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1. SUMMARY

This report discusses the results of the Phase TII program of
Contract Nonr 28L0O(00) - ANNUIAR NOZ2LE BJECTOR. The report also re-
views the Phase [ and II programs and the over-all program precepts.

The Phase II] program was a study of the annular e 'ector to det-
ermine a configuration that accomplishes the following: (a) equals or
improves out of ground effect rerformance; (b) zives superior performance
in ground effect; and (c) overcomes the performance loss during ground ef-
foct transition encountered in the Phase II work. To achieve these goals,
this contractor investigated the combined rossihilities of a conically
di wrgent annular primary fet, wide angle augmenter tube, and flow con-

trol vanes,

The particular primary nozzle geometry chosen ( ‘et aspect ratio,
jet divergence angle and area ratio) did not combine eaffectively with
wide angle augmenters to achiave an e‘ector with out of ground effect
performance superior to that of Phase I and [I. However, equivalent
rerformance was achieved. The i{nvestigations were rerformed with small
=D and 3-D model ejectors with a primary fet thrust of aprroximately
5 1bs. supplied at aprroximately 21" Hg gzagr total rressure (1,7 pressure

ratio).

The investipation also included the ise of vanes at the hellmouth
and augmenter inlets and at the augmenter exit. Proper use of the vanes
reduced the augmentation loss in ground effect transition to aprroximately
1/3 the loss without vanes. The maximum resulting loss in ausmentation

was approximately 8% of out of ground effect augmentation,

Iimited tests with the full-scale ejector indicated that hel Imouth
losses chargeable to lip seraration could be eliminated essentially by a
flat 1ip extension simulating the original Phase I model geometry. The

loss due to separation was on the order of 1Y of the primary jfet thrust,
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SYMBOL LIST

Consistent units are used vhere required or are otherwise noted.

Proportionality constant representing slope of @ vs log (ocodW
At constant ay

specific heat

two-dimensional
three-dimensional

augmenter throat diameter (or width in 2-D)

augmenter exit diameter (or width tn 2-D)

mean primary nozzle jet diameter (or width in 2-D)

primary bellmouth eye throat (or width in 2-D)

primary bellmouth oye diameter-exit (or width in 2-D)

total measured thrust of primary nozzle assembly with side plates

thrust of primary nozele with side plates, without bellmouth
thrust

thrust of primary nozzle without side plates

thrust of primary nozzle - one element - alone jet centerline,
without side plates

total measured thrust, lbs,

local acceleration of gravity

ground clearance from augmenter exit plane

ground clearance from primary nozzle exit plane

o ft lhr
RTU

©

2

v

length of augmenter measured from center of lip radius
exit plane
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SYMROL LIST (COX'T)
. P * prescure, total
p ® pressure, static D
3 oIl o } r a
r * augmenter lip radius for 2-D = .4L;for 3-D = Mo}
[ e gap between nozzle exit plane and augmenter inlet
s
S e 1 * nozzle-augmenter spacing parameter
t * initial crimary jet ‘hickness
T * temperature
v * velocity
"m e measured primary weight flow rate
da * total mgle of primary ‘et diwergence
* 2p ® total angle of augmenter diwergence
bellmouth eye area
. = pria area rat -
% POSMZYEAIA B AL L primary area Jlet
0 * gsecondary area ratio = Augmenter inlet area
c T e ' primary Jet area
augmenter exit area
o * augmenter area ratio e
d i AN augmenter {nlet area
augmenter exit area
(o J¢] e total area ratio
cd to rrimary jet area
) T'4
520
g = Aaugmentation ratio, uncorrected
¢ ® augmentation ratio, corrected
C » umf{ c
¢ = et aspect ratio - M2AD primary nozzle circumference

t

{
7}1 * primary nozzle ef“iciency, m‘&%ﬂ

Y = let-wall spacing rarameter
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'R INTRODUCTION

2.1 Prosru Buk!round

Study of the annular ejector concept and its application was in-
{tiated by this contractor in 1956, This ejector is shown schematically
in Fig. 1. Since 1959 the government has participated in this program
through the Office of Naval Research with funds provided by the Office
of Naval Research, the U, S. Marine Corps md the U, S. Armmy. The first
phase progran. confirmed and extended the early rudimentary model tests
within a set, narrow range of criticzl geomrtric parameters which include
¢/D and Op The basic model geometry is shown in Figures 1 and 2 of
Appendix I. The range of rarameters investipa'ed was rredicted on air-
craft installation requirements. Uata from these tests (Fig. 7, Appendix
1) permittad the design of an "Optimum" annular ejector configuration in

Phase I for full-scale testing in the Phase II program.

