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NOMENCLATURE

Symbols

fA Area.

CP Specific heat at constant p--essure.

C Specific heat at constant volume.

SD Diameter.

f 1 ( ),''',f 4 ( ) Gas dynamic functions defined in text.

F Force.

g Gravitational constant.

I h Specific enthalpy.

M Mach number.

Mw Molecular weight.

SP Pressure.

Q Heat.

r Radial coordinate.

R Radius.

Re Reynolds number.

R Universal gas constant.

t Time.

T Temperature.

u Specific internal energy.

v Volume.

V Magnitude of velocity.

W Mass flow rate.

Wss Work, shaft and shear.

x Longitudinal coordinate or flow-direction
coordinate.



x

z Elevation.

y Ratio of specific heats.

P Absolute viscosity.

p 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.

14 Mixed.

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.

) Subsonic diffuser efficiency.

Subscripts

S1 Laser cavity entrance location.

2 Laser cavity exit location.

3 Normal shock diffuser exit and subsonic diffuser
entrance location



U xi

S4 Subsonic diffuser exit location.

5 Secondary nozzle exit location.

6 Primary noizle exit location.

7 Mixing tube exit and subsonic diffuser entrance
location.

8 Subsonic diffuser exit location.
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1 1.0 INTRODUCTION

This theoretical and experimental analysis of the constant-area,

supersonic-supersonic ejector was prompted by current interest in the

j 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,

j hydrogen and flourine are precombusted to form free flourine atoms which,

with the other gaseous products of combustion, accelerate into the laser

f cavity through a series of supersonic nozzles. Additional streams of

secondary gases enter the laser cavity through a series of supersonic noz-

4 zles to form alternate interleaved streams of precombustor and secondary

j gases. These streams, initially at high Mach numbers (3 to 7) and low

static pressures (5 to 200 Tcrr) mix and react to establish the lasing

j zone by chemically producing population inversions of selected species.

Accompanying these chemical reactions, a significant quantity of heat is

I released into the laser cavity flow which tends, qualitatively, to in-

j crease the static pressure, to decrease the stagnation pressure, and to

decrease the Mach number of the "mixed" supersonic flow. At the laser

Scaviky 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 Zo start and sustain the lasing process. A pumping

system wi.ich ýs ideally suited to this application would have:

1. A potential compression ratio in the range 80 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,

s. 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 ejector, 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 [r].

One such candidate for a high-performance chemical laser pumping

system is the supersonic-supersonic ejector, Fig. 1.0-4, the subject of

this investigation. In this system, the diffuser is eliminated and the

supersonic laser cavity stream is 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 of

three supersonic wind tunnel studies, none 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

comnmercial applications involve the pumping of subsonic or nearly stagnate

streams.

The three wind tunnel studies [2.3,4j 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 recovery 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 secondary

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 primary and

secondary 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-dimensional 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-

dimensiondl 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 oressux-e must be 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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IS
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-characteristlcs for the primary stream; the

static pressure was matched at the boundary of the streams. The choking

-i criteria for the secondary stream was developed based on a singularity in

the integral relations describing the secondary flow.

SHill, 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 adv&ntages and

I disadvantages.

The one-dimensional model is well suited to broad-band parametric

t studies of ejector operation since:

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

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

12. 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;
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"3. It provides no insight into the actual flow phenomena; and

4. it requires some a priori knowledge of ejector operation to pre-

dict any limiting conditions such as choking of the secondary

stream.

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

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

1. They may be applied to all ejector configurations including

variable-area geometries;

2. They provide field descriptions of increasing detail;

3. They satisfy the physical condition of continuity of static pres-

sure across the boundary between the primary and secondary streams;

and

4. They produce good results over all phases of ejector operation.

On the other han.', these models require:

1. Considerable knowledge, even empirical relations, taken frcm prior

experimentation for their development; and

2. Significant amounts of computer time for program development and

convergence problems which restricts their use for parametric

studies.

1.2 STATFEMENT OF THE PROBLEM

This theoretical and analytical analysis of the constant-area,

supersonic-supersonic ejector was conducted to:

1. Develop a simplified mathematical model for predicting the

operating characteristics of a constant-area, supersonic-

supersonic ejector which is suitable for parametric evaluations

and optimiza!.ion procedures;
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I
2. Provide quantitative and experimental data for verification of

the theoretical model and identification of problem areas not

indicated by the theoretical analysis; and

3. Compare the performance of the constant-area, supersonic-

supersonic ejector with that of the constant-area, subsonic-

suJpersonic ejector as applied to high-energy, chemical laser

systems.

K
I
I
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2.0 THEORETICAL ANALYSIS OF THE CONSTANT-AREA,
SUPERSONIC-SUPERSON IC EJECTOR

in the constant-area, supersonic-supersonic ejector of Fig. 2.0-1,

the primary and secondary streams enter at supersonic Mach numbers where

they begin to i,.terauct, mix, and diffuse. Proceeding through the ejector,

tlw.-e streams ý.ontinue to mix and diffuse, thus anproaching a uniform

flow at the eiector exit. fhc result of this interaction, mixing, and

diffusion proc,'ss can be described by a one-dimensional, coriprezsible

"flow model consistiihg of two components, an overall analysis oil 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- suhsonic-';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 iypothesis, the strearis entering th; ejector must be supersonic.

This criteria restricts the ejector operation to a plane as illustrated

;n Fig. 2.1-1, and prescribes the boundaries of this plane. So long as

t:,e entering streams remain supersonic, the ejector mass-flow ratio IV/IV

is established independent of the ejector exit-plane pi'essure but directly

proportional to tie primary-to-.secondary static pressure ratio P 1/P S at

the confluence point. The right-most ootindary of the plane of operationI



defines the maximum compression ratio and is determined by applying the

:onservation equations to the control volume of Fig. 2.1-2 together with

the following assumptions:

(1) Steady flow, t 0.

(2) Piecewise uniform flows at station 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 betheen stations 1 and 3.

(7) Nc shaft or shear wurk between sL'tions I and 3.

(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 rre, respectively:

f dv fV * dA= 0 , (2.1-1)

cv cs

SF = -•fx(dv) +f (pV dA) (2.1-2)

cv cs
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0Q OW ss L f( V2
Ft - =T. -Ju ÷ - gz + ")(pdV)

cv

+ h + + gz + .. )(pV • dA) (2.1-3)

cs

Arplying assumptions (1,2) to Eqn. (2.1-1) yields

-psVSiASI - O VPIAPI + PV1A = 0,

or in terms of the mass flow rate W = pAV,

Wil W
iq +=-I (2.1-4)

)W WP

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

PsIAs1 + PPIAP, - 1W A?3 = - VsI (psI Vs 1 As1 )

- VPI (p PI1PAP1) + VW (PýVM3Ah3)I
or in terms of the Mach number,

Ps51 As I (1 + yM + PPIAP 1(1 +9 yp Mý I P,.A,.(1 + ,NI
Since A.I + AP, = 'A for a constant-area mixing tube, the result is

PS As
"p-.- P• ... PPf fl (M 5 ) + fl (YP IMP ')

PPI (1 + As (2.1-5)

I L
where f1 (y,M) = 1 + yM2 . (2.1-6)

I
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Equation (2.1-3) together with assumptions (1,2,6,7,8) yields

+ 1 I PI

(hi 2 si A91 -l 2h1 +-- (~V 1 ~

,V,
+ + -)N ( 3 VM3 Am) = 0

or in terms of the mass flow rate and stagnation enthalpy ho = h +

hSo0 % + l 1o - hm 1M

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

TMo hr, (CP)m. T 0 WS (CP)
• - = 1 + L-.. . . (2.1--7)

TPo Wp (Cp) W) (Cp )O ((P )P

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

related to their primary and secondary stream ccunterparts by

WIM(CP)M = WS (Cp)s + Wp (Cp) , (2.1-8)

llm(cv)m = WS (C)S + WP (CV)P (2.1.-9)

Rearranging Eqn. (2,1-8) as

IV, (Cp ) wS (Cp)s
1 +

and noting that Cp (y R for a perfect gas, gives the useful

relations
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(CP) Mw S Ys i Y }(.-0
WM (CP )M Ws MYp 1Y j(~

1y • P )p + Iw-" (T- 1 P." 2.1-11)

Similarly, rearranging Eqn. (2.1-9) as

wM (Cv) r Np (CA)

and noting that Cv= ( I ) 2- for a perfect gas, gives the useful reia-

tions

(C A MwP y , - 1

(C)-Mw - ) ,(2.1-12)
(COP 5WS -

WA (Cv)•M WP Mwp, (YW - i (.-)

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

tion by

P 1/]2 (y-I ]•'-- * T[ I" = M (y[1 + 1 f2(yH) (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

I's MW A 1  Mw TPo0 1/2 (Y,"SI)

SWP - 1 ° ý1 [ ° Tso f2 (yP'• 1 ) (2.1-15)
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Cp
Since y = for a perfect gas, the mixed gas property is given by

CV

)W (CP)M

Y -"v)M (C v)P 11ý (C'V)M

W (C)P

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

W S M |W p ( y S__ . "_ _ _ P
IP " S Y - -P

11- Ws Mw YS 1] P - (2.1-16)

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

R
relation = Cp - Cv yieds

'I, MWp 'Is Mwp
W% MwM % •

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

5

Mw MW p (2.1 -17)

+ lwP SP

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

1010 Tp- W'p Mws f 5  + I '

-o - P0 1) P (2 .1-48 )
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Using the mass flow function (2.1-14), the mixed-to-primary mass flow

ratio is expressed as

"'M P' A1 Mw1M T%0 3 f2 (Y_____ )
1ý PP1 A--- [--P, IO f2 ( MP ' I' )

Applying Eqn. (2.1-4) and the relation As1 + AP, = A,, this equation

becomes

Pr[ As, ""'M To 012 f 2 (YMA1M3) 1 s

P1 'AP I TP TMo f2 (Yp,4M1  WP

Then eliminating F- with Eqn. (2.1-5) yields

Mw . T P0  1/2 P•_ " I f

Mw ~ *~, * (Y 2 'Ný 1 ) + fj (Yp, MM)]
f (2.1-19)

'M + 1 - f2 (y3,[l I)W '2 Y
f I ( y , M ) 1 + Y '( 

. - 03 'F (y,M) 1',rI + (M22V
wh e r e •3 ( 'M) -- •2 (T 'M) - , rI,' 1 + ( l)M 2 ] } 1/2 . - 0

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

( -1) 2 
- y,, (.2 +[ - 2]) - [ N' 0 .(2.1-21)

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

in order:

WS
(1) Equation (2.1-15) for ip
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(2) Equation (2.1-16) for Ytv'

Mw
(3) Equatioi. (2.1-17) for MWp

(4) Equation (2.1-18) for ,TP0

(5) Equation (2.1-19) for f3(ym, ,

2
(6) Equation (2.1-21) for Mt , and

(7) Equation (2.1-5) for

P-1

MwS Ts o As1 Ps1
where ys' yP' •-p Tp0 ' 51, MP, u-.' and - are the independent

111P P0 PP1

variables or ejector parameters. For computational purposes, the static

pressure PP, may be obtained from the stagaation pressure pP0 using

assumption (9) and the isentropic flow relatio-,

0 (y,M) = [1 + 2 - (2.1-22)

For chemical laser applications, relation (2.1-22) may not be applied to

the secondary stream unless Pso is taken at station 1 in Fig. 2.0-1 since

the laser cavity flow will not be isentropic.
2

It should be noted that Eqn. (2.1-21) has two roots for lMk giving

subsonic and supersonic values of NkM. The right-most boundary of the

plane of operation, Fig. 2.1-1, is calculated from the subsonic value of

whereas the supersonic value of M. 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
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I

diffused through a normal shock wave, they yield exactly the subsonicI' 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; howe- r, given W1/W5 or Pr 0 /P s, the most

desirable operation is at the right-most boundary 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 that both the secondary and primary streams

( remain supersonic. If the primary-to-secondary static pressure ratio at

the confluence point is great,'r than I (Pp1 /P > 1), the secondary flow

is compressed by the mutual interaction of the primary and secondary

streams within the mixing tube. This process is limited, in a one-

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.

