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theory predicts maximum ejector compression ratios which are approximately 15 to
20 percent higher than the correspending experimental values and (ii) that this
¢ ector appears to be particularly susceptible to secondary flow separation,

The one-dimensional analysis of the constant-area, supersonic-supersonic ejec-
tor was incorporated with a one-dimensional analysis of the conventional constant
area, subsonic-supersonic ejector into a pumping system eptimization procedure
applicable to high-energy, chemical laser systems and supersonic wind tunnel sys-
tems. A comparison of optimum pumping system data shows that under certain con-
ditions, a supersonic-supersonic pumping svstem has the potential for improved
pverformance over that of a subsonic-supersonic pumping systemR
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NOMENCLATURE
i
Symbols
g A Area.
Co Specific heat at constant p.-essure.
§ CV Specific heat at constant volume.
g D Diameter.
fx( ),°'°,f4( ) Gas dynamic functions defined in text.
g F Force.
g Gravitational constant.
] h Specific enthalpy.
l M Mach number.
Mw Molecular weight.
} P Pressure.
‘ Q Heat.
r Radial coordinate.
R Radius.
Re Reynolds number.
R Universal gas constant.
t Time.
T Temperature.
u Specific internal energy.
\Y Volume.
é v Magnitude of velocity.
: W Mass flow rate.
W%S Work, shaft and shear.
X Longitudinal coordinate or flow-direction

coordinate.




z Elevation.

Y Ratio of specific heats.

U Absolute viscosity.

0 Density.

{)* Signifies state at which the Mach number is unity.

Subscripts

0 Stagnation state.

1,2,3 System locations.

cs Control surface.

cv Control volume.

M Mixed.

P Primary.

S Secondary.

T Nozzle throat.

{ )x Signifies quantity in the flow direction
coordinate.

For Sections 4.2 and 4.3 only:

Symbols

f() Gas dynamic functions defined in text.
RNSD Normal shock diffuser coefficient.

n Subsonic diffuser efficiency.

§Ebscrigts

H .
.§ 1 Laser cavity entrance location.
- 2 Laser cavity exit location.
3 Normal shock diffuser exit and subsonic diffuser

entrance location
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Subsonic diffuser exit Incation.
Secondary nozzle exit locatiom.
Primary nozzle exit location.

Mixing tube exit and subsonic diffuser entrance
location.

Subsonic diffuser exit location.
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1.0 INTRODUCTION

This theoretical and experimental analysis of the constant-area,
supersonic-supersonic ejector was prompted by current interest in the
high-energy, chemical laser and the unique gas dynamic problems associated
with that device.

In a typical high-energy, chemical laser, Figs. 1.0-1 and 1.0-2,
hydrogen and flourine are precombusted to form free flourine atoms which,
with the other gaseous products of combustion, accelerate into the laser
cavity through a series of supersonic nozzles. Additional streams of
secondary gases enter the laser cavity through a series of supersonic noz-
zles to form alternate interleaved streams of precombustor and secondary
gases. These streams, initially at high Mach numbers (3 to 7) and low
static pressures (5 to 200 Tuvrr) mix and react to establish the lasing
zone by chemically producing population inversions of selected species.
Accompanying these chemical reactions, a significant quantity of heat is
released into the laser cavity flow which tends, qualitatively, to in-
crease the static pressure, to decrease the stagnation pressure, and to
decrease the Mach number of the '"mixed" supersonic flow. At the laser
cavity exit, the hot (T = 1500 K), corrosive, supersonic (1.5 < M < 3.5)
"mixed" flow at low pressure (10 < P < 60 Torr) must be "pumped" by some
form of diffuser-ejector system to atmospheric discharge conditions
(760 Torr) in order to start and sustain the lasing process. A pumping
system wiich «s ideally suited to this application would have:

1. A potential compression ratio in the range 8J to 8§,

2. Simplicity of design with high resistance to hot, corrosive

gases,
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3. The capability to isolate the laser cavity flow from minor per-

turbations in the downstream conditions and/or pumping system,

4. The flexibility in operating point and performance to allow for

variations in laser performance and flow conditions,

§. The capability for short-duration, transient start-up,

6. Minimum pumping resource requirements, and

7. Compact design with portability and mobility as goals.

Current high-energy chemical laser designs have incorporated the
constant-area, supersonic diffuser coupled with the constant-area,subsonic-
supersonic gjector, Fig. 1.0-3, as a pumping system since the operation of
this system is fairly well understood while providing the most obvious, if
not satisfactory, solution to the above requirements. Nevertheless, the
quest for an improved pumping system continues with various modifications
of the conventional diffuser-ejector as candidates [1].

One such candidate for a high-performance chemical laser pumping
system 1s the supersonic-supersonic ejector, Fig. 1.0-4, the subject of
this investigation. In this system, the diffuser is eliminated anc¢ the
supersonic laser cavity stream 1S pumped directly by the ejector. Thus,
the supersonic-supersonic ejector offers a potential alternative in that
the desirable characteristics of the conventional diffuser-ejector are re-

tained with a reduction of size and a possible increase in performance.

1.1 REVIEW OF PREVIOUS WORK

The ejector has been in use for many years; indeed, the literature is

filled with a virtual multitude of ejector related papers*, the author

*See APPENDIX 7.0.
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having compiled over 300 entries dating from 1892. With the exception c¢f
three supersonic wind tunnel studies, nore of these papers, to the author's
knowledge, have addressed the problem of pumping a supersonic stream
directly by an ejector, which is not particularly surprising since most
commercial applications involve the pumping of subsonic or nearly stagnate
streams.

The three wind tunrel studies [2.3,4] were part of an experimental in-
vestigation to study the effects of auxiliary air injection on the pressure
recovery of variable geometry, supersonic wind tunnel systems. In each
case, the auxiliary air was injected through a supersonic nozzle at the
downstream end of the supersonic test section, thus in essence forming a
supersonic-supersonic ejector. The first two investigations [2,3] showed
that the resultant pressure recovaery with injection was not as good as
those attained with variable-geometry diffuser tunnels; however, the later
study by Hasel and Sinclair [4] demonstrated a significant improvement in
total system pressure recovery with auxiliary injection.

The general methods of analysis employed in existent subsonic-
supersonic ejector models apply equally well to the supersonic-supersonic
ejector provided their application is consistent with the physical phenom-
ena. These methods of analysis are:

1. The one-dimensional analysis,

2. The method-of-characteristics,

3. The method of integral relations, and

4. The finite-difference method.

In the one-dimensional model of the subsonic-supersonic ejector as

executed by Fabri, et al. [5,6], the conservation equations were applied
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to a control volume contained within the ejector mixing tube assuming uni-
form velocity and pressure distributions of the primary and sacondary
streams at the tube entrance and a uniformly mixed stream at the tube exit.
A second control volume was used to predict the operation of the ejector
when the secondary stream choked within the mixing tube. The pramary and
sccondary streams were assumed to remain distinct and to be isentropic from
their point of confluence to the secondary choking location. Consequently,
the condition that the static pressures be equal at the boundary between
the primary and secondary streams is not satisfied.

A modified or quasi-one-dimensicnal model has also been applied to
ejectors with short mixing tubes in which case the secondary and primary
streams are assumed to remain distinct from entrance to exit [7].

Addy and Chow {8-11] developed a more sophisticated approach for the
prediction of secondary stream choking within the mixing tube. In this
model, the secondary stream was treated by the conventional methods of one-
dimensional gas dynamics while the primary flow field was obtained from the
two-dimensional method-of-characteristics for steady, irrotational, super-
sonic axisymmetric flows. This method allows the static pressures to be
matched at the boundary of the streams since the primary stream may have a
nonuniform pressure profile; although, the oressure must Le uniform across
the secondary stream. The simultaneous solution of the two flow fields
satisfies the choking criteria, i.e., a Mach number of unity at the minimum
flow arca, was then corrected for viscous effects by superimposing the
mixing layer on the inviscid boundary between the primary and secondary

streams.
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Howlett and Chow [12] added more detail to the Addy and Chow model us-
ing the method of integral relations for computation of the secondary stream
but retaining the method-of-characteristics for the primary stream; the
static pressure was matched at the boundary of the streams. The choking
criteria for the secondary stream was developed based on a singularity in
the integral relations describing the secondary flow.

Hiil, et al. [13], applied the method of integral relations to both
the secondary and primary streams but later [14,15] adopted a finite-
difference model which does not attempt to separate the secondary and
primary flows.

Each of the models discussed has its own particular advantages and
disadvantages.

The one-dimensional model is well suited to broad-band parametric
studies of ejector operation since:

1. It is computationally simple, each operatiig point being deter-

mined by the direct solution of a set of algebraic equations;

2. It applies equally well, at least in theory, to any constant-area

ejector configurations; and

3. It is quite reliable as long as the assumption of one-dimensional
or quasi-one-dimensional flow is satisfied.

The one-dimensional model has certain disadvantages in that:

1 It is restricted to the constant-area and constant-pressure
ejectors where any pressure-area surface forces acting in the
flow direction are eliminated from the momentum equation;

2. It may seriously error in flow regimes which are highly two-

dimensional in nature;




It provides no insight into the actual flow phenomena; and
it requires some a priori knowledge of ejector operation to pre-
dict any limiting conditions such as choking of the seccndary

stream.

The method-nf-characteristics, method of integral relations, and

finite-difference models have a.l the advantages of sophistication in that:

1.

[\

w)

4.

1.

1.

They may be applied to all ejector configurations including
variable-area geometries;

They provide field descriptions of increasing detail;

They satisfy the physical condition of continuity of static pres-
sure across the boundary between the primary and secondary streams;
and

They produce good results over all phases of ejector operation.

On the other han!, these models require:

Considerable knowledge, even empirical relations, taken frcm prior
experimentation for their development; and

Significant amounts of computer time for program development and
convergence problems which restricts their use for parametric

studies.

1.2 STATEMENT OF THE PROBLEM
This theoretical and analytical analysis of the constant-area,

supersonic-supersonic ejector was conducted to:

Develop a simplified mathematical model for predicting the
operating characteristics of a constant-area, supersonic-
supersonic ejector which is suitable for parametric evaluations

and optimizat.ion procedures;
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Provide quantitative and experimental data for verification of
the theoretical model and identification of problem areas not
indicated by the theoretical analysis; and

Compare the performance of the constant-area, supersonic-
supersonic ejector with that of the constant-area, subsonic-
supersonic ejector as applied to high-energy, chemical laser

systems.
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2.0 THEORETICAL ANALYSIS OF THE CONSTANT-AREA,
SUPERSONIC-SUPERSONIC EJECTOR

In the constant-area, supersonic -supersonic ejector of Fig. 2.0-1,
the primary and secondary stveams enter at supersonic Mach numbers where
they begin to interact, mix, and diffuse. Proceecding through the ejector,
these streams continue to mix and diffuse, thus approaching a uniform
flow at the ciector exit. The result of this interaction, mixing, and
diffusion process can be described by a one-dimensional, compressihle
flow model consisting of two compononts, an overall analysis of the
constant-area mixing section, stations 1 to 3, and an analysis of the
nearly inviscid interaction region just downstream of the confluence of
the primary and secondary streams.

By tradition, the governing equations fo- subsonic-<upersonic ejector
models are nondimensionalized by the appropriate primary flow variables
to allow for a zero secondary mass flow rate, and this tradition is main-
tained in the following analysis, however, in preference to people in the
chemical laser field, the results are presented as nondimensionalized by

the secondary flow variables.

2.1 ONE-DIMENSIONAL OVERALL MIXING SECTION ANALYSIS

By aypothesis, the streawms entering the ejector must be supersonic.
Thig criteria restricts the ejector operation to a plane as illustrated
in Fig. 2.1-1, and prescribes the boundaries of this plane. So long as
the enteiing streams remain supersonic, the ejector mass-flow ratio wp/wg
is established independent of the ejector exit-plane pressurs but dirvectly
proportional to ti.e primary-to-sccondary static pressure ratio ppx/p31 at

the confluence posat. The right-most ooundary of the plane of operation




f defines the maximum compression ratio and is determined by applying the
ronservation equations to the control volume of Fig. 2.1-2 together with
the following assumptions:

{1} Steady flow, gg ) = 0.

(2) Piecewise uniform flows at siation 1 and uniform flow at

station 3.

(3) The primary and secondary gases obey the perfect gas
relationships.

(4) The primary and secondary streams mix ideally to form a mixed
gas at station 3.

{5) Negligible wall shear stresses.

{6) Adiabatic flow between stations 1 and 3.

(7) Nc shaft or shear wurk betwean siations 1 and 3.

=

1 (8) Negligible body forces.

(9) The flow in the primary nozzle is isentropic from its
stagnation state to the state at station 1.

