leads (Fig D1 valhe of ?:{W 1)
A, = (0.1m?*) -———_./‘f"; 2. = 036 m”
£q.4 leads o CEN
(2
=[6oo ktitats)) 003 ) _ g £/ (ats)
(0.75 | ) -
and &g. 6 gives
T (zq3,:) (0.36 / = /3 K
(o923 ) R
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11.47 Upstream of the throat of an isentropic converging —
diverging nozzle at section (1), V; = 150 m/s, p, = 100 kPa(abs),
and 7} = 20 °C. If the discharge flow is supersonic and the throat

area is 0.1 m?, determine the mass flowrate in kg/s for the flow
of air.

we determmme the Mach number at sechon(r) with

= Y 7
Md’ = z__f e — QR (/)
i = 7, *
For the  gas /nvolved i+ is /Aée/}, that Ma, /s less than 1.0

be cause V. is low.

4

Thus , The flow at fune Throat 15 choled since

fhe tnl&n}zj Fow (s subsonic and the /fawhj Flow is supersonc. For
wmass Fowrate we use Eg.l %0 +fo oblam,

m o= p A v* (2)
For fthroat veltcity, V¥ we use

V*=|/RT*k (3)

To obtzin T" we  USE Ef /. 63. 77"415,

% 7 ( w%) “
or for air,
7_*' - 7: (Va/uc p‘F 7:7: 'ﬁm F;?n plj ﬁv Ma - /~0) (5)

Jo defermmne T, we use Eg.l1.56. Thus,

L= 77[”(?)”":2] (¢)

(Valee of ;: Hom Fig. p.; for M4,> (7)

(con't)

/49
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: #
To determme 0" we use the idea/ gas €gualion of stale (€3.11.1). Thus,
¥

-
/° P (2)
For p¥ we wse Eg.11.61. Thus
prEp (R )&
° ‘At @
or for m}',

X ¥
P = Pe /Vafuc of /{_’_ h-omi ﬁ,’_g_p,/ 5 Mg =/-0) (/0)
me Po we use Eg. .59 . ?2.445

%
N 4-, =
£o=p [ e me ] Z
or "Ch’a’n‘f-
r = 7

o ‘ ¥ -
(Vd/ue F P_‘f_ Fromm Eg. D,/ 7‘5rMa,)

(4) Fov 4/ we use Eg.1 4+ oblam

(150 2)

/(28’6 9 M ’")(243/< )0.4)
g, )

7/10) the How /s choted af % Dhvat- Foorn &- 7 we obkui, for
cfrrts/aadny value th F.vy.p./ Fo ¥ Ma, = 0 4¥

293
7; = ____K . = 3’05 K
(2.9 )

Wilth 5 S we o0btan

= O0.43722

= (305 k)(083773) = 254 ¢

L %

:/Zf:?”” )(zsy 04D 5iy &

((Lan’z‘)

.//-50 .
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Frone &g. 12 we obiain with the help of Fig. D
100 %Fa (abs
P = . 874 L. = B kA (abs)

and wilt Eg./0

p* = [115  km(es)] (0.52828) = 608 krlabs)
Then with &. &

I N
/0# - (60\3 X ;‘_‘-) & 2.3 _Zj
286.7 wm 3
; 2 )es K =

F"ﬂat} , wilh €5 2 ‘e 0bt%1n

m = (6.53 g)(a./m")()’/? m) = 245 R
|

/{-51
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11.48  The flow blockage associated with the
use of an intrusive probe can be important. De-
termine the percentage increase in section veloc-
ity corresponding to a 0.5% reduction in flow area
due to probe blockage for air flow if the section.
area is 1.0 m*, T, = 20 °C, and the unblocked
flow Mach numbers are (a) Ma = 0.2; (b) Ma =
0.8; (¢) Ma = 1.5; (d) Ma = 3.0.

We want +o  ascertan

V, R
blocked unblocked x 100
l{tnblocktd

70 defeymme the unblocked avea velocity Venbloctes , we use

l/unb/am = M‘uhé/cr-ku( V’QI.L[,J C/)
For Tuné/acl-zd el

= .-7- ﬁ“n E
7;»5/“@,/ £ ( 7 For Maku‘/aaéed iAo M:,.y.‘ )

To determme Ihe blocked avea vcéau'i% [é

locked ) *°

Volockor = Wz/,qgw f/f Zwk (3)

Fov Mdb/ﬂkd we use Abloksd  and defevmire
4%
Mﬂéb‘m o EF.- (1.7/.

Solufrorm oF
Eg. 1171 for M‘é/acho’ Hrorm ﬁ_{oc.&/ resuives Yvial and ervev.

A
Jo defevrisne ’i’bﬁfhd we Jset
¥
Abtked _ o, 995 Aanblocked (4)
/4*' A#(
We  obtam Awblokd fog, Eg. /171 wik the GMNen valge of /14,,//
A* | an
7o delermine T, .,  we use Eg. 0156 S obtar
T = i /
blockey = o~
)M, :

(con? )
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/] FE Con't)
(@) fzr M“«néxo‘,{: 0.2 we oth, with €g52 and 1056
bl chinat = (293 )(2.99206) = 290.7 &
73!6;«.-

witlhh, €&5-71 we bave

= (0.2 26’67”’” 290.7 7 = 2y FF
Unblockey 2 (; )( k)( Y = ¢33 z
we use &2s. ¥ and )17/ 4 7e1‘ i’“ :r:
46/00/&4
pr =(0.995 )(2.9635) = 2.943
and with Eg. 107/ we <obtamn
M{‘/ldth' = 020/
Wik €g-5 we ;&f
- 297 K
C/acbd

= 2904 K
/f- /‘{ P20
Wi ta &4.3 we have )/ )

Vblsctey = ("20’)/(2‘9‘ g )(Z?a g,e)(/ )
and

= 4847 ™
=
(V, % &
Hocked ~ Vunblocked ) s 150 _ Cen.gr m 2 Gz 2N - 0483
angé,,( 6ho¥ m o
(b) For Ma= 0.8 we oblas, with E352 amd 1.5¢
Then with &. 1 we yer‘
Vnstoctew = © 8/(25’” ”'")(259”}(/‘{) = 2574 m
N
we use Egsq and (1.7 (7 X
43@&4

:&y el
= (0.995)(193823) = (033
ana wn‘é EF. L7 we obtam
Wi, £5.5 we 76'-*

7’ =

273 K = 2588 K
blockedd /f-—(/'/ I)(ﬂ&'?)
(con’t)
n-52
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With €g.3 we have
V. - fa-m)V(?‘" 9 Nem )(2533/:)(/4) e 2 #

blocked

7 M
and (ﬁf m‘)

Sa
(Vb/qég( lml:/ac/cal)r\’ 100 = (262. ’_';—"_. 255’-?_’?’-') (100) = 1. 43 %

({fnélodq_,/ (268.4 o

(c) For Mg = 18 we Obtam witt, 535.2 amd 11.56
Tmbiockeq = (2T3K)(0.68%5) = 202.1K
Then wilt, Ef / we 95:‘

y o

256.9 M 7.4 )
'{tnéfoda.d = (15 [/( ) (zjz 1) —
We use Eg5.4 and 1.7 -fpjel' (.&y m)
A%

G

and  with @7. .70 we 0Obthy,,

Mauka = .49
wi:ia Eg. 5 we set
- » 293¢
é/ad’-&‘/ /,,_(,4 ,X/,’,ﬂ,)
Wit 57 3 we have

Vtoaa = ”’)/(2“ 7 o )(202 LR (14D #25.5 2

= 202.8K

and "F 2 )
Wotoetag = Vo tocked) x oo = (1555 F - 4z 2 Joo) _ _ g gy,
lfdné/or.l:'uf V274 m

(c:/) For Mg = 3.0 we. ﬂéﬁtn withy ngz Anhol [, _5‘6
Tombtochey = (292K)(0-35714) = (046 K
Then wilh Ef / we ye/

oty = O a)//(zx:? L ) Qot e k)0

(42

61% 9

n

Y13

(Con't)

/1~ 54




HWAYE | (contt)

we use €% andil.7]

Auockd = (0.??5)(1,1.23%/ = Y23
/I’F
and  with €4 (171 we dbtam

M = 2.99%
aé/ockga’ 7

Wilh €5.5 we 9qet

T _ 293 £ N
blocked N = [0¥%.
A =Tk

With €g. 2 we have

Vé/mé(a/ = G.‘?T;)/(Z&é.? %mz)(/a?.?k)(z.q) _ 6'/‘749;

(/ _"_L)
and kfﬁ'
(Ié’jaCéelf — V‘;”é/ow) X((?O - (6/‘1’? z}" A 5/‘/ q 3@-—)000) =-_ aﬁ/iz"/b
V (é/?.?_;:»)

unblockes/

/1-55
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11.49 (See Fluids in the News article titled “Rocket nozzles,.” Sec-
tion 11.4.2.) Comment on the practical limits of area ratio for the
diverging portion of a converging~diverging nozzle designed to
achieve supersonic exit flow.