The control volume of Fig. 2.2-1(a) extends from station 1 to

station 2. In addition to the assumptions listed in Section 2.1, the

following additional assumptions are made:

(10) The streams remain distinct and do 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.



19

(13) Th .. M .ach .nn.cr ofl the secondary flow at station 2 is MS 2 =

(14) The static pressures are such that PP> Ps1,

For an isentropic, compressible flow, the area ratio, A/A*, is

expressed in terms of the area ratio function by

Y+1
A 122 - 1

A - (yj-)[1 ( + ( ) 2]) 2 (Y-')= f 4 (y,M) (2.2-1)

since Ms2  1 A = Js, and for a constant-area mixing tube
IS I S2 S'

AsI + Ap1 = As2 + Ap2 Then

As ] A*

AP 2 {1 + A (1 - As-*} or

A; As 1
i 2 = ( + As, s) (2.2-2)

A-. =f4 (_YPM~ 4 1 A+ 4(YS''

and f 4 (YAP 22 ) (2.2-3)

can be solved for the supersonic value of Mp2 .

By assumptions (10,11), WS, Wp, Tso, and Tp0 are constant front

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

(2.1-14) gives

Ps 2 As 2 f2 (S' sI )
P -s Asi f2 (YS 2 , and (2.2-4)

PP2 AP2 f 2 (YP M 2 ) (2.2-5)

P P I AP1 f Y
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Applying the momentum equation (2.1-2) to the combined control volume

j of Fig. 2.2-1(b) together with assumptions (1,2,5,10) yields

PAS +I PPI - PS AS2 - PP2AP2 = - VSI (OSIVsIAs )
"PI

V - V Pl ( Pp I + VS2 (PS2 VS2 AS2 ) + VP2 ( VPp2 AP2 )

j or in terms of the Mach number,

22

PsI2 As2 (1 + ysMs 2 ) + Pp12Ap2 (I + YpMP 2 )

j Then using the function (2.1-6), the result is

P As As f,(yM, ) PS2 AS2 PS I A fI(A'S 2
Si SI* A P I f y 1 ) S TS21 ýS 2 -i * ~1 P 4

SPP2 AP2  fl (YP'MP2 ) (2.2-6)

+ AP I , f(yP Ký 1) 2-6

Combining Eqns. (2.2-4), (2.2-5), and (2.2-6) with M5 2  1 yields

P si (YP 'MP 1  f3 (YP4 2) - f 1 (YP M41 )
P 1  As (2.2-7)

-P PIfAs, yL(Y - f (Y M ) f3 (yS 1)]
AP1 1S 51 f2 5(Si 3 I'

where f3 (yM) is the function (2.1-20).

Then the static pressure ratio P /P for an isentropic recompres-

sion of the secondary stream to sonic conditions at station 2 is obtained

I by solving, in order:
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(I) Equation (2.2-2) for AP 2

(2) Equation (2.2-1) for Mý2 > 1 , and

P
(3) Equation (2.2-7) for PPIs

where ý's' yp, MIN, Nl , and Asi arc the independent variables or ejector

parameters; and PPI may again be related to PP0 by the isentropic flow

function (2.1-22).

2.3 PARAMETRIC RESULTS

The maximum compression ratio for a given supersonic-supersortic

ejector configuration, i.e. given Y s', y, Mw•/Mwp, Ts 0 /'lPo0, MsI' M', and

A h,1 /AP1, 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 plane 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 PP1/Psl may take on values less than 1;

however, the roles of driver and driven streams are interchamgedand the

plane of operation, Fig. 2.1-1, would be reproduced with the primary and

secondz'ry subscripts interchanged. Then for practical purposes, the lower

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

the "matched nr r.... ... 1ie, ,.hc pP S . The intersection of the

matched pressure line with the right-rmost boundary of the plane is termed

the "'matched prezdoe jpoinr" or "NilP" in Fig. 2.1-1.

The influence of the input variables, ys, yp, NMw/wMwP, T s/TPO,

Ms I' I ,'and As S/Apl, on the plane of operation is illustrated in
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Figs. 2.3-i to 2.3-6. The procedure for producing each figure was to hold

all the ejector parameters at constant values, save one, and to vAry this

pararreter over a wide range. Rather than plot the resultant planes of

operation, only the loci of upper limit and matched pressure points are

given. The base vaiues for the input variables were in all figures:

.v i40, NM s/MWp = 1.00, y= 1.40, Tso/TPO = 100,
Ms 1 2.00, A s/API = 2.00, Mý = 4.00,

while each point on the graphs represent valid solutions to the equations

of Sections 2.1 and 2.2, the figures with ys, yP, and Ws/MWF as :he

abcjssa 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 shnuld also be noted that

f the identical influence of MW /MW and Tso/TPo on the plane of operation,
S P so o

as shown in Fig. 2.3-3, is simply a coincidence of the choice of base

values. The most significant information given by Figs. 2.3-1 to 2.3-6

is the slc.pe of each curve at the base value or vertical dashed line, since

this slope indicates the partial derivative of the dependent variable,

SP , or P,, /Ps1 , 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 programs

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, Super, on'.c-Supersonic
Ejector Configurat ioo
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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 APPARAFUS

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 six static

pressure 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

in Fig. 3.1-2. The primary stream was directed through the central nozzle,

while the secondary flow was accelerated through the annular passage
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formed by the outer 1iozzle 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 due 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 wall profile is

pre•'ented 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 st.gments as specified

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

MM1 Ms A si/API

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-j___
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in Fig. 3.1-4. Although 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

both f.ro.t and rear views of the secondary stagnation 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 nozzles 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 a 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



36

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 stagnation 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 mo'eel was installed

on a test chambcr 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 of 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 PPo = 269 kPa to 1.2 x 106 at PPO = 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 si' 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 P s by manifolding all six pres-

sure taps; however, the resultant readings were lower than for any one

given pressure tap.

Since the stagnation temperatures T., and TO are primarily dependent

on the supply temperature, the primary stagnation temperature was measured

with a dial thermometer and values for Ts0 and the temperature of the air

upstream of the standard VDI nozzles were assumed to equal this value for

T.
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 P0 was then :,.t at a fixed value such that the static pressure

ratio P P/P 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 Psi , 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 PP0 until

the full range of P /P was covered unless otherwise restrict(,, by theP1 51

maximum supply pressure.

While the above process is necessarily transient in nature, the

results are thought to be good since the point at which Ps1 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 Psi and P M from thc mercury man-

ometers should be very close to the limit of supersonic-supersonic

operation. This thought is alsc supported on the basis of data repeat-

ability which was about + 1% for P 1/Psi with Ms1 = 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 until P s began to rise, and then the back pressure

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 'Fable 3.i-1

are presented in Figs. 3.3-1 to 3.3-4. In each figure, the data 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, P /il

for subsonic values of M6 and, therefore, should lie on the right-most

boundary of the plane of supersonic-supersonic operation. Also, given

the compression ratio P• /Psl the mass flow ratio data points should lie

on the pressure ratio data points, i.e. the triangles should lie on the

circles directly below them, since Wi/Ws is theoretically proportional to

PPo/Ps . In all cases, given P P/P s, the experimental values for the

maximum compression ratio PM /PSI were 15 to 18 percent less than the

theoretical, except for Ms 1 = 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

PI /P s and especially WP/Ws increase with a decrease in the secondary

nozzle throat Reynolds number as defined by

ReST = LK ( D)

Wall pressure distributions at maximum compression conditions for

the ejector configurations listed in Table 3.1-I are given i6 Figs. 3.3-5

to 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 followed by a near linear rise whikh leels off at the mixing tube

exit. The linear rise covers a smalier portion of the nixing tube at the

larger values of Ms 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 accomplished in a shorter length as M1ý approaches

At the upper limit point; the tecondary 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

to the aerodynamic diffuser 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 Mý,' though the total pressure rise is much greater

since more energy is transferred to the secondary stream as PP0 /Ps1 is

increased.

The wall pressure distributions of Figs. 3.1-S to 3.1-8 also show

that the low experimental values for the maximum compression ratio in

Fis. 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 all the experimental ejector con-

figurations, 8 to 12 tube diameters being sufficient for most subsonic-

supersonic ejectors. If the mixing ,ube is long enough for completion of

the viscous miring process, yet not too long such that wall friction

becomes important, then the wall .p.essure ditstributions should exhibit a

near linear rise which levels off 'o i constant value as the primary and

secondary streams mix to a uniform flow. With the exception of Fig. 3.3-8,

where L Mw it appears that the linear portion of the wall pressure

distributions end at the mixing tube exit, that the viscous mixing and

V diffusion process miy not have been completed, and that the compression

ratio might De 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 M., = 2.00, the

potential exists for further mixing and diffusion even for Pý /PsI near

the matched pressure line.

The large percent errors in W /Ws and the change3 in compression char-

acteristics with Re noted in Figs. 3.3-1 to 3.3-4 are probably due to sep-
ST

Pration of the secondary flow upstream of the confluence point. In the one-

dimensional theory of Section 2.0, it is assumed that the secondary stream would

undergo an isentropic recompression to, at the least, sonic conditions for P <P'1-

Pst 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 I without separa-

j ting the boundar; layer as illustrated in Fig. 3.3-10(b). The flow losses through

the oblique shock structure may not be significant even with secondary separation,

lbut the irea PA is effectively reduced with a corresponding increase in Psi and

decrease in Ms,; hence, larger secondary stagnation pressures and mass flow rates

are required to obtain the desired values of P /P . The region of secondary sep-

aration should grow with increasing values of P /P and decreasing secondary Rey-
P1 S1

nolds number, ane this fact is evident in Fig. 3.3-11 where N s. as calculated fromP51

the isentropic floa function -A* (y,M), i3 plotted versus P fo" the experimei

tal data of Figs. 3.3-1 to 3.3-4. Some methods, such as Zukoski's (161 are avail-

able for descrioton of the separation region, but prediction of tle static pres-

sure ratio !P1 /P, 1 at the actual onset of separation requires empirical data,

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

sonic ejector performance.

The results of an experimeintal investigation of a typical ejector config-
uration for variations in Je'rgth-to-diameter ratio(l./D = 5, 7.5, 10, 12.5, 15)
are presented in APPENDIX 7.1).
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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 data (circles). For M1 = 1.75 and 2.50, this is

indeed true; but for M1 = 1.50 and 2.00, there is a small deviation.