The fundamental equations of continuity, momentum, in the flow

direction, and energy 7re, respectively:
3 - -
prs pdv + $pV « dA = 0 , (2.1-1)
cv cs

=) F, = a_t v, (pdv) +fvx(pv « dA) , (2.1-2)

cv Cs
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R 7 LR e RRIC
cv
+ {(h + év—zw gz + +o2)(pV + dA) . (2.1-3)
CS

Arplying assumptions (1,2) to Eqn. (2.1-1) yields
PsiVsifsi T % Ve At PV T 0

or in terms of the mass flow rate W = pAV,
(2.1-4)

Applying assumptions (1,2,5) to Eqn. (2.1-2) gives

Psifgy * Py - B = - V5, (P, V5, Aq,)

b VPl(pPlvPlAPl) * V (p vrc!\m :

or in terms cf the Mach number,

P
PoyAs (1 + YgMo ) + P Ay (4 YPM:1) = PpAp (1 + YMM:‘B)

Since ASI + Apl = ‘5\43 for a constant-area mixing tube, the result is

p A

s1 S1

2 A, © £ (M) (G ))
M3 P1 1

= — (2.1-5)
Pey Asy
1 + — fl (Y ’M)B)
Ay

where £ (y,M) = 1 + Y. (2.1-6)
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Equation (2.1-3) together with assumptions (1,2,6,7,8) yields

Pl

- (hg, + )(psxvsxAsx) - (hyy # Poy Vo1 fpy)

VZ

* (hyg * P Vs A ) = 0

or in terms of the mass flow rate and stagnation enthalpy h, =
hsoMs * Npo¥p = Myp My

But since ho = Cpr + constant for an ideal gas, the result is

o M G T N G)s
TPO wP (CP )P TPO wp (CP )P

h +

to] <N

(2.1-7)

Using assumptions (3,4), the specific heats of the mixed flow are

related to their primary and secondary stream ccunterparts by

W (Codpy = W (G g + W (G
Ma(Cydy = W (o) + W, (G,

Rearranging Eqn. {2.1-8) as

wM . (CP)M =1 + wS . (CP )S
wP (CP )P wP (CP )P ’

and noting that Cp = (—1—0 g; for a perfect gas, gives the useful

Y-1
relations

(2.1-8)

(2.1-9)
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( Mw -1
P")S = 7 [ s ) (Y" ) , (2.1-10)
€ Mg \yg - 1) Uy, )
M (G ly W M Ys ) (% -
TR (10 MR " v Y I A (2.1-1D)
P PP P S YS {P

LY . €y -1 W . (Cv)s
¥, (Cv)p We (CV)P
. . 1., R . . .

and noting that ¢y = (§TTJ ™ for a perfect gas, gives the useful reia-
ticons

s = e [YP _ 1} (2.1-12)

(Clp Mwg vy - 1) 7

WM (Cv)M Ws wa YP - 1

G R I — (2.1-13)

P v’p P s s

The mass flow rate, W, is expressed in terms of the mass flow func-

tion by

W R v2 -1 Z2 V2 _
RTY [ﬁ; . TB] =M {y{1 + £Y2 ) M1}z fz(y,M) . (2.1-14)

Then using this relation, the secondary-to-primary mass flow ratio is

related to the static pressure ratio at the confluence point by

N P Ay [M”é CTooun £ 060M,)
WP ppl Apl wa TSO f2 (YP ,‘\%l)

(2.1-15)
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Since v = for a perfect gas, the mixed gas property is given by

ﬂln
o

<

N G
y = (CP )M - (CP )P . wP (CP )P
M (CV)M (CV)P wM (CV)M ’

w? (‘CV)P

which, with Eqns. (2.1-11) and (2.1-13), becomes

Ws wa Yg . ( Yp y
e (—2) ——
WP MwS Ys -1 Yp -1
Y,, =3 {2.1-16)
M »\’S wa YS Yo
e () - 11+ [(e—) - 1]
hp Mws ‘ys—l YP—I

Subtracting Eqn. (2.1-8) from Eqn. (?.1-9) and using the perfect sas

. R
» — - 3 1
relation e CP ¢y yields
H . Lt
WM Mup . Wy wa
['. s = — ‘\4——‘
1) MwM W? ;1ws

Then applying Eqn. (2.1-4) and rearranging results in

'.\’s
A4 wo t 1
biNM } Wr )
Moo T W M (2.1-17)
¥ B P
T M_.__ + l
WP Mw,

Substituting relations (2.1-10) and (2.1-11) into Eqn. (2.1-7) gives

E?_O,.WS.MWP{YS},;I{%\"

Evz_o_ _ Too W Mag yg - 1) * 1y, - 1) (2.1-18)

Tp 0 - WS ) ’vpr ( YS } . A } - .1-1
Wv_ Mws ",s - lj (Yp - IJ

L
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Using the mass flow functicn (2.1-14), the mixed-to-primary mass flow
ratio is expressed as

" P ) Ao M . Too va T2 (otMg)

— = (e ———
WP pPl A'Pl M“P TI\‘D f2 (YP ’ M’ 1 )

Appiying Eqn. (2.1-4) and the relation ASl + Apl = Ams’ this equation

§ becomes
¥ Eﬂi.[l . A31] [MWM . Too vz fZ(YM’MMB) =1 4 Yi
§ Pey Aoy M Ty £ 0¥, W
i o P
2 Then eliminating o with Ean. (2.1-5) yields

Fl

TN
jcod
£

T. P As
M PO _V¥2 S1 1
[MW ¢ .'r'—] FF—' * T * ‘cy’ (Y2 ’MSI) + fl (YP > 1 l)]
£ (Y M )z —0n M Pl ! (2.1-19)
3°°M° M3 T W .

S
[+ 6,04,

£ (v,M) v
- 1 1 + vl
where . (y,M) = o = - . (2.1-20)
3 £ 0,M MivTl o+ (I%AJMZ]}uz

TR

~ The exit Mach number is obtained by solving the quadratic equation

(- 1)
(—— & - % 0{) + (£ - 20, - (51 =0 @12

Then the mixed-to-primary static pressure ratio is found by solving,

M
E z
2
=
1
3

in order:
W

S
(1)} Equation (2.1-15) for W
P




oW

e

(2) Emmﬁon(kld6)fMHm,

M
2 s 3 9 - —
(3) Equation (2.1-17) for TV

P
T
(4) Equation (2.1-18) for me ,

TPO

(5) Equation (2.1-19) for fs(YM’hks) ,

2
(6) FEquation (2.1-21) for MMB , and

. Phﬁ
{7) Equation (2.1-5) for =— ,
P
Pl
M“§ 150 ) P
where vy_, , o— = M., , —, and — are the independent
$? TR Mw,? T TS Mo Ao Py,

variables or ejector parameters. For computational purposes, the static
pressure P,. may be obtained from the stagnation pressure P, using
assumption (9) and the isentropic flow relation

p _
p—o’ (y,M) =11 + (I;—l—) M (2.1-22)

For chemical laser applications, relation (2.1-22) may not be applied to
the secondary stream unless P is taken at station 1 in Fig. 2.0-1 since
the laser cavity flow will not be isentropic.

1t should be noted that Eqn. (2.1-21) has two roots for héﬁ giving
subsonic and supersonic values of Mg - The right-most boundary of the
plane of operation, Fig. 2.1-1, is calculated from the subsonic value of
Mg whereas the supersonic value of Mg divides the plane into supersonic
solutions and subsonic solutions. It is also interesting to note that

when supersonic solutions along the supersonic-subsonic dividing line are




diffused through a normal shock wave, they yield exactly the subsonic

B w—

solutions along the right-most boundary of the plane. Of course, the

ejector may operate anywhere within the boundaries of the plane of
supersonic-supersonic operation; howev », given w;/wg or ppo/Psx’ the most
desirable operation is at the right-most becundary since the potential

exists for operation at this, the maximum compression ratio.

2.2 ONE-DIMENSIONAL ANALYSIS OF THE INVISCID INTERACTION REGION

The upper boundary of the plane of operation, Fig. 2.1-1, is also
dictated by the requirement tnat both the secondary and primary streams
remain supersonic. If the primary-to-secondary static pressure ratio at

the confluence point is greater than 1 (pPl/PSI > 1), the secondary flow

R GG VNG GO SRRRN e

is compressed by the mutual interaction of the primary and secondary
streams within the mixing tube. This process is limited, in a cne-
dimensional sense, to a '"nearly" reversible recompression to sonic flow
at the minimum area as determined by the control volumes shown in Fig.

2.2-1. Thus, the constant-area, supersonic-supersonic ejector couples

the effect of an ideal aerodynamic, supersonic diffuser and momentum

transfer through viscous mixing.

bt

The control volume of Fig. 2.2-1{a) extends from station 1 to
station 2. In addition to the assumptions listed in Sectiom 2.1, the
following additional assumptions are made:

(10} The streams remain distinct and ¢o not mix between stations

1 and 2.

(11) The flow is isentropic for each stream between stations 1 and 2.
(12) The average pressures of the streams can be different at each
cross-section; thus, continuity of stati¢ pressure at the

boundary between the streams is not satisfied by this flow model.




VAR IN

19

of the sccondary flow at station 2 is Msz = 1.
{14) The static pressures are such that PN > PSI.
For an isentropic, compressible flow, the area ratio, A/A*, is

expressed in terms of the area ratio function by

Y+
A Y-l 2 20T
A {(m)“ + (5 M) £, (Y,M) . (2.2-1)
since h%z =1, ASz = A;, and for a constant-area mixing tube
+ Apl = A , * Apz. Then

Ao APl Asx A;

+ (1 - —1}, or
NN A A5y
Apz ASl 1
= =£(v,,M,) {1 + 2=1[1 - (+———3)1} ; (2.2-2)
A; ane N¥l API fé(Ys’bgl)

T
S

and f ({ ,x%z

can be sclved for the supersonic value of M,

By assumptions (10,11), Wg, Wp, Iéo’ and T}o are constant from

station 1 to station 2 in Fig. 2.2-1(a). Then the mass flow function

(2.1-14) gives

ERNN IR S TR (2.2-4)
P, A, F, (M ,)

ppz . APz - fé(YP’h¥1) (2.2-5)
PPI Am fz (YP’W.«!)
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Applying the momentum equation (2.1-2) to the combined control volume

cf Fig. 2.2-1(b) together with assumptions (1,2,5,10) yields
Psifsy * N I T T Th T V31(951V31A31)
B v?l(oPlvPlAPl) * vsz(pszvszAsz) * vpz(ppzvpzApz) :
or in terms of the Mach number,
2
Psifs; (1 + YsMs) )+ Po1 ) (1 + YbNCI ) =
P._A_ (1 % 2
s2ftsp (1 # YsMsz) * P, (1 + YPMPZ)
Then using the function (2.1-6), the result is

pSl ASI f1 (YS’MSI) pSZ ASZ pSl ASI fl (YS ’MSZ)

L] + L]
pPl APl fl(YP’b%l ) p51 A51 PPl API fl(YP’Nkl)

ppz . Apz fx(YP’bkz)
pPl API fl (YP’MPI)

+

(2.2-6)

Combining Eans. (2.2-4), (2.2-5), and (2.2-6) with hgz = 1 yields

Ps1 - £ 08,0 © £ 0p%,) - £ 0p.M,)) (2.2-7)
p - A L
o %tf, (Yg M, ) - £, (g, Mg, ) * £ (¥, 1)]

where fS(Y,M) is the function (2.1-20).
Then the static pressure ratio P51/P91 for an isentropic recompres-
sion of the secondary stream to sonic conditions at station 2 is obtained

by solving, in order:
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{2) Equation (2.2-1) for Nkz >1 , and

(1) Equation (2.2-2) for

P
S1

(3) Equation (2.2-7) for %— ,
P
Pl
sy
where v, v., M__, b% , and —- are the independent variables or ejector
S p S1 1 Ap}

parameters; and P, ~may again be related to Poo by the isentropic flow

function (2.1-22).

2.3 PARAMETRIC RESULTS

The maximum compression ratio for a given supersonic-supersonic
ejector configuration, i.e. given Yoo Ypo Mué/Mwb, 730/1}0’ NE:’ Ng], and
ASX/APl’ is defined by the intersection of the upper boundary or 'upper
limit line" of the plane of operation as calculated from Section 2.2, and
the right-most boundary of the plare as calculated from Section 2.1. This
intersection point is termed the '"upper limit point' or "ULP" in Fig.
2.1-1.

The static pressure ratio pr/Psx may take on values less than 1;
however, the roles of driver and driven streams are interchamged and the
plane of operation, Fig. 2.1-1, would be reproduced with the primary and

secondery subscripts interchanged. Then for practical purposes, the lowevr

boundary of the plane of supersonic-supersonic operation was taken to be

-

the "matched pressnge line' wherc P, = F. . The intersection of the

matched pressure line with the right-most boundary of the plane is termed
the "matched pressure point™ or "MPP" in Fig. 2.1-1.
. ¢ . : /
The influence of the input variables, Yoo Yoo ng/wm%, 150’1}0’

3 A\ ” oty 3¢ 3 %
Moo My and Asx/Apx’ on the planc of operation is illustrated in
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Figs. 2.3-1 t3 2.3-6. The nrocedure for producing cach figure was to hold
all the ejector parameters at constant values, save one, and to vury this
parameter over a wide range. Rather than plot the resultant plaaes of
operation, only the loci of upper limit and matched pressure points are
given. The base vaiues for the input variables wer= in all figures:

Y T 1.40, MWS/MWP = 1.090, Yp = 1.40, TSO/TPo = 1.00,

My, = 2.00, ASX/API = 2,00, M,, = 4.00,
while each point on the graphs represent valid solutions to the equations
of Sections 2.1 and 2.2, the figures with Yg» Yp. and MW /Mw, as *he
abcissa may not represent physically realistic solutions except at the
base value, indicated by the vertical dashed line, since only limited
combinations of y and MW occur in nature. It should alsc be noted that
the identical influence of Mw%/Mw; and Téo/T;o on the plane of operation,
as shown in Fig. 2.3-3, is simply a coincidence of the choice of base
vajues. The most significant information given by Figs. 2.3-1 to 2.3-6
is the slcpe of each curve at the base value or vertical dashed line, since

this slope indicates the partial derivative of the dependent variable,

p /P

1 7
po’ Tsy? WP/“S’ or P_/P

el Pgy o with respect to the independent variable.
2.4  COMPUTER PROGRAMS

The analyses of Sections 2.1 and 2.2 were the bases for the develop-
ment of computer programs for analyzing the performance of constant-area,
supersonic-supersonic ejectors. These programs along with sample input
and output are presented in detail in APPENDICES 7.2 and 7.3 for pregrams
CASSE and CASSEP, respectively.

