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A one-dimensional theory based upon fundamental flow relationships

nNNNSY

is presented for analyzing the behavior of one or more gas streams flowing

Q-q through a single nozzle. This campound-conpressible flow theory shows that

= the behavior of each stream is influenced by the presence of the other

L streams. The theory also shows that the behavior of campound—-compressible
« flow is predicted by determining how changing conditions at the nozzle exit
plane affect conditions within the nozzle. It is found that, when choking
of the compound-compressible flow nozzle occurs, an interesting phenomenon
exists. The campound-campressible flow is shown to be choked at the nozzle
throat, although the individual stream Mach numbers there are not equal to
one. This phenamenon is verified by a wave analysis which shows that, when
choking occurs, a pressure wave cannot be propagated upstream to the nozzle
throat even though sam2 of the individual streams have Mach numbers less
than one. Algelraic methods based on this campound-compressible flow theory
are used to demonstrate the usefulness of this approach in camputing the
behavior of campound—-compressible flow nozzles. A comparison of the
campound-canpre sible flow theory with three-dimensional camputer calculations
shows that the effects Of streamline curvature on nozzle behavior can be
disregarded for many practical nozzle configurations. Test results from a
typical two-flow nozzle show excellent agreement with the predictions from
the theory.
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Introduction

Mnm:lm propulsion engines often exhaust several
different streams of gns side-by-side through a single nozzle, Fig.
1. These flows can exhilit sizeable compressiblity effects and
they will be referred to here as campound-compressible nozsle
fHows.  ‘The purpuse of this paper is ta pravide, for the first time,
a simple method to predict the behavior and clarify the under-
standing of such flows,

A one=dimensional anulysis similar to that used in single-stream
vanpressilde low prablems is applied here to compound-com-
pressible flow proldems.  The great advantage of this type of ap-
pronch is that it provides physieal insight into the nature of the
flow. \

Mixing between the varions siveams is not considered it the
development of the basie theary, ot its effeet on compound-
compressible flaw behavior will be discussed. Tt will be shawn
that mining often hns n negligil le effect on the law behavior.

The usefulness of the compomud-compressible flow theory s
demonsteated by companng it peedictivas with both three-
dimensicnad compnter caleulations and experimental resnits,

The basie approach used to develop the compound-compressi-
lde flow theory will be to determine how changing ccnditions at
the nozzle exit plane change conditions within the nazee,  This
will be seen to be the heart of the matter and ail resulta «tamed
i this paper are presented i this ight.  Note shculd e taken
of a juaeenng contabutva e compoinad-compressible nozale
Hows made by Pearson, Holliday, and Snnth {1].0 Their resnlts
are consistent with the gereral caclusions arnved at in this

paper.

Manuscript received bv ASME Applied Mechanics Diviaton,
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Fig. 1 Schomatic drawing of axisily sy iric compressibl sle flow

Ong-Dimensional Compound-Compressible
Nozzle Flaw Theory

The development of onedimensional cumpound-compressible
nuzzle flow theary follows that of Shapiro [2] fur single-stream
fuw. ‘The most important alteration is that the fluid static
pressure is chosen ax the dependent parameter becanse it can vary
wnly along the nuale in onedimensional flow, whereas all other
fuid propertiea ean also change from stream-to-stroam across the
nozzle.

Thix analyats 1n autheiently general ta include any arbitrary
number of atreanis designated by the integer n. For example,
ut any position i the nozele,
dA 5 d4,

A - - n

L}
A=
(R} dr 1=} ds
where .U isthe tetal luw area, .4 s the low area of the ith stream,
and # 1» the avial naede pramition caandicate. i single-stoeam
stie-dinwnsionad thenry, 4.4 de 1a arhitrandy sinadl ard this carries
over mto the present case where all d.4, “de are artutranly amall
The transvere pressire gradients cansed by streamline enrvatire
ean then be neglected atd this Jeads to the conclusia that statie
presanre s andy a funetion of avial paition,