Phase [ also included a study to determine the effect of axial
rotation or swirl of the nrimary ‘et on the e ‘ector performance. Figures
10 and 11 of Aprendix ! {illustrate the model. These tests indicated *hat
#hile introduction of such rotation resulted in considerahble increase in
flow augmentation for the same physical e ‘ector, there was no increase in
thrust augmentation. Lack of !‘nerease in ausmentation was attributed to a

cosine thrust loss and adcitional extrancous losses caused by turning the

primary et away from {ts axial direction to rroduce the axial rotation,

The addition of the "Coanda" ejector primary jet nozzle (Fig. 8,
Appendix 1) to the annular ejector system was also inve.*igated. This
modification did not imrrove the basic rerformance of the annular nozzle

configuration,

The Phase I model tests used a rrimary jet of arrroximately 12 pounds

'Thn Appendix of Reference 1, which covers the model work conducted under
Phase I, i3 aprended to this report as Aprendix I for the convenience of
the reader,




thrust utilizing an air supply of approximately 2) inches of mercury
at 200°F.

The augmentation performmance achieved with the basic model geometry

._®
that w“as chosen for full-scale testing was 1.53.

The geometric parameters of this model were:
o, = 9.77 Se0 2p - 8°

5 o, =19.8 2 = 0°
c c

d primary nozzle

aspect ratio = 100
I’Da -3

This basic moael (Fig. 2, Aprendix I) incorporated a primary nozzle axd
plenum system of very high eficlency. The efficiancy of this model
rrimary nozzle and rlenum exrressed as mygmentation ratio, ¥, was .9f to
.99. The large volume of this rlenum chamber was not commensurate with
aircraft {nstallation renuirements. YNor was the fabrication cost commen-
surate with the budget for the full-scale test hardware. oince efficient
plenum design was of minor importance to that phase of the annular e‘ector
program, the design of the full-scale e ‘ector incorporated a rather modest
plenum to reduce hardware costs. To comrare the model and full-scale data
intellicently, it was necessary to modify the rodel plenum to reflect the
geometry of the full-scale desipn. Tests of this mvised model confipura-

?

tion indicated an auymentaticn ratio penaity of 5 to /7 roints from the

use of such a plenum desiyn.

-2 1 \ .
In the Phase 11 rrogram (196( ), *he full-scale annular elector

assemhly and associated teczt hardware were constructed and tested. This

] )

=34 ¢ .rho-‘et

T

installation is shown in Firs. 1 and ¢ of Arrvendix 1. A

engine was sed ‘o suprly *he rrimary ygas for these tests. ne-third of

*referred %0 the isentropic thrust resulting from exransion of the mearcured
weight flow rate at the suprly rressure to amtient rressure. Also, see
raragrarh 3, 5,1

4
Pertinent data from Phase [1 summary report is arrended to this report
as Aprendix !7 for the convenience of the reader.




the gas gererated by the turbo-jet was used in the annular e‘ector; the
remainder was discharged into 'the atmosphere without influencing the
validity of basic data. The actual weight flow rate of gas supplied to
the e'ector assembly wis determined accurately with a sharp-edged orifice
flow =ster {mmerdiately upstream of the ejector asse=bly. The entire
etector assembly and ‘turbo-fet, *ogether with the connecting ducting,
were installed on a platform that was free ‘o move in the horizontal
plane excert as restrained by aprropriate load cells. The load cells,
installed on two axes of the thrust tahle, rrovided the thrust measure-

monts required for e ‘ector evaluation,

The data ohtained from tests of this hardware in‘icated an aug-
mentation ra?io. of 1.LE, arrroximately 5 roints less than the Phase |
mode]l tests, This s-point ‘iscrepancy <as attrid .ted to manufacturing
variations {n the primary nozzle exit at the time of writing the Phnase
'l sum=ary rerort. [t {s now believed that hellmouth separation is also

prartially responsible for the discrepancy.

The net results of the Phare '] full-scale tests were As follows:
1) The establishment of the feasihility of the annular elector concept
and (2) Indtcation that etector size (Reynolds ‘umber) and elevated
rrimary ‘et temperature hat a minor effect on e ‘ector rerformance. Fig.

