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11.1 As demonstrated in Video V11.1, fluid density differ-
ences in a flow may be seen with the help of a schlieren opti- :

- cal 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 :

‘=£
8RT’

so céanye; m de”‘"{ﬂfw'” accompany ¢A¢n;e: m |
pressure, p . 94s compos; /wm ,€ and/ov Temperature, T
Variations n fluid Va/oc,}/ ana%r hea/;.7 a.rm/ |
000//:7 may resuld i'n  pressure and femperature
changes. Changes 1 g5 @mposihon That a/ﬂw‘
the Vvalue of the 9gas fmném/ /? w/// rem/f n
cémye.r o density, @ .
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11.2 Describe briefly how a schlieren optical visualization sys-
tem (Videos V11.1 and V11.2, also Fig. 11.4) works. How else

might density changes in a fluid flow be made visible to the
eye?

Densi /y Variatrons i a Mns‘,aremf“ f/ow;'.y Fesd resultt m
variateos »n the local speed of light through the Thuid.
These. /,'yA/— speed Variahons result- m changes n /z"yé;‘ ray

direction and péase. Chdn/fle_x' m @?/ﬁ‘ ray drechon resulbt /;7
local variakions in perceived light brightness, 7he.
sha a/owy rap b and schlieren wmethods wmake visible
these variahors M /(z'jln‘ 6;—,&/,71”35-5‘ An  mterferometer
makes visible The local variakons i //"767L ray /06456 .
A ?ow/ o(escr/;v#on of These three Hon V’}Mﬂll:fdﬁon
methods may be found 1 The Handboot of Flujd
D)/namfcs edited é}v Richard W. Johnson and
/mé/,;d,ea( by the CRC Press (1998) .
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113 Are the flows shown in Videos V11.1 and V11.2 com-
pressible? Do they involve high-speed flow velocities? Discuss.

Vaviatons in /’/(,( Jof a/enf,'/} are evide,? so
cm,ye:;:.b/e Hows  are (nvolvedd. Al of

these flows ave [fow speed ex'cgof - The.
nozzle exit Flow which s 6;:9/. speed

II:L}‘

11.4 Explain why the Bernoulli equation (Eq. 3.7) cannot be
accurately used for compressible flows.

Refer + Sechon 3.8.1 Compressitity EHtects
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it.5 Air flows steadily between two sections in a duct. At
section (1), the temperature and pressure are 7T, = 80 °C,
Py = 301 kPa(abs), and at section (2), the temperature and pres-
sure are T, = 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), (c) 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- 115 may be used 7o evaluale The change i Jnlernal

v v .
6Vlergy/ lffz— (1/ . ﬂWJ )[-5'0»‘ problem /. /[{1} -
/
1;'2— (:;, =, (7;_—7',) = ﬁ/??- ;{K ﬁ/f.?K 353/(} ZZ_?;{%]

(b) Ez /1.9 may be used Fo evaluate the c/zaﬂje m en//»a//vyj

/)2 - /7‘: . Thus, ~ Fom probiem 1.4 (3)
/) (T 7 )= Wf A )//53& - 357k) = 190400 T
4 : ( %9 K ) Ry

(c) 7;16 ideq! gas quaﬁ'an (Eg /4. /) ma)/ be used o evaluate
the den;n"y at each sectios .-

R 4 ;o
e RT, RT R é’ )

N
= (25@ h ’;) _ (453k) (353 k) —m’
7

From Table 1.9 .J

(0) Eq.01.22 may be used 4o evaluak the change in eatopy,
5,-5, Thus

5-5 =c/m & . R /n_@: toot T\, @53/<)
A £ %9 K 353/()

oy (zsm )/ st ”“)]

(301 %5 )




) 1/5. (Coﬂ'i‘)

b) l}‘?CL ﬂ:e f/M ;IHMIWJ a 37';"1/’)4"(,4'77( Cé@ﬂ;e m fa/&nfz'é) Jee

5o/u;?;'m Jo part (C) above , it is compressible and &. $/08
2 be wused bo evaluatiom Ha loss /m available enersy between

mus

cec toms (1) amd (2). So  fuom Eg. 5008 we gt

2
v oov

= U-u +fp%-/-)" het

JosS$ RN 7,.”

| « Vformatin, S0 W

anel o complete Thiy sobebm we need T10C 1 tovmatinn

C 2 evaluate The u'qle;w/ and ihef
in

/.6

11.6 Helium is compressed isothermally from
121 kPa (abs) to 301 kPa (abs). Determine the
entropy change associated with this process.

£g.11.22 wmay be used to evaltuate the enfrﬂpj chanjc for Hhis
Isothermal process. Thus,

.5_2,"'5, = « R /n _/_7?,. - __(2077 J_j—" /n 340/ é/%(dé;])
£ £9. K 121 %A (abs)

——

29. K

Y
\
v
n
i
~
~
A\
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1.7 Airat 14.7 psia and 70 °F is compressed adiabatically
by a centrifugal compressor to a pressure of 100 psia. What is
- the minimum temperature rise possible? Explain.

The wvasnimur tempevature rise would occur with an adiabatc and
Fictionless process which involves a constant enfropy or /sentapic

Flow. Acwrd/h; o the second law of f/zermodynamia: ) Eg. 5 /01 5
the enfropy nrust wmicrease or vemaw; Constant d«m‘yj an ad/dbatic

process, jt  cannot decrease. The T-s diagvam sketehed bYelow

ustrates  how The ISenbopic  process Kesulfs 1n a minsmam fem/embx |
. P
rise / out

1
12, adiabatic process with Frickion

"

15entroyic

Compression

s
For the isentwpic process | Eg. /,1-24 is valld. Thus, et
— But \R @ .00 J =2
Toar =T /’ﬁ“) = (520'R) (27 ) " g17%
minimum, F,;, Y /‘/.7/}/4
and
7, — 7T =91k -53%0% = 317X
out n ‘ B
M;n;mum
/I“6 -
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11.8 Methane is compressed adlabatlcally
from 100 kPa (abs), 25 °C to 200 kPa (abs). What
is the minimum COmpressor exit temperature pos-
sible? Explam

7he  minimum compressor exit temperatmre would occur with an
adiakartic and frichonless process which javeles a constant
entropy or isentroplc Fflow. According 4o the second law of
thermodynam/cs , £g. 5./01, the entrpy must rIncrease or
Yemasm ~constant- a’uru"?j an adiabalic proces s, i* cannot
decrease . The T-s diagram stetched belpw illustrates how Yhe

;56’}77')@)?1'6 process results 1n o lower exit femperature. than any
actual gdiabafic prcess befweer The  same pressares.

7
T -~

out
_adiabatic process with Frichon

process — | ¢

For the isemitrapc compression , we  conclude FHronn é‘g /1-24 That
b
7 7 [Ft\%

out, P
Minrmium n

[}

or

i, = (appr)) 20R ) _ 35k
P10} migen, /00 #Fa -

-7




1.9
HLY Air expands adiabatically 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 ex-
panded air and the actual enthalpy and entropy differences
across the turbine.
To determme the actual temperature of the expanded Gi- ana the
actual enthalpy and em/ro/yy differvences acrvoss the turbine we need
First 7o defermme the ideal temperature change across the furbine.
The ideq! remperature change acwss the turbine is associakd with an
adidbatic and fricHonless and thus isentropic turbine EXpanision .
The actual process thwhes a smallev Femmpervatore change as jllushated
Wwith the 7-5  djagran skektr beln.
T
<
£g.11.29 /s valid For the isentrgoic expansion. 7hus,
R-/ 1.9-1¢
— P f' ra ) o / . y .-—.
ideq) 2, 150 psia
Since
( 7 - 7 = 0.85 ( 7 -7
out m out m
achuaf 1'481/
thVl - -~ 0
Tt = 0.85(782% - 1600%R) + 1600k = T05 %
actunal v .
The actual fn/%d/py dj flevence , Pt -4 ) may be oblamned wifk f}.//ﬁ. Thus,
v v ‘attups n ¢
byt — 4, = CI‘,(Z,'“,L - 7/') = (6006 ft.l6 (905'/2—/500‘,2 =-%17x10 #4)
actnal actual 5/09- ® — stug |
hhe actual enbrop, cf'ft@vcna/ .:},cz;:- 5, may be Ca/&»/A/fd with &.1.22. 77‘,«5,.
Tt ;5 =502t - R () (G064 ) 1mf 5 {1e ££.6 Yio oLy
o Goal 7 T Fon Slug.°R 1600°R Sug.°R 150p5:a
o1 fA 1. ,
iw,’f"" = %‘7__72 '}—%}"é’ tﬁ'm‘pwélem/lZ(a) 2%734/&/.7
/- 8
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1110 An expression for the value of ¢, for carbon dioxide as
a function of temperature is

1.15 X 10°  2.49 X 10°
. . + e
TZ
‘where ¢ is in (ft-1b)/(1bm - °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 T, — T, 1 equal to (a) 10 °R,
(b) 1000 °R, (c) 3000 °R. Set T, = 540 °R.

¢, = 286 —

For constamt ¢, the change i enthalpy A 4 | may be
evdluated with €Eg. /1.9. Thus,
(4 hy- b, ) (7,-7)

wmfmf
5-), V”'?’/}:’f G, the c/wmj& m em%ﬂ/ﬂy, z—é may be
eva/uakd with &q. /1.8.  Thus,

/C ar = —/fz% —/J5X10 # 24‘})(/0) aAr
7 T

or
(; . ’6 T-T, ) —1isxn0 #‘,6'&4( —249)(10*'?‘15‘3 /
/72 AI )vazmy ( ) X ) T —7,:)
(4)/_‘2,7, r 540°R  aud 7, 550 ®
7
(;,V,/:) 152 £+ /")(550,2 SWR) = 1520 Trb
2 eomstant lm. % slug
» ¢
and g

v v
-h . 236 7(* /6 ) 95‘0/? S¥o R _(/5)“0 f/ /A %ﬂ 5'505
(hz l) vagmy { ) lém 5_70%

_(247,\//0 b, R /__/_ _ L )
v

"
- |97 £+ 14
(/12" A, .) . / 71;:—
Vﬁi?lﬂj [ —
G

(et )

| -9




/110 |(con’t )

(For T =540R and T = /5%0°R
v v = '/5'2 _{/' 7 /Slfdle 540R 152 xr0 11/ f’l %_
(AL - ”L'l )Wj/anf ( /) )

Jbm. %R == N
G
and
(h ) = ( 286 ft /b (/5"{0%— 5¢o‘k>
- varying fbm. R
C},
(115 x10°£4- 16 ;,A(
/ém SYo k.
(wm 4 1. % L )
.o /ém /540,2 .5'4‘0,4
(/42'4,) L= 195 xm” £
yd,%,y —— /ém
&
©Fy T =5¢0R T, = 3540 R
7. 16 %- S¥oR) =456 x10 ﬁ /6
(AA) ﬂglf ¢ (3540 - S¥0'R)
/awf lbm. R

/286 #- /4)(/’59‘0'2— 5%k ) _ (lg;w £%-1b ﬂ‘{{; SYOR
[m, %

/6m #o K

- Z‘)‘QX/0 £t 1lb. ﬁ)/ )
/b 35%0°R o’ﬂ/e

/12 - /7; ) mry/hy

v v £
A _ L’ ) = &€.90 X110 ﬁ:._/é.
> " L arying = I
vir |
1111 Ddes sound'travel faster in the winter or summér?
Why?

for @iy | the speed of Sownd fom Eg. /1.3¢ s

RT4k

Se when the ambient '/em,wrmé.re 7, is lower as during The

Wln/e/y the fﬂefﬂl of f"‘ll’w/ c, /s [fower than duf)y); Yhe
5amn1cr when T and hus C s 4{968;*

//-'/0
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11.12 Using information provided in Table C.1, develop a table
of speed of sound in ft/s as a function of elevation for U.3.
standard atmosphere.

We can use &g. /1-36 1o deterimine the speed of sound 1 U-S. )
standard Afmosphere ar The elevatioms liskd s, Table C.) Thus, :

C = I/RT*/Q

We use R = 1716 ;:: /f’ﬁ and & = /.40 Fom Table 7. Faraésa/a/cg
Temperatire we add 460 R + F. For aftihude = - 5000 £+ ‘

1716 16 ) (538.84°R )(1-40)
: = /lgg—f-"

slug. 9
f/ay. fj‘) ‘
52,

For all elevations , he same procedure shown above was used.
The results ave:

C:.-

altitude c
+ /s
-5000 1136
0 /117
5000 109 7
10,000 1078
15,000 105 8
z9 000 10377
25000 /0! 6 !
70,000 995
35 000 973
40,000 96 8
45,000 96 8
50,000 96 B
60,000 96 3
70,000 Q7 ¢
80,000 78
90,000 98¢
/00,000 99/
/50,000 1073
200, 000 /1028
256, 000 944

11=11
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11.13  Determine the Mach number of a car

moving in standard air at a speed of (a) 25 mph
(b) 55 mph, and (¢) 100 mph.

The Mach  pumbey is the ratio of lical velocity 4 speed of sound.
Thus
e = Y

———

C
Fovr standavd air

= V,;rﬁ = /(//7/4 .16 )(5/? ®)(14) = ///7::‘_:‘

f/u; .

(3400 =
- (117 /fj - ;f) = 7616 mph

(Mbr V= 25 mph

h
Md = Ef——ﬁ—— = 0. 0323
761.6 mps

GFsr v

]

55 m,oh
Ma = 25 0% L2z
7614 mph —

©F V= /00 mph

Ma = 100 7ph
761.6 mph

/=12
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1% i35 How would you estimate the distance between you

and an approaching storm front involving lightning and thun-
der?

;dne wa./ o es /)ma/a 7‘/)41 a//ﬁémre éer‘ween }/ou
dndﬁ ﬁ-,ﬂ,oma&hmy S"A"‘m C/oud.: X /s Yo coun%‘
the haméer of 59&0»6/5 £, éer‘wcem Seeny ﬂe.‘

/Iyln‘h/'y ah(/ /)earmj féana/er (,(;/»y an
a/,vmx,mm‘c value of the s/eed of sound,

,//4‘5' f!- (see Table 33) we dn é‘/opraxlmqfe
“ft“fylmacc X '14».«{

wJ( ::: ﬁ/‘ffk}}?/}/f)

1H-/3
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11.16  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) Witn €. 11-46

V= Ma)c
and at 80,000  mn U-S- standard aﬁ«no;/pécre/ we have
Hom 1he Solubon of problern /(.76

C = 978 ft
S
Thus
V= (3.0)(978 é*) = 2930 ft

_ 5

(a) 7hen

- (/3600_:?;
V = (2‘730 _5{* hY) = 2000 mph
(52303_‘1‘_) -
my
(c) Also

v = (2930 ;{j)(a,za%éﬁ Ny e

/-14
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11.17 Compare values of the speed of sound in fi/s at 68 °F
in the following gases: (a) air, (b) carbon dioxide, (c) helium,
(d) hydrogen, (e) methane. Give one example:of why knowing
this may be important.

To calcalake the speed of sound in an ideal gas we an
use Eg 10-3¢ . Thus

With values of R omd Kk fmm Jable .7 we obtamn

@ov air
c = (1116 Mag )(523 k)(/lf) _ 50 fs_,_a

/ /6 5
fhf’ -ff )
(t)for carbon dioxide ;
(//30 ,uy,R)(fzy £)(1.3) =

/7 16 .5*
fluj.{f)

lrygn
(c)for he :‘t, ey )(5—'23;3)6'66) _ 33w P

81

“1tk

fll

o | 12200 R 74
¢ / / . s* ) S
J/uj,'ff
(d) for hydrogen |
7y N ,

_ z%ws/a;—;;—e )(528/? ) 1-41) _ Y28 7{’_‘

‘ 1 s — 5
( shug f+

(e) fov mez%ane
iz JEE ) (eR )30

c = _ o F}
/_{é;f." v = <
V , ( [/u].f'f- /
(con't)

/=15
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ZIn fes-%; 07” furéomat%me: a ya: 7‘/:47‘
"hqr a /ower 5‘/6&*@’ ot Jd“im/ /s Jameyéma;
sed so /ujh -Mach - number aperdﬁar) |
Can be d’t‘—é/eVed with less lv/diana'/ |

/oeea/ dho/ éencet‘ /ef.f Vl‘r’e.f.f/n; a)f 7%6

H}’nec/mn/cn/ ,oar“f: af *Ae 7‘6:7‘ Nj

AT

1118 Ifa person inhales helium and then talks, his or her -
* voice sounds like “Donald Duck.” Explain why this happens.

,7)'\.1_ ;f‘Qd 07!' 501/'4:0/ /*; Ae//q,,,, /._g- ﬂCdY/7 ﬂrfe
Yimes The spud of sownd 6 air Fo a persons voie
counds [like 3F dees when 5/,eaA,hj ﬂpronjA helivum.

-16
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11.)9 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
0.3t 1.0.

Cons’:derin9 air as an ideal qas, we can express the Madh number
Ma, as

MQ = _CY = . v (l)
qP\T'R
The Reynolds number, Re, is
Re = eVd - PVd (2)
. M RT u
LOOkmq at ea‘ucd"\ons | and 2 we Yeason Hut we can vavy
Ma while ko‘d'mﬂ Re wnstant by vavy]nﬁ V and P only
with  pV held constaut.

From +he gaph below we cnclude that at Re-= %Kléf
tl'\e dm‘! wetfficient inenoses from 047 0 075 ot Ma
InCreases fem 0.3 +p 1,0

1.0 Ma = 1;'2 20 30 15
0.9 ’ ) 4.5 ;
i I P11 |
0.8 i = i
o 0.9
0.6
Cp 0.5
0.4
0.3
0.2
0.1 : FIGURE 11.2 The variation of
; é the drag coefficient of a sphere
02 3 n 5 - 7 5 5 with Reynolds number and
Mach number. (Adapted from
Re x 10-5 Fig. 1.8 in Ref. 1 of Chapter 9)
"H-17
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11.20 It the observed speed of sound in steel is 5300 m/s, de-
termine 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 speed of sound in steel and in water and comment on what
you observe.

The speed of sound , ¢, is related o the bulk modulus of
Clasticity , €y ) amd density, g, by £. 11.38 as foflows

C = Ev
L,a

£ = /acl Takle 17).

v

and for stee/

Z
cor B o
£ = (77%0 5)(5300 ;)// ~ )

Thus

Jtee/ ﬁy f’l_
o /t 5%
E = 2/9X/s0 _",; |
1}‘/«/ _— m .
Rr watr al 156 °C we get Fm, Table 1.4 e Talle 1.3,
£ = 245x107 N
Zdov m* /-
Fov wat at 154 % .

. T
=] & _ fzisxw® J5) N
Wwate /0 = (%70 ;
(774 4_6_})(/ i ~

m3 : K’f.ﬁ’l_

sZ

For steel

C = 5300  which s pmuch Gigher thah The
s ,
speed of  sound 17 water

/1-18




7121

11.21 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 Macti numbev is related +o fhe angle & by Eg. /35 Dy

e = = & ()
Sin & C
Also
fana = Z
Vit (2)
Camér'm;zj Eis' lomd 2z we Obtam
St & Z sin &
(oS« c t
or iyt
s ct )
(%
[_ 'y a2
V&% = | Wéjl—@ o)1) o #4
g - (4 / /é ) 5
)’/uj )‘f
Then '
- '/(,m #)8s)] .
(10000 f*) ,,/
" / 2.08
Ma = _{,:-2—3,7” =
Fuvther .,
- (Ma) c =(z.00)(10% L) = 2290 I

11-19
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11.22 For the situation described in Example 11.4, show that
as the Mach number of the aircraft becomes much larger, the
time delay between seeing the airplane overhead and hearing it
approaches z/c.