1t ie ales aasutiend that the fluw in each stream 1s steady, ada-
batie, and wentropic and that ench Ruid 1a & perfect gas with aone.
stant thermodyuatie properties. Note that these asaumjaeas
exclude muxing effects,
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fig. 2 Compound pressible flow in @ nezzle of fixed geomelry

Each stream may then be separately treated as a single-stream
one-dimensional flow (Shapiro {2], Table 8.2). Consequently,

dA A 1 d
e | - -1} - 2
d-l kv’ (“L’ l) d" “n p) ( )

where k, is the ratio of specific heats, M, is the Mach number (M,
= V./VkiR,;T,) for the ith stream, aud p ix the fluid static pres-
sure. Equations (1) and (2) may be combined to yield

da
SR "I I S
dr = 4. 1 ﬁ
z:l k (';4.' I)
where
24, 1
=2 (M.* ‘) @

The term 8, the compound-fow indieator, will subxequently be
shown o be significant in determining the nature of the flow (ie.,
whether it ix compound-subsonic or compound-supersonic).

The behavior of compound-compressible fow in a noxale of fixed
geametry can be most profitably examined by regarding the inlet
prexsure as an independent variable, Fig. 2. If the stagnation
pressiures (pe,), the stagnation temperatures (Ty.), and the gas
properties are constant and known for each stream, the masx
flows (w,) are functions nnly of the luesl prexssure and the local
flow area:

. -y
SORHAPIIRGN
v, = - (3)
\/1... P ,l‘l k. = Pes
Thiis, for anv given vabie of p &t the inlet plane, where the A¢
are known, equation ) miay be ued to determine the corre.
sponding values of w,. With the w, fixed hy the inlet pressure,
1t ean he wen from egnatva £5) that the loceal A, are funetions
only of the Joeal p and kpswn guantities in the remainder of the
nogale. Ninee the local M, are alss functions only of the loeal p
and knawn quantitses, namely,
L-1
2 p‘) &
M.l &= =
b= 0 [( o | (6)
it fillows dicectly that the hind vadie of 3, cquatum (4), in »
functn anly of the inket pressire, the local presire, and kiown

quantsties  Therefore, equatson C) ean he ntegrated in peineiple
from anlet to enst for any chosen valne of inlet presaure.  Rederring

to Fig. £, the consequences of the choice of inlet pressure ean now
be examined.

If the inlet pressure is sufficiently high (curves a and b), equa-
tion (6) will yield values of M,? small enough that 8 will be >0
everywhere in the noazle and p will thereiore change in the same
direction as A throughout, equation (3). In particular, both p
and A will have their smallest values at a geometric throat where
A reaches its minimum. Note that the integration also shows
what the back pressures must be to maintain these flows.

At the same time, the differentiation of 8 with respect to p
yields

_dﬁ L A, k,+1
Pl Mpeyvy [“ = Mk £ 2 (‘ t M)] 240

n

which shows that 8 always changes in the same direction as p.
Therefore, for curves a and b, 8 will also change in the same
direction as .4 and will also have its minimum value at the throat.

As the inlet pressure is decreased, the value of 8 at the throat
will also decrease. In fact, when the inlet pressure is chosen to
be sufficiently small, 8 reaches zero at the throat. When this
occurs, equation (3) ix indeterminant and no longer serves to
determine the axial pressure gradient at the throat. Under this
condition, application of L'Hospital’s ruie to equation (3) yields

d
a(lnp)
/ &4
N dzt i
}': ~~A;[n —M')'+2(1+'ﬁ-—ﬂui)]
S kM ' 2

(®)

The geometry of any throat is such that d?4 /dz? ix aleays >0.
Therefore, d(In p)/dr will be either the positive or negative root
of a real number.