1 of Aprendix 11 presents a comrarison of f:ll-scale and model perform-

nce,
The results of e‘ector wike survey conducted {n Phase [[ are shown
in Fig. L of Arrendix 717, Yote the marnitude of the reduction in wake

velocity (indica*ed by wake total rressure  and temparature. The rrimary

. U
et temperature and rressure were 1 00°F and 17 in. Hg. resrectively,

ther Phase 17 tes*s ising the scale mode] of the full-si{ze e‘lector

determined the armenta‘ion verformance 2s 2 “unction of pround clearance.

* -
ad justed for correctable surrly rlenum losses




These tests showed that awgmentation prerformance was affected adversely
by ground proximity a! clearances below approximately 1.3 to 1.4 aigmenter
inlet diameters, (Fig. S, Aprendix II). Tnis decrease in augmentation
ratio continued until a ground clearance of arrroximately 0.3 to 0.4

4{ ameters was achieved, and *hen i{mrroved as ground clearance was fur-
ther reduced. BRelow a ground clearance of arrroximately 0.15 diameters
the thrust augmentation i{ncreased a“ove that achjeved out of ground
offact, Trese same tests {llustrated '"at Yelow C.]1 ~“{wmeters ground
‘loarance even greater {mrrovement in thrus®' augmentation could be
achieved by blocking all secondary flow rassages. At grounc clearances
ahove 0.1 diameters, Hlocknge of 'he secondary flow rassages resulted

in a reduction of thrust augmentation.

2.2 Uverall Program Precepts

Preliminary design atudies conducted by the contractor covering
)¥M, YTCL and STOL applications of the annular ejector and other e ‘ector
systems have shown that the space required to house the lift-propulsion
system {s a vital concern. This can be exrressed in rarametric form by
the ratio of thrust (or 1ift) rer unit svstem volume., The need to min-
imize volume or to maximize the thrust rer unit volume rarameter for an
officient and aprlication (s relatively ohvious considering that skin
‘riction dray is essentially rroportional to the 2/3 power of the total
enclosed volume of A siven vehicle. The {mrortance of this rarameter
fs also clear {f the desipner must exchange carge volume for lift-pro-
rulsion svsten volume. ‘Wren the desiyner considers surersonic VTOL and
STOL atrcraft, the frontal area of the lift-prorulsion svstem increases
in importance. The allwwahle thrust rer unit volume for a given svatem

can vary with the detai]l requirements of 3 rarticular aprlicatton,

Exit wake velocity ts also imrortant in view of the orerational
characteristics and rroblems of 3EM, VT(I and STCL craft. The magnitude
f the exit wake velocity determines the severity of *he exit wake -

ground tmpinygement hazards ther variahles, such as tyre of ground sur-




face, being constant).

The first of the two parameters discussed, thrust rer unit volume,
has been the primary precep! of the annular ejector rrogram. The second,
exit ware velocity, {5 sufficiently reduced in =ost cases by the elector's
inherent "di{liting" characteristics. Geormetric factors influencing the
volume of a given e ‘ector system are length-dia=eter ratio of the aumenter
tube, the ratio of augmenter i{nlet area to rrimary fet area, the {{ffuser
area ratio, and in the case of the annular e ‘ector, the primary nozzle
aspect ratio. In yencral, olector technology indicates that surerior
thrust augmentation results from the use of maximum values of these
gaomptric factors, as limi*ed by the natural rhenomena existing in the
e ‘actor flow asvstem (augmenter sararation and stall, critical Mach Number
at the augmenter inlet, aixing efficiency, and augmenter internal friction
lossas ), ‘MHowever, such a configuration {s not necessarily optimum on the

hasis of the threst-volume parameter,

It {s also generally known from rrevious experieonce and efector
theory that configurations optimized on the hasis of the volume loadiny
parametar have total area ratios in the range from 10 to 100 rather than
1 ‘o 1,000, Moreover, the =ore conventional applications hest utilize
total area ratios helow 5C, Conseqiently, *he rance of the total area

ratio rarameter considered *o date by Miller has heen hetween 10 ani 100,

2. Thase 11T Propram

The hasic in‘ent of the Phase :!! rroyram {s a detajled investirca‘ion

€ the annular electeor ccncert in ground effect. Comrlete understanding of
the Tlow svs*em in ground effect is mssertial to successfil application