This deviation is apparently due to boundary layer growth in these two

nozzles caused by the constant-area, exit segments which were added to

tne secondary nozLze 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 Pso as 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)/Ps0 < 0.5283) a5 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 and, in addition, accounts for the irreversibilities in tuD

oblique shocks. Of course, this model does not allow for secondary flow

separatios, nor would it apply to large turning angles where the two

oblique shocks are replaced by a single, normal shock wave.

An attempt was made to compare the one-dimensional theory of

Section 2.0 with the extensive sup rsonic wind tunnel-injector data or

Hasel and Sinclair [4]. Unfortunately, these investigators did not

measure the secondary stagnation pressure Ps0 or include the static

pressure Psi at the injector, which makes any comparison impossible.
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93

Static Mixin tube
Stti reue(in, erchonge able)

Nozzle
0L (terchangeoý,le)

Secondary P

Pr mary flow

Figure 3.1-A' Half-Section of the Axisvmrnetric, Supersonic-
Supersonic Ejector Model
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L

"F- - 18.67 mm DIA
A- 18.16 mm DIAL ____

61.93 mm

DI

] * ! ,

O Fjj ___Nozzle Mixing tube

MPI Dp (mm) Ms, 1 Ds (mm) DMs(mm) L (mm) Z. (mmi

i 2.50 1.18 1.50 21.13 31.62 316.2 15.81

2 2.50 HI.18 1.75 23.01 31.62 316.2 15.81

3 2.50 11.18 2.00 21 .59 25.27 252.7 12.64

4 2.50 11.18 2.50 22.9 25.27 252.7 2.64

Figure 3.1-2 Section View and Specificatioi;s of the Continuous-Slope
Nozzle and Constant-Area Mixing Tube Configurations
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61.93mm

29.41 mm

,•A-

Contoured section

Contoured section
12.70 mm 5.67 mm

177 Nozzle

MSI A (mm) 8 (mmn)

I 1.50 6.35 2.14
2 1 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
VDI nozzle

p, Primary Secondary Pso
stagnation stagnation
chamber chamber TIE IPS,
S.m... s Y -iiI P~

Ejector PWALL

PM3

Stagnation chamber Ps

Back pressure
control valve

Figure 3.1-8 Ejector Experiment Flow Diagram
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Ppo/P31  ReST

0 2 A.9 152 xlO5

A 1 .3 1.53 Xi0 5

4 O 17.0 148xlO 000

0 0

3~01
X 00 AA 0 00 -

S~o22 ooo_
CL

2 - 0• 0 0 0YMws/Mwp 
z 1.40

0A 0 TSO/Tpo = 1.00

00 Mal = 1.50
Mpi = 2.50
AslAp, = 1.95

0 2 4 6 8 10
x/DM3

Figure 3.3-5 P!all Pres3ure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector at Maximum
Compression Conditions (M = 1.50)
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Pppo/pS1 Re ST

0 37.0 1.20 X10 5
6 A 25.1 1.72x10 5  oOO

0 17.0 1.72x105 0O

4- 0S0 A A

A4 0000A

3- OY7s = 7"p = 1.40-

Mws/Mw= 1.00

Tso/TPO = 1.00
2 8- M= 1.75

02 MPI = 2.50
SAs, !Ap, = 1,95

] • .. JI ,, 1 , , [ , I • I . .

0 2 4 6 8 10
X/DM3

Figure 3.3-6 Wall Pressure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector as Maximum
Compression Conditions (M.I = 1.75)
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9
Ppo/P81  ReST

8- 0 34.0 7.34 x104 O
A 23.9 1.08x10 5  0

7 0 16.1 1.09 x10 5  0

0
0 A~

6- 0 AA 0-

5 0 A

"45 0 A [3El
SOA 0  Y= 1.40
3 0 A 0  Mws/MWP: 1.00

Tso/Tpo = 1.00
0 A D Mal =:2.00

2- 0 / 0 Mp : 2.50

AA :As/Ap, = 0.88

0 2 4 6 8 10
x/DM3

Figure 3.3-7 Wall Pressure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector at Maximum
Compression Conditions (Msl = 2.00)
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12 1 -
I- PP°/PsI 9ReST 0000

0 46.3 6.04 x 10 4

10 L 33.0 9.06 xj0 4  0 -

o 18.2 9.05 Xi0 4  0

8 -0 0A

8- 0

0 A 0000000
5- 0 A 0 0

YS = Yp =j.40
4 A 0 MWs/MWp= 1.00

A 1 Too/Tpo = .00
3 0 Mat =2.50

2 MP = 2.50

A A 
A; 1/ApI = 0.88

0 2 4 6 8 10
x/DM3

Figure 3.3-8 Wall Pressure Distributions for the Constant-Area,
Supersonic-Supersonic Ejector at Maximum
Compression Conditions (N• = 2.50)
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Theory - Ys 7 = : 1.40
CI (•Mws/Mwp: 1.00

Tso/Tpo = I1.00
.M8s = 2.00

MpI = 2.50
As, /Ap, :0.88

0.6

o.4 U

Experimental data:

02 PPo/Ps' PM3/PsI ReST 0c C
0 32.3 7.87 7.07 X10 4 0c C

A 24.4 6.51 1.06X10 5  0 ()

C3 16.5 5.00 1.05x105 [] CN

0 .0 1 1 1 1 1 l I ' _,1

0.0 0.2 0.4 0.6 0.8 1.0
MM3

Figure 3.3-9 Exit Mach Number Distributions for the Constant-
Area, Supersonic-Supersonic Ejector at Maximum
Compression Conditions (NI = 2.00)
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Secondary I M32 = I
"IM3,>I > I

Primary-~ I

(a) Without Secondary Separation

Secondary/

MplPrimary •

(b) With Secondary Separation

Figure 3.3-10 Schematic of Secondary Flow Separation
Induced by the Primary Flow
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2.50

ee e ee eeee 9 E Y: =p 1.40
S Mws/Mwp - 1.00

2.25 Tqo/Tpo - 1.00 -
MPI = 2.50

2.00

1.50

As8 /Ap, ResT As5 /Ap, ReST

5 e 0.88 9.1 X10 4  () C.88 6.0x10 4

t• 0.88 1.1 x10 5  V 0.88 7T.3 x10 4

Cl 1.95 I.7xI05  • 1.95 1.2x10 5

0 1.95 1.5 x 10 5

1.00L I I I I
i0 20 30 40 50

Ppo/PsI

Figure 3.3-11 Variation in the Secondary Mach Number at the
Mixing Tube Entrance with Primary Stagnation
Pressure and Secondary Nozzle Reynolds Number
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1.3 • 1 I l • 'l i

1.2 - 1P = 1.40
Mws/Mwp : 1.00

1.1 Tso/Tpo - 1.00 0

1. 2.50 0

0.8
0 0 0

000.5 -

0. Ms, A8 i/ApI Ppo/Ps, ReST

0.3 . 0 1.50 1.95 24.9 1.52 X105 -

0.2 0 1.75 1.95 37.0 1.20x10 5

A 2.00 0.88 34.0 7.34 X 104
0.1 2.50 0.88 46.3 6.04 x 104 -

0.0 I I I I I
0 2 4 6 8 I0

X/DM3

Figure 3.3-12 Wall Pressure Distributions for the Constant-
Area, Supersonic-Supersonic Ejector Near the
Upper Limit Point
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Secondary/ ../ "

Primary\\ , ,

Figure 3.3-13 Schematic of a "Two Shock" Model for the Constant-
Area, Supersonic-Supersonic Ejector
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4.0 EJECTOR 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 bc based on optimum

data for a supersonic-supersonic pumping system and a subsonic-supersonic

pumping sysbem. 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 RELATIONSHIP OF THE CONSTANT-AREA SUBSONIC-SUPERSONIC 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 MS1

Given ys , yP, Mws/Mw P ',Tso /T P0 , and AS1 /Ap1 , the performance char-

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 Ms, P s/Pp 0 , and PW /PPo. Since the secondary entrance forms

a converging nozzle, Ms5 may take on any value in the range 0 to 1. For

P P1 > P si 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 PM /P PO as indicated by two faces of the characteristic
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surface which lie parallel to the P W /Pp 0 axis. The curve otarking the

transition from the P? /P P0 independent to dependent regimes is known as

the "break-off" curve and is considered to represent the optimum

conditions for ejector operation. t

Given y', yP, Mw! /Nw , T /Tpo , ' and A, /AP , the performance char-

acteristics of the constant-area, supersonic-supersoaic ejector, as shown

schematically in Fig. 4.1-2, are also described by a three-dimensional
surface with axis M1', Ps /Peo and P, /Ppo; however, the ejector

operation is restricted to only a portion of the surface. So long as the

entering secondary stream remains supersonic, as assumed in Section 2.0,

•%1 will be at the supersonic design value as produced by the generating

device, e.g. a laser cavity, and the ejector is confined to the plane of

supersonic-supersonic operation. If P /PPO is increased beyond the

limit of maximum P /P1 0 for supersonic-supersonic operation, then a

normal shock wave will pass into the secondary entrance and M., must

undergo a step change to the normal shock value as indicated in Fig.

4.2-2(a). If, alternately, Ps /P10 is decreased oeyond the upper limit

line for supersonic-supersonic operation, then the secondary stream is

recompressed in the mixing tube to an area less than A* for the super-

sonic design value of Ms1, and Msl must drop ta the subsonic design value

of the generating device. However, if P s/P P0 is now increased, the

entering secondary flow will again go supersonic, similar to a second-

throat, supersonic diffuser, with M., first increasing to the normal

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

tSee references [1,8,10,11] for a complete description of constant-area,
subsonic-supersonic ejector operation.
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The similarity in performance characteristics of the constant-area,

subsonic-supersonic ejector and constant-ar-s, supersonic-supersonic

ejector becomes even more apparent as the supersonic design value of Ms1

in Fig. 4.1-2(a) 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

Fig. 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 -hock diffuser, stations 2 to 3 of Fig.

4.2-1, diffuses the entering supersonic stream to its normal shock value.

The static pressure ratio across thn duct is expressed by

3/2 NSD s '

where R•,sDis an empirical normal shock coefficient and f(', M2 ) is ,

usual normal shock static pressure ratio function. VIlue: of " i' tne

range 0.75 < RNSD < 1.25 are commncnly used fcr paramctric ;tudies [ ! 1.

The static pressure rise acioss the su'bsonic difiser. stations 3

4 of Fig. 4.2-1, is given by

(P4 - )3ACTUAL 7 )1(P 4 -P.,'IDEAL

I
I
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where n is on empirical diffuser efficiency and (P4 - P )IDEAL is a

finction of Ys, NM, and A4 /A3 . As a simplification, n was taken from a

curve fit of experimental data given in [17,18] for 150 conical. subsonic

diffusers with

= 1.048992 - 0.027229 (A4 /AN)

2 3
0.024461 (A4/A3 ) + 0.002685 (A4/A 3 )

1.0 < A4/A 3 < 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 pum.p-

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-supersolkic

ejector was taken from Addy and Mikkelsen [1].