Froma Ex:unf/: 1. 4

X vt
Alseo
Ma = -—I--
Sm &
and |
v =(Ma)c
Coméfnfnj these efmﬁ'an; we 96‘/’
/
Ma = : :
Stn [_/,,,,‘/ Z )]
Ma ct
As Ma 2 B
N -l % - —> £-
$'ln[-fnn ...._.._.__Mac{] Mact
and

Z
t > =

Example 1/-4
= + _.F £ = 100 _ 79 s which is shain as abrken line below

c 2Y3.3.m

2
o
Y
3
[N

frw e s eotoced oy fme v s o— oot warsu
P2 fe

2.5 / ,
H15,2)17 9)

/=20




®
/1. ZB_J | insbantaneos focation B
o _ of the point '
11.23 At a given instant of time, two of the Source

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.

 pressure waves, each moving at the speed of sound,
[ 0.01 m

t

- . JIGURE P11.2
The Mach number associaled with the Cmapios 2L me

point- Source  mvolved n  the skefch above s ea;/'/y dé/dm'ej/‘
with Eg. 139 as Shown belnw.
Me = -
Sth o«
Fromy +he sketeh above we nofe that

V4 0.15m +4
7hu s
O.91m)(0.05m+ L) = (0.1 m)L
ar L = (0, 0{@[0./5'»1) = O.0/67 m
(0.09m) E—
and
. 0.
shae = U™ o599
6.0/167m
Yhaee

L o= Ly

Ma -
Sy 0.599 e

!

/-2
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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.

ir}sffammw location
of the paint
Source. 10 w=ct

2in. =¢(%t -—tm)

FIGURE P11.24

70 defermme The Macl r;uzméer/ Ma/ we use

Ma = V'twan (//
th«v‘
Howewer, from the skefeh above we have
C(z"‘fmve) = Rin. = ct - cz‘w‘m = /0 n. —-c?‘waw
Thus
€% wave

and wilh é—i./.
Ma = _=27 = O.625

= /0/;')',“2/;1.’58/;7-

8 1h.
Also
Ma = Ve = Vz‘ = 0.625
¢t 10 11 .
Thus,

¢ =0825)(10h ) = 6.25 in,

11-22
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1 2: How much time in seconds will it take for the “bang”
of a firecracker exploding to be heard after the blast from 200
yards away on a standard day (see W¥ideo V11.5)7

we can use the speed of sound 1 sfandam/ 0,,
///7 "’* +o 997" 1he fime e:ﬁmafc 50“:7"* {- wn%*'

= [200}’"5 ) ( ¥ ) . 055

C :(///1’7 ?:j)

1126 |

11.26 Sound waves are very small amplitude pressure
pulses that travel at the “speed of sound.” Do very large am-

. . plitude waves such as a blast wave caused by an explosion (see

- Video VI1.5) travel less than, equal to, or greater than the speed
. of sound? Explain.

7716 5peed of Sound is tbe speed m’ wé,c/, 40

Infinitesimal  pressure dicturbance %m vels r‘érou/z,

Q f/oua/ and it re/a/e.cenfj fée minimam ;;aeea/
of 7‘6/1 d/.n{,tréaﬂc'e - Fin, ;‘e preﬁfure a’;.n‘uréame.r
tra ”"/ fa:/-er féan SoUnd Waves éema:e Fhe
/aryer pressure d; Hevence aw‘: as a </ river of

ﬁcr{e,r movery em‘

- 171-23
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;i"’”

Starting with the enthalpy form of the energy equa-

- tion (Eq. 5.69) show that for isentropic flows, the stagnation
temperature remains constant.

§+dr%7nj Wn’h 53 569 wc Amfe
: oy L
[, — L, + %“2 th + \7 Oul ):7 62 -f Simff

out-  in . |
‘ m lne/‘ Inj

o ssenbopic fnm the nopy vemairs ot

arm{ @z = 0. Stagnatien enthalpy is defoed 25

A h+V’
. ] 7 | | |
S, ; l‘w nff/j/é/e G/mn;e m e/emﬁa;, /o,é7 -;érjmes)
:arm/ ho .r/zqf% WofL w. /%ezjq
| /za,ff 4

v
240 Yemas,s constant.

[1-24
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11.28  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.

With the help of Ei‘ 11-47 we can Comment- On how presure varis
with drea  change n an Isentrepic FHow.  From Ef. 1197 we obotan
dp = 2YI 44 (1)
Cr- Ma 2 ) A
(a) For subsonic Fow, £g-1 Suggests that changes of p £/ lon, |
Changes of A- If A imcreaces | p iicreases  and Vice versa.

(h ) For supersonc //aw, 4’:-}. ! Suggests that (/M}flyf.f OF p are dﬁyzﬂf//fd
%0 changes of A. If A iwcreases , p decreases and vice versa.

/29

11.29 For any ideal gas, prove that the slope of constant pres-
sure lines on a temperature—entropy diagram is positive and
that hlghel pressure lines are above lower pressure lmeu Why
is thls important?

Fropmm the second Tds equation (&5.71.18) we note that for &  constout
pressuve line

dh _ 1
ds
and spce for an /ﬁ[Cd/ yd: 6}' /7.7 /s Va//d we ézcwc
di = ¢ dT
ancl thus
ar . T (1)
des o

Witt, £9.) e conclude that the slope of a constant presure line onm
a Tempevature - 5'71"’379/ dragram is positive .
'Ct!r/’/vok, Hon Eg- /.24 we conclude Fhat

43
A 7;§ 7)
£ 7
Tor any isentropic precess anol thus higher Ne:swc Lnes are aboe
Jower pressure lines s, Femperature |Ly279 oranms. Dyis ivtormabion is
im pwﬁaff“ becau:e n’- en:"le: us e :.églua 7 ,a,,.‘,,, P cowceﬂy.

"-25

o
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11.30 Determine the critical pressure and temperature ra-
tios for (a) air, (b) carbon dioxide, (¢) helivm, (@) hydrogen,
(e) methane, (f) nitrogen, (g) oxygen. What is the critical state?

The crifical pressure ratio and the Critical femperatire ratio Hr an

/deal gas gre, Fronna Eg.f. 1167 and /]-63

X ’ .__g.
P - /ﬁ_,)* / ()
i F+i
Gnd
*
7 2
=z (2)
7 Bt
(a) For m}") R = )0 Hom Talle 1.7 Thus
140
P’F 2 Ry
— :(‘—"““"_—‘ = 05283
}Z LYO —
and
X -
I _ 2 _ - 0.8323
7 14011

(b) Fr carbon dioxide , % =130 fom Task 1. Thus,

p* PR 3
- & \i30-1
E () - asyso
and
¥
T _ 2 = 0.8696
7, /-2041 ‘
) Fov helium, k=166 from Table ] Thus
1.6¢
¥ 166~
E = -Z_, 1
'Do /.“1,_,) = 0.4'?8/
and
S
I = = 0.75‘/?
7, 16641

(Can»'f)

/1-26




.30 | (con't )

(4) For Aydro7en % =141 Fom Tavle 1.7, Thus,

I.l{l
/’ X7y
411 = 0.5266

and

T, 2 = 0. 8291
7, Ly —

(e) Fv methane, % =131 From Table 17. Thus,

1-3¢

._—.u,,

X
R =/—=_ = 0.5439
A 13141 =
and
L. 2 - 0.5658
7, 13041 —

() For nid‘mqen é—/#o from  Table 1.7 Thus,

/D 1'/0-/
g %H) 0522?3
qnd
* .
T _ £ - (8333
7, %047

(9) Fov oxygen , k= /4o Fromy Tobte 1.7, Thas

¥ 140
P Z 1%~
s = / ) - 0.5282
P - 40+1
and
-
L. 2 _ 8333
7o Ldot)

Jhe critical state /s one fhat would be 4cA1eveo// a
compress/ ble Fow /:env‘rop/c:a//} accelerated +fo & Mauch

Namber of- /1.0 .

/1-27
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11.34  Air flows steadily and isentropically from
standard atmospheric conditions to a receiver pipe
through a converging duct. The cross section 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 temperature—entropy diagrams for situa-
tions (a) and (b). Verify resuits obtained with
values from the appropriate giph in Appendix b
with calculations involving ideal gas equations.

This problem js similar +to Example 17.5
The wnass FHowratre is obitaimed art #he throal with &g I1-¥o. Thus

m = (0-,% Ai‘h Vﬂ. (I)
The throat den:/'7 can be obtamed wilh Ei.//.ﬁp. Thus,
/ A
= -1
(s /?/—zf(@:_')qu] (2)
z #,

To defermipe The tThreal  Mack number we use Eg.11-59. Thus,

&
- L \%
Ma, ._\/757)/;5;) B /] ()

The critical throat pressure is obtimed with Eq.1161. Thus,

* {-? i,

2 ‘ =
o = RG] mrpi YT ot
140+

If tbe veceler presswre . P s grealer Mg, or ezua/v‘a /7"2

re +,
Then ;jz, = £ anrd The Flow is ol choted. If p < ,o"‘l'
Then gh = p’{ and  the Flow is chioked . T w

+4

The ve,/achy at the thvoat /s obtarned ) h Eﬁx /136 and 146
Combrhed 1o yleld

%‘ =, Ma,, V,Qz;.é (4

where T, is cbhkied with &g 1156 Thus,

T = %

i /+ ( i_z_-l)M@; (%)

(con't)

/-28




/131 | (con'+)

(@) For R.=10 psia. > P = 7.7 psia 6 =(0p5ia and we use &.3 1o
Ca‘/cu/a/c. the //wzm/ Mach numbe, Thus,

{lo !
‘{7 514 "
/W =
/ 40 [ /0/9'(,4 - 07425

Frav Eg.z we  obtaim

~—_,,_——

/l‘/ﬂ ",

/ N
(223 xr0 f/”?)[ | -3
= L907Xto Sl
3 14 (140°1)(0.725)" g
( 2 ) % 8) £r3
From &g.5 we get
r = 517°R o,
P ‘ 3 = %6%.7°R
I+ (14 1) 00,7628
and with €Eg. ¢
v =(0.728 )  [1n6 F+14 )(/-@)(%M"/e)
/ sug. % ) 77 7o | = 906.2
f/“f‘f}) ‘f
JZ
Wit Eg. 1 we obtaimn
m = /80’7)(10 .r/u )(0 05 1+ )(gygz H) = 0.0728 Siug
£12 — ¥

Atternahively ,~ using Fig. D1 with

-.[?.é'. = _/_0 /Sia - 0.68
% AL 7psia
The - value  of Ma, s
Mg = 0.76
*+h

For Maﬁ) = 0.76, we gef From ‘F:'?. p. 1
7. =009 )7 =(09 ’]/5’/?’?&):4‘67%
Then with €3. %

W, = 0.7 //7/4 1 V(140 ) (#47%)

5'/&; (;"—/Z_‘-‘ = 305 £f
S'/L(;_ f/) S
S"L
(Can't‘)
1-29
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X
(6) Br p = Spsia < p*=7.26 pria,
/‘Io-

(2 ?Z?X/O f/a7)Z
/ *//i'o /} =

Frowa Eg.f we obiain

Z; = -S:Z'QT—-— = 432.5%
It [1-40-1
(")
and  witt 57 Y
_ Tq1e 16 )/40
A ( S (7. )(722 5/3)

.f/uy 1( )

Witth Eg-/ we obtan

/50?)(10 79 )(0.05 2% )(for4 74*/ = 0.0765 Sty
J'

42
Alternatively | hom Fig- D.[ foy Ma = 10
< (083 )Grsr)= #/ %
and . ,
L = (0.65’. ) (238 X0 &’j) = (52 x0 Ths
e ’ £p2 Py
Then wilte Eg. %
’[/A S 1716 L6
/( g, 2 )01 (131 %) = /02074
i

/07% = 7.76 /f/'q

).509%10 f/uy

-

i o
5

/Cdn'z")

/1-3] (con't)
For Maﬂ‘ = 076 we gef Fromn F/j /3
-7
) = (o. r0 Slg ) = 1§ x10 Slug
"31, 76086 0 (e )(z spxte 2732) , P
Now, with Eg.1 we 0btum
] -3 ~ St
m = (1.8 xto g ) /9.0 £ )55 ) = 0076 X
/ 12;}}/ /( S / o ,[f:i
and Mq_f =/0. F;’Mmg Z)

/019 ft
J

/1-30
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(con't )

and with Eﬁ. | we obhm

" h (152 ,\f/o“?f_/iﬁ)/a.og ff‘)(/OZO;f‘) = 0078 i_/t:f

##7

k
T ¥
(b)
53 B
*
\\)/ Iie T
S s

n-3
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11.32  Helium at 68 °F and 14.7 psiain a large
tank flows steadily and isentropically through a
converging nozzle to a receiver pipe. The cross
section area of the throat of the converging pas--
sage is 0.05 ft>. Determine the mass flowrate
through the duct if the receiver pressure is (a) 10
psia; (b) 5 psia. Sketch temperature—entropy dia-
grams for situations (a) and (b).

This problem is similav to Example 1.5 except helium is mvolved .

The smass HFlowrafle [s oblaied ar the thrvat with é:f. /1.90. Thus

= v
” (::1,. Aﬂn 7, )
The thvoat density can be oblamed with €5.11.60. Thus

i
4= 2 7 *
,/fﬂfz__’)/h@: (‘2)

To 48"0}’m;n ¢

the Fhroat Mach number e wse Eg.//-ﬁ‘?. 77(44;/

£t
Maﬂ' i /157) [(}f,)t/] .=

e critical +thvont- pressure s vblaned with 57. 11-61. T}WS,

I

X 1-€¢
o= i —Z—) " / 2 Y
G54l 166 ¢ 1 ) - 7175 psia
If the vreceiver pressure, p o is  qrealer than or egual 14 ,‘7*'
, re %

the = 3 /
»n EI-. - 6’6’ and. the flov (s not clwoked. Lf eek </yf;
the gh = /3:“ ond The Flow s choked . &

The vc{aoHy at the thvoat s oblawed with €g5. [1-36 and 1.6
Comboined t» yield

- i ;
Vi, = M, yRT % (+)
hevre 7’;‘ Is oblamed with 53 /1 56 . ﬂias,

7.

/ 'f[éz;')M@Z

-
-

&)

(Con'¢)

/32




11:32 | (con't)

@) For P = /0 psia. > /> = 7175 psia, /.:h"/O/o!M.. and we use @37‘0

Cd/c«/a/e 7‘/ze ﬂn'oq/‘ Mael numéw s,

166~  —
4.7 e
//_. [ / PJm e _, 7 2 07082
10 psia ‘

We use the ideal gas CGuation of stk (Ep.10.1) obtain 0, Thus
P o= kb (14.7 psia )(/‘/‘/ 14 - )
v

e

RT, £ ' 3.22¢8x ) sl
2 J.242 X = L 2
(1242 x0” _"_i’i!L (525%) £
S‘/t{j

From &g-2 We obfam

1.46-1

a— H
G = (F12EK0 51“7) / = 2.56x0 shy
!+ /66 ! ) (0.7032)7' f#3

From Eg.5 we get

-, 528 R | _ w53 R
h /- (146- :)(0, 7082)*
~ ﬂi—“
and wilt éi. &

Vm = (07062 (/-2‘/2)«0"' £t-lo V(166 )53 &)
g2 ) g = 24y H
(s/aj._)ff g
SE

Wi th €z./ we obtim

. -4
m = (2.5‘6)00 2:7)/0 05 ¢+ )(2/6‘/ ff) 00277 5-;/14/

(b) For B = S psia < P = 7175 psie A =7/75‘/;4,}~. and Ma, = /.0.
From Eﬁ."r we 0bfain

IGL‘I
/.
= (3.228X10 Sl | = 2.09% X j_{f
z ( fp)// 7’-(/(6 /)] 43
From €9-5 we W}

528°R 0
CA = = 397 R

/(eke=l)

(con't)

/1-33
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11.32. | (con't)

and with Ez Y

%" = /(/-2‘7‘2.)(/09 16 (/-éé) (3‘?7%)
/ shg. R) /1 Lo
(5/4’..5_:)

With €5.1 we obtain

286/ ft
S

. -¢ .
m = (2~07£x10 f’__“?)(d.os ff‘)(Z{é/?j):M f;/‘_‘_f’

F+3

/'3

P
° T
T ~ T, 7,
(a) -
ﬁl’h,a-“ e'e (b) ¥
~ P* / P‘fh/b-: l:h
// 7"F : T*
>/ Pre
S 5
11-34




/1-33

11.33 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 a value of Mach rumber Calwilaled wifh
. Ma = V¥

——

we can mﬁu /ovk» )

: F ﬁl /.
—g— with B ..Z: /+(ﬁ I)Ma j (/ 59)
v ¢ we use for parts @, b andcC

_ F+/
C =|RrT% (7’é (” l(s‘m ©)(140) o

/b S
ar ( Slug. ﬁ*)
c ,(//7 £+ (00 ’) st

,.
. A
5280 f;“) 7616 mp

(@) For v= /0 mp i i

Ma. = 1emph 4 131
76/ 6 mph

and. 25
-

_ H'/ =098
g - L I + ("f 1)(00/3/)] [/-r(az)(oa/WJ
(b) For v = 40 mph

Ma = Pomph - 00525
760.6 maol

5

- 9
‘Z [ |+ 0,2.-(00525,) ] = 0.9%
(c) Fw V= 6% mph

Ma = &5mph . 0.0F5Y
T — , - 0.99
B = |+ 0.2(0.0854)" 17
(con't)
//-35 .




11-33_| (con't)

(d) For GIY/?/ane we assume a horinal altitude of 3o, oco +.
B»aw, Table ¢.1 we note & cowesponding fempuratuve of - 4183 F

/ 15 £ b\ f(#?iz-r%o)/e"](z 2

gk (1 g, ff>
c= 795
S
Ov , .
600 T
¢ (9?5 F*)(? ) = 678 mph
(5280 £
Then Fov
Ma = §aompla — 0738
6 7% m,;A
[

/
£ - = 0.496
Po / 7"0.2(0.738)1

fl-36
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11.34  The static pressure to stagnation pres-
sure ratio at a point in an ideal 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 Mach
number if the gas is (a) air; (b) carbon dioxide;
(c) hydrogen.

(4) 7o defermme the Flow speed and Mach nuamber bm/”}j been f/i/en
the  stafic pressure  fo stagnafion pressure  ratso, ’{’ ) and
stagnation  femperature | 7,, for air we enfer [l D/ " with
The given Va/ue of ﬁ and yead Yhe

Corvespondyig Va/uc of Ma. Thus with E = 06, he

corvesponding value i Fig. 01 is

For  Ma =089, F/q. D.1 gives

7 = (’7;‘ 7, = (0.8 )(293k) = 252 K
o

Then
V= M)c ‘/RT;& = 039 /(2869 M.m (zsz k)/‘/)
; Zg. k
or 29..':.
52
V = 293 @
== J

(b) For carpom divwde, we use Zg. /156 72 dekrmine Ma knowm] £.
Thus we have

" //’7"” "7/57) ) //(7;—- -,

Ma = 0.7/ (cont )

/= 3%F

®




/1,34 (con't)

Jo defermiu,e V we use
V= Mal|/[RT#

For abfn'/n},y 7 we use Egﬁ//-fé. Thaes | we have

o

) /
=T — ) = (293x) |/ = 21K
!+ #-14.2 4
£+ (1220 )(05)
and —
V= (0.913) 188.5 Mm\ (2604 £)(13) 22/ o
= =27
\ »

CC) Foy  hydrogen, we proceed as we did fa Caréon dioxjde above. Thas,

Mg = , )
//(’ é)//‘ls"// ]/‘//- = 0.:_8.;?_?‘

A/‘I,
T = (23K) / - 252.5K

/* /i;:_f )(o. ﬂ‘{))

7776n

V = (0.38¢4) /4124 A/m) (29'2 5#)//4/)

) —— 5
ﬁy "”

/t-3&
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11.35  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.