Curve ¢ represents the chaice of the positive root while curve d
represents the choice of the negative root. Comparison of
curves ¢ and d reveals a familiar single-stream compremsible flow
situation:  The geometnic throat is a saddle point for two iven-
tropic solutions in the divergent nection of the nozzle. No back
pressire between curves ¢ and d ean correspond to an isentropic
flow. 1t ix anticipated that those back pressures which do not
vorrexpond to entropic solutions, xuch ax that of curve o, may
be reached by means of compound shocks initisted at some point
on curved.

The hehavior of the flow along curve ¢ is sirailar to that of
curves s and b; e, A, p, and § will reach their minimum values
at the thruat. Note that the pamitive root of equation (8) is
chasen only when the back presure corresponds exactly s that
of curve e.

The implications of the choice of the negative root of equation
{R) will now he conxidered in detail (curve d).  Rinee equation (7)
has shown that 8 alwavs ehanges in the sume direction as p, df8 /ds
must alwo he negative st the thrat,  Acrordingly, 8 must de-
crease from pasitive 1o hegative as it pames through sero at the
throat. Furthermure, with § negative eutering the divergent
section iwhere d.A /ds is > 1), imultancous exsmination of equa-
tions (4 mnd (7) shows that the Jocal values of both p and 8 must
rontinue to decrease through the divergent section.  Note that
the integration of equation (31 still shows what the back presstire
miest be 12 maintain this flow.

No iwentropic wditsadis est (i et curresii:nding
to values Jewn than that of curve d hecause 8 weukd resch aem
upstresm of the grometne thrmat,  This would resalt in an infinite
axial pressure gradent, squation (3).
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Some interesting conelwsions ean bhe made by examising the in-
finence of buck pressire, po,, an the inlet prexsure. A back pres-
sire grenter than that of curve ¢ will affect the pressure at the
inlet plune und will thux influence the Aow rates of the individual
strenmis.  Any back presaire less than that of curve o will affect
neither the inlet pressure nor the flow rates. Thix condition wili
be referred to as compound-choking. 'nder such conditions, the
nozzle geometrie throat controls the hehavior of the flow.

Also, sinee dp/dr is always <0 for curve d, Bernoulli’s equa-
tion shows that a con’innons acceleration of the flow takes place
thronghout the nozzle, Applyiug this to equaticn (3), it can be
xeen that, for eontimons neceleration of the low, 8 > 0 whenever
dA/de < O nnd B < O whenever dA/dr > 0. Thus, for con-
tinuous accelerntion of the low in a single-stream convergent-
divergent nozzle, exnmination of 8 reveals that the flow must be
subsonic in the couvergent section, sonic at the throat, and
supersonic in the divergent section, equation (4). In the follow-
ing section, it will be shown that for compound-compressible flow
an analogous situation exists: The fiow must be compound-sub-
sonic in the convergent section, compound sonic at the throat,
and componnd-supersonic in the divergent section. It will also
be showu that these regimes are differentiated by the com-
pound-flow indieator, 8.

Compound Waves

The ccanpound-choking phenomena just described can be ex-
plained by examining the effects of small pressure distnrbances
on the low, A diagram of such n disturbance is shown in Fig. 3.
Lt is consistent with one-dimensional theory to take the flow area
nx constant in wave calenlutions.  If 2 wesk plane prexsure dis
turbance is imposed on the flow, Fig. 3(a), this disturbance cannot
propagute at different absalute velocities in each stream withont
violating the condition that the statie pressiures at the stream
mterfaces be equal.  Therefore, the wave must be continions
and wnst (eavel as a single canpand wave, Fig. 3th).  Althongh
the wave ix not necessarily plane, the pressnee rise across it emmat
vary from strenm to stream.

As indieated in Fig. 3(b), the ahisalnte terminal veloeity i the
upstream direetion of the compound wave is desigiated by a. It
follows directly that:  a > 0 correspands G compound-subsonic
flow; a = O corresponds to compound-sonic ow; a < 0 corre-
spaiids to rompound-supersonic Haw.