These computer programs were used to calculate the parametric results

presented in Section 2.3.
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Figure 2.0-1 Constant-Area, Supersonic-Supersonic
Ejector Configuration
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Figure 2.2-1 Control Volumes for the Inviscid
Interaction Region
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3.0 EXPERIMENTAL ANALYSIS OF THE CONSTANT-AREA,
SUPERSONIC-SUPERSONIC EJECTOR
A series of small-scale, cold-flow, air-to-air ejector experiments
were conducted to verify the theory of Section 2.0 and to provide a more

detailed description of the flow field than necessarily allowed by a one-

dimensional analysis.

-

3.1 EXPERIMENTAL APPARATUS

A half-section of the axisymmetric, supersonic-supersonic, ejector
model is given in Fig. 3.1-1. This ejector model was designed and fabri-
cated to facilitate a rapid replacement of nozzles and mixing tubes.
Primary flow enters the ejector from a large stagnation chamber and is
accelerated through an elliptical entrance section into the interchange-
able nozzle. Secondary flow enters the secondary stagnation chamber from
two sides and is accelerated between the nozzle wall and elliptical
‘ntrance section at the mixing tube base. Static pressure taps were in-
stalled along the mixing tube wall from the nozzle exit plane to the
mixing tube exit at increments of one tube radius. A series of cix static
pressurc taps, not shown, were equally spaced about the mixing tube axis
at the nozzle exit plane to check the concentricity of the nozzle and
mixing tube. In addition, five static pressure wall taps, not shown, were
located upstream of the nozzle exit plane at increments of 2.54 mm to
ensure that the entering secondary flow was supersonic.

For experimental purposes, the supersonic primary and secondary flows
were produced by concentric nozzles of the continuous-slope type, as shown
1in Fig. 3.1-2. The primary stream was directed through the central noz:zle,

while the secondary flow was accelerated through the annular passage




formed by the outer uozzle wall and the constant-area mixing tube. Nozzle
and mixing tube specifications are also given in Fig. 3.1-2 with the cor-
responding dimensionless parameters summarized in Table 3.1-1. While
confined to an axisymmetric geometry and narrow Mach number range duc to
test facility limitations, these experimental configurations should be
adequate for an initial evaluation of supersonic-supersonic ejector per-
formance.

The continuous-slope nozzles constructed for these experiments were
designed by the method-of-characteristics to produce uniform velocity and
pressure distributions at the confluence of the secondary and primary
streams, thus satisfying, at least ideally, the assumptions for the one-
dimensional theory of Section 2.0. A photographic enlargement of one of
these nozzles emphasizing the secondary or outer nozzle wail profile is
precented in Fig. 3.1-3. As a design simplification, all four nozzles
were machined to the same length which necessitated the addition of

constant-area sections at the nozzle throat and exit scginents as specified

Table 3.1-1 Dimensionless Parameters for the Experimental,
Supersonic-Supersonic Ejector Model

MPX MSI ASI/%I
1 2.50 1.50 1.95
2 2.50 1.75 1.95
3 2.50 2.00 0.88
4 2.50 2.50 0.88
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in Fig. 3.1-4. Althcugh these constant-area sections would have no effect
for a truly inviscid flow, they would promote boundary layer growth under
actual experimental conditions. Figure 3.1-5 is a near actual size
photograph of all four supersonic-supersonic nozzles showing their simi-
larity in size and shape.

Photographs of the ejector components are given in Fig. 3.1-6 showing
beth front and rear views of the secondary stagaation chamber. It should
be noted from Fig. 3.1-2 that the two constant-area mixing tubes are 10
tube diameters in length and that the interchangeable nozzies were con-
structed with a separate elliptical entrance section. A view of the
ejector model in a partially assembled state is given in Fig. 3.1-7
showing the position of the supersonic-supersonic nozzle in the secondary
Stagnation chamber, one of two side entrance ports for the secondary flow,
and one of two "U"-shaped baffles, the visible one surrounding the secon-
dary stagnation pressure tap, which prevent the formation of 2 large
circular vortex about the nozzle axis. All the ejector components were
precision machined to design specifications with less than 1.27 mm
clearance and O-ring seals at all the mating surfaces to ensure proper
alignment and sealing.

Figure 3.1-8 is a flow diagram for the experimental program. Air
from a common supply branched to two automatic control valves which main-
tained a constant stagnation pressure in the primary and secondary
chambers. The air then passed through standard VDI nozzles for measure-
ment of the primary and secondary mass flow rates. A final stagnation

chamber was located at the mixing tube exit immediately upstream of a

back pressure control valve to prevent local disturbances at this valve
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from influencing the velocity and pressure distributions of the mixed,
subsonic flow at the tube exit. The back pressure control valve was a
sliding block arrangement with two blocks closing symmetrically across
the exit duct.

Figure 3.1-9 is a photograph of the small-scale, ejector model
installed on the test chamber, which served as the primary stagnation
chamber, with a balance handle for manual adjustment of the back pressure
control valve visible in the upper portion of the photo. Also visible
are the pressure lines leading to the mixing tube wall taps and a portion
of the silencer which supports the final stagnatijon chamber and back
pressure control valve. For one experiment, a traversing pitot probe,
as shown in Fig. 3.1-10, was added between the mixing tube and final

stagnation chamber for measurement of the exit Mach number distribution.

3.2 EXPERIMENTAL PROCEDURE

The experimental, supersonic-supersonic ejector model was installed
on a test chambcer of the continuous flow facility in the Mechanical
Engineering Laboratory and was operated with dry, compressed air. The
tests were run at secondary stagnation pressures of 98 to 270 kPa abso-
lute, primary stagnation pressures cof 269 to 741 kPa absolute, and
stagnation temperatures of approximately 294 K. The primary nozzle
Reynolds number, based on the throat diameter, varied from 4.3 x 105
at P, = 269 kPa to 1.2 x 106 at ¢, = 741 kPa. Secondary nozzle throat
Reynolds numbers are indicated in the experimental results.

Pressure data were taken from Bourdon-tube gauges and manometers

or with a strain gauge transducer-digital counter system. The primary

and secondary stagnation pressures and static pressures upstream of the
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standard VDI nozzles were measured with Bourdon-tube gauges except at
levels near atmospheric pressure, in which case a mercury manometer was
used. Pressure differences across the standard VDI nozzles were measured
with either mercury, Meriam 3*, or water filled U-tube manometers, depen-
ding on the magnitude of the pressure difference. Photographic records

of all static pressures along the mixing tube wall were taken from mercury
manometer boards. Stagnation pressure readings ior the traversing pitot
probe were taken with the strain gauge transducer-digital counter system.

Although six static pressure taps were available for the measurement
of P;,» only one was used in each experiment, and this pressure was read
with both a mercury manometer and a strain gauge transducer. An attempt
was made to measure an average value of PS1 by manifolding all six pres-
sure taps; however, the resultant readings were lower than for any one
given pressure tap.

Since the stagnation temperatures Tp, and T are primarily dependent
on the supply temperature, the primary stagnation temperature was measured
with a dial thermometer and values for Ty, and the temperature of the air
upstream of the standard VDI nozzles were assumed to equal this value for

PO "

Maximum compression ratio data for each experimental ejector con-
figuration were obtained in the following manner. With the back pressure
control valve fully open, the secondary stagnation pressure PSo was set
at a fixed value to be maintained by the secondary automatic controller

(see Fig. 3.1-8). The automatic controller for the primary stagnation

TProduct of the Meriam Instrument Company, Cleveland, Ohio.
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pressure P, was then :.t at a fixed value such that the static pressure
ratio Ppl/P81 would lie, at least theoretically, in the range between the
matched pressure and upper limit lines. The back pressure valve was then
closed until the value of Psx’ as indicated by the digital counter, began
to rise, at which point the mercury manometer board was photographed.
This process was repeated for different combinations of pso and Ppo until
the full range of PN/PSl was covered unless otherwise restricte< by the
maximum supply pressure.

While the above process is necessarily transient in nature, the
results are thought to be gosd since the point at which PSl begins to
rise rapidly, indicating a transition from supersonic to subsonic flow,
was quite well defined and the time constant for the mercury manometer
boards is much greater than for the strain gauge transducer-digital
counter system. Thus, measurements of PSl and PMB from the mercury man-
ometers should he very close te the limit of supersonic-supersonic
operation. This thought is alsc supported on the basis of data repeat-
ability which was about + 1% for PNB/PSI with Mgl = 1.50.

Traverses with the pitot probe at the mixing tube exit could not be
completed at exactly maximum back pressure conditions. The above pruce-
dure was followed unti! P_. began to rise, and then the back pressure

S1

valve was opened slightly to reach a stable state for the traverse.

3.3 EXPERIMENTAL RESULTS

Maximum compression characteristics for the experimental, constant-
area, supersonic-supersonic ejector configurations listed in Table 3.1-1
are presented in Figs. 3.3-1 to 3.3-4. In each figure, the cats points

are plotted on the plane of supersonic-supcrsonic operation as predicted
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by the one-dimensional analysis of Section 2.0 and illustrated :in Fig.
2.1-1. These data points indicate the maximum compression ratio, pws/psl’
for subsonic values of MM3 and, therefore, should lie on the right-most
boundary of the plane of supersonic-supersonic operation. Also, given

the compression ratio Py /P the mass flow ratio data points should lie

s1?
on the pressure ratio data points, i.e. the triangles should lie on the
circles directly below them, since WP/WE is theoretically proportional to

p_/P

po’ Py - In all cases, given Ppo/P

s1° the experimental values for the
maximum compression ratio pMS/PSl were 15 to 18 percent less than the
theoretical, except for M, = 1.50, in which case the error was 21 to 22
percent, and the experimental values of wp/ws were 0 to 44 percent greater

than the theoretical. It should also be noted that the percent errors in

P_/P

M3

s1 and especially wp/wg increase with a decrease in the secondary

nozzle throat Reynolds number as defined by

= BV

Reb (D

M3 Dg)

Wal! pressure distributions at maximum compressicn cenditions for
the ejector configurations listed in Table 3.1-1 are given in Figs. 3.3-5
te 3.3-8. Three pressure distributions are plotted in each figure which
correspond to data points near the matched pressure point, upper limit
point, and at some point midway between in Figs. 3.3-1 to 3.3-4,

At the matched pressure point, the wall pressure is initially con-
stant fullowed by a near linear rise which levels off at the mixing tube
exit. The linear rise covers a smalier portion of the nixing tube at the

larger values cf MSl corresponding to the higher initial velocity of the
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secondary stream and the fact that viscous mixing of the primary and
secondary streams is accomplisbed in a shorzer length as Mo, approaches
Moy

At the upper limit point, the secondary stream undergoes a large
initial recompression followed by a near linear rise which again levels
off at the mixing tube exit. The initial pressure rise can be attributed
tc the aerodynamic difruser formed by the primary stream as it expands
into the mixing tube. As noted for the matched pressure data, the linear
portion of the pressure rise occupies a smaller segment of the mixing tube
as M., approaches M,,, though the total pressure rise is much greater
since more energy is transferred to the secondary stream as PPO/PSl is
increased.

