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~~2O. Abstract

improvements when compared to previous ejector diffuse rs. Measured thrus t
augmentation ratios w ith an optimum short ATC/diffuser were lO~ grea ter
than those wi th an equivalent stra i ght wall diffuser. Length reductions of
36~ we re indicated for nominal augmentation ra tios of 1.7. The i mportant
f a c t o r s  wh i ch influ ence the design and o p e r a t i o n  of compact thrust augmentor
ej e c t o r / d i f f u s e r s  have been defined.

4,

.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _— 
~~~~~~~~~~~~~~~~~ _ _ _ _ _  J~~~ •~



—---5 5 
--

~
-—

~~
.
---- 5 5 

-- ------- -—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— •- - -~~~~

PREFACE

Th is report describes work done under Contract N62269-75-C-0317 with

the Nava l Air Development Center , Wa rm i nster , Pennsy lvania under the ausp i ces of

the Nava l A i r Systems Command during the period of March 1975 through June 1976.

This effort represents an extension of an earl ier investigation during wh i ch

the short diffuser boundary layer contro l work of Vough t Advanced Technology

Center was first successfull y comb i ned with the high performance , large area

ratio thrust augmentor research of the Air Force Aerospace Research Laboratories .

The authors gratefull y acknow l edge the interes t and adv i ce prov i ded by

Mr. John Cyrus of the Nava l Air Development Center who mon i tored the contract.

The work was conduc ted by the Vought Advanced Technology Center Aerodynamics and

Propulsion G roup headed by Dr. C. H. Ha ight.
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1.0 INTRODUCTION

The concept of thrust auoni entina ejectors for advanced aircraft V/STOL

capabilities was greatl y enhanced by the development of hypermixing ejector

nozzles at Aerospace Research Laboratories (ARL), Reference I . Research and

development of ejector/diffusers produced thrust augmentor configurations

capable of achieving the high levels of thrust augmentation necessary for

VTOL requirements , Reference 2. As a prerequisite to good performance , however ,

a pena lty was paid by the above augmentor /diffusers by the requirement of an

extremely long diffuser length. Compatibility with V/STOL aircraft confi gura-

tions such as the Navy/Rockwell XFV -12A requires a truncation of the ejector ’s

overall l e n g t h whi le maintaining or improving thrust augmentor performance.

At Vought Corporation Advanced Techno l ogy Center , feasibility tests

showed that thrust augmenting ejectors could be made more compact by reducing

diffuser length with active diffusion boundary layer contro l (BLC), Reference

3. The two basic proprietary devices for active diffusion contro l are the

Trapped Vortex (TV) cavity and the Antiseparatio n Tailored Contour (ATC). The

TV results in Reference 3 prov i ded for the same augmertation performance with

a 21 percent reduction in overall length , relative to the best ori g inal ARL

confi guration , and up to a 71 percent length reduction for acceptable degrada-

tions in thrust augmentation. Further in-house feasibility testing showed the

less complex ATC diffusion control technique to perform as wel l or better than

the TV BLC device in a thrust augmentor. Performance/sizing improvements , as

predicted for configurations u t i l i z i n g  advanced ARL/H -8 hypermixing ejector

nozzles (Reference 4) and optimized ATC diffusion control ,n,otivated the initia-

tion of the present contract effort for detailed des i gn , testing , and evaluation

studies of compact ejector/diffuser combin ations.

The primary objective of the present program was to identify the import ant

factors wh i ch influence the design of compact augmentors us i ng ATC BLC tech-

nology (Section 2.0) and to use the developed desi gn techni ques to configure

and test an optimized augmentor/diffuser configuration . This objective was

accomplished in two phases. Using the experimental apparatus described in

Section 3.0, the in i t i a l  (Phase I) testing was performed on three basic aug

mentor/diffuser confi gurations to obta in fundamental internal flow and

augmentation performance measurements (Section 5.1). The results of Phase I ,

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~ 5~ •~•~~ • •~
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including the definition of an e fficient testing procedure , (Sect i on 14.0), were

used in the Phase II desi gn and testing of a compact ATC augmentor/di ffuser

optim i zed subject to a specified sizi n g constraint. Predicted performance ,

and consequently the desi gn techniques for configured AIC/dif fusers , were

verified with the experimental results of Phase II testing (Section 5.2).

Section 5.3 is a summation of an augmentor design and prediction technique

based on emp i ricisms and analytica l formulations for the augmento r/diffuser

parameters.

Follow i ng the conclusions related to achievement of the orogram object ive ,

the report concludes with recommendatio ns for further studies of hig h performance

compact augmentor/diffusers.

I
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2.0 ATC BLC TECHNOLOGY

Augmentors b a s i c a l l y  are p r o p u l s i v e  d e v i c e s  whereb y an exhaus t i n g  p r i m a r y

propulsive jet suitab l y loca ted in the inlet of the device causes ambient air

to be entra i ned into the inlet. The expulsion of this additional air then re-

sults in an increase in thrust over that provided by the primary propulsion

j e t s  a lo ne.  Proper l y des i gned t h rus t  aug mentors can generate  t h rus t  l e v e l s

ove r double tha t prov i ded by the primary jets. The desirability for the possible

use of such h i gh performance thrust augmentors in V/STOL type aircraft is thus

easily apprecia ted .

With the advent of a new type of p r i m a r y  nozz le , a so called hyper mixing

nozz le , which generated numerous vor tice s to increase mixin g, and a very low

loss augmen tor (Reference 1) ,hi gh l evels of thrust augmentation were finally

achieved . It is i mportant to note that although the diffuser attached was a

conventional straig ht wall type , the h i g h thrust augmentation could not be

achieved unless boundary layer contro l (BLC) was ut i lized to control separation

in the diffuser. Also of great importance was the proper length of constant S

area m i x i n g  immediatel y following the primary nozzles. Numerous experiments

were performed to determine the optimum combination of constant area mixing

length and diffuser leng th. The optimum configuration fina l l y attained was

termed C o n f i g u r a t i o n  ‘F’ by Aerospace Research Labora tories (ARL).

Although the latter augmentor genera ted hi gh levels of thrust augmen-

ta t ion , i t ’ s adap tation to practica l aircraft was made very di f f i c u l t  be-

cause of its very long diffuser requiremen t. Shorter straight wall diffusers

cou ld  have been used , of course , but this would undoub tably have required

more blowing to contro l diffuser separation . Since the performance of an

augmen tor i s  measured p r i n c i p a l l y by i ts augmentation ratio (4 = total thrust

produced/sum total of thrusts of all individua l blowing jets), l ower levels

of augmentation ratio would have been achieved throug h the use of conventional

BLC techn i ques .

To circumven t this loss in augmentati on rates , while significan tl y

shortening the diffuser and thus the overall augmentor , Advanced Technology

Center , Inc. successf ul l y  app lied their in-house BLC techn i ques to the ARL

____ S 
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augmentor. As noted previousl y, the trapped vortex BLC techn i que was

i n i t i a l l y utilized . This was replaced , however , by the more advanced and
more easily fabricated Antiseparation Tailored Contour (ATC).

Briefl y, ATC boundary layer control is based on the utilization of a

dev i ce tha t comb i nes efficient boundary layer energization with a specially

configured severe diffusion step. The principa l advantage of using an ATC

diffusion device , such as is shown in Fi gure 2.0—1 , i n  a d i f f u s e r  i s  tha t an
air stream can be diffused qui te rap idly with no separation , due to boundary

l ayer control , i n  a s i gnificantly shorter distance than can be done in a con-

ventional diffuser . The Antiseparation Tailored Contour is closel y r e l a t e d
to the Trapped Vortex Cavity, also  shown in  Fi gure 2.0-1 , but uses con tr . 1

of a new th i n  boundary layer building along the ATC wall rather than contro l

S of the vortex boundary l ayer.

The dom i nant consideration in the use of ATC BLC for augmen tor

d i f f u s i o n  i s  the h i gh l y efficient energ iza tion of the relativel y thick main-

s t ream boundary layer , thus minimizing the primary ejector flow diverted from

the primary fin nozzle mixing process . Energ ization is accomp l i s h e d  by means
of the je t i s s u i n g  from the ATC slo t. The design of the proper ATC diffusion

contour in conjunction with augmentor diffuser wall length and area ratio

constraints is performed in the rheoe l ectric analog facility (Section 3.1).

Calculations for the required BLC blowing are made in accordance with the

iteration loop of Section 5.2.1 us i ng the predicted values of initi a l  boundary

layer losses at the ATC blow i ng l i p location . The ability of the ATC dev i ce

to successfull y diffuse flow rapidly with no separation has been shown experi-

men tally in previous Navy contract efforts (e.g., Reference 5).

I 
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3.0 APPARATUS

3.1 Rheoe lectr ic Analog Facility

The rheoelectric analog facility shown in Figure 3. i - l is the preliminary

design too l used in the establishment of augmentor antiseparation tailored

contours (ATC) and diffuser wall contours . A deformable conducting coppe r

surface is inserted in to the analog facili ty to model full scale ejector!

S augmentor configurations . The mapp ing of inviscid flow s for ATC/diffuser

contours is achieved in the rheoelectric facility by i nvestigating the generated

vol tage gradients between the conducting contours in a two-dimensional

mode . The field produced in the conduc ting medium is mathematically analogous

to the potential for the fluid flow of an incompressible , inviscid fluid about the

S desired ATC/diffuser contours . The basic princi p les of the rheoelec tric

analog facility are given in Reference 6.

The des i gn i ng of shor t ATC/diffuser contours for ejector testing is com-

p leted when the rheoelectric analog results are used in conjunction with a

turbulent boundary layer anal ysis to veri f y that the flow w i l l  be either

comp lete l y attached along the entire diffuser wal l or a t tache d as far as

possible. Given the required geometry of the des i red ejector/augrnen tor , the
diffuser length , LD, diffuser area ratio , A

3
/A2, and the boundary layer

thickness at the blowing l i p, invis c id pressure di stributions on the ATC !

diffuser contours are obtained in the rheoe l ectric analog faci l ity and then

anal yzed with an in-house turbulent boundary layer routine that calculates

boundary layer charac teristics and separation criteria along the ATC . With

the aid of the turbulen t boundary layer routine , the ATC/diffuser wails

are optionally designed through an iteration procedure to allow rapid dif-

fusion of the internal turbulent flow , control boundary layer thickness , and

minimize diffuser losses. The final shaping of the contour produces a pre-

dicted stable turbulent boundary layer and a un i form exi t velocity profile

at the end of thc ATC. Results of this design techni que are shown in

Section 5.2.2.

3.2 Ejector/Augmentor Test Bed

Shown in  F i g u r e  3.2-1 is the suspended test bed of the ejector/augmentor

facility used in the ejector shor t diffuser studies . The facility is loca ted

6 
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within the Vought Corporation Hi gh Speed Wind Tunne l complex. Des i gned and

buil t at Advanced Techno l ogy Center , Inc . , the facility was previous l y emp l oyed

in the testing of trapped vortex diffusers with large area ratio augmentors

as reported in Reference 3. Subsequent investi gative research

us i ng the ejector/augmentor facility has shown the feasibility of mating ATC

boundary layer cont rol (BLC) with large area ratio thrust augmentors .

A schematic of the basic ejector test bed used is shown i n  F i gure 3.2-2.

The ATC diffus i on contro l device was incorporated into the facility by simp l y

modif y ing the ex is t ing t rapped vortex p lenums , as shown in Figure 3.2-3.

As may be seen in the schematic of Fi gure 3.2-2, a jack-screw arrangemen t is

used to adjust and control the flexible dIffuser wall contours . Shorter diffusers

of 12 .7 cm (5 Inch) and 20.32 cm (8 Inch) in length (Phase I) were pre-formed , fol-

lowing rheoelectric analog criteria , and simply bolted into the ejector test bed.

The modular desi gn of constant area mixing walls , ATC diffusion device , and ad-

justable diffuser walls allows interchangea bilit y on the ejector test bed to any

des i red ejector/augmentor combination .

S Pressurized air supp lied by the Hig h Speed Wind Tunnel storage

tanks to the ejector test bed is measured using calibrated A.S.I1.E.

or f i ce  plate flow meters . The ejector test bed tota l mass flow and ATC

blowing p lenum mass f low are i ndependently measured . Endwall nozzle and

endwall li p blowing jets use a common flow meter and are measured separate l y

also . The flow meters record total pressure , diffe rential pressure , and tota l

temperature of the high pressure air supplied .

3.3 Instrumentation and Data Systems

Detailed measurements of ejector/augmentor pressurized blowing parameters

and in terna l flow quantities were obta i ned for eva l uation and analysis.

Hype rmixin g nozzle prima ry p lenum pressures ,P01 and P02 , ATC blowing slot

p lenum pressures , P0~ , and endwall jet nozzle plenum pressures , 
~~~~ 