An avnlytieal expression for the compannd wave velocity, a,
can be derived by treating each stream separately as a fexilile
tube and cmserving nass, momentium, and entropy aerons the
compaand wave in the frume of reference of the ecmpouud wave.
It fullows that

I 9 DR V) \

A, - k.p, ( a ?M.)‘
\ART,

where 3 sigiitfies the change aciuss the anapoind wave.  Siee
the luw area s conslant,

-1 (9)

Y an -3t =0 (10}

arrs the wave  And siew p, = pawl 3p, = Jp, eqquations )
aned 1) mav he rombsust 10 vield the desred telation for
the conguaningd wave veloctty o, namely,

i 1
= i ( a )‘
+ M
\NLRT,

Fauatenes cdiand (11 may be comlaned to yield

"
-~
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Examination of equation (12) shows that the compound wave
veloeity a, and the componnd flow indicator 8, mnst alwnys have
the same sign.  Therefore 8 > 0 corresponds 1o compound-sub-
sonic low; B = 0 corresponds to compaamd-sonic Ruw; 8 < 0
correspoids to componnd-supersome flow.

Note that compound-choking can only occur at the nozzle mini-
mum area for it is there only that B8 can equal zern.  Note alsa that
small-anplitinde componund waves eannat move upstream in the
ecuipound-supersonie region.  One would therefore expect that
campomud-shock waves could arise and eanse the steady ean-
pennd-compressible low to be nanisentropie in the ccanponnd-
supersanie regiem. By the same renscning,  componnd-shock
waves are not expected in the campoamd-sibsonie region.

Several conclusions may be drawn frum this analvsis:

1 The ccncept af How choking at Mach one is neclonger valul
e componnd-low analysis. ludeed, when componad flow s
chaked, the individual stream Mach nimbers at the throat will
not be equal to ane texcept for the anigue ease where the stagna-
tion pressitres of all the streams are equal and the Mach nnmbers
of all the streams are unity).  Rather, compannd-choking s de-
termined by the componud-flaw indiestor and ean ocenr only
wheu 8 = Oat the minimnm taezzle How nrea.

2 Not every tream teed have a Mach number <1 order
that the fuw be compound-subsnne and not every strenm ueed
have a Marh unmber > 1 in order that the fluw be componnd-
saperonic. I fact, eqpuatuen (4) shaws that the vanous streams
wiuenee J in proportion to their flow areas, whicle agrees with
HLItiVe reasoning.

3 The compoand-How regimes deternaned by 3, componnd-
mibrorie and eonpoatcd-sapersonic, are nnalogins to the salb-
e wml supersotae flow eegnnes etcomdered e mingle-stream
noxeks.  lu fact, the nxual single-atream realts are abtained
when s = 1 i the fureguing equations.

Computational Procedures for Compound-Comprassible
Nexzles

Despite the wed for differental equations i oltawing cunelie
st aboat oocdiensonal compoand-compressible flows, the
sdutiune for the tehavior of these flows will be swen 1o require
only algebiraie computations

Although the equations in the preceding rections were devove §
for & flows, to dhetate the application of thi analy s, ouly
twriratream convergent-divergeat nagales will -l conssdered o
this sectsne. This will not unly rsalt m the developent of bess
invulved equatue but wall alss clanfy the role of the gesnetric
thruat and the phevomenon of choking.
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= p' it
flowiy delermmed hy thﬂ relnuumhlps of k;, Ry, A;, w;, T, pus, and
p. Equations (1) and (5) can be combined ta yield

PR A e 1

= f: A, = A (13)

f=t

Using equation (13), the following expression may be written fer
two streams at any point in the nezzle:

25l ()]
-G L-0 Trmes
L@ @) w
o VE Ve (,,jf) -

These are the fundamental equations for solving two-stream
compound-compressible flow probems.