The wall pressure distributions of Figs. 3.1-5 to 3.1-8 also show
that the low experimental values for the maximum compression ratio in
Fips. 3.1-1 to 3.1-4 may be due, in part, to the mixing tube length
which was equal to 10 tube diameters in 211 the experimental ejector con-
figurations, 8 to 12 tube diameters being sufficient for most subsonic-
supersonic ejectors. If the mixing cube is long enough for completion of
the viscous mixing process, yet not too long such that wall fricticen
becomes important, then the wall p.ressure distributions should exhibit a
near linsar rise which levels off to 1 constant value as the primary and
secondary streams mix to a uniform flow. With the exception of Fig. 3.3-§,
where M, = M, it appears that the linear portion of the wall pressure
distributions end at the mixing tube exit, that the viscous mixing and
diffusion process may not have been completed, and that the compression

ratio might be increased with a longer mixing tube. This conclusion is,
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moreover, supported by the exit Mach number distributions at maximum com-
pression conditions in Fig. 3.3-9 which show that for Ms1 = 2.00, the
potential exists for further mixing and diffusion even for %n'”}x near
the matched pressure line. T

The large percent errors in W;/Mg and the changes in compression c(har-
acteristics with Re . noted in Figs. 3.3-1 to 3.3-4 are probably due to sep-
aration of the secondary flow upstream of the corfluence point. In the one-
dimensional theory of Section 2.0, it is assumed that the secondary stream would
undergo an isentrepic recompression to, at the least, sonic conditions for Pplf_
}gl as shown schematically in Fig. 3.3-10(a). In the real situation, however, the
secondary stream may not be able to change directions at station 1 without separa-
ting the boundar; layer as illustrated in Fig. 3.3-10(b). The flow losses through
the obligue shock structure may not be significant even with secondary separation,

but the irea A, is effectively reduced wirh a corresponding increase in P, and

decrease in M., 5 hence, larger secondary stagnation pressures and mass flow rates

pr——y

bW vt

are required to obtain the desired values of %> /g“ . The region of secondary sep-
0
aration should grow with increasing values of P’PI/PSl and decreasing secondary Rey-
nolds number, ance this fact is evident in Fig. 3.3-11 where M, . as calculated from
. . . - .. PA . .
the isentropic flow function ﬁ'ﬁ;‘(Y,M), i3 plotted versus %0 /P's1 for the experimer
o

tal data of Figs. 3.3-1 to 3.3-4. Some methods, such as Zukoski's ( l6]are avail-
able for description of tiie separation region, but prediction of the static pres-
sure ratio Ppl/P“‘ at the actua! onset of separation requires empirical data,

thus defeating most simple models for parametric evaluation of supersoric-super-

sonic ejector performance.

mrhe results of an 2xperimental investigation of a typical ejector config-
uration for variations in Jength-to-diameter ratio(l./D = 5, 7.5, 13, 12.5, 15)
are presented in APPENDIX 7.6.
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Near the matched pressure point, separation should not be a problem
and the mass flow ratio data (triangles) of Figs. 3.3-1 to 3.3-4 should
lie on the pressure dJdata (circles}. For Ngl = 1.75 and 2,50, this i
indeed true; but for-MSl = 1.50 and 2.00, there is a small deviation.
Tnhis deviation is apparently due to boundary layer growth in these two
nozzles caused by the constant-area, exit segments which were added to
the secondary nozzle cortours as specified in Fig. 3.1-4.

As mentioned previously, the one-dimensional theory of Section 2.0
employed an isentropic recompression model for prediction of the upper
limit to the plane of supersonic-supersonic operation. In Fig. 3.3-12,
the wall pressure distributions near the upper limit point in Figs. 3.3-5
to 3.3-8 have been replotted with Pgo @8 the characteristic pressure in
order to compress the scale. The initial recompression of the secondary
stream to Mach numbers probably less than 1 (P(x)/PSo < 0.5283) a3 shown
in Fig. 3.3-12 suggests another simple model, a "two shock model" as
illustrated in Fig. 3.3-13, which is also suitable for a one-dimensional
analysis an<, in addition, accounts for the irreversibilities in two
oblique shocks. Of course, this model does not allow for secondary flow
separatior, nor would it apply to large turning angles where the fwo
oblique shocks are replaced by a single, normal shock wave.

An attempt was made to compare the one-dimensional theory of
Section 2.C with the extensive sup rsonic wird tunnel-injector data ot
Hasel and Sinclair [4]. Unfortunately, these investigators did not
measure the secondary stagnation pressure PSo or include the static

pressure P = at the injector, which makes any comparison impossible.
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Figure 3.1-1 Half-Section of the Axisymmetric, Supersonic-
Supersonic Ejector Model
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. L
P
[ <~—1- 18.67 mm DIA
A <«—— 18.16 mm DIA
PR ‘
Sgg J
§ |
\ 61.93 mm
|
\
Dy
Nozzie Mixing tube
Mp, D;(mm) Mg D;(mm) Dustmm) | L (mm) | & (mm)
i 2.50 §1.18 .50 | 21.13 31.62 | 216.2 | 15.8]
2 2.50 H.i8 1.75 23.01 31.62 | 316.2 | 15.8lI
3 2.50 i1.18 2.00 | 21.59 || 25.27 | 252.7 | 12.64
& ] 2.50 11.18 2.50 22.29 || 25.27 | 252.7 12.64

Figure 3.1-2 Section View and Specifications of the Continuous-Siope
Nozzle and Constant-Arca Mixing Tube Configurations




Figure 3.1-3

Enlargement of a Typical Continuous-Slope, Supersonic-
Supersonic Nozzle
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| \

— —

L Contoured sectionX
- 12.70 mm 5.67 mm ~te—>

Nozzle

Mg, Amm)| 8 (mm)

1.50 6.35 2.14

I

2 I 75 0 0
3| 2.00 6.35 2.18
4 2.50 2.11 0

Figure 3.1-4 Section View for the Continuous-Slope Nozzles with
Specifications for the Nozzle Wall Profiles
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Supply
Stagnation
< pressure
control
valve
Standard
We VD! nczzle Ws
Primary Secondary
stagnation stagnation
chamber chamber
Ejector PwaLL
Lpns
Stagnation chamber Ps

Back pressure
control valve

Figure 3.1-8 Ejector Experiment Flow Diagram




Fregure 5.1-9  Photograph of the Hjecter Model Instailea on the lest
Chamber with the Back Pressure Control Valve focated
Downstream of the Mixing labe
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Figure 3.3-5 Wall Pressure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector at Maximum
Compression Conditions 0%1 = 1.50)
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Figure 3.3-6 Wall Pressure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector as Maximum
Compression Conditions (MSl = 1.75)
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4.0 LJECTOR OPTIMIZATION AND COMPARISON OF THE CONSTANT-AREA,
SUBSONIC-SUPERSONIC AND SUPERSONIC-SUPERSONIC EJECTORS

One purpose of this investigation was to compare the performance of
the constant-area, supersonic-supersonic ejector with that of the constant-
area, subsonic-supersonic ejector as applied to high-energy chemical laser
systems. Because of the large number of parameters involved, it appears
that the only fair comparison of the two ejectors must be based on optimum
data for a supersonic-supersonic pumping system and a subsonic-supersonic
pumping sysiem. To this end, a method was developed for optimizing these
two pumping systems within a given set of constraints. This method is
based entirely on one-dimensional, compressible flow theory with a limited
use of empirical data.
4.1 RELATICNSHIP OF THE CONSTANT-AREA SUBSONIC-SUPERSCNIC EJECTOR

TO THE CONSTANT-AREA SUPERSONIC-SUPERSONIC EJECTOR

The performance characteristics of the constant-area, subsonic-
supersonic ejector and constant-area, supersonic-supersonic ejector are
quite similar, the primary difference being the range of M, -

Given Yg» Ypo Mws/MwPﬁ T

so/T and A51/AP1’ the performance char-

PO’
acteristics of the constant-area, subsonic-supersonic ejector, as shown
schematically in Fig. 4.1-1, are described by a three-dimensional surface

with axis Mgl, PSl/P

p0 and PMB/PPO. Since the secondary entrance forms

a converging nozzle, M, may take on any value in the range 0 to 1. For
PPl > p51’ the primary stream expands inside the mixing tube and the
secondary stream is reaccelerated to, at most, sonic conditions. Should

the secondary stream be thus choked, the ejector operation becomes inde-

pendent of PMB/PPO as indicated by two faces of the characteristic
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surface which lie parallel to the pms/ppo axis. The curve .narking the
transition from thel’m/PPo independent to dependent regimes is known as
the '"break-off" curve and is considered to represent the opt.mum
conditions for ejector operation.+

Given Yo » Ypo ng/Mw ) Tso/TPo’ and Asa/APx’ the performance char-
acteristics of the constant-area, supersonic-supersoiic ejector, as shown
schematically in Fig. 4.1-2, are also described by a three-dimensional

surface with axis &%l, P.. /P, and PMB/P however, the ejector

s1/%po PO’
operation is restricted to only a portion of the surface. So long as the
entering secondary stream remains supersornic, as assumed in Section 2.0,
hgl will be at the supersonic design value as produced by the generating
device, e.g. a laser cavity, and the cjector is confined to the plane of
supersonic-supersonic operation. If PMB/PPo is increased beyond the
limit of maximum P /P for supersonic-supersonic operation, then a
normal shock wave will pass into the secondary entrance and My, must
undergo a step change to the normal shock value as indicated in Fig.
4.2-2(a). If, alternately, p31/ppo is decreased onyond the upper limit
line for supersonic-supersoaic operation, then the secondary stream is
recompressed in the mixing tube to an area less than A* for the super-
sonic design value of hgl, and Ngl pust drop to the subsonic design value

of the generating device. However, if P is now increased, the

7
s1/Ppo
entering secondary flow will again go supersonic, similar to a second-
throat, supersonic diffuser, with MEI first increasing to the normal

shock value before a step change to the supersonic design value.

3
'See references [1,8,10,113 for a complete description ot constant-area,

subsonic-supersonic ejector operation.
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The simitarity in performance characteristics of the constant-area,
subsonic-supersonic ejector and constant-ar.:, supersonic-supersonic
ejector becomes even more apparent as the supersonic design value of M,
in Fig. 4.1-2(«) approaches 1 since the normal shock value also approaches
1 and, in the limit, Fig. 4.1-2(a) becomes identical to Fig. 4.1-1(a).

4.2 OPTIMIZATION OF THE CONSTANT-AREA, SUBSONIC-SUPERSONIC AND

SUPERSONIC-SUPERSONIC EJECTORS

Referring to the high-energy, chemical laser system schematic of
rig. 4.2-1, the laser cavity, stations 1 to 2, has no influence on the
pumping system other than establishing the flow conditions at point 2.
Hence, the laser cavity can be replaced by a supersonic wind tunnel or any
other device producing a uniform, supersonic stream. A one-dimensional
analysis for laser cavity flows with heat addition is available [1] and
was included in a computerized version of the optimization procedure.

The constant-area, normal shock diffuser, stations 2 to 3 of Fig.
4.2-1, diffuses the entering supersonic stream to its normal siaock value.

The static pressure ratio across the duct is expressed by

n

- <r-
Py/Py = Rigp tlrgs M)

where RNSD is an empirical normal shock ceoefficient and ff;;, PE) is o

usual normal shock static pressure ratio function. Valve: of " SD in the

range 0.75 < Ro . < 1.25 are commenly used fer paramctric studies [ 11
The staric pressure rise across the stvhsonic difruser, stations 5 ~

4 of Fig. 4.2-1, is given by

(P, - 2)

M - L _
¥ 4 3 7ACTUAL }(p4 r)?‘

I AL
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where n is 2n empirical diffuser efficiency and (P4 - PS)IDEAL is a
frinction of Yg Ms’ and AA/As' As a simplification, n was taken from a
curve fit of experimental data given in [17,18] for 15° conical. subsonic

diffusers with

n = 1.048992 - 0.027229 (4,/A))
2
- 0.024461 (A /A)" + 0.002685 (A, /)" ,

1.0 < A /A, < 5.2

This empirical relation was also applied to the subsonic diffuser at
stations 7 to 8.

Although stagnation pressure losses are encountered in sudden
enlargements, these losses were ignored in the subsonic-supersonic pusp-
ing system of Fig. 4.2-1.

Finally, the one-dimensional analysis for the constant-area,
supersonic-supersonic ejector of Fig. 4.2-1 was taken from Section 2.0,
and the corresponding analysis for the constant-area, subsonic-supersonic
ejector was taken from Addy and Mikkelsen [1].

Then given g, M,, Rygps MBS Yoo My /Mg, Tko/Tso’ Aa/Av’ Pso/pz’
and PB/P2 for the subsonic-supersonic pumping system, or y_, N&, Yoo
MwP/Mw s 120/150, A8/A7, P60/P2, and P8/P2 for the supersonic-supersonic
pumping system, the optimum is considered o be that ejector, as specified
by N% and A,l,/A6 which requires the minimum u;/w ; or, alternately, the
minimum Feo/Pz when W;/W% is specified. In general, y_, h%, Yp s wa/ng,
and Tko/Tgo (or Teo/Téo) are kncwn and P8/P2 and Pso/pz (or W;/hg) are
the constraints of primary interest.

Now consider the simplified supersonic-supersonic pumping system of

Fig. 4.2-1 with A;//A, = 1, i.e. with no subsonic diffuser and Y, Y,
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Mwb/NME, T@o/Tzo’ and M, as known constants. Then given M, and AQ/A ,
/P

upper limit point values of P7/P2, P and W;/Wé are obtained from

60’ " 2°

the one-dimensional theory of Section 2.0. Figure 4.2-2 is a plot of

M, vs. P7/P2 at the upper limit point over a range of A2/A6 for this
system. If the compression ratio P7/P2 is chosen to ke, say, 20, then
all possible combinations of M, and Az/As satisfying this constraint are
determined by the verticle dashed line.

Figure 4.2-3 is a cress plot of peo/pz and W;/h% Vs. Az/A6 for the
combinations of M, and A2/A6 of Fig. 4.2-2 satisfying the constraint on
P,/P,. From this graph it is apparent that P6°/P2 varies inversely with
WP/Ws and that if an upper limit is established for P60/P2, say, at 1000,
then the minimum value of WP/W , in this case WP/Ws = 3,2, will occur at
that upper limit. The optimum ejector is, therefore, fully determined
since Az/As = 4.4 for P60/P2 = 1000 and M, = 4.4 from Fig. 4.2-2. If,
for example, an upper limit of 6 is set for WP/W , then the minimum value
of peo/pz’ in this example Peo/pz = 217, will occur at A.2/A6 = 1, corre-
sponding to the upper limit value of W;/Wé in Fig. 4.2-3 and M, = 3.7
from Fig. 4.2-2.

