FLORIDA INTERNATIONAL UNIVERSITY
Mechanical Engineering Department

\meer 1991 Intermediate Gas Dynamics EML 5997

PREREQUISITES: EGN 3343, EGN 3353 or permission of the instructor

COURSE CONTENT

1. Overview

2. Review of basic thermodynamic and fluid mechanics pr1n01p1es
3. Review of Navier-Stokes Equations
4. Isentropic Flow of a Perfect Gas
5. Normal Shock Waves

6. Oblique Shock Waves

7. Prandtl-Meyer Flow

8. Flow with Friction

9. Flow with Heat Addition/Heat Loss
10. Linearized Flows

11. Method of Characteristics

Textbook: * Compressible Fluid Flow, M. A. Saad, Prentice-Hall, 1985

* Handouts

References: Compressible Fluid Flow, A. Shapiro, Wiley Publishers VoIl
: Gas Dynamics, J.E.A. John, Allyn and Bacon Publ.

Grade will be determined on the basis of

Quizzes 40
HW/Project 30
Final Exam 30

o o 0P

Tentative
Grading Scheme: 90 and above A 86 - 89 A- 83 - 86 B+
80 - 82 B 76 - 79 B- 73 - 76 c+
70 - 72 c 60 - 69 D below 60 F

Note: The grading scheme and syllabus is tentative and may be changed. All

changes will be announced in class.

INSTRUCTOR: Dr. Cesar Levy

ECS 463 (305) 348-3439
Office Hours: Monday and Wednesday 1600-1815
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= Flow 1S SucH THAT FLuiD: DEA)SIT‘I 1S VARIABLE

Flow I1s GoveeNtD By FIRST LAW OF THERmo (ENERGY BALANCE)

SEconD LAW (Hmr,mrazﬁmbd /EAYFEPFI)

 NEWTON'S LAWS oF MaTron

CoNSCRVATION ©OF MASS
TO DEFINE FLUID PROPERTIES

CoNTINVUM —~ NEED NOT INVESTIGATE A MOLECULE BUT A CONGLOMERATE

OF MOLECULES 4§ THEN DEFINE PROPERTIES FRoM THAT CoNglo-

MORATE «  ASSUME CoWGLOMERATE HAS A SMAL VoLumE

CONTAINING A LARSE ND. oF [MOLECYLES FROoM WHICH THE

AVERAGE PROPERTIES OF THE MOLECULES.

A  CoNGLOMERATION OF MOLECULES AT A GIVEN PosdT
_IN  SPAcE

FLID - 1S A SuBSTANCE THAT Cowrnvousty PEFoRisS UNDER THE

ACreod  OF SHEARWG FoReEs
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aV->87 AV YOLME oF THE PARTY cLe
*— moleenlav 3,

= .cm,rh T T R AU & cube eyisk thal have
' area. AR’

sy



i
i
i

i
i
|
|
|
i

I
t

]

1

|
i ;
|

i
i
i
;

|
|

i

i
i




0 = l\'w\ AFJ_

AN -vm'wz-/:
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now He idwad a,a,, lows %fvcs F:fRT
B 2
=> T ~ Ca.mz_, . WE CANUSE IDEAL GAS LAW  IF

MEAN FREE PATH -~ DISTANCE = A MOLECULE TRAVELS BEFORE

INTERMOLECULAR  COLLISION OccURS 15 THE FREE PATH( ).
MEAN FREE PATH (X ) IS THE AVERAGE DISTANCE THAT ALL

CMOLECULES TRAVEL

FrR.  ConTivvem @ Afg << 1 wneee LA 15 THE <uaRAGERISTIC

LeNéTH OF THE PROBLEM.

FLUID TRANSPORT PROPERTIES — AS Fuip MOVES THERE 15 A TRANSFER.

 ©F MASS | MOMENTUM 3 ENERGY ©F A MOLEWLE

look AT A PRoperty “a " AT A Fixep X a=alxy)

jT . , - HERE Q" cHANGES DUC To A CHANGE
e+ Ay o o - | o
- . oy / j.. "

Ay | \/ .= WF 4 IS THE X, mOmentem (Mmu)
B e \: %, . THEN 24 cau Be RELTED To
el / | b snemeime SrRam on THE Fup

=2 o
4 537‘ 47 PART ) CLE (“,’_HERE m s parhecle mas,s)
_THE SwesR STREsS CAN BE RELATED To 24 By T= /h u
2y 2
,&,;w Aﬁ'//AA 1 AFy = Cupee in TANGENTIAL MomenTuM
M 1Y)
’,M 2] ~a+ba -4a = '30- Aj ""3“ by
At
T At | At

t= 8y/ i -0y
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THUS Foe onc  woleculer T = bin [m?

» S mow A = Emu g
S8 | By J / apr ]
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o 1 osuch wolewbks T = nim?_ul A’j' = Nemx> Pu ,Pé;\';lli
%Y e J

WHERE Z-’;\ are avua%&s {w all e molecules ; X s Meaan —S:ra, Fad&

- X s x Comstat  (owee p <> highes mean fre path)

TP s uW = e & o {T

oy <<
=K. ok <<y - MERE T 18 propoctional o spes
~N —y
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Fo2 A Cowtmwum : Ky << )
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CompressIBILITY = IS DEFINED AS THE chage /N PRESSURE DUE To

A CHANGE (H SPECIFIC YOLWME

- "iF-/V = P El—_g = BULK MODUWS OF COMPRESSIoN = E
v df _

IF eompressiate , L=et; |F comreessiBee, [ &L oo .
PRESSURE -~ A SCALAR StownN N FLUDS CoursE To BE EaWaL N
P e ) ;

ALL DIRECTIONS (sm'nc. Pzﬁssueej
DiRecTIoN

For. An gL (INvisup) FLb (WHETHER STATIC OR bwmm:), P# < DEPENBENT
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THREE _TYPES__©F _FLUIDS

IDEAL oR PERFECT =~ HOMOGENEOUS , INVISCITY | INCOMPRESSIBLE ;

s
Goob_Foe. REGions OVTSIDE BORY LAYER oewaxes, M<.z  h< oy

. IDEAL ComMPRESSIBLE ~ INVISCID  M>.2

A_l,,__ABE_GmNS ovTSIDE  BDRY LAYER

§ wakes. In<|o flr _Homo6ENEOVS

. Yiseovs - ‘“y‘g_swslm EFFECTS INCWDED ;

Boey LAYER dWAKES
Fok ALM  DEPEMDING  ON CoMPZESStBILN"I-j ; ln(' Iogﬂ

+  ABove Zooevofl ™ is O()

KINEMATICS ©F A FLuidD FIELD
—'\——hw

VORTICITY d SHEARING STRAN RATE ( Look

AT _CoMPONENTS _ ABOUT X, AXIS)

0 (u,u,)

A (U, +2% dy, u,+m
A X, - 554)5

? ) u )
B (ul + _B_I:E, Ax._,,_!'izj_s:éd_,’S;J

, f(uﬁ?u; alx\dt - u, dt] /fu +9u At nt
, (49+2 deit -t

0 B' >>>>> +dx ]

= agt [ (1r2ndt) v Do dt s Wgpocr
X, 2K, D%, %,
df ~ dandp - 28, ,,[(u.+iu dey)dt - u,dt] /{Kazf%zm)glt:uzét.ﬁ&]
= » At / (1 4-9!4: At) ~ M 44
3)(,_ °Xq,
. Rate

| OF SHEAL STRAW 1S = 0 +4p

4
2

;&[?uz +u, ]_;-... (90™-«- ,e)

Bx, Bx,_ 24¢

bx‘

1) vormeny  is f_@ s _€+ olot] [?Mz Mn] .(2. = ey

_ THE_AMOUNT THE DIAGONAL ROTATES IN TIME. ;At d TS, 2 TMES  RotATION Uhy
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o Gven: Az Ay i A7j + Ak

3.

DEFMNING q = U4 + VJ + Wk 4 V: 2 4L + .}; J A+ 2
Uxg - |1 % | b
xg = s - (-3 (W -2w) e k(2
i Y 2’/z,.' 7’/32 "( Y Bz) J ( M xS T\ 'z,
wu v .!d" . . i
== QL Q552 k

For I1RRoTATIONAL FLow [L=O  :  WE cad perme § = V¢
(o d ~

~

_REVIEW oF  VECTOR ANALYSIS
Lt S g

- PoT PRoDULT

1A]= (""‘2"%\‘11"/1.?2)y1 : EZ

A-B=B-A = |AlIB] 0s6,, = AB +AB +A B,
- AB=-0 ¥ ALB

. . CRoss PROPUCTS

C = AxB = |A]IB] s B,

s € E€1lA 48  [g]=
C : 8

AXB = -BxA = | 4o A, | 74 (ABAR) —j',,(A,sz—Aesx),,
Bx B, B N

+k (Ag, -AB,)
TRiPLE ~ fRopuets - | .
Cx C Ga
E(AxR) =(AxB)-C = det [4, A A,
B« By B,

cx(AxB) = (CuB)A - (&-A)B
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4. VECTOR DERIVATIVES

« e 2P + 2P | LMy
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Swrfm) N1 To sveeace

chnds R
S S et e e -
() Dnve_rq,wa. Themem
VA =divA 12 12 4k

\
~ Cax 23y

dx "S.” o2

= A DA LW

VA = Ao L[ A.ndS :
4V-yo 4 JS oo

(ii)

___CiReyLATION



: i i
: i i
H i i :
{ § 1
: i ! ‘
N i i
i ; H
i :
i H
. -
i
i
H 1
i |
! i
¢ {
: : : I
H 1 !
' H
t
i
: i
i i
i i
i
i B
H i
m h i
H i i
i i | i
B i i
: i !
¢ : i
. { |
i |
: :
i !
¢ |
| H
| i
i J
i i
i ; i
i i '
| i H
i : |
' i H
: i i
{ ! i
i i i
i i i
1 | :
t H i
) : : H
; i
H | §
; ! i H
i i H
i i H
t i H
¢ i H
i : 0 ;
: : i i
' i ' |
H H ! H
i 5 |
! . :
| : |
! | H i
; ! i :
i : ¢ i
i i ¢
i | ; !
i H

i
'




 DESCRIPTION OF FLUID MoTion
R g N A e
LAGRANGIAN :  GIVEN A FLid PaRmCLE AT (X,4,2,)4 AT TvE T,

IT MOVES THROUGH SPACE

WE FoLLouw THAT FLID PARTICLE AS

X = X(Xo,‘ao)%o).t-to) : : X : 4 {. a

= - °’H")a° o re
3 'a '(x°)\&° )%" ) t tb) ’ lndt‘pm‘} variables
2z 2 (x,;&,) 2o "t—'t..) :

WHAT 1S VEWOTY AT XofoR, .
U(Xo,Ye, 2o, t40) = Lo 8% = x{
T ax,atso A B, o
C silarly V= Qyf W'r')_i—‘_\
1 3 5t
"X,,’t,, Jo T x’l"?)i‘?