(4) As5um/h9 mcompressible  Fow we use Bernoullif eiaaszm (5;.3.7)
o  connect “the sthc and sﬁv;nm{'om statkes and et

o
With the ideal gas eguation of stk (Eg.,) we obtm
= f
&= i (2)

and wméz'm{aj Egs. [ and 2 we obtas

_[/:: ——Z(@—P)RC
A

or

Vo= J2 [120 Ralabs) - g0 Rulass)] (2969 e yB73k)
[720 #lulats)] // N 2 = 5‘57.?
% )

* c—

For Mach number we rieed

Ma = Y = _V | (2
VRre

Jo defermme 7T we use the SGuation of mdron (€3.11-54) % obhin

T= 7 - VE(%-1)  soak (2573’.")2(,.4-/) (1 N )
"‘-"‘“2 4R ) *g. M
2(1-4)(28.9 A/._:_") s>
¥ T - 337.5K *g. £
(Con‘t)
/1-39
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(con't)

With €Eg-3 we obtaIn

m
Z67 }P

Ma =

(286 7N”' )(3375‘/@(/4)
( Y]
%g. r")

(b) For compressiéle

Fo kPa(dbs)

Sln

flow

= 0.67

-

—
—

£
z

and from Fig. D.|

from F /9. D/
0.89

Also
7

—_—

7,
ana Thus
7 =(0.¢9

Thus |

V = Ma

and

l\

<
1\
N
QQ
w
“13

RT %

/20 #kFa (abs)

we pead

we vead

)(373k) = 332 K

]

0.725%

2;5. K

= (0.73) (2%9 nvon \(332 RO(1-4)

ki’")

/1~ 40
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11.3¢  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 rm standard d/maas/p/vera we qe/ o Table C.2

2650 k/od [dés )

P =
and
77 = 223./K
Thus
P oo 50 kA (abs) 4, o0
% 4s RVx (dés)

and Foma Fig- D.) we read

V= (Mayc = MallRT% =(04 ) (286-9 M- 2231k X14)
kKN
. )

/-4l
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*11.38 An ideal gas enters subsonically and flows isen-
tropically through a choked converging-diverging duct having
a circular cross-section area A that varies with axial distance
from the throat, x, according to the formula

A=01+x

where A is in square feet and x is in feet. For this flow sitya-
tion, sketch the side view of the duct and graph the variation |
of Mach number, static temperature to stagnation temperature
ratio, 7/T, and static pressure to stagnation pressure ratio, p/p,,
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 he-
lium (use 0.051 =< Ma = 5.193). Sketch on your pressure vari-
ation graph the nonisentropic paths that would occur with over-
and underexpanded duct exit flows (see Video V1i1.4) and ex-
« ‘ plain when they will occur. When will isentropic supersonic
Thic is like £ Xgmp/e /1.8 .  duct exit flow occur?

Since N
A: wTF
- and
A= oft x>
then
p o= Outxt ()
—

With E9.1 we can defermme  r values corrcspmd/hj 10 values of

X. The dre summarized jn the graph and tables
duct Is choked,

A¥= o) #*
and
A = 4 X )
AT 0.1
With €5.2 we can dekvmme ﬁ} Values covresponding o values of x.

These A values ave Habulated
A*

For helium we enter pregvav~  LSENTROP withk=166 and with.
Ma values within the range specified 1n the problem statement and

Obtawn value A .
fain values of 2 (Eg-1t71), x (€g.2)), %'(57.11.96) and

'5 /gg.//.sq’). These values are fabulalent ard graphed on
pages  fhat  fo/low.

(ton't)

i~ 42

¢
@




Variation of Mach number 5o helium

(con't)

®
/13§ (Con't)
From program ISENTROP with £=166
1 &2 I - 1
Ma. 2% X(ft) T r State.
subsonic  solution °
0,0 51 11.06 11.00 0.99914% 0.99784 *c
0.076 7.43 1080 0.99809 0.99522
0.123 4462 10.60 0.99503 0.98755
0.223 2:61 10,40 0.98385 0.95989
0.460 140 T0.20 0.93473 0.343%6
/, 00 1-00 o 075188 0.483808 b
supersonic  Solufion
1855 140 0.20 0.46827 0. 11833
2.77¢ zZ.60 0.40 6.22195 0, 04141
3.647 460 0.60 0.18556 0, 0144¢
4448 740 0.80 0.13282 0.00624
5.19% 1.0 .00 0.l0l02. 0.003(% o
Ma.
- 20, |
—h0 08 .04 04 -0z 0 02 of a5 0§ 1o

/1'—_43




/139 _

Con't)

el

Varidafion of stafic -/e/n,éekaﬁw’&
helium

- ‘Le

ST R

: [,0
M R

2lo

for

:;-a_g_:, . i, N

- X(ft)

22

I3

-0 0.8 -0

6

X(f+) |

06

Vaviation of stakc pressure fo stagnafion pressure raho

7%*/ helium

(con't)

- 4y
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(con't)

0.7

0.6}

i~

0S|

i~

Loy

04 .

oql

01| —HF—

~

k-

S
~N
N

"

o)

2099784

E ‘0~77{9/"I‘ "

(45308

76188

Looosuz
o R

Temperature  entropy diggram v helium

(con’t)

/- 45
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Ccon €y

" 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 1mmed1ate surroundings is nearly
isentropic.

aver-expandeﬁ(
\ /;dea“ ..exparld&{

umier.. exparded

< (59 s

- %6




1. 39

“IL39  An ideal gas enters supersonically and flows isen-
tropically through the choked converging-diverging duct de-
scribed in Problem 11.38. Graph the variation of Ma, 7/T,, and
P/p, from the entrance to the exit sections of the duct for he-
liym (use 0.051 = Ma < 5.193). Show the possible fluid states
at x = —0.61,0ft, and +0.6ft using temperature-entropy
coordinates. Sketch on your pressure variation graph the non-
isentropic paths that would occur with over- and underexpanded
duct exit flows (see Video V11.4) and explain when they will
occur. When will isentropic supersonic duct exit flow occur?

This is similayr To Example 11.9.
involves the duct of FBoblem 1139, However the

Flow enters sypersonically . We can use values from Fhe Fables
of problesn 1135 with 4 liHle veavvangement # accouni for the
svpersonic enteving flow.

This  problevm

Fovr helium we have
Fromm Program ISENTROP with k.= (.66

—— £4.2 oF 1139 T j
Ma. A X (f+) r P State
) A¥ To B
supersonic Ssolution,

5.193 1.0 -1.00 0.10102 a.00313 Q@

4.44¢ 7.4 —0.80 0.13282 0.0062y

2.647 4.6 -0.60 0.185% 0.01446

2.77% 2.6 -0.40 0.28195 0.04141

1.855 -4 -0.20 044827 0.14833

1.0 [0 o 0.15188 048808 b

1.955 -4 0.2.0 0.46817 0.14833

2.77¢ 26 o-40 0.28195 0.04141

2647 4.6 0.60 0.1855¢ 00946

H.YY4g 74 0.80 0.13282 0.00624

5.193 1.0 |.00 0.lolo2. 0.00313 ¢

Subsonic.  Solution

0-460 1-40 0.20 0.93473 0-84326

0.223 2.4 0.40 0.78385 0-95989

0.123 4.2 d-6o 0.99503 0-987158

0.076 7.43 0.90 0-998 04 0.99522

0.051 11.06 l-00 0.99914 099784 d

Con't)
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CEONG

Mo, |

ko

-100 -0.8 -0 44 -02 P Y B

o
o | x(FE)
Variation of Mach wnumber 7%/ helium

L

0 ~ — : —
L owh0o =08 =06 04 -02 42 o4 0.6 08 10

Variafion of Static temperature 41 stasnation termperature  vifio
for  helium
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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

7~ 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
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S— o {deally-—eacpa nded
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“11.40 Helium enters supersonically and flows isentropi-
cally through the choked converging-diverging duct described
in Example 11.8. Compare the variation of Ma, 7/T,, and p/po
for helium with the variation of these parameters for air through-
out the duct. Use 0.163 = Ma = 3.221. Sketch on your pres-
sure variation graph the nonisentropic paths that would occur
with over- and underexpanded duct exit flows (see Vides ¥11.4)
and explain when they will occur. When will isentropic super-
sonic duct exit flow occur?

obtained with

The variakon of A, ;
o

and F wittn Ma o heliurm \wys

e .
ZSENTROP wilth % =/.66. Vajues of

Mach numbers n 0./163 £ Ma < 3-221were ysed 4s
/fapuf- Values of x were obtarped with

X =/(/ﬂ)0.l - 0.
A%

which is Eg.5 of Example 1.8

the vange

rarranged o yield x.

The variation oF Ma, T and P Wit x v aw obtarmed
7 P
& o ° )
'fifm Xarmple |11.8. heliave air
- T " 1
X(m) ' Ma s ; Ma £ £
o (-]

- 6.5 %.221  0.22¢1  0.0238 2.30 0339  0.039
-0.4 2778 0.2820 0.044 2.48 0.4948Y4 d. 0604
-0.3 2.320 0.35602 0.0767 2. 14 0.5219 0.1027
-0.2 /.85% 0.4683 0.1483 /76 06175 0.1850
-0 1 1402 0.4066 0.2%44 1-37 0.727} 0.3278

0 1.0 0.7519 04881 /.0 0.83%%3 05283

supersonic. solution

o1 1.402 0. 6066 0.2544 (37  0.727 0.3278

07 1.¢58 0.4683 0.1483 1.76 0.6175 o.1350

0.3 2.320 0.3602 0.07671 2. 14 0.52/% 0.1027

0.4 2778 0.2920 0.0414 2-498 0.448¢ 0.0604

0.5 7.221 022¢! 0.0238 2.80 0.3394 00369

subsonic solufion
a.l 0.682 0.36649 0.-6983 J.69 0913 0. 7274
02 0.460 0.934%7 0.§439 047 09577 0.85%¢
0.3 0.316 0.9¢81 0.921 1 0.32 0979 0935
0.4 0.223 0.753% 0.9599 023 0.9¢95  0.9%3%
05 0.163 0.9913 0.9783 0,17 0.9943 0.9800
(Con'é )
/=51
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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.

1—©

avcvnexpanded
S~— / ‘deal! -eacpanded

undev-expanded

x ($1) 2

//-53
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“I1.41  Helium enters subsonically and flows isentropically
through the converging-diverging duct of Example 11.8. Com-
pare the values of Ma, T/T,, and p/p,, for helium with those for
air at several locations in the duct. Use 0.163 = Ma = 3.221.
Sketch on your pressyre variation graph the nonisentropic paths
that would occur with over- and underexpanded duct exit flows

(see ¥ideo ¥V 11.4) and explain when they will occur. When will
isentropic supersonic duct exit flow occur?

and £ with Ma % helium was

The variation of A | T
A* 7

4
Obtamed with program LSENTROP witth 4 =1.66. Values of
Mach numbers m +the range 0./63 £ Ma I 3.221 were yusedas

Input . Values of x were oblamed with
7 ,
X = L0000 — o}
J&)
Which is €g.5 of Eample 11§ learvanged fo yreld x.
The variation of Mi, T and P with x Hv ai wgs obtaried

,7_‘
Hrom  Example 118 . * g :
' helium amwr
, . — ; .
X(m) Ma jf 5 Ma I £
° ) 7'° P
- 05 0.163 09913 09783 017 09943  05%00
-0.4 0.223 0.9839 0.9599 0.23 0.9895 0.9638
-0.3 0.316 0.9681 0.9217 0.32 0.9799 0.9315
-0.2 0.460 0.9347 0.8%39 0.47 09577 0.85%¢
-0-1 0.682 0.%669 0.6943 0.64 0.913] 0.7274
0o [.0 0.7514 0.4881 .0 0.87373 0.5283
supersonic  sofution
O. 1 1407 0.6066  0.2844 137 0727 0.3278
0.2 1,858 0.4683 0.148% 1.76 0.6175 0.1850
0-2 2.320 03602 0.0767 2.14 0.5219 0.1027
0-4 2.778 ©-2820 0.04 14 2.48 G.948Y 0.0604
0.5 , 3.22! 0.2261 0.0239 2.90 0.3994 0-0369

Subsonic solution

0-1 0.6%32 0.8669 0.6983 0.69  0.9131 0.7274
0.2 0.4o 0.9347 0.¢43% 0.47 0-9577  0.85%6
0.3 0.316 0.981 0.-9217 0.32 0.9799 0.931<
oY 0.22% 0.9839 0.9599 0.23 0.989s  0.963%
0-5 0.3 09913 09783 0.17 0.9943  0.9800
(Con't)
//~-54%
¢
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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 1s “ideally

1sentroplc

1~

cr'cxpanded
\ /‘dea\l -expanded

undev-expandeal

X (F) s

/1-56
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/1. 42
11.42* Helium flows subsonically and isen-
tropically through the converging-diverging duct
of Example 11.8. Graph the variation of Ma,
T/T,, and p/p, through the duct from x = -0.5
mtox = +0.5mforp/p, = 0.9 atx = —0.5
m. Sketch the corresponding T — s diagram. Use
0.110 = Ma = (.430.
This js like Example I1.10 -
For helium we use program ISENTROP with #=1.66 *v defesmime
values of A L and P covres'pond/r'rj fo  values of Ma
A¥ g o |
withm the vange 0.010 & Ma < 0-930 . e calcula x with
- /A Y,
X = //) ( ;,‘) 0.1 () |
which is based on €g.2 of Example 18, Since the flow is not
¥ tevim,) AT witt,
Choked , A" # Atpyeap ©  Thus , we  detevmine ’
AY = /)f-hmal-
- (!-1
A');‘Araaf
where (A s obtamed with progvam: LSENTROP  Ma= 0.¥30.
A* Lthroat
Thus, o
A’F = ‘7./)’" - 0‘0‘8' m'\'
7. ¥7
and é‘?. {  becomes
568 - 0. (2)
x = [Jooss (f*") 0-1 ' é |
: Witt progiam ISENTROP with k=16
With €5.2 ' y vk T - 1
X(IM) Ma Z‘,{ 7; % stafe
-0.50 o110 5.16 0.9960 0.9900 3
-0-40 049 3.83 0.9927 0.9¢1¢9
-030 0.206 2.8 0.9862 0.965¢4
-0.20 0288 2.06 0.9734 0.9343
-010 0.28l .62 0.9543 g.8890
o 0430 1L47 0.9425 0.8616 b
0-10 0381 .62 0.9543 0.5g50
0.20 0.298 2.04 0.9724 0-9743
0.30 0.206 2.91 0.9962 0-95¢
0.40 0. 149 3.83 0.9927 0.9818
050 0.110 5le 0.9960 0-9900 c
| (con't)
/1~5F
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11.43  An ideal gas flows subsonically and is-
entropically through the converging-diverging duct

- described in Problem 11.39. Graph the variation
of Ma, T/T,, and p/p, from the entrance to the
exit sections of the duct for (a) air; (b*) helium
(use 0.047 =< Ma = 0.722). The value of p/p, is
0.6708 at x = 0 ft. Sketch important states on a
T — s diagram.

This is like Example 1.10.

Since = 0.6708 at X= 0 s gqreater than E. 0.5283 for ai (see

P -
P
Problewn It 30 solution ) and 0.488! For he/:um (see poblem 17.306E)

solution) The an and he lens  Flows thvough the CzOhvergmy—d/Wrwv

duct are not choked. Fov values of 'ﬁ, at different values of x we

obtam covvespondivg values of Ma, % And .;_’.

() Fov ar we enter Fl*j., 2. with  values of ;* o get Ma, L
and -)é . For A* we use

o

A“()

evaluatesd at X=0 wheye A4 = 0.) ffz- We clefermine 4 at x=0

S

A¥

-~

o

From Fiy. D.l  For +the subsornc Flow value of P.E = 0.47’.93;
o
we. get
,'f’_ - (.05 anot  thus
A% 2 s
,4*: 0.1 fi = 0.095 ft
105 )
We the n determine The ,%f variabion throvgh the ouct witt
A _ xto01 _ ¥t+oy (1
A¥ A% 0.095
The covrespondimg , values of A Ma,

5 T and B Fom
X % A

F/j&./ are also fabulated on the nexy page -

(con't)
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(Con't)

X (f4)

-0
-0.%
-0-6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1.0

/ l.a .
08

06|

With &g.
Zg !
n.é
1.8
4.8
2.7
1.5
.0
1.5
2.1
4.3
7.8
1.6

i
o
BV v

0.08 0.99 0.99
0.1z 0.79 0.9%
0.22 0.99 0.966 .
0.44 0.9% 0.97
0.78 039 9.46
o044 0-7¢ 0.27
0.22 0.99 0.9¢
0-12 0.99 0.9%
0.08 0.99. 0.99
0.05 0-99 0.99

000

-0.2

o oz o4 06 o0g Io0

x(#)

Variation of Mach number ﬁralr

095|

i

0.9

0%

0.

i
i

o -08 0 04
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2 o0
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02 o4  o0p o0f 10

State

Vaviation of stafic femperature 1o stagnation Ffemperature ratio
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07|

=10 -0.8 -06 -04 b7 o .2 o4 o6 08 1o
AN XU L L ,

Vaviation of stalic pressure 1o stagrafion pressure ratio

for anr

o ac/ B

o

Cogs| |
—090) <

Cogs|

7-5  diagram o air

(b) For helium, we use  program ISENTROP with 4o =166 #

deteymine values of A T apa P Corrc;,oand/r'y o Vafues of

J —
A¥ 7 A

Ma  withia the range O.47 < Ma < 0.722. We calculgte x will,
= Iax
X = /ﬂ (f':l‘) - 0.1 (/)
Which is based on Eﬂ.Z of Problewmn 11-129. Since this flow /s nol

choked , Aﬁ# /4+hm¢f-‘ . 7}1“3? we defowéine A 1‘(A/l./‘t\
H’\‘ - Aﬂnrmuf

G,

roat

(con't)

/- 16/




(Con't)

. 43

where [ ;A; &A
Thus,
At =

and Eg/ becomes

/s oblamed with Program ISENTRIP fy Mq = 0-722.

roat
0.1 7 _
1.0735

P}
0.09315 1

o

’/(o.wa:ﬂ(ﬂ ) -0 (2)
Aa‘
. i SENTROP
WIM Eg-z T W’M I ’ —
X(ft) Ma. A I P
#* 7 R e
-1.0 q047 119934 0.9993 0.9%82 o
-0.8 0.071 7.9546 0.9983 0.9959
-06 0115 4.931¢ 0.9957 0.9891
-0-4 0.207 2.7973 0.7861 0-965 3
-0-2 0419 1.5049 0.9452 0.8¢74
g 0.722 l.o135 0.§532 0. 6708 b
0.2 0419 1-5044 0-9452 02679
04 0.207 2.2973 0.9361 0.9653
0.6 0.118 4.9379 0-9957 0.9391
0.8 0.0l 7-9546 0-9983 0.9959
-0 0.047 1.99349 0.9993 0-9982 C
10 -0.8 i—v.iév -04  _02 0 0.2 o.q‘ , .15 oﬂf‘ 1o
Sy X( ) o RESRSRERSE RS
Vawaﬁah of Mftdq rlumb&r -ﬁm/ /le/'am
1.00, S NSO O U O SN SO N U8 W TSNS NS SRR UV
T LN A |
7;090 o
' o -08 =06 <-04 -0.2 c!: o,z 04 oy fo.g» Lo
Varviation a{ static ftmmahw ffp stagration »‘&mpcmﬁuc raﬁo ziy/re/mm
(con‘t)
/- 62
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- Lo -08 -of.;,‘ 04 -0.2 0 o2 ‘q.q : 05 P /.%0_
Variafion of stafic pressure fv stasnahon pressuve ratio #ov helyum

NN F. ;

0.5

shy

‘0'70‘,;,,, B

ass| —4—— T, 09532

7- s diagram trr /;e/;},tm
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11.44 Graph, for the isentropic flow of an ideal gas having
_a constant specific heat ratio, k, of 1.4, the variation of critical
area ratio, A/A*, as a function of Mach number for 0.1 =

Ma = 3.0.
The values of A '
alues e as a functon of Ma For an Ideal gas
/mwiy % = 14 are obtamed d//ea‘/j Form Table E.1 and
ave shawr graphed befow,
ioH s ST H i
gasss ﬁ : i
T ‘,"tl,‘(m—;‘ . : | L
st 2 : Hh L

ENEREYRE!

Liaid

REWREE

44
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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 in-

~ volved and determine the duct exit Mach number
and velocity in ft/s if the gas is (a) air; (b) meth-
ane; (¢) helium.

To determme the duct exit Mach numéer/ M“ex;f , we use
E4-11-59 or Yt air, Fig.D.;. Thus,

= RS _
Ma,,.. /// Q)% / ] z.Z—/__) (1)
)3

or fn ar
Ma = Ff?- [.] Value as « funchon of  Buir (z)
€xit 'Da~
7o determme  exit ,e,/ocﬁ/»;/ ({’x/‘f , we use
V;’x/‘f = quxm ) c&”-_— M«em '?me & (3)
where |
Te = "
exit £- 2
VAR S
) ( 2z )Mﬂexi,a- [Zf)
or ﬁl/ air
Ty = 1 [ Tt ‘
cr o g Value tam Fig- .1 o Mot =)
(a) For ainr
Pexir 147 psi
F_L = LTI/ b ig3g
2 gd/fia

ond s Fom Frg. D1, Yhe Cérfefpond/'nj values are.