This procedure for optimizing the supersonic-supersonic pumping
system of Fig. 4.2-1 is not significantly altered by the addition of a
subsonic diffuser at stations 7 to 8. Figures 4.2-2 and 4.2-3 are still
sufficient; however, the overall compression ratio PB/P2 is substituted
fm~%/%.

The optimization procedure for the subsonic-supersonic pumping system

of Fig. 4.2-1 is nearly identical to the procedure outlined above for the

supersonic-supersonic pumping system, with Figs. 4.2-4 and 4.2-5
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correspondinry to Figs. 1.2-2 and 4.2-3, respectively; however, one addi-
tional variable is involved since M, may take on any value in the range
0 <M <1. The result is that Figs. 4.2-4 and 4.2-5 must be reprcduced
for all values of M5 which give solutions satisfying the constraints on
P7/P2 and P60/P2 (or alternately wp/wg). Once this is accomplished, the
minimum values of W;/hg (or alternately P60/P2) can he cross plotted vs.
M to find the absolute minimum as shown in Figs. 4.2-6 and 4.2-7. This
process completes the ejector specification since, for example, W, . "W,
and M5 from Fig. 4.2-6 determine A5/A6 from Fig. 4.2-5, which in turn
specifies M, from Fig. 4.2-4.

As an example cf the optimization procedure for a subsonic-supersonic
pumping system of Fig. 4.2-1 with R ., AA/A3 and AS/A7 equal to 1, let
M, = 0.9 as in Figs. 4.2-4 and '.2-5 with consiraints of P7/P2 = 20 and
peo/Pz = 1000. Since Peo/pz varies inversely with w;/ws in Fig. 4.2-5,
ths minimum value of WP/Ws is 2.8 au AS/A6 = 3.8 and M, = 4.5 from
Fig. 4.2-4. Repeating this process for all suitable values of M5 and
plotting the resu‘ts, shown in Fig. 4.2-%, it can be seen that the abso-
lute minimum value of WP/WE occurs at M5 = 0.9 and the optimization is
complete.

If in the preceding example an upper limit of WP/WS = 6 was sele~ted

rather than the constraint on P60/P then for M5 = 0.9, the minimum value

2 ’
of P6O/P2 would be 105 at AS/A6 = 0.8 from Fig. 4.2-5 and M, = 2.8 from
iig. 4.2-4. Now repeating this process for all values of M, y.elding

solutions which satisfy the system constraints and plotting the resuits

shown in Fig. 4.2-7, it can be seen that the absolu‘e minimum value of
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Péo/P2 occurs at Ms = 0.7, rather than at M5 = 0.9, and that the solution
at M. = 0.9 is merely one step in the optimization process.

While this graphical method of ejector optimization is necessarily
quite tedious, the antire process is readily adaptable to standard com-
puter programing nrocedures. Some care, however, must be taken in the
selection of Ng, A%/AB’ and N% {or A2/A6 and N%) since only certain com-
binations will yield solutions satisfying any one system constraint.

4.3 COMPARISON OF OPTIMUM CONSTANT-AREA, SUBSONIC-SUPERSONIC AND

SUPERSONIC-SUPERSONIC EJECTOL. DATA

Three sets of optimum data, as licted in Tables 4.3-1, 4.3-2, and
4.3-3, were calculated by the procedure of Sectioa 4.2 for comparison of
a supersonic-supersonic pumping system with a subsonic-supersonic pumping
system as shown in Fig. 4.2-1. The first two cases renrescnt typical
high-energy, chemical laser system data while the third case demonstrates
a supersonic wind tunnel application. In each c2se, the apprepriate
variahie, either w;/wg or Peo/pz’ was mirimized for the supersonic-
supersonic pumpirg :ystem and for the subsonic-supersonic pumping system
with Rysp = 10, 0.85, and 0.75. The exit-to-entrance area ratio ror all
the subsonic diffusers was arbitrarily set at 2.0. The optimum ejecto:
for each case is specified by M and AV/AB‘ The area ratio A8/A2 was
also tabulated as an indication of the overall size of the pumping
systems.

In selecting data for the hypothetical, supersonic wind tunnel con-
figuration of Table 4.3-3, it was assumed that the secondary, or test
section, nozzle and the ejector primary nozzle would both be supplied

from a common source at the same stagnatiorn pressure, in this case
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790.8 kPa, and that the ejector system would pump to atmospheric condi-
tions. This assumption precludes a minimization of P6O/P2 since the
compression ratio P8/P2 would be unknown.

The optimizatioit method of Section 4.2 used only theoretical,
supersonic- supersonic ejector data computed at upper limit point condi-
tiens. In defense of this procedure, Cases No. 1 and 2 were also
calculated for a supersonic-supersonic pumping system at matched pressuie
conditious. A matched pressure calculation was unrealistic for the
sunersonic wind tunnel, Case No. 3, since this condition would only be
satisfied if the secondary, or test section, nozzle and primary ejector
nozzle (operating at equal stagnation pressures) had identical design
Mach numbers.

Examination of the optimum data for Cases No. 1, 2, and 3 leads to
several important conclusions:

1. For a fixed value of P60/P the minimu.m value of WP/Wé for the

2°
supersonic-supersonic pumping system lies between the minimum value of
LN for the svbsoni:c-supersonic pumping systems with Resp = 1-0 and
0.85. Since a value of RNSD < 0 85 is most realistic, it appears that

the supersonic-supersonic pumping system gives the best performance.

For a fixed value of WP/W , the minimum value of P60/P2 for the
supersonic-supersenic pumping system is equal to or greater than the mini-
muem value of P60/P2 for the subsonic-supersonic pumping system with
Rysp = 0.75 indicating that the performance of the subsonic-supersonic
pumping system is superior.

Clearly, the only conclusion to be drawn from this limited data is

that the selectien of one pumping system over the other on the bases of
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mass flow ratio and primary stagnation pressure depends entirely on the
system constraints and that no broad statement can be made as to one
pumping system performing better than the other.

2. Upper limit point conditions are preferred over matched pressure
conditions in the optimization of superscnic-supersonic pumping systems
since the resultant system requires much lower values ot wp/wg and
P60/P2. The same conclusion, though not proven, should apply to all values
>f P /P, between the matched pressure and upper limit points since P /P,
varies line-rly with wp/ws and P60/P2 {see Section 2.0).

3. Based on the area ratio As/Az’ that pumping system with the best
performance, or the smallest WP/Wg or P60/P2 requirements, is also
physically the smallest system.

4. The normal shock coefficient has a significant influence on the
performance c¢f subsonic-supersonic pumping systems and points to super-
sonic diffuser design as an area for careful attention.

S. The comparison of a constant-area, subsonic-supersonic ejector
with a constant-area supersonic-supersonic ejector on the bases of
primary Mach number, Me’ and mixing tube area ratio, A7/A6, alone has

little if any value.

4.4 COMPUTER PROGRAMS

Two computer programs were developed to conduct the foregoing opti-
mization and system studies. The optimization program, CLGDOP, and the
systems program, CLGDSP, along with sample input and output data are

presented in detail in APPENDICES 7.4 and 7.5, respectively.
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Figure 4.2-2 Typical Upper Limit Point Data for Optimization
of a Supersonic-Supersoric Pumping System
(M6 Vs, P7/P2)
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Table 4.3-1 Optimum Chem.cal Laser System Data, Case No.

(a) Minimum wp/ws

1

CASE NO. 1(a)

Optimum Chemical Laser System Data
for Minimum WP/WS

Yg = 1562 M, /Mug = 1.684
Y, = 1.340 Ag/A, = 2.000
M, = 2.180 Po/P, = 1937

P8/P2 = 28.06

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T, /T,, = 0.761
W, /W M, A, /A,
4.408 4.690 5.028 2.496

AB/A2

Subsonic-Supersonic Pumping System
at Break-Off Conditions

T, /T, = 0.761 A4/A3 = 2.000

60’ "5¢C
RNS D wp /WS M6 A7 /A6 A8 /AZ
1.00 3.747 4.734 4.828 2.128
0.85 4.792 4.858 4.136 2.614
0.75 5.777 4.955 3.695 3.079
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Table 4.3-1 (Cont.)
(b) Minimum P60/P2

CASE NO. 1(b)

Optimum Chemical Laser System Data
for Minimum Péo/P2

Yy = 1.562 M, /M, = 1.684

Y, = 1.240 A/A, = 2.000

M, = 2.180 W,/W, = 10.00
P./P, = 28.06

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

TzO/TEO = 0.761

p60 /P2 M6 A7 /A6 A8 /A2

318.6 3.797 1.705 4.838

RNS D

1.0V
0.85

0.75

Subsonic-Supersonic Pumping System
at Break-Off Conditions

ieo/Téo = 0.761 A.4/A3 = 2.000

P6 0 /pZ M6 A7 /A6
110.2 2.660 1.729
174.0 3.047 1.903
270.6 3.410 2.085

ALJA
4.319
4.515

4.6€5

1_Vv_#
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Table 4.3-1 (Cont.)

Minimum WP/Ws at Matched Pressure Conditions

CASE NO. 1(c)

Optimum Chemical Laser System Data
for Minimum WP/WS

Ys = 1.562 wa/Mws = 1.684
Yp = 1.340 A8/A7 = 2.000
M, = 2.180 P60/P2 = 1937

PS/P2 = 28.06

Supersonic-Supersonic Pumping System

¢t Matched Pressure Conditions (P6/P2 = 1.0)

T60/T20 = 0.761

wp/w§ M Av/A6 Ae/Az

9.665 5.853 1.654 5.058
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Table 4.3-1 (Cont.)

Minimum P6O/P2 at Matched Pressure Conditions

CASE NO. 1(d)

Optimum Chemical Laser System Data
for Minimum PGQ/P2

Yg = 1.562 M, /Mu, = 1.684

Yp = 1.340 A /A, = 2.000

M, = 2.180 W,/W, = 10.00
P,/P, = 28.06

Supersonic-Supersonic Pumping System

at Matched Pressure Co.ditions (P6/P2 = 1.0)

T‘60/T20 = 0.761

60 /pZ M6 A7 /A6 AB /AZ

1836 5.807 1.623 5.209

e
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Table 4.3-2 Optimum Chemical Laser System Data, Case No.

(1) Minimum WP/WS

(28]

CASE NO. 2(a)

Optimum Chemical Laser System Data
for Minimum Wp/hg

Yy = 1.562 wa/Mws = 1.478

Yp = 1.340 Ag/A, = 2.000

M, = 2.230 P&O/P2 = 14390
PE/P2 = 20.71

Supersonic-Supersoric Pumping System
at Upper Limit Point Conditions

T, /T, = ©.807

WP/Ws M !‘:,I/A6 Aa/Az
2.228 4.055 1.059 2.209

Subsonic-Supersonic Pamping System
at Break-Off Cowdiitions

TgO/TSO = (0.807 A4/A3 = 2.000
Pusp WP/WE M, Ayrdy, Ay /A,
1.00 1.968 4.476 7.000 1.852
0.85 2.559 4.596 5.838 >.%75
0.75 3.108 4.690 5.128 2.771
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Table 4.3-2 (Cnnt.)
(bj; Minimum Pm/?2

CASE NO. 2(b)

Optimum Chemical Laser System Data
for Minimum PGO/P2

Yy = 1.562 Mw, /ifwg = 1.478

Y, = 1.340 AJ/A, = 2.000

M, = 2.230 W, /W, = 6.000
P, /P, = 20.71

o

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T6°/T20 = 0.307

Py /P, M, AJA, A /A,
123.0 3.127 1.801 4,497

A AT

Subsonic-Supersoric Pumping System
at Break-Off Conditions

Too/Tyo = 7-807 A /A, = 2.000
p60 /FZ M6 A7 /A6
56.58 2.223 1.844
84.21 2.568 2.047
125.7 2.894 2.262

AB/A2

3.951

4.160

4.323
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Table 4.3-2 (Cont.)

(¢} Minimum by /Ws at Matched Pressure Conditions

CASE NO. 2(c)

Optimum Chemical Laser System Data
for Minimum wp/ws

Yy = 1.562 Mwy/Mw§ = 1.47b
Y = 1.340 AB/AV = 2.000
b& = 2.230 P60/P2 = 1430

Pa/P2 = 20.71

Supersonic-Supersonic Pumping System
at Matched Pressure Conditions (13‘6/?2 = 1.0)

T6O/T20 = 0.807

Wy /W M A, 1A, A /A,

3.6920 5.593 2.302 3.536
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Tabie 4.3-2 (Cont.)

Minimum P60/P2 at Matched Pressure Conditions

CASE NO. 2(d)

Optimum Chemical Laser System Data

for Minimum P60/P2

Yg = 1.562 wa/Mw%

Yo = 1.340 %/%

M, =2.230 WP/WS
PB/P2 = 20.71

1.478

2.000

L]

6.000

Supersonic-Supersonic Pumping System
at Matched Pressure Conditions (P6/P2 = 1.0)

T'so/T20 = 0.807

p60/p?. Mé A7/A6

633.0 4.934 1.677

AB /AZ

4.955
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Table 4.3-3 Optimum 3Supersonic Wind Tunnel Data

CASE NO. 3

Optimum Supersonic Wind Tunnel Data
for Minimum W? /Ws

Yg = 1.400 bh&/Mws = 1.000
Yp = 1.400 !\8/1\7 = 2.000
M, = 5.900 P60/P2 = 529.1

Pa/P2 = 67.81

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T, /T, = 1.000

WP/WE M, Av/Ae AB/AZ

v

1.810 2.063 8.758 2.258

Subsonic-Supersonic Pumping System
at Breal:-Off Cenditions

Tbo/Tso =1 000 \4/A3 = 2.000

RNS D WP /WS M6 /&7 /AG A8 /AZ

1.00 1.349 2.811 4.450 1.760

0.75 2.336 3.001 3.217 2.546

g 0.85 1.852 2.918 3.669 2.130
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5.0 CONCLUSIONS

As a result of this preliminary theoretical and experimental analysis
of the constant-area, supersonic-supersenic ejector, the following con-
clvsions may be drawn.