f the annular edector to YT I, STCL or 3%M vehicles. The annular efector
must have excellen* ground effect characteristics to satisfy the terminal
phases of the VT(L and S7(L mission and rermit its application to the
rure GFM vehicle, The Phase (7] rrogram was *o continue mocel tests init-
{ated at the close 0f Phase 77, to determine an annular ejector confipur-

ation which had, 1) enual or imrroved o:t of ground ~ffect rerformance




as compared with the Phase !! work, (2) negligihle perormance penalty
in transition (R/U = 1 1o .1) and, (3) conventional GBM performance in
ground effect h/D < .3). The details of this rrogram are discussed in

paragraph 3 below.

2.1 Srief Review of Ztector Theory

'ver the vears, =any investigsators have wialyzed the ~fector cvcle
both as a pumpiny device and a3 a *hrust aypmenter. The interest at

Hiller has heen rrimarily 1n he thrus' aggmentation characteristics of

.

Y

*he annular » ‘ector. Virrsisson ‘Henfarence ad ¥eClintock and Hood

Heference }) are perbapa tre more notable of the warlier thrust augmenta-
tion works. Recently, Hertin and le Nahour (Heference L) and Aeber
Aeference 5) have phlished papers most rertinent tc the annular e jector.
Qertin's worr dedls directly with the annular ejector, ani rre-cates that
tone by this contractor. Hertin s analysis of the efector considers the
compresaible case, w®id resented 0 show the theoretical effects of
rressure and temperature ratio, as @ell as diffuser ~fficiency. As in
most =Alvaes of the o ‘ector, Hertin assumes that *he mixing rrocess is
mpleted prior o 418 Custor vaher aralvais of *he diverrent shroud
einctor 18 of rart Ar interaqt hecqice he qosuwes that mixing of ‘he
WO Streans 19 1ncom: leate 4t the elactor eryit, ramely that {t continues
through the d:ffusion process. This analysis is closely analogous to
*he flow avatem *hat exis*s in *he annular o ‘ector  Weher, however,

considers only 1ow area ratio ejectors, and comrutes a nozzle thrust coaf-

f{cient t'at evaiiates *ha actyal thrus* of the nozzle-shroud confipura-

tion on the hasy ¥ 're jimg] mhined, *otal eryit momentum (secondary
ana rrimary onsetien: o results are not directly arrlicar le;

Put his araly*ica. ‘reasrert :ces arrly. The Works s:eci1fically referercen
here are hased on "cns*ant area ~ixiny with *he excertion of Weher,

‘her analyses "ave nsldered rstant rressure miving (a convergent
mixing ture 0 arrive 3* 3 treoreti{cal predicticn of efector thrust
1.amentation rerf rmance Trese aralyses nave shown little advantage from

such complication,




Figure ¢ co=pares the theories of several investizators. Thrust
augmentation is plotted as a function of total area ratio. Xote that
these theories are rerresented by straight lines on the semi-log plot
for a constant value of diffuser area ratio, Oy This fact {ndicates

that the rerformance exrressions can be exrressed in the form

1 e ( ¢ 3
= A log ﬂcad)

odcomtmt

This relationship fustifies ‘resenting e‘'ector test data {n terms of
these dimensionless ratios. Test roints are also shown representing
Hiller and Rertin full scale electors. Note that the slope of a line
through the two full scale data roins would give a value of A eaual to

that indicated for the 'heoretical curves,
2-D test values of ¢ at o, * 2 are also plotted on this theoret-

{cal curve for ccmparison. The 2-D curve does not follow this general-
ization. This i{s hecause the curve reprrsents a fixed rrimary nozzle
configuration optimized for a single value of %% rather than a "rubber"