Evierian :  Look AT A Poyn7 N SPACE  AND WATTH AS FRRTICLES
g g T g

PASS  THROUGH  THAT PoiNT

U = U (xz“f/ ,E)t) j_{tﬁ
x;ﬂii;t ﬂ.'&

vV (’93,%).%) Ay
R CTR DR 7

"

W

WHAT 1S RATE OF cHawse oF R FPRorgery RS [T mMoves THRovucH THE

 PoNT AFTER A SHORT Tim€ dt 7 o ,

da - 2a dx 42 dy L7 dz .9 swce dxdydz de o hay
dt  ox at ’3\3 Zt; Y §E+ 7 »Y> M ' Jdm\
o . 0-[- Puh‘d{. i‘ﬁ\ul m durn J(M

o on £ oomy
= un2a .y ,yla 4 34
oy o
Da

CALLED MATERAL DERNATIVE ) CULERIAN SVRSTAMUTIAL TDERNATIVE : <t

:;-Et‘ ¢ locad derivative q-Va. s comvechve deriyahve
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L. Pa = %a 4+9.Va

Dt 2t ~

LAGRANGIAN RATE = EuLERiAN Form (2@ 24 da da \

3 7 % >3y’ 33 )

EULERIAN FORM SAys A PROPERTY CAN CHANGE DUE To CH ANGE /N

Posimion  ( 4-Va) or cuamses w Twe (%)  oe ®om

2t

| Example - Suppose AT _tzo A _PARTICLE IS AT X,

L N

AND h= kxo

USE LANGRAGIAN APRoAcH  FIND X =X(t)  3nd THE PARTICLE ACCELERATION

U= kx_ = a_)__(l

dt |
Xo

i

. (dx =f hdt - kxt+C
J

A“EL 2 ’_2._"57 i ,::A_?__( RXQ) = (@] et u iS CNS“ant

XKoo= X 4 uzkx = kx

ket 1+kt

Du . 2u 4+ udu o kx4 lx k =0

Dt 2t % (m)t G;‘\Z,c’) (1+1k)

s DU =0 =D U 15 Cmstanlr
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THERE ARE MANY WAYS ONE_ CAN DESCRIBE THE MOTION OF A FRRIICLE

| PATHUNG - LOWS OF AL PoiNTS OF THE PATH of A PARTIUE , USED O

. DESCRIBE MoTioN OF A SINGUE TARTIGLE & GWES LodG-TERM PICTURE

locus OF TANGENTS TO THE INSTANTANEOUS VEWCITY VECDR.

_ GIVES AN INSTANTANBOLS  PICIVRE

__locs of ALL PARTICLES PASSING THROVGH A PARTICULAR. PosT

GIVGS A loNG TERM PicruRE

—_— PATHUINE | STEAM LINE | STREAKUNE

) - j _ STREAMULINE f

A STREAKIUNE f

e  PATM LNE f

izli =V For A _STREMALINE
u

FlLow

. EXAmPLE

V= - 2Ax il'-- wxifr £

o ) ___NoRtex oW
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N ... WE HAVE Saip TuAT IF  Fuww WRY |IRLOTATIONAL
)

U= 2 V= 34’ 'ld':r?_é 4’ s @ Pn+wh8| -f-tw.duvx
-1 37 ,‘ BZ'

IF Vﬂ_ O (FLOuJ 1S DIVERGENCE FREE (STEA-by STATE. , INCOMPRESS 1BLE ]) ‘)V&"

F Fuow is 1mteTamoaL Vg0 e 2o =0

\<

2D: ¢ we peeme. PlK 'a¢ ,OU'~ '34’ = Vgzo ¢ Vxgq = V-0

7 [-24 ~ A

~ - o~

Now <f~ '%{falx +94’ dy. ’Bédz 2 wdsr udy o Mows bz emst dpzo

. dx v

L e P Wy - bty g Voot dfeo

ox
o= dy =_.‘{'V51lrea«/me _eguation : Y shrean F&
Uu

Smw

== bt & ae | 70 ercu orwce

) WHAT Do wWE. ¥Now AT. A _ SoLID. SURFACE

_1)_No_ Fiow _THROV6H SURFACE ﬁ.n’:ﬁ, n.. _...,__.t:‘_...
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9. DeFRATE, L. A,, BarrY, F. W, and BaiLey, D. Z. A Portable Ma;zh-Zehnder
Interfelometel Meteor Report No. 51, M I. T., Cambridge, Mass. (1950).

10. Scuarpin, H. Theoue und Anwendung des Mach—/ehndexschen Interferenz-

Refraktometers, Zeitschrift fur Instrumentenkunde, Vol. 53 (1933), pp. 396,
424, Also see R A.E. Translation, No. 79,

11. Liermann, H. W, and Puckerr, A. . Introduction to Aerodynamics of a Com-
pr esszblc r luzd New York: J ohn Wiley & Sons, Inc., 1947.

12, Pankuurst, R. C.,, and Houper, D. W, Wmd»Tunnel Technique. London:
Sir Isaa,c Pitman & Sons, 1952. ’

PROBLEMS

3.1. The compressibility of a liquid is usually expressed in terms of the bulk
modulus of compression,
o,

¢c=B/p

3.2. Calculate the velocity of sound at 70°F in the following media:

Show that

(a) Air, (b) hydrogen, (c) uranium hexafluoride, (d) mercury vapor, (e)
water vapor, (f) liquid water at 14.7 psia.

3.3. To what pressure must liquid water be compressed in oider that it
leave a nozzle at atmospheric pressure with a jet velocity equal to the sonic
velocity? Assume a constant bulk modulus of compression of 300,000 psi.

3.4. Plot and compare curves of the sonic velocity in air versus absolute
temperature (a semi-log plot'is suggested) using

(a) a value of ¥ of 1.4 for all temperatures, and (b) the actual ‘vzﬂue of ¥
for each temperature. :

A projectile in flight carries with it a more or less conical-shaped shock

front. From physical reasoning it appears that at great distances from the
projectile this shock wave becomes truly conical and changes in velocity and
density across the shock become vanishingly small. ,

Photographs of a bullet in flight show that at a great distance from the bullet,

the total included angle of the cone is 50.3°. The pressure and tempelatule of
the undisturbed air are 14.62 psia and 73°F, respectively. ‘

Calculate the velocity of the bullet, in ft/sec, and the Mach Number of the
" bullet relative to the undisturbed air.

3.6. Show that, for a perfect gas, the fractional change in pressure across a
small pressure pulse is given by

@ _ydV
D c
and that the fractional change in absolute temperature is given by
dT

____(g_.l)___
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70 INTRODUCTORY CONCEPTS TO COMPRESSIBLE FLOW Ch.3

(a) Demonstrate that a compression wave (i.e., a pressure pulse which
increases the density of the fluid over which it passes) which moves rightward
imparts a rightward velocity to the fluid.

(b) Derive similar rules for a rightward-moving rarefaction wave and for
leftward-moving compression and rarefaction waves.

(¢) The rightward-moving compression wave of Fig. 3.1a strikes a stationary
wall closing the right-hand end of the duct. Demonstrate that it is necessary
for a reflected wave to travel leftward, and determine whether the reflected
wave is a compression or rarefaction. Compare the pressure change across the
incident wave with that across the reflected wave.