From Fig. D./ we see Thal the ASA* vi. Ma curve becomes
Very steep with z'ncreaniy values of Ma ( very large increase in
A/AX needed +o achieve even small gains vn Ma [evel)
.Sujyesﬁ'nj ,orta‘/Ca/ limits +to area d;’wryence rahs

/¢ achral devices. For exanple, Using Eg. 117 he
A/A¥ divergence rafie needed Ao Ma = 5 is 3¢50 !

/1-56
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11.51 Anideal gas enters [section (1)] an insulated, constant cross-
sectional area duct with the following properties:

Po = 101 kPa(abs)
Ma, = 0.2

For Fanno flow, determine corresponding values of fluid tempera-

ture and entropy change for various levels of pressure and plot the
Fanno line if the gas is helium.

This is Similar o Example /1.1/. For Fanns fion of ar

ideal gas we use Egs. 1075 and 11.74 o establist the
Pauno [fine states . Thus,

I + GoVJsz

5 = 7, //)
2 <o /2)
ana R
55 = & /n/I)- R in /P
B S 4) (2)

i = Mm
Fov helium |, %= 166 Grna R= 207711\/-/’: (7ablel.8) andt %‘522?1;,?
From  Prosiesm 1.1 @) . We determing the constant Value of
oV by Ca/cu/aﬁ'nj P, with the ideal gas eﬁkéﬁbn of stat. (&5.3)
ana U, with . %. For 7T, we use Ef. 1156 o obtai

(zazk
7; - L = / = 2872 K
e O ) o02)*
Then, wilt Ef. 4 we obtfam o
V= 8.2 (2077 Mem V2892 k)(166) = 199.7 =
/ @.k / —A_}.- ) &
%g.
Fov p, we use £g. 1159 *o 9e7 F= 1ée
— 1.66-1
/ B-/ /
2 701 lefa(abs, 7 = 4772 kfafabg)
=% /: f(%',) M‘.’] - 2 If—(/-é_f—/)(o.z)l
ard with €Eg.3 we obtain
x
PE (9272 x40 ';"-’z) B
) 3
ACTT fr-m 2K m
( ty.k)@ )
7);ur, the value of ;9!/ 1:79-,." T 42
Qv =(o./£z7;;5x ' ?)(;an’f) mt. S

11-5#




/1.5 (con't)

Eg./ becomes Tov heliuna
%2 \* 72
7 4+ (3249 T
ml..r) kpg = 29z 4

ov &g K

& =3
7T+ 4358x10° I _ 593 , (6.)
PZ
Where T Is 1n K and p is w2
,,,2.

Eg, 2 bCromes ﬁ-/ Aefl'um

S - 5 NM.m il ”
( Al 2. K /n/z” 2K (2077 N/t )/n ‘?772&&(44:}] £

Where T /s i K  anx p s 1h RFalabs).
With €4s. ¢ and 7 we conshuct #he table of values Shoawn below.

P [ktacabs )] T ) s-5, ¢ 22 )
%9 .4
70 286 630
60 223 705
50 279 1210
40 273 /550
30 260 /400
25 250 2060
20 234 2079
/g 225 Z200
15 209 Zi88
/0 169 (923
g 47 1650
e 3w " y S s o e e
200
T(k)
oo ke e S
Fanno line for helium
a
o 500 1500 2000

77777 (/vm

Y INS

/- 58
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. 11.5Z  For Fanno flow, prove that

dV _ fk(Ma%/2)(dx/D)
72 1 — Ma®

and in so doing show that when the flow is sub-
sonic, friction accelerates the fluid, and when the
flow is supersonic, friction decelerates the fluid.

S"farf-"nj with £g. 1/ 95  we Hhave

2 2
L 1+ %Ma?) div*) _ dMa*) r FR Mt dx - g (1)
v* Ma?* 2 yZ
From Eg4./,93 we have
d Ma®) . d_/‘izj// - (’.*_:.')Ma‘] (2)
Ma? b2 i

Combining €gs, | and 2 we obfan

y2 2 D

oV

Lmat,) v o . £E pa* dx

y-a- 2 D
and
-V_: (Mﬁ-—/) 02

However

Jd(v?) = avdV (5)

Thus  combiming Egs. 4 and 5§ we get

Ma® dx
v 2
/- Ma
When The Flow is subsonic ( Ma < 1.0) Eg. 6 /leads > dY - 1 and thus
& v
friction accelevaks The Sluud. On the ofher hanad when the Fow

Ma>to), Eg & leads #o Y — _ ancd 45 s Case
I’s

(¢)

/s sUpersomic

richon decelerafes 14he Sluid .

K59
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11.53  Standard atmospheric air (T, = 59 °F,
po = 14.7 psia) is drawn steadily through a fric-
tionless and adiabatic converging nozzle into an
adiabatic, constant cross section area duct. The
duct is 10 ft long and has an inside diameter of
0.5 ft. The average friction factor for the duct
may be estimated as being equal to 0.03. What
is the maximum mass flowrate in slugs/s through
the duct? For this maximum flowrate determine

the values of static temperature, static pressure,
stagnation temperature, stagnation pressure, and
velocity at the inlet [section (1)] and exit [section
(2)] of the constant area duct. Sketch a temper-
ature—entropy diagram for this flow.

This s Similay 4 Examp/e 112 As Chplaied 1 Example /)12,
The max,mum  Llow rate fﬁmnﬁ: The oduct will occur when the
Constant  area duct

chokey apyd The Mackh number al- e duct

exit [secton(2)] is 1o. The maximum Howralte can be obfaied
wirh !

m =44,y = A4V )
We note tThal T, is constant Fhronghout The entre flow since
the Slow /s adiabafic. ﬂou 7;3: 7:’; = 5/9%. /ﬁa/ P s
Constant in the conmr,inj no37le  but dAdecreasts Through the
constant- area duct becanse of ficton. Thus , B,= M7 psa.
Fov choked Flow

a. 10 F+)
tihaky | (000 s Be = FLLLL)
D 0.5 £+ D

and frora Fi9.p. 2

we, can reéad /i Z Vi
” values of Ma, = 17’*" ﬁ ang ﬁ,: The r

oK
. /E2 Sihce 7, /s ’;m;ﬁﬂf 7Jm/
f %) - $32% = T,

/.- L Can be obtaned wirh Eg

)7

/‘:‘
and V -V:z an Ge dcl’ﬂrmmcd with
¥ 7716 £+ /4‘
L/,q; % (" 56 )‘:‘32;2)0‘!) = 020 £ y
(/ /6 4 :
57“, ff)
(con't)

/- €0




F)‘am Ez, 2 we ycf'

= (113 )(432°2)
Wit €3.3 we obtan,

wi th 93 / we have
m

500 T =5/9°

1/.53 |  (on't)
”»
For FL-£ ) 0.6, from Fig. D-2 we vead
Vo)
Mq’ = 0:57
.Z: = /3 ‘z)
T
74
g EeE (3>
P
-2 = (.86 4
e 4]
.@’z.f = [J.22 ¢
e,x - 5)

22 2

= (0.6 )(10z0 f#) = €62 Jf
; —
Wit Eg. 5 we have
* — .
/: = Pd,:. M’_" 1Z psia
/.22 )22 -
To detormine p, we enber  Fi9 D with Ma, = 0.7 aud read
fi = 0.2
Wl
P = (0.8 )(l‘f.?/m'n) = [/ 8 psia
with E5.4 we obtain
¥=p = L = 148 psia £.3¢ pSia
r I /.86

=< 7= 493°R
P‘= ﬂ.l'f.n" ~a

J F 4
P= 6?? PSic =
T(r) N * 5 P.r
Fanno L= 432 =T
( f_{‘.:’nc sketch ,(
400 he S<ale )

5

= gAY = RR L (//z,am)(/w o - )w—@sﬁ,{efxzﬂ)
;Po-ﬁ"p:m. 7, g

0294
1776 7“+ /& )@33%}(‘0 K

/1-6]
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. 11.54 The upstream pressure of a Fanno flow venting to the at-
mosphere is increased until the flow chokes. What will happen to

the flowrate when the upstream pressure is further increased?

|

f

For a fanno f/m,.;
/0[/ o _'P Md RT% - WS‘A“,?L
RT [/
Alse at any one gnial Jocadion n The How fom & 11.56
7 . /
z =

Jods (*_i‘_!__)Mal

C‘mé:'m.»j we ?ef'
3 m?

& a 3 il VR H(&’)Mﬂ‘] “ﬁ%’)’"’“

So -A;r any one axial lozatn, of Fhe 7q'w' wheyve

comstamd

\l

Ma level is the fme) 7, /s alo The same fut

p s higher . Thus /ol/ 1s also '74er and we
tonelude ﬂ'“?( ”;W"’j ﬂ‘ mlet pPress wre of acéakﬁdﬁnno |
f/m u',,%y ﬂ\l f‘ltmt-f,‘en. Veflilﬁ H"'l ah )ﬁ&rd{;g ot ﬁmr‘)!(lz“,.