were

measured by ± 17.24 N/cm2 (± 25 psig) Statham gage pressure t ransducers . All

t ransducers were carefully calibrated with a reference U-tube mercury manometer.

Flow meter and plenum total temperatures were measured with calibrated Chrome l-

t~1 ume 1 thermocouples and a reference Junction heater. The resultant thrust

9
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of the ejector/augmentor was mon i tored from a permanently mounted six component

s t r a i n  gauge balance .

h-sternal flow data from the operating ejector/augmentor consisted

of measurements from fixed and adjustable instrumentation . Il ixing , ATC , and S

diffuser ~i all surface pressure distributions we re sensed by flush mounted static

pressure taps. Individua l ports we re mon i tored using a 50 channe l scaniva l ve.

General orientation of surface pressure taps is illustrated in Fi gure 3.2—3 .

Static taps along the constant area mixing walls , spaced at 1.27 cm (1/2”)
intervals in the axial direction , were positioned in-line and off-line of

prima ry hypermixing nozzles . Surface pressure measurements along the ATC

d iffusion wall were spaced 0.635 cm (1/4”) apart both in—line and off—line ,

in the streamwise direction . Diffuser wal l pressure taps were placed at

2.51+ cm (I”) intervals , from the ATC d i f f u s i o n  reg i on to the d i ffuser exi t

p lane.

A total and static pressure probe was manufactured and calibr ated for

measuremen t of blow i n g l i p augmentor boundary layers . The total probe tele-

scoped to a 0.0445 cm (0.0175”) OD with a flattened 0.0305 cm (0.012”) oval

t i p. A 0.070 cm (0.0275”) OD static probe with a cone tip 0.635 cm (1/4”)

lon g had three surface taps 16 diameters downstream from the ti p. Both

p robes were posi ti oned wi th a mi crometer mechan i s m wh i ch was moun ted ex te rnal
to the augmentor flow. With the micrometer mechan i sm , the i nterchan geable

probes could traverse norma l and parallel to the flow and be positioned

with an accuracy of 0.00254 cm (0.001”).

Veloc ity profiles and skewness were measured with a fast response flow

rake show n in  F i gure 3.3-i. The rake is composed of 17 total pressure probes

1.27 cm (1/2”) apart , and a cent ral l y mounted static probe of 0.070 cm

(0.0275”) OD brass tubing. For fast positionin g ,the f low rake was mated to a
t raversing sting mechan i sm that allowed placement of the rake at any position S

in the ejector internal flow .

Because of the low pressure levels invo lved,wa ll static , boundary l ayer ,

~snd internal flow rake pressures were monitored throug han MKS Baritron di g i tal

vo l tme te r measuring pressures on a 0—100 rrms Hg heated transducer to an accuracy

of +0.01 mm of mercury. Ejector/augrnentor bl ow ing system measurements were

mon i tored at all time s by an on-site data reduction system. For purposes of

data acquisition and reduction , howeve r , all transduce r and thermocoup le

electrica l si gnals we re balanced , amp l i fied , and transferred o n —lint ’ to the

remote Hi gh Speed W ind Tunne l IBM 1800 computer .

12 
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Data was then recorded at a rate of I scan per second , while each data samp le wa~

10 seconds in duration . A di gital program on file in the IBM computer ,

especiall y written for the ejector/augmentor , reduced data for i mmediate

output and eva l uation.

3. 1~ ATC /D i f fuse r  Confi gurat ion of Phase I

The ejector/augmentor configurations for Phase I testing, u t i l i z i n g

ARL ’ s 2-fl inlet and H-3 hype rmixing ejector nozzles , were desi gned and

fabricated for augrnentor trade-off studies and internal flow measurements.

I n i t i a l  Phase I confi gurations , shown in Fi gure 3 .4—1 , had diffuser lengths of

50.8 cm (20”) and 20.32 cm (8”) with LM 12.7 cm (5”). Both ejector/

diffusers we re optimized as described in Section 4.0, for maximum augme n-

tation ratios at diffuser area ratios of 1.50 and 2.00. The final Phase 1

ATC/diffuser was also tested at A
3
/A2 

1 .50 and 2.00 but with L
M 

= 25.4 cm

(1 0”) and Lfl = 12.7 cm (5’’) . Contourc~ ATC /d if f u ser w a l l s  were desi gned
corresponding to total diffuser lengths of 12.7, 20.32 , and 50.8 cm , using

the rheoelectric analoq facility. A single ATC diffusion contro l contour ,

compatible with all six confi gurations was desi gned , fabricated , and in-

stalled into the existing trapped vortex p lenums . Provisions were made for

wall pressure , blow i ng l i p boundary layer , and internal flow measurements

according to the techniques outlined in Section 3 .3.

3.5 Optimized ATC/Diffuser of Phase II

The optimized ATC/diffuser configuration , with the constraints finalized

through the Con t ract Technical Mon i tor , adhe red to specific dimensions and was

extensive l y tested. The optimized configuration emp loyed the two-dimensional ARL

inlet and H— 8 hypermixing ejector nozzles . Shown in Fi gure 3.5-1 at

an area ratio of 2.0 , the optimum ATC/diffuser contour was des i gned in the

rheoe lec tr i c  an alog facility with LM 
= 12.7 cm (5”) and LD 29.85 cm

(11.75”) for a range of diffuser area ratios up to 2.50. Previous and

Phase 1 empirica l results we re used in the design of the optimum ATC/dif-

fuser. A base line strai ght wall diffu ser as well as ARL confi guration ‘F’

are also shown in Figure 3.5-1. As in Phase 1 the constan t area mix ing
w idth , W , is 25.1+ centimeters .

14
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12.7 cm 50.8 cm
—

~~ 
(5”) (20”) —

LM~~~~~~~~~~~~~
LD 

S

AR = 1.5, 2.0

12 .7 cm 20.32 cm
—~~~~ (5”) (8”)—~~

— - —  __________ — 
AR = 1.5, 2.0

25.le cm 12 .7 cm
(lO”F~j (5”) 

~~~~~~~ 
NOTE : Configurations shown are H-8/ATC

Diffusers at ~~~~~ = 2.0 wi th S

LM 
L9 W = 25.4 cm (iO” )~

AR = 1.5, 2.0 J

FIGURE 3.4—1. PHASE I ATC DIFFUSER CONFIGURA T I ONS
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w

— -- --  5 5~
_ 

— -___ -— --5—— 

Ejector/Diffuser

12.7 cm 29.85 cm
(5”)

Base Line
H-8/ Stra ight W a l l
Ejector/Di ffuser

NOTE: All Confiqurations Shown at
A
3/A 2 = 2.0 and W = 25.14 cm (10”)

12.7 ciii 29 .85 cm—
~“1 (5’ )

~~~~ L
0 ~~~

Optimized
H- 8/ATC
Ejector/Di ffuser

FIGURE 3 .5—1. OPTIMIZED ATC/DIF FUSER WITH BASEL INC CONF IGURATIONS
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4.0 TEST PROCEDURE

To ach i eve optimum levels of a~igmentation perfo rmance with short ATC ejector!

augmentors , an experimental testing procedure was developed and implemented. For

each particular ejector/augmentor configuration , prior know l edge of flow quantitie s

such as blowing lip and endwall boundary layer cha racteri stics , wall pressure s , and

inte rnal flow skewness does not ex is t .  Balanced va lues of AIC/diffuser and endwa ll
nozzle blowing rates in the configuration are required for hig h levels of augmen-

tation. Fi gure 4.0—1 shows the location and orientation of the BLC endwa ll jet

nozzles , endwa ll lip blowing jets , and ATC blowing slot and diffusion wall in a

short diffuser , high area ratio configuration. A matrix of ATC and endwa ll blow-

ing rates must be run , and the data anal yzed , to determi ne the proper levels of

b l ow i n g for  ef f i c i e n t boun da ry l ayer energ i zation and endwal l diffusion contro l
for each thrust augmentor confi guration.