A’ compression pulse changes the velocity of the fluid over which it

~ passes by 10 ft/sec. Calculate the pressure rise (p51) across the pulse for (a)

water, and (b) air at 14.7 psia and 70°F.
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BB PRINCIPAL INVESTIGATOR/PROGRAM DIRECTOR: _Levy/Gordon

‘DESCRIPTION: State the application’s broad, long-term objectives and specific alms, making reference to the health relatedness of the proj

Describe concisely the experimental design and methods for achieving these goals. Avoid summaries of past accomplishments and the
of the first person. This abstract is meant to serve as a succinct and accurate description of the proposed work when separated from

application. DO NOT EXCEED THE SPACE PROVIDED. . f,\)

The objectives of this project are to raise mice under varying conditions of exercise and correlate th:
changes in the architecture of trabecular bone in the proximal one-half of the femur with the changes it

" breaking strength, and the associated stresses and strains in the surrounding cortical bone. The specific goal

are to expose juvenile mice to normal voluntary exercise (NE), burrowing exercise in a high-litter cage (HL)
and four times normal gravity for six, ten minute periods per day (4g): Mice will be sacrificed after 30 day
of treatment; the breaking strength, mineral content, mass, cortical wall thickness, moments of inertia in A-1
and M-L directions, and changes in trabecular architecture will be determined and compared to the NE controls
These data will provide the input for a failure analysis and a finite element model that will determine th

' changes in stresses and strains of the cortical bone of the shaft of the femur (based on our load to failur

experiments) as a result of changes in the architecture of the associated trabecular bone. The significance o:
this project is 1) to demonstrate that significant changes are possible in trabecular architecture and in stresse
and strains of associated cortical bone of femora in groups raised under different exercise regimens; 2) to shov

‘the correlation of change in trabecular architecture and cortical bone with the method of failure of the femur

and 3) to use the finite element model to predict the locations of the shaf t where trabecular bone would b«
placed to reduce stress concentrations. These predictions will be compared with demonstrated changes ir
trabecular architecture. As a result, within our experimental treatment groups it will be possible to predict the
likely mode of failure and change in breaking strength associated with demonstrated changes in trabecula:
architecture and the structure of cortical bone.

)

7
N
KEY PERSONNEL ENGAGED ON PROJECT .
NAME, DEGREE(S), SSN POSITION TITLE AND ROLE IN PROJECT DEPARTMENT AND ORGANIZATION
Cesar Levy | Associate Professor ~ ~ - -| Mechanical Engineering
B.S., M.S., Ph.D. ' Co-Principal Investigator - | Florida International Univ,
097-42-1895 R ro b Miami, FL 33199
Kenneth R. Gordon - Associate Professor o o Biological Sciences
B.S., M\A,, Ph.D, Co-Principal‘ Investigator .| Florida International Univ.
563-62-8465 ’ . | Miami, FL 33199
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Ow Ch. 4

nches diameter at a rate of 2.20
At one section of the duct the
sagnation pressure at this section.

Tbm°R) is supplied to a converg-
1 540°F. The nozzle discharges
frictionless adiabatic flow, and a

2
3

ne, in square feet

't gas, the pressure, temperature,
sect to the corresponding critieal

.

)]

1

3

of the isentropic flow relations
:ompared with unity.

ure of 5.20 psig and a difference

e er oWV N

Ch. 4 PROBLEMS C

Q@ig) A rocket combustion chamber is supplied with 24 lb/see of hydrogen
and 76 Ib/sec of oxygen. Before entering the nozzle all the oxygen is consumed,
the pressure is 23 atmospheres, and the temperature is 4960°F. Neglecting
dissociation and friction, find the i‘ohro_at area of the nozzle required. Assume

k = 1.25. IM’“""B' Laba e I,u' ¢ 'Cl.u} vl

4.13. At a certain point in a stream tube, air flows with a velocity of 500
ft/sec and has a pressure and temperature of 10 psia and 40°F, respectively,

-(a) Calculate the following quantities at a point further downstream in the
stream tube where the cross-sectional areais 15 per cent smaller than at the
upstream section: the stagnation pressure and temperature, the stream pressure
and temperature, the velocity, the Mach N umber, and the value of M*.

(b) Compute the maximum possible reduction in area of the stream tube,
For the section with the minimum area, compute the quantities listed in part (a).

4,14, When a body is placed in a stream which at infinite distance upstream
is in ugiform flow with free-stream conditions Veoy Peoy Mas, &tc., the local pressures
in the neighborhood of the body are usually reported in terms of the dimen-
sionless pressure coefficient, C,:

S
==t o Mool oot (BY
P 100V ook _21'% Vo K ;’_ K Ma, %;(Mo‘c
(a) Show that the value of the pressure coefficient corresponding to the
appearance of the critical velocity is given by S A L
) 2 k T‘” TM Ts Teo
24 (b — DM, ]m . .
SR e il Bt S S PRIV TR
Cp*=[ k+1 . Tos v ‘:; Kot
g Muo2 '&Mu e vtould

19.42 inches of mercury. The
mation temperature of the air
ssuming the air incompressible,

' s
pressure 'of 20 psia, has a Mach
The cross-sectional area of the

e stream in degrees F. "
n in area which could be intro-
m? " R
l, find the velocity and pressure
10 heat transfer,  winlepu

of one square inch is supplied
f\jrature of 100 psia and

ersus back pressure, assuming

(b) Plot log (—~C,*) versus log My, for & = 1.4 and for values of M, between
0.1 and 1.0 ‘ .

(¢) Suppose that an'airplane is flying at sea level with a velocity of 500 mph.
What is the maximum pressure coefficient which may be attained on the wings
without the speed becoming anywhere supersonic?

4.16. Pressure cdefﬁcients, lift ‘coefﬁcients, drag coefficients, ete., of airfoils
which are in a free stream with conditions pe, Ma, ete., are usually expressed in
terms of the dynamic head of the free stream. Thus

P = P, L/A

; L= 71—, ete.
%Pac sz 2P V!

C, =

Alternate definitions for compressible flow, not usually employed, are as
llows: '
follows i ’ L4
G =-—"2, (] —
Po — Do Do — P

i

; ete.

where Py is the isentropic stagnation pressure corresponding to p,, and M.
Derive an expression for C,'/C, in terms of My, and k. Plot C,'/Cy versus
M, for k = 1.4 and for values of M, between 0 and .
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1. Consider a "guasi"-one - dimensional flow in a converging-
diverging channel with a subsonic entrance (Steady with zero

viscosity) '
::—: ; o """?\‘.?W“% N';ﬁv.p;u,.,\m.‘m-\‘»;wsxvv,m-m\-’”‘""MM(M " ’ - b) p E
e T P S e I
I Ap= 1 \‘\ ! M,
@3 L Tij\\\
i
A.,=1.5" : A, =2! A
a7 e
| A, =4,25"

: 2
Given: At the entrance the stagnation pressure is‘po=150 psi

(i) Determine p for a subsonic isentropic exit with
sonic conditions (M=1) at the throat.

(ii) Determine P, for a supersonic isentropic exit.

(iii} Determine b, (behind the shock) for a normal shock that
is standing at the exit.

(iv) If Pp= a0 pS% what will the ultimate flow look like?

Peur
(v) Determlne the final P, for a shock located at A4*°’

(vi) Determlne M =149 psi.

THROAT if Pp=

2. Given a channel, with exit area A =4 and exit Mach number
M =5, p ~200 T ~500

.PO N "‘"‘"-'-'na»-\,‘,.......,..‘ I ;_,..-/ e l\IE=5
. R
I

™ et e ARN IR SRS LI Ui N
e
l Determine the exit pressure, - :
2. Determine the exit Mach number if T is raised to 700.

3. Determine the exit Mach number if At is reduced by %.

e T

'N’ﬁ‘\g / .
Ay=4

(p,, and T, are the origin;l values.) - v
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Consider a jet engine

shock’
P,=200. "“‘““«m...w.w__,,,‘.w..,«».w—'“"/z
]
MENT . . s AT IMREIS A A o g, ., * &
. e e AT= l Wm‘wﬁlz
A =5 s
ENT , “ 5
' - Pexrr™?

1. Determine the Mach No. upstream of the shock.
2. Determine the Mach exit pressure.
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WHAT IF WE HAD A WAVE rMoviNg AT CoWSTANT SPEED

_ V=o.
( > V j : must wae '
\ =© _
_ v - 4\/ } 4..!2 | yS V’-Vﬂ
s P —_—>
X Y X y
SWCE sramic. cowprmioNs  NoT VEWewy pEPENDENT  Px, Py mmw
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2 3 :
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Second Law of Thermodynamics. Application of the Second Law of
Thermodynamics is simplified through use of the entropy. For a semi-
perfect gas-and no changes in chemical composition, the entropy change

of the main gas stream alone is Tds = % 47 - 1 4
. | 7’
N " ds dT k-—1ldp
1% : =T (8.25)

More important, however, is the total entropy change of the main
stream plus injected gas and evaporated liquid. It may be shown that
- for unchanged chemical aoBco&ﬁoa.

dw,

=ds+ (s — &V — (s — ﬁv — (8.26)
where d5 is the total entropy change per unit mass of main gas stream.

-8.3. Working Equations and Tables of Influence Coefficients

Eight mummwmnmoi relations between the differential parameters have
been set forth, namely, Egs. 8.2, 8.4, 8.6, 8.8, 8.16, 8.21, 8.24, and 8.25.

As there are fourteen differential variables, six may be chosen as inde-

pendent variables and eight as dependent variables. For the inde-
pendent variables we choose those most easily controlled in practice,
as indicated below. v

- Independent . Umvgmmaa
da/A AMZ/M2
(dQ — dW, + dH)/c,T | av/v
. S B
D = ZkpAM? w dp/p
dw/w dp/p
dW /W | | dF /F
dk/k di/cy
aT/T

The usual methods for solving a system of simultaneous, linear, alge-
braic equations may be employed for obtaining cach dependent variable
in terms of the six independent parameters. For example, by elimination
we obtain for dM2/M? the equation

a
\

~ -

E—1 :
e = AH+%ZVW+H+§N%I%S+§
1 — M2 A 1-M T
E—1
+§wA~+|INI%VTRI&+ X uw@glg_
1 — M? D LkpAM? w
A1 4 kM?) AH.TEZNV
_ 2 dw 14 kM2AW  dk
+ 1 — M2 w 1-M W &
(8.27)

Influence Coefficients. We shall call the coefficients of the independ--
ent variables influence coefficients, since they indicate the influence of
each independent variable on each of the dependent parameters. Table
8.1 lists the influence coefficients found by solution of the simultaneous
equations. The examples presented later illustrate the usefulness of
these influence coefficients in treating a variety of practical problems.