[—;[[aw;',‘,? ‘/‘A& pmtulq,u m[ E)Mmaﬁ/e. i //. one end A
b ' Rrent Valies of

f/a'f Qa Serics JJ Fanno /ines
MWcreaaed — ralet prescure

//-62
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11.55 The duct in Problem 11.53 is shortened by 50%. The duct
discharge pressure is maintained at the choked flow value determined
in Problem 11.53. Determine the change in mass flowrate through
the duct associated with the 50% reduction in length. The average
friction factor remains constant at a value of 0.03.

This s like Exdm/e 13, We guess fhat the shortemed duct
will still choke ana check our assumphon by conymr»'v 2
ZF B <P ¥ the Flow /s choked . If not,

wi th pj"
Must- bt pmade. For choked Flow we

another assumption
wass FHowvate as we  ofid .y Example /112
oFf  proklemn /.51. For wuwchoked flow,

calculate The
Ov ¢y the solut7om
we wmust devise another Strategy.

Foy- choked Flow

FUL -4 )  (0.03)(5f) . P L)
D Co.5F) o
From Fig. D.2 we read
Mq, = 0.6
& - & (1)
T X
v |
P
px = /6 (3)

With Mﬂi = 0.66) we enfer Ff'y ”P./ anad reaod

f—’- = 0.75
ey

Thus .
g =075 )(14.7ps5a) = 1] psia

(con't)

/- 63
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and with, €g-3 we obta/n

17
P*"'P,_= o t/ plia

]

= ¢-58 /’fl'd..
1.6 /-6

Since _
h =628 psia > F; = 63% ps/a
The fFflow s chokey &s assumed.

7‘*-.-. T, c<an be obtaed with é'-'g./l.63 smce T, ic constan?. Thus,

7t - —‘3)72 = )(S‘/?ﬂ)- 4322' = 7,
&t 14+

»
v Casn 66. deter mrned il

!/,e']‘ /f7"’ . 14 )(M = /020
o _ s

5/‘7 4 ( / 5
:(a,, .f_:‘ )

and v,

With €g./ we have

”’:&"’1@'—'

b
0,

2 G = 6.3 pin ) (197 /7"_(,__/45"‘*)/02"5’)

o5y,
(’7"_(,“ ,:)( ¥32%)

Rl

m = 0.248 Sk
S

The Cltanye, 1n  hass Flowrate Is

-—

m »
s 20 £t 0.268 M3 _ 5 29y .r/«7
x /00 = iy éoo) % /

X 0.244 slug
T

/0 F+

The nass Florwrak  m1creased by 9.9, when [k fube was
J%W 57 507;.

/- 6‘7
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11.56 If the same mass flowrate of air obtained in Problem 11.53
is desired through the shortened duct of Problem 11.55, determine

the back pressure, p,, required. Assume f remains constant at a
value of 0.03.

This is  sim)lar o Exdmp/e [1.14. Since The Same mass
flowrate achileved w2 Problem 11.51 is desived with The shorfened
duct of Problem /153, we need 1o achieve the yalee of Ma,
Obtamed 1n Problem 1.5/ . Thus, for the Same value of Ma, as t5
Provlew (1.5] we have

Jc_f‘g::tl) = 0.6

D
/fowever,
¥*
f(é*—l;) " JC(‘C"(IJ_ F(4:-4)
D o D
o
F(L~4y) - 06 - (0-03)5F) _ , 3
O 2.5 £+
with FOL-L) - 5.3 we enter Fig. D2  and read
)
2
.;_2.# = /.6 (/)

The vatue of P¥ itainea 11 Problem 11.53 s ctll valid, so
p¥ = ¢4 psio
and  with E,./ we qcf

po=(r6 )(c2 psia) = [/ psia

/1-65
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11.57  If the average friction factor of the duct
of Example 11.12 is changed to (a) 0.01 or (b)
0.03, determine the maximum mass flowrate of
air through the duct associated with each new
friction factor and compare with the maximum
mass flowrate value of Example 11.12.

(@) For £ =0.01 we have

f(l*—.(,) y (0.01)(2m )
2 (0.7 m )
and on Fi9. D2 we read

0.7

Ma w @27 (1)

7
L, .
=+ .1 (2)
Vio_
x = 0.73
From Exampie 11.12
7T =2¢0 kK
and

I/*

= 30 ™
5
/

77’!(.19) with £3. we get

7 =(11 )(240Kk) = 264 k
and with Eg. 2 we obtamn

[4:: (0.73 )(3/0 Sﬂ): 226;_"
7o deteymine P we enfer F;g. D-I with Ma =07 and read

h | o072
5
Thus

p =072 o1 tbilabs)] = 72.7 Rt (abs)
7o determine the wmass fFlowrdte we use

!

~

rh:/»uw-. P. ‘W'DfV=(72.7M,;"~‘;)7?'(0.lm)1(1‘253_’ﬂ) _ 7 gg
R 7 6.9 N.m 260K ) (¢
RT, ¥ (2%6.9 ﬁ’_k)( LyK)(4) gl
(Con't)
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.57 (con't)

For £ =003 we have

Fra*-2) . (0.03)(2m) _ ,,
D (0.1m )
ond on Fig. D.2 we read

Ma, = 0.57
7. _ 173
T:F
¥ = 2
VJF
Thus,
7= (L13 )2pk) = 271K
V = (06 )(3002)= 1862

Fromm  Fig. D.1 we read +ov Ma, = 0.57

A
g

Thus,
p= (08 AL kPalabs)] = 8/ %ra(Gos)

To determiine m we use

m = Rf_]% 7);-1)'2 v o (azxm?”%)?}- (0.1m) (136 2 i
]

= 0.9

-~

g

/1-SZ

o] A

286.9 MNm 27
(e 2 (271K )(4)
The maximum (choked auct) Flowrates Tor Oifferent values of £ arve

£f=000 s

1
™
W

|2

m
f’-‘ a.02 i3

f» = 152 %
£=0.03 5

/- € F
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11.58 Air flows adiabatically between two sections in a constant i
area pipe. At upstream section (1), p,, = 100 psia, Ty, = 600 °R, Constant 0’3‘:’ / %’gﬁ
and Ma, = 0.5. At downstream section (2), the flow is choked. Es- e con e
timate the magnitude of the force per unit cross-sectional area ex- e e e e I
erted by the inside wall of the pipe on the fluid between sections |

(1) and (2). |

The control volume sketched above s uséd. /4;ﬂ/w/y/r§j 7he AXial
component of the linear momentum equation (€9.5.22) 1o the
Contents of his conbol volume we get for the force exerted by the
pipe wall on the fluid, Ry
by = EA-RA & W (V-1)
or

K = p-nt pv (v-4) “)

>|

Thus we need BB, p,v, and V.
@) Por  air we enter Fig. D.1 with Ma, = 0.5 and get

L _ 095
T
and
s,
Thus -
7, = (095 )(600%) = 57p%
and
P o= (08¢ )(10psin) = 8¢ psia
Then ' RY, ;
: - @.5 1716 116 \(570% ) (1.4)
V,= Ma,|/RT % os) | ( m?_.l) 7 - 5551
ana | . S/n,.sf;f)
/9, . f’_ " (3"! p:m)(f‘}"f’g;) = 0. 012% J’_@Jj
RT, (176 F2 ) (c20°%) i
J/lcf_‘ﬁ
(con't)
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At section é)-;e flow is Choked. Thus we use the x sitate of the
Fanno flow, Fig. D-2 for sechon (2). Em%whj F/j- DL with Ma =05

we  read
Lo =24 = A
o =
and
E = 0\54 - '_/,-
V¥ v
Thus |
o= £ _ (8¢3pia) _ —_—
oz (z-14 )
i Vi (se £) 2
Pt et =20 57 - /g0 1
T osd (054 ) 5

Now with Eg. | we have
R wh & ““* i 39-4 psig (144 in-
x = (8% P.rm-)( ) ( psin ) E )

o s -t

= 2930 %
s .,Cfn

>
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11.59 Cite an example of an actual subsonic flow of practical im-
portance that may be approximated with a Rayleigh flow.

The Fflow 1‘/7rau‘74 the combusisr of a gas turbine
enjrhc Is Ssometines o-moroximalted with a /?a)//e{‘yé |
Llows,

/H-70
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11.60 Standard atmospheric air [T, = 288 K,
Po = 101 kPa (abs)] is drawn steadily through an
isentropic converging nozzle into a frictionless and
diabatic (g = 500 kJ/kg) constant cross section
area duct. For maximum flow determine the val-
ues of static temperature, static pressure, stag-
nation temperature, stagnation pressure, and flow
velocity at the inlet [section (1)] and exit [section
(2)] of the constant area duct. Sketch a temper-
ature—entropy diagram for this flow.

For waximum flow, the Rayleigh flow is choked. lor the jsenpopic

nozzle
7;’ = Z" = 288K
3} = }z = fol‘ﬂfa.(d[v:)

7o delermine the stafic state at the nogzle exit, Raylegh How mlet
we veed the value of Ma,. Tp defeymme Ma, we use

A,&z"' 4‘5: = 4 = 9(70;2" 7,:,)

or ( N.m
. S0 0pp
T, L+ 7, = %% %) L o2k - 7k
’ < (1004 Mrn gl
kg k
and nah'ny that for choked Flow 73‘2: Z;ﬂ we get
_72"_:' = _i’:_, = ngk = 0.37
702 ’;;a 786 K
With 7_;'_,_! = G327 we.  enfey 'F;ﬂ- D.3 and read
7,4
Mal = 0.3¢
ﬁ = 2.1/ a)
Fa
L. 092 (2)
A

(ton?)