When unchoked flow existy, it hax been shown that the flow }w.
haviar is determined by the back pressiire, Fig. 2, and pa = povss.

where

Xy 14
B2, 931140 LKR

"/ /e
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fig. 5 Reistienship of fow poremeters during chobod Bow
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Thus, for unchoked flow, equation (14) may be applied at the exit
plane, Typical solutions of equation (14) for unchoked flow are
presented in nondimensioual terms in Fig. 4 ax the cirved lines
of different A4,*/Aeyie.  Although these curves were generated for
particular values of k, R, and temperature-corrected mass flow
ratio (ws V' 7'2/w) V/Ta), ximilar solutions can be generated for
any other values of these parameters.

Uinder choked flow conditions, it has been shown that the flow
behavior is determined by the noxzle geometric throat where
8 = 0. Equations (4) and (6) can be combined to yield the fullow-
ing equation for choked conditions:

2 () ™ - -
@ V2 -]
SR PR

(@6l w

Equations (14) and (16) may be simultaneonsly solved, by trial-
and-erny: determine the relationship hetween pu/pa, 03 /' T/
W VT */ Ao B0 Piness/por 8t choking for any given gas
propert.... The relationship between pe/pu, w3 v/ Tu/ws VT
and A% Auna i shown in Fig. 5. It can be seen that, for any
given valie wf we /Ty /1, /Ty, there is a MG Prg /Py COITE-
sponding to each 4,*/duww. These values appear ax horizontal
lines in Fig. 4 because the back pressure does not affect the
cimked solntion,

Relerring to Fig. 4 for any given combination of 4,%/4,4 and
A1*/ Awrar 0 8 single nozzle, the intersection of the correxponding
lines indicates the onset of choking (enrve ¢ in Fig. 2} For
valnes 1f pu/p. sniller than that at the interection, the flow
behavior is given by the nachoked enrve. For values of o /pe
greater than that ut the intersection, the flisw behavior is given
by the choked strnight live.  T'Aerefore, the entire fow behavior of o
compound-compreazible no:tle can be described by a single line.
Fur example, the dashed line in Fig. 4 represents a nozele with
% e = 0431 and 1%/ 0 = 0226, (Thewe nre the ae-
tnal dimensions of the test model described in the experimental
section ufl this paper.)

The Lehavior of M, and M; at the throat for chaked Bow nx a
function of vy ' T'e/wi VTa sud fixed 4,°/ Ao and gax
pruperties is shown in Fig. 6. Note thal neither stream 1s sonic ol

the nozzle throal.
L.n, 1 ENIITE T ]
25 [ \J7 YO, lm
20
[ )
134 19
AT ¥ | I
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Mig. 6 Seom Mech aumbers of the nestie tiwest during chobed flow
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Additinnully, it ix important to note here that the xolutions
presented previonsly are independent of the individoal flow areas
at the iulet plane.  In pructice, however, it is possible for these
wrens, if not properly designed, to enuse lurge three<dimenxional
effects at the inlet plane, due, for exumple, to independent chok-
ing of the primury strenmn.  Nevertheless, it is still either the
nozzle exit nren or geometrie throat, nol the inlet areas, which
will control the flow behavior. Thus, even if these three-dimen-
sional effects cause stugiation pressure losses at the inlet plane,
the theory still gives the correct solution provided that py, and pw
are measured downstream of the loxs. In any case, this sitistion
can be avoided by designing the proper flow areas for the inlet
plane. Thix can easily be done by solving equations (1) and (5)
simultaneously at the inlet plune for the low parameters corre-
sponding to the one~dimensional solntion.

The procedures nutlined in this scetion are particularly suited
to problems where wy v/ Ty /i, /Ty, is specified. However, the
theory can be npplied equally ax well to generate solutions for
any suitable set of given conditionx. The methods presented
here may ulso be extended to caxes of more than two flows.