SThen given s M RNSD' A4 /IA3 , yp, MWpMs, T6 0 /T 5 0 ' AsIA7 ' P6 0 /P2

and Ps/P 2 for the subsonic-supersonic pumping system, or Ys' M2, Y-'

MwP/Mws, T60/T20, A8/A7, P60/P2, and P /P2 for the supersonic-supersonic

pumping system, thp optimum is considered -o be that ejector, as specified

by M6 and P7 /A6 which requires the minimum W /Ws; or, alternately, the

minimum P6 0 /P 2 when W /Ws is specified. In general, YS ' M2' YP' MwP/Mws,

and T6 0 /T 5 0 (or T6 0 /T 2 0 ) are known and P8 /P 2 and P6 0 /P 2 (or Wp Ws) are

the constraints of primary interest.

Now consider the simplified supersonic-supersonic pumping system of

Fig. 4.2-1 with AI/A7 = 1, i.e. with no subsonic diffuser and Y., YP'
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MwP /Mws, T60 /T 2 0 , and K as known constants. Then given M6 anid A2 /A6

upper limit point values of P7 /P2 P6 0 /P 2, and WP/Ws are obtained from

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

M6 vs. P /P2 at the upper limit point over a range of A2 /A6 for this

system. If the compression ratio P7 /P 2 is chosen to be, say, 20, then

all possible combinations of M6 and AI/A6 satisfying this constraint are

determined by the verticle dashed line.

Figure 4.2-3 is a cross plot of P 60/P2 and W vs. A2/A6 for the

combinations of M6 and A2 /A6 of Fig. 4.2-2 satisfying the constraint on
P7 /P 2 " From this graph it is apparent that P 60/P2 varies inversely with

Wp/Ws and that if an upper limit is established for P6 0 /PI2 , say, at i000,

then the minimum value of WP/Ws, in this case Wp /Ws = 3.2, will occur at

that upper limit. The optimum ejector is, therefore, fully determined

since A2 /A6 = 4.4 for P60/P2 = 1000 and M6 = 4.4 from Fig. 4.2-2. If,

for example, an upper limit of 6 is set for WP/Ws, then the minimum value

of P6 0 /P 2, in this example P6 0 /P 2 = 217, will occur at A2 /A6 = 1, corre-

sponding to the upper limit value of WP/Ws in Fig. 4.2-3 and M6 = 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 P8 /P 2 is substituted

for P7 /P2 "

The optimization procedure for the subsonic-supersonic pumping system

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

1,upersonic-supersonic pumping system, with Figs. 4.2-4 and 4.2-5
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corresponding to Figs. 1.2-2 and 4.2-3, respectively; however, one addi-

tional variable is involved since M5 may take on any value in the range

0_< MS < 1. 1he result is that Figs. 4.2-4 and 4.2-5 must be reproduced

for all values of NI which give solutions satisfying the constraints on

P7iP2 and P 6/P2 (or alternately Wp/Ws). Once this is accomplished, the

minimum values of Wp/Ws (or alternately P6 0 /P 2 ) can be cross plotted vs.

MS to find the absolute minimum as shown in Figs. 4.2-6 and 4.?-7. "Thlis

process completes the ejector specification since, for example, W",'IS

and N5 from Fig. 4.2-6 determine As/A 6 from Fig. 4.2-5, which in turn

specifies M6 from Fig. 4.2-4.

As an example cf the optimization procedure for a subsonic-supersonic

pumping system of Fig. 4.2-1 with RNSD, A4 /A 3 and A,/A 7 equal to 1, let

M 5 = 0.9 as in Figs. 4.2-4 and '.2-5 with. constraints of P7 /P 2 = 20 and

P60 /P 2 = 1000. Since P 60/P2 varies inversely with Wp/Ws in Fig. 4.2-5,

the minimum value of Wp/Ws is 2.8 at A /A6 = 3.8 and M6 = 4.5 from

Fig. 4.2-4. Repeating this process for all suitable values of M, and

plotting the results, shown in Fig. 4.2-6, it can be seen that the abso-

lute minimum value of Wp/Ws occurs at M, = 0.9 and the optimization is

compl(te.

If in the prectding example an upper limit of I" /Ws = 6 was sel-oted

rather than the constraint on P 6 0 /P 2 , then for M. = 0.9, the minimum value

of P 6/P2 would be 105 at A./A6 = 0.8 from Fig. 4.2-S and '1 = 2.8 from

'ig. 4.2-4. Now repeating this process for all valuei of Ms6 yielding

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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P60/P2 occurs at M5 = 0.7, rather than at M, = 0.9, and that the solution

at M5ý = 0.9 is merely one step in the optimization process.

While this graphical method of ejector optimization is necessarily

quite tedious, the entire process is readily adaptable to standard com-

puter programing procedures. Some care, however, must be taken in the

selection of N, AN/A 6 , and M 6 (or A./A 6 and M6 ) since only certain com-

binations will yield solutions satisfying any one system constraint.

4.3 COMPARISON OF OPTIMUM CONSTANT-AREA, SUBSONIC-SUPERSONIC AND
S'JPERSONIC-SUPERSONIC EJECTOi. DATA

Three sets of optimum data, as listed in Tables 4.3-1, 4.3-2, and

4.3-3, were calculated by the procedure of Section 4.2 for comparison of

a supe.sonic-3uperzonic pumping system with a subsonic-supersonic pumping

system as shown in Fig. 4.2-1. The first two cases represent typical

high-energy, ctemical laser system data while the third case demonstrates

a supersonic wind tunnel application. In each cpae, the appropriate

variable, either Wp /W s or P6 0 /P 2 , was mirimized for the supezsonic-

supersonic pumpirg system and for the subsonic-supersonic pumping system

with RNSD = 1.0, 0.85, and 0.75. The exit-to-entrance area ratio for all

the subsonic diffusers was arbitrarily set at 2.0. The optimum eiectol

for each case is specified by "6 and , 7 /A 6 . The area ratio A8 /A 2 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 '.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 stagnation pressure, in this case
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790.8 kPa, and that the ejector systen, would pump to atmospheric condi-

tions. This assumption precludes a minimization of P6 0 /P 2 since the

compre3sion ratio P8 /P 2 would be unknown.

The optimizatiou method of Section 4.2 used only theoretical,

supersonic-supersonic ejector data computed at upper limit point condi-

tions. In defense of this procedure, Cases No. I and 2 were also

calculated for a supersonic-supersonic pumping system at matched pressule

conditio:ns. A matcheJ pressure calculation was unrealistic for the

supersonic 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 P 60IP the minim,•m value of W pWs for the

supersonic-supersonic pumping system lies between the minimum value of

,qp/Ws for the subsoniz-supersonic pumping systems with RNsD = 1.0 and

0.85. Since a value of RNsD < 0 85 is most realistic, it appears that

the supersonic-supersonic pumping systei,, gives the best performance.

For a fixed value of Wp /Ws , the minimum value of P6 0 /P 2 for the

supersonic-supersonik pumping system is equal to or greater than the mini-

mum. value of P 6/P2 for the subsonic-supersonic pumping system with

RNSD ; 0.75 indicating that the performance of the subsonic-supersonic

pumping system is superior.

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

that the selection 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 supersonic-supersonic pumping systems

since the resultant system requires much lower values ot W /Is and

P 6/P . The same conclusion, though not proven, should apply to all values

Zf P6 /P 2 between the matched pressure and upper limit points since P /P2

varies line-rly with Np/Ws and P60/P2 (see Section 2.0).

3. Based on the area ratio AI/A , that pumping system with the best

performance, or the smallest N/Ws or P60/P2 requirements, is also

ph!sically the smallest system.

4. The normal shock coefficient has a significant influence on tht

performance of subsonic-supersonic pumping systems and points to super-

sonic diffuser design as ai area for careful attention.

S. The cnmparison of a constant-area, subsonic-supersonic ejector

with a constant-area supersonic-supersonic ejector on the bases of

primary Mach number, M6, and mixing tube area ratio, A /A6, alone has

little if any vailue.

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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I Table 4.3-1 Optimum Chemcal Laser System Data, Case No. 1

(a) Minimum Wp /WS

CASE NO. l(a)

Optimum Chemical Laser System Data
for Minimum Wp /Ws

Ys = 1 562 Mwp/Mws = 1.684

yp = L340 A B/A7 = 2.000

NM2 = 2.180 P 6/P2 = 1937

I P8 /P 2 = 28.06

Supersonic-Supersonic Pumping System

at Upper Limit Point Conditions

T6 0 /T 2 0 = 0.761

11/Ws M6 A7 /A 6 /A2

4.408 4.690 5.028 2.496

I Subsonic-Supersonic Pumping System
at Break-Off Conditions

T60/T50 0.761 A4 /A3  2.000

RNSD W %/w N16  A7/A6  A8/ 2

1 1.00 3.747 4.734 4.828 2.125

0.85 4.792 4.858 4.136 2.614

0.75 5.777 4.955 3.695 3.079

I i_ u i. ... i "

I
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Table 4.3-] (Cont.)

(b) Minimum P 60/P2

CASE NO. 1(b)

Optimum Chemical Laser System Data
for Minimum P6 0 /P2

Ys = 1.562 Mwp /Mws = 1.684

yp = 1.Z40 A8 /A7  = 2.000

M = 2.180 / W = 10.00

P /P2 = 28.06

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T6 0 /T 2 0 = 0.761

P o/P M6 A/As A/A2
P60 /P2 M6 A7 /A6 A8 /2

318.6 3.797 1.705 4.838

Subsonic-Supersonic Pumping System
at Break-Off Conditions

1 6/TT50 0.761 A4 /A3 = 2.000

PIS D P60/P2 M6 A7/A6  As/A2

1.00 110.2 2.660 1.729 4.319

0.85 174.0 3.047 1.903 4.515

0.75 270.6 3.410 2.085 4.665

IU
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I
I

j Table 4.3-1 (Cont.)

(c) Minimum Wp/Ws at Matched Pressure Conditions

I
I CASE NO. 1(c)

Optimum Chemical Laser System Data
for Minimum Wp /WsI

Ys = 1.562 Mwp/Mws = 1.684

f p= 1.340 A8 /A7  = 2.000

M2 = 2.180 P60 /P2 = 1937

P P8 /P 2 = 28.06

I Supersonic-Supersonic Pumping System
Lt Matched Pressure Conditions (P 6 /P 2 = 1.0)

T60/T20 = 0.761

9.665 5.853 1.654 5.058

I
i
I
I
I
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Table 4.3-1 (Cont.)