/= "Ff




% s
,ZL (3)
}_’f_g = 11§ )
2
With Eg.‘{ we obfan
p = Fo,. _ flo1kfa(abs) _ g4-3 kba(abs) = p
—_— —_— [
: 119 1.19 a
With Ma, = 0.31 we reaqd from Fig.p.,
P
= = 0.94
z, e
and
.
~ = 0.98
7 (6)
With Egs. 5 and 6 we get
(7)

Fo= (094 [ 101%tatabs)] = 75 kbalats)

and
7, =(0.7314% ) (288k) - 282K

Thus
v = Ma, [RT % =(03) |[(2%64 :ﬁ )J@s2r)(14) 10% m
e :
:(9.;1:)

)

Comé;'m}:f Ej.r. {omd 7 we obtan

Fu (Gbs
P : [95 #ta( )J = 4§ 44 (abs) = £

/: = .
2./ - (‘z./ )
C’Wéi]ﬂlhj Egs. 2 and & we have
7;_ = 1_ = (283 k) = 674Kk = 7
042 (oxz )

&m-b'nff)} Egs. Band § we have
/0% 2

"
=

520 2

1

= V
%= B -

0.2
0.2

4w

(con't)

(%)

e ¥i
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lo sketh a T-s diagram we obpys 5, -5, Fom
s5-5.= ¢/ B RmA
2.9 P 7 p
v
ﬂfat @g 95 % Va/abs)
and
55, = {(Fo N,
#9. K
800
P =45 hiafabs)
T(k) skefch of ,"”‘/ o
e , = 674
5 Rayieigh lthe % " A *
(not 10 scale ) P /
o /
,/
//
400 p=9a5 kfa(abs)
7 r’: 282k
200
s L
tg. Kk

H-F3




11.6/1

11.61 Air enters a 0.5-ft inside diameter duct with P1 = 20 psia,
T, = 80 °F, and V; = 200 ft/s. What frictionless heat addition rate
in Btu/s is necessary for an exit gas temperature T, = 1500 °F?

Determine p,, V,, and Ma, also.

To defermine the heat +fransfer rate we use +he energy Euation
(Eg.5.67) 7o get

énef = m (hgz'— AQ,:) = NG (7;;:.- 7;.-) ()
in
For mass flowvale we use
n = = A 7"01 2)
hTaA "t g
To determme T, and 7,, we use Eg. /156 . Thus,
T . /
7 (2)

/ +ﬁ%’) Mqg*

or for air

T - f(Ma) In Ffj’ D. 1 (4)

]
TJo determmne /-z we use

2 %)/ A

R h(E)E) (5)
where  with &g. 11.123 for Rayleigh FHow

P o mirt

A I+ e Ma® (¢)
or v aw

P _ #(Ma) i Fig. 23 (7)

ta

For exit velocity ,V, , we use

V, = Ma, |/ RT, 4 (%)

We detevmine Ma, wi th
Vi _ 4
q)

Ma = 2 =
' VRT % (con't )

e~ 74



/1.61 \|(con't)

and we  defermpe  Ma, with

%’(%)(%) (10)

and  Eg.1n.)28 for Rayleigh Flow , namely

7 - /(fﬂé)m ]
G /T kMﬂ: ‘ ///)
or for air with
T - F(Ma) on Fig.23 (72)
-
a
For ajyy we detevimime Ma, with €g. 2 77”0’
ft
Mo = (200 )
/ = .18
(116 H.lé)(S'ﬂ? R)(1-4)
shg. R* /1 1y
Slug. ﬁ)
For Ma, = 0.18 we vread Oh F‘? D.7
_0.99
7,
Thus i )
i SHOR _ 5Y5%
! 0.99 ‘
With Ma, = 0.18 we read Gh Fig- B3 the valnes
Z'.. = O 17
a
and
£ = 2.3
Fa.

Thus with Eg.10 we obtas,

/_fé_"_"_’?)(c?.n ) = 062
S4%0R

ERAt

(ton't)
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For I= - 062 we get frim Fig. D.3

Ta
Ma, = 949
and
5" - /vqé
(A

With Ma, = 0.40 we vread On P}g. 0.

Z’: = 0,97
7o
ﬂms/
o = 19¢0 = 2020°%
0%7

Thern with Eg.6 we have

g = C‘w/ma)( )//% ) =17 psia
with '%-:? we haye

l{_ =(a.w)/ 0715 f’”‘ /f/%’a 2)(14)

Stg. R , /6 - }f’
W}.’f’)
With &.2 we get &>
. p] : /-ﬂ.“ o ff
o= (2orra)(wt 2] ar o5 (w #) 0.122 Slhg
(176 Fl Nspe) (9 o
)
anel with ¢ we oabte
: 122 Slug V/400¢ TFH N (z020% - 545
QM* (0.122 7)(6 5&7%)( ge) (390 Gt
’h

5

775 16
(° Bt )
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11.6  Air enters a length of constant cross
section area pipe with p; =200 kPa (abs), T, =
500 K, and V, = 400 m/s. If 500 kJ/kg of energy
is removed from the air by frictionless heat trans-
fer between sections (1) and (2), determine 2R
T, and V,. Sketch a temperature—entropy dia-
gram for the flow between sections (1) and (2)-

To determine +the state of the aw ot section(z) we wuse the
energy eguation (€3.567) Yo calculate the value of Ty Thus,

9nef b ho;l_éo,l = Cf (7;)1' 7-0,1)
n
or
= g"c"- - gnc'/'
e e, -, o )

P G ‘ '
We obtan o, Tom Lo which we veaa fom FI9- 21 with
70,1

a value of Ma, . We defermine Mal w it

JRr% (2)

With M“z we also eénter F/'9-D.3 and reaqd values of

=
S
]
NI
I
5

i ) 5 Voo and o0 . Then we determive E} with
AR A T o

2 () ”
L;“ 70;.' ];)A

With hic value of 2> e enter Frg. O3 and read

K
&

Z’;d VR 7> V 7
. 2 % o %
Cofre.f/oana'/)y values o 27 an 7 en e
detevmine £, 7;_ and 112' wi
= _F}/l/_’é 4 Y )
AR NE) (
— 7= Ta
REFIE)T (52
aned ;
i = -—3')/_“.‘- V (¢)
2 /Va V,’) !

(Con't)
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We use &g.2 # get
Ma, = (00 22) = 089
/(zr;.? M V(500 K)(1.4)
'kf K7 N
(i)

v Ma = 0.59 we get- from Fig. D.{

7 0%
7

9, 1

Thus,
T

0,4

(a0 k)

(0.86 )
and. with Eg.1 we have
g
Zz = - /50?&00‘%_) " g?OK E SZK
’ /fooff 7 )
%9 £ ) 3
With Ma = 0,853 we enter Figq.D.3 ano Vea

= 580 K

_@ = /./lf
a
L = (02
o
-l/.‘-:a.?
Va.
and
T
2 . 999
Toon
7
Now Wil Ez_f = 0.99 and &.3 we obtamn
Toa
% =/§}£ 049 ) = 0.4
Toa (5794




.62 | (con't)

which  has  as corvesponding values in F79.0.3 of-

Md)— = . /g

|

2.3

0‘/7

1l

Va - 0,07

With these vafios and these rafos Corvesponding to Mg, = 0.8 we use
57:. 4 & and 6 4o rblamn

p =(2.3 )/[; )[Z&oi&(dv}] = 404 k1 (abs)
/.

L =(ei7 )/ / )(5&0&) = 93 K
Lo2 i
and

= {aov-. )

= 3/ m

il is S/"gl'/ﬁ; Aqﬂﬁnn
Note Tthat dc(a'rdm? % our calculalions, 7 =83 ZKAT =k .
/s s not comvect and s a  result a:c fhe
assocrated with 6{5!;7 the graphs.

/”ﬂCCu rﬂC7

Fov move precision we asceviriy, the Valge of Ma, tnowiy

;__;a_?: Mfm\j 637 W13 Ars? éa./gye/r, we. detevmime 72; /‘Wwﬂy
a}l\ aa

Ma, with Eﬁ. )30 Thus ,

T ’ - 2(*7"!) Mq’:“( [+ iz_.—IMq)'?—)— 2(/ l{‘l"l)(ﬂ 3?3)/-/1'-(“/",)(0 ?f?)/
< s ﬁM‘,’z)t T e Gotrtnems] ]

)

\“\‘! \h\i

"= 09708
To, a (Cﬁﬂ’f)

S
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Mw e use &g .56 o defevrime v 71:44,3
75,1
L. ! /
2 [+ Te~1 = o = 0.862¢%
4 (%! )a z+(/,i_/) (0.893)"
Z
and
- 7
7, = - (sook) - 5758k
/7
0. 8624 0.8424
Now with Eg. | we have
_ _faaml
74;;7— ( ) + 577.8k = &£.79 K

@4@ }:)

Wi 4 Eg 2 We sébtai

g 179k
‘ 0|?70£ = a‘/
C’?f Sk )( 4 i

A

‘\.