1. A one-dimensional theory was developed which predicts the
performance characteristics of all constant-area, supersonic-supersonic
ejector configurations.

2. Due to the simplified analysis of the censtant-area, mixing
section and inviscid interaction region, the present one-dimensional
thecry is particularly well-suited to parametric evaluations of constant-
area, supersonic-supersonic ejector performance.

3. The present one-dimensional theory predicts maximum compression
ratios which are 15 to 21 percent greater than experimental measurements.

4. The constant-area, supersonic-supersonic ejector is particularly
susceptible tc secondary flow separation which requires a more sophisti-
cated method of analysis than the present one-dimensional theory.

5. Continued experimentation is needed to:

a) Establish a sufficient length for constant-area, supersonic-
supersonic ejector mixing *ubes.

) Obtain supersonic-supersonic ejector data over a wide range
of operation, particularly under simulated high-energy,
chemical laser system conditions.

c¢) Verify the present one-dimensional theory for plane, two-
dimensional ejector configurations which are more concistent

with current high-energy, chemical laser designs.
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d) Develop more advanced theoretical models, including a ''two-
shock' model, through flow visualization studies of the
mixing and interaction phenomena.

e) Evaluate the effects of variable mixing tube wall profiles
which have proved advantageous in subsonic-supersonic
ejector development.

6. The constant-area, supersonic-supersonic ejector is an extension
of the constant-area, subsonic-supersonic ejector with similar character-
istic surfaces.

7. The constant-area, subsonic-supersonic and supersonic-supersonic
ejectors must be compared on an optimum, overall pumping system basis.

8. Present cne-dimensional theories for both the constant-area,
subsonic-supersonic and supersonic-supersonic ejectors may be incorpor-
ated in*~ a single high-energy, chemical laser system optimization
procedure.

9. Conclusions as to the relative performance of optimum subsonic-
supersonic and supersonic-supersonic pumping systems are included in
Section 4.3; but in summary, a supersonic-supersonic pumping system has
the potential for improved performance over that of a subsonic-supersonic
pumping system on the basis of mass flow ratio and primary stagnation
pressure; however, this depends on

a) The high-energy chemical laser system constraints,

b) The source of disagreement between the present one-dimensional,

supersonic-supersonic ejector theury and experiment as noted

in item 3, preceding, and
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¢) An adequate solution to the secondary flow separation problems en-
ccuntered during high compression ratio operation of the constant-

area, supersonic-supersonic ejector.
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7.2.2 CASSE Sample Input
INPUT GS, GP,MWSMWP, TSOTPO,MS1,MP1,AS1AP1
1.562, 1.34, 0.593912, 1.31341, 2.18, 4.690, 4.02823

INPUT RD, ERROR,NDATA
0.75, 5.0E-06, 10
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CASSE Sample Output

7.2.3.
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7.2.3 CASSE Sample Output {(Cont.)
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7.2.3 CASSE Sample Output (Cont.)
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7.2.3 CASSE Sample Output (Cont.)
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CTOR PARAMETERS

-~
-

7.3 CONSTANT-AREA SUPERSONIC-SUPERSONIC EJI

COMPUTER PROGRAM

Computer Program (CASSEP)
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5P (Cont.)

CASSE

7.3.1
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CASSEP (Cont.)
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7.3.2 CASSEP Sample Input

INPUT INDEPENDENT VARIABLE - TYPE "H'' FOR HELP
H

SELECT THE INDEPENDENT VARIABLE FROM THE FOLLOWING
CATALOG OF EJECTOR PARAMETERS:

G5 ,6P  ,MWSMWP,TSOTPO,MS1  ,MP1 ,ASIAPL,RD

INPUT INDEPENDENT VARIABLE - TYPE "H'' FOR HELP
AS1AP1

INPUT GS ,GP sMWSMWP, TSOTPO,MS1 ~ ,MP1  ,RD
ERROR

1.562, 1.34, 0.593912, 1.31341, 2.18, 4.690, 0.75, 5.0E-06

’

INPUT LOW VALUE, INCREMENT, AND HIGH VALUE OF AS1AP1
1.0, 1.0, 10.0
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CASSEP Sample Output

7.3.3
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3 CASSEP Sample Output (Cont.)
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CASSEP Sample Output (Cont.)

7.3.3
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7.3.3 CASSEP Sample Output (Cont.)
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P Sample Output {Cont.)
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7.3.3 CASSE
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CASSEP Sample Output (Cont.)

7.3.3
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CASSEP Sample Output (Cont.)

7.3.3
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CASSEP Sample Output (Cont.)

7.3.3
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7.4 CHEMICAL LASER GAS DYNAMICS OPTIMIZATION COMPUTER PROGRAM
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7.4.1
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CGLDOF (Cont.)

7.4.1
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7.4.2 CLGDOP Sample Case No. 1

CLGWIF SHMPLE INPUT DRTE: CASE Hold

INFUT ORTR FOF LASER CAOITY ARALYSTS BY HAMELIST.
CURFENT YRLUES RFE:

S LTS SE0 M5, 000008 ASRI=SVSETEYy Chi=1, GO0

e

SE.03 REAL=1.0, COL1=@.0, HFTS=S:
THEUT THE VARIAELE TO BE MIMIMIZED FROM THE FOLLOWING LIST:

CEeF Lt DIMEHSIOHLESS FPRIMAFY STRCHATION FFRESSURE
HERRT O FRIMAFY-TO=-SECOHTARY MASS FLOM FATIO

e

InFUT 2WSTEM COHSTRAINTS BV HAMELIST.
TUFFENHT VALUES AFE:

LOTHST S
Fof1=57. 1634 LiFWE=1.80000, %

ACOHETE PER1=20.T 141y WPMS=s, 482
INFUT THE EJECTOF MODEL FROM THE FOLLOMINHG LIZT:

CLAEE COHETEHT-ARER EJECTOR
SLET SUPERSOHIC-SUPERSONHIC EJECTOR

FlT IATR FOF EJECTOR AHALYESIS BY HAMELIST.
CLUFFENT YRALLES ARE:

sEJRCTE

GRF=1.0 24abiy (HFMMEZ=1, 22537 % TedTal=a, Vol 278 FHZAT =S, 00000,
FEMECTE MHFMME=1.37315y TeBToo=6, 3073125
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7.4.2 CGLDOP Sample Case No. 1 (Cont.)

CLGINGF SAMPLE QUTRUT DATH: CRTE HOL

SERFCH TETH:

HTWFE Pl LIPS ks FRIL
i 0L 1SEEnE +0] 0LSRLTasE+al B, 1R0GEREs & G
o i, S e 00 9,97 resdE+@l 3 jEEnanE+o HO
& (AR A I TN I 0 % ) B, STTAVEEYLL L 1eanaaE+on  Ho
> B, SQOnaE +es B, S0 esdE+E] CLEREABE+EE D

HIGH EHEFGY CHEMICAL LASER <9STEM STMOLATION
OHE-DIMEHS TOHAL AMFLYSIE

F.L. HODY
. 0. MItFELSEH
M.F. SANHDERERG

1 JAfHUERy T
MECHAMICAL ENGINEERING DEPARTHENT
UHTVERSITY OF ILLIMGIZ AT UFBRHA-CHAMPATGH
URFEAMA, TLLINDIZ =lzad
CHE SOLUTION FOF MIMIMUM LFWS
ZYETER DATA:
FOINT §  LASEF CAUITY EMTPANCE CONMDITIONS

M1 = 1, 500000E+31 (A
K

______ 1
FIFiGg = 1z

rn 1 -_n
IT rl ]

—

IGE+
E+

l"‘| -

|"|||

-

= 0,
3, SRS IToE-ae TIT1 = &,

FOINT

{0

LASER CAUITY EXIT AHD HOSMAL SHOCH DIFFISEFR
ENTFANHCE COMDITIONS

Iy = {3, 1° #1

Mz Lo T @l HoEd = @, 0nSrodE+R]
FEP1 = Q.ERISEEE+R]l TETL = 0.51957%E+41
FeoP10 = @, 6538 @1 TEOT1A = @, 1SHEE0E+E1




LT

« vl Al e e

7.4.2

POINT =

FOIHT

PRI

FIOTHT

FOINT

FOIMT
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CGLDOP Sampfe Case No. 1 (Cont.)

HOFMAL SHOCH DIFFUSER EXIT ANHLD SUESOHIC

DIFFUSEFR

V

)t
a"n"ﬁ

L
[ |

l'!'ﬁ"

‘1
a1

-
!

i

SUETOHTC
ENTFARNCE

L L T

-
fon

‘-‘l 'a’

T

et

D)

COHSTANT

EHTFSHCE COHDITIOME

£, 1 Seendb+ol

(SRR Recg=: R dn Y HZH 1 = B, 2557 sdE+Bl
(RICITE rrel 128 S D T2T1 = . 11827 TE+BC
(S PR PRI 5 T28T1e = 73, 1S90aaE+al

DIFFUSER £1T AND SUDDEM CHURFGEMEHT
CONDITIONS

]

B, ]Sl f0

0. 248 10406 AdAd = 2,91 1442E+01
£, TOS3SIE+00 T4T1 = 6.11 A G SR+
5 R F s T e TLaTIG = O, 130000+

~AREH EJECTOR SECOHDARY HOZZLE EVIT

COHT T IGH:

e

M

FSF 1
ORI =

1

H

COHETANT -

i, dtﬂ1HLﬂ1E+Lﬂ‘ HEE L

oS E+aGl ToT1

g, 27 oesE-E] 15aT1aE

-
L

[LI TR}
D
I
2
X
L )
(R
mmm
(R
[

n

-HREA EJECTOF FRIFSEY MOZZLE ERIT

COHDIITIOHS

L :
HFLE =
Vi, 2
PPl =
FeaFio =

COMETANT
DIFFILZER

oM
Q1B
MT
FTF1
FroF1a

[{ IR U LI L

ot
.

SUBSOHIC

g
WS
[
FaF1
FEEF 10

ol

O, 1 Z000E+01] HLFMMS = o, 1ea275E+01
g, STvREdE+AaL

0, 45E8952E+3] FlisH O, 1oeSdef401]
g, 3544 TRE+iad TERTD = 0 S1eTESE+a]
O, 1e07SiE+aE TeldTio = O, 119eneE+a]

ARER EJECTOR EWIT AHD SoRIONHIC
ENTRFAMCE CONDITION.

—_— = -

0, | a7 assE+q Plgpibtbls = 2, 152944 E+G]
. e resdE+an
g, <4 25520E+8 FTEL = 8, 39ITIZE+a1

= S M,

ﬁ.Hnu.;'E*Hl

XA}

+ 4+ 4+

XU N

DA R

— ]

61~
XX ] r_n DO Y
i LA
mMmmmm

oo

.._
—
-
)

771 =
TTOTIA =

1,
)

DIFFUSER EXIT COHDITION:

B.1ITEEEEHE1 FMMMMS = 0. 1529440+01
B ETTESHE+E]

g, PP vE+Rea AZF =

0L ST1ISSE+EE  TET1 =

B, ATIEETE+RE  TESTLE =
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7.4.2 CGLDOP Sample Case No. 1

LASEF CRUITY DIHTA:

HFTS =
Ciol =
o =
Fi1 z
FaF L =
Fenb 1 =

)

HOFMAL  SHD

(A =
M =
FarFe =
FLaFog =

CUBSONIC

FaD =
Lo =
Mz =
FaF 2 =
Fagpzn =

COHSTRNT

(58 =
G =
HTHE =
Pl =
FelFsn =
FYRoE =
FTaFsn =

{

ol
gL 1 oaeanE+a]
g, 19ecanE+al
AL OSREEEEE+a]
g, cRZes2E+e]
d, 553ed 1E-61

Ch RIFFUSER

A, 1 e BEE+El
B o 1ERanE+al
HdodizicedE+al
B, SESITE+EE

217
(Cont.)

]

—
D
=

IR OE

o —
—
p—
D]

DIFFLSER DATH:

B, oRSEs LE+ED
Al 1 Sel0oE+a]
o, SV lacsE+aa
. lelyeE+al
g, Ehos LE+on

T
T
m
)
AL
m
=,
._,’.'

74722
T4ET 28

JF DARTH:

B, 15estaE+n]
3.1 aTESRE+E]
£, SnsSddE+a1
£ 4?-54:E+“1
LI Qs o
o, 45?514E+M1
8, 5952147E+e1

HOEMAL  SHOCE, DIFFH EF

COHETRMT-

L3 =
5 =
HTHE =
LFLES =
frle =
Fegbe =
FeaFeg =
FrFe =
FraFcn =

AFER EJECTOR

a.1%
0.1z
.15
5 P
(5P S0
L
@, 1
(5 P
0,27

SF
LIPS
bFRE
My
TEATSE
TrTSa
TeaTSH

oo {1 LI VI | LI T TR |

n"l |"l i

Hu o nnu

~ SLUERESOMIC

LATA:

GF
PP RIS

L TR T I | B [

oo

o, AennEnE+n0
H. 2SSV edE+El
.o 1anonE+01
SIS RE+01
B, i SEDRRE+G]
a

—
!