(d) Minimum P6 0 /P 2 at Matched Pressure Conditions

CASE NO. 1(d)

Optimum Chemical Laser System Data
for Minimum P60 /P 2

Ys = 1.562 MwP /Mws = 1.684

ye = 1.340 A8 /A7  = 2.000

M2 = 2.180 /ws = 10.00

P8/P2 = 28.06

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

T6/T20 =0.761

P60 /P2 M6 A7/A 6  A8 /A2

1836 5.807 1.623 5.209
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"able 4.3-2 Optimum Chemical Laser System Data, Case No. 2

(a) Minimum WP /Ws

CASE NO. 2(a)

Optimum Chemical Laser System Data
for Minimum iV/Ws

YS = 1.562 Mw /Mws - 1.478

YP = 1.340 As / A7  - 2.000

M2 = 2.230 P6o/P2 = 1430

IPo /P 2 = 20.71

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

fT 6 C/T 2 0 = 0.807

Wi/Ws M6 "%/A6  A8/A2

2.228 4.055 1.059 2.209

Subsonic-Supersoic PKuiping System
at Break-Off Conti tions

T6o/TI =0.807 A4/A- =2.000

INSD WP /Ws M6 7 / A6 A8/k2

1.00 1.968 4.476 7.000 1.952

0.85 2.559 4.596 5.838 2.375

0.75 3.108 4.690 5.128 2.7"71

_________|
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Table 4.3-2 (Cont.)

(b) Minimum P, /2

CASE NO. 2(b)

Optimum Chemical Laser System Data
for Minimum P 6/P2

ys - 1.562 MwP / Mws = 1.478

"'pV = 1. 340 A8/A7  = 2.000

M2 = 2.230 WP/WS = 6.000

P8 /P 2 = 20.71

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T6o/720 = 0.8307

r (I M6  A- /A( A/A2

123,0 3.127 1,801 4.497

Subsonic-Supersoric Pumping System
at Break-Off Conditions

T6o/T5o '1.'807 A4 /A3 = 2.0(A

RN D P6 0 //P M6  A7/A 6  Aa 1 2

1.00 56.38 2.223 1.844 3.951

0.85 84.21 2.568 2.047 4.160

0.75 125.7 2.894 2.262 4.323
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Table 4.3-2 (Cont.)

(cJ Minimum WP/Ws at Matched Pressure Conditions

CASE NO. 2(c)

Optimum Chemical Laser System Data
for Minimum Wp/Ws

Ys = 1.562 Mw ,/Mws = 1.47b

iY = 1.340 A8 /A7 = 2.000

M2 = 2.230 P6 0 /P 2  = 1430

P 8/P• ? 20.71

Supersonic-Supersonic Pumping System
at Matched Pressure Conditions (P6 /P 2 = 1.0)

T6 o/T 20 = 0.807

WP /s A7 /A9  A8/A2

3.920 5.593 2.302 3.536

I lir I. .
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Table 4.3-2 (Cont.)

(d) Minimum P60 /P 2 at Matched Pressure Conditions

CASE NO. 2(d)

Optimum Chemical Laser System Data
for Minimum P60/P2

YS = 1.562 Mwp/Mws = 1.478

yp = 1.340 A8//A7 = 2.000

MI = 2.230 W/Ws = 6.000

P8/P2 = 20.71

Supersonic-Supersonic Pumping System
at Matched Pressure Conditions (P6 /P 2 = 1.0)

T6/T IT 0.807

P 6/P. M6 A.7/A 6  A8 /A2

633.0 4.934 1.677 4.955
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Table 4.3-3 Optimum Supersonic Wind Tunnel Data

CASE NO. 3

Optimum Supersonic Wind Tunnel Data
for Minimum W_/Ws

Ys = 1.400 MwpMws = 1.000

,P = 1.400 A8 I/A7 = 2.000

4 = 5. 000 P 60/P2 = 529.1

P8 /P2 = 67.81

Supersonic-Supersonic Pumping System
at Upper Limit Point Conditions

T6 0 /T 2 0 = 1000

WP /Ws M A7 /A6  AI/A2

1.810 2.063 8.758 2.258

Subsonic-Supersonic Pumping System
at Breal:-Off Cenditions

T6 0/T50 1 000 14 /A3  2.000

SWs>,/Ws M6 k/Ao A•/A
R SD WP /S M6 A ,A6 A8 /A2

1.00 1.349 2.811 4.450 1.700

0.85 1.852 2.918 3.669 2.130

0.75 2.336 3.001 3.217 2.549

i5

I

I
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5.0 CONCLUSIONS

As a result of this preliminary theoretical and experimental analysis

of the constant-area, supersonic-supersonic ejector, the following con-

cli'sions 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 constant-area, mixing

section and inviscid interaction region, the present one-dimensional

-• theory 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 to secondary flow separation which requires a more sophisti-

cated method of analysis than the present one-dimensional theory.

1 5. Continued experimentation is needed to:

j a) Establish a sufficient length for constant-area, supersonic-

supersonic ejector mixing tubes.

j b) Obtain supersonic-supersonic ejector data over a wide range

of operation, particularly under simulated high-energy,

i chemical laser system conditions.

c) Verify the present one-dimensional theory for plane, two-

dimensional ejector configurations which are more consistent

j with current high-energy, chemical laser designs.

Screth g-nry

I
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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 one-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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Sc) An adeq-iate solution to the secondary flow separation problems en-

countered d:lring high compression ratio operation of the constant-f area, supersonic-supersonic ejector.

!
I

jv
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7.2 CONSTANT-AREA SUPERSONIC-SUPERSONIC EJECTOR COMPUTER PROGRAM

7.2.1 Computer Program (CASSE)
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7.2.1 CASSE (Cont.)
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7.2.2 CASSE Sample Inp,,it

INPUT GSGP,MWSMWP,TSOTP0,MS1,MP1,ASIAP1
1.562, 1.34, 0.593912, 1.31341, 2.18, 4.690, 4.02823

INPUT RD, ERROR, NDATA
0.75, 5.OE-06, 10
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7.2.3. CASSE Sample Output
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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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7.3 CONSTANT-AREA SUPERSONIC-SUPERSONIC EJECTOR PARAMETERS

COMPUTER PROGRAM

7.3.1 Computer Program (CASSEP)
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7.3.1 GASSEiP (Cont.)
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7.3.2 CASSEP Sample Input iL!z O"I0

INPUT INDEPENDENT VARIABLE - TYPE "H" FOR HELP
H

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

GS ,GP ,MWSMWP,TSOTPO,MS1 ,MPI ,ASlAPI,RD

INPUT INDEPENDENT VARIABLE - TYPE "H" FOR HELP
ASlAPI

INPUT GS ,GP ,MWSMWP,TSOTPO,MSI ,MPl ,RD
ERROR
1.562, 1.34, 0.593912, 1.31341, 2.18, 4.690, 0.75, 5.OE-06

INPUT LOW VALUE, INCREMENT, AND HIGH VALUE OF ASIAP1
1.0, 1.0, 10.0
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7.:.3 CASSEP Sample Output (Cont.)

--. - -- ; -. 4 -. Z.
0000000000

0000000000 .....
......... 0000000000

M .**** 0000000000 n4ot lrP)oNU

N ~ ~~ 0 00 000000 1 00

0000000000

0000000000

0 000ý000000

0000000 0000000000~U

IS. II.00 ++.*Q 6 . .......

0000000000 000000

0 0000000000I -00000O10000

c 00000 0a fl0jr
-0000000 N0)r-"

00000.. 00 00O0000O00

0 00000- 000o 0000000000

V( 00000004000 M 00000

z -0000000000 N OOOOOQOOON-
0006 060 0 @0 6066066n

00000000000 00000000000

Z -4 Z .4QM



157

7.3.3 CASSEP Sample Output (Cont.)
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7.3..3 CASSI3P Sample Output (Cont.)
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7.3.3 CASSEP Sample Output (Cont.)
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7.3.3 CASSEP Sample Output (Conit.)
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7.3.3 CASSEP Sample Output (Cont.)
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j 7.4 CHEMICAL LASER GAS DYNAMICS OPTIMIZATION COMPUTER PROGRAM

7.4.1 Computer Program
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7.4. 1 CLGDOP (Cont.)
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7.4.1 CLGDOP (Cont.)
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7.4.1 CLGDOP (Canit.)
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500~ W4. 4* 4A.. .4 . . .(1.4. . .*. .a C LL w 444 A 44

.4..4. 0.- d 00.4.40.4 0 0 4 .4 4.4 V 0 0 0 -4 -'- 0000 0o ý.

liltI L I.. I-..LLU I- l I-p p WI - -I-I- - U I.L U I -i l l I- LL IllLL

4 11) N0' 00 @ý0- N m 't
00 00 00 0)0--4. 4

U -)r) rr M Vrr)U) ) rr) )I UP)) (V) P')
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7.4.1 CGLDOP (Cont.)

00000000000000
00000000000000

I!

oeo ee ooooooo

Q0 0 wz 0

00tp•0 wm- o,0

ZOM(ee C 4 eC •

\0 0 9-.0 0t I 01%%

@0 00 000

Ma0 00 0 tl 110
001 :oz a 0 0 sc

Z•r O0-Z

(\ l ll0 O CDI

7 ( ao OL- M

0000 0 0 -4 0

W Lwl'--l'- i ww
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7.4.2 CIGDOP Sample Case No. I

C LG P &0F1FIILE I HPFLT DAITA: C ASEE 14C. 1

IHPUFLT DATP FOP LASEF CAF' I TY MiRUL,$I C. W: NANrEL I T.
CURRFENIT ''A~LUES APFE:

C .: .' O O H 1i .i O 0 0 FI 1 PT 55 24 E. =2 1 EýOýci

VFP H i~-2. i23 W1F=1.0, ':01=0.0, tIF'TS=%

iF 'iT WE " API1AF:LE TI: BE MINIIZH111ED FF01 THE FC'LLOWHItTC LISCT:

W&PI".I DIMIIiENSE.IONLESS FR IMP Sl~ :TAGNATDION FFESSUFE
*I FiI:~." FFIMAF%'-TI-:I- .EI: OiI IIFIR% -, IMA*SS.. FL OWL FAT I1O

!"PUT SYSTEM' CONSTRA INTS BY HAMEL I T.
C:IPPFEtIT ''FiLUE'S: AIFE:

1c S2
F8PFF =57. 16'349 WPFWS= 1.0L000s -;

KON'IS.T2 F5P8P=20. 7141P , LFL.E=6.. 1;

~15PUT THE EJECTORIF MOD~EL FPOM THE FOiLLOWI I1I LIST:

L'-E" CI:H:BTAHT-AF:EF E.JECTORI
CESE" SIFEF";C-i-itiIi: ,-LIJPEF:$OH itI' EJEC:TORF

SSCE

Li2IJT DATA FOPIF EjECTC'F ANALYSIS BY HAMELIST.
1C0FFENT I ALL E5 APE:

CF=1 .3400C0, WMFIW$=i 683.75, T60T:R-A 7 1 ::7E. E:7a 00
fEjECT2 HWPMLJS.=1 .470j15, T=020=0.85073134:$



215

7.4.2 CGLDOP Sample Case No. 1 (Cont.)

CLGDOp '-'F IIF'iLE OUITIPUT DiATA: F.FASE NO. 1

'-EFIF':H DAfTA:

I iT'i FPE H'.1 1 rF'H- '-. 1 FAi L

i . 1000000E+1 O. 5?"3T5E+01 0. 100OOE00 HO
2 .0E90000CIE+O .05776:84E+01 O. 100000E+00 HO
2 O1. 800000E+00 0. 577'9T7-E+01 0 .10000 N IOO+ O I

_ O. '?00Cl00E+00 0. 5776:84E4L01 C0. 100E+0Ci0 I':t

HiG'H EHEFPGY CHEMiCAL LASER SYSTEM SI MULLATIONlI

'JHE-D I EHSE I i HAL AI'ALY'-E I

F. L. FiDD-iY
,.. ri. HlII f EL.-,ElE
H.R. F A'. '_ F :ERG

I J.ANUAFRY 76

HE'.HAE H I AICL EHG I NtEERFI HG DEPARTMENT
UHI'IEFS-IT T' OF ILLINHIS' FIT UPBAHA-CHAMF'AIGH

UFBANA' ILLINrOi:'-IS 618::01

i.FAE SL- T I I- FOR H I H I MUM 1F','.-

S'.YSTEM DATA:

F':-OINlT I LASEF' CF.I TY ENTRAHNC.E CO•fiTli'TIOS

Hi -- .5000IOE+01 0" J. 15620DE+O1
F'IF1O - 0.306353E-02 TITIO Ci. 1246101E+00'

F-C'iHT LA.SEFP ''ITY E-.:IT F !90 F,1F!L ;,HOC"- 'IFF'-.EF
El ITRAHCE CL.OHD IT I :rS

G,:_:,-. 156200E+01
N,: - 0•.218000.1E+0,1 A2, = C0.255724E+01

F'2P 1 Ci. 20:36:8:2E+01 T2T 1 = .051!5579E+01
F2OF'I = 0.65:':641E-01 T20TIO = 0.150000E+01

I
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7.4.2 CGLOP Sample Case No. I (Cont.)