Useful Integral Relations. In addition to the differential relations
summarized by Table 8.1, a number of useful integral relations are
obtainable from Egs. 8.1, 8.5, 8.7, 8.16, and 8.23. They may be sum-
marized as follows:

-1 -1
@ b g + AH S&ﬁw%w AH + 2 ;mwv el GﬁwN«HA + 3 ;HNV

Ty + T
— (2 — 1) — 8.28)
‘T?, eV
T. kW
[ e (8.29)
Ty Nk W,
(8.30)
s Ay V W
mnmmmlwh ,%Iulw|m (8.31)
pp wdAs Vs  p Te Wy :
F Ay 1+ pMg? .
Fa _P2As + koMo (8.32)

3 N:\r 1+ kMy?

These formulas are derived by writing the energy equation and con-
tinuity equation for two sections (1 and 2) of the flow, and by introducing
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the definitions of M and F together with the relations p = pRT and

TABLE 8.1

INFLUENCE COEFFICIENTS FOR VARIABLE Spuciric HeaT AND MoLkcurLar WErgHT

5 = VIRT/W.
Sl IR R T A EA B - In deriving Eq. 8.28 it was assumed that for a moderate temperature
2 interval it is valid to write o
-] $ el o
. . . = & Ty o1 + Cpz b
NE: BE B s s : [ war =22,y ?3&&&
&= W + ~ ! — - L] > 1
Sl R TR i 3 H g :
I 1 - — & < e . . .
_ T i e B ks 8.4. Flow with Constant Specific Heat and HSonoEmn dﬁzmw:
Q. -
~ 3 &
3 - oD = 5. There are many instances. 2#@8 the changes in molecular weight
._.T g2 1M z m and specific heat are of secondary importance and may, gﬁ&oa be
<l e H i ! _2 3 .m 5 neglected for the sake of simplicity.
* ﬂ =3 m\M_ o 1 | 3 2 The equations of Arts. 8.2 and 8.3 remain <&a of course, but are
IR E AL 20135 o : |3 2 mEBorme by noting that
FOEEGLSD M g =12 5 :
+ k_ | o = |2~ E I I H &S\"&nﬁ"&wuo
= | Hl = | | I Fle = 2 2 and .
« £ £ Wy =Wz cp1=cpa; ki=ks
- o -m 3 " -.
mww —~ ~ 3 m & Stagnation Temperature and Pressure. The stagnation temperature
- < .
4 z Sl > Sle £ and stagnation pressure are, as we have seen, useful parameters for
13 ._.T 3 N ! % - 3 I & problems of one-dimensional flow.
530127 - M“w ww 3 e (2B m i z " Although these stagnation properties are always significant, they
dese b T HEESS 2+ z E g . have not been brought explicitly into drﬁtmlnmmmeuobm of Arts. 8:2 and 8.3
il R EECRESIREIR =M. ¢ T 2 Y because there are no simple algebraic relations connecting the local -
3la =z S I ° i X g A i sl g
=G > SR . _ IStz 25 8 8 roperties with the stagnation properties in the general case of variable
3 g% 4 % properties with the stagnation properties in th
. ] m ol T specific heat ..mmnmu&mo&mh weight.
3 < W. "~ % T T T
+ .. 38 e | B| =fF 28 A*, £ = STAGNATION TEMPERATURE. With the mmmﬁsveobm of constant ¢
2 M WMM 3 ,_m ~ m__M~ =l E) R~ m /.M and W, however, we may express_the stagnation 8525@5@ as
-+ — _ - a 3 e B .
LI v O S~ A N I O T (- e k-1,
= = 4! £ =T+ —=T{14+—M (8.33)
= - 8 2c 2
o - - . . ?
= g o2od or, in differential form, as :
R g 3k m ‘ k-1,
(] « © < 5 —_——
Sed=l i 3 iEs ol el s L] o3 aToy dT 7 M dMm?
[FI s | z|= >3 A>3 = annuw IM - 8 .IIO”...I+ — AW.W$V
NV 1~ _2_ _.m. M* W_ + £ __ZW .m 3 N.«o T kE—1 >>m
.m./ p el =2 - - ~lo £ . I 3 .NMQ 1+ IIMII M2
t | S, 1~ & T
; N S o .
s ~1°: S g T Eq. 8.14, when combined with Eq. 8.33, yields
CER I AR ._, E dQ — AW, +dH = ¢, dT + d(V?/2) = ¢, dT, (8.35;
=7 23 (3 oo |Blk]gte] Bie 3| S2 Se %1 = or .
; 2 2B = dQ — dW. + dH k=1 _\dT, _
= ={1+—M)— (8.36;
Mn avmq 2 ﬂo .
= \/
=1 54 %







Eq. 8.35 shows that the change in T, is a measure of the total energy
effects produced by heat transfer, shear and shaft work, chemical reac-
tion, change of phase, injection of gases, etc. We shall, therefore,
employ Eq. 8.34 rather than Eq. 8.16 as a representation of the energy
equation. The parameter (dQ — dW, 4 dH )/cpT is then replaced by
dTo/To in our system of equations. These parameters are related
through Eq. 8.36.

STAGNATION PrRESSURE. The isentropic stagnation pressure is related
to the local pressure and Mach Number through the familiar formula

k

E—1 E—1
n=p(1+ ) (8.37)
or, in differential form,
d d EM2/2 dM?
%o _dp s \H ot (8.38)
Po p 1 + > >>w

: ds _dTy k—1ldp, -
S, i (8.39)
Cp To ko

’

Working Equations and Table of Influence Coefficients. As in Art.

8.3, the differential working equations are arranged in terms of inde-

pendent parameters, influence coeflicients, and dependent parameters.
For example, Eq. 8.27 becomes

NAH+NTH,%V (1 -+ EM2) AH.TNTH;NV
dm? 3 2 dA + 2 dT,
M2 1 — M2 A 1 — M2 To
E—1
M2 AH + ;wv
" 2 A&.&a N dX 9 &SV
e D = 1kpAm? -~
_ E—1
2(1 + kM3?) AH + ;wv
+ 2 i : (8.40)
1 — m2 w ’

The complete array of influence coefficients is given in Table 8.2.
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UservL INTEGRAL RELaTiONs. The several useful integral relations
between the properties at two cross-sections may vm summarized as

Al 0.0 UL Lunds 2 Al UAND UL LAV AL L ISIUIND 233

The individual influence of each independent variable is readily found
from Table 8.1. From Fqs. 8.27 and 8.40 these influences are seen to
be independent of each other, i.e., the incremental effects of small changes

in the independent variables are linearly additive.

ErreEcTs oN M. An increase in area tends to reduce M in subsonic flow
and to increase it in supersonic flow,

Heating or combustion tends to increase M at subsonic speeds, and to
decrease M at supersonic speeds.

The effect of friction, or drag of internal bodies, acts to increase M
at subsonic speeds, and to decrease M at supersonic speeds. Note that
the friction term, fdz, and internal-drag term, dX, are always positive,
while the other independent variables may be either positive or negative.

An increase in mass flow (with y <1 for the added flow) tends to
increase M at subsonic speeds and to decrease M at supersonic speeds.

When the molecular weight is increased, the Mach Number tends to
decrease for subsonic flow and to increase for supersonic flow.

An increase in the isentropic exponent & always tends to reduce M,
for either subsonic or supersonic speeds.

follows: |
Q—W.+ AH = ¢;(Toz — To1) 7 w. et (8.41)
[ m?,n.‘
A
P2 _w 4; M 2 ' To2 (8.42)
P owide M, 14 k— H.wa Tox
2
M\m _ M \mwl (8.43)
Vi M NT .
pe w1V poT .
Zo2a B (8.44)
pr w Ay Ve p 7T
P BTty
Ty Top 2 (45
- .45
T T, E—-1
1 o My2
2
k
k-1 - %=1
1+ Mg?
Por P2 2 (8.46)
E—1 )
i Por D1 1+ - M2

8.56. General Features of Flow Patterns

The influence coefficients are indicative of some interesting aspects of
compressible flow patterns. !

Rt .llyfrhN.m\.r Wv ,.¢..m/“)

Effects of Independent Parameters.> The influence coefficients for
M, V, T, p, and p have, with the exception of those pertaining to the
Hbmmvmbgmg parameter dk/k, the term (1 — M?) in the denominator.

From this it is evident that the Mach™ Number, velocity, temperature,
pressure, and density, all change at an infinite rate in the neighborhood
of Mach Number unity. ,Soﬂmoﬁw wherever the signs of the influence

coefficients change at M = H gm effects of the Emm@mcmmﬁ variables

are of opposite sign for mcgoEo and supersonic flow: An An exception
concerns the effect of Wmma:m on the ﬁmB@decam for i:ov ) it will will  be

noted that the influence oommmeobn changes sign at M=1/ /\m as well
asat M = 1. T

a5
N

EFFECTS ON STAGNATION PRESSURE. Changes in area have no effect
on stagnation pressure, at least when ¢, and W are constant.

An increase in stagnation temperature always tends toward a reduc-"
tion in po. Thus the stagnation-pressure loss in combustion chambers
can never be entirely eliminated.

Friction and drag likewise always act to reduce po.

Gas injection tends to decrease pg if ¥ < 1, i.e., if the gas is injected
with a forward velocity less than that of the main stream; while the
stagnation pressure tends to be increased when gas is injected with a
forward velocity greater than that of the main stream (as in a jet pump).