norzzle configuration which {s ortimum for the particular value of 0,-




3. DISCUSSION

3.1 Conduct of Phase [II Progrln

Paragraph 2.3 above rresents the prrecepts for the Phase II[ work.
To achieve the goals outlined, {t was decided to ‘nvestigate the possib-
ility of rerformance gains through use of a conically divergent annular
rrimary fet (2a > 0°). Jertin's work (Reference l;) had indicated that
considarable {mrrovement in elector performance out of ground effect
could be ohtaired at the hipgher valuyes of 7c°d through use of a diver-
gent primary ‘et., Reference (L) indicates s:c-essful use of values of
2c A8 large as 600 with an augmenter divergence angle (23) of l§°. The
hipgher diffusion angles of the augmenter are rossihle because of the
rroximity of the rrimary ‘et to the augmenter wall. The rrimary fet
energizes the augmenter houndary layer and delays seraration. Since a
greater value of 23 would give a larger ausmerter exit area (ground
effact hase area), {t was hypothesized that imrroved ground effect per-
formance would resuit., It was further hypothesized on the basis ot
the contractor's Phase Il ground effect investir,ations that aprropriate
control of the flow system through valving ¢f the hellmouth, secondary
(or augmenter i{nlet and the augmenter outlet would res:ilt in imprroved

transition rerformance.

The exrerimental invasti,ation started with two-dimensional (2-D)
models hecause of *heir simple construction and adaptability to flow vis-
ualization techniques. Three hasic moiels were constructed for hoth
flow visualization and nuantitative tests ‘o esta~lish the effect of the
various rarameters, in and out c¢f ground affect, and to determine a con-
f{guration suitable for scaling to a three-+dimensional (3-D) configura-

(

D airmenter determined by these tests for a 2g =

tion. The ortimum ¢-]
rrimary nozzle had 23 e~nal to 17 and o erual 23. This aurmenter was
then scaled to a 3-D configuration matching the 3-D rrimary nozzle avail-
ahle from Phase [I work. This nczzle had heen :reviously modified to
incorporate a nominal ‘et divergence anyle (2c R hf‘. ‘ests with this

-0 configuration revealed a flow system with 1it*le similarity to the

M
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¢-D model syste=., In other words, the 3-D model was {neffective as a
thrust-producing device. Subsequently, the 2-D tests were broacened

in ; effort to eliminate the difficulty in scaling between 2 and 3-D
models. Additional 3-D tests were also narformed with other augmenter
goometries {n an attemrt to solve the scaling rroblem. The 3-D model
inally obtained with 20 equal to 60° required a 2p of aprroximately 80
to 10° to achieve a stable flow regime and effective elector operation,
The awmentation rerformance of this configuration out of ground effect
was roughly equivalent to that of the g ° 0°, 2p - 8¢ configuration,
which was {nvestigated in both model and full-scale tests in Phases [

and Il of this program.

While performing the required turbo-jet maintenance runs, further
investigations were made of the discrepancy between the model and full-
scale *hrust augmentation rerformance originally encountered in the

Phase "I work.

1.2 2-D Model Tests

The purpose of the 2-D tests was threefold: to cetermine an
e‘ector configuration for scaling to 3-D geometry meeting the Phase [II
rrecepts; to gain rreliminary data on the rerformance possibilities of
a 2-D annular elector configuration; to increase the basic understanding
of the annular elector flow system, To achieve these goals, flow vis-
ualization and performance tests were conducted using models with a rrim-
ary jet thrust of arrroximately 5 rounds at 2 supply rressure ratio cf
1.7. Toledo scale was used for thrust meacurement, and a s~arp-~dged
orifice flow meter rer ASME Standards was used for flow measurement,

Schlieren, smoke, and tuft techniques were i:sed for flow visualization,

The thiree models were constructed with nomiral primary jfet div-
ergence angles (2a) of Co, 30 and 60°, The distance hetween the
side plates was 1.5 inches. The 2a = 30° model is shown in Fig. 3.

Dimensioral insrection of these models indicated that the desired

0

‘et divergence angle of 00, 307, and 60° would be obtaired, Upon com-




pletion of the tests with 'hese models, the side rlates wvere cut off at
the nozzle exit plane to permi' individual testing of the nozzle elements
without the unsym=etrical forces caused by e ‘ector rumping through the
bellmouth in the presence of tre extended side plates. Schlieren studies
f these truncated models indicated 'rat the true fet divergent angles
(2c¢) were approximately Oc, 22° and 610, resrectively., Where aprropriate,
the data has been rresented in this report as a function of the actual
value of a rather than the nominal value of a.