With 57.21-13/ and z;i_l = 0.139¢ we gel

70,4

Ma, = 0.1776 ’
Ihen  witt Eg- l.128 and Mﬂl=0.¢?‘?3’ and Ma, =0.177% we 7cf

I,_ _ (!f'fa)Ma,] _ (H_I.ff)(o,ng) 72.;
T I+ kMaq* [+ (/.4)(0.993)‘J

bnef
F =

L _[(/ff.‘f)(”"ﬁ‘) = 0/666
n I+ (14)(0.0776)"

l.02¢

(Con't )
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Now wilh Eg.g we hgye

L= (01666)) | _ )Kf‘ook )= 8112 k
1026

and
LL=81lTk < z;1=31-77/<

as it shonld bc.
For our T2 5 Skehl we use &. 1M o calewlate S-5. Thus

5225 =G B L Rin B -4 T 4, é’/./?K)

=
el ¢ A .k S0k
5-5 = -2030 <L - 2063 I /n/‘fcﬂ%/a(df)
%9. K . /< 200 € /4 (abs)
P =200 fefa(abs)
(1)
500 '3 =500k
400 .
200 /Raylei h /Irne
T(FJ p =04 Ala(abs) e
*
" /
z
(2)
100 -
7,7 8.19 K
0
g L )

9. K

n- 8
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11.63 Describe what happens to a Fanno flow when heat trans-
fer is allowed to occur. Is this the same as a Rayleigh flow with
friction considered?

One Wdy /) fcspdha/ o Yhis praéku—. 5"/m{:’meu7‘ /s o comsider
what the path of these flows would [ook like on femperntire -
frlolquy (T-5) coovd/nates . 9:!;-7‘;145 with The subsenic /Jovﬁmj
of Fig. 11-2S

Ray le:'gl\

we can shaw Fanno and feay)cijl. Flows. Another classical case
described t & number of Fluid mechanics Jexds is iseTherwal
pipe Flow (constanl tewpersture pipe flow with fichon and

heat tramnshs). This kind of Flow aﬁomximafu what oceurs n
Jong undersround pipelines. As shpon in the sketh above by the
brokew lime the isothermal Flow path is 9-enmdly above The
Fanno Flow Pm‘h and below the Ray{e::gl- €l path. We
conclude that fhe patt for pipe flow witte fichon and
heuﬁn? would k< above The Fammo flov path anol the palh Hov
pipe How with Frichon and Coa[:'nj wonld be Lelon The
Fanno Flow path with ticthon amd Flow vates tmstant.

A Rayleigh Flny with Frchon would fragk. below The
Kar[e!:,h flow patt shon olher 'Hifnys egud. Rdy fcf)l\ flows

approxivate flows wilh heat framcks, over short path lengths
over which Fichon Can be ignored as an approximato n of nf!a/:&r.

-52-



/1. 65

11.65 The Mach number and stagnation pressure of air are 2.0

and 200 kPa(abs) just upstream of a normal shock. Estimate the
stagnation pressure loss across the shock.

We L ont To deterrune the Jfﬂfna,ﬁah pressure [oss gcross
a norma| shock, or

P
- = I- "oy ()
b By T B (17 2
/
7o detevimine Fhe :%a?naﬁbn pressure yvahs we use é;y /] 15€ .
Thus, #

3 .4
(ILINOLILT
- L (2)
Rk Mg% _ /H-1 k-
/Zi+l Qx i_; )]

-)—y = f/Mﬁx) /n F/y Dn?‘
Px
Fovar(dm)we have from  Fig .o for Ma, =2.0,

WY lqm
X ~

or ﬁr amnr

\v

)
~

= 072

|

<V
x

Thus, with &.! we obtam

/gx__ /;}’ = 2o /C,:t@(,;;](,—o.jrz )= 56 kA

2

/- £3
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11.66 The stagnation pressure ratio across a normal shock in an

air flow is 0.6. Estimate the Mach number of the flow entering the-
shock.

7o determne the Mach number of the aiy Fow

\?”7‘60}7 4 ngrma( shock , Ma, , g/ven rthe Sﬁ?ﬁmgﬁon
pressure  ratio, /2, x we enter  Flg. D.Y with

_—

%y
_’;Lk = 0'6
Gy |
tnd  yead 0n Frg9. P¥
=2.2
May e

//- 54
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11.67 Just upstream of a normal shock in an air flow, Ma = 3.0,

T'= 600 °R, and p = 30 psia. Estimate values of Ma, T,, T, p,, p,
and V downstream of the shock.

To detevrmi/ne Ma), Know i1n g Ma, we uyse Eg.11.199. mu_;/

O i (&)

(2 é)Maz.__,
o Fov alr we u:e, Fig. D-% f5 May as a funchon of Ma, .
To defermuine TY we use Eg. (.56 . Thus,
J

= 5] 2

or for an we use Fig. D.1 for 73' as a tunchon of/'/lﬁ,-

To ob&tasns 7, we use Eg./1/5). ) Thus,

o e )}7 o
+1 2
z(k—f)]M

or for dlr we  use F,ﬁ_ D.Y for as a funchon of Ma, -

(1)

x Iy

For , we uUse Eg.2 of Exmﬂ/c /.19 ﬁ’fef‘
7

{(ﬂ'm j*-f }
p /
7 . %)
. [2 : 'kn)]‘

L3y,
or 'év ar  we use F)g. D. 4 79, éz s A ’gMci%h of /%k
: Fi
o /i we wJse %./{./50 fo o6tain
7
or

=g [(%)Max H]] (5)

or Glr we uge F,? D. ¢ p as a ﬁ(ﬂcﬁ'@n of Mﬂx‘
x
For v, we use

(¢)
% = Ma, JR7, % (con't)

/- §5




l]. 67 (con't)

For air we read from Fig. DH fp Mg, = 3.0
Mﬂ - 00475-

5 _ 0.3 (7)
Fx
15
o o 2uf
Z (%)
A
Ly
E_ 12 (9)
and we. obvtain  Fromn Fg.D.l fn Ma) = 0.475 res
= 0.96 (10)

SN

T:bev\ £$f we 997(

5 = (2.7 )(600°r) = lé20°R
and “thus with Eg.10
A X

' 696 0.96 —
Witt, €5.7 we obtam,

h =03 )(30psia) = 30 psia
and  €Eg. 9 }//éla(j

N

p‘” = (72 X3opsia) = 360 psia

Then with €3.6 we obtaum
V = (@« 17/ ++ 18 .
i ©.475 ) (17t i )(Mzo R)(1+4) =a37 F

n-5%



/.68 |

11.68 A total pressure probe like the one shown in Video V3.8 is
inserted into a supersonic air flow. A shock wave forms just up-

stream of the impact hole. The probe measures a total pressure of
500 kPa(abs). The stagnation temperature at the probe head is 500 K.
The static pressure upstream of the shock is measured with a wall

tap to be 100 kPa(abs). From these data, estimate the Mach num-
ber and velocity of the flow.

This is  like Example 1119

We enfer _P‘z'g. DY wilth
ﬁp,y B 5 00 RIx(abs) = 5

B 100kSafabs)
and vead
Ma, = l__‘f

We. determme the Value of 'V, wilth

(1)
V, = May W |

FGY T we vead ﬁm F}ng. D. ! f”" Ma'xz Icq

x —_—
L _ o0.5%
%
and Ssmce
= K_
o - 7‘;‘? £ 00
we. bave 40 K
T— 2(0_576 JS‘OOK s '
X

anﬁ( Wiﬂ\ Eﬁ / we. défZ{m

o 0 286.9 M-m (290_l<)(l"f) % 543_51
‘4( b-q ( ‘41.7‘./<) (/ N =
kg. m
5‘1

- gF
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11.69 The Pitot tube on a supersonic aircraft (see Video V3. 8)
crmsmg at an altitude of 30,000 ft senses a stagnation pressure of
12 psia. If the atmosphere is considered standard, determine the
airspeed and Mach number of the aircraft. A shock wave is pre-
sent just upstream of the probe impact hole.

At 30000 f+, we vead from Table C.1 4w Standard atmogphere

7 = -Y783F = #2.2 °

and
p = 43713 ps5/a
Thus
7
’%y _ l2 PJ')’a. _ '2-'7'-]-
A 4,373 psia
and wilth this value of By We vead From
F/'y. 0.4 5
Mdy = 1,25
Thus,
Max(/ 17_5//7/5{+u LZZR)(ML)
/
(e =)
and Sllug. f;_
| = | 240 ﬂ
A e 3

/- &8



Py

11.7D  An aircraft cruises at a Mach number
of 2.0 at an altitude of 15 km. Inlet air is decel-
erated to a Mach number of 0.4 at the engine
compressor inlet. A normal shock occurs in the

inlet diffuser upstream of the compressor inlet at
a section where the Mach number is 1.2. For

isentropic diffusion, except across the shock, and
for standard atmosphere determine the stagna-
tion temperature and pressure of the air entering
the engine compressor.