The Second Law of Thermodynamics. Considering the simple case
where there is no combustion, no W, and no injeetion, we find from

. Voo

Table 8.1 that PRCRUNEL N

N %+ le%T\%+
@y D

Application of the Second Law of Thermodynamics to the flow through
the control surface yields

&N “_
LkpAM?

d
&mll@VO
T

from which it may be shown that both fdzx and dX are always positive,
i.e., negative friction or negative drag would constitute violations of the

Second Law.
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The term 4f dx/D is always positive. Therefore, if the area continually
decreases and the stagnation temperature continually inecreases it is
clear that (1 — M%) dM? will always be positive and that choking effects
must ensue. On the other hand, if the area were continually increased
and the stagnation temperature continually decreased, these effects
might outweigh frictional effects and act to maintain (1 — M2) dM?2
always negative, in which case there would be no difficulty in continuing
the flow pattern indefinitely.

ConTinvous TransiTION THROUGH SPEED OF Sounp. In order to
obtain a continuous transition from subsonic to supersonic flow, or vice
versa, it is evident that the rates of change of area, stagnation temper-
ature, and frictional length must be such as to produce a change of
sign in (1 — M%) dM? at Mach Number unity. That is, (1 — M2) dM2
must be generally positive until Mach Number unity is reached, at
which point (1 ~ M2) dM? must pass through zero and become negative,
after which the Mach Number will change in the direction away from
unity. This is a delicate process near M — 1, since dA/A, 4f dz/D
and dT,/Ts must be so controlled relative to each other as to make
(1 — M?) dM? pass from positive values through zero to negative values

exactly at the moment when M = 1. When the flow is from subsonic
to supersonic speeds, this continuous transition is easy to carry out in
practice. The continuous transition from supersonic to subsonie speeds,
on the other hand, is hardly ever realized in practice, and is probably
unstable under most conditions.

8.6. General Method of mo_nmon,

Integration of Differential Equations. A typical problem involving
simultaneous effects will usually involve known initial conditions
My, p1, T, ete.) at some point in the duct, together with certain pre-
scribed variations in area, stagnation temperature, and in the remaining
independent parameters of Tables 8.1 and 8.2. Integration of Eq.
8.27 then yields the value of the Mach Number at each section of the
duct downstream of the initial section. Sometimes this integration may
be earried out analytically, but more often an approximate step-wise
integration is necessary.

In order to find the corresponding values of p, T, V, etc. at each section
of the duet, two procedures are open. First, the differential equations of
Table 8.1 for dp/p, dT/ T, dV/V, ete. may be integrated analytically or
numerically. Or, secondly, since the value of M is known at each section
from the previous integration, Eqs. 8.28 to 8.32 and 8.41 to 8.46 may be
used for finding the remaining stream properties.

Suppose that the values of My, p1, T, 44, ete. are known at a seetion 1,

S

o, e s

and that the values of Ay, (Q — W, + AH)1 o, 79 — 71, ws, W, ks,
ete. are known for a section 2, a small distance downstream of section 1.
Then, from Eq. 8.27, the value of My may be found by numerical or
graphical integration. Next, Eq. 8.28 is solved for T,, Eq. 8.29 for P2,
and Eqs. 8.30 and 8.31 for V, and p,, respectively. The procedure is
then repeated for a step between sections 2 and 3, and so on.
Integration Near Mach Number Unity. Special precautions in numer-
ical integration must be taken near M = 1 because many of the influence
coefficients there approach infinity. It is usually possible to avoid diffi-
culty by obtaining an approximate analytical formula for a step near
M = 1, making use of the approximation that 1 — M? is negligible com-
pared with unity. For example, consider two of the terms of Eq. 8.40:

m«m P H — ;.N &;N
To

EF—1
ME(1 + kM2) AH + 5 zwv

Define, for compactness, N =1 — M%. Then, when M2 1, N < 1,

and it may be shown by means of binomial expansions that

o, 0 el
—2—-— N1+ N+ ...VAH+I|I>~+... N
To  (k+1)° A E+1
Retaining terms only up to the first order in N, and integrating, we finally
obtain T*_
1-M2 412220
To

where To* is the stagnation temperature at Mach Number unity.

Tables of Influence Coefficients. For convenience in performing
numerical calculations the influence coefficients (multiplied by M?) are
tabulated in Table B.6 for k = 1.4, with M as the independent argument.
In order to explain the notation of these tables, we rewrite Egs. 8.27
and 8.40 in the respective forms

dA dQ — dW, + dH
dM?2 = Fy — +Fo

T
dz ax dw
+F A& D Trpame ¥ NV
dw aw  dk
+m.sﬂer+m.§!vﬂlﬂ (8.47)
e O O (- T S g
: T4 * T, D LkpAm? w w
(8.48)
D
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The influence coefficients F 4, Fy, ete., are seen to _uw greater than agmm m - g
in Tables 8.1 and 8.2 by the factor M2, & = e
Specific illustrations of both analytical and numerical procedures are g W1M — . \m/ lara]
given in the examples which follow. o . z Hk__z . 3% - £
. 3 | + iAW 3 - ; _2 b3
= | Eooe g 2k | R i+ | i
8.7. Simple Types of Flow = m N - - mz I IS +..W_z “r e Ao |l
. . - . gy [£55F 7l I 13 e
A simple type of flow is defined here as one in which all but one of the a 3 Ma | Y| gy
independent differentials in Table 8.2 are zero. Thus Simple Area- & & E u_. p- -1z S |
. - - - s
Change refers to a process in which the area changes without frictional, o . M;m 2 2
stagnation-temperature, or gas-injection effects. Similarly, mEHEm s = - £
To-Change refers to a process in which the stagnation temperature m — k__
changes (due to external heat exchange) without area change, friction, a p: | B P~ e
* or gas injection.. In each of the simple types of flow the specific heat m 2 1_‘2 x. ~
-and molecular weight are constant. S | goeo “ 5 315 |35 |3 | -5 ._._2 N 3
Three of the simple types of flow have, of course, been discussed in 5 w._“,__,“ - || e - |+ Tt i I e M
Chapters 4, 6, and 7. g | 5% 3l s | os | e -~ & (wx
The integration of Eq. 8.40 may be carried out analytically for each & ° o ¥ Pw_ s
of the simple types of flow. For example, consider Simple Area-Change. g | B + N -
Using the first influence coefficient in Table 8.2, we ¢btain Z = Bl
@ i _ 0
4d4 ,\% (1 — M?) am? S il A1 z
4% 1 2 \n k—1 M g |29 0 TR ﬂ.w.J\:/. ) ._W_z
M; N .n.w_ Seco 1_ — b = I+
’ s . . s Song fi]|ef™ e | |- - <l
Integration yields B | Ee~o I 15 = 1o | - Hk_ " __z n __z - N
/ RF1 S | 00 ol B M +
NAH+'I~QI H;mv = s Yl e 2
i [ M o o
4 1 2 5| = deylle, w
A* M k+1 | = M
s & L
N Im Q o nﬂ.r,.\ F—F -a* »
A) ~~ <% | SR 1Ts (s .vm_wo S L oae am el ™ i

Each quantity in the table represents the value of the variable in theleft-hand column under the conditions specified in the top sow,

Note:
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218 FLOW IN DUCTS WITH HEATING OR COOLING . Ch. 7

(b) When M, is subsonic, AH /cTor = 0, and @ = o, show that

Po2

and comment on the significance of this. S .
(¢) Derive appropriate relations for the case where Mg is exactly unity.

0°F is supplied to an insulated

. ir wi tion temperature of 7 t
7.15. Air with a stagnat p e

pipe at Mach Number 3 by means of a converging-diverging mos.&m.
a recovery factor of 0.85, estimate the wall temperature of the pipe.

7.16. A ram jet flies at sea level with a speed of 1500 H.a_mm per g:.r P.ﬁ
one point in the inlet duct the Mach Number is 0.5. Estimate the adiabatic

wall temperature at that section.

)

Chapter 8

GENERALIZED ONE-DIMENSIONAL
CONTINUOUS FLOW

8.1. Introductory Remarks

Analyses were presented in the previous chapters for simple types of
flow, that is, for flow processes in.which only a single independent
parameter was allowed to change. For example, in Chapter 4 the effects
of area change alone were considered; in Chapter 6 the effects of friction
alone were considered; and in Chapter 7 the effects of changes in stag-
nation temperature alone were considered. ,

In most practical problems these effects oceur simultaneously, and,
in addition, there may be present such other phenomena as chemical
reaction, change of phase, injection or withdrawal of gases, and changes
in molecular weight and specific heat. As examples in which simul-
taneous effects are present, we may cite rocket nozzles, ram jets, com-
bustion chambers for gas turbines and turbojet engines, injectors and
ejectors, moisture condensation shocks, moving flame fronts, detonation
waves, heat exchangers, and gas-cooled nuclear reactors.

The phenomena which we shall take into account in our analysis
include: : : .

(i) Area change
(1) Wall friction
(i) Drag of internal bodies
(iv) External heat exchange
(v) Chemical reaction
(vi}) Change of phase, e.g., evaporation or condensation of water
or fuel
(vii) Mixing of gases which are injected into the main stream
(viii) Changes in molecular weight and specific heat occasioned by
combustion, evaporation, gas injection, etc.

The assumptions made are as follows:

(i) The flow is one-dimensional and steady.

(ii) Changes in stream properties are continuous.

(1i1) The gas is semiperfect, i.e.,” it obeys Boyle’s and Charles’
laws and has a specific heat which varies only with temper-
ature and composition. : .