With the hypermixing nozzle p lenun-is pressurized to P01 = 2.54 — 25.4cm

(I — 10”) g, the ATC and endwall blow i ng rates are varied systematicall y in

the blowing matrix procedure . An example of an endwa ll blowing optimization run

can be seen in Figure 4.0-2. For this baseline stra i ght wal l  diffuser augunentor S

the onl y BLC contro l variable is the endwal l blowing rate. With the configuration

installed in the ejector test bed , the endwall blow i ng rate , 
~ew ’ is increased

until the endwa ll boundary layer is comp letely overblown . Data scans of ejector

augmentation ratio , ~~, are taken as ‘ ew is reduced until the endwal l boundary

layer completely separates. The data is then analyzed to determine the proper

‘
~ew 

that will  energize the boundary layer for attainnent of The stra ight

wall diffuser in Fi gure 4.0-2 w i t h  a low diffuser area ratio of 1.25 at

P01 2.5kcr’~ (1.0”) Fi g, shows a of approximately 1.59 with “ew = 0.0612 kg/sec

(0.135 l bm/sec). A similar stra i ght wall confi guration , Fi gure 4.0-3, at a higher

area ratio of 1.50, exhibits the same trends in ~ with variation in endwa ll

blow i ng , where 
~max 

= 1.69 with mew = 0.0658 kg/sec (0.145 I bm/sec).

Be l ow the proper level of 
~ew the bounda ry laye r is under blown and momentum

and skin frict ion losses degrade augmentation ratio. In hig h area ratio diffuse rs ,

insufficient endwa ll blowin C allows endwall separation and rapid degradat ion of

performance . Above the optimum level of rs ew~ 
the boundary layer is attached and

over—blown with a more gradual loss in augmentation ratio stemming from the

u tilization of the air supp l y  in the endwa ll jets rather than in the primary

nozzle where it w i l l  en train addit ional air.
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Wi th ATC/diffuser configurations , a similar blowing ma trix technique is used

for optimization of BLC blowing leve ls. Fi gures 4.0-4 and 4.0-5 show the results

of a blowing matrix for a large area ratio , A
3
/A2 = 2.10 , short diffuser ,

LD 
= 29.85cm (11.75’-) , ejector/auqmentor. The trend of ~ in Fioure 4.o-4 , for fixed