PCO I 'I I tlOF;M5HL E.H'QP1FrI:I.EE- EXIT ANtI LISUPSONIC
DiI FFU31-ER EH-TR,9HCFE CONDI ~TI ONS

I K --- 0.571828000+Ci A':A1 I 0.255724E+Ci1
W.3F 0I.8517204+0i1 TDT1 0 .110i277E+02~

PO'INT 4 SL'E:$CHI' DIFFUSE:F EX*IT AND' $LII''Eti _NLRF'!_-EMEHT
EVfPRI ICE C:I0't DI IT ! Ci,-C

,,]I 1. 2429?4 1C +00 AMFi 0~L.51144:SE+Ci
F4i . 103C?::E-' T4T1 0- . 1 1445E+Ci 1

F4OF'1Cf 0i.327969E-01 T40T 1Ci0 CIOiE+.

FOIK 1 5 CONrSTANT-AR:EA Fi.ECTC'F '-.'ECt'It'FiFY HOZ:ZLE E::IT

CfU. I 6CiOE4-C F, F 1 =C.L5,IC5E i

F5F1 = 0.60593~K3E+Cil. T771 C' Ci4E+1
P50PIO =0.327969E-01 '15CT1IO -C. 150000~E+C1

FOuNT 6. 'COtPETFHT-FIFEA E.JECT':' PF&MRIP;FY NOZZcLE EXI T

H6CF'C Ci.45555S5E+~la T'ACi1C J 0. 1 0654E.EiC Il

FC'II IIT 7. CC'H$TAiT-AFIEA E.jEC.TC' EXIT ANT' c½01.CXJIC
DiI FFUS,_:EP ENTiRAHC:E C ONDIITION'tL

C511 C'. 1 37328M+C 1 0ItHHE C. C4ECI
HI-f114:; = 0i. 6,76-34E+0 1
[.17 = Ci. 4 552?CE+i00 ATA I Cf.
Fp1p 0i. 520C506E+021  T7T1 Cf .9-:': 7E -fC1I
P70CP1C' = 0~.18108:E7E+00~ TTOiT1C 0 C.120i30i900C1

POCINT 8 SJBSCHI C D'IFFUS$ER EXIT CONDI~ITIO'NS

G11. = 0.372E+Ci MWNMitlWS =i 0152944EL+0i1
WHI.-I = Ci. E7?EaE4E+Ci1

1:: = Ci. 15?E.CE+0i0 A:E:.A1 = 0. 787466E+0i1
P8I = 0i.571155E+02~ T8:TI = C1.?5862E+Ci1

F:7'20P 10 = 0. 1796,67E+00~ T'D:CT1C = Ci. 12030'3CE+Cl1
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7.4.2 CGLDOP Sample Case No. 1 (Cont.)

LAISER CRO'~IT-l DAiTA:

C =C. I CUCUUCIE+01 1:-12 ~ 0. 0.U0000UE+00
G.- = C'. 1560'0E+C1 ~A1 -`. 5'724E+0 I
n~i !5 0 A- 0 0 0E + 0 1 H2 0.2:18000E+0i1
PaF C = 0 . C36O.: -E -':; E + C, T 2T1 = .15?+
RECII-'Ii Q C'.E,:364 IE-0 1 T20TIO = 0.150000UE+01

HIiI:FIAL :EH~4DIFFLI:E.IEF, DATA

171. 15 0. 1O E + Z171 RISD =0i. 50C
17. 2 1o-: 0 i0E + 01 .:1 = u. 571 828E+00

2 C' .4 D1 E-14E +A1 T--T: TL U. 1':EE:89 E + i1
1 0 F-2'U 17. c;fU'53-97E+00 T_ HT Ii 0. 1 0000E+01

C., C'. 156.OCIE+U_71 A4A3 171. 2' C ClCIUE + 71
0i . 57 ::EE±Cl0I M4 17. CA29 4 1E+ C,0

F'4F'.3 0. 1201l71E+Co1 T4T.-l = Cf. I 07407E+U171
PCF0-30 =i 0. *? -35,1 E + C C T 4 CI T3 C = 0. 1000UUUE+01

'-C i'iItTAiHT-AREEA E.JECTOP DATA:

I-- : 0. 15621 0ClE+U I CF' = 0 . 1 :-:4 Ci00E +Ci 1
CM =-'. I ': 13?3: L-",E + 01 HLPUI3 0W .= C IE.:: 51E -fC"1
A T:A t" =C. _7E.9544E+O I IFWE.1- = C'5.17 ShEB4 E+ ID
HE~. =0. 4'D555:E:E+U1I t-1 1 = 0 435a0"E' 00
PEO60 = 0. *:6-:-E78EE+C1:E T6UT50 = 0. 76.1 _:7AE.E+AU
F-17'5 = i. 41---5814E+O 1 TTT5C1 = 0. 774tiE..3::2E4-O~CI
F 7OF5 =H L .r551214 7E + 01 1T7 i TS 5 U 7. ED 0 2CEIE + V171

1ii:IFHHL H' iHCK: DIiFFUISER - :$LRF:$C'N I C DI FFUE:EF* -
C CiH:TANT-HPEA EJECTC'P DAITA:

CSO =L0 1 cj.CUUE+U1 CFlp 0. 1 --1,400E0 I1
flSj = ,.I 1-:- 3'2': 3.E:E+ 01 IIL-IFfl-IS. = C0. I ý - .73T5 E+ 171
ATFHa =I 0.53'96$:E+0l A7.Af6 = 0. --E:9c-44E+ A-
WPI-J-E =i 05-1:"(64E+01 H.2 0. ca-l E:000E+U1I

= u .955~E+01 -T 0. 4:3S5aE+nO
P'E.UF'1? '::. 1'?69E+04

PGO-P20 = 0. 1.:.':::::::?5:D 16O~E.T2? = 0 . TE1?76 1*1 .E + 0
FTF-2 = 0. 255548:E+02 T-1T2 = 0. 180911E+Cil
P71 0Pa'2 = 01. 274940E+0 1 T7"OT20 = U. 8c:aU'O.1E+UUO
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7.4.2 CGLDOP Sample Case No. I (Cont.)

ItOHRAL .HOCI. DIFFLISEP - SUUBS$ONiIC DIFFLISEF' -
C'ON.STANT-AREA EJECTOP - C:i, II-C.tIi I FFLISEP
DA~TA:

f- = . 156200E+01 1F' = . 1 -344000E+01
G. 1 0 :.3 1:28:E+0 1 t=INF'tL-, = O 16 8375E+0 1

1TA2 = O. 15,3968E+01 A7AE. = .:-369544E401
A:r,.:A7 = 0.200000+01 WPWF' = 0.5776-4E+0t1

12 = 0.21::80F000E+i1 tM'6 = 0 .495•-5E+01
M7 - 0.415520E+00 IM8: -l.?960.E+00
P6OP2 = . 1366?E+I04F6OF',-"O = 0.1:2:335E+005 T6, TTC' = 0.7 613170E+00
P -P2 = 0.-:8415E+02 IM::T- = 0. 1:0590E+01
F':r'?P20 = 0.272::4E+01 =i '-. T;-:O = 0261E+0

IB-',OH I'C: IIFFUSER DATA:

F D = 0.992159E+00
11H M 0 . 1.-:, ]:-:E:E+ i 1 FI:-.HT - 0.20 0 E CiL E+Al
PIT = 0. a-:552iE+0f Hi- Ci. 1'3'?2,07FC =0
F:E-:PT = . 10'7731E+u1 T T:E:T7 = O. 102776E+c01
F:E:FOTO = 0.992159E+00 TNTO = 0. 100000E+01

TO PE:-.TART PPOGRAH EHTER "iES"
TO :S IlOF FPOGPRAr EHTEP "H tO"
1E
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7.4.3 CLGDOP Sample Case No. 2

CLGDOPF O.AIMF'LE OUITPIUIT DATA: CAS:E Ii0.-

i
HI GH ENHERG', CHEM IC AL LASER SY'STEM SI MULAT I OiNIiHE-DI I 1EtS T i:iNAL ARAL'Y'S.IS

A.L. ADDY'
C..n. D I. .:EL.EH
I.P. '';ANDBERG

1 1 JANUARI' 76

IMIECHARNIC AL Et IG I NEER I Di 'EFPARTMENT
UN I' 'EF:--, I TfY iF ILL I NC A I liT UIBANA-C:HAMFA I GNf I IF',AIIA, ILLINIO:'IS 618:,01

S:,SE SOLUIT I I FOF H I NIMM PIIF6 1

S, .YSTEM DiFITA:

FO' I NT I LASER C.A' ITY' ENTRANC-E C.ND ITIOHS.-,

1HI -1. .22-:00E+01 GS - C1. "_.,.,C51IE4 C1I
Fl''O = 0.5-5:-0182E-01 TITIC, = 0.dlTI21E+0O

I PO IFINT 2 LFSER CA'IlTY' EY, IT AND :_3,UPEF'SCI' IC -SIJFUE"S.,CI C.
E JEC TOC. ETF:RAHCE OIDIT I OMiS

GIS = 0. 156,-00E+I1
H '2 = 0.2,.000E+11 A2AJ = 0. 10000IOE+01

2F'P1 0i. I00000E+01 T2T1 = 0.100000E+01
F'2O0F'IC = 0. I100000E+0I ,T0T1IO = 0. 100000E+01

FC' I INT 6 -UPEF'SON I C -SUPEF"PS-,O IC EJECTOR PRIMARY HOZZLE
E-:IT CO-DITIOW7-.

F 0. 1 :-4000E+0 1 C1'MI.I'.- = 0. 147:8:15-E+01
HF',IS = C1. 599726E+01
11H6 0 . 3-1269E'1E+01 AE6R 1 0. 124A-A'..E+01
PF'60F'1 = @. 12":006E+0:3 T60TI = O. 1,544E*01
P60PFl = 01 08i2,68E+02 T6 OTI0 = 0.:311-E+00

1. FPOINT 7 SUFEPES:,NIC:-",IPEI";ONIC EJECTOF EXIT AND
':-ID!:,'OiIC ri IFFUSEP ENTPRANCE C.C-ND IT IOH.S

ICH 0. t.-68:E: 1QE+O1 C'."IMMM ;, = 0. 1 .':,:i-360E+01
WIIWS = 0. t,997'6E+0 I
' C'- . 470762E+00 ITA I = 0. 2248:39E+01

F-T'F'1 = C'. 1-5762E+02 r7TI = 0.192517E001
F'-0F'I'E Pl 0 . 1'-IOE4f0 1 T70TTCIT-i = 0."-'-"55 -E+0Ci

I... ,:. :4_E #
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7.4.3 CLGDOP Samp1l, Case No. 2 (Cont.)