219 \nu






220

The method of analysis follows closely that of Shapiro and Haw-

thorne.V
Additional material relevant to the subject matter of the present
chapter may be found in Chapters 4, 5, 6, 7, and in Volume 11, Orﬁuﬁmﬁ

GENERALIZED ONE-DIMENSIONAL FLOW

26, 27, and 28.
NOMENCLATURE
A area s entropy per unit mass
Aw wetted area of pipe wall (single phase)
¢ =aspeed of sound 5 total entropy per unit
Cp specific heat at con- mass of gas stream
stant pressure T absolute temperature
D mean hydraulic diam- Tow adiabatic wall temper-
eter ature
e base of natural log- Tw temperature of pipe
arithms, 2.718 wall
f coefficient of friction |4 velocity
F = impulse function v’ forward component of
Fry, Fy, influence coefficient de- vélocity of injected
ete. fined by Egs. 8.49 fluid
Fr, mean influence coeffi- w mass rate of flow of gas
cient evaluated at stream
(M1 + M2)/2 w molecular weight
h enthalpy per unit mass W work
hpr constant-pressure heat X drag force
. of reaction per umit ] Cartesian coordinate
mass, positive when Y V'/V; also see Eq. 8.22¢
exothermie .
H energy term defined by , P density . .
Eq. 8.15 Tw wall shearing stress
3 heat transfer coefficient £ z/L .
k =¥ ratio of specific heats (o signifies stagnation
L length state
M Mach Number ()* signifies state at which
P pressure M=1
Q = % net Beat per unit mass @F signifies injected gas
of gas dwg
R gas constant ( )z signifies evaporated
® universal gas constant; liquid dwr entering

Consider the flow in a duct between two sections an infinitesimal
In this element of duct length gas is

recovery factor

control volume

8.2. Physical Equations and Definitions

distance dz apart (Fig. 8.1).

injected into the stream at the mass rate of flow dw,, liquid evaporates

-
V
\

~
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into the stream at the mass rate of flow duwy, heat in the amount d@ is
added to the stream from external sources, and shaft work, shearing
work, or electrical work is delivered by the stream to external bodies
in the amount dW .

The various physical equations and definitions will be expressed in
logarithmic differential form. It will be seen that this procedure allows
easy separation of the Ur%mwo& variables.

gW\\ v
Vg T,

A +dA,
p +dp
T +dT

N
s :

|l||||Yi+aia + dw,

p+dp
vV +dv
M+ dM

e

{a)

Fic. 8.1. Control surfaces defined for several methods of gas injection and liquid -
evaporation. :

Equation of State. The pressure-density-temperature relation is

= p®RT/W 8.1)
Taking _ommm#gm,\ we get
logp =logp +log® 4 log T ~ log W
‘Hmmbu taking the differential of each side, we have
% dp dT dW
-t = 8.2)

P p T w

Sound Velocity. - The expression for the sound velocity in a semi-
perfect gas is

= k®T/W (8.3)
or’ .
, de 1 A% " aT &%v
i c 2\k T 174 Awmc

D
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Definition of Mach Number. From the definition of the Mach Num-
ber and Eq. 8.3, we find that

= V% = V*W/k®T (8.5)

or

= = (8.6)

Equation of Continuity. Fig. 8.1 shows several methods by which the
injected gas and liquid may be brought into the main stream. Also
shown are the corresponding control surfaces employed for purposes of
analysis. Any liquid travelling through the duct, whether it be in the
form of droplets, filaments, or sheets, is considered to lie outside the
control volume. Accordingly, liquid which travels through_ the length
dz_without evaporating neither enters nor leaves the control volume.
The infinitesisial flow dwy, Wwhich evaporates in the _mbmﬁ.w is considered

to be liquid which mbmmwm the control volume at the liquid-gas interface

»bm which leaves as a gas ‘with_the main gas stream.

“The injected gas flow dw, is assumed to be injected continuously

along the length of the duct, i.e., dw,/dz is assumed to be finite or zero.

This may be thought of as a simple model of real injection processes.

It is assumed further that the injected streams dwy, and dw, are mixed
perfectly with the main stream at drm!@\o%dmdwmmg doﬁb@m@ of the
control volume.

“The mass flow of the main gas stream may be expressed as
= pAV 8.7

or -
dw dp dA 4V :
=—+gtT (8:8)

w

In this expression dw denotes the total increase of mass flow in the
main stream and includes both injected gas and evaporated gas. The
equation of continuity is, therefore,

i,,&Sh -+ dw,

Ebmmummm dwy is negative. Itis HB@ozma to note &mo that

dA refers to the change in cross-sectional area occupied by the main
gas stream and does not include the cross-sectional area of the injected
streams before mixing. Nor does it include that part of the cross section
of the pipe oceupied by liquid, although' usually the volume of liquid
may in fact be neglected in comparison with the volume of gas.

Energy Equation. Only the liquid crossing the control-surface bound-

ary and evaporating within the control surface is taken into acecount in

m<&=mabm the m..zx of gg&@% Owwsmmm in temperature of the liquid

'
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traveling along with the stream are taken to be the result of external
heat exchange to or from the main stream. As the flows dwy and duwy,,
thoroughly mixed with the main stream, pass out of the control surface,
they are assumed to be at the temperature of the latter.

The energy equation for the flow through the control surface of Fig.
8.1 may be written, assuming mSiSN effects to be negligible, as

Legnr wvn e o

w(dQ — dW.) = [w(h + db) + hr dw, + by duwr]

e, do. 7RI TN
7 Ttm\ + NN &Sw + \:L &Sh_
N» \.x W§+ M\» h KE et d\m <w
+ (w+ &sn + dwy) AM + &:wlv
KE

VZov.2 V.2
Tc — -+ — &Sw + — &SL (8.9)

In this expression dQ is the net heat added to the stream by conduction
or radiation from sources external to the main gaseous stream, per unit
mass of gas entering the control surface. Likewise, dW, is the net
external -work-delivered-to-outside-bodies-per-unit mass of gas entering
the control boundary. The external work includes shaft work, elec-
trical work, and shear work on moving bodies adjacent to the control-
surface boundaries. The symbols hgr and k, denote, respectively, the
enthalpy of the injected gas dw, at the temperature T, and the enthalpy
at the temperature T, with which dw, enters the control volume. The
symbol Ay denotes the enthalpy of the evaporated liquid dwg at the tem-
perature T, and &z denotes the enthalpy of the liquid about to evaporate
as it enters the control volume. |

Eq. 8.9 may be rearranged in the form

2 2 2
dQ — dW, M%T_lgwl*l TNWHIE.TEQQ
2 2 w

14 V27 dwy,
+ _H?\ — by + |m|._ — (8.10)

w

The enthalpy change of the main gas stream, dh, is the sum of the

changes due to chemical reaction and to tempeérature change. Thus

dh = —dhpr + cpdT (8.11)

where dh,,, the enthalpy increase e at ﬂrm avamEnsam T and pressure p

for a change from products to reactants, is vowsmmwi?ﬁwmogmaaa reac-

tions. It 1s usually called the constant-pressure heat of reaction and, in

——

special cases, the constant-pressure heat of combustion. In evaluating
dhy,, one considers of course only the chemical changes which actually

T e

oceur, vcﬁmmngdmm &sﬂ per unit mass of the main gas ..ms,me.

f

)

/
~
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We may also write

[ Ve _
b = | he b2 | = b = g = T = T, (812)
where .
1 T :
R h e dT ©13

and ho, and T, are, respectively, the stagnation enthalpy and stagnation
temperature of the injected gas stream.

Inserting Egs. 8.11 and 8.12 into 8.10, and rearranging, the energy
equation is finally put into the convenient form

dQ — dW,. + dH = ¢, dT + &G\m\wy {8.14) .
where dH is an energy term defined by
dw,
AH = dhpr — [Epe(T ~ Tog) + V2/2] —
: i V2~ V2l dw
- TF.J hy -+ ll'lhla —= (8.15).
2 Jw i
Dividing Eq. 8.14 by ¢, T, we obtain
dQ — dW,+dH dT k—1 _dv?
9 =-—— 4 ,I>>m|w| (8.16)
cpT T 2 1%

Momentum Equation. The net force acting on the. material within
the control surface of Fig. 8.1 is equal to the increase of momentum flux
of the streams flowing through the control surface.

Consider forces in the direction of flow acting on the control surface
in Fig. 8.1a. Assuming that the injected gas and liquid streams are

at the control-surface pressure as they cross the boundary and that the

angle of divergence of the walls is small, the momentum equation may

be written *

—

pA +pdd — (p+ dp)(A + dA) — 7, dA, — dX
= (w + dwg + dw)(V 4+ dV) — V' dw, — Vi’ dwy, — wV (8.17)

r e il

-

In the foregoing expression r,, represents the frictional shearing stress
acting on the pipe wall area d4 ,,; dX is the sum of (i) the drag of station-
ary bodies immersed in the stream within the control-surface boundaries,
(ii) the drag of liquid droplets and filaments traveling more slowly than

fl.\: .
i *If the injected gas stream is not at the control-surface pressure as it crosses the
boundary, the term (p, — p)d4,’ should be added to the left-hand side of Eq. 817,
where p, is the pressure of the injected stream at the boundary and dA,’ is the pro-
‘jected area of the part of the control surface occupied by the injected gas stream.

——

-
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the main gas stream, and (iii) the component of body or gravity forces
acting on the material within the control surface in the direction opposite
to that of the velocity vector; V7.’ is the forward component of the
velocity V, with which the injected gas dw, crosses the control surface,
and similarly for V;’.