rates of ATC blowing slot mass flow , ,.
~~~

, is clearl y defined and si m ilar to that of

the stra i ght wall diffuser. For ATC/d iffuser configurations , an initia l  va l ue

of is determ i ned from the observed attachment of the diffuser wall flow usi ng

a flow visualization techni que of interna l tufts and also by sensing diffuser

exit plane pressure va l ues. With the dif fuser walls then attached and/or over-

blown , ‘hew 
is varied until the optimum va l ue has been determined . The proper

level of mAIC is then i nvesti gated in a similar procedure , with the correc t va l ue
S of chew held fixed . Fi gure 4.0-5 shows the optimization of rhATc 

and an improved

configuration augmentation performance peak of 4>max 
1.84.

To summarize , the 4> performance of each particular ejector/augmentor con-

fi gration is continuously scanned during the blow i ng optimizat ion by the on-site

data system and then recorded by remote IBM 1800 computer. At the proper l evels

of blow i ng for peak performance , computer scans are taken and all interna l flow

quanitities are measured.
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5.0 RESULTS AND DISCUSSIO N

5.1 Basic Augmentor Flow Measurements - Phase I

The objective of Phase I testing was modi fication and calibration of the

ejector test facil ity and identif ication of the i mportant parameters which in-

fluence the desi gn of compact ejectors. Prior to installation of ejector con-

figurations ,the ejector test bed was instrumented and pressurized for measure-

ment of induced thrust loads. Proper alignme nt of the suspension system mini-

mized the levels of test bed induced thrusts. The results of adjustment of

the suspension system in Fi gure 5.1-1 shows the variation of i nduced thrust

loads with plenum pressu rization. The test bed induced loads are less than

0.5 percent of the ejector thrust l evels for the entire pressure range up to

25.4 centimeters (10 inches) of mercury

5 .1.1 Configuration ‘F’ Comparison

Originally high thrust augmentation ratios were obtained by Ae rospace

Research Laboratories (ARL), Reference 2, for an ejector equipped with ARL/H- 4

primary hypermix lng nozzles and a long 114. 3 cm (45 “) straight wall diffuser terme d

confi guration ‘F’ , and shown schematicall y in Figure 3.5-1. However , because

of the need for superior performance by hypermixing nozzles at the much shorter

diffuser lengths of the present study, advanced ARL/H-8 hypermixing nozzles ,

Reference 4, were utilized in Phase I as replacements for the original low aspect

ra tio ARL/H- 1e nozz l e s .

In order to further establish the validity of the new ARL/H-8 short diffuser

results to be obtained in the augmentor facility, it was decided to perform an
investigation utilizing the ARL/H—8 nozzles in conjunction with the 114.3 cm (45”)
Confi guration ‘F ’  strai ght wall diffuser. Based on the results of Reference 4, it

was expected that if the augrlerttor facility was operating properl y, the hi gher skin

friction losses i mposed in the long diffuser by the more rapidl y expanding H-8

nozzles would slig htly reduce the augThentation levels previousl y developed by the

H—4 nozzles. As was expected , as shown in Fi gure 5 .1-2 , the long 114. 3 cm (45’ )

diffuser with H-8 nozzles generated a 2-5 percent loss in augmentation as compared
S to the H-Li nozzles. Since this difference was in agreement with the experimental

r e s u l t s  p resen ted  in Reference 4 , the va l i d i t y  of the high performance augmentat ion
resul ts to be obtained w ith the very short diffusers and ARL/H— 8 nozzles of the

present stud y was establis hed .
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5 .1 .2  Wa l l  Pressure Surveys

ATC/d if fu ser  Phase I confi gurations were i ns ta l l ed  and tested w i t h  area
r a t i o s  of 1 .5 and 2.0 for P0 1 = 2 .54cm (1.0”) and 10 .16cm (4 .0” ) Hg. Di f fuser
wall shapes and predicted wal l pressure variations were generated in the rheo-

e lec t r i c  ana log facility . The diffuser walls were des i gned to contro l flow dif-

fusion and minimize boundary layer losses for achievement of maximum thrust.

Figures 5 .1— 4 to 5.1—9 show experimental and theoretical results for wall pressure

distributions in Phase I configura tions. The local pressure coefficients , C~ ,

are calculated from reference dynamic , q
~ef. 

and static , 
~ref’ 

pressures. The

reference static pressure is the average value of static pressure along the con-

stant area mixing wal l . The reference dynamic p ressure is the diffe rence between

the free stream tota l pressure behind (in-line) a hype rmixing nozzle and the

reference static pressure .

W a l l  pressure variations for the 50.8cm (20 inch) ATC/diffusers with

LM = 12.7cm (5.0”) are compared with theoretica l rheoelectric results in Fi gures
5. 1-4  and 5 .1 -5 .  The predicted theoretical results were obtained from the contour

used in the analog facility . Initial  t e s t i n g  with these longer diffusers indicated

that at the comp letion of ATC diffus i on , wh i ch was occurring somewhat earlier than

p r e d i c t e d , a loca l separation reg i on exis ted. Consequentl y ,  wi th a redesi gn of

the ATC diffusion region in the rheoelectric analog facility , a new contour was

placed ove r the ex is t ing  ATC. Wi th the fa i red curve through the rheoelec tric

r e s u l t s , good agreement between theoretica l and experimental data for the redesi gned

d i f f u s i on reg ion can be seen for the long ATC /d if fuse rs .  Full d i f fus ion to theo-
r€~Jca l diffuser pressure coefficients in Figures 5 . 1-4 and 5 .1-5 is achieved for
both area ratios at P01 2. 54cm (1.0” ) and 10. 16cm ( 14.0” ) Hg w i t h  the prope r leve ls

of BLC balance d mass f l o w s .

Fi gures 5. 1-6 , 7, 8, and ~
‘ s how the short ATC/d if fuse rs , LM + L~ = 33.02 cm (13” )

and 38. 10cm ( l5”) , s e n s i t i v i ty  to loca l li p boundary layers , d i f f u s e r  area ra t io , and

pr ima ry plenum pressures. Short ATC/diffusers with a low area ratio , A
3
/A2 = 1.50 ,

are shown in Figures 5.1-6 and 5.1-8. Deviation between experimental and theoretica l

results at a surface distance , S, from the blowing slot near 10.16cm (4”) is an

examp le of l oca l separation in Figure 5.1-6. With low area r a t i o  d i f f u s e r s  the S

flow re—attaches beyond the separat ion region and remains at tached to the ex i t

p lane while experi encing some losses. As would be expected in the high area ratio

(A
3
/A

2 = 2.0), very short diffusers of Fi gures 5.1-7 and 5.1-9 regions of lo ca l
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boundary layer separation are seen to occur for the off-line , P01 = 10. 16cm
(4” ) Hg results. In the very short diffusers (L

0 
= 12. 7cm (5.0”)), Figures

5.1—8 and 5.1-9 indicate that the short diffuser wall flow is actuall y being

over diffused when compared to the predicted results. Notable for the short
S diffuser configurations tested i~ the fact that in-line and off-line pressure

distributions exhibit different localized diffusion chara cteristics . Since the

ATC mixing and diffuser regions are des i gned with predicted va l ues of lip boun-

dary  l aye r  momentum thicknesses , these data indicate a nonuniform spanwise varia-

tion of ejector/mixing wall boundary layer losses at the blowing lip location .

In the li p region where the boundary layer was sufficientl y energ i zed by

the ATC active diffusion device , the wall pressures of all Phase I configurations

S correlated reasonab l y well with theoretical results. Perturbations from rheo-

electric data in the li p region are attributed to ATC jet effects. As can be
5 1 sho’ n , equilibrium conditions existing between the li p boundary layer and AIC

slot boundary ‘ayer can cause a slight rise ;n static wall pressure i mmediatel y

downstream of the slot . ATC blowing slot pressure coefficients reflect this

~oca1 condition by the positive pressure coefficients at a surface distance f rom

the slot approaching zero.

5.L3 Bounda ry Layer Measurements

One of the pr i mary factors wh i ch influence the design of compac’ ejectors

with BLC is the d istribution and characteristics of interna l boundary l ayers at

the blowing lip location . Since proper design of the ATC requires a knowledge of

tha actual momentum th i ckness distribution of the boundary l ayer i mmediatel y pro-

ceeding the ATC , total and static pressure surveys were obtained at transverse

l ocations approx i matel y 0.076cm (0.030”) upstream of the blowing l i p. The results

of boundary layer surveys for Phase I configu rations operating at optimum blowing

rates and peak augmentation are tabulated in Figure 5.1-10. As readil y no ted f rom

the summarized data , there is def initely a nonun i form distribution of momentum

thickness and l ocal free stream velocity behind the hype rmixing nozzle array at

the ATC blowing li p location . The inline momentum thicknesses are apparentl y due

principally to the initial interaction of the inlet boundary layer with the hyper-

mixing nozzle flow i tself , since it is directl y behind the lower slot of a nozzle.

The boundary layers of the off-line , between , position appear to be thinne r due to the
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S LM L0 A 3/A 2 P
01 Hg Position Momentum Loca l Free Stream

cm (in) cm(in) cm(in) Thickness , Velocity
0, cm( in) V0~, rn/sec (ft/sec)

(5 ) 12 .7  (20)50.8 1.5 2:54 (1.0) In l ine (0 .0174 )0 .0 1+42 (83)25

(5)12 .7 (20)50.8 1.5 2.54(1.0) Intermediate ~‘LOlOl~ O. O256 ( 10 3 ) 31

(5)12 .7 (20)50.8 1.5 2.54(1.0) Between (0.0062)0.0157 (119) 36

(5)12.7 (20)50.8 1.5 10.16 (14.0) Inline (0.0094)0.0239 (169)52

(5)12.7 (20)50.8 1.5 10.16(14.0) I n t e r m e d i a t e  (0.0095)0.021+1 (203)62

(5)12.7 (20)50.8 1.5 10. 16(4.0) Between (0.0122)0.0310 (21+3)74

(5)1 2.7 (20)50.8 2.0 2.514(1.0) Inline (0.0169)0.0430 (112)34

(5)12.7 (20)50.8 2.0 2.54(1.0) Intermediate (0.0225)0.0572 (102)31

(5)12.7 (20)50.8 2.0 2.514(1.0) Between (0.0109)0.0277 (140)43

(5)12.7 (20)50.8 2.0 1 0. 16(4.0) Inline (0.0173)0.0439 (217)66

(5)12.7 (20)50.8 2.0 10.16(4.0) Intermediate (0.0197)0.0500 (220)67

(5)12.7 (20)50.8 2.0 10.16(14.0) Between (0.001+9)0.0125 (277)814

(5)12.7 (8)20.32 1.5 2.54(1.0) Inline (0.0096)0.021+4 (81)25

(5)12.7 (8)20.32 1.5 2.514(1.0) Intermediate (0.0093)0.0236 (99)27

(5)1 2.7 (8)20.32 1.5 10.16(4.0) Inline (0.0056)0.0142 (161)1 +9

(5)12.7 (8)20.32 1.5 10.16(4.0) Between (0 .0 062 )0.0 157 (2 l5 ) E6
(5)12.7 (8)20.32 2.0 2.54(1.0) Inline (0.0133)0.0388

(5)12.7 (8)20.32 2.0 2.54(1.0) Between (0.0082)0.0210 (15l )L6

(5)12.7 (8)20.32 2.0 10.16(4.0) Inline (0.0092)0.0234 (l67)~~l

(5)12.7 (8)20.32 2.0 l O . l ~~(4.O) Between (0.0059)0.0150 (2l6)E6

(1 0)25.4 (5)1 2.7 1.5 2.5’+ (l .O ) Inli ne (0.0236)0.0600 (78)24

(10)25.4 (5)12.7 1.5 2.514(1.0) Betwee’, (0.0074)0.0188 (84)26

(10)25.4 (5)12.7 1.5 10.16(4.0) Inline (0.0094)0.0239 (148)45

(10 ) 25 . 4  (5 )12 .7  1.5 10 .16 (4 .0 )  Between (0.0080)0 .0203 ( 162 )4 9

(1 0)25.4 (5)12.7 2.0 2.54 (1.0) Inline (0.0059)0.0150 (93)28

(1 0)25.4 (5)12.7 2.0 2.514(1.0) Between (0.0044)0.0112 (101)31

(1 0)25.4 (5)12.7 2.0 10.16(4.0) Inline (0.0100)0.0254 (l31+ )4l

(1 0)25.4 (5)12.7 2.0 10.16(4.0) Between (0.0064)0.0163 (149)115

FIGURE 5.1-10. PHASE I ATC/D IFr(JSER BOUNDARY LAYER RESULTS
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S energ izing effect of the inlet boundary layer con t rol root nozzles , shown sche-

maticall y in Figure 3.2-3, located i mmediatel y ups tream of this blowing lip  pos i-

t i on.

For a prima ry p lenum pressure of 2.514cm (1”) of Hg, typica l bounda ry layer
• ve l oc i ty profiles that were obtained are shown in Fi gure 5.1- 1 1 for positions

directly behind (in-line) a prima ry hypermixing nozzle and between (off-line)

two prima ry nozzles . The ve l oc i ty profi le , when compared to a turbulent 1/7th

power profile for a turbulent boundary layer , appears to indicate an addition of

energy for the off—line position . This is not surprising since the off-line sur-

vey position is located directl y behind the upstream root nozzles wh i ch were

ori g inall y installed by ARL to prevent inlet separation between the prima ry noz-

zles. Large reg ions of separation had been observed to occur between the primary

nozzles prior to ins t allation of the root nozzles by ARL . The higher free stream

velocity of 43 rn/sec (140 ft/sec) , Figure 5 .1-10 , 11 , at the edge of the off-line

boundary layer  is due to the jet blowing effects provided by the root nozzles . The

influence of root nozzle bl owing is not seen in the in—line profile of Figure

5.1-11. The momentum thickness for the in—line profile was calculated to be

0.043cm (0.0169”) , while the off-line momen~:um thickness was 0.0277cm (0.0109”).

Thece va l ues are of the same orde r as the des i gn va l ue of 0.0254cm (0.010”) origi-

nally used for this Phase I ejector/augmentor configuration .

A grap hical comparison of blow i ng li p boundary l ayer variations in momentum

thickness for primary plenum pressures of 2.54cm (1.0”) and 10.16cm (4.0”) Hg is

presen ted in Fi gure 5.1-12. Tne generall y thicker in-line momentum thickness com-

pa red to the thinner energ ized off-line values for a primary r lenum pressure of

2.54cm (1 .0”) Hg, il l ustra ~- 1~ the effectiveness of the off-line root nozzles and

the interfe rence effects of the primary hypermixing nozzle on the in-line li p

bounda ry layers. However , at a hi gher primary p lenum pressure of 10. 16cm (4.01)

Hg the expansion of the prima ry fin nozzle jet has apparent y imp i nged upon the

co~istant area mixing walls and energ ized the in-line boundary layers such that

the calculated momentum th i cknesses approach the predicted va l ues for the reg ion

investi gated . The faster t~xpansion of the hype rmixing nozzle jets at hi gher pri—

ma ry p lenum pressures , is apparentl y due primaril y to the reduced static pressure
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- 
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in the inlet section wh i ch enhances the jet expans i on . Prima ry pressure effects , in

th is case , can improve the overall spanwise ATC/d ffuser blowin g efficiencies and

c o n t r i b u t e  to augmenta t ion  performance . For both p r i m a ry p lenum pressures , the long
ejector (LM 

= 12.7cm (5”) , ~~ = 50.8cm (20”))hi gh area ratio data exhibit anomalies.

ATC contours , which are designed specifically for boundary layer energ i za-

t ion and rapid diffusion , are directly dependent on the status of the inlet

boundary layer profiles. Thus , from the Phase I results showing cases with
D >8 - ,it was determined that the Phase I ATC/diffusers , designed forMax D e s i g n
0
L 0Design ’ required an excess of blowing power for proper diffusion.

Desi gn of optimum ATC contours (Phase II) i ncorporated Phase I boundary layer

results to reduce the ATC blowing power required and thus improve augmentation.

5.1.4 Velocity P rof i les

Hy p e r m i x i n g  nozz le  e jec tor  performance has been found to be directl y de- 
S

pendent upon the interna l flow veloc i ty distribution or flow skewness factor ,

~~, which is defined in the equation below , 
S

.r
l (v l) 2d(z/c)

S = 
— 2  

Eq. ( 5 . 1 . 4 — I )
V

where :V’ = mean ve l ocity vector associated with each increment of A(Z/c),
S 

V = arithmetic average ve l ocity across the velocity profile

length c ,

Z/c = nond i mensiona l spanwise coordinate.

I nves tigation of ve l ocity profiles allows the determination of the turbulent

mixing effec t of the primary nozzle jets at various downstream stations and the

quantitative eva l uation of the flow skewness contribution to interna l losses.

During testing, an internal flow rake was positioned such that i t  w o u l d  S

span three hype rmixing nozzles while p l aced parallel to the spanwise coordinate ,

Z. The flow rake scanned the entire constant area mixing width , W , at 1.27cm

(1/2) inch increments for the 25.4cm (b ’), 1~ = 12.7cm (5”) , and A
3
/A
2 

=

1.50 ejector configuration at P01 = 2.54cm (1.0”) Hg. Typ ica l blowing lip inter-

nal flow surveys presented in Figures 5. 1—1 3 and 5 .1— 14 show the instantaneous
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velocity calculated from total probe pressures and the flow rake averaged static

pressu re  va l ue , for p o s i t i o n s  ac ross  the ejector.

Figures 5. 1-1 3 and 5 .1-14 presen t velocity profiles for distances

= 8.89 (3.5”) to 15.2~+cm (6.0”) from a sidewall at 1.27cm (1/2”) intervals ,

across the constant area mixing width. The centerline total p robe shown to be

at the relative spanwise coordinate Z’ = 0cm is directl y downstream from a H-B

hypermixing nozzle and 61cm (214”) from the test bed floor , wi th each adjoining

ejector nozzle at 7.62cm (3”) intervals above and below the centerline p robe.

Most notable in the fi gures is the hypermixing jet effect upon the profile even

at a distance of 25.4cm (10”) downstream of the ejector plane.

The turbulent mixing profile of a typ ica l ve l oc i ty scan is shown in Fig-

ure 5.1-15 for W’ = 12 .7cm (5.0”). To indicate the l eve l of internal mixing

occurring at this position , the skewness factor of the profile is presented.

Using Equation 5.1.4- I , the skewness factor was determined to be 1.0056 for

this particular veloc i ty profile. A perfectly un i form veloc i ty profile w i l l

g ive an ideal skewness facto r of one. The integration and eva l uation of all 
5

the internal flow scans thus provides an indication of the effectiveness of the

ejector mixing process to the beginning of the diffuser plane . An ave rage skew-

ness factor of all the ve l ocity profile skewness factors across the mixing width

for the above location was calculated to be 1.015 . This ave rage skewness factor

coupled with previous ARL results and Phase II optimum configuration skewness 4
results contribute to the data base for approx i mate va l ues of internal skewness

factors required in the des i gn procedures of Section 5.3.

5.1.5 Augmentor Results

Maximum augmentation ratios for Phase I confi gurations wi th hype rmixing

nozzle/ Inlet are shown comparative l y in Figure 5 .1-16 . The solid curve repre-

sents previous peak augmentation results , Reference 3, u s i n g  ARL/H-4 hypermix-

ing nozzles wi th trapped vortex diffusers . Previous l y measured per formance  of

ATC diffus i on in a large area ratio thrus t augmentor with H-4 hypermixing noz-

zles is shown for a total available mixing length , LM + L0, of 63.5cm (25”).

The dashed curve is an estimate of the potential performance imp rovement in

short ejector/augmentors emp l oy ing ARL/H-8 hype rmixing nozzles with an optimum

A IC/diffuser. The resultant augmentation ratios for ATC/augmentors , emp loy ing

42

:-



- 

~iT~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

— -a-

Un

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C ) i

I-
LI) S

— U :
— ‘.0 V’S U)

- - a - — LU 
~
-.

+ • L)
LA C)

- 3: U:
— —

‘—5. 
=

II C)
—5- (I’S

U: = U:
‘.0 < ~~ 

U) 
~~LA • I _ L U

0 U’S — CO U) =
0~~~~ ( ‘4 0  ~~

E
5-— U 3: inE N. LU
U • C ) > -

-~~~
(‘-I UJ L)
— II ~-‘ 0

0) - 3: _i
S — II -— < U )

N 0 I_ >
N C) - -. in
o ~j  C —

3: 0
5 .- C)
S U ) —  4’ —

= .~~ V’S a-
= 0 ~~ 

— >-
.-.— o

a- 3:

~~ 
E

~ ~ 0) U) a. . S

~ -a- ~ —.0 V’S LA
9- LA . -

- — LA LU
._ C’4 L - 1  > —C) 0) —

II 4~I I _ L A
C) C
I_ z 

~ -.i w
.i C) U) U:

U: 0
C)

‘.0 - -
5.-.- — -  Li...

- -a- • Ni
I 0

I .1 I I
LA 0 -a- (‘t --. (‘I - --.
-0 • 0 • 0 • 0 — 0

0 —  -a- co U) ‘.0 (‘.1 -a- • c-i
(‘1~~~~~ — — ‘.0

(33S/ .LJ) ‘D3S/S.J~~~ W ~A ~~~~~~~~

I 

4-1

- S~~~~~~~~~~S 5 ~~~~~~~~~~~~~~~~~ 
—_