'-LGD'CP -,FitIF*LE 1HUPIT DIi~TF: CFI:;E 10.2~

IIIFLIT DAFTAI FOPF LASEF ':F'.ITY FiHFL',SIS BY HFIHELI'ET.
C UPPENT ''FILLES FIRE:

GSi=1.40000, W2FT.00000 A2 00 0 C10000

ItIPIPT THE 'IFIPIABLE TI: BE HINIMIZET' FFR'M THE FOLLC'LiIH' LIST:

F 60PP 1't'I ENS IOcNLES:S PPRIMAFRY STAGHIAT IOtN PPE,:--L-PE
"IJFL.J! PFR I MAPF 1-TOi--EC:ONTIFIFY MASS FL':'I. RAT IO

hi F 10,E

WPIJT SYSTEM. CC'HS:TPAiI NTS BY NAtlEL IST.
CUPFPE11T ''FiLUjE'2E RiFE:

W0F176. C0000, F'6ClP14500.00pI
4C':'HSTI FW0157. 163%, P60F1=394!5. 53$

I! FLT THE EJEC TOP WIiTEL FROMt THE FO'LLOWHING LIST:

A"CIH.STPINT-FIPEF E. WFTOP
'SSE" S.LPEF:C.C'N -C:- S*UPEFSC'H ltIC EJEC TOP

CFRE

H IFLT DAFTA FOP' 5L'PEF'5"C' C-SLIBSC'i D'I'IFFLUSER SEr TI01 BYi

HAMHELIST. CLUFFENT '.'FILLES AIFE:

$T'IFLIEF'
ri 1SXI=1 .00000, FI4FI.A:61000pl~,

1, IFLSF PHST'=C. 75, I-:=jO

IJIFLT DATA FOF EJECTOR' ANtALYSISE BY HAMIELIEST.
':L'FFErT 'ALLIES- FAPE:

-. L.ECTI
GF.=1 . -C'000 t1HLW'JS=1 .00000, T6T50=1.000009 FI::FI=1 .00000m

E JEC Ti GP= 1. 34, HL'IFI*S= 1.6:E375p TE-C'T5t'=0.76E1- .37g. ASPA7=2.E.
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7.4.3 CLGDOP Sample Case No. 2 (Cont.)

POINT E-: SURiB:Ci I C DI FFU-SEF E>: IT COCHD IT ION'rV

GHCi. 1 ME+CI1 Hk11-ISE = 01. 1 -:83tI-0E+0I1
WIAI.P& = '. 6 997 .E +01

I I:i.1.5E+0C1 FKA1 I .449679E+Cil
F':*:F*I C. 2C,7Ci9EE+02~ T:-:T 1 = 0~. 1*:E;Th-,?E+01

0 P L1 0 1 " ,9, 34 E + 01 T'C:1T1IO = 0i. @-_:5845E+00I

LAi:..EF' CA' ITY DATA:

IFTS
0-1 F. 00000E+00 I C~i; C1. 00000E+00i
G. :. 1%a56OCE+AO1 A aA ,1 = 0'. 1 00EnCIE+Cil

M 0. Ci.~I 0 0 E + 01 H2I = cl .2,2,.3 0C, C, +C1E I
PL-,PI C1. 1I O000E+L3I T 2T I = Ci.l1CieiL0E+0l1

Ci0F 10 0.100000E+011 T'120T 10 = 0i. 100000(E+0'1

*LIPEF' OHIC.-SLI PEF:".CHIC EJE':TcP DATA:

CI. 5~6200E+0 I GF' = 0. 13400IE+0 I

G H = 171 1 : : :9 + 1 t-It-I R - = 0 .1 4 7 8L 1 5j E + 0i1
A116 ' :- 24 .1E .91;+C1 R T Ai, 01-. 07C10,3E + 0

= 0.2 5,i ' 1 '2 63E + 01 M 2 - 0E+

P7i:.2,Ci =~ 0I 0E: D63E14CI8, 2 ICiT20 0 C, 373 13,E + 0 0
P-17-2- 0. 1 -,?Ei T TL 0. 192517E+01i
P70F.C~ipf- =Li 1 9t 0 E+ C',1 T7C1T2-0 0 '-:.3,5'-4 5-E + 00

$-IJFEPSOI I'C -,:E.LPEF"-EON I'C EJEC TOR - 'SIBSOH IC
D;IFFLI$z:EF DATA:

0 L. Iý.:,17100E+Ci1 -. IF Ci.I. , Cfi Ci 0E-4+'1
131 = 0. 1 ~:,-"-'l1E+Cel 1 iL-Fi~-MI C1. 147315E +@l

A IAR2' = 171.2 8;v: 3E + 01 A 7A E. 0i. 13::0CI*03E-v,-01I
F I D 47 0 t1.00CI+ 1 WF'WJ- 0 I. 59? 716 E 0

r12, = C . 2,2, --, 0E + C, I M, .:: -I ~12, ,,:IE + 0 1
H-la 0'.,1130162E+00 HS0.21251:E0
F t.CJFEP2 Ci . I C363ECi 6E + t.C 171 .3 C71$~j

F-c:F-2 0 0. 2,070?8E+0@? TSTL. CI. 1 94:E:7c-.E+0 I
F3CF'~L 0C. 1 c7,:vE:4E+ IEI T45E+00i

$I~:iNIC DI FFUS--EF' DATA:

F-D = 0I. C4C409ciE+00C
L4itI = C,. 1 D EES8.1 E + 01 Fi8A?, = 0i.200000~iE+0i1

H - . .4717062E+00~ M:ill -i 0. a125E+'0l
F:3F, = Ci.1114c'3'E+Ci1 T'C:T 7 = C, .1032`7E+01
P::F'0 P-7 = 0i.':`0 9?C'9E+Ci0 T8CiTC = CI. 1C1C0IELEE+Ci1

TO RESTAR:T PRCPANPI ENTEF "YES;"
TI:' TOP' PROGR:AM ENTER. "NC"'

HO':



222
7.5 CHEMICAL LASER GAS DYNAMICS SYSTEM PROGRAM

7. 5.1 Computer Program (CLGDSP,)

00000000000000000000000000000000000000000000000000

o0000000000000000000000000000000000000000000000000

uuuVuLuVVuVVuvuVuUUVVOUUUVVCU#.UVVVV VVVV VuVVUVuuu

< )- I * * I
(I 0.J Iss (A*

* 0 z i (3 *- 4c'
* z z-I o *r *

L OV <- Ia * L

w am 0 w> * * W i- Wx
*VZ 0 I z 1- Z.c * * X't04
n a"< WI -4 q * * W I
), 0 X Z 1-I0 1 3 0 Z I-x-w

a 0 WI 0: 4 wj - U *Q 0XD

U 4W 040 zoo-Z * * 0 Ia-)d mL
A iUX zW UJ. "a * 0W4c Xý Wm'' X

* LUj O).70 I.- 131 "W* * U L
n t3 NoZ ow m' in4 * * a * 0 X-0 0UI

a' '- <1 Z1-.f *-0- * a 4C 3 0d~
* JJ z- "of- W O I- * 4 0 LU )NI
W we < (t0 ~4 St * 0 4 I- Z- 0-UWO (

QUm A40(X 4o U.~ vwu * we 41 4w >> Z M U'W
-*jso M.. zlfw-W *. we bd I. \ 0 4c -c V) U.J:

* A~ ICV "a Z04 W M.( *u *x 0 114

(A Z(/ MO< Z4 ommJ *A 0*, 4 4 LU 4
* A. 0; M LUM) 04l- t- *c M 1- IV 1 U.ZZ
* j aw( LLVOW < *Z .0 N 4 L.OXU.Z~

> Z< 4D m JA .40 * * L Il V 1- o?
j n 04U 0E-df in * wo Ul Z- 1W 0

* . OD (W1Iz * *4 -w i '.4 U. LU --'C q~cI 001
*" is 131 <cxm- Zc- M -c U. IS- 1- \- In 441J) 1-0

1 X LX4 0 CV to *f 09 WIZD CCL owA4 0 4 ...JZ l.4 4
* U j - Us -a aLU * 4* o0Wo 0

*03 > Z40xý- *w > LUCU 4 . 44ZOWWWjflO

* 4 OWZuvvuvvvuvuuu. 4 U KvOW 013uuvuuQU
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7.5.1 CLGDSP (Cont.)

000000000000000C0000000000000000000000000000000000
OOOOOOOOOOOOOOOO000ooooOooOoooooooooooooooooooooooO

0000000000000000000000000000000000000000000000000s-

*) 0 CI j

* 4 - 0 mf. 0 10 OD

0) * 00.0. 0)f,- < a)
WYw jV) *i a In rn 0) NO (D N <

*L Ct oZ 4 ] o . -0 x. 0 < NO
M -J 0" a 2 >00. 0- 0 *r <
(x 0 M II * 3~ U)(LU 0 ). (1 N1 a ) N.
W0.2 (X U. Z %a IM 3 a00 u-. 3 * 3

Q.W z < M M- 0 1-4.- 0. 0 (r 0. M
Ca. I- 4 U. .0.n0. NIa)
0.04 0. W 41 30-00 C-1 B 0 4 0 ))

III c w*0 4 '.0.0 1-1.-0 M Z3 %0 \0 0.0
0: U - W I I- * U)'U o.tt) U)N. * a. Go -q-4I
<0 4- I I.- III -C 30110\ 0 \0-\3 0 N (I N t
04 W- 00 41 4) b-. -)c- 2. *ý a 0. 0 n1'04 a 000<

01.WU)Z -( III Q) 30Ma.0cm 1-O 30 0 %0. n 4.44

4 Z t Oxu x) -14 *a)00 . WOMt We . 4 1-- \0'00
M. WtQW.- -WUW U 41U IX.-'0- 0-1 U)\ M N x11

>Z0.U a- 0. V1 41M fl...- 0 )-.W 41 Z #0
W ~--OW D 0* M 0 M N Me l-01 -Q (A w 000
a. 0.>0.. 01 0 U) 4 1-) 1 0. U)0, 01-U)' a NW m 0 M N o U)N
D LU-smU Z'-< - 4E V .0 NUO) 01-00 W >- I. 1 0 )- 1- h
U) 0. 0 >:x I *L s 4k W' Qt F- 0:0 MNI f) . a a u 0o0
oU a 0 02 1 04W 10- * 4 x...-aN0 M-~ 1 IsN 0i 0 .0''0
Wu 0 4< 0 0. ** W OM..Q0.040-I-oo 0 U) 1- No
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IIIFLT DAtTA FOP LAiSER CAVITY AH3LYSIS B:Y HAMELIS7ET.
CLURRENT '.TLLIES ARE:

c lY 1= T~5 0 :~ 1 000~c fi 02 $.0000HT .