The wall shearing stress is related to the coefficient of friction, f,
though the definition of the latter:

1w = fpV?/2 (8.18)
It is convenient to define the quantities
ye=V/V and yp = VIV (8.19)
From the definition of the mean W%.mwmcma diameter D, we obtain
dA /A =.4dz/D (8.20)

&

Substituting Eqgs. 8.18, 8.19, and 8.20 into Eq. 8.17, and noting that
pV? = kpM?, we obtain, following rearrangement,

dp + EMZ V2 km? A&% + dX V MR dw 0
p 2 V: 2 D ' lkpAM? ( R
(8.21)
where
dw dw, dwy,
A= —=0—-y)—+ 1 —-y)— (8.22a)
T w w Cw
dw dw, dw
— =t — (8.22b)
w w w
dw dw dw ] ,
y—=y— fy— = Mu. Ay (8.22¢)
W w w w

These equations apply also for the methods of injection shown in
Figs. 8.1b and 8.1¢, provided that A is always taken as the cross-sec-
tional area of the main gas stream.

Definition of Impulse Function. The impulse function, which is de-
fined by ,
F =pA+ pAV? = pA(1 + kM?) (8.23)

is useful for evaluating the thrust of propulsion systems. The increase
in this funetion represents the total force exerted by the stream on the
internal walls of the duct and acting on the duct walls in the direction
opposite to the flow. In differential form,

dF dA dp EMZ  dm? kM2 dk

=ttt

—_— 8.24
F P 14+ EMZ M2 14+ kM K (8.24)

»
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1. Discuss in a few paragraphs:

(1) How the coefficient of viscosity might be measured.
(ii) The temperature dependence of the viscosity coefficient
for a liquid as opposed to a gas. ’ ’
(1ii) At an altitude of 250,000 ft., if a vehicle having a
' typical dimension L=50ft, were travelling at 1000 fps,
would continuum theory be applicable?

2. Consider a flow in which the velocity components in the x and
y directions are respectively, ‘

u=A>L, v= =AYy

(i) If at t=0, x=x_and y=y , determine the Lagrangian
formulas for x=x(x _,vy ,Ot) and y=y(x ,y _,t). Determine
the rate of change of’u for a partic?e ﬁassing through
a point (x,.y,) at t=t Dy using both the Eulerian
and Lagrangian approaches,

(ii) Determine the shape of the streamlines associated with

SN _ the above flow. Draw a sketch of this flow field,

3. Consider a flow in which the velocity components in the radial
and tangential directions (r,8) are respectively

- - R®
urMUCOug(}—é‘"‘l) ,rﬁR

e . R?
u,= U sin 6 ( ey + 1)

Show that the streamline equation is given as

oo T

rode ue .
and prove that the circle r=R is in fact a streamlinc. Draw
a qualitative sketch of the flow field.

4, Part%cles are dropping from rest off the edge of a table
continuously. Express the velocity distribution by the Eulerian
representation. : '
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(«} ‘

-

-

_ EJECTOR
TUBE o P
\———————}-—— ’/
s, T A

|
|

A primary flow of water is mixed with a secondary flow of water at
the same temperature of 20 degrees C in an ejector tube as shown.
The primary flow speed is 160 m/s and the secondary flow speed is
35 m/s. The primary flow has a cross-sectional area of 0.05 square
meters and the area at section 2 is 0.60 square meters. ' The mixed

jet is the directed at the flow separator, which deflects the flow
so that one half is directed upward. '

1) Determine the pressure rise between sections 1 and 2 due to
mixing and the velocity at section 2. Assume the initial pressure

at section 1 is. atmospheric. Neglect shear stresses at the wall
of the tube. '

2) Find the magnitude and direction of the forces acting on the
separator. Assume that the pressure that surrounds the strean
outside the ejector tube is the same as the pressure at section 2.
Assume gravitational and frictional effects are negligible.

R = 287.04 m°/ s* K

one atmosphere = 14.696 psi = 101,325 N / n*
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EML 5997 QUIZ # 2 NAME:

Determine the solution for p’

, p’, u’, the perturbation values of
the density, pressure and displacement, given that the continuity,
momentum and state equations are:

%E +§.VP +p<ZQ==O

'324- Vg + L =20
SRR
F:FRT
Assume that the pressure, density and velocity of the
undisturbed medium are Pyt By and zero respectively.
2)

1)

Derive the continuity, momentum and state equatlons governlng
the den51ty, pressure and velocity perturbations

3) Show that the density is governed by the wave equation

4) Give the solution for the density perturbétion r-3
dimensional cartesian flow.

5

)

for a one-

Give the solution for p’ and'u', knowing the solution for p’.

ASQmA;kmuaprk.ﬂQﬁ l>=éfx

| “\ f),: *r(st—*ﬁ..i) '*'6(¥+q~3£)
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A converging-diverging nozzle is designed such that the inlet area

-is 10 inches squared and the throat area is 2 inches squared.

The nozzle length is 10 inches. The nozzle is designed to produce
a linear increase in Mach number from inlet to exit.

i ar )4
The inlet conditions are hedium with a ¥ value of =66 at 100 psia
and a temperature of 450 degrees Rankine.

! 1

[ f . '
) ] ]
' ’ ; ]

1

1 .
|/T\_§___‘
! . ! ]
'A;n:'.'O ' Al=2 n )
. "
o 6 — et 4§ —u) |
1) Compute the following exit pressures (also known as index

pressures) :

a) Subsonic isentropic exit pressure
b) Supersonic isentropic exit pressure
- €) the exit pressure for which a shock exists at the exit plane

2) What is the design mach number (mach number at supersonic
isentropic exit?). : : :

3) For the design mach number what is the mass flow rate and exit
mach number

For all e ook & ek

'&
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Sner M Musk alurenys i Cutane

H\‘,\ i ﬁujp‘y*\\‘g ~ NS =) AM

I oA =S /- SN VIR 7T )
Ax: 6 A T(Xﬂ») +.08
oM s s )
Ix:w _— (10) +.ljt£ = L41s+.08 = 1.59 dosicen

A/‘Xw a ‘|-24;z ;A'Am, 2.484 " | «r/l,oz.zs?s

F"'"/I’o = .4910 P, = —'.'01%.0 ~ 100.9 psia ; sme M smal P,'xf;:,
1b) p%t 2 fq:}/ro.to 2 ‘;2338 X _.L;:g‘o :24.1[,;;3 Supy .s'q.{mo,,o
Y84 {;"’ %’iqbrl— }zz = QP%?O:.MO | Me =. 559
1) fad s gem x% .:“'53?518 " _éu)o_zawkmr.‘o
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|c) Jor  Shock ab xh - . |
Muz 159 Myz. o8 1”/,:, = 2.783 & py= 2783 (24.4 psia)
| | = 67-07,>532

for  chak at it Py =67.07 psic

Ats Ynadh mund T, -1
' N . -/ Z
2) to [.59 ) - T H‘%‘M;zn = o T 1. 2R ']!“' /0(’*&554&)

. Ten =399 3°r
3) m o= pele A, = Pe . Mea, Ao = e , Me IijTe_ Ae

RT, | Rie 2.48
. ‘ _ )
- 240 prie x MUYy 159D e 0 BT -
(53.30)(299.3%) - . h
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EML 5997 FINAL EXAMINATION 6 August 1991

~

This is a take home examination. It is due by Friday, 9 August 1991 at
1630 hours (4:30 PM) at my office ECS 463.

Please do your own work!!!
Please sign the following:

I certify that I will neither receive nor give unpermitted aid on this
examination. Violation of this will result in failure of the exan.

PRINT NAME SIGN NAME

This examination consists of six problems. Do all problems.
Read each question carefully. Show all work!!!!!

| PROBLEM NO. | POINTS | RAW SCORE |
e )
) e e ]
s e ]
L N A AN
b s ]
| 6 | 30 | |
© toman | 225 | |

)
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1. Air flows adiabatically in a conical duct of circular cross-section,
the included angle between the walls being 286.

/\5 If £ is the coefficient of friction, find a relation between 98, D/D*,
M and f, where D is the diameter at Mach Number M and D" is the

diameter at M=1.

b) Plot the angle 6 needed to keep the mach number M constant versus the
mach number M for 0 < M < 5 with f as a parameter for values

i) 4f = 0.010
ii) 4f = 0.015
iii) 4f= 0.020

2. Consider the compressible flow of steam in an electrically heated tube.
It is desired to keep the flow at constant mach number of 0.5, and changes
in cross-sectional area will therefore be necessary.

-

(
,> To simplify the analysis, wall friction will be neglected and constant
specific heats will be assumed.

a) Express the area ratio (Az/Al) as a function of the heat flux per
unit mass, Q and the stagnation temperature To. -
i

500 © K.

b) Compute the area ratio of heat flux of 1884 kJ/kg and To
|

c) Compute the velocities V, and V, for the conditions in 2(b).

T q 1
%/_‘;
l' A ! AZ —
——pe ] 1 1 v
v, ! ; 2
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3. Suppose a blast wave, which might have been initiated by an explosion,
is traveling through still air at standard atmospheric conditions (59° F,

~nd 1 atmosphere) with a speed of 200,000 feet per second.

L

Estimate the changes in pressure (in atmospheres), temperature (in °F),
stagnation pressure (in atm), stagnation temperature (in °F), and
velocity (in ft/sec) produced by the wave with respect to an observer
who is stationary with respect to the undisturbed air. (Assume air acts
as a perfect gas with constant specific heats for simplicity).