~~~~-S-_ - .-_---~~~~~~--_S _ 5S 



______ - ~ii iii
_ _ - 

_=-—--
~
-- -- 5-

~~~~~
-
~~~~~

- ~~~~~~~ -- ‘.5,

- ‘.0

I-.
—.5 Ui
L/) -.1
LU 3:
-a
NJ ‘I)
NI LU U:
0 -a U)

NJ V’S
NJ 0

• 0 Li~3: - LA
U i —  —
i—U:  C) C)

0~
—

~ 
— C)

> I-
U: —

C)UJ
WV) U: U:

LU 0
a- Li.- a.
< Li.. >-
U : —
i -C)  --— z - -a- ~~ I-.

U : V)  — 
.5.
’-

S t LUW Li... 5—..
(I) ..J C)
O N - I  U.l ....l 3:

Li.., Q a. + —
~L — 3 :  — I—

C) I—
‘ -a. -a _i I—.

C ) I  0 - 3:
I— 3: Ui

S 

‘ <- .-- —-5- -
0 ~~

— 1-5--S 0
4-~(0

A U:

N
U)C)U) — S

V) Z W  V’S s. I
C) LU —

Li.. > I- ...J s.. - —
Li.. C) V) Ni LA
— < L U
C) -a — U J 0 U)

Uf l 3 :  U:
0

V)Li..C3 C)
—
U.

a- C)

I I I 0
CI’, — C’S N. LA

c-I . -z

3:
C)

- 3: 1-
‘SC 0 1 — 3:
m ZUO LJ 0
E — O r—

~~ - )cU:C)~~—

44

Ii— __  _  _ _ _-

~

- 5 5---

~

-

~

-

~ 

____



_ -5 - - -55 - - -

active diffus i on cont rol , are always calculated with the auxiliary prima ry

blowing requirements included.

As can be seen , t~e Phase I maximum augmentation ratios , as a function

of total mixing diffus i on length , approach the predicted imp roved augmentation

ratios for the length to throat ratios tested. The ~iaximum augmentation ratios

represent the peak experimental values obtained for the two diffuser area ratios

tested , A
3
/A
2 

= 1.5 and 2.0 as specified in the Phase I testing sthedule. Based

on previous emp irica l data , an actua l p lot of augmentation ratio versus diffuser

area ratio imp lies that i f  finer increments of a r e a  r a t i o  were i n v e s t i g a t e d  for

each configuration , higher maximum va l ues could be obtained that would correspond

more closely to the estimated perfo rmance . Howeve r , for the limited area ratios

tested in Phase I the agreement between experimental results and H-8/ATC predic— S

tions is seen to be quite good . Analogous to the results for previous non-opti-

mum des i gns (Reference 3), Figure 5.1-17 shows the degradation in augmentation

with increased primary p lenum pressure for Phase I configurations ope rating i n

their best diffuser area ratios .

5.2 Optimized ATC/ Diffuser Confi g u r a t i o n  - Phas e H

An investi gation of the performance and inte rnal flow characteristics of

an optimized ATC/diffuser augmentor was conducted during Phase H tes t i n g  in the

ejector test facility. Schematics of two Phase II configurations , a conven tional

straig ht wall diffuser and an ATC/diffuser , are shown at A
3
/A2 = 2.0 i n  Fi gu re

3.5- 1 with both configurations having LM = 12.7cm (5”), L
0 

= 29.8cm (11.75”). As

in Phase I , the ATC/augmentor incorporated multi p le fin H— 8 hypermixing nozzles

and the two dimensional ARL inlet. The optimized augmentor geometry was defined

using the ATC augmentor desi gn procedure with feedback from the evaluat ion of

Phase I result s and the length constra int finalized through consultation with 5
5

the Contract Technica l Mon i tor .

5.2.1 ATC/Augmentor Design Procedure

The design procedure for configured ATC/diffuser augmentors is exp lained

in Figure 5.2-1 in the form of a procedure flow chart. As may be seen in the

flow chart , the Phase II confi guration design began with the performance/sizing

trade-off studies from wh i ch the mixing and diffuser lengths , LM 12.7cm (5”),

L D = 29.85cm (11.75”), were selected for th~ range of predicted augmentation

ratio (1.8 - 1.9) that was desired. Diffuser and ATC wa ll contours we re modeled

-5- .;

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 - - .-- -— --5---- s~~~~5 5 5~~~~~~ S •
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0