= (-3
Mgyt _—
and
ot . 0.62
7s
(Con't )
/I-65




/1.945 (Con't)

Then with Fg.s we 0blain

Ty = G17°R) (062 )

and  wilh gg- 3 we conclude That

Vesip = (13 )\/(/7/5 4l (522 °)(14)

Slug. ‘(, 75 = /580 ft

322 "R‘ ‘

i

e _____e___ K3

Stug.

A cam/erymj—a’/\/wfmj n033le  is reguired becawse e €XiF
fow /s supersomic.

(b) Fov methane we 0btaimn from Eg. /

Mz = / ‘ - / 2
€xit . #3U-1 ” .
(/4/?,0514 7.3/ /-3 - ——
' 80p5iq )

Then with €g. % we gef

_ 517 °R
76',\'1')‘- ' = 348./ ”,e
[+ (131 -/)(/.73)’
and with Ef 3 we azbfu/‘:\

% - (/.78)//3&% £t 16 )(]5‘27",? Xr-3)

A Cc/numfg/}y -—cd‘m;/}?j nozple )5 resuried lecause the exit
Flow is  supersonic.

C) Fov helium we obtain Trom & /

- / . —
qu)(/'f' . 166-1 / _E__ — /. /
( /4.7 ps) a-) Té¢ l66-/ e

go/!/’dl

-

i
~
[\

= 2iz0 f*

——

Then wilh Gz.l/- we gef
5/9°%

+ (166 -1 7t )"
/ (._7___>(/ 7t)

7;.)07‘

2641 °F

|
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and with Eg. 3 we obtamn

Veir = (/,7/)/0.242)(/0 ;/‘:?/f; )(26‘//"/2)(/54)
l
ov (S/uy -14‘
VCXH‘ - 3770 f-{»

_ 5

A Converging - di/erging mo3;le Is vesuived sice The exit
How 5 Supersonic.

/- &%

@¢
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| 1146 Anideal gas flows isentropically through
a converging-diverging nozzle. At a section in the
converging portion of the nozzle, A, = 0.1 m?,
pi = 600 kPa (abs), T, = 20 °C, and Ma, = (.6.
For section (2) in the diverging part of the nozzle
determine A,, p,, and T; if Ma, = 3.0 and the
gas is (a) air; (b) helium.

To determme A, we use Eg.1.71 or for awr, Fig. Pe]  Thaus,
R+

2 ) L [ el Pl

: o

A, = A, A = A, Ma (*(&%) Jé+ (/)
ﬂ.) [ 1+ (A1) qu] k1)
“ D)

or ‘/0)’ dl;’

(-F;g. D1 value of g_: for Maz_)

,4'1 = A @)
(Fig. 0.1 value oF 4, 4, Ma,)
A¥
To determmne B we use £9.11-5F or for arr, /:7'_7- D. 1. Thas,

2 ) / &
P = p % = p /+/£E‘_{)Ma:]
2 ’ (,? ’ 'é_ (3)
Z‘;") [/ + /ﬁ,w Mg 2]5-1
or for m}, o =)
(Fli 0.1 Valye 07C > Lo Mci 7

(Plg D:] value ofP Lor Mq)
Jo determine 7, we use 6'5 /. .‘56 of‘ér d//' F,g D./. 724/5"

f['v“(* ) Ma,” ]

£= F (4)

T‘

%2 / ] (5)
= [/ f'(J& / ,144
oy ‘éval./' )
7= T @;‘q D | value of %}ﬁy MaL)] (6)
2- !
(F/'g D.| value of ;__::fw Ma,)
(con't)
/- 6%
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(@) For air, €q.2 leads +o

/42' = (0.1m?) -C-f—é-—-—) = 0.36 s
£g. 4 ylelds
R = [ 600 iGate)] 003 ) _ 53 44 iu
(0.78 ) ==
and &g. 6 gives
r =Gesr) @3¢ 2 _ 43k
(093 ) =
(b) For helium , Eg.; (eads 166 +1
Y/ 56 =1 3t 66~ -1)
(L) [ (4)Ce) /
/+(1££_J
A, =(21m>)] — - Le6+1 [ = O257m™
Y [ / *‘(_fi_‘...’)(a-éy?-d.d-z) —=
I+ /1.¢¢~
(+66-!)
Eg 3 }//e/df Lés
/ / 7/2?/
.66 — 2
= [Kodé/%(aézs)] +C '>/7' °) = 24.8 kfa(abs)

l.64

[/4—//66 ’)/06) ]/“-/

// _/_(/66 l)(?-ﬂ)z]

= R93k ) = 82.4 K

’ */"“___:.’}0.6)’]
2-

&.5 gives

1/ 69
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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 T, = 20 °C. Ifi

the discharge flow is supersonic and the throat|
area is 0.1 m’, determine the mass flowrate in
kg/s for the flow of (a) air; (b) methane; (c) ]he-g
lium. 5

We defermmne the Mach numéber at section(r) with

Md: = "Vi = —:-—lﬁr.f—:_ (1)
< V R7, %
For all of the gases involved i+ is //Ae/}, that Ma, /s less than 1.0
be cause V, is low. Jhus, fhe flow &t the Threat /s choled smce

the enkering Fflow s subsonic and the /c’aw'nj Fow is  supersonic. Fov
mass flowrale we use Eg.l140 fo oblam

m = /04{/4*( V* (2)
For threat velicity, V¥ we use

V*s l/RT*/? (3)

To  obtay, 7% we use €g./63. Thus,

¥ z
= T (—-
7 e :k+/) (4
or for a

7‘* = C(Va/ae of 7—'7-: ﬂm F;?‘ 2.1 for Ma -_-/.a) /5)

-]

Jo delermine 7 we use Eg - 11.56. 777445/

Lo r [ ome]

oy 'far 4/}'

(6)

(Vale of L fom Fig.p.s for M“:) (7)

(Con't)

//Q 70
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To determme, ,o* we use the idea/ gas €gualion of state (€5.11.1). Thus,

X
¥ = P
Ias Py ()
For p* we wse Eg. 1.6/. Thus
£
X _ 2 Y&~/
i A /kn ) @)

or for aw,

*

£
P =p /VA/MC of ;ﬁ From  Fi9.0./ for Mg =10 ) (10)
For p we use Eg 0.59. Thug

%
- %~
o= p [ )M [T Z
or T%Ym;:-
p = 2~

- . ’ (/2)
(Valae of Pzﬁ_ from FHg. D! o Ma,)

(2) Fov 4/ we use Eg.1 +» obTam

Mo = (150 2)

, =

56.9 NMm ,
/( 2 by )(24/35 )-4)
%o/

Mwl the How /s choted af sz’ threat  Foorn 57 7 we obbiui, for
Carrcs/ondt}\)q value 41 Ff‘y.a /! oy Ma/ = 0 4%

0-4372

!

o
7. = ?34

o

—_— = 05 K
R (2.9 )
Witk Ej- 5 we obtain

7“"" = (305 k)(0.583%233) = 254 L

ﬂws
* _ N o
4 _/(ng_7 ;_/;)(25'7‘ LU4) 317 =
(// N s
Ay, o




¢ 7 | (con't)

Frone Eg- 12 we obtan with the help of Fig. D
P = 100 éz’at(aéf) C 15 hmiaes)
.87

aAand wilh 55. /10

= [115 tkru(ees)](0.52828) = 60.8 krelass)

Then with &g. &
(60.8 xto® 44—’—)

o7 = = 083 %
(236 7 N )[255!. K) m3
Er i; K .
nﬂl{} , w)’j’t Ez 2 we Oéﬁln
r = (0.83 ‘0.7 o ‘
m @ ;3)(01 *) (31 m) = 248 3'/3;
[6) For wmethane we use é%./ Yo 06¢n4m
iso 2
Mq/ = ( ) — = 03363
——m .37
/ @.k) - ~,\),-f 2
%5 o

Thus | the Flow is choked oF *‘the throat.
for  Ma, = 0.3363

- 2
.~.(2.73/<) [/+(/-3}i /)/0.3%3) ]
andk. wilth EZ, 4 we obtan
7Y = @298K)

Thus p i
v =/ 5183 /V"v /zgg/k)(,g,)
( 2 m
From Ef /Y we obtzin 7 )

= [ 100 %t (abs) ] [ 1+ (122 (0. 3’363)] = (076 #h(abs)
and W/ﬂv €. 9 we get L2

Fror, €5. 7 we obiin

]

2981 K

[-3{1 + ¢

I

XK & r
Ky

g

p¥ = [107.6 M[aés)]c ;—/Z': )T = sas7 k
They, with £3.8 wa have

N 4
/0 (s¢. 3x10 m’*) - 0.436 Z!-?
(f/m F2 J?581K) (copte)
- gz
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f:/'na//y with €g.2 we obain
= (0-43¢ W)/o;m*)[’?‘/” ’) = /87 ‘3

(C:]Fv/ he/lum we use €3 /! o Jb)‘ﬁln
. (v 2)

- O0./972
/(20 ’7 "’ N )(293 /.66 )
L

k9 /”

cho/cea( at The Fhveat. [Fromm €g. 7 we obtain
= 1.66-1 27 _—
A (293K)[/+(T)(o.14?z)] = 2952 K

and with Eg. & we obtzm

T/?US the £low ig

- (2.75’2/<)( = 222k
1.66 1
(2077 )(ZZZK)("“) = $74.9
Frovmn EZ.// we have ?:7-‘

166
= [7o00 k&;(as)][ / *‘(/'-é-’f'—')( 0-/4?2)"]"“" = (019 kA (abs)
and with Eg. 7

s
/.66 —
[/0/?f€/q[¢és)7( I = %914 %A (abs)
1é¢ T
Then wifth £5.8
3
¥ _ v xlo” Y
L= (4274 X m*) = O.1079 37
(2077 Nm )2y m3
2K
ik JE2E)

_.(0/07? é? (0/mz)(gygf9m) ___‘f_ %

—
sy

)

-73
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11.48  The flow blockage associated with the
use of an intrysive 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 to ascerfamn

Vv, -V
blocked .unblad:ed x 100
%(nb/ockza/
7o delermmre the unblocked avea velocity %ﬂb/ac[:e/) we use
l{xné/acke;( - M‘uhé/ookul [/ /Q?l:nélochj\ ()
B0 T btockens ™% 45
- : ‘
= 7. - yéy from Ei . 1.5
7‘:’76/06&20/ @ (/ 7; Maﬂné/ogéeé/ ? i ﬁy M:n‘/pd ‘/Z)
To detormme e blodked avea velaoh‘% % lockod 1 WE U2E
Vb/ockeaf = Ma V— 7
\ Lockea [JR T, Mé (3)
Fov Mab/aéku/ we.  use AJ/oaéad and cdefevimine

A¥
MAYhhoy Bom EF- 1177

Sotufiom oF
Eg. 11-7) - M"é/acée/ Hrorm _ﬁé_/oaée/ reguives Hvial and ervov.

7. . 44*
/o de{&rM/ne Aé/dcéta/ we set
¥
Ablokes _ 5, 99 Aanblocked (o)
A¥ 7%
We osbtarn Aarblockd from Eg [171 witt, the gMen vatee of Mo -
A* , unBlocted
Jo d&férmfne, Claoégd wt uyse Ez 7056 Fo 057%”‘
70 ' |
&v/ochd - (5-)

/7 (-1 2z
(&t )My

(eon?)

/1- 724
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i = 0.2 » i £gs. ond 1).56
(a) /:V"f" Mﬁ ’)é/oc,é'_", we 0@)&/ S 5 2 "
= G920 = 7 4
mé,“w/ (293 )(0-99206) = 290.7 &

Then wilt E3- 1 we have

’{wé/aw =(0.2) /(24?5? Nm)(Z?O?k)(/V) = (g.;y;ff

we use &g ¢ and [).7/ 4 7@7‘ ” =
Ablocked
' - S . 9635 = 2.9%7
¥ =(0.995 ) (2 ) z
and with E3. 1/-77 we <btan
Mqé/dd = 020/
W} ih 53 5 we }&Il
é/ﬂCéed = Z??k = Z?afk

/ f'( /020/
Wi ta 55,3 we have ) )

A (a.;a/)/(zsg.f ”k)(zio E£)09)

5z

s “Yotit) 00 - Cet678 a0 iy _ ey

an/oc,éq,( 62.2¢ z —
(b)) For Ma= 0.8 we obtas, with £352 amd 1156

7:076[45/%,/ = (293k )(0.58652 ) 2598 K
Then wit &Eg. 1 we 7e7"

= 4847 ™
Y

Verbtockes = 03/(25’” r ’")(25%’/0(/‘/) = 2574 m
g
Wwe use Eg<s and (1.7 (s

ﬁym

Astocked = (0.995)(193823) = ro033
A*
and with Eg. L7 we obtaw

Wit £g.5 we ge?

77 = 273 £ = 2888 K
blocked 7 /14 I)(08/3)
(wn’f)
I~ 75

L
®




ST T

With Eg 2 we have

= /03/3]//(2% 9 Nm )(ZSJ’XA)(/A/) = 262./ 7
/

1:/ ckeof /
and %5 m]

5

(Vb/%éq:{ l«mé/ackul))r 100 = (262. =258 F ) (100) = =143 %
Vomitocker (2584 ) -
() For Ma =18 we obhkn with, 5352 amd 1156
74;»4/45&4 = (293K )(0.66%5) = 202.1K
Then with &gp.;/ we gef

pa—

Votlockey = (/S)/(Zlé?”m)(zoz/)ﬁ4)

(/ #27.4 =
We use EF5.4 and 117 #727‘ 2. m) d
A
A:/“k“"=(r?ﬁ%‘)(/./7éz) = 417
and with Qj. 1.7/ we 0bty,,
Mﬂé/ac/q»,( = .47
With E5.5 we gef
- 2934

/f-(/‘/—/)(/sly/)
Wit EZ 3 we have

Vitotea = ”’)/(7“ 7 N”’)(ZOZ EEXNLH) . pre s
5

and éf ad )
Voo -
y '
vcked ™ Vunblocked ) x log - (925.5 2 — azp4 20— gy
Yentlocked 7274 & -

(C/) For Ma =3.0 ye 0btam with E;YZ Anhol /I LY4

7‘:”49/06&/ = (2—9.?/<)(0357/‘/} - /5’451&
Then wilh Eg. 1 we gef

inbtockeqs = (3 0)//(2’%7

)00¥5K)(/ YD v

%5 K [ N~ s
Zs.m
53-

(Con't)

/1-7§




N4 (contt)

We use €% andil.7!

Abiocked - (0.995 )(2.2346) = 4203
Awl‘
and with €5 (171 we btam
M =
Y tocked 2.995
Wilh £E%.5 we qet

7 - 293 K
blocked = /109 9k

!+ (14~
(4-1) (2.9%5)"
With €g. 2 we llfzavc

(/ N +
and %5. ;";')
([i/og/eed - %{né/?okgﬂ) xloo - (6/4/3 § - 61419 %”l)ﬁao) = QW&’?%
%”%M (6r¢.9 z)
/I-FF
Py}
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. 11.50  For Fanno flow, prove that

dV _ fk(Ma¥/2)(dx/D)
vV 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?"ay/v'ny with Ef’ /1,95 we have

EL //7‘- ﬁMaz) i(}iz’)— ?/;(quz_) + 7_{_‘; qu?_l_’_‘ = 0
v Ma? 2 »

From €g./,93 we have
d Ma®) - ‘if‘iz//'/ # (?s_-;.')MaZ]
Ma2 vz =
Combining Egs, | and 2 we 06 taimn

aﬁ:(/:‘—%m") f{/_{_’_/z} _ ”‘/ﬁ{—’)Ma’ a’__(_l/vf.//‘/ualdxzo

o
L(mat, ) Y _  fE pa* dx
Vﬁ-e 2 D
and
dlv?) _  Ms® 4 dx
I,_; (Mcz"—/) D
However

d(v*) = avdV
Thus combinung Egs. 4 and 5 we gef
Ma® dx
v . £4 (%))

/- Ma?

Frichion decelerafes rhe Sluidf. d

(1)

(z2)

(3)

(4)

=

(¢)

When the Flow is subsenic ( Ma < Lo) Eg.6 leads to dY - 1 gyt thus
’ v

Hriction accelevaks 7he Sluid. On the other hanad when the Fow

/s sypersonic Ma> lo ), €. 6 leads Yo LY — _ ancd ., e Case

/1- 78
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11.5)  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

This s

Similar 4 Examp/e

/r

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.

2. As explavied i Example /112,

1he maax;, mum  Llow vrate 7‘/»'0147/: the ocduct will occur when the

Constant  area duct chokes aud the Mach ummber al- 'he duct
exit [section(2)] is 1o. The maximunm, Howrale can be obiasied
with ,
m=44,y = A‘ﬁl v [/)
We  note Thal T, ;s constant thronghout The entye flow since
fhe Slow /s adiabalic. ﬂbﬂ;’ 7;’ = 7;'1 = 5/9%. //30/ P, s
Consfant in the converging ro33fe  Lut Aecreases Fhrough fhe
constant- area duct becanse of friction. Thus , B, = M7 plia-
Fov choked Flow
- (0.03) (10 F+) :
7 (Lt (003)¢ = 06 = F(L-4)
P 0.5 £+ D
and From Frg9.D. 2 ‘
we can read values of 7 v,
) u o M4 ) = 17"") ’;.and ﬁ,, 7he m

—
/::-72' Can be ogbtained wir 67

)T

/
dndv-_-yz ¥

) 2 I #52% =
&Gn be Adefovmined with

/163 Siice 7, /s /zan.r/anf 7}114/

A

= T - 1716 £+ 16
l/R77% o )(9‘32;«)(/ ¥) /020 £y
(/ /6 s 2
-f/u? /f)
(con't)
nN- 3
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*
For #4206, from Fig. 0-2 we vead
¥/
Ma’ = 0:-57

'7-: = /3 (2)
7*

74

F’ o’

7, L

7:/7 = [.22 ‘o)

Prom €4.2 we get
Q./3 )(432°2) = 498°R
With €3.3 we obtam T
(0.6 )( 1020 é_’_f} = 612 #

5

Wit Eg. S we have

f .
A b = éﬁ-’- . 140 pia 12 psia
/.22 /.22 =

To determiie F we en@r Fig O wit Ma, = 0.57 and read

2.2

P
al:
g = (0.8 ) 14 7psia) = 11+ psia

with 55.4/ we. obdain

* = A= [ = /lfp:f«, = 6.3¢% pSia
£ > L8 /.46 P
with 53 !/ we have
ho=pAy = £ 102y < (Besia Xire 2 )77'@51‘//(5/1"") 0294
3 Ps = 17psia RT g _"j
500 |- i??;;fe (1776 ff /6 ) @ 23% ()
P,= ”.3’!&'4\‘ i\

P=6. =
T(” J A N 2
{ ) Fanno -—7)4— L= 4320 = 7*

line sketth &
(net 4+ scale) 7

s

400
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I! 's'j The upstream pressure of a Fanno flow venting to
|-~ the atmosphere is increased until the flow chokes. What will
. happen to the flowrate when the upstream pressure is further

" increased?
-1

fanno +

/OV = _E- MdW = WS'AU:?L
| RT

one axial locaton tn the ﬁ"”,{%'% 1.5¢

For a

Also  at any

/ .
2
] + (ﬁé’!)M“

Cmé,’m}j we 967"

vV = P Mep ’Iz__,
/0 K __.:’.;/-—"’/;1‘)‘ r[—fﬁi;;.%a
1= Ma

N IR

o G{/n.hlﬁ'uf

So  for ‘an) one axial lozahen ot Fhe 7qlw wheve MY

Ma, [e»Vc/ i¥s ﬁlc )’mg) T /'; dl\'o ﬁu: Jamne éa,)‘-

P Thies /OV js alo /’-jéer and we

/uo(p 7‘11@7( Increa,.rlv;j ﬂ« m/c?l /DYfSJm_ 0,/’ a Cﬁaﬁgz{ﬁma
(onc
Frws o Tha fﬁnuréem vesulls n an  herease  of ,C/Mm/‘lzrc

15 At‘;}’tr .

};/[ow,},j ‘/ﬁ& pl/b-cw[q,v., m[ Exwf/c. //.//ﬁ o toadA
linesr S d»'fiére..f Va lve s 07(

plot a  Series 9f Famno
- Moreaaed  ralet  presaure

//-8F
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11.53  The duct in Problem 11.5/ is shortened
by 50%. The duct discharge pressure is main-
tained at the choked flow value determined in
Problem 11.5/. 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 Example 1113, We quess fhat the shortemed duct
witl  still choke ana check our assumpfhion by cam/a”,;:,j £y
with p* If p < p* the How is choked. If not,
another assumpfion Must- be pmade. For choked Flow we
caleculate The mass Fowvate as we ofid 1y Example /172
Ov ¢ the s0luf7om oF  problema [1.51. For wunchoked flow,
we wmust  devise  another Sfrategy.