-(\{, B
L] 2

:.Q -~

NS

A 7 §
4, A rocket motor is to be tested on a horizontal thrust stand. The
design machnumber at the nozzle exit is 5. The test is to be run at sea
level (p; = 14.7 psia). The area of the nozzle throat is 2 square feet.

The stagnation pressure and temperature in the combustion chamber just
ahead of the nozzle are P, = 2000 psia and T, = 3000 degrees Rankine. You
can assume the combustion gases act like a perfect gas with a = 1.40 and
a mol weight of 100. Find:

a) The mass flow rate

) b) The pressure, temperature and velocity in the exit plane of the
: nozzle.,

c) The force the nozzle exerts on the test stand. Define the direction
of the force by a sketch. You can neglect forces of connector hoses
and inflows which are at low velocity.

d) What would the force be if a shock stood at the exit plane.

Combuerhim v

Cham bar At Ae

O Res—|
5. An impact tube in a wind tunnel with air at 21.11 degrees Centigrade
reads 137.895 kPa. If a wall static tap at the same section, where the
flow streamlines are straight, reads 27.579 kPa, what is the mach number in
the tunnel at this section? What is the change in mach number if the
temperature rises to 35 degrees Centigrade and all else is unchanged?

HINT: see pitot tubes

&w)
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6. (a) Describe at least four different physical effects that can cause
choking. Please be brief

’ ) (b) Give a general word description of the choking phenomenon (this
can include more than one kind of qualitative view if you desire).

(c). Apply your description to the examples of 6(a) to indicate
(physically) how choking arises in each case. Please keep
answers brief.
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EML 5997 QUIZ # 4 NAME:

A converging-diverging nozzle, with an exit to throat area
ratio of 2, is supplied by a reservoir containing air at 689.473
kPa. The nozzle exhausts into a constant area duct of length-to-

diameter ratio 10 and friction coefficient f of 0.02. Determine’
the range of system back pressures over which a normal shock
appears in the duct. Assume isentropic flow in the nozzle and

fanno flow in the duct.

. Another constant area duct is connected to the end of the
fanno flow duct. This duct is frictionless but heat is added to
it. If the inlet conditions (to this new duct)  are the exit
conditions to the fanno flow duct with a shock standing at the
exit, what is the maximum amount of heat that can be transferred
to the flow per unit mass. i o ‘
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1. Discuss in a few paragraphs:

(i) How the coefficient of viscosity might be measured.
(ii) The temperature dependence of the viscosity coefficient
' for a liquid as opposed to a gas.
(iii) At an altitude of 250,000 ft., if a wvehicle having a
typical dimension L=50ft, were travelling at 1000 fps,
would continuum theory be applicable?

2. Consider a flow in which the velocity components in the x and
y directions are¢ respectively,

u=AY, v= -Ay

(i) I£f at t=0, x=x% and y=y , determine the Lagrangian
formulas for xgx(x Y% ,ot) and y=y(x ,v _,t). Determine
the rate of change of”u for a partic?e 8assing through
a point (xl,yl) at t=t_ by using both the Eulerian
and Lagrangian approaches. ,

(ii) Determine the‘shape of the streamlines associated with
the above flow. Draw a sketch of this flow field,

3. Consider a flow in which the velocity components in the radial
‘and tangential directions (r,6) are respectively

2

uy= U cos g (%%f— 1) s, r< R

U si R 1
ue~ | sin § ( ey + 1)

) i
Show that the streamline equation is given as

r .do  u

and prove that the circle r=R is in fact a streamlinc. Draw
a gualitative sketch of the flow field. ' v

4, Part%cles are dropping from rest off the edge of a table
continuously. Express the velocity distribution by the Eulerian
representation. ' ‘






/f\(. -

SRR

. FoRINVISCID. STEAD)' T'Lold' 1:0 CmS’ran-f alo-»ﬁ a. s,#reomlw.. o

-flmr O.A:abq;d-lc, T ms+m+ alm‘?asﬁm‘“lm

| AL 943‘% uS'lHk Sava, %Ho]:? 4 SCbML s*aimhgm Mfwa,«hwe. havz,

4‘ erit

ﬂw- S, lSw‘I"re’:m s’ra%mv‘w-n shk. When o shreom wn‘&. a:g.v&,\ |
__,Frw% Mszdwc. 4 \lelea\h? 15 dezdma,(d —hosz_m v*wcd.7 mw

mew_ . w':// -56. l%'”«% +€~L I%{‘Loa:tc.. S‘}nﬂ d‘w-y\ précaua, 1f+LL.

“ Lo ,ms.ue_ wa e fuial mlwm will b tgual -

Jru ‘Hw a,dm.)oo.xhc., s+a3ma;4w»\ dera.ﬁwre, ] arrco'-«,hm o’T’ He

A

N

N

-, . Wg’"o" l‘b] /lf‘f‘bWSaL)lllLu’ o+ "M-L &Cgﬂurqﬁm

MoviNG bl_sfv,&rsm.ce,,,,,.,\.,QAM'_). CREATE | CHANGES IN. - PRESSORE  FreLD

ACUSTICS = FLUID VELOC 4G Smaw.  BUT _cause | Ap, AT, 8p

L SR

/A/e:mPﬂéssstc quls ;- Fu)/b Ve‘wcs /mc Qw@u. g So. 3 A/a
- _BUT, AP,A: o
.caMPIQESSi&,C Fwajg' VELoczry S oM. 0@05@ OF . a_ _ CAUsING

mcommess,&e? m vewc LR

D:srufasAucE MOVES o.i: sj,@_é Vt:







ST

L PRESSVRL

'mqg‘eweg 13 ‘?/ZOPAGAT'&D

w AL piesemons

e T e

_FoR " VEwe =@ .

__NO_ PROPAGATION. BEFORE _WAVE

ke

Q UALI TPrTl \}E'

ﬁ:@ L/»e@e msru,e,&equ

et g e e

o 'p,QGss U EE CHANGES

k3
'l

Ex mrm/q UPMe&AM
ccwc

% F%m// CoA/.S;:Dc:EEEB MJTH D(. sAML, CAS MACH

A STATtoM/—HEV ‘Pon\xT Scaﬂecs Mrew; PO/NT_S THar LE oN or






Art. 3.7 ‘ _ PROBLEMS ' ) 69

9. DEFRATE, L. A, Barry, F. W., and BaiLey, D. Z. A Portable Mach Zchnder
Interfelomctex Metem Report No. 51, M 1. T. , Cambridge, Mass. (1950).

10. Scuarpin, H, Theone und Anwendung des Mach—/elmdexschen Interferenz-
Rcﬁaktom(*tels, Zeitschrift fur Instrumentenkunde, Vol. 53 (1933), pp. 396,
424. Also see R.A.E. Translation, No. 79.

11. Lizpmann, H. W, and Puckerr, A. L Introduction lo Aerodynamics of a Com-
pressible I'luid. New York: John Wiley & Sons, Inc., 1947,

12, Pangnurst, R. C,, and Houber, D. W, Wmd-'[ unnel Technique.

London:
Sir Iszm(, Pltman & Sons, 1952, .

PROBLEMS

3.1. The compr essxblhty of a liquid is usually expressed in terms of the bulk

modulus of compression, d
ap

-

= \/B/p

3.2. Calculate the velocity of sound at 70°T in the following media:

B =
Show that

(a) Air, (b) hydrogen, (c) uranium hexafluoride, (d) mercury vapor, (e)
water vapor, (1) liquid water at 14.7 psia. -

3.3. To what pressure must liquid water be compressed in order that it
leave a nozzle at atmospheric pressure with a jet velocity equal to the sonic
velocity? Assume a constant bulk modulus of compression of 300, 000 psi.

3.4. Plot and compare curves of the sonic velocity in air versus absolute
temperature (a semi-log plot'is suggested) using

(a) a value of ¥ of 1.4 for all temperatures, and (b) the actual value of ¥
for each temperature.

- A projectile in flight carries with it a more or less conical- shaped shock
front. From physical reasoning it appears that‘at great distances from the
projectile this shock wave becomes tr uly conical and changes in velocity and
density across the shock become vanishingly small., .

Photographs of a bullet in flight show that at a gre,Lt distance from the bullet
the total included angle of the cone is 50.3°. The pressure and tempemtuxc of
the undisturbed air are 14.62 psia and 73°I¢, respectively. .

Calculate the velocity of the bullet, in ft/see, and the Mach Number of t]
~ bullet relative to the undisturbed air.

3.6. Show that, for a perfect gas, the fractional change in pressure auoss a
small pressure pulse is given by

dp _ 4V
P ¢
and that the fractional change in absoltite temperature is given by

Cl,
- (x~1>~—






70 INTRODUCTORY CONCEPTS TO COMPRESSIBLE FLOW Ch.3

3.7.) (a) Demonstrate that a compxessimi wave (i.e., a pressure pulse which
increases the density of the fluid over which it passcs) whlch moves rightward

- imparts a rightward velocity to the fluid.

(b) Derive similar rules for a rightward-moving lalef‘lctlon wave and for
leftward-moving compression and rarefaction waves. :

(c) The rightward-moving compression wave of Fig. 3.1a strikes a stationary
wall closing the right-hand end of the duct. Demonstrate that it is necessary
for a reflected wave to travel leftward, and detexmme whether the reflected
wave is a compression or rarefaction. Compme the pressure change across the
incident wave with that across the reflected wave.

@ A compression pulse changes the velocity of the fluid over Whl(‘h it
passes by 10 ft/sec. Calculate the pressure rise (psi) across the pulse for (a)
water, and (b) air at 14.7 psia and 70°F. : :

ASo .
Do PropleMs .3, 1.4,2.%

II\!. SAAP
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