~~~~~
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_____
__
__~._____

__
~ __

__.. ...

~~~~~~~~~

8cm (20”)

l.~ - 

LM ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

?~ :c ~ ~R)~ 

S

= 20.32cm (8

1 . 6 -  AR = 1.50

0 R E F E R E N C E  3

l .5  0 ATC DIFFUSER/H-8 NOZZLES

I I I I
( I)  (2) ( 3 )  (4) (5) (6)

2.54 5.08 7.62 10.16 12.7 15 .214

P R I M A R Y  PLENUM PRESSURE , P01, CM ( I N ) HG

FIGURE 5.1-17 . HYPERMIXING PLENU M PRESSURE EFFECTS ON AUGME NTATION
RA T IOS OF PHASE I CONFIGURAT I ONS
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in the rheoelectric analog facili ty for diffu ser ratios up to 2.5, and included the
optimum setting, A

3
1A2 

= 2.10. Turbulent bounda ry layers were anal yzed according to

the iteration loop in the flow chart for separation tendencies and stability.

Additiona l information available for the Phase II confi guration desi gn were

the previous results of Phase I tests whi~ h are represented by the experimental

iteration segment of the flow chart. The feedback of emp irica l information

such as AIC wall pressure data , li p boundary layers , primary p lenum pressure

effects , and interna l flow ve l ocities aided in desi gning the optimized ATC/

diffuser augmentor to be tested in Phase II.

5.2.2 Wall Pressure Results

The results of the variation in the l oca l pressure coeffic ient ,C ,along

the ATC/diffuser wall for the optimized H-8/ATC ejector/diffuser at an area

ratio of 2.0 is compared to the predicted theoretica l results from the rheo-

electric analog facility in Figure 5.2—2 . The loca l pressure coefficient is

again determined as the difference between loca l and reference static pressure

divided by the reference dynamic pressure , q f- The reference static pressure ,

as in Phase I , is calculated to be the average of the constant area mixing wal l

pressures i mmediatel y upstream of the ATC blowing li p  l ocation. However , the

reference dynamic pressure is now considered to be the difference between the

spanwise average free stream total pressure and the reference static pressure ,

due to the mixing effects of the H-8 ejector nozzles. Internal flow velocity

profiles were used to compute the average free stream total press u-e fcr use

in the data reduction. Fi gure 5.2-2 shows the excellent agreement be tween

the ATC/diffuser wall pressure distribution and the predicted theoretica l values

using the corrected pressure coefficient. The local pressure effect of the

blowing slot jet is present in the data near the blowing li p location and the

jet , after mixing with the i ncoming boundary layer , is seen to begin diffusion

along the ATC wall at the pred icted veloc ity ratios.

The optimum ATC diffusion contour was desi gned , in Phase II , by ia kir ~g

into account the nonuniform li p momentum thickness distributions measurcd in

the Phase I boundary layer surveys. W ith the measured increases in local mome n-

tum thickness upwards of l00~ , the optimum ATC energizat ion region was sized

to accommodate the larger power losses at the blow i ng li p l ocation. Opera ’in g

at a primary plenum pressure of p01 
= 2.514cm (1”) Hg, the ATC/augmentor wall pres-

sure distributions in Fi gures 5.2-3 and 5.2-4, show the ATE/diffuser flow to be
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comp letel y attached and diffused for the full range of area ratios tested .

The onl y losses incurred with this optimum ATC/d iffuser are those associated

with the boundary layer losses along the diffuser wall and any skewness in the

ex i t  p lane velocity profile. The scan of diffuser area ratios was investigated

in order to determine the maximum augmenta tion ratio for this confi guration

and in all cases the diffuser exit plane pressure coefficients , Figures 5.2-3

and 5.2-4, achieved or approached the i deal theoretica l va l ues of pressure asso-

ciated with each area ratio . The only noticeable discrepancy in the wall pressure

distributions is seen in the region approx i matel y 10. 16cm (4 inches) downstream

of the ATC blowing slot. At this position the fully energized and diffused

i ncom i ng boundary layers should essentiall y start a new turbulent boundary layer

and travel the length of the diffuser wall under the influence of a constant or

sli ghtly adverse pressure gradient. The discrepancies in pressure coefficient

in this region downstream of the ATC are attributed to the mating of the modular

ATC and diffuser wall sections.

The influence of primary plenum pressures upon the ATC/diffuser at the

optimum AR , A
3
/A
2 

= 2.10 , is illustrated in Figure 5.2—5. For each prima ry

plenum pressure , the augmento has undergone the testing procedure of Section

4.0 in order tha t the augmentati on ratio is maximized with the ATC and endwa ll

mass flows optimized . The results of Figure 5.2-5 show that with BLC blowing

balanced , consistent levels of local pressure coefficients are experienced and

the idea l exit plane pressure coefficient maintai ned . In this subsonic diffuser

the optimized AT C/diffuser performance appears nearl y independent of primary

p lenum p r e s s u r e s .

5.2.3 Internal Flow Measurements

An extensive survey of the opt imi zed ATC/augmentor interna l flow velocity

profiles , at A
3
/A
2 

= 2.10 , was obta i ned and analyzed , with the ejector operat ing at

P0 1 = 2.54cm (1”) Hg and using the internal flow rake desci rbed in Section 3.3. Span-

wise velocity profiles , parallel to the constant area mixing walls , were taken at

2.54cm (1”) increments for AIC blowing li p and diffuser exit p lane flow travers-

ing locations. The center span posit ion was utilized for these surveys since

the velocity profiles here show the least influence of the three dimensiona l

effects produced by the interacting endwa ll blowing nozzle jets.

- -  
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Representative of the characteristics of the transverse internal flow

profiles are the veloc i ty profiles of Figures 5.2-7, 8, 9, and 10 taken along

the centerline and diffuser wall of the ATC/augrnentor. Figure 5.2—6 shows a

schematic of the centerspan p lane and the relative location of the four inter-

nal flow ve l ocity profiles presented in the fi gures. In all four figures the

hypermixing ejector nozzles , spaced at 7.62cm (3”) interva ls , are 68.6 (27”) ,

76•2cm (30”) and 83.8cm (33”) centimeters from the floor , respective l y, as

indicated in figures.

The general characteristics of the internal flow scans located along the

centerline , Fi gures 5.2-7 and 8, show the jet effects of the upstream hypermix-
ing nozzles. Fi gures 5.2-9 and 10 for internal flow near the diffuser wa l l ,

include the energization effects of the inlet root nozzles. Because of the pro-

ximity of the blowing lip plane to the hypermixing nozzles , rap id turbulent mix-

ing of the prima ry and induced flow is proceeding as is apparent from the hig h l y
skewed profiles of Figures 5.2—7 and 9. At the diffuser exit p lane the flow p ro-

files of Fi gures 5.2—8 and 10 show more complete mixing with flow diffus i on to

l ower ve l oci ty va l ues .

For anal ys i s , the velocity profile at each particular station is eva l uated

for its arithmetical mean veloc i ty. The individual ve l ocities are derived from

the calculated dynamic pressures of each total probe and the ave rage loca l stati c

pressures. The ratio of average ve l ocities between positions A and B (Figure 5.2-5)

is 2.06 wh i ch approaches the i deal diffuser ratio of 2.10. However , because of the

energy addition of the ATC blowing slot , the average ve l ocity ratio between C and

D i s onl y 1.79 . The combination of ATC blowing along the downstream diffuser wall

and boundary layer/mixing ahead of the ATC apparentl y contributes to the sli ght

reduction of the diffus i on ratio. An accurate measure of the prima ry/secondary

mixing effect is the calculated skewness factor , ~ . The profiles in the blowing

li p p lane wh i ch are influenced by the primary jet g ive large skewness va l ues of

1.048 and 1.042 for pos i tons A and C respective l y. After continued mixing throug h

the diffusion region analogous exit p lane skewness factors are measured to be 1.0’9

and 1.020 for pos i tons B and D. Further reduction of the s ewness factor towards

the i deal va l ue of 1.00 is , of course , desirable since ve l oc i ty skewness seve re l y 
S

degrades augmentation performance. The un i form distribution of skewness in the

5L~
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30.88 rn/sec (i ~ 
c)~~~~~ ( A ) -  -

V =  (101.3 ft/sec) 
—

— 1 042 
V 33.29 rn/sec

— 
* (109.24 f t /sec)

/ / / L~ = :9.85c: :ll.75”)

o 5

V =17.3 rr/sec (56.75 f t / sec )  I V = 16.15 rn/sec (53.0 f t /sec)

B = 1.020 AR = 2.10 B = 1 .029
DIFFUSER EX IT  PLANE
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diffuser ex it p lanes does , howeve r , show the diffuser transverse flow con t ro l
S 

provided by the ATC/d iffuser.

5.2.4 Augmentation Performance

A measure of the overall performance of the AIC-/augmentor is the thrust

augmentation ratio of the ejector/augmentor configuration . Phase II testing

results with the optimized ATC ejector/diffuser confi guration for a range of

diffuser area ratio is shown in Figure 5 .2-11. The testing procedure of Section

4.0 was emp loyed in obtaining the maximum augmentation ratio for each area ra tio

w h i l e  operat ing the ejector / d if f user at P01 = 2 .54cm (1”) Hg. The f igure shows
the max i mum augmentation ratio , 4

~max ’ averaged ove r nume rous runs to be equal to

1.85 . As for all ATC/augmentor confi gurations the hi gh augmentation ratio is

obtained with the inclus i on of the auxiliary prima ry blowing in the calculation

of ~~~. The curve of Figure 5 .2— 11 shows that for an optimized ATC /augmentor ,

augmentation ratios -~~~ 1.80 are maintained over a wide range of area ratio ,

1.925 ~ 
A
3
/A2 

< 2.25, for this compact , LM + L0 = 42.55 cm (16.75”), ejector!

augmentor. The 
~max 

va l ue of 1.85, for P01 = 2. 54cm (I”) Hg, is in close agree-

ment with the predicted leve l of performance for an opt imized H-8/ATC ejector!
I

diffuser as may be seen in Fi gure 5 .2—1 5.

For a baseline comparison wit h an equivalent leryth conventional diffuser ,

with no advanced BLC methods , a stra i ght wall diffuser ~~th L = 29 .85cm (1 1 .75” )D
was also tested n the ejector test bed facility . With endwal l nozzle blowing

optimized , the maximum augmentation ratio results for this diffuser are shown in

Figure 5 .2-12 for P01 = 2.514cm (1”) Hg. The max i mum augmentation ratio measured

was 1.69 and occurred at a low area ratio of 1.50. Area ratios below and above

the optimum of 1 .50 we re tested , wi ~h d i f fuser  area ra t ios  above 2.0 e x h i b i t i n g
flow separation in the augmentor diffuser section . Fi gure 5 .2—13 gives a compari-

son between straight wall diffuser baseline augmentation ratios and the optimized

ATC/augmentor pe rformance by comb ining Fi gures 5.2-1 1 and 12. An increase of approx-

imate ly lO~ 
(,
~ = 0.16) in maximum augmentation ratio is seen for the opt~ mi ied

AIC/augmentor wi th the primary plenum pressure equa l to 2.54cm (1’) of Hg. This

performance imp rovement is accredited to the rap id con t rolled d i ffusion of t h

F optimized ATC/di ffuser , since all other ejector parameters have rema i ned Hxed .
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At higher primary plenum pressures of P
01 

= 10.16 cm (4”) and 25.4cm (10”)

Hg, the optimized augmentation ratios for the baseline and ATC/augmentor are

compared to P01 = (1”) Hg resu l ts  at seve ra l d i f fuser  area ra t ios , Fi gu re 5 .2 -14 .
In both ejector/diffuser configurations where the diffuser flow was attached , the

moderate inc rease in plenum pressure to 10.16cm (4”) Hg Improved the augmentation

ra t i o .  The improvement in performance was then maintained or slightl y degraded

with a further increase In p lenum pressure to 25•4crn (10”) Hg. As may be expected ,

in the baseline straight wall diffuser configuration at A
3
/A 2 

= 2.50, wh i ch exh i-

bits separated diffuser flow , slight decreases in performance are seen with

increased plenum pressures. The baseline results follow the pressure trends of

previous data , but the lack of pressure degradation for the ATC /diffuser differs

s ign i f i can t ly from the Reference 3 and Phase I results (Figure 5 .1-17) and is

attributable to the optimized ATC contour design.

Augmentation perfo rmance of the Phase II optimized ATC/augmentor and conven-

tional straight wall baseline diffusers is related to current ejector/augmentor

S performance capabilities in Figure 5.2-15. Current configuration results pre-
S sen ted rep resen t a pressure ave raged 4)

max 
at tained for the length to throat

ratio corresponding to the total available mixing/diffus i on length , LM 
+ L

D
.

Development research at ARL using H-4 hypermixing ejector nozzles and length y

diff users is shown as the shaded data block , along with reference configuration

‘ F ’ . Previous trapped vortex diffuser results w ith H-4 nozzles are given to

illustrate the present advances in BLC augmentor dIffuser design.

The previous ejector/augmentor data provides a base for comparison with

current contract efforts wh i ch emp l oy the advanced H-8 hype rmixing ejector

n o z z l e s .  The use of H-8 nozz les  and optimized end wall blow ing allowed the

performance of recent ARL straight wall diffuse rs to approach the previous trapped

vortex results at length ratios near 2.5 but drastic fall-of fs in performance were

indicated at other length ratios . With optimized ATC/di ffusers , augmentation

performance shown by the dashed curve was pred icted and substantiated to excede

the t rapped vor tex r e s u l t s  at all diffuser lengths.

The final augmentation results of Phases I and I I are shown in the above

figure for comparison and eva l uation . Phase I ATC/diffuser data for length

to throat ratios fo 1.3, 1.5, and 2.5 show augmentation ratios approaching the

predicted va l ues , even thoug h area ratio was not actuall y investigated for opti-

mization of 4) during Phase I studies. For Phase II H-8/ATC augme ntatio n with a
max
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compact length to throat ratio of 1.675, results are shown for the primary

pressure averaged value of 4)max 
= 1.86 and the highest sing le run 4)max attained

at P01 
= 2.54cm (1”) Hg of 1.88. The figure Illustrates the sIgnificance in the gain

of augmentation ratio with the compact optimum ATC/augmentor over the equiva lent

conventional straig ht wall diffuser 
~~~~ 