Three- Dimensional Twe-Stream Nozzle
Computer Calculations

Oue of the basic axsumptions of the one-dimensional theory is
that the effects of streamline curvature are small enough to be
neglected. This can be an important restriction in the applica-
tion of the theory to actual nozzles. Therefore, to demonstrite
the effect of xuch enrvatures, a three<dimenxional two-stream
nazzle solution will be compared with the one-dimensional theory.
To do thix, au axially symmetric two-flow nozzle compntation
was carrisd out. A brief description of the computation ix given
here to justify its use in evaluating the one-dimensional theory.

The basic idea behind this ealeulation can best be understood
by recalliug that the cnrves in Fig. 2 were obtained by an integra-
tion of equation (3) throngh the nozzle. Here a numerieal
inegration includex three-dimensional effects,

Some important axsumptions are made shout the flow hefore
this xolution ix applied: namely,

1 The system nuist be symmetrienl with respect tu its center
line.

2 The two flows are sentropic and do pot mix but are in con-
tact aloug a sliplive.

3 The static pressire is free 1o vary along the slipline hut
miust be equnl aeross it at every point.

1 The nrimary, or inner, stieam st be sverywhere super-
sotiie while the secondary, ar outer, stream is not restricted.
This allows a nwthod of charactesistion to he nsed for the prinwrey
stream calenlations.

For any one problem, the temperatiire-corrected mass flow ratio,
the rmtio of specific beats for each »tream, the gas constant for
enrh stream, the coondinates of the wall shape, and the primary
stiean inbet Mach namber are cotsudensd th be specified.

PROMARY STREAM /
Putumhy ¢ ?

Fig. 7 Coasvuction of ¢ typicel slighine peiat i theoo-dimensions! flow

The flow fieckd of the primary strewmn is constructed using
standard numerieal forms of the method of chameteristies equa-
tions for uxinlly svinmetrie flow.  The secondary stream is ealen-
lated using one-limensional, isentropie flow relations.  The Aow
ureax of the secondury stream are mensured nlong a projection
normal to the slipline, Fig. 7. The assumption that thix flow
i one=dimensional and hus no strenmline eurvature effects is not
a serious restriction, It should be noted that the secondary flow
passage occupies only a small portion of the total radius at any
section (relatively small maxx flow rates and aunular geometry).
Therefore, the streamline curvature effects are small compared
to those of the primary stream, where they have beeu accounted
for.

The secondary and the primary streams meet along the slipline.
The calenlation of a sueccession of points aloug thir slipline involves
an iteration procedure incorporating the ecalculations of the
flow properties of each stream simultaneously, Fig. 7. Point C
illustrates a typical slipline point to be calculated. Point B, the
previous slipline point, and point A, the previous point on Mach
lines A-B and A-C, are known. The conditions of poiut C are
that it be on the Mach line A-C and that the static pressure at
be the same in the primary and secondary streams. These con-
ditions are satisfied through a trial-and-error solution involving
the location of point C.

As wax noted, the program ix performing a numerical integra-
tion equivalent to the integration of equation (3). For any set f
given conditions, the results can be presented in terms of the
Por/ por required to drive the flow. A reduction in pe/pa corre-
sponds to operation nt a decreased back pressure p.. The term
p. will correxpondingly decrease until pe/po reaches a miniinum
valine.  Any value below this minimum will cause the sliplme
iteration to converge on a secondary area ratio, A3/4,° < 1,
which ix physically meaningless. Thix minimum value of pe/po
correxponds to choked flow.  All values of pe/pe greater than
the minimum value correspond to unchoked flow.  1n xhort, the
three-dimensional solntion closely parallels the one-dimensional
solution, Fig. 4.