Foy choked Flow

FUl-4)  (0.03) (55 -0z - pU-L)
o Co.5#) ; D
Frov, F;7~ 0.2 we read

Ma, = 0.66
7, ,
v
P—l‘l‘ = 0»7 (2)
2
;al‘ = x-S (3)

With Ma, = 0.66 we enter Fig 0.1 anad react

[ 0.75
0,1
Thus .
L =075 )(14.7p5a) = 11 psia
(corn't)
/-82
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and with €Eg.3 we oblan

5ia
P*": /71 = ._-/—7'-— = /_../.._../o — = 6-58 /’fl'&
/16 /-6 '

Since ) ‘
g =é-58 /"r"& > /% = £ 3% pira
The Flow s chokey s assumed.

* .
7 =17, can be oétaed wilh é?g.//.éB smce T, Is consfan?. Thug

[}

#‘ ]
7 7. = (s15°R) = 432° = 7,
tﬁ) (/4+/) :

and v, V‘ can éc aetev vrined w il

= t/,e-f*' = fr76 416 V(432 /e)[/?)
% / Sleg, %)(/ 7 = /020 }‘__f‘

5/«7 f’* )

Wit €g.1 we bave

» 2

m o= g Ay = 5‘_ "o o (6.3 pein) (194 @-/W‘/ﬂé‘ff)/azoﬁ)
= ¥ (1716 % 4
ov _(/u,’k )/
/;4 = 0.268 !_/f_j
J
The CAdny& 1 mass Flowrate I
A
5 £t 20 £t _ 0.268 ug _ 4. 244 .r/u9

/0 £+ o-2¢% ’:_:ff

The mass  Flowrak  P1cveaged éyk G.2 0 when (e fube way
J%W 67 507,,

/1-83
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11.54  If the same mass flowrate of air ob-
tained in Problem 11.5/ is desired through the
shortened duct of Problem 11.53, determine the

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

This is simjlar to EXample [1.14. Since the same mass
flowrafe achieved 12 Problem 1151 is desived with The shorfened
duct of Problen, 11.53, we need + achreve Fhe valee of~ Ma,
Oblamed 1n Problemm 1.5/ . Thus, for the Same value of Ma, As th
Provlew 1.5/ we bhave

_7(6@*"1,) = 2.6
D

/ﬁw&vwl
X
f(é*—,{zj _ f(’e"(l.}- f(ﬂz"(o)
D o D
ov .
FOLAL) - o6 - (003)(5F) _ , 2
o 2.5 ¢
with FCL¥-4>) - 0.3 we enfer /:I'y. P2 and read
D
¥4
;Ealf = /.6 (/ )

The vaflue of P*‘aéﬁuhcd 15 Problesn 11.53 s sHll valid, so
P"‘ = ¢£§8 psio
Grt with Eg./ we gef

bo=C16 (68§ psia) = !/ psia

/- 8%
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11.56  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.

(4) For £ =0.01 we have

f(,(’i[l) _ (o.m)/Zm)
D (49./m)
and on Fig. P2 we read

0.2

, - (1)

- = (2)

.‘_/.'. = 0.73

y¥

Fromm Example 11.12
7T =240k

and

v¥ - 30

~ 93

76(,1;) with £g. we get

T =(11 )(2¢0K) = 264 k
and with E?.Z we obtan

V = (073  )(30 m) = 226 ™

{ 5 2

70 deteymine P we enter Fig. D1 with Ma, =07 and read

i\

4 = 072
Pol
Thus
P =0072 H{jottlelabs)] = 72.7 Rt (abs)
7o determine the wmass Flowrdte we use

S
mzply= P o’y - (72.710?5,,)7%(0./»»)(126;.’1)
TRk, ¥

~

= (.7
: o ]
'(2% 9 ok )(161}l< V(%)

(Con't)

U\L%;

/- 85
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For £ =003 we bave

Fra*-¢) _ (”'93.,),(,2','") = 06
o (0.7m )
ond on Fr9. D.2 e vead

Mal = 0.57
T . 113
7‘¥
Y - 06
[/#
Thus,
7, = (.13 )(240k) = 271K
V = (o6 )(310 72) = /862
5 5
From  Fig. D.1 we read fov Mg, =057
LAY
%,
Thus,

= (08 )[ /01 RPalabs)] = 3/ %Falaos)
To determmne m we use

m o= Poapy _ (Bixw® S (eam)(367)

RT, ¥ g

/.52

al A

286.9 N.m V27
( = K)( 1K )(4)
The maximum (choked auct) Flowrates For Ghifferent vahes of £ ave

=170 ¥

£= 0.0 s
= 1.65 R

f=o0.02 T
m = 152 %
£20.03 S

/- 88
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11.56  If the length of the constant area duct
of Example 11.12 is changed to (a) 1 m or (b) 3
m, and all other specifications in the problem
statement remain the same, determine the max-
imum mass flowrate of air through the duct as-
sociated with each new length and compare with
the maximum mass flowrate of Example 11.12.

For maximun *thwrate the duct js choked.
(a) For 4 -A = /m we have

FASR) . FL-4) _ Qon(imy .,
/) D 0./ m
From  Fig. p.2

Ma, = 0.7

7, (/
— = /. / )
L{ = 0.73

v* (2)

From Example [1.12

7""-.: 290K

and
>
= 3/0 ™
vV 3 5

ﬂu;/wiﬂ. Eg.1 we obdaimn
T, = (7 If240K) = 264k
and with &4. 2 we get
vV, = (Q.73 (370 gn_,) = 226}_?3
To determine g we enfer Fig. D1 with Mg = 0.70 aund read

—P'— = 0.7¢
2
Thus
po= @72 )[ 101ttnlabs)] = 72-TRAaés)
(con't)
H-8F

ov
o




/.56 (con't)

Jo determine mass Flwrate we use
G s Ay = L0 L e roniitg)
R ¢ (zxm e )(ze?k)(‘/) =

(b) For 11 - ‘ez =3m we have
FLIL) FCL-4) _ (0.02)3=) _ ,,

d o (0-1m)
Mal = 0.57
T =3
7‘4‘
5 = 0.4
p*

Thus
7, =013 )(240k) =271k
V= (0-€ )(3/4;2/:/34./_;."

From F’Ij' D-/ we read for Ma, =0.57

Fisos

—

A

777«53 =0.9 ) 101 i [4457] = 9/ ~h(abs)

Jo determne m we use

]

m = L 0o’y - (3/z</o’”) 7 (0-1m) [/zgm) .y
RT, & (285.9 o )(27/k)(97 - 7
Thus  the maximum, ((choked //ow ) Flowrales Vo A fferent va kes o /,g ..5,,,,_.
' = 1.70 %
mlz-l,-':/m ¥
' %
” = 165 %
I:.‘!,'-’-Zn—, [ 5 ¥
m = 152 %9
'l'a‘l,:.?n, S5
/-3
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11.57 The duct of Example 11.12is lengthened
- by 50%. If the duct discharge pressure is set at a
- value of p, = 46.2 kPa (abs), determine the mass
flowrate of air through the lengthened duct. The
average friction factor for the duct remains con-
stant at a value of 0.02.

This is a tal and error solution. we begirn with

FL-4) _ FLUE)  rrete,
D 2

or
(0.02)(3m) - g¢ = ’ffi{‘i)- ’C_/_{E(z) ()
‘ o o

G./rm
R *
We guess a value of Ma, and get a corvespondivy valye of fﬂ‘é‘)
—_ . D
From Fig. D.2- . Wwith E/./ we then calcunlate a value of

d at!') and with This value of 7[__/_{{1/} we 7:7‘ From F'/ty ) ~ Ry
o > |
a value of Ma,. With Mg, and Ma, wWe obtaiy Hom Figs

and D.2 , /f 5 £ , and L Then with

T2 P
- ] N/
fs %'(%)/f)(g) (2)

we qef* a value of P that we Can Compare  with A= Y6.2 klalabs).
We guess a value of Ma, = 0.95, Correx/and/r}] o Ma, = 0.95
we read on Fi19. 0.2

¥
f[f-—;_):_ 0

y/4
Then witt é’:'z./ we obfa,

xx
7{.&"/7 = 0. & + 0.00328 = 0.6
D

fov which trom F"y- 0.2

Mﬂ‘ = 057

4

(con't)

/- 89




.57 (con't)

MNow it Eﬁf. 2 we get
= [10¢ kﬂa(arés)](ag’ )

(106 ) - 44.6%Palates
) “(ates)

which is tlose. enough fo the j/’vm discharge pressure for us o accept
Fhe 4Ssvmphon of Ma, = 0.95.
Thus, P /’D' ) 0, = (081 ) [1o1%a(abs)] = 52kt (ater)

0:1
ahd

<~

=(_7i ')7;, = (054 )(288~) =27/ K
Gl

Also from Fig. 2.2 for Ma, = 0,57

Yo _ oe/
¥
ana ﬁru;
= (0.61 N30 )= /39 m
F/'na//y,
2
7 4
and (23‘7 ”’")(27/;)(9)
m = 155 %9
_—_— I
//~ 90




T/ 58

11.58  An ideal gas flows adiabatically with
friction through a long, constant cross section area
pipe. At upstream section (1), p, = 60 kPa (abs),
T, = 60 °C and V, = 200 m/s. At downstream
section (2), T, = 30 °C. Determine p,, V,, and
the stagnation pressure ratio p,,/p,, if the gas is
(a) air; (b) helium.

() For air we first defernune +the Mach number al section (1) with

T g 'W ) — L
4 (z86.9 ez )(333K)01-4)
L 77 -_,\_/_h
l;-;'g)
grn‘ev}nj Fly 22 with Mal = 0.55 we fHina
,7_; = MY
7—’0“
_/_’,} = /9 (1)
P
and
B o 12 (2)
P¥
From The Temperature ratio  aboe we Obtam
T« 7. = (333k) _ 454
L1YH (1. 1%)
Thus
Lo GoE) oy
™ (292k)
We ernter Ffj.D-‘l- with T =104 And read
7-4‘
Ma, = 0.9
A= 1 (3)
P ;
;og_v / (con't) “)
(/]
/1~ 97




g = P(f’*) )

dnd Egs. / md 3 we Obtam
g = [60ﬁf’tt(ﬂlbs)]/_’___ (L1 ) = 34.7 ks (abs)
L9 ===

e s

,4/50, witth

_ /}Zﬂl)/e“) 4
' efh &,
and 575, 2 ana 4 we obtan

LG

‘SQ

SO

%
F/}«m//y
- M = 2367
v, = Ma, |[RT 4 (09 ) /(: )(302/<)(/4) ey
‘ 5 Y
(b) For helium, %=r66 and R = 2077 N.m f/wm Table /.8 .
) ﬁyt
The Mach number at secton(s) is ’
Ma = 7 - (2M7Q)
, ’ = 0./87
/RT, % (2077 N.m )(333#:)(/66)
(" =~
4e7 &’)
With Ma, = 0./87 and Egs. 11101, I1.107 and 11009 o obs
| 20 ) e,
I+ (R ) mMa} 1+ (155 ) (o.197)°
. L
. i(éﬂ) y /-“-H *
Lo-if | L] e @
/+(‘k-l)Mq (0.187) /+(/66 l)(a,/}?)
Chrt) e
Ao Y A -
%1 _ ) 1(1-66-1
B ;sn ( W) (om) r6t! )[ () //37)]
or
51 L 20 7
6*
(con't)
-9 2




11,58 | (con't)

With &g.5 we obtan

7%= (333K) . 26374

(1315 )
Thus
Lo oo (Go3k) - 147
a (253.2¢)

With 7;. = 1197 we use Eg5. (1401, 11.107 and 11.109 +o sbtumn

(k+1 /ﬁﬂ |
\/[(T,_) ](k,) /[im) /]@i)w.ggog

(ﬁf{) : /h ﬂ.,fﬁf—') :
* / —/ 1 z = [.885 g)
ZENCN pv ( st ) /+('“.—:')(o-mf] (

1.6t

—M [Z’“')(Hh Maz}] 5803 Zruﬂ )[+ e 1%5303)]}2“:;2 (9)
Wn%
 (£)2)

and Eg; ¢ oma § we have

E= Boﬁfa(aw]/ )(/ 845) = é‘ékl’q[ 46s)
Wit

ha P,z

2 (N E)

and  &gs. 7 and 9 we have

a2 = () 0-39
) (?04? ) —_—
Frinally

, = Ma, ||RT & = (0.5503) (2077/‘_’@)/303&)(/56)

/- 93
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11.59  For the air flow of Problem 11.58, de-
termine T, p, and V for the section halfway be-
tween sections (1) and (2).

If section(A) /s placed halfway between sections (1) and(2)we have
FO00) o FUSL) L FUA)
5 - o 2

i{
. ¥ Z “ D
and with 7{_/{_—[4) we enfer  Fig. Pe2 and read ca//es,aand/;fj;
> B _
values of MaA N 14 and . with 7* = 29K fom

. ¥ P :
the solution of FProblesm. .59 Twe obtan
= /72 )(2474//0
We yc/—

()

)(ﬁ ) 7 (2)

where &_ was obtaimed 1 the solution of Prablem 1. 58
X

F/)M//y,P Vi s obtained with

% = Maﬂ ‘/RE/( | (4)

To determme }’(/_’ef’(') and fée_j:{fz/

o o
/\/Ial = 055 and Ma, = 0.9/ Froom The Solutiom of Problem /.58

and vead

Flety)
D

we enfer 5'7. D2 wilh

andf

¥
f{’_e;ll) = 0.0l

D
Then/ with Eg»/

FOL)) _ (07 -o0.0) + 0.0/
0 Z '

0.36

I

(con't)

/-.9%
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(con't)

With /‘(l{"fn) = 036

D
/\/laﬂ = 0,63
I’.‘L = [/
7‘1‘
,0
“ - 19
Ia*

Now with Eg.2 we obtan
7o = (.1 )(294k) = 327 K

and with 513.3 we gef

we enfer Fr9. 0.2 4,4 read

g= (7 )L )[(o bhulas)] = S R (abs)

/.9
F /ﬂa//y wi'th Eg .4 we have

V. = (0,63) z86.9 Mm V35 :
4 /( i )(323/<)// %)

/1-95




11.60

11.60  An ideal gas flows adiabatically be-
tween two sections in a constant cross section area
pipe. At upstream section (1), p,, = 100 psia,

Constant area pipe
/-— control volume

T,, = 600 °R, and Ma, = 0.5. At downstream -
section (2), the flow is choked. Determine the

magnitude of the force per unit cross section area P A —, «—F, <P A
exerted by the inside wall of the pipe on the fluid I ] .
between sections (1) and (2) if the gas is (a) air; '_ e o e ]

(b) helium. (N (2)

flow From (1) 4 (2)

The control volume

sketched above [s used. A;ﬂ,v/y/éj The AXial
component of fhe linear momentunm eguation (E7.5.22) 1o the

Contents of this condol volume we gef for the force exerfed by The

pipe wall on the f/u/a// Rx ,
Ry =pRA-pA + m (-

or
R R ANARCE ()
ﬂms we wveed g, Y and V.
@)FPor air we enfer Fig. D.] with Ma =05 and get
I _ 095
To,1
and
£ _ 094
. E/’
Thus ,
7, = (095 )(600%) = 57p%
and
/0“?6‘ }(/M/.f/}a.) =~ &% pliia
Then ; = (
=M = @.5) [ (1706 TL\(s70%)(14) n
’ “ K1 % @5 ( S/uf.‘x) , 15 - 557
ana _ S/uy.séf')
o = 5_ (g4 pfm)[/‘/‘r‘ ", ) = 0.012% 5/ug
RT, (176 F-le )(570%) ##7
:/u,,"ﬁ
(con't)
/- 96 )
®




/160 (con't)

At section (2) the flow is Choked. Thus we use the x siate of He
Fanno flow, Fig. D-2 fw sechon (2)- Enlcwhj F;j- 0L with Mg =05

we  reaol
./f'. = 2./‘/ = ﬁ
p¥ 7
and
Vi - o5y =y
V¥ v,
Thus P y
B = A 843 psia) = 9.4 psia
219 (z14 )
and £+
[ 2 Y L (HE) g h
0.5% (054 ) s

Now wilh Eg. | we have
Rx = (8% psio)(l44 in* 39-4 psin )(144  in-
A (4 ) = @it i)

+( 0124 slug (525 f%}s’fﬁf_/agaf // )
s “.7

a”d {f? )

Re . 2930
A _ 4=

(b) For helium ( R = 12 420 16 apd 4 = 1.66 From Table 1.7) we use
Slug. °R .
Egs 1l.56 and /1, 5? w,l‘i Ma, = 0.5 and obtan

7, 00 R
ne .4 2 | = 9% °R
/*(i_—_/)Mq, /'/”ﬂ‘“,"'/\(df) 6
and
_ /’ / A1
P; A /*(&/ Mﬂlz //00/)'/@)/ ) _/_(/ “ /}/0;) ] = 4. 7'/;,“
A
Thes
V = M lfer4 = (0.5 [(1z%20 ﬁ.le)(%v ®)(166) 2
} = Ma kT, (72 L - 1670 £
and :/a, ff-
= 7 &/1-9psia 144 L;:)_z
L “/:: = ree )l ""‘) = 0.00(7 5_/5_7
RT, (12 420 #-16 )(559 ‘%) 743
Steg,°R
Con'¢)
"~ 9%




11.60 | (con't)

At section (2) the flow is choked. Thus, we use the ¥ site

of Fanno flow for section (2). With £4S. 11107 and 11.103 and
= 0.5 we gef

* P, , 21.9 psia ~
P = : n L
A (7?_,1!-/) z (Ibé #1 2
Ma, ;ﬁ-; 2 (0 9) 2
; * / ab
I + [-Z)Ma, /’L('ff ){ 5

P’F = 3.9 fsfa, = £

or

V* - v = (676’ 5 ) = 3050}-{-* = (4_
£
(7€“)Mq /“n)(o 5 ]2
/ f—(k )Mq , +(,;6 Dies)®
Now with &§. 1 we have
K = (817 psia~% .9 psin )(/w n- )+ (0.0017 Slug (/m )/ lgzo r’f m/ )
A ff.} J'/llj
and
Re . 2550 b
A — M2

/4!*98
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11.6 1  Anideal gas enters [section (1)] a fric-
tionless, constant flow cross section area duct with
the following properties: '

T, = 293K
po = 101 kPa (abs)
Ma, = 0.2

For Rayleigh flow, determine corresponding val-
ues of fluid temperature and entropy change for
various levels of pressure and plot the Rayleigh

line if the gas is helium.
This is similar o Example .15,
To plt the Rayleigh line asked for we use Eg. 11111
2
p + VI RT

2
- = constant = g+ (1‘? V,)E?} )
P
and Eq.1.76 ’
e = coin L _ R~ /In L (2)
s 5, r 7; Ff

o construct a table of values of Temperature and entropy change

corresponding 7 different [evels of pressure downsteam 1y o
Rayleigh Flow.