AN
DD
. .

L, SHa0a0E+0]
ﬁ. TG LE+E0

LLEv 4&1 E+l11
.l

9. 134000E+51
0. 1e337sE+61
B 57T eRdE+D ]
B, 3 I55E0E+ 00
B, el ITEE+RD
8 P e AR A E K
|, SoZdn 1 E+E5

DIFFUSER -

U, 1 34988E+01
B, 18237 5E+01
B, 3295446 +51
0. 2 128aaE+a1
8.4 3552aE+00
B, Vel 37RE+E0
B, 139 1E+0t
A 2RgBe  E+al
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7.4.2 CGLDOP Sample Case No. 1 {Cont.)
HOFMAL SHOCH DIFFUSER - SUBSOMIC DIFFUSER -

COMETAMT-ARER EJECTOR - ZUESOHIC DIFFUSER
IATR:

5 = i, 1 SECatE+al GF = i, 134000E+51
1o = O, 137323+ FIFMLS = O, 18837SE+O]
RTARS = 3, 153985 7 HE = 1, ZRASSdE+5]
FR7 = @[, LIFRE = 3, AV TESYE+E]
e = 0,2 M = @, 4955950 +01
Hy = .4 ME = H, IHRRTE+G0
AP = 0,1

FedPe@l = @, TeETam = 6, Tl 2TEE+00
I = 0.2 12T = O, IS99 32E+51
Fokze = 0,28 TEATEE = O, 20208 1 E+50

SUBSOMIC DIFFUSER DATA:

Pl = BRI SE+En

i = K. 1237 3g3E+al FIZHT = 0, SRRaENE+G1
Fv = 0,2 25520E+00 1He = 0, 1IETE4 oo
FEEy = 0. 1esTIE+D] T=T7 = Q. IBevreE+a]
FEEFTE = @, 232 1S3E+a0 TEETTE = O, 100AE0E+&1

T FPEZTART FFOGRAM EMTEFR "YES™
T ST0F FROGFAM EHTER "HO"
YES
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7.4.3 CLGDOP Sample Case No. 2

CLGDOF

FOIMT

FOIMT

FOINT

FOINT

SHMFLE QUTFUT DATHA:

r

=J
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CHRZE HO.2

HIGH ERERGY CHEMICAL LASER S'STEM SIMULATION
COHE-DTHEMS IONAL RHALYESIS

A.L. ADDY
C.De MIERELSEN
M.F. SANDBEFG

IO JAHUARRY T

HECHRHICAL ENSINEERIMNG DEFAFTHMENT
LUMIVERSITY OF ILLINMGIS AT URFBAMHA-CHAMPAIGH
HFERMA. ILLIMOIS <1261

SEE SOLUTION FOF MIMIMUM Pesdkl

SVSTEM DRTH:

LASER CAMITY EMTRAMCE

I = oo ipnnE+a]
FIFlQ = 3,388 lscE-a1

LAZEF CAVITY ERIT AND

COMDITIONS

) = B 1%ecuaE+nl
TITIO = B, 4171 1E+80

SUPEFSONIC-SUPERZOMIC

EJECTOR EMTRAMCE COHDITIOMS

(= = 0, 1 Sec0GE+R ]
e = 0, d2IR0aE+a]
FaF i = O, 1oas0oE+at
FooF1o = 0, 180880E+E]

SUFEFSOMY - SUFERSOHTC
EIT CONDITIONS

LF £ zdEmie+al
MRS = 0, 3997k +at
P g, SicenlE+i]
FebFl = 9, 12 380cE+85
FebPle = G 1asgetE+Rs

SUFEFSOMIC-SUPERSONTC

G2A = 0, 1EHAE0E+5]1
TET1 = 1, 1908ERE+E 1
TeaTie = @, 100eaE+a1

EJECTOR PRIMAFY HOZZLE

FIWFE LG G, 147 E15E+01

-

SUEBESOHIC DIFFUSER EMTPAHCE COMDITIONS

i = O, lonEdlE+al
ML = @, P07 eE+a
Fh = Q.4 7ErecE+an
FrFl = . 1 ZS7ecE+BE
FraRia = @, 1397 o401l

A = g, 1453 0E+a]
TelTl = B, 192544 +31
TeaTia = A, 368731 3E+08
EJECTOR EXIT AHT
FEPMAWS = @, 1238308E+51
FiZAL = @, 2242 E9E+a1
IvT1 = B, 19251VE+E1]
TVeT1a = B8, 83584 5E+00
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7.4.3 CLGDOP Sample Case No. 2 (Cont.}

CLGDOF SAMFLE THPUT DATR: CASE hi,

it

THFUT LATA FOF LASER CAVITY AMALYSIS BY HAMELIST.
CUFFENT PRLUES ARE:

LR

AcAl=1.80600,. CCl=E, QMo .

1)
(]

= . ARG
CO2=0, 808008, HPT

5
..... =gl £

SR GEe1.SEEs M

DL I O]

INFUT THE YAFIAELE TO EE MIMIMIZED FROM THE FOLLOWING LI=T:

FeSFl DIMEMSIOMLESS PRIMARY STAGHATION FRESSUFE
"LHEMS" FRIMARC-TO-SECOHDARY MASS FLOW FATIO

B3 240

LoiFUT S9VSTEM COHSTRAINTS EY MAMELIST.
CUFFENT DRLLES: AFE:

INFUT THE EJECTOR MODEL FROM THE FOLLOMWING LIST:

"LHE" CONSTAMT-AFER EJECTOR
CEEEY SUPERSONTC-SURERFIONIC EJECTOR

CRE
THEUT TRTA FOF SLPEFSOHIC—SLBSOHIC DIFFUSER SECTICH EBY
HAMELIZT. LCURPPENT LIRLUES AFE:

FLIFULE
CHZD=1. 09000 A4AZ=1,A0E30, §

FOIFULE FHED=0, 75 AdRE=c, 08

THFUT DATA FOF EJECTOR ARGLYSIS BY HAMELIST.
CUFFENT DARLUES AFE:

~EOECTH
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7.4.5 CLGDOP Sample Case No. 2 (Cont.)

FOINT & CSUBELONIC DIFFUSER EXIT COHDITIOMS

o S S ST T 4 5 FEMMEE = B, 1 2583saE+21
AIEIB RS N e =11 b

ME = 13, 125 0E+00 HZAL = W4 anTIE+G]
FiaF = B oafBatE+as TET} = @, 1957 29E+31
Foorig = a, 1elandE+a1 TEOTIR = 9, 2E5845E+50

~
T
£
m
T
(el
T
—
—
-<-
=
T
—f
I

HFTS = T

L] = . QOREAE + 10 e =, BRADEREE a0
Lo = O, 1Zecoat+ual A = @, 1900a0E+6]
11 = B, JoTREuE+e1 hict = 3, SEI0E0C+Ed
FoFl = O 1a0EsaE+61 T2T1 = 0. 10eeopE+ia]
FERF1E = G, 1aa0aoE+al TEaTia = &, 1000R0E+G]

SUFERSOMIC-SUFERSOMIC EJECTOR DATA:

s = 0,1% GE+6] oF = @A, L S3EGRE+a1
i = A, | Ze831E+0] FWFMMES = B8, 147215E+51
ATRS = 0, oodEaE+n] Fir Be = @, 188162E+81
FHELE = 0,593V Ink+A1l Wz = @, cooamaE+iE]
e = 0, ZicedlE+al M7 = B ATEVSCE+D0
Fegbs = O, 12200cE+5 2

PFrafon = 0, 1angesE+ie TelaTag = @, 26731 3E+88
FYRE = @, 1537ecE+as 17T = @, 13251{7E+E1
FroFad = g, fasTiaE+id] TraTan = @, 335245E+88

SUFERZONIC -SUFERSGHIC EJECTOR -
LIFFUZER DRTH:

SUESONTIC

4

]
't

L% = 0O, 15es00E+a] ok = 0,1 3da0aaE+0l
Gi = 3, ] S8 1E+51 PLFMEE = G, 147815E+91
FAYAS = O, 2gd8a9E+n] ATHS = @, 123102+
FEAT = B, CORoRRE+a1 WFWS = @, 5997 2nE+in]
ME = 0, cclangE+nl M = A, TigelE+A]
MY = G, d7ETLSE+BR M = 3, 21855 9E+60R
FealFe = g, 1a3a0sE+032

Fegfoo = 0, lassesE+ag TedTeh = a2 AE+EE
Farpe = @, SAyaYsE+ae T2T2 = @, “IE+A ]
FaokPoR = 0, 15TaadE+a1 TeRTER = @, 5 SE+EE

SUESOMIL

DIFFUSER DTRTAH:

FSI = 3 ARSEcE+AR

By = .1 3et81E+al REAT = d. 20aBaaE+al
Fie = QG 7ETeSE+DR P = 3. 21295 9E+E0
FEFy = @1, 1114535E+811 TETY = B, 1930aTE+E]
FRRPYD = O, 23098 cE+00 TZaT e = 0. 10aEaEE+al

TO RESTART FROGFAM ENMTER “YES®
T STOP PROGRAM ENTER “HO®
HO
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AS DYNAMICS SYSTEM PROGRAM
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Computer Program (CLGDSY)

7.5.1

00050
006+%0
008 ¢0
00L %0
009+%0
00S %0
(AeR A {o]
00£ %0
00cv0
00140
G00v0
00€€0
008£0
00LE0
009€0
00S£0
00¥£0
00EEO
002EQ
00YE0
00Q€0
00620
00820
ooLen
00920
00620
o00v20
Q0ECO
00220
00120
00020
00610
00B1i0
004L3€
00910
C0S10
00%10
00€1I0
00210
00110
00010
00600
00800
00400
00900
00500
00%00
00ECO
002060
00140

dasao1
dSa970
oSa9710
dasasId
dsSa9d
dsSa9s 1D
d$309 71D
ds3dsm1O
SA9 11D
dSasd
dsa9 1
dasa9 1D
ds$g91)
dsSae1d
dSad ™M
dsa9 1D
dSasm|
d509710
dSQ9
d$30971)
dsao® 10
dsa9 s
dSQ9 1D
dSQg910
dSGoO 71D
dsaaTio
dsSa9 1D
dSQ0971D
dS09 1D
dasas o
JdSQ9
dsasd
as3ds 10
dsa971d
dSAa9 1D
ds$ad912
dsand
dsgo1
dsSav D
dsaesid
dSa9I0
450970
450970
dsanTid
dSag9 3
dSaoo
dgSao
dsSa971d
dsSQ097D
d450970

ALIAYD ¥HISYTI-01-4IX3 Y3ISN44IA DINOSEBNS =2dB8d
LIX3 ¥3ISNAISTIQ DINOSANS

4IX2 38NL ONIXIW 30403r3

1IX3 IVZZON AUYRWINAG ¥ILDO3C3

LIX3 3TIZZON ANVONOD3S ¥OLD3r3

1IX3 wISNSAIG DINOSENS

1IX3 ¥3ISNLA4IQ HIOHS TIWHWHON

11IX3 ALTAVYD 43SV

BONVHINI ALi7AVYD u3SV¥T

SONIADTI0 S
BHL AG NOILVIOT 0L SV Q31VNDIS3IQ I¥Y SINGVYIAUVA

TSNV X 3
iNIOd
INIOd

N10d

“NM O™ DW
b b b
z
=t
o]
Q

[IRIRIRIRIRINRTNLN] ]

Iv/2v=1¥2Y¥ 3 dNVYX3
*SCYLVY 3ILAVOIAN]I Sk3IL1137 G31v3id3IY

31VYH AIIs SSYRW

UNLVYYIdNI L.

3UNSSIdd

1H913R HYINDIITOW

H2AENNN HOVW

O LIVY 1Vv3aH D14133dS (YWRYD)
v3yv

[N

L
L
9

S0 50 04 00 20 09 6

v
ISAROTII0S SY O3INIJI30 3YY SITHVYIVVA
FWIHOS NDILVLION

FEEEEE R ERE A XA ERERE RS SR BE BE.
I Z 2 XX ZEZEE SRR R R RS EEEE SRR E]

AR R R e R R A OR AR T A KRN OR R R R Rk Rk Rk Kk XX R R Rk Rk
AREREKEREKRREEEZXEERERREFNERE KRN AR AR R R KRR BRI R R R %

*(0vd) OCI-W3ILSAS DO3C d0d NILLIUM

NYHO0Hd AT NVYNLIX0Z2 V S1 dSAeTD *SISATIVNY IWYNOISN3NWIO
~3NO A8 SWILSAS HIASVYT TIVITWIAHI AOYINI-HOIH 40
SDINVYNAG SYO 3IHL ONILVINWIS UO4 WYHIOUd ¥V SI dSO9TD

10819 STONITI1 *VNVBdN
NOIVAWVYHD—-VYNYBYN 1Y STIONITTII 40 ALISHIAINN
AININLEVYEIQ ONIUIBNIONI IVOIINVHOIN

9L ABVVNANVFE

*

OSHIBANVS UKW
NISTIINNIW °q°D
AQQY "T1°Y .o N3111luY%

{ISADTII) WYYHOOHd WIALSAS SDIKRVYNAQ SVO HISYTI TVOIWIHD

FEE R EREEAEER BE ERERER.