11 IFLIT IHE E JEC TOF MODEL FRO~M ToHE FOLLOW ING LIST:

TE" Cl OHS -.1lTAT-F'P.ESSLIJF:E E JEC.TOF
C ARE C 'JUSTANT-FIPEA E_1ECTOP

"'CE LFFSHC-LPROI EJEC.TOR

CAE

I~ FLIT THE ITERAiTIONri YAPIAiLE FR'OM THE FO'LLOWING' L I$-T:

"C"FPRIMARY HIDEZLE Ef*:IT MAICH NUMIBER
"P,7AE" rii:*:iN' T'IIDE EXIT-TO-PPIMARY N02ZLE E::IT AIREA FR fIG
"WFWS" PR IMARY-TO-$ECOrIEARY MASSc* FLOW RAT IO

I PLIT DATA FOR C.LIFEF'S-OH I IC- $IJ.B SON I C D IFFLUSER' C.EC TI t1 L' £.%[MEL I CT.
C.LPPEHT H'AWES APE:

-ý I FU$R-.

FHD 1 F U' C1IOL s R1F~1. ~O

I ilUT I'IATA FODP EJECTOR A~iALY'*:,S IBY IAMEL I CT.
CURFEHT ''IALLIES APE:

';EJECT2?

146= 1.40000012CC 11W E = 1 I. C-1 1OC-1 T, --'IT5 0 I .-iiicc

$EJEC.TI 116=-4. 5



276

7.5.3 CLGDSP Sample Output

S1IC.11 EIiEF'CY CAiEHIII L LFi!$-EF' !$1EN ItILILFII ICH
i1d iE-f'IIH~'IEJIIC'HFIL AHAsLYS.IS

!-. L A D

FIEC HAl ICA FL [1 IG 1 EEF IHG E'EPFIFTNUrrIT
1-11 Ili CF'C. I P OF ILL IHOIS. FIT LFBN-CH'IAIC

LFD_'AHAi, ILLI11101$':_. 61:1.'1

0-C~ i-CILTICU HI TIA 1 TEFFTIiT-I OH H HPI-I'll

F': I I I TI LFIS.EF CA' I TY EHTFIHC E C OHi'ITIC1tT11

11 _i. V 'uuE+OJ1 T~~ I C'1, 7. l5C`t':'E CI1

FC IHT 2 LFi:$_EF CA' 'ITY E:-:IT FIjTI HC'PFIAL ~H~iC If, F:F'L?,EF
UI TF FqrC.E C CIHD I T I CiHSf.

4 C'. f-EIOt0 0 El~F + 0. 1 'OO~0

FJ1 G i. iOC'OC1C'1_E+C1 T 2'T1 0. C 10 CiOOCIE'iiE + 01
I C P1 C, 171. I iC 00'CJE 4 C1 T 67111 C1 0i. 1171C; 11C, E -f 0

FOCItHT tiCIr1FL 2HCi ý rI F F I-,'- E: AlI'5IJB$O- I -jjIT

D IFF LISE-E EtHTFFAiHC.E COHIDITIOHI:.

F_ CI-1 i JO::hItl T3OTIC C, '.ICO +I

PFn i rII T 4i '$_IJT5CtH I C I'IFFU$I:_EP UI: HID r Arm :EI 14i EIHLAiGEtIEtrI
Et iTFFIHC.E :C OHT I T I :rc

CI .: OC'COE +C'1I
H.- . 57" '~'. P c1EcIl A-4R I C1. 1EIOCIICOE41711
F,0 I Cf. 450000tE,0l1 TiT1 I O. 1 E 7_5 I-E 4 11

P4CI1O7NC, 0 72C_1_.c.i4E+FLJU T40TIO 0.100'000~E+0I1
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7.5.3 CLGDSP Sample Output (Cont.,)

POINT 5 CONSTANT-FiREA EJECTOR 'SECONDARY NOZ.ZLE C:-:1:T
C:OND I T I CI[ISE

G; = 1. 140%OOE+01
r.15 = .6460E47E+00 F1ASI = 0 . 9*: t-.53: -:73E + 0
P 51 1 =O. 426013'.E+'Z1 T5T1 = 0. it&:3 1?:,E+Ci1
F 10P I C' 0. 720874E+00i T rSOT 10 = C-. A%7"OCE+!01l

FPOINT E~. C:ONSTFINT-AREF EJECTOR PP I ARY NOZ-ZLE E2-: IT
C:Onr' I T I O~NE

GF = 0. i40000E+A01 MW*PHLI-IS 0. 10000IEE+01
WF'145 = . 2EE:.89E+01
1116 = 0. 40000E+A0 AE.A I u. 1040651E+OE1
PE10PI = C,. 'L'DE 'i 12 ~E + C4 TtOT I = 10. '::_0000E+0l
P60PIO = 0.25016E+03 T60T1CO = 0. 100iOOE+01l

PO:'IN[T 7'C'NSTANT-FIRER EJECTOR: E.> IT ANDr WSUI:SOH I C
El1I FFLI$--EF EHTPFNC.E iCornIT IOCNS

CGl = 0. 140000E+01 H.hM.~.=' 10000E+01
WMhWS = C, . 5 E9:E"74E + C,1
H,? T 462C13-7E+0C0 ATt A I .1'0~E0
F7P 1 =0'. 1999EE.ý6E+02? T17 T1 0C. 172E6.??E+01
F-COP1' 0 .a 5,838-E+01 T7TITO = 0. I0iOO0E-iA-Ci

P0D I I IT G: ',:-:-:[ I 01 C. DI FFIYE;E E> ,-IT COND ITICIONSc

Cd'] = 0'.140000E+0i1 IMIIlHMN'S = 0i. 1000C1E+012

NED - 0. 462,A0:3?E400n- FiA::. C3. 10 4 CiE,5,E + C1
PSC:P 1 0. 1999iý.6E+02* T,-,T I C' . 17Th'. 29 E +0 1
F'SOCP 10 C . '2c9:5E*:3e. E + 71 TSO 11T 10 0. 100000E+01

LR'S:ER CR'..ITY DAITA:

[IF'T*!.
I.111 = 0i. 00000E+00t ccl C C 0~ 0 0E + 0
G:: . = 0. 140000E+01 F2A 1 A . iCI1-10E+01
Mi I C. 2C00000CE+A01 H2' 0 . 2CO000DE+i71
FP1p 0 .16000E+0I1 T2T 1 C1. 100000E+01
F'20P 10 =0. 100000E+0I1 T 1EO'-lT 10 0. 10000E+0171

NORMAL SHOCK DI FFUS~ER DHTH:*

Go 0. 140000E-t-C' RHEc-D =0. 100000E+A01
I-I2,i 0.2 L1OE+A01 [1-: = . G'773S5CE+00

F , = 0.45000C0E+031 T3T "-:J 1 6870E+0 1
P:3CIP0 = 0.71?a*0'14E+00 T30T20 =0. 1C0O0OE+01
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7.. CLGDSP Sample Output (Cont.)

POINHT *8, UI:SOH IC: DI FFLISEP EX:I T C.ONDITT ICOl (Continued)

11~fHC DIiFFUSER! :DATA'

P.: D o. 0000E+0i1
=0. 140000E+0I1 F4~ .1COE
= C. 577'_:150E+00 H14 0. 577 .,1 E+0C

F 0 = 0-.100000OE+01 T 4T .iCiE+)

r'40iP30 Ci. i0000IEE+0Z1 T 4 CT'-- 0 0i.100000CE+01

CNfl TANT-APER E.JEC.TOP DATA:

=: 0i.140000E+0i1 lip C.NCCC~E0
=d 0i.140000~CE+01 HWFHII-E. = CI. CKO3CE±01

A76 = Ct. 1C00000CE402 HN WCi 0..C5Ef

116 C. 450000CE+0'1 M'1 F_ C..62i+ i00

PSP0= C-i. '-147E6 6 E + 03 TE.O7T5 = Ci. i0ii0i0E+C1

F'7F5f:0 Ci. C:4 5 ''-E + 01 T-750C = 59i0.+0

P7 0 P 50 C 34 101 :1-8eE + 01 T7015Ci = 0.~100000OCE+0I1

riCIFIAL cSHOC[ IiIFFIJ!S:EF.: - SIJBSOHI C' E11FF1YERE -

C.OHiSTFIIT-AFEA EJEC TOP DATA:

0 C. 1400CIOOE+01 G P ci. ijCI17_ciýc1E+cl1

30l = C'. 14000iCE+0I1 tiWPH: cl.jt- 17 CiOC1OifE+@l
A7Aa = 0i.1040i65E+01 A17A6i i lc 0' ECI -tCO0I 2'

Ci14 U. 2-6 ':" 9 E + 0 1 2, c-i010000E4 0i1

NE, ci. 74S000OCE+01 Nt 0 6Ci7+l
F6ptaCp Ci. 1C, i_. 2,12'E + 4 100E0
F6PECi = Ci2`. 0iT73E +C0 T60T~Ci i.1000+

P TP~ 2 n. 1-?99466E+02 T17T z Cl. 17 C-E'~

FP7OPaCI 0 .c?5'Z:,E+C1 T70TC-1 CI 1CCIIIEU

fl:'IORML SHOC4 DIFFUSERF - SUBS-:'ONuI C DIFFL"E:-.ER
C.OH$ Ft fT- AFEA EjECTOF- - -.:,U I? :S.0 II C. DIFFUSER.
1`1A TA:

02.1401000E+0l1 lip = 0i. 140000OE+01

GMi =l 0,400JEI0E+0I1 t-1WPMWS = 0i. 100000~iE+01

=7R 0i.10C4065E+01 RTA6 = i. 10000nIE+02

Mal 0 0 0 0 IE + f1 M6 0C.._-,50000E+0i1

M 7 0.403EU M-3E Ci.. 6aIfSOCE+ClU
p4P60P2 0. 196a,-_1aF_-+04
F6,op2't0 . 2,5 7E. 8 :~E +0 Z3 TEOTa20 = Cl.ion-lOOE+01

=cf. 1*99966E+02 8T:B:T = 0i. 1 , c_ EE-,E.
F:~:0Pa 0 58 3i ~5Es:E:+ 01 -8T2E0T~C = Ci.10~iOE+
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7.5.3 CLGDSP Sample Output (Cont.)

POINT 8 SUBSONIC DIFFUSER EXIT CONDITIONS (Continued)

SUBSON I C: I FFUSER DATA:

F:RD = 0. 100000E+01
GM = 0. 140000E+01 ASA7 = 0. 100000E+01
M7 = 0. 462•37E+00 r18 = C1. 4320:?>:7E400
PFSP7 = 0.100000E+01 TST7 = 0.100000E+01
P-OP70 = 0. 100000E+01 T80]'0 = f. 100000E+01

TO RESTAFRT PROGRAM ENTEF "YES"
TO 'STOP PROGPAM1 ENTER "NO"
I iI

E1tD CIF E',',ECUTIOH
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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,

Mp, and Ms , and secondary-to-primary area ratio, As /Apl. 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 recompression 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: Ms I = 2.00, MV=

2.50, and Asi /A,, = 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 -

I,?. As is evident from these figures, the overall ejector perform-

ance was nearly identical for all ejector configurations with L/D>

7.5. The largest values of P• ./P s versus W I1 were found for a mix-

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

The values of P /Psi versus Wpils for mixing tube L/D =7.5, 12.5 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 = 5 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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