*
Fig. L0 prosents a summary curve of "Uncorrected" thrist aug-

o .0
mentation as a function of 0.9 for the nominal values of ¢a of 0, X

and 60°. The fipure shows that no advantage in thrust augmentation {s gained
through use of Za > 0% when side plate losses are rresent. The 2-0 models
are of such proporticns that an essentially "square” flow cross section
results at the eye. That is to say, the length (or span) of the Z-D fet-
slots forming the ¢-I' simulated annular ‘et is equal to the width of the

nyve, Ls' (distance hntwesn the jet-slots). Thus, the models have relatively

high losses, which can be attrihuted o si e wall friction. [n other words,

the side wall wetted area is large with recrect to the free or un‘ounded

‘nt area.

osuprlementary side rlate evaluation tests wer» con~ucted using the
three *runcated models. From trese tests a sice plate correction factor

was obtaired as described in raragraph 1.5.°7.

Fig. > rresent summary curve similar to Fig. L, but incorporates
the correction for side rliate frictional losses [t will be noted from
this figure that imrroved rerformance would bhe an*:cirated from use f a
da value of aprroximately °ina high jet asrect ratio .-D confipura-
tion that wouild recuce s:ie wall friction, or 1n a »-D co' fiyuration that

would eliminate side rlate friction.

#*

Mpasured thrust values are not corrected for side rlate frictional losses,
All of the 2-0 thrust awymentation data has been -resented on an uncor-
rected basis with the excertion of figure 9)




Joth Figs. L and S rerresent the ortimum rerformance obtained for

a 2iven value of 9,0 ard Ja, with variable Ocs pand S. A total of

d
aprroxizmately <00 e‘ector configuraticns was tested utilizing the variable
seaometry augsmenter. A canfipguration {s shown under test {n Fig. ) (Note

augmenter separation). The zata is rlotted in figures 9 through 12.

These ¢-D tests have shown that it is possible to use values of 2j
AS large as 20° without incurring diffuser seraration. However, it has
baen found that the mavimum thrust augmentation occurs considerably be-
fore diffuser separation, that is, at lower values of 2§. In fact, usinrg
primary nozzles of Je equal w0 e!ther 30° cr 6(0, the optimum value of
23 was roughly lﬁn, which may indicate that 3 i{s essentially {ndependent
of ¢ in this range MHowevar, the ortimum value of 0, was found o be

A strong functior of o, Thene ~arameters are tresented in Fig. 6,

To rresent ' as a function of ¢ alone is an over-si=mrlification.
The ortimum value of 23 {s also an involved function o7 the jet-wall
spacing rarameter, vy, the ratio of augmenter inlet area to rrimary fet
area ’oc\, and the axial location or sracing (S) of the awsmenter cown-
stream of the rrimary ‘et outlet. y and rrohably extert the greatest
influence on ortimum 3, o bheing involved through interrelation of the
system rarameters., [ow values of y give increased boundary layer en-
arpization and preater augmenter ‘riction losses., Consequently, aprro-
rriate trade-offs must He made. Changes ‘n v in *hese 2-D tests wer: accom-
rlished by altering 0. - consenuently, it is not possible to support

these hyrotheses unequivocahly from this tata,

In the arnular ejiector system, matching the rroper auymenter in-
lnt peometry to the rrimary nozzle is helieved to depend on two rrime
factors, namely, the secondary area ratio . and trhe iet-wall sracing
rarameter, v. The choice of ¢-. rrimary nozzle rarareters rade for this
series of models maintains the similarity similtaneously between cirrent

T

- .nd Phase |1 - for a. and v.

1,2.1 Reference Test (o ” Model

The purrose of this ~odel was to rrovide a reference to the rrevious




3-D, 20 = 0° wark done in Phases | and [[. However, in rroviding a
direct reference in scaling from Z-D to 3-D configurations, it {s not
possible to veep cons ant all the dimensionless ratios and other rara-
maters, it is {mpossible to =aintain equal values of the ‘et aspect
ratio, ©, primary area ratio, cb’ secondary area ratio, oc, and the let-
to-wall spacing parameter, y, between a 3-D ard ¢-U ccnfiguration. How-
ever, the /-D case does allow greater independence of the rarameters,
For irstance, in the 2-D case ‘et asrect ratio, @ 1s independent of Oy,

while {n the 3-D case they are mutually dependent,

In the design of the hasfc 2-" model, 2a ° ’“. {t was decided to
sacrifice «similarity of the ‘et asrect ratio between 2 mnd 3-0 in favor
of =aintaining 3. and v, and also to simplify the model construction by
shortening {°s span, {.e., nozzle length. [! was realized that ‘et asrect
ratio (30 in 2-D, 1(C tn Phase '], 3-D) vas of 1mrortance ami would re