To determine p we use Ma, and &g. /159

to obtam L and then 2 From

o,
=/F

% p,/,)é' (3)
To defevmune T, we use Ma, and £g.10.56
fo 06famm It gua then 7, Hrom

Y

7 =(L )7, (4)

/ (‘7:;4/) 3
We  obtamn AY =pV = constant from

Ay = L= Lom R4 £

R7, RT

/

(con‘t)

-39




6] (con't)

For helium (%= 1.66 and R=2077 [—— from Teble 1.8) we use Mg =02
9.k

and E4s 1159 and 3 + get
166

‘Ik—z 1-64-1
}7l = / P = I
7 o™ | ey | D] = 17k

We uase Ma = 0.2 and Egs. 11.56 and 4 Ao get

T =[______' ]T =[ ! ](zm) = 2892 k
! k" L4 ol' - ’
H( ',:‘)M":' |+ (1-6{_'_!)(0.2)1

With €4.5 we have

_ (‘77.72)003 M,_)[a,z) (077 N
oV = 2077 312 )(25’22#](1.66)-32 sk
(2077 o Y(281:28) I
5=

Now bBg.1 Iaewmej

4. N,
pr (3247 22 )(7_077 i) T 1222050 +(2 ”f:?z )(2,,771\/,’.[2%2#) 47"’)

/ _A’_ ) P m
.2 77.72%0° ¥
ov / xie /»1)
7+ (2 /?lX/o N )7' = 10y2K10" &
m?
and
Y 4 (10¥2x0° M _ £) ()
,”7!-

2 zk’/ﬂ
(2.14 m/<)

With 65-2 we have
s—5 =(s22¢ L \inf L - (2077 In ]
£s. K ( zaizIJ ( tfk) ‘77721&[45:) @)
So for  p = 90 th(ab3) we use &s. gand 7 4y obtar
7= (?awajd] (/O‘sz/ogf"’ - ?’oxwl—";’) = SE2 K

(2 192 x10 .’L’z ) ”*
miK
and
se5, = (5_22‘{ ;7—- )/n (S'J’JK) (2077 ﬁi’.ﬁ)/,,[‘w A (abs) 7'3333 7
7 97.72 4 lal@s) ks K

We proceed fz}»’,/cw/y For other Values of p and Consbuct The

fable and qragh on the next PeFe
(Con't)

/- /00




il.61 (con't)

. s-s /T
pltfalabs)] "y (Z)
| | 583 3833
" 833.2 6248
. 1092 763 4
; 1212 8490
. 1236 898 0
i 1215 909
o 1172 9165
B 1105 9/35
35 /
5 4903.3 _ 8755
, ' 77
0.4
15 6/

1300

|

T{.e)
G0l

4 ‘jigk)

Rayleigh [ine for helivm, .

/1- /ot
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11.6 Z- 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 paaximum flow, +he Ray/e/'g/z Flow is choked. For +the jsentupic

no3zzle
o= T = 2
= ,g = /Olﬁfa(ﬂbs)

N

]

QP

7o delevrune the stabec state art the nog;zle cxiJ; Rayleigh Fow /,'f:/e;;‘j
we need the value of Ma,. Tp deleympre Ma we use

60)2—4011 = ?’ = CP(70;‘3’7;1)

7

or [ N.m
500 00 ‘T
@2"’ ;5- + 70:,= ’ *J + 238K = 736 K
' g (1004 Mo —
tg k
and naf/'ny that for choked Flow 70:27. 7;“ we get
{0’..: = _71:/ = 288« = 0.37
702 ba 786K
With Tt _ 535 we enfor £i9- D.3 and read
Ta
Ma, = 0.3
VA
7. 4.4 2 (2)
7
" (ton't)
/1~ 102
®




g2 €on't)
Vi _
. 0.2 (3)
/_Jfl,' = 19 )
% a
With Eg.‘{ we obtain
_ kfa(abs) . -
@'a = P,{, - 101 kfala - gg?k%(ﬂé{)_];'z
119 1.19 |
With Ma, = 0.31 we reaq Hrom Fig.p
F L ooy (5)
B,
ahd
L . o09s (6)
To,1
Wilth Egs. S and 6 we get
P = (094 :)[/ozﬁpa[@és)] = 95 kf(abs) (7)
and T

7, =(0.7314% ) (288K ) = 282K

Thus
Ma, RT ‘(03/) \/(QMN”‘ QZZF)(N/) _ oum
S
(ie)

vV =

!

Cdméa'n;nj Ej}- land 7 we obtun
#u (4bs
(76 #uOR)] oo wtiats) - g,

£= L -
2 (2.7 )
Clmé/.n/hj £gs. 2 and & we have
ne L - (23K = 674K = 73
042 (o042 ) =
@Yhézh;bj 595. Zand § we hgve
m
%= -VL = ot s = 52072 =V
0.2 S
02 ——
(con't)
/l- /03

(7)




/.62 |(con't)
To skekh a 7T-s diagran we ocbpun 5, -5, B
5-‘3=€'/I’)7;'-—/</nlp»
277 ‘ — =
P 7 @
&
s.- S, -:-.(/006‘ Aﬁ.’f’)/n @__7:/) __(2574.7 ALJ’Z‘ /n ‘sz é&ﬂié{)]
R9.k/) 282/ 4y K 9GS #nfaty
and
575, 7 w70 L
%g. K
%00
B =45 fiufabs)
T(k) sketth of o N . B
, N i =674
600 &y[e;yh line _CM---.$ . /s A’ 2
(not +o scale ) L’ p
/, /
7
d
//
400 p=as kfafabs)
7 T,= 282k
200
s L
I 7N 4
/1~ 104
¢
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11.6%  An ideal gas enters a 0.5-ft inside di-
ameter duct with p, = 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.
The gas is (a) air; (b) helium.

To defermme +he heat Hranstfer rate we use +he erzergy &uation
(59- 5.69) o get

Qf?ef- = m (1’70/2" AU,/) = MC/’ (7;,2.— 70:1) (1)
mn

For mass Sflowvrale we use

- = P wp’ 2
Jo determme T, and T, we use Eg./1.5% . Phus,

I - /

A % - 2 3)

| /+(_2_/)Mq (

ov for air

7_7::= f(Ma] /n F;y b. 1 (¢)

0
To determmne £ we use

= F (&)%)

* ! (,&;) 23 ’ (5)
wheve  with £9. 11123 72r /?ﬁy/eij/w Flow

P _ It & |

fa I+ & Ma® (¢)
or for aw

£~ f(ma) o Fig. 0.3 (7)

a

For exit velocity |V, , we use

V, = Ma, |/ RT, 4 )

We determine Ma, with
- Vo 2
Mﬁ = El‘ =

' V&7, % (con't) @

Ll

/- 105




/163 |lcon't)

and we defermye

= (B)(E)

a Ta

Ma, with

(10)
and  Eg.11.12¢ Afor Rayleigh Flow , namely

T _ [(t+%k)Ma :
A /r’,éma’f
or for air with

(17)

L - F(Mma) on Fig.03
=
aq

(z)

(a) For ajy we determme Ma, with &g 9. Thus,
f.
Ma - (200 )

- / ———— = 0.19
(1216 Ft 16 ) (G¥o R)(14)
51447.‘1? (/ 1
51u9.ﬁ
For Mq} = 0.18 we yead Oh [-’,75 D.7
7, _0.99

7
9

Thus

= S¥IR | s¢5%
0.99 -

o

14

-

With  Ma, 0.18 we read @h F;g—ﬁ.3 the valnes

L .o
Ta

and

£ = 2.3
Fa

Thus with £g.10 we oblan,

17: = /M) (0.7 ) = 062
Ta S40°R

(ton't)

/(- 10§




1162 | (con't)

FOV' Zﬁ = 062 we gef 'ﬁ‘ﬁm F/'g* D-3

T
A,fa = 0'40_
Qnd
_@' = /96
A
With Ma, = 0.40 we vead Gn Flg. D-1
Lol 0.97
Ty
77:«45/
.= M~ 2020%
¢ 277

Then with Eg.6 we have
'Dz. = (20,051@( )//?K ) =17 psa

With E.8 we have
I = (0.40) (/7/5 106 ) (190 z)(/el)

f/uﬁ 12 ) 15 /b
Sheg. f/)
P

= 545 11
5

k24

with &.2 we get
. y .’ * 14
= (20p510. ) (144 f;'{ ) m O.5F) (200 ) _ 0422 Shy
(/7/6 f//é)(;w%) (4) S
Stug e

and i th 5?/ we  04tamn
(0.122 ff“?)(éw( f»‘/;)(zozaz £45°R ) . /390 Bt

Qﬁe}‘ 5-/1‘} ok 5
n (‘778 f_*_@)
Gt

(Con' t)

11- 10g




/63 | leon't)

Wit & 1 we have Sg. R
##
Ma, = (Zaé;) — = 40577
/’/g w20 Flb )(540‘,:)056)
5. R ’ te
(' ittt

Thus  with Mg = 0.0595 ans £ 37 we obtasn

%0 =
Fov Ma, = 0.05¢7, &gs. € arvol /] yield
YA It 1.66
3 = 2,644
1t (66 )0.0595)*

1}

(1 1. 6600 0,0559T]
1A [/*",).,/”' Y = 0025
T [ 7+ (.66 Jo.0599)*
Thus wilh Ej, /0 we gitam

7, 1940 %

2= /760 % j/a,aw) =0.091)

a 5402
Now witt, Ef-// we have

A
L g.09n = |07 ") Ma,
7

1+ 1,66 Ma,>

or
b}
0501 Ma, —2,4¢Ma,t0.30/g = O

and
qu = 0./16 o 5./9

na——

(Con't )

(b)For helwim, %2166 and R = 12,420 206 o, Tatse ;v

- ~ ’ - 2
Z'/;f(é_’)ﬁla,i] :fsfag)ﬁf(ﬁéi //Y.ﬂ,oﬁ‘i)/': S8 &

We wuse the subsonic selufion, Ma_ = 0J]6 Siice heat s ézeu’yj
addea and vith heat addity,, we cannol  accelevate b
SUperson/c /Ql)f/c{;/n Fow Fram a SUbsonle  condihon 0,&)’/"(4»1.

/- 109




163 | €on't)

With Ma, =

O1l6 and with £8.3 we oblam

= 0 7.66-1 27 .
e © (1960 /e)[/+ ___i___)(o.ua)] = /969 R
With Eg.¢ and Ma, = 0.1l we have
P _ 1F 16

Fa 1+ (166 )(0.14)"
ard thus with Ej-.g we bz,

= 2.602

P '(Zapjza) _r (2602)
Z.644

With 4.8 we have

= (&.//é)/(/R,‘flO £+ 44 )(/%o 2 )(1.46)

= /? 7,95101,

= 737 f#
( lb =
With €3.2 we gef ' ”“7-5-'?)
i = (2opsia)(1#¥ [ ™ (0.5) (200 2) = 0.019 sty
(/2 420 {16

)(5’:‘& r) (4

S
Slug. "

and  with &.1 we lave

S .l \(199%- 5006 )
Q = (0.0169 Slug ) /3) 240 7T K

= %9
/77,9 14 = s

Brn

1-109
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11.6%4  Air enters a length of constant cross
section area pipe with p, =200 kPa (abs), T, =
S00 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 D--
T, and V,. Sketch a temperature-entropy dia-
gram for the flow between sections (1) and (2).

To determjne +he state of the awr at section(z2) we use He
energy eguation (€3.5.69) fo calculate The value of Ty Thus,

gnef - Ao,z, - /"’1’ = % ('/7;)7- ) 701')

]
or )
*_ .
7;,1 = .._-—275 + 7-0,/ = - g'o’z); + 70/) (1)
< ~
. P G . ’
we 067‘4/,7 7;1 Frovm L which we vead Trowm F19- O] with
/ 70.]) . |
a value of Ma, . we defermine Mﬂ/ A
Y,
Mﬂ = ,—/.; = !
X RT% (2)

With Ma we also éenter Fi9.0.3 and read values of

A L v ard o1 . Then we  determine 70_42 with
R A 7 A 7
94 7
752 A T,
> = ( L) = (3)
7.9;a 7;,, I”/“
With this Vvalue of 2% e  enfer Frg. D.3 and vead
s AT %
: : e B ana b
Cafre.f/yanduy values of - , an ” Then e
delevmine A, 7, and 4 with
- [T\ /T,
REENE) T ()
and
N “
v (Con't)
HN-110




1164 | (Con't)

We use &.2 # gef
(400 ’") - 0.89

Ma, =
(2%7 prn )(Sdok)/’ %)
kg Kk 7 (/ )
7
I%Y' Mq, = 0,3? e qe% 6‘0)’” F’:7‘, D- /
7 0%
B
Thus,
7 = o) e
" loge )
and with Eg9./ we bave
-
70,42 - - (Fee 79) + SPK
(/0.94/ 7 )
g, k

= 82 Kk

Witth. Ma = 0,955 we enter Fig.D.3 and Veac

NS INEECIRY
1
N
N

=09
and
7,
2099
o
Now witt,  Toi _ 5 99 and 6.3 we obtam
Ton
,Z”_f =/§_yf 099 ) - 0,14
7214 579K
(con't)
/=111
.Q




I €F | (con't)

which  has  as - corvesponding values in  F79.0.3 of-

2;0./3’

2.3

"

0.17

1

S Vs 2

and

Ya-s.07

Va
With these vafios and these rahos cCorresponding o Mg = 0.5 we use
5?:. 4.6 and 6 4o sbtaw

g =23 )/ )[wmzaw] = $04 k& (ats)

104

7;_.—.(0’,/7 )/ ! )(5&0&) = 93 K
102 .
and

Y = (007 ‘)/ / (#00 ) — 3J m
0g s — s is ,/,:9‘,@ /‘Wf,f;@,,
MNore  that Acloding o our  caleulalims, ;“:f.?.zk%\a“z =f2k .
/7

745/5 s not corvect and s a  result- of fhe /';accuracy

@ssoclated with cmhy fhe Graphs.

Fov move precision, we asceviry, the Valge of Ma, bmu/;iy

7_?‘3» ufm‘j &g. /. /31- Rrs?  Aowever, we detemme -7:”»_’ imwéo
9 '

Ma, with 5;. /137 Tﬁuf/

%) _ 2(%#+) Mq,z( /+ //'gi_—/Ma,‘L 2(/.4+/)ﬁ7.8?3)%*(“;’.;’)&&7?}-7

7—
a)m

7;,& (/ t qul)l 2
!+ (. >
. ) [1+ (200853 ]
To,t _ 99908
1o, a (COW ITL)
[1-112
by




6% | (con't)

Now e use (g 1.56 7o delevmime 7o . Thus,

7o, 1
A / /
f = ),@ 7(-7/ = - — = 0. 8424
0! (%)M /+(/~.‘~'z‘£:1) (0.993)"
and
I (sook.)
L, 7 —— = 220 sk
0. 8624 0.8424
Now with Eg. | we have
i} _500077»:-7:
7;}1‘ ( ) + 579.8k = &79 K
ﬂﬂ‘n‘ A
ky/<

Wit 55 3 We sétai

7 T
0.5908
(5 o )( ) = 0039

~

A

,3\1

With &g 20131 and  Tor _ p 139 we ger
=
Ma, = 0.1775 K
en witt, Eg. 1128 and Ma, =0.293 and Ma, =077 we get

(H—/&)Ma,] /(/H #)(0-§43)

77 2
2~ - /- l.02¢
& /+ “/U‘M

1+ (1-4)0.943) J

2

Ja :[(/Hl,,)(aﬂ%) = 01666
A 1+ (. :,«)(0,1776)}.

(con't )

/t-113




N4 (con't)

Now wilh £g.5 we have

L= (0.666) ._L_)(ﬁ'bok) = §.17 k
1.026

and
L= LTk < T, 287K

as /f S/lﬂw(d é{
For our J2 5 <Steled we Uuse £g. 1170 P> calewlate S-5,. Thus,

5,-5 =G I = _ R A =004 T In 8/./?/<)

2 2
7
e 4 %9 K 500 K
5-5 = -2030 XL — 29¢9 T /"/Mf’ff)
%9. K %¢. K 200 € (abs)

F = 200 kfa(abs)

(1
500 7: =500k
o0 yd
/f Rayleigh [ine
.7y 300 /4
T(K g4 'ﬁl’n[aﬁsfé—s J
200 / ‘
| /
(2)
100
o T =29%.19 K
/ 2
0
s( 1)
%9.K
- 14




11.65

11.65 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 way 1o respond to Yhis problen statsment s 4o comsider

what the path of these flows would ook like on femperatire -

’Cnl'rap, | (T-5) coovd/nafes . S‘farﬁhj with The subsewic ,aav*r'ms

of Fig. 11-25

Ray le ;j A

T /——\ 150thevwma |

s
we can show Fanno and @a:y/e(jl. Flows. Another classical case

described tn & number of Fluid mechanics Jexts is isoTherwal
pipe Flow (constant fewpersture pipe fiow with fichon and

heat transt,). This kind  of Fflow apprximales what occurs I
/ony underground pipelines. As shpon in the skedeh above by the
brokew lime the isotherwal Fonw path s 9-0\m11y above The
Fanno flov paft and below the Rajy/e::yh flini path. We
conclude that the patt fov pipe flom witlk friction and
heaﬁn? would b above The Fanno fipw paﬂa anol Mzi’ﬂﬂ' oy
Pv'pc How with Frichon avd Cao[fnj wondd be belon The
Fanno Fflow path with fichon amd Flov vates costant.

A /&},/c.{qu £l with frchon would Yok, below The
R«yle/,h flow patte showm ohes f‘hinjs egual. Ray leigh flows
approxivate flovs wilb hoat travscke, over short poth knjﬂf
vor which Fiehon can be ignored as an approXimatio n of '34‘6;7-

i-1s




1. 66

11,66  The Mach number and stagnation pres-
sure of an ideal gas are 2.0 and 200 kPa (abs) just
upstream of a normal shock. Determine the stag-
nation pressure loss across the shock for the fol-
lowing gases: (a) air; (b) helium. Comment on
the effect of specific heat ratio, k, on shock loss.

We ant o delevrune the stagnation  pressure loss qcross
a normel| shock., ov

p
- = / - :_I__J_/_ (/
By T B (1 2 )
, ;
Jo detevimine The ;%a7maﬁ'mq pressuve vahs we dse é} /). 15€.
7771,15, %

£ 4

%- %
gy _ [ ] [ O]
br LA Yugr_ ey TE (2)
B e

ovr 6»’ am

@’l = FMa,)y 1 Fig. Dy .
((Cl) FWm;»//é:M)Wc have ﬁm.,, /:,'7” L. Sor de - 2,0/

= 072

\@‘\Sw
x I~

Thus, with €./ we obtam

@x‘— Poj), = [200 k&[désj](/“o'72 )= gi- kﬁQ
(6) For helluw (£=1.66) we have with Ej.z.

4 1.6 2 /Zﬁ) 1-66-1 > "{%6
/32— _ [(2) oy Trer] o r (DR o) = 0.7%21/
’ x 2(166) 7055, — /[hb6-1 Tagm)
{ 1-6¢ +1 (20) (/.mw )}/
and wilth €. 1 we get
R~ g’y = [zaﬂﬁﬂ”\(déxjj (/— 07621 ) = Y74 4

Eom pmfj (a) Md(é) we cConclude ﬂ]qf Ve loss of falﬁ//bmsxu)g
Qewvess oo novma! shock decreases wilh an ivcrease 17 4.

/-116




11.67

11.67 The stagnation pressure ratio across a normal shock in
an ideal gas flow is 0.6. Determine the Mach number of the
tlow entering the shock if the gas is air.

7o determine the Mach numéber of the aiy Fow
entering & novmal shock , Ma, , given the stagnapon

pressure  ratio, /%,x/ we €enfer F/y D4 with

NV

_.@_): = 06
&y |
tndl  yead On Frg. PY

Ma, = 2.29

-1k




/.68

11.€8  Just ypstream of a normal shock in an
ideal gas flow, Ma = 3.0, T = 600 °R, and p=
30 psia. Determine values of Ma, T,, T, p,. p
and V downstream of the shock if the gas is (a)
air; (b) helium.

To coeternm/ne Ma), knowimg May we use EG.11.199. 7hus,

Mq), = | Mar4 z,)

(i__é/_)/\/hxl_,

ov fov air we use Fig. D4 fi May as a funchon of Ma, .