The three-dimenxional compntation fur both cheked and un-
choked flows umlly presents little diffienlty, and t*2 integration
through the geometrie throat ix generally smooth.  Diflienlties
nmiay arise when the accelerating secmdary stream upproaches
Mach 1. Thix ix due to the usiual mathematical sensitivities en-
coititered in computing one~dimensional flow properties near
Mach ). However, the transition through this region can b
made by xpecial techuigque-

This stitdy was nudertaken to find the effects of streamline
cirvatire on the behavior of a compoid noczle.  The first enl-
culations were perforawd with geometry carresponding ta the
basie nozzle naed for the experimental portion of this paper. The
flow fields it these cnsex showed definite threesdimensional b
havior, especially in the initial expansion region.  However, the
ealeilations showed no important coalcscing of Mach Lines, so that
the 1arniropic ganumplion was cssendially valud.

To further study three-dimensional effecta, the ozele geometry
wan modified. A series of noszle shapes was generated by apply-
ing o seade fuctor o only the axial coordinates of the hasic nozzle.
Ve resultant series then consisted of nogales which were identical
une-dimenronally bt had svere variation in the slopes of the
contmtr,  These grametries are shown in Fig. K.

The remilts flum this series of compatations are presented
Fig. 9. Onrves u and b demonstoate the compound-choked flow
regime.  The lerm pe/py s plotted versis Lovas/Disres, the
length from the inlet to the thruat divided by the dinmeter of the
thraat.  Notiew that fur buth curves the agreement with onee
dimensional rsults in sxcellent for relatively Iarge Lo/ Do
ratiom,  For the smallee vatoes of Lo/ Diras, the three-dimen.
stonind Fffects inflacnee pe /e, This s not surprising sinee v tis
range the nutzle contonr stupies are nxst wevere. Als, the nuzde
thruat s chue enough to the et to be in the mforncee in the
witinl exprnssn of the prinary stream.
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THE BASIC NOIZLE AND TYPICAL VARIATIONS
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Curves ¢ and d demonsteate the canpound-nnchoked flow
regime.  Again, agreement with the one-dienxional results is
excellent. The discrepancies for ahort nossles are not wo pro-
nounced here since the exit conditions, and not the throat coendi-
tionis, are¢ dominant. Some departure from the one~dimensional
line ix xeen for the longer noszles. 1t is felt that this may be Jue
to acenmulating inaccuracies resolting from the finite dilference
technipies used.  For long nozedes, these errom may beconmwe
significant by the timme the exit plane is reached.

The agreement tetween the onedimensionai and the axially
aymmetric sobitions is excellent for the runge of pozede vanation
eaamined.  Threoadimennional effecta have hittle tnfluence on the
level of pe /g fr the noasde goometties cotsidered.

Experimental Resolts

Extensive test programa ronducted on a wide varwely of nossle
types atul gootwtries have shown eveellent agreement letween
the anedimensnmal compuoand-luw theary and expenimental re-
sitn.  These test programs have included convengent, eyhindneal,
and cunvengent-divengent nocdes with lath two and three
streama.

The sicvewm id the ane-dineisnnial theory s not surpring.
The previsus section indiented that the lehavior of rumpound
fow tusees 1o renminably taenstive W three<ditaetinonal offects.
Far huzddes with small wall foctzsnal effects, and faidy undis-
tortedd tnbet flow, oaly the effects of muning ean entse the oo
dimonedonal mude] to be inaccurate when appled to real nossles.
It is rensuabie to aeiame that, rince the flow ie turtuglent, mining
w tunfined ta a shear layer betowren adjarent stroams whuch grows
with axinl prsition st an angle of loas than S dog [3]. 11 is then
fore clear that the shapes of the 4, and the nozdde bength are th.+
major factues which determine the degree of tining. The ten-
doncy uf the miving will be ta pamp the Jow- velocity streams and

Por/Po

Fig. 10 Comperi of
oxperimentel resuits

to retard the high-velocity streams. The extent of the influence of
mixing depends primarily on the flow rates of each stream. The
behuvior of streams with proportionately low rates will be greatly
affected by mixing while those with higher flow rates will ¢x-
perience only small effects. Nole, Aowever, hat in the important
case of choked flow, miring cflects downsiream of the nozzle throat
can exerl no influence whatsoever upun the behavior of the flow.
Thus, for mauy nozzle applications, mixing will influence only a
small portion of the How.