*
*
®
x
*
*
*
*x
*
*
*
*
%=
»
*
*
*
*

HESE KB RCERER RN LR RN R GT R R K AR TR G R IR E R SRR

& Y Rer
gyt s “

VOLUUUGULOUOUULLUULUOOUUVLULOULULULLODLUULLULLULULULULULOLY




223

CLGDSP (Cont.)

7.5.1
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CLGDSP (Cont.)
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7.5.2 CLGDSP Sample Input

IMFUT DRTA FOF LARSER CAVITY AMALYSIS BY NAMELIET.
CUFFENT UALLES RRE:

SCAL
LE= 1, 400Gaeg « HMi= L BRREaR s FIZR1= 1. 4oBE6aGE .
Col= @, 3aoaoas v D02= @, 90000860 s HFTE= ci
FaFl= 18, 080Ea » 5

FLAV HFTS=S5FoFl=cn.a §

IHFUT THE EJECTOR MODEL FROM THE FOLLOWIMG LIST:
TCRFEY COHSTANT-FRESSUFE EJECTOR

"CHE" CONSTANT-APER EJECTOF

YREET SUPERSONIC-SUPERSOMIC EJECTOR

CRE

IWFUT THE ITEFATICH UARFIAELE FFPOM THE FOLLGHIMG LIST:
Met FRIMAFY HOZZLE EXIT MACH HUMEBEFR

"RFAR" MIGING THEE EXIT-TO-FRIMARY HOSZILE EXIT FARER FATIC
"HEMS" PRIMAFY-TO-SECONDARFY MASS FLOW FATIO

P

IHFUT DATH FOF SUFEFSONIC-2SUBSONIC DIFFIMSER SECTION B MAMELTS
CUFFENT Y'ALUES ARE:

T,

EDIFLEF
FHED= 1. 000065 v RdRS= 1. OEciag s 5

FRIFUSE 7

THFUT DRTA FOF EJECTOR AHALYSIS BV HAMELIST.
CURFEHT VALLES AFE:

LF= 1, GoaEeE s MEPHMES= 1. CanResn v Tk TESD= 1. EAEEG
Fle= 1. & 1aesd « AVAR= 18, 0aa0ns s HFPWE= 1. eRanE0 '
HEHT= pRETS 1at 1e s F

FEJECTE hMe=a,% &

RS cai]

Lt ]
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7.5.3 CLGDSP Sample Output

FOINT

FOINT <

FOINT =

FOINT -

HIGH EHERGY CHEMICAL LASEFR =STEM S TIMULAT IOH

CGhE-DIMENHZIONAL ANRLYSTE
L. FDTY
Cude MIFEELSEH
(b SHANDEERD

L AHUEEY e

MECHANICAL ENGIHEERING TEFAFTHENT
HHTRERFZITY OF ILLTIHOIS AT UREANMA- CHARFSTOH

LEEANA. ToLINOI: e1zid

COE <0oLlu7TI0H WMITH ITERPATIOHN O WPLE

T TR XETA

LFASER
it =
FiFlE =

CHOITY ENTRRHCE COHDITIONS

CLofanaaE+nl G

G, 1o TERSE 400 TITIO — 4, o55SSsFE+00

= 0, 1S ang + ol

LARSER CAVYITY ESIT AHD HOFMAL ZHOCH LIFFLLER

LHTFAHCE

i__' ‘_-, =
Pic
FoFl
e LE

1t

COHDITIONS

£ DaniE +a1

o, caoreC+nd HaH L = O, 1onoonEsal
Ve, 1o +al T2TL = 0, TOEAnE+3]
B, lonenaE+al TeRTIE ~ 6, 180E00E+G)

HOFMAL SHOCH TIFFLOSER EWIT AMD SUBSOHIC

CIFFUZER

L =
H "_: -
-kl =
FIoPL0 -

SUBSOHTC
EHTFAMNCE

5 =
e :
FaFd 2

FARELD =

ENTFAHCE COHDITIONE

. 14080 5

G, T T SS0E -+ AnEl = U, 10CEARE+D |
PEIR IS [N S TR I T3T1 O, IEETSOE4 1
PR A R g A TZ0TIE = O, (000RBRE+G]

DIFFUSER EVIT ANTD SUDDEN EMLARGENENT
COHDIT IO

G 1o 3000E +01]

O] S R R E A4A1 = 0, 1annanE+e]
TS0 sl TaTd = K. ieTSOE401
£ ToESTAE 0 T4aTiw = 0O, 100a0nE+a]
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7.5.3 CLGDSP Sample Output (Cont.)

FOIMT S

FOINT

FOINT ©

FOINT

b

a

COMSTAMT-AR
COMHDITIONS

53 = {,
H :__‘ = ‘:‘ 3
FaRl = i,
FIoFiG = O,
COMSTAMT-ARP
COHDITIONS

SGF = A,
WFpS = H,
M = .
FeolPl = o,
Fe@Flo = 4,
COMSTANT-RAF
DIFFUSER EH
5 = n,
LS = 11,
4 = i1,
FTE1 = W,
FroFle = @,

SUERSOHIC DI

oH = B,
il = A,
M = I,
FaFl = .
Foorie = &,
LAZEF CRUIT
HETS =

RND] = i,
5E = A,
M1 = 9,
FcFl = @,
FeaFle = a,

HOFMAL SHOC

Lo

= 1.
Mz = .
FIFE = @,
FIEFZO = @,

ER EJECTOR SECOMDARY SOZZLE CHIT

1 $EERAE+01

ESEQETE+EE  ASAL = B, S3eSE3E+EE
ASEAZEE+EL TST1 = @, 1 138E+a1
TORETYE +EG RETIH = @, @ EOE+E]
EF EJECTOF FRINAFY MOTZLE EXIT
JSBEAEE+R] MWREMMS = @, 10808EE+a1
CESETOE+E1

JSEEEAE+E] AGAL = 0. 1ERESE+DE
{962 12E+84  TERT1 = @, SOQEEE+0]
IEATLEE+EE  TERTIR = 0, 1E90RGE+61
ER EJECTOR EXIT AHD SUESOHIC
TRANCE COHDITIONS

14RREEE+E1  MUMMME = 0. 1SERaaE+0]
IESEENE+E]

JEEAETE+ED  ATAL = 0. 1040SSE+E1
199966E+82  TrT1 = B. ITEESSE+AL
SHSSESE+G] T7ETIO = A, [oosaaEda]
FFUSEF EXIT COHDITIONS

ISEEBRE+E]  MUAMMS = Q. 1 000REE+E]
IEEEEIE+E]

AESEITEAGE O ASZA1 = 0. 104GESE+E]
19996E+02  TETL = Q. 17SES9E+@]
29SSISE+E] TEATIO = 0. | DEHEEE+E]
v DATA:

AREGOEE+EE  C0 2 0, CICEREE + e
140RAGE+E1  BZAR1 = 0. I00EEEE+E]
CEOGARE+R] MR = 0. SOOERRE+E]
1EERIAE+E1  T2T1 = 0. OO0EEE+E]
|FEARRE+E]  ToOTIR = 0. |ABEHEE+E]

b, DIFFUSER DATA:

1486083E+61 FHZD = 8, 1eH08a3E+a]
CHBRORE+E] = = @, 5V T ZSEE+eE
GoEER0E+E] TaTe = 9. 1e87EE+E]
FERgvIE+aR T2aTeR = 0, 108B0RE+E]
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7.5.3 CLGDSP Sample Output (Cont.)
FOIMT & SUEBSOHIC

DIFFUSER EXIT COM

SUESOMIC

o AR

Pl ~ 3, 1eanaaE+al
oS = @, 14RRanE+E1
M3 = 1, ST I0aE+ak
Fab3 = 1, 1----@E+ﬁ1
F4RFZE = B, 180RE8RE+A]
COMETRMT-BRER EJECTOR
) = D, 140+l
i = 1, 148008E+01
AVAG = . 1aeaE+ac
e = .45000aE+a1
FEapsa = Q. 347oeRE+HRs
FTRFSE T 0. SSdSeRE+al
FTEFSE = G, 31azasE+al

HOFMAL SHOCE DIFFUSER

CONSTAMT-RFER EJECTOR
PR = 13, 140008E+a]

o = 0, 142023E+31

HY RS = 0, 1845eSE+0]

LIPS = Q. SESREnE+al

M - 0, 3SOe0RE+E1

FedfPe = @, iiecizE+rad

EEQEEG = Q. CSETcsE+Es

FTRS = A, 1RIcsE+Es

FTORSR = O, 295332E+a1

; HOFMAL SHOCE DIFFUSER

COMSTANT-APEA EJECTOF

] DATA:

: s = B, 140000E+E1
oH = @, | GEAREE +E1
ATRE = 0. 1BGEESE+E]
HERT = 0. 1D00GE+E]
M = L EAaaEnE+El
h = [0, JECEITE+EE
FEGEs = B, 1PES12E+5d
FREfFon = 0, SSOTEEE+as
FoRe o= 0, 1FRNESEEE
FEGFen = B, SISSIE+E]

TIFFUSER DARTA:

SUBSOHIC

DHTH'
oF <
MUFMEE =
A7 RS =
Me =
My =
TeATsEd =
7T =3
Tratea =

- SUERIONIC
oF =
FUWPHlE =
A7 RS =
LIFKS =
Me =
Ma =
Te@aTed =
12T =
TEATeR =

DITIOMS (Continued)
F4AE = @, 1e00aat+al
Mg = 0,577 sSaE+Ea
T4T: = 0, 1a0@aooE+al
T4aTm = B, 1oR@aaRE+al
* IIATR:
LF = 3, 15oonaE+ial
MMEMME = &, 180008E+E]1
MPME = 8L 2Eril
M7 = 0, s E-+ i
TEATSE = GO, 109000E+61
TITSG = 6, 359A5TE+ER
T7ETS0 = G, 1ooEmiE+al

0, 140aaaE+01
[, 1000naE+21
G, 1 ORERNE+ S
O, SHOEEE+E]
gL e SEETEHDD
G, 1EEORRE+El
0, 17o82RE+al
O, 1EE0sEE+a]

. DIFFUSER ~

DIFFUSER

0, ls Al
0, 1a 123}
0, 10 Gie
O, o0 Hi
15 P m
(5 ) I
&, {aasanE+al
0, 17aesE+al
o, 18 +81
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7.5.3 CLGDSP Sample OQutput (Cont.)

FOINT & SUBSONIC DIFFUSER EXIT CONDITIONS
SUBSOMIC DIFFUSER DATH:
FuzD = O, {HRaaaE+a]
GH = 3, 148098E+01 HSHT
rs = Q. 4egBIPE+EE ME
FEFy = B, | REER0E+a1 T&TY
F2EPTO = 0, 160000E+a1 TERTra

0 RESTART FROGRAM EMTEF “YES"
TO STOP PROGFAM EMTER “HOY
HO

EHDr OF COECUTTOH

(Continued)

-
!

T}

4
!

T
L] -

1
AECRETE+ QR

e

i
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7.6 AN EXPERIMENTAL INVESTIGATION OF THE PERFORMANCE OF A CONSTANT-
AREA, SUPERSONIC-SUPERSONIC EJECTOR FOR VARIATIONS IN THE MIXING
TUBE LENGTH-TO-DIAMETER (L/D) RATIO
The results presented in Section 3.0 of this report were prin-
cipally for variations in primary and secondary stream Mach numbers,
M¥1 and b%x’ and secondary-to-primary area ratio, A51/AP1‘ The ef-
fects of variations in the mixing tube length-to-diameter ratio were
investigated only indirectly by means of the measurement of the flow
non-uniformity at the mixing tube exit and the recompressicn pres-
sure rise along the mixing tube wall. The need to investigate the
effects of length-to-diameter ratio was recognized, and a series of
experiments were conducted for an ejector configuration investigated
in Section 3.0. This configuration was defined by: Mo, = 2.00, N¥1=
2.50, and A51/A?1 = 0.88; experimental data were presented for this
eje~tor in Figs. 3.3 - 3,7, and 9. For this series of experiments,
the experimental procedure was the same as outlined in Section 3.2,
and the mixing tube length-to-diameter-ratios were: L/D = 5, 7.5, 10,
12.5, and 15.
The results of this investigation are presented in Figs. 7.6 -
1,2, As is evident from these figures, the overall ejector perform-
ance was nearly identical for all cjector configurations with L/D>
7.5. The largest values of pr/P51 versus wp/wg were found for a mix-

ing tube L/D = 10 (the configuration investigated in Section 3.0).

The values of PNB/PSI versus wp/ws for mixing tube L/D =7.5, i2.5 and

15 were slightly less than those for a mixing tube L/D 10, Ejector
performance at a mixing tube L/D = 5 was significantly degraded rela-
tive to the mixing tubes with large L/D ratios. This poor perform-

ance is due to the inadequate mixing and recompression length within
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the L/D = S mixing tube. For the longer mixing tubes, frictional
losses may tend to reduce the performance more than the gains made
in achieving a more uniform velocity profile at the mixing tube exit;
compare, for example, the performance results for L/D = 7.5, 10,
12.5, and 15 in light of the known flow non-uniformities for an L/D = 10,

Figs. 3.3 - 7,9.
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