To determuie 7;)/ we use Eg. 4156 . Thus,
7

Ty = [T ] @

ov for an we use F/7 D.1 for 73’ as a funchon of' Mﬁ,

(1)

To obfass 7, we use Eg.145), by Thus,

roe 7 [7#+( B! R Oma2 [ z(k ,)Ma,(—q?
g ' [(fe“) 2 / ()
2(%-1) ]M

or for ar we we Fig. .y for 6’ as a funchon of Ma, -

—

For g, we Use [Eg.2 of é‘xa/m//c ///7 ﬁ/ef

P [(ﬁ’“)M"x j ﬁﬁ }

ﬁ-/ (4)
MaZ
[('kfl) a ‘/ew)] ,
or fov am use F19 D. 4 12' as A4 &ncﬁén of /"741.(-
Fov /; we uJge é}./ﬁl5b o aér‘am &
=p [[2%k |
/;’ 'Dx[(k*,)““x +]] (5)
o for Gir we wse Fig. 914 for __"DZ as & Funchon of May -
Px
For V# we use
_ (¢)
%= MR R Con't)
/- 118
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1. 6@ | (con't)

(a) For air we read fromn Fig. DH fp Mg, = 3.0

M,,) = 0475
5 . 103 (7)
Fx
Y. 2.7 (%)
Tx
/A
._’._Z = (2
; ()
and we ovtain  Fom /99 D.! fn Ma = 0.475 res
Xy | (10)
=
%/

From &3.8 we get
= (2.7 )(600°r) = l620°R
and thus with Eg./0

—

’ 0.96 0.96 -
Witt, &5.7 we obtam

,? = (/0.3 )(30/;,'“] = i—ﬁpszh

and  €Eg. 9 //é{d;

P",? =02 )30psia) = 360 pria

Then witt 3. 6 we obtamn

V, = @75 ) [ (76 ’q &« [/‘20 R)(1%) =937 f
/7 1 -
f/u] H)

(OOM%)

n-119




11,68 (con't)

(b) For helum we hava wi'lth &. 1

(?0) +
May / "" = 0.52/
[-2(/‘66)](20 z o
.0) — |

(166-1) '
Wl’f‘\ Eg 3 we oé'/u/n

= (oo2) [ f(/“ /)(? °) ][ /;c‘f{)@o)z'/j

|

( = 2/
1-€¢ +1 2 s
[ (ke - 1)) ]( #0)
and with Eg.2 we ge#

7;# =(2/?4’/2)[/*(".‘{_1’)(0,521)7 = 2390 R

ith €g9.4% w
W 3 we have 16¢
166 +1 (.G~
@7 = (?0,05,'4\) [ )(3 ] = Z___/’J/Q

/ 2(16¢) (3.0) /66) ’0’6‘)

' lé¢ +1 166 +1
and  with €. 5 we get

(30/”5’4)[2(/65](30 //é(- )] = ?30 pSia

(cctn) 16641
With &. 6 we obtaim

= 052/ /(/wzx/o 4 (2/?0/2)(/6() = 3500

lug. R 1 ) =
o |
{luyjz

Y ‘:D

/- 120
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11.69 A total pressure probe like the one shown in Video V3.4
is inserted into a supersonic air flow. A shock wave forms just
upstream of the impact hole. The probe measures a total pres-
sure 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,
determine the Mach number and velocity of the flow.

This is  [ike EXxawmple [1-19

We enter  Fig.DH with
Ly  Sookix(abs) = ©
Fx 100 ks (abs)

and vead

We. determme the balue of U, with

/
V, = May t}’RI;(/Z ()

For T, we vead from Fig. D! For Ma, = [+9

Ix _ o0.5%
Tox
and Swmce
we bave
7 =(0.586 )Sook = 290 K
X

and  with Eﬁ./ we. 0bldin

_ . 286.9 M-m \(290K)(1-¥)  _ sug

——

kg, m
5>

/=127




11.70

11.70 The Pitot tube on a supersonic aircraft (see Video V3. 4)
cruising 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
present just upstream of the probe impact hole.

At 30000 f+, we vead from Table C.[ fo Standard atmoghere

7 = -4783F = 4122 °R

and
p = 4313 psia
7hus
/7
Fa/y _ 12 psia . 204
A 4.%73 psia
and with this value of By We vead From
Frg. D.4 x
Thus,
Max RT, % .25 (/7/6 Ft.lo (L )(‘HZ ZR)(/ @)
/
And ( Stlug. fl‘)
V., = 1 2%0 ﬁ
x S )

//- 127




777

11.7/ 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 in the nlet diffuser is assumed o be
Qdyabatc shice we are. Conf/"d'&r/éj isentropic diffsion
except- across fhe Shock. ng

7; = Constant
and/
= 7
7o:a1m/o Y34 0, i ffuser pilef (/)

To detevmmne the diffuser injet ;fy?y,aﬁ'om %em/amﬁwc we enter
Fig. D.| with Ma = 2.0 and read

7

7 =055 (2)

(/] .
At 15 %n clevabion in standavd abmosphere e vead fom

Table C.z
T = -66.6C =2/6-5 K
ﬂzur, wi th E-gr. | and 2 we obtamn

= QRl16.5K) ’
70: contp pylef Z:d:’m;&r wmiet ( 0.cc ) =__?ﬁ" K

Jo detevrmmpe The stggnation pressuve at fhe compressov mlet

e use

e 2oV o
= y (4 ln/Q/‘
}; cony mlet f’i{iffuﬂ' mlet / - /;""‘ __’_G_W_;.. (3 )
/ 4 dvtfuser irle? 9 x /g ¥

(+4
For Pdt’ﬁfuxr mnlet We use

¢

al
2 - /3, diftuser milet :
¢ difhue irlet I Fhser et (%
i Fuser inler ’ v k
Wwhere P = 15 km ov P, C=l2nxw M (.
5!' ffusev infet Qi‘m at @: ffucer 1irjet- m? Z

'46’0»'» Table C.2. (CO)?"‘/')

/- 1273
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N7 | (con't)

We obtaiu, @'Jﬁu@ mlet hrom Fig9.D.] 40 My = 2,0.
/gd i Fhuser mlef ditbuser irfet
Thus  fom,  Fig, pt we have
Ldifhuser salet
= 0,/3
» (5)
o, diffuser mlet
(mwéz'm),»j 535, Y and § we oblawn
= 1r2nx0%2 tats) "
/D . 0 - ) 2 = 73 000 ._.-[44')"
PN let S
For Ma, = 1.2 , we vead o FI:?. 0.4
%y - 049
Bx
/)/50/ smee  the flow @5 /ICI/DL)W/.C Cxcepl achwss e :éock/
/70’,( — /00
13 diftuser inlef
and
VA comp inlel” = 4. 0
5y

Thus, with & 3 we obfam

17, omp inlet =73, 090 ¢ & (44,]](/'.0)( 0.9928)(1.0) < 9g,aoom_:(45;/ = 92 e dak)

Jo defermine fthe slalc pessuve at The  compressor  sifet we

entey  Fio. D1 wifh Ma,, . = O and read
W Inle

/’Um, 1t

= 0.89
,;/ @mp inlet
Thég'
2 = 087 )[92 lh(us)] = 92 ktafats)
COm/ mlet -

=124




11.72

11.7Z.  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 rs sunllar # Example 17.20.
(@) For a S/zmd/r?j normal shock gt X = +0./m we note from
the table of Example /18 that

Max = /37
and

|x9

X = ¢0.33 )

x

\Q\D

From Fi9.-D.4  for May =137 we obtass

Ma, = 075
ana

= 0 9%

\Q\, \CQ
x I~

(2)
From Fig. D1 we fund for

Mar’ = 0.7%

Ay

Ar
For Xx = to0./ m, the rmako of duct exit area T2 local area
(ﬁl/ﬁy) /5

O. !/ m? . 2
Aa _ mHTm) 3y (4)
'45‘ 0.l m? 4 (a./m)z

and u;/hj, Egs. 3 anad ¥ we gel-

A Ay A2
= - ;()/;;) =(h!  5(38)= 3.5

= // (3)

(con't)

/- 1258




| .72 | (con't)

With %2 = 3.5 we 9et fimm Fig. p./

A¥
Maz = o.17
and
f’; = f‘.. = 098
%2 oy
Thus
A _ A _
S — ly (0 8 = .
Z - z. )/ ) 76 )09 )= o0 7¢.

The loss 1n Sfaynméon ,orw.mre Js

AR AN R A N /,,) - Dorktiabs)(- 0% )= f 4h.

o 0
/ 12 9 X

(b) v @ sv‘am//{}; ﬂorma/ shock. at X< +0.2m we note from
The table of Example [.§ that

Ma, = (.76
adnd
£
;{ = 0./8
ox
From  Fig. D.Y, for May = I.76 we obfam
= 0.42
Ma;
ano
7P
-?-'-Z -—0.83
/% x
From Fig. D.t we fina for
Mg =0.63
%
A _ 114
%
For x =1 0.2m, the rato of duct €xiT qreqa, 1t local area ‘4"1
. ’7
T g oumtrloSm)_
Ay 0-/»."+(o.2m)1' (con‘t)
=176
®




1672 |(con't)

and tThus
A _ Az */Ag) _ = 2_,7
e //—5;/’ P =(2.5)1.16 )

With A _ 5 we get from Fig. pu

,9*
anad
. B | 99y
R &,
Thus
AL B _ /R /ﬁ_ = (097 Jfsz )= 0¢
P"z' /‘7’;" /g,g /3%

The [(oss  i1n  stagnation presure is
/e;/ - /32 - /;,x - /:,) = '3,( (lﬁ /_;';_’.7) :[/0/76"’1@45)7 /-0.87 '): 17 %A
[4 7, e i

C) v a 5{2!;74/1;9 normeq/ Shoctk al? X =to.¥m we rnore From Yhe
tasle  of Example 118 1Har
qu, = 2. 48
and

Fom Fig. b. g, Lo Ma, = 2.4 we obrarr

= 0.
qu LY

and
;
%

P Fig.D.1 we find
= 0 5/
Maj

= 0.5/

i’ = /3
»
A (Con't )

/-~ 12F




/.72 | (con't)

For X= 1 0.%n Jhe ralfio of ducf exit avea Yo loca/ area,

AZ /75

=

Ay p 2 s 2
Ao | Gt # (25m) 35
”f 0.t m™ + (0.4m)>

and Thus

’4‘ = /) (735)(13 ) = /3

Wit f}:/.g we get  Frm Fi9. Py
*

A
Mg, = 0.3%

Ano
"é = .P_z_ - 0172.
o %,

TAus,
P A =
___,2/?2 ()/F" =(0.92 )os51) =047
A 2x L

Jhe [oss t»n ‘Sﬁfnaédn pPressure ’s

;"j’ ) ’f'" ) Z’jx %4 ax(/" P" —[oxé&/é;)]( 0.51 ) 5‘0

o
¢ X

/- |28
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11.73 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 .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 determine the duct ex;t temperatare T, and pressure
7/

A, we need 5 ana fi . We canrn obtasn +these rvatos Trom
e %

nyhup,l /énowzhj the Valye of Ma, . The value oF Ma, we

ebta), Fron F”i':D‘/ wilh A Rrown value of B2 which we
get from At

‘__z_. = Az ﬂy
A% Ay )/]*) | @
The value of (ﬂf_’{) /s oblaned fron, Fi9.0.7 . #, fhe value

of Ma, obtarsed From F19. DY wilt o Anown valye oF
Mae_= z.0. Tovwus  From., Fig.0.% for Ma,=2.0

Mg, = 0.5

y |
and fron Fig-0./ we regof 7%7‘)1449:@62’
..4_?:/.2
AT

FPorn the prz&/en. Statement
B . 0I5~

g —— = /5
Ay O 2

and tThus wilta z’:‘;. /! we Alave

A
5 t5)(12 )=18

(con't)

/- 129
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/1.73 | (con't)

ﬁﬂl‘
Ma, = 0-34 (2)
f__'t = 0.97 (3)
702
and
£ 092 (4)
5.
The value of 7o, is oblained Frorm
b Gx T Gyt T =z (5)
The value of }32 s oblamed Hrorn
i} _ P,
l‘;l - IZ? - /;x ( ._'_y)
Wéere 9
/;’y = 0.72
%
Pom  Fig. 04 for Mg, =
Thus
gz = (200/5';4 )(0'72 /’7 (%Y psia (5)

With €8s 3awd s we obfam,
Z=7 7_@ ) = (1200R ) (0.27 ) _ 1b0%

% 2.
92

wir 57; o and 6 we lave
A= Ga ( ,.) Ot psia )(0.92 ) = (32 pora

2 vnass f/a»wra%c we use

mo= LAY - Ré/’ Mo, ¢, = A 4, to, |[RT,%
and 2 AT,

NG VG Qo N E o YierR)e)

(1716 Frle .
) s, °A€) (//fo R) (I:[f;é_'ﬁf)
m = 0§ Sl | s>
_— S

/{- 130




1{.7%

11.79l 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 (@) 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
FLEL,) = 0.52

0
We nofe that
Flete) o FUL) o F(L-4) 0
o D P

(a) With Eg.1 we qet for 4 _ L = 5+
*
7((/({1)(): F-/_{_:’(I)_ JC(C\,'[,):&;Z -({-ﬁf_-ﬂf)

0 0 D (1)
or
58 - 042
0
With  FLL) _ 042  we enter [59. D2 gnod Find
)
Max = 25
With Ma, = 2.5 we  enfer Fi?- D-H gna read
Ma = 0.52
¢

Now with Ma, = 052  we obtan from Fig.0.2

f_ﬁ{f“fy) = 09

0
Since
Tretng . 4 FG)
7 2 2 (on't)
/- 13/




o
/T4 Con't)
we gef
FOL“L ) _ 0.4 (0.02)(25 ) = o
) ¢ ) £+)

and en/&n?y Fig. p+2.  wilh f__{ _f_f_fz) = 0% we 2644,
L
Ma,, = 0.62 (gubSoho'c f/aWJ
Mow we jnste 1hat
P X
;_z_ = é*j/.ﬁ)/!;/}/é .fir fi_ (2)
X P ’Z A Pl P g, |
With Ma, = 0.62 we dblam from F£i9.D2
ho_ o
3= (.7 (3)
Wit qu = 0.52 we obtam from Fig. D.2
R
2 = 2.05
pd‘ (‘f)
Wit Max= 25 we 7cf From /:;'9.9.‘/
Py
7= 7 (5)
and we oblain from F{:y. D. 2
Pe
;i = 03 (6)
For Ma =30 we get from Fig. D2 .
.E’—- = 0.2°2 (7)
Pﬁ‘
and from Fig.D-/
) 003 (7
By
(Con't)
/- |32
X |




17/, 7¢ (con't)

Co m(g,‘m}yj bgs. 2 #zrpy,j% g we 0btan

2 b — » 00 " - _._—-—‘/
— - / ? )/ . )( )( M y 3. ¢ ) - 0.2/3

(D

5

Since we do not have Values of femyemﬁl/c or Préssure

a‘nywﬁere wn The ﬁow/ we  Ccan on/y skelch ?Zm/)-;&;ﬂ/e/y
What happens on T -5 <coovdinafes, [he T- s c//'ayrﬂm

will be  Similar tp lhe one of Fig. &1L 2/(%) 4s indicated

Above..
(b)With €g.1 we get for 4, -4, = 101t
FOOL) = 052 - (0.02)(19F1) _ 0.32
(1 F+)

%
With {.{_{E—K") = 0.32 we enter Fi9. 0.2 and find
- D

Maxr 2

Wit M”x = 2 we enter 5'9-0-‘5( and Veaof

Ma}, = 0.58
Now with Ma,=0.58  we obtam hom HF5. .2
(Con't) |
/1- 133




N |lon't)
{
fﬁ_;lg) = 0.62
P
Since
FUSL) = F0Ay) (Lo,
we get o b

#*
f_@_:_[z) = 04z —- (o._az )( 20F1) = 0.22
0

. . /
and ehk/r/'ﬂj Fi19. 22 wim

Ma, = __,_.——",o'»e ?

With Ma, = 067 we ablai, fom  F1g. D2
4
};*‘ = (- 1Y%

Wite, Ma, = 0.57 we obfnr, from Fig. .2

B _ 19

2, =
With Ma, = 2
= 49
and we  obtn  from F’i?- D.2
G - o4

;;
C’mé/‘z)z'ny E?S. 2, 7,4 QJ /0/ 1 avet 12 we obitain

we gef fom F9- DYy

SN

/Zl, 017—

1)
FLLL) = 0,22
&

. 0.17)&.5..)(%55 ) (0% )/’ ) 003

we obtim

(9

(10)

(i1)

(12

4

Q
~-
X

I




/75

11.75  Supersonic ideal gas flow enters an adi-
abatic, constant cross section area pipe (inside
diameter = 0.1 m) with Ma, = 2.0. The pipe
friction factor 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, deter-
mine the length of the pipe if the gas is (a) air;
(b) helium.

We nofe that
Fll-4)_ FUA5L) _ #124,)
D D D )
where accorz{/}vj o &4, 1198
f/1f1)= J_(/-Ma‘) , ”_)/n (@{—’)Ma’ —] (2
4 R (Me?) 2k /[ + (’5’_‘) Maz‘/
or for air/ f_'(_lff) Js 9"&1/9/Ied Gs a funchon oFf Ma in
Fig. p.2. b

(1)

Thus /mmwny Ma, ana Ma, We can olekrmuse £ 6( -£,) dnd

f(l*[) and with é-g/ we obtain /a’ 1) W//% £ and D
w’E D

dlso knswn we can determine 4. 4, .

@) Fo drr . we find ;o Fig. D2 CofmS/Vﬂd/}y 720 Ma, = 2.0 and
Ma, =12,

% 4
7(__[_{"11) - 03

and
£(LL,) = .03
]

777u5/ with Eg. !/ we have

f/’ez"‘(/): 2.3 - -0.03 = 0.27
L
and
g,-0=(0:27 )(0.47) = 135 m
0.02 (cont )
/- 135

o
)




/.75 | (con't)

(b) For  helrum (#=166 fom Table 1.8) we bave with £g.2

£ (1 “4) )
166 (2 0)
and

f(l 2). /«)/ézfz

Wi Ei" we btass

7[([2 -‘?1) -
D

and thus

1-(2.9)

/ //66+/]/n
(1.66)

2(166)

0.2131 — ©.02507

1. 66+// lésﬂ
/ f-(/ é¢ ’/)(1 2)”

106 ti t
(3—)(2'0) = 0,213
/ +(/._4z§;/}’z.o)

= 0.02507

= 0./88

A, -4 = (0.188)(0.07) _ 5 g4

e m———

0.02

/- 136
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11.76  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 entvance | sechion (1), we have
7. = 59°F = 5,7°8
9,1 = ———

and
P = /4.7 psia
4

/

Wit Mal =2.0 we entkr Fig D.] awnd yegd

Ay
7,
and
oL 013
%,
Thus with &s. [and 2 we obtan

= (o.56 )(51iR) = 27/ %

AN

and
R = (013 )(147psia) = (-71psia
Then
= Ma /T % = (2.0) | (176 ;‘v‘ /5)(2&5’,«)(14)
. siug. 2 )

At sectim (x) just Upstitam of the shock '(/“7 #

7;/)(: T/ 7%,4 To,x

\\Q

(con't )

a)

(z)

0ft
<5

léé0

(3)

/- 7/32F




/1. 76 (cont)

/zx (’)/ 2

= / F"z [7-3
For Mg =2.0 and Ma, =5 we vead fom Fig

T 0.79
Ta
o . s
ha
7,0;_’.‘-_- 0.91
Ty
}.}I_{ = /12
Po,a
With these vatios and Egs. 3 and 4 we oblan
= (519°R y_t )(0.7'/ ) = 598
a, 0.79 =

= (1.7 a )/ | )(112 ) - ps;a
,osads

With Mg, = (-5 we enler Fig. Dl and read

LX__ = 0&69
o
and

B _ 027

X

YY)

Thus,
= 067 Y595R) = 441R
and ‘ ‘
A =(0.27 )(up.fm\) = ;f&m

(%)

(5)

(¢)

n : 1 } )
v, = Max[/ KT =(1.5)/(’716 f, .16 Xlézo )04 _/:i——j:of
Slu.7 ﬁ)
(con't)
/11-138
X |




T | (Cont)

At section( y) Just downspréam of lhe shock we obtarrr fm
Fig-D.4% o qu = /5

May = 0.7
_6).’ = 2.5
A

7

2 -3
T

Vi

—_— = /.q
Ve

F
Y043
a

X
With These rahos and values of properhes at sechon (k) previousl,
defevmmed we have

/; =(2-5 )(3-00/?5!'4) = 75 psia

s £

T,=(r3 )(wo'r) = 533°%
= (490 £) 9y
l. 9 = -
817 = (0.93 )(//.O/ojz‘a) = /f__jpsia

Also, since the flow across The norma( shock is adiabake,
Ty = bx T 16T

0oy,

At the duct  exit, sectim (2) we have e subscript & st
P Fig. D-3 Sswmce the TFlow s choted 2here. Thus fom

E4s. 5 and ¢ we comclude thal

T = To  _ (5/1°R)

54 = 6577 -

’ .79 (.79 ) == b2
and p i
— ! 14 y p .
Jo= Lo = (4TPD | 98 pria = g,
15 (1.¢ ) _—
(cam'f)
/(- 139




diagram we need

70 skefdh. a T-5

calenlale these walues with
S-5,= ¢ ln L-Rin &
A P
50‘ for Example
D
Sc-s, = (4006 1L )/n %1 %%
slug, /4 5'/90/(
Similarly
~$=6006/n 533 1716 In 77 -
A 7 i
_~=l720 -l
5" 5; Slu:;"lz
450 +
o gz 6006l SYT ,l'mlnf -3)
5~ 5= 2060 .0
.Slu.9 °R 350

. 7E | (con'?t )
With Ma, =20 we vead furfher from Fig.p 2
o 0.3
Fa
o053
Ta
._\{‘. = Y5
v
Thus,
(1.9/ps12 )
aa — = 5.31p5(a = P
(036 ) —
T =((;‘”'€) - 5¥% = T,
.53 =
and
=//ééﬂ?)____ //¥0ﬁ..y
A —_— = - 2
(145 )

values of S-—S, and we

(716 "[Hb )/ﬂ 3_'_0.“1“' ): /3/0.&’3
slug. 0/2 14.Tpsia slug R

1<z Bay/ciyh line
l/ Sketeh, (not o
Scale )
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11.77  An ideal gas enters a frictionless, con- and pressure, the stagnation temperature and
stant cross section area duct with Ma = 2.5, pressure, and the fluid velocity at the duct en;
T, = 20 °C, and p, = 101 kPa (abs). The gas is trance, just upstream and downstream of the nor-
decelerated by heating until a normal shock oc- mal shock and at the duct exit if the gas is (a) air
curs where the local Mach number is 1.3. Down- or (b) helium. Sketch the temperature-entropy
stream of the shock, the subsonic flow is accel- diagram for each flow.

erated with heating until it exits with a Mach
number of 0.9. Determine the static temperature

@) For air we have ar the duct entrance, sechion(r)

Mal = 2.5
7;/ = 20C = 293K
7 e

B = 101 kba(bbs)

4

s ——"—

With Ma, = 2.5, we enter Fig. D.1 and read

7’

L = 044 /)

3 ‘
and

£ - o0s | (2)

.