= 0.17 - 0.19). More i mportantly, the

potential for high augmentation performance using even shorter ATC !augmentor

diffusers , is shown from the successful testing and evaluation of present op-
timized H—8/ATC ejector/diffusers. For instance , the correlated rt~sults im-

p l y tha t a 36 percent reduction in length , relative to the baseline stra i ght
S 

wall diffuser is possible while maintaining a 4) value of 1.7. This would cor-

respond to a l ength to throa t ratio , (LM + L
D
)/W, nea r one•

5.3 Augmentor Analytical Design Techni que

A prima ry goal of this study was to deve l op an augmentor pe rformance

p red i ct io n and desi gn method that would allow sizing/performance parameters
of a given augmentor to be estimated rapidly and quite accurately. It was

S found through analysis of the experimental results of the present study and

information presented in References 1 and 4 that such predictions could be

made by use of incomp ressible formulations presented in Reference 2, provided

the experimental correlations deve loped during the present study are utilized.

Althoug h the data base restricts the quantitative anal ysis to low temperature !

pressure augmentors with two-dimens i onal H-8 inlet/primary systems , the

qualitative trends give insight into generalized augmentor characteristics .

Thus , to obtain a realistic estimate of the augmentation ratio , 4),

for a g i ven thrust augmentor characterized by the geometric parameters of

A 1 /A0, LM, LD, A3
/A2, and a specified primary pressure ratio , the average 

S

inlet ve l oc i ty ratio , V1 /v0 is first computed by use of the quadratic

exp ression

1 / 2  A A A2 2 A 1 2 A 1 V 1 
S(VL) [2 .J.. + 

~~~~~~ 
- q(~—) 1 -2q ~~

— 

~~ 
+

0 A0 o 0 0 0 0

+ [280~~~
.- q]  = 0

where A0 
is the total blowing slot area of the augmentor (including the ATC 

S

slot area in the case of an A TC diffuser) , and q s the quality defined by

the relation ,

L — - - - -- 5 —- - — -  — 5 -- - — -  5 —- —~~~~ - -~~~~
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q = 
~2
[2 

~ 
+ 2 - C ]

Substitution of the resulting ratio for into the expression

4) = 

~~~ 

(1 + • ~~~ [J~~.. - (1-i-~~ ) ( 1
)]

then yields the desired approximate va l ue of the augmentation ratio. In

the above equations , losses at the various stations are represented by s’s,

n ’s, and ~‘s which correspond to flow skewness factors , component efficiencies ,

and loss parameters , respectively. In particula r , the value of the hype rmixing

nozzle efficiency , 1N’ is given as 0.96 in Reference 2. Pressure recovery in

the diffuser is denoted by 
~~~

. PararneLer correlations and methods for estimating

the other loss factors are detailed in A~ -endix A. S

The above procedure was used to estimate the augmentation ratio of

the optimized compact AlCldiffuser experimentall y i nvesti gated during Phase II

of the present study . The estimated va l ue of 1.89 was in good agreement w ith

the measured va l ue of 1.86 averaged over all pressures . S imilar computations

were performed for the long ARL configuration ‘F ’  straig ht wall diffuser.

Comparison of the predicted performance with that measured during

the present program is shown in Figure 5.3-1. As may be noted from the

comparison , the agreement is again within about ±O•03.

I
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6.0 CONCLUS I ONS

I. The technique of adapting and optimizing compact ATC/d iffusers for

S 
operation i n h i gh performance thrust augmentors has been established

for low pressure/temperature operation. The primary factors which in-

fluence the performance appea r to be the overall length constraints of

the augmentor , the diffuser area rat io , the maximum boundary layer mo-

mentum thickness at the ATC blow i ng li p, and attaining proper endwal l BLC .

2 Thrust augmentation obta i ned with the short ATC/d iffusers and ARL/H-8

: 1 hypermixing nozzles was increased abou t 3~ 
over the levels obtained when

the ARL/H-4 nozzles were used. The experimental augmentation values were

in good agreement with the predicted levels.

3. By utilizing knowledge gained from deta i led interna l f low and boundary

laye r measurements , the present optimized ATC/augmentor desi gn eliminates

the degradations in augmentation ratio with increasing primary p lenum

pressure observed in prev i ous testing of active diffusion control ejectors.

4. The thrust augmentation ra t io  obta i ned for the optimized short ATC /diffuser

is 0.16 - 0.19 (1 O ~) larger tha n tha t obta i ned with a conventiona l

stra i ght wall diffuser of the same length. Without addressing s~ stem

weight tradeoffs , this improvement approximates a correspond i ng l0~
increase i n  takeoff gross wei ght for augmentor VTOL aircraft with a S

g iven eng ine installation.

5. Correlations of the present ATC/augmentor data indicate that a 36 percent

length reduction in the mixi ng/diffuser section , relative to the stra i ght

wall baseline case , is attainable while maintaining an augmentation ratio

of 1.7. High performance compactness improvements of this magnitude permit

augmentor length to throa t ratios on the order of one to be used in VIOL

installations , thus greatly enhanc i ng VIOL aircraft design flexibility.

6. Measured values of interna l flow skewness for various diffuser configu rations

were found to correlate well with publishe d results through use of a cor-

relation parameter tha t is based on geometric parameters of the augmentor.

Mixing between the primary and induced flow is enhanced and the skewness

S factor correspond i ng l y l owered with increased diffusion.

L 
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7. A design formulation using correlated experimental coefficie nts in con-

junction with an i ncompress ible augmentor analysis allows augmenta tion

va l ues for the class of auginentors discussed to be estimated withi n about

+0.03.
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7.0 RECOMMENDATIONS

The technique of adapting short ATC/diffusers to a high performance thrust

augmentor has been established. Limited theoretica l studies by Vought

Advanced Technology Center , however , indicate even larger increases in thrust

augmentation i f  the diffuser can be made capable of furthe r area expansion

without boundary layer separation . It is recomended , therefore , that an

invest i gation be initiated to determine the effect on the performance of

- j compact thrust augrnentors when use is made of advanced sing le or mult i p le
staged diffusion dev i ces. Anal ytica l studies would precede two-dimensional

testing in the Large Scale Augmentor Test Rig.

A second recommendation is that fundamental studies be performed to

determine the ef fects  of basic three—dimensional  augn-ientor installation

characteristics such as bay aspect ratio and required endwa ll BLC. The

stud ies should be oriented particularl y toward the ultra-compact configurations
S 

and should seek to minimize adverse three-d imensiona lity while maximizing
S 

potential performance enhancement factors.

72  

—— --- 5 - - - -  ____________ ___________ 4
55 

55---- - - —- — —-5 5-- -
~~~~~~~-- —- --~~~~ -~~~--~~~~~~