The decelevation process n the nlet diffuser is assumed o be
Qd)abatic shice we ave. Can.r/'c/&r/»;j /1sentrgpic  dliffusion
except- across fhe shock TMg

7 = constant
and
7a:com/a inlet ki Z:d,‘fﬁuw mileft [/)

To determmne The diffuser inlet stagnahon Fempevature we enter
Fig. D.| with Ma = 2.0 and read

FZ': = 665 (2)
At 15 %n clevabion in standavd abmosphere e vead from
Table C.z2

7 =-55¢C =216.5 K
Thus, with &s | and 2 we obtain

= R16.5Kk)
70:com, mlet = 7::&:'%0:' wmile) (05‘5‘ ) = 374 K

Jo detevmmme 1he stionation pressuve at fhe compressor mle?
7 4
we use

= nlet
)Z Cﬂn? mnlet th?guer mlet / ( /?/ Yt s ) (3)
Pd’: Huser mie?

P dl'FFuJ’(v n/{'f s e
E, diffuser et

/; difhisew irlet 6-'%& nlet (4)
&iFfuser inler
oy U R PR P
di ffuser et atm = di {‘ﬁa'er 1nlel- m
'F"vax Table C. 2. (CO)‘? -‘-/-)

11——8‘7




170 | (con't)

We oblain  thser ikt fom Fi9.D.0 Ao My = z.0.
/o? diffuser ifef dittuser infet

Thus o, Fig, p.t we hlave

e 5

diftuser /Ci'

= 0,73

(5)

/:Jr’fﬁuey mlet

(oméz'my}j 555_ Y and 5 we obtaumn

= l2nxr0?L fats)
%5 diffucer iylet e w H5 000 2 k]
./

for Ma, = 1.2  we vead fm Fig. D.4

RN

|

! = 099

O\
x

Alse, smce  the flow (s lsentrpje cxcept acrwss the shock
/

b

oV

4 —_ [ 0
ffuser 1 lef

S
Q

%

and
" comp kel = 4. 0

4
Thus, with & 3 we obfamn

};‘: Comp rmlet =[?3:f 00&1”4;/(“‘;{7(/. ﬁ)(ﬂ,?fﬁ')ﬁ 0) = 92,000_&{(46;/ - 92 %ﬂg)

=
To defermine fThe slabe pressave at lThe  complesior  sifet we

ente, Flo. D1 with Mg = O, 4% ana read
Comp mlet

)

Fclm/; J;J/Qf
——— w057

FO; Cemp Inlet
Thus,
7 = 087 )[92 lh(us)] = $2 kialois)

Corny nlet

11-90
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11.71  Determine, for the air flow through the
frictionless and adiabatic converging-diverging
duct of Example 11.8, the ratio of duct exit pres-
sure to duct inlet stagnation pressure that will
result in a standing normal shock at: (a) x = +0.1
m;(b)x = +0.2m; (¢) x = +0.4 m. How large
is the stagnation pressure loss in each case?

This is sunilar # &ample (/. 2o0.

(WFo- a  Standing  normal shock aqt x = +0./m we note From

the table of Example /L& that

de = /37
and
g x
From Fl‘_?- D-‘{-‘} for Ma, =/37 we obfamn
Ma’ = 075
and
7
,,4): = 0,9 P
g x (2)

From Fig. D1 we fund for

Md’, 2 0.75
fi_' = // (3)
A'l'f

For x = +0./m, e rako ot duct exit area Tz local! area
(A s, ) s
& B 0./mz+(o.5‘m)1 = 3.8 ()
Ay O./m? y (o./m)z'
and u;n‘qj Egs. 3 and ¥ we get-
A'z. ﬂp Al
4% ;,)(;,;) =(L!  >(3.8)= 3.5

(con't)

1"-9/




.71 (con't )

e

Wi A v 3.5 we 987‘7‘%«»- Fig. p./

A¥
M@z= o.17
and
_’;; = --Pl = 0,78
B £y
Thus
F A
——— ik %y 0 = 0.
Z - 7. )( ) (096 )09 )= 0.9+

The loss 1 szeymzﬁon pre.smre /s
BT TR R T A (17 2 ) sl o )i
gx

(6) ovr a sﬁzna//{'a] Normal shock. at X= 0.2 m we note From
The table of Example /1§ That

Ma, = (.76
and
P
Pi = 0./%
ox
From  Fig. D.4t, for May = 1.76 we oblamn
=042
Ma’
Lna
' A4
27 -—0.83
/o x
From Fig. D.t we fina fo
Ma =0.63
¥
A - 11
ax
For x = 10.2m, the rato of duct €xi7 qren t» /aca/mm/ i"}
. A
b4
Ir 42- - 0./’”, = (a"s-m] z.___ 2_ S-
Ay Olm™>+ (0.2m) (con*+ )

/=42




JETE (con't)

and thus
A - Az (Aﬁj = = 2
7o (5 N3)Caus ) -2
W:its A _ 2.9 we get from Firg. D/
,9*
Ma_ = 0.20
ano
S8 : B _ pom
@,2. {’-
Thu s
LB /B8
};:" };a"‘ (}3;5)/54' ﬁ ) e
The (oss

i stagnation pressure is

Pfat_g.z - e,x T ey F G« (/- ,?‘?) :[/Olﬁﬁﬁﬁ;jﬁ_d_w J= Lé&

C) v a y

S&Ma'u\y normeq/ Shock al X =to.Yrm we nrofe 79'"13“6
Tasle  of Example 118 THar
Ma_ = 2.48
ana
L 0.06
g

From Ff.f. D.V) o Ma, = 2. 48 we obtain

Ma,

= 0.5
ty /5

and

\Q\
e

= 4.5/

S 4
o Frg.D.1 we find
=05/
M"J

\QN

2 = /.3
»
2 Con't )

/i~ 93
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For X= 1 0.%m Jhe ralfio of ducl exit area Fo /ocal/ area,

Az 5

— )

Ay 5 1
A, Olm*+ (0.5+) = jiae
ﬂf O.t m™* ¢ (0-4»:)1

and Thus

A‘ /) 235)(13 ) =

Wit f_"}../g we get Fom Frg. Dy
A¥

Mg, = 0.3%4
Ao
L B _pao
2 'é’,
TAus
2 _ f-; _ Pz F
e‘ )gx £ )/_a_ =(0 °2 )[09/) = Oi7
? 2 2 ’%x —_—
Jhe loss 1n stagrafn pressure (s
f -FP = = _
o 42T G4, ox(/ ! ) Corkrgs))(i-051 - 504

-4
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11.7Z A normal shock is positioned in the
diverging portion of a frictionless, adiabatic, con-
verging—diverging air flow duct where the cross
section area is 0.1 ft” and the local Mach number
is 2.0. Upstream of the shock, p, = 200 psia and
T, = 1200 °R. If the duct exit area is 0.15 ft-.
determine the exit area temperature and pressure
and the duct mass flowrate.

7o determne Fthe duct exst femperdﬁlrej L and pressure
~

B, we vieed B aqna 15 . We can bl these vakos Bom
Z. 2

4

FIge D1 knowiny the valye of May. The value of My we
ebtan, Pon F/jD\/ Wil o, krown valne of A2 wich we
get fromn il

R /”= A
The value of (ﬂ._:) /s oblamed ho, FI9.D.) L M He value
A

of M“j obtaryed FHon Fi'y. DY with o Anown valye oI°
qu = 2.0, Twus from, Fiy.ﬂ.‘/ for Ma, = 2.0

Mdy =0.5%

and from Fig-D.] we regof fmea):o-ﬁ’
ﬁ’:/.z
AF

Fon the prp&/m Statementt
o . 0157

Ay O £4?
and tThus wiltt E;. / e Ahave

= /. &

A
;’_; = 0.5)6'.2 ):/»tf

(con't )

- 95




/.72 (con't)

With $=z.g we get Hum Fig. D.1

Ma, = 0-34 {2
75
= = 097 | (3)
7z
and
-}_g' =092 (4)
z.
The value of T;ﬂ /s oblained rowm
e B ™ Gy n T 2 saes -
The value of }32 ‘s oblammed Hrorn
B ] P
C:l ) /:,y a /;x (/-;'-?
Wéere. @
E_z = 0.72
/g x
From  Fig. 04 S Ma,, = 20
Thus
87 Coomiaro72 )= rv1 pi o)

With €8s 3awnd s we 0&7215
Z= T 72 ) = (1200R ) (0.97 )= 1100%

75:_

Wi rt Ef,- 44,,‘,{5 we lave
B /Pf& )= C#¢ psia )(0.92 ) = 132 pria
gz

For  mass  flowrafe we uUse

m=RA4hY = EIMQC:_PZ:A:_M:QI/R_E\{-
A7, P -

and

ﬂ'ﬂ (132/0.:;4 )(/V? - /t/ﬂ /S"A’/l/o 34 (7/6 ﬁ IA VI& ﬂ)/‘f)
,C‘
(176 m‘; f:) (né'a ‘”) (’,,fé-,g
m = 0§ Jﬁrz 2¢.1 lbm 75

S f——— s

/- 26
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11.73  Supersonic air flow enters an adiabatic. Determine also the duct exit Mach number and
constant cross section area (inside diameter = 1 sketch the temperature—entropy diagram for each
ft) pipe 30 ft long with Ma, = 3.0. The pipe situation.

friction factor is estimated to be 0.02. What ratio

of pipe exit pressure to pipe inlet stagnation pres-

sure would result in a normal shock wave standing

at (a) x = 5 ft, or (b) x = 10 ft, where x is the,

distance downstream from the pipe entrance?