Becanse nf the space limitatious of thix paper, n fully compre-
hensive comparison of nue-dimensional theory with experimental
data from a wide variety of compound-flow nozee types and
geonwtries ix impractical,  Accordingly, the baxte nzae previ-
onsly disenssed was selected for comparson.  Being convergent-
divergent, it is a representative two-stream nozele in that it ean
display both the choked and nnchoked regimes of compound
Row.

Teata were run over 1 wide range of temperature-corrected
mans flow rateos while varying po/p. from approximately 2 w 10,
This allowed the nozele to exhibit both choked and unchoked
behavior at each mass fow ratio.  Fig. 10 ix a comparizon of ex-
perimental resnlts with predictions based upon the one<dimen.
sional compomud-low theory.  The choked How regime is the
atraight portion of the theoretical lines aml, ax expected, oceum
at ahe migher po/pe. The unchoked How regime is the curved
portion of the lines which oceurs at the lower primary noaske
Magnation pressitre ratios.

It ean be et that the one-dimensional theory shows exevdlent
agreement with the exprerimertal data, particulardy in the choked
flow regime. Correlation with expenmental data in the un-
rhuhed low regime b simewhat bess aceurate.  However, in view
»f the mining effecta previoualy discused, this was 1o be ey pected.
Ihminng chuked flow, all ming dowisteeam of the noade throat
rat have bo effect on the low.  Thas the effective mising length
for chobed How s merely the distanee from the anlet plane o the
thnat. On the other hand, dunng unchoksd flow, all mivng
duwnsteeam of the botde thruat will have a very defunte effect
on the Bow lehavior. With unchoked flow, then, the cffective
miaing length  the entire ength of the nogdde.

As anticipated, we ale) aluerve that susng has bittke effect at
the higher maas fow matie Il everta increanng mfluence as
man flow matw decreases. Furtherimore, the improetant effeet
of tiang s o putnp the secondary low aud therdfore redoee the
reequtred g .

1t 1a noted that the teadel tested waa bot s sbeally dosigraed
atede, 10, the prmary sitram was iIndepeindently chedied asd
dightly underevpanded at the inket plane.  However, the makd
umd in the evprniments was opemsted sufficently besr to ita
settropic des . condilions That stagnation prossire beses in the
siperuonic atroatn were prubably not impoctant, and shuck ke
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are impossible in the siubsonie secondary stream,  This was indi-
eated in the previons section, where the three-dimensionsl solu-
tion showed ro signifieant coalescing of the primary stream Much
lines under conditions for which the tests were ran.  Although
P/ ix measured upstream of the inlet plane, these argu-
ments justify our neglect of total pressitre losses in all ealenla-
tious.

Concluding Remarks

A new one=dimensional theory deseribing the behavior of com-
pound-compressible nozzle flows has beew developed and its
implications have been examined from a number of viewpoints,

The theory yields simpie algehirnic methods for ealeulating the
operation of compond-compressible nozzies.  Comparison of the
algebiaie resnlts with those of three<limensional flow field com-
putations indieates that the effects of streamline eurvatiire are
not important for many practieal nozzle configurations.  Com-
parison of the algebraic results with experimental data for flows
with aimimportant mixing effects shows that the theory can

accurately predict the behavior of reul devices.

A complete definition of the range of applicability of the simple
thenry requires 2 great deal of experimental experience. For ex-
ample, little information is available about the rate of growth of
the mixing zone between the high-velocity streams, and no in-
formation is available about the detailed nature of compound-
shock waves. Furthermore, no predictions about the thrust or
nozzle efficiency can be made when the flow is choked until the
lossex cansed by a compound-shock wave are known. Conse-
quently, it appears that the ecomponnd-compressible nozale pro-
vides u number of iuteresting and important areas of research.
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