—i- --- - — - — .~T~~~ T 5-T: T -- — ____

REFE REN CES

1. Q u i n n , Brian , “Experime nts with Hyperm ixing Nozzles i n an Area Ratio 23
Ejector,’ Aerospace Research Laboratories Report No. 72-0084, June 1972 ,
AD 752-207.

2 . Q u i n n , Brian , “Recen t Developments i n  Large Area Ratio Thrust Augmentors, ”
A IAA Paper No. 72— 1174 , AIAA/SAE 8th Joint Propulsion Specialist Conference ,
November-December , 1972.

3. Haight , Charles H. and O’Don nell , Robert M. , “Experimenta l Mating of Trapped
Vortex Diffusers With Large Area Ratio Thrust Augmentors, ” ARL TR 74-011 5 ,
September , 1974.

4. Bevi laqua , Paul M ., “An Analytica l Descri ption of Hypermixing and Tests of
an Improved Nozzle ,” A IAA Paper No. 74-1190 , AIAA/SAE 10th Propulsion
Conference , San Diego , Calif., October , 1974.

5. Haight , C. H. , and Spang ler , J. G., “Test Verification of a Transonic Air- - S
foil Desi gn Emp loy ing Ac tive Diffusion Contro l ,” Fina l Report , NADC Con-
tract No. N62269-71+-C—0 5l7 , June , 1975.

6. Malavard , L. C., “The Use of Rheoe lectric Ana l ogies in Aerod ynamics ,” NATO
Agardograp h 18 , August , 1 956.

7. Viets , Hermann , ‘‘Directional Effects in 3—D Diffusers ,” Energy Conversion
Research Laboratory/ARL , ARL TR 74-0012, February 1974.

i_ I

J5



r- -55 — -.—-- -----..—_-___::~

- - - — - S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S . ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

. 5 5 5 5  _ 5 -

A P P E N D I X

AUG MENTOR LOSS FACTOR S AND CORRELAT I ONS

; 
The primary constraint under which the prediction method of Section 5 .3

operates is tha t the selected augmentor must have a two-dimensiona l inlet

system composed of ARL/H-8 hypermixing nozzles. This is necessary to maintain

correspondence with the data generating the emp iricisms since i mportant in-

terna l flow pa rameters such as skewness and blowing lip momentum thickness

depend strong ly on the in le t /nozzle confi guration. The performance of an

augmentor utilizing an inlet system identica l to the above but with ARL /H-4

S nozzles could not be expected to be estimated accuratel y by the developed

me thod because of the significantly different mixing characteristics of the

H- 8 and H-L+ nozzles (Reference 4 ) .  A furthe r const ra i nt  in the pred ic t ion
technique is  the assumption tha t the endwa ll  boundary laye r is s u f f i c i e n t l y

energized to prevent separation.

Fr ic t ion  loss coe f f i c i en t , skewness factor , and hypermix ing nozzle

e f f i c i ency  as re lated s p e c i f i c a l l y  to the ARL /H-8 in let  system is eva luated

d i rectl y from Reference 4 . Skewness coe f f i c i en t s  at downstream s ta t ions  are

emp iric ized both from present measurements and those presented by Bevi laqu a

in Reference 4. The remaining loss factors are based on the present data.

As noted in Section 5.3, only the incompressible expressions invo lv ing

and the augmentation ratio , ~~ , require eva luation to estimate the per-

formance of a low pressure/temperature augmentor. In the expression for the

average in le t  veloc i ty ra t io , V 1 /V 0 ,  the coe f f i c ien t  
~i represents the inlet

loss coefficient while is the skewness coeffic ient at the primary nozzle

station . From Reference 2 it is found tha t = 0.025 wh ile = 1.00.

Based on the interna l flow measurements of the present stud y and those

presented in Reference L3 , the skewness coefficient , ~~, downstream of the H-8

nozzles is strong l y dependent on the distribution of the geometric parameters

of the augmentor. A qualitative indication of the importance of the various

parameters may be seen by compar ing exponents in the derived correlation fac-

tor -
~ = (L

M
/
~~

3 (L
D
/w) (A

3
/A

2
)L25 (1 1w)t”2 , where L’ refers to the specific

location in the diff i ser at which the skewness factor is desired . Since the

skewness factor decreases with inc reasing ~~, it may be noted , tha t mixing is

enhanced and the skewness factor lowered as the diffuser area rat io is inc~~ ,iscd.
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This particular effect is in qualitative agreement with the theoretica l pre-

diction of Viets (Reference 7). A plot of available experimenta l skewness

factors as they vary with the correlation factor , 1, is g iven in Figure A-i.

The faired curve throu~ i the data is within the probable exper imental accuracy

of the data (0.002).

In the expression for %1
1
/V
0 ,

the weighted skin friction coefficient ,

is determined from the expression

C A

~
;
f =

where A is the wetted area of the constant area mixing section. For augmen-

tors possessing the genera l mixing area configuration and BLC blowing schemes

of the present augmentor , the skin friction coefficient Cf 
may be estimated

-; from the relation

20
1

C
f 

=

S where is the momentum thickness of the boundary layer at the entrance to

the diffuser. The above momentum thickness 0L 
may be determined from a correla-

tion of the present boundary layer measurements (Fi gure A-2). It was found

tha t for augmentors of the present type , the skin friction coefficient ,

was quite small. However , as pointed out in Reference 2, this coef ficient

can become larger if the ma in primaries inj ect along the walls.

The remaining coefficient that must be estimated is the diffuser pres—
S sure c o e f f i c i e n t , ~ . It was fo und tha t even with attached flow in the dif-

p
fuser , the performance of the augmentor was strong l y dependent on the diffu-

ser p ressure  c o e f f i c i e n t .  T h i s  c o e f f i c i e n t  may be estimated from the relation

C f l D C
P

where 
~D 

is the diffuser efficiency and C~ is the idea l i ncompress ib le  pres-

sure coefficient which is eva l uated by use of the relation

, A 2 2
C = I -  (—)

p A 3
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The diffuser efficie ncy term is more complex and requires a series of computa-

tions for its fina l eva l uation , thus

~D 1.OO - (~ P0/q 2
)( 1 - 

2

In the above expression , A P
0
/q
2 

represents the total pressure loss across the

diffuser due to the viscous boundary layer. It was found tha t this loss can

be estimated quite well by means of the expression

c (l.o5)~ 1 /A
q2 ~E FF D 3

where Cf E F F i5 an effective diffuser skin frictio n coefficient and D is the

mean hydraulic diameter of the diffuser , or

~~~~
= (02

+ 1
0 
lane)

In the above expression e = Ian
1 

( 
D
3
_D
2) where 02 

and 0
3 

are the hydraulic

diameters at stations 2 and 3 respectivel y. The constant 1.05 was empiricall y

determined from available experimental results. Fin all y, the effective diffuser

skin friction coefficient , C f ,may be estimated by use of the relation

C f 
= C

f 
[1.0 + 2K/ (1+A IA

2
)2 (J.. (A /A )2)]

EFF F.P. 3

where K is a coefficie nt accounting for the effect of the diffuser pressure

gradient (correlated in Figure A-3) and Cf F P  is the turbulent flat p late

skin f r i c t i o n  coe f f i c i e n t  computed f rom 
S

C f F P  = O.074/R 1”5

and the usua l Reynolds number Re 
= Pu L0/ ij . Here ii is the average velocity

through the diffuse r and is obtai ned approximatel y from

— u A
= ! _ ~ ( 1 +  i )

2 u0 A
2
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where

u A0 1/2
(_ 

~u0 
A 3 

idea l

The idea l primary jet veloc ity u0 
is calculated by first computing the idea l

ve l o c i t y  r a t i o  u
1
1u0 

from the expression ,

u A A u
= -~~~ (J~~~~~~~~~- ) )

u0 A 1 A

It then follows for the i ncompressible case that

= ~ 
2 (P - p )J  1/2

~ATM 0

whe re

= ~ATM - 
~~
0 

(u 1/u 0
) 2

u 2

It was found tha t low pressure , low temperature performance parameters for an S

augmentor may be estimated quite accurately by use of the above procedure if

the various coeffic ients are calculated for an average prima ry pressure (P 01
)

of 10.16cm (4.0’) Hg. The above equations , along with the empirica l correlations of

Fi gures A-I , A-2,and A-3 were used in obtaining the results of Section 5.3.
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