This " is similar 7o Example 1121,
With Ma =3.0 we enter  Fig.0:2 and gef

f(ft[,) - 0.52

D
We nofe that
Flete) o FU L) o F(L-4) p
o ) o

(a) With €g.1 we qet for £_ L - 5F
¥
f(’lfz"):_- . /l '1’)_ ’Cﬂx"lf)= 05z - (0.02)(5FF)

D D D (/f"f)
or
f(—effx) = 0.%42
0
With F(X%Le) _ 042 we enter 9. D2 andd Find
)
ng = 2.5
With Ma,= 2.5 we enter Fi19.D.4 a44 read
Ma = 0.52
4 | ,
Now wilh Ma,: 0.52 we obtan 60»1 Frg.0.2

£(04) - og

D

5i;

“rretn) . FCL) - 8-G)
2 2 2 (Con't)

97




/.73 | Con't)
we gef
FL“L )~ 0.9 (0.02)(25 ) = 0,4
D C ) +)
and enk/n'n, Fig. P2 wilh e s) - oY

2

Ma = 0.62 (Sub!ohfc f/gw)

2 —_—

Mow we ppte That

L - E[ﬁ’/z/{i/}/& ﬁ"(ﬂ
* — — s
2 PG NEA P A e

Wi th Ma, = 0.62 we dtain  From Frg-D. 2

Lo 17
P'F
Wit qu = 0.52 we oblam frm FJ:7. D. 2
Ey = 2.05%
p .
Wit Max.—: 2-5 we get From Fi9.D.4
Py
P
and we oblain from F{'y. D.2
Pe _
/—p} = 03 |
For Mdl'-'— 3.0 we qef fom F19- D2 .
f—'— = 0.22
Pﬂ‘

and from  Fig.D./
= 0.03

—
P
9,1

(Con't)

we Jb/

()

(3)

()

(5)

(¢6)

7

(7

- 9g




/773 1 (con't)

Cowé[m}y £gs. 2 fhmq;'tl g we obtamn

P (/ /
_-E = ‘7 e (7 0' o.__/--—-
£, )éas‘ ) A 0.22 )(0'03 )= 0.2/3

(1

5

Since we do not have Values of 7emperature or Pressure
arywhere i the f/aw, we  Can on/y sketch j’aaé'ﬁﬁVe/y
what  happens on T-5 <coovdinafes. The T- 5 diagram

will be Similar +p Ithe one of F/"? &2 ) 4S /ndicated

Above .
(b)With €g.1 we get for 4, -4, = /01
f(ff-lx) = 052 - (.o(10F) _ 0.32
D (1 F+) ‘
wWith £(4L) _ 032 e enter Fig. D.2 and fird
- D
Ma, = 2
Witth Max = 2 we enter /:7'9-0-"/ and Veaol
Ma, = 0.58
7
Now wity May =058 we obhm howm /7'5. D.?2

(con't)

= 99



/.73 |lcon't)

*
Fl-4,) - 0.2
_ p
Since

fa L) = F(2%2,) F(l-2,)
D

O

f(f !) 042 —(002)(20f1) . p.22

. (1 £+) %
@nd ehk«mj Fi19. @2 with F(L-L)-0.22 we obtam
} o

we

Ma, = 087
With Ma, = 069 we obtan, fom Fig. D2

E

F" = I- 1% (‘?)
Wi, Mne = 0.57 we obfni, from Flj 2.2

7,

pe = 1 (10)
With Ma, = 2 we gef from Fi‘y- DYy -

5

= = 2.8

A : (11)
and ~ We  obtan  from F’f- D2

G - oy :

P (2)

Cmé}m'ny Eps. 3,7,8,9,10, 1t avd 12 we obtain

I'ZE //;9)(2( )(45 ) (054

003 )= 0./8

o022

1-/00
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11.74 Supersonic air flow enters an adiabatic, constant area pipe
(inside diameter = 0.1 m) with Ma, = 2.0. The pipe friction fac-
tor is 0.02. If a standing normal shock is located right at the pipe
exit, and the Mach number just upstream of the shock is 1.2, de-
termine the length of the pipe.

We note that

D p D

Where accardzhj o &9, 1198
f/jif)._. (1~ Ma*) + (A4 1, (é%i)“al 7
2 koo(mer) 2k () ma? |
2
or for airJ f(lff) s ymplyed Gs a Funchon of Ma in
D

Fig. p2.
. . . #*
Thus /mou/my Ma, ana Ma, We can olekrmie f_&'ﬁ, ) dnd
D

f(_lffz.) and with €g./ we obtan f_(_l_z_-_fa), With + and D
o L

dlso known we can determine 4. L .

(2)

For arr, we find ;m  Fig. Dz coresponding 1o Ma, = 2.0 and

Ma, =12,

¥
f__(f_-ti) = 3
D

an d
FLL,) = 0.03
0

7771,(5, with Eg./ we have
FlL. -L)_ 0.3  _so03 = 0.27
D

and
4,-0=(0:27 )(047) < L35
0.02

/- (g1
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11.75  Air enters a frictionless, constant cross
section area duct with Ma, = 2.0, T,, = 59 °F,
and p,; = 14.7 psia. The air is decelerated by
heating until a normal shock wave occurs where
the local Mach number is 1.5. Downstream of the
normal shock, the subsonic flow is accelerated
with heating until it chokes at the duct exit. De-
termine the static temperature and pressure, the
stagnation temperature and pressure, and the fluid
velocity at the duct entrance, just upstream and
downstream of the normal shock and at the duct
exit. Sketch the temperature—entropy diagram for
this flow.

At the duct entance | secton(1), we have

T, = S9°F = 519

p—
j e e e

and
g, = /4.7 psia
7

/

With Mal =2.0 we enter Fig.D.] and yegd

= 0.56
75
and
FE . 03
%

Thus with &s. [and 2 we obtan
=(o.56 )(51iR) = 29/ %

and
(0.3 )(14.7 psia) = (-91psia

——
———

The r

V

]

B BB )

(con't )

M |/RT & = (2.0) | (1716 11-Le
5(&(5'

At secthom (x) just gpstrtam of the shock

)( 2% R )(1-4)
(lﬁuy._f*
P

()

(z)

= (66

—_—
—e

0

“@

(3)

- 102




/l. 75 (con't)

and
= 7
Fo,1 /;’a /ﬁ” (%)

I

For Mg =2.0 ard Ma, =15 we vead Hpm- Fig. p.3

T
-—3'—’ = 0.79 ‘ (5]
Toe
Ee_ﬂ = /.5 (6)
ha
T
L 0.91
Ta
b x
< = .42
5
With these vatios and €s. 3and 4 we bem);
Tog = (519°RY L )(o.?/ ) = s8R
X 0.74
= (1. 7,0514)( )({ 12 J = ps;a
Witk Mx .5 we enfev Flg- D.l and read
Ix - 049
Tyr
anad
-Pi = 0.27
2
Thwus ,
=067 )s15R) = 4R
and
P)’c = (0 27 )(u p,r:q) psia
Then
. [/ = 1716 b %)(1.4) —
\4 Ma, |/ KT, % (15)/( slﬁ : 10104) _ @?
Slug, ﬁ)




I. 75 | (Con't)

At section(y) just downsieam of lthe shock we obi From
Fig.- D.4% fpnr qu = LS

Ma’ - 0.7
5 e a5
Fu

%

L= 3

7

Vi

2 = [_‘q
Ve

P
Y063
q,

X
With these rabtos and values of properbes at- sechom (x) previouslly
detevmmed we have

}? =(2.5 )(3-00/;i'aj = 75 psia

T,=(13  )(w0°r) = 533°%
vy = (490 £) 59y £
= A
[ 9
557 = (0.93 )(//.o/o;fa) = /0___;_?,051'4

Also, since the flow dcross The norma( shock is adiabahe,
Ty = bx T 16T
At the Aduct €X)'1L} secton f2_) we have e _sué;cn}?f‘ "a,” stafe

” Fig. D.3 Since the *How ;s choted +Fhere. Thus Hom
Egs. 5 and ¢ we comclude thal

Ta * Jou = (SHUR) | gem T
.79 (.79 ) =— 22
and ' .
;07‘. = ._.Fd_'_'. — (I‘f.‘]/mm) - 4.9 psia = g’z
! 1.5 (1. ) ——
(con't)

- [0




75 | (con't)

With Ma, = 2.0 we vead ‘6{4}%60/ from F/’9 o2

_6_. = 0:3¢
Fa
7f
— = 0,53
Ta
_Vi, = 175
V.
Thus
p (1.9/ps)2 )
Y ——— = 53Ipsia = P
(a_?‘ ) e
7_' = (Zq!ﬂ) = 5-“9% = Tz
(053 =
and
£t
v = (1660 ) _ 40 £t _
a —_— =T =4