Thus we have with Egc. I and 2
T =(d44  )(293k) = 130K

and

p= (o;oa )[ to1 &ra(ats)] = 6.0 %efu(Gbs)
Then

V =

[ = Ma, [/_sz (25)\/(2867/\//")(/30/9(/4) =GN ™
5

At section () just opsheeam of the shock @‘) |

Tox " ,»( 2 ) B @

/oa.

be ~ P“ )( ) (%)

(Con't)

=74/




177

(con't)
For Ma,=2.5 and Ma, = I3 we read from Fig-P3

90 0.7

>

K IR

F«\

SO
S

= 09¢

3 \\Q\S
> x

\N
x

l.o%

-
—

fa
With these values and 55;. 3 and 4 we oblamn

=Q3k)/[ L ) (085 ] = 376K
T = CR o ) 316
g = [fmﬁ:fa[dés}] I )(7.0:{ ) = 477 k/b/aé;)
2% 2.2 —

With Ma, = /.3 we enfey Fig.D.1 and read

T _

— = 075

7;,x
and

..g—(- = 0.36

5
Thus

T, =075 )(395k) = 2%FK
and

P = (0% )[47-4 kbfabs)] = 17 bt (4bs)
Then

= _ G M.
Kc M“"l/kaﬁ, = (/'3) (3/2'86 71.7_%" )QM:,)

] N
%g. _':”.)
;1-

(con't)

(B3

“13

- /42




/- 77

(eon't)

At section(y) just downsteam of fhe shock we obli, FHomn
Fig. D.4 4o Ma, =/3

Md, = 0.79
HBoue
P

.5.'_—. /. 2
Tx

% .15
Y,

F.

f’_ - 098
P

Wit these yahos and Values of properfice at sechim(x) previously

detevmimed we have
(18 D[ 12.1%k(wbs)] = 208 kta(abs)

@ =
5= (1.2 ) (295&) - 35
vz (9 F)_ 09 m
(rs ) =7%
@7 =(098)  [47.¢ ktalabs)] = 46.4 #laabs)

A/sa, smce e Flow acwss the novwmal shock |s ﬁdiﬂéaﬁ'c,

Toy = Tgu = 216K
At The duct exitf, Secﬁ'ﬂn/Z)/ we  have
= 7, (F?‘) ()
('“)[ (6)
7o;z.=7;;7(-7-0-"-:k /.7_%’2) (7)
/;lzﬂ("’)(') (s7
=V (W)
7 (V,, )(vy) [am%) (4)
N-143
e°




/177 (ceon't)

d‘nd sza.rq‘
» =0.74
Fig. D3 for Ma}
77m5,
.}).’7. =773
fa
fl = /./2
F
T}' - [.02
Ta
.7-; = /e02
T2
7;:7' - 0.96
7g
r
.@_7_' = 0.99
Be
B” = .02
Foa
7
Foz = 101
Vy - 0.9
Va
zi==&91
Va

binin

7 we o

y A Egc. & #wyh

Wit these mfms@éc:n] —5;‘ )(“Z ) :—%—i—fk%/@éﬁ
= [30.9 0% (ubs Cg

/ 02 ) = 3504
7 = (35//<)602’ ( 351

i Lo7 K
) .__L_. )(O,?q ] = 4L=
7;:1 = éﬁfk/ P |
( con't) wx
- 4y
°Q




1771 (con't)
73 = [4@.%&(46;}]/_.’_ )(/.a/ ) = ¥5.9 %% (abs)
)2 | .02 S
= 276 _ﬁ_’ ("—'I__‘ (0'?” )':_ 7 '_Z’_
( 5) 0.8 ) _-i—_B— 5
Fov stetehing 4 T-5 dagram we need Valyes of 5-3.
we use
S.s = Coin I - RInZL
Thus | for example,
/.
S, - S, (/ow% "; /n( Ei’fk) ..ﬁxgy )/n/7 Mﬁéx)]
or
Sc-s5, =520 L
5/1’)71/40'/9
S, - = 536 L
y "5, 25, K
and 7
5, -5 = 570 <
%5 K
Hoo
/y) (2)
normaed ,"
200 Shock "Ray/ci,la
(x) line
: Skefeh
T(K) (not to
scale )
zoo e
(1)
100 i | i i |
0 100 200 300 Yoo 500




t77]  (con't)

(b) for helium (k=166 and R= 2077 N frp tasje ). 8) we
have at the duct entrance, sechona9-K

Mg = 2-5

7, = z0c = 293k
0 1 ==
7, = 101 %Fa (abs)
With Ma = 2.5 we use 535. .56 and 11.59 720 obinn
2 ! [
Ty, kel gn LF 03265 (ip)
%! I - Ma, / +~(/-Q2£_'_'Xz.5)
and fe
£

b L
= [ ! ” ! 166 -1
! / +(/k-2%{)"4q,2 = [ I+(I.é;6::IXZ‘5)7‘ = 0,0599 (“)

Thus we have with Egs. 10 and 1]

Y

T= ©.3265)(293 ) = 957K

and
F= (0.0599 ) [101 fﬁa[nés)i] - 6.05 RF(abs)

Then
V.= Ma,|[RT % = (25) (2077 Mo \(95:76)(166)

= 1440

“\3

kg. K/ (l__’\i_> =
At section (xi just lf”""’é’ﬂm of the shodk, \ #9. ‘;‘"a

7; =17, ( 7214)/7;){

“& 4 9,1 L /]

’ 7;,/ 7;,'“ (/2)
, = P’,“ Fe,x

G ()%

For Ma, =2.5 and Ma, = 13 we use &Fs. /1331 and 11173 ﬁ)gcf

%- b6~ N
?./_' = 2(&1‘/) Mﬁll [/f‘(-z—-)Mqu 72 2@66*/)(7.5)1/_/* /%‘._72.5)]

and

lym (1 +kmg? )™ (1 +G.66 Xe57 ]
or . |
Gl 0787 ‘
7 a (Con £)
=748
[




.77 | (con't)
g_:___ (+ %) [g ) 'y, )] (/+/64) Y{-(Gé )’25)}
54  (1+%Mg?) %+ 2 /| l+(166)’25)1 Legt
or
é‘—’ = /.905
Za
.f'_" - 2(146+1)(23)°" [/r( )(3)] 0.9671
Ta [7+(/4s)(/3)]
/u

YN

_ (1+1.46) {/
x /“I
/66 /
1+ (.66 )(13)* 66-H 1t (v £ )G )/]) = (.04

Ba
Wi th these Ya‘/7'05 and Egs. 12 and 13 we 7@1‘
L, = (293 K)( ) (0.9671) = 360
/ 0.7¢7 -
F < (1014bafols)] [ (1.04) = 551 febaabs
Wit Mq, =13 we use Egs.1L56 and 1).59 P get
Lo | 1 - 0.6
= . = = 642
To,x /7“('7-"37__1)Ma,,1 / r(7~66 —1}/.3)‘
2.
ahd k 166 )

{ _]ﬁ" / 166 -1
x [’ r(kt)ma; |~ [14—(._%—__:)(,.3)1 = 0-328

Thus with Egc |4 and IS
T. = (0642)(360k) = 2Z31K

SO [xO

and
P, =(0.228)[ 55 %l (abs)] = 1.1 ket (abs)

'4
7716}1 -

v, = May | RT 4 (:3)‘/(2077 o N2k (o)
(lhi m)

(con't)

(14)

= ll6o

a———
m—————

68
661, '

(15)

~
5

/- 1437




®
10.77 | Ccon't)
At section (y) just downstream of the shock we obtas wilh £gs.
I, 1150, 11.0S1y 11 15% and 11156  and Ma, =1-3
/Wa /Max"'(ﬁ /) ) (’3)*(165 ,) - p7933
( 24 ) Ma} - (2)(146),5_ '
(1é6-1)
P
RS ( )Ma - é_.") = (2)/1.66)&.3,)7'__ (166-1)  _ 1961
& Rl A (166 +1) (1-6441)
- 2%
. L% ')’"“x][ o )=t [ir(4t) i) ][%5303) o
T (46+/)
(/66'H)
Q(t /) [ /‘6 ]{ 9
Vo _ (kt)Ma;  _ (16641)(13)" = 13
‘f? (k-1 ) Mal 42 (/65—/)6-3}"-/— 2 /‘“)
p (kﬁ),%, ]t~: [(/“1/){, 3" ]"“"
2y . /+( =t ) Ma,> Y=y ),0%’/2
p 1-66-1
ox /C e ]/l - }/[2(/ 66)](1-3) léé’ )Zf
+/ ;@.,., 1.64+1 1.66+1

With these vahos and values of properfies al Sechon (x) we have

A = (.861) [18.1#7a(abs)] = 23.7 ktu (abs)

T, = (h29)(23/K) =
v, = (o) - Ho¢
/ (4¢3 = 7
67 (0. %‘/4.)[55/76&{414:)] 59 / k/’a/“éij
A/Sa/k smce The Fow acress [he normal 5A oCk s qd/aémé‘c)
Tog = Tox = 260K
At the duct exit, section(2) we have
= fa F,
R=h (;3;") (;of ) (16)
= 7z 7 (17)
A 7;(5‘;1)(7{ ) ___(con't)
It- 148




/t.771 (cont)
- /% 7

By Yoy -7-1’—4)( ff) (1%)
297" La

p = A

L. ’5,, (ﬁ)/f} (/4)
%9 R,IA

and

v, V.

chlE)(e)

2 p 1/7 A (zo)
Appropriate  ratios fo use n E£gs. (6 Throwgh 20 ave obtared
with  Egs. (1423, [[.128, (1131, [1.133 and [1.129 For /'1a7=¢?.7733
and Ma, =0.50. Thus,

_/.02'. = [t +é¢ = (-F0/

2 1+ (166)(?-7933)"

./_71 = /1 (68 = 1-/39

a 1 +(1.66 )(0-9)*

2

7, /(/+ 166 )(0-7933) = 06

Ta [ 17+ (ree)(0.7933)"

- PN

ls, .66 )( 0.

5 (1+ 166 )(0.50) - lou3

T 1+ (66 )(0.90)*

-66-1)(0.7433)"
75’_7 - Z("“*’)ﬂ-m?)z[’*/?)( ’ ]= 0.%7)
g L1+ Geg )(om3n> ]

1661 z

lon  aprseri(oqo) [ 17" )000)] ) g0s

Ig« Ci+ (s )o50)" D7 160

A (1+ 166 Hee!

_i’_/ = ) Z(( )[,+(/66 ! (07733)]f = (021

Fo e 1+ (166 )(0-7933)" ( ' Lé6+i

£ )

o _ (I 1é6) {( z )[/1‘/"%’)@-70)1];"“" -

- [+ (e )(090)" (lEH

(con't)
/1~ 149




.77 | (con't)

= (0.7933)

SIS

(1 #1466 )(0.7133) ] = 0.9/87
/ 4 (166)(‘7 7533)"

<

2 = (0.90) /—(’““)(" ) ] = 0.919
A L r#06c)(0.99)

With these vatior and €gs. 16 thrragh, 20 we obfain,
(1.13¢) = 29.¢4 k/y(abs)
[33.7 #u(abs )q/m ) 29.¢

T = (Z?Jﬁ)/——-«——)//.d%’) = 202K

oo
n

= I3 (0.993¢) = 370 &
7”:’- (360 )/ (7/) = g

= (L X1005) = c3.2 kth/abs)
A, [5?./#.%/%:}]/ pry )( ) $3.2

¢ 77 —— 0.-919) = oz
V (5 ¢t Z 103/37 )(/ ? ) == 5 , . We use
Fov sketehing a 7-5 Adragram we need values o g

S-5, = Cp In I__/Q/n/_i_”

N

Thus, for exmﬂ/& | K /n[/? { Rftfabs)
= (52 ze« ) n (2? ~(zo77£?_/< ——=

45.7 K
> 3"
Se - 5' = 2227 . K
Similar,
1) 9, - —{y) .
-c T 2367 <L 300 - . :
5 -3 25 ,( . ;
| no / B .
p, [ [ine
a"ds‘ -5, = 2544 "‘;’} Shock ~ L , *‘?.,(’47/ 194 |
2

skefch

(not 1o scale)
200}

T(K) e

" /

0 /7000 2000 3400
T
s Céy_fk )
/- 150
¢




11.78

11.78 Discuss the similarities between hydraulic jumps in
open-channel flow and shock waves in compressible flow,

Refer fo Section I 6 /4”6/0‘7‘7 Between Compressible avol Oper -
C,'Aanne/ F /JVVS .

1.8/

11.81 Prove that the linear momentum parallel to a Mach wave
is conserved across the Mach wave.

The —ﬁdnym:é’a/ forces ac/;";:.j on a Mach wave are N1, Thus
the fanjen/-;'a/ divechon lnear nomenhunn Ffon cooss 1he
Mach wave 15 coms€ryed.

1 -157
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111.82 [See “Hilsch tube (Ranque vortex tube),” Section
11.1.) Explain why a Hilsch tube works and cite some high and
low gas temperatures actually achieved.

A Hilscl, fube works because fhe cove Flov of the associalpel
compressible swirling Fflow is i solid boly rofahon (foreed
vortex ). As shown ”] Eckert gnd Drake (Ecéer‘f, ERG. and
Drake, Jr., A’-.Aa.)_ Anﬁ/y}f; of Heat and Mass Tmsﬁy)

Me Graw- /76“//) New ywk, 1972)) the Jiffera-ce ¢ tofel -ﬁmpwa;{mc
across the radius of this HFreced vortex caw be Wm’a‘»blt,-
CSp&c,i&[!} when the Flow s turbinlent. Kuvosaka (kurOSaAa;/M.)
Acous tye 5""&"11'37 n Slwir/fry Flow and ﬂ-cko\ngue- Hilsel,

(Vortesx Tube ) Effect, Tournal of F:[uid Mechanjes |24: 139-172, 1?32)
Concluded That periedic ungleadivess of fhe 5wn’r/fvy Flow
is The primary cause of fhe fovmation of This forced vordex.

A Ccord ;Vlj 4o meéasuvemercly (/ﬁl‘héovn) B. ) ke/ler:, Ia.’ S:fdad/, E.;
Tr—ief}/&. and Rebham} E., Limits of Temperature Sepavaton

m a Vorfex Tube , T. Phys. P: Appl. R)«;, 27: 4%0- 88, ’79‘0)57}“/
hot and cold streanm tmpevahres are 57°C and - 17C.

/.83

1‘11‘.83 [See' “Hilsch tube (Ranque vortex tube)”” Section
11.1.] What is the most important limitation of a Hilsch tube?

The wost I'm/yoﬂzanf (1o tatios of the Hilsch +ube is the
/hcfﬁr'cfen? of The process. '
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111.84 (See “Sonification,” Section 11.2,) Give one specific” ~
example of how a data set that was made “visible” could also
be made “audible.”

A specific and early example of datz made visible also be /g
made qudible js the ée@m- counder agsocialed with radiation
’h#‘h;’.}y wedsuremevity . Bofls o yisible J49¢ reading and an
audis le Cl"ck;nj sound Fighaled vidiakhen in femilj vj/;éj\ .

hi.?he' level "e“d’.nj*‘ ond  vore rapid 01{6#:'»:7 oceurring with
larger nsifies. The audible fewhre vhs usehul lbecause then
the. persom (ASI.nj fte thetrtmeny could ufe—‘siylc/-"—ﬁy ,Oraéi
different locations of a site being fosted while

/if'ﬁtnu'v
for diffevences 1 radiation 1%&41;:'?. )

/- 86"

11.86 (See “Rocket nozzles,” Section 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 that the A/A* vi. Ma curve becomes
very Sl’ec/o with /'ncre'a:ﬁsz values of Ma ( very large imcreqse 1y
/i/ﬂ"‘ needesl +o achieve even small 9amns 1 Ma level )

Suj?e;ﬁ'nj Fﬂc%/ca/ limits +o orea cl/'Wr;?ence rahe

1€ achal devices . oy exam,:/c/ Usin Es. 17 the

A/A¥ divergence rafie needed A mg =5 is 3¢50 !
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111.85 (See “Supersonic and compressible flows in gas
turbines,” Section 11.3.) Using typical physical dimensions
and rotation speeds of manufactured gas turbine rotors, prove
that supersonic fluid velocities relative to blade surfaces are
possible.

For the fan of a rejiona./ hirbotan gas turbine tnj:l,e
tip redus = 19 7.
rofxfion S'p(ea':' g700 Yporr

Fr
So blade ,./;/&d; 2{’

U'erw =
¢ ¢

/€ | rad
- v
//9 ,;,.)(/3300 %:)(2”' rev /o 137
S

(g (4F)

F+ mm
F‘UV ~" '/}/)'Cﬂ/ 7&»1 ,;,%W Ve/OC:"ﬁ/., %ﬂfnnjjc /,"ee Ff}. /2.3)
the Vc/ac,‘,y reladve +v The +ms é/adc/ l/\'/) 1S much A"j&r ;{%@.\
)LA& élnde W/oc;/y) U, 47‘ "RA,(, af/ ahp( noma)m/ ;tmé)‘ohﬁl

fm/awat‘ure: we see frm 75&4/6 B.-3 Hat the relakve Ve/foa'é
0/' /‘Ac 4,,, HW oVer h‘hl fun 4/445/6 heéar /‘7% kﬁdl;lj fﬂ/jc

/s wmost [ikel, svpersoric.

Fir the cove Caupn’_.fs” of +his same -e'y/'nc
'h;p radig = /0 .
Nﬁt#ﬂh fp&(r /625D Yfm |
’ ede i 5 is %17 F
Hie vesultant blade +ip spetd =
Even at / ,'onr /emlpom%um withir [he cove Crmpressor
+he relafrve VC/ac;/7) l/v) ie 7”,',4(-, /,'At’&#a be .fl/pwm;(,
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