(145 )

To skefd a T-5 diagram we snetd yalues of $-5 apd we

calewlale tese values with
S-5,=2¢ln L-Rin &

1, P
50‘ fov Cxample
006 £+ lb oty
Sc-5, = (6 s )/h "‘”‘ﬂ) (7/6 ix L )/n e ):/mﬁi‘
Simiterty 4 BT e R
e 2 = E (2)or
~S-6006/n 533 1716 I 77 - '
v B i 4.7 s ' (a)
_g =l720 .l normal
57 / kaj.'R Shock
NS ( /“‘Z- Bay/e:yh line
e Sketel, (ot to

£3
_5= 6006l SXT _ 1716 Ip>2L p
{ 19 M7 o) el
5,- 5 = 2080 .4
.Slug °R 350
1a)
1
2500 ]000 s. S (*.H‘;:,ooo

Slug- R
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11.76 Air enters a frictionless, constant area duct with Ma = 2.5,
Ty =20 °C, and p, = 101 kPa(abs). The gas is decelerated by
heating until a normal shock occurs where the local Mach num-
ber is 1.3. Downstream of the shock, the subsonic flow is accel-
erated with heating until it exits with a Mach number of 0.9, De-
termine the static temperature and pressure, the stagnation
temperature and pressure, and the fluid velocity at the duct en-
trance, just upstream and downstream of the normal shock, and
at the duct exit. Sketch the temperature —entropy diagram for this
flow.

(@) For air we have at the duct entrance, secton(r)

Ma] =2-5
7;, = 202 = 293K
/ e

7

B = (01 kFa(dbs)
/

With  May= 2.5, we enfor Fig. D.I and read

oo

i:,' 044 (1)
and

.-,i = 0,06 (2)

9,

Thus we have with Egs. | and 2
T = (944 )(293k) = 130k

anol
p = (0,06 )] 101%tafabs)] = 6.0 4 fa(abs)

Then
V = M4 |RT % = (2.5) (286.9 M. )(/30#)(!-4) =5 m
Ry K TN _— 5

At sectin (x) just ypsteeam of the shock, ff‘f’:)
- A 4
Tx =T, (F—.)/____. (2)

= F,
£ = & _‘_’f)(ﬁ ) 4
3:’ ng)ﬂ




/.76 (con't)

For Ma, =2.5 and Ma, = -3 we read frpm Fig-B3

N

\

e 0.7

\Q\‘

|$Q

"

2.2

s &V
* D

= 0~q5‘

;H‘-.

‘-N
x -~

= 10%

— =

4

1

With these values and Egs. 3 and 4 we obtan
= (293 k) /L~ )(0.%"' ) = 396K
B e 3%

)
)

/

f, = [orma)] (- \aor ) - 477 ktalak)
2.2

0 x

With Ma, =13 we entey Fig.-D.1 and rvead

I . 995
T
and
5K _ 036
o
Thus
T, =075 )(395K) = 286K
and
g =(0%  )[414%kfabs)] =17 fh(abs)
Then
Ve = M“*W = (f'g)/ (2861 ,:;’f )(’Z‘fGK)("?)
: o
:Qf.f._:)

(con't)

- 10%F




/.76 | (con't)

At secton(y) just downsteam of the shock we obtiy, Hmm
Fig. D.4 #v Ma, =/3

Ma, = 0.79

n
™
o=

ggg\x'< P ;.bk'h
1]
~
N

- LB
P
29 . 048
2

With these vahos and Values of propertics at sechi, (%) previousty
detevmimed we have

Fo= (18 D[ 17.0%m(ns)] = 208 kh(abs)
j - (t.2 )(295k) = -_-3_5_#
” —_—
Vj = ﬁff‘f Ly .)= Zq? g
(/.5- ) = 5

by =(093)  [47.4 ktulubs)] = 464 &/ (abs)

/4/50/ smce e Flow acrss e wnovmal shock |s adiabatic,
Toy Slps = 8K
At the duct exit, sechim(2) we have

= fa 4
Y (E)E) (¢)

7;2.= 7; Y;,A 7',

/ s (7:_;; (7—;?:) (7)
B ()5 @
V=V / V. ’3»'1‘/ (o
il (;"_)('7?;) (cont) i




1f 7%

(con't)

0

=401.
nd Mg, =
a
= 0.75
Ma} =
Fig. b3 for
77:&«5,
-3

fv_ = 7

/a

/Dz = /./2

A

% = D2

Ta

s - ez

=

]‘;7 . 096

70 o

5 0.99

B’y e .02

Foz = /.01

A

i . 0.9

Va

Va = 0.9

Va

h
CS

6.6 k¥ (abs)
=L )(/./2 ) = 266
[3&7%(@4‘)7@ -
€= / (/.02 :_:K
_ (35‘/&)6;?- it :
Z = 2 ) .
L. = (375#} e (Cm-/-

"n[09




/176 (con't)
= ' N(rar ) = 459 #4 fab
£ = [%-?ﬁ:%(aé:}](z—_) : ) = 451 %4 (abs)
= 2 0.9 - m
(Z% ‘)(0.3 ‘)( 4 Lol
Fov sletehing 4 7T-5 diagram we need valyes of 5-5.
we use
P
5_5-' = C,,/ni.;_'.f-— /?/nP_

Thus , forr example,

L 5,
o va
Sx o 5; = 52:’ i;—K
5/0?17“4"/9
s,-s = 636 L
y "5, %5. K
and e
® 5 B 940 2
> %5 k
400 -

300

T(k)

(/M% 7@ K ) /ﬂ( k)

6,0 blllibs)

_éfg? k)/,—,/? ﬂﬂrﬁ‘:)‘]

h-HO
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11.80 [See Fluids in the News article titled “Hilsch tube (Ranque
vortex tube),” Section 11.1.] Explain why a Hilsch tube works and
cite some high and low gas temperatures actually achieved. What

+ is the most important limitation of a Hilsch tube and how can it be
overcome?

A Hilsch, fube weorks becawse fhe cove flonr of the associaled
compressible swirling flow is i selid bovly rofoton (forced
vortex ). As shown b, Eckert and Drake (Eckert, ERG. and
Drake, Jr., Rm. Anl./y;;_r of Heat and Ma s Tmsﬁr)

Me €raw- H,‘//) New ‘lez, 1972.)) the Ji'[fercnco s todel 'lémP&lﬁtrc
acress fhe radius of this Feceol vortex can be appredeble,

; Cs;e.oiwl‘/y when the Flow s furbulent. Kuqu,éq_(kumgahj’{_’
Acous fre 5+r64mio37 In Sw:’r/fnj Ffow’aﬂd the Rp—.?ue. Hilsel,

: { Vorley Tube ) Eﬁﬁec'f) Tournal of Fluid Mechanjcs /24: 139-172)l?3§
Concluded That periedic ungteadivess of the Swfr/fhy How
s The primary cause of fhe fovmation of This fovced vordex.

A ccord ;nj Ho measuvemerts (ﬁ/s”:avn) B. ) /(e//er-) I(l.) Q‘Mdyg l?.,
Tr-ief*;léq. and Rebhah, E., Limits of Temperehore Sepavaton

m a Vorfex Tube , T Phys. P: App!- 99';_ 27: 4%0- 438, [794);9?;“[
hot and cold stream tempevahures ave 57°C and - 13% .

= The suaih ,’,,,Par,lp,{ [imrtahor of the Hilsch +ude is the
imefbiciency of the processa challenge that remams 1o be
resolved. | |
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11.81 [See Fluids in the News article titled “Supersonic and com-
pressible flows in gas turbines,” Section 11.3.] Using typical phys-
ical dimensions and rotation speeds of manufactured gas turbine
rotors, consider the possibility that supersonic Fluid velocities
relative to blade surfaces are possible. How do designers use this
knowledge?

For the fan of a f?jl'ona./ turbofe gas Furbine fllj:;-:e
tip redus = /9 sh.
rofation speed = 3700 rprn

Seo é[a.{ctf;/eed) U /¢ |

¢/ - d
' ';w - //? 151.)(3300 E;%:)/Z?f ;t':'; - 3% }{{

¥
(ig) (%)
_F+ min
For a *}ffca/ Foin 10y o ve/oc:"/y f"':'n;/c ﬂ'ec Ff}. /2.;)
the velocit, relahve +v the fan é/aq’e/ W, /s muck A.?c,, Higr

Fhe blade w/ac:'ly) U. At fake of £ anol romiha/ mwrbreny

femperatures we see o Table B.3 that the relafve veloorrs
of the a1 Ffow over Pre fan blade hear I'75 /é’dc{n'vﬁ ¢dse

/s mest likel, svpersoric.

For the cove Comapressor of this same .ery/'nc

tip radig = 10 1.

rotalion Speed = /6250 vpm
fhe reﬁa/iun* blade *Tip speed /s /%17 ?—L
Even at / igher -/empm%,. ves within fhe cove Crmpressor
the relative Vejlc;/7, W, s 57“::/6 /l'l(:eﬁ-/v be Iyww.(.
Des: 7ner.s' Continue 4o improve the fan, Compressor and Rer Give
components of gas tfurbines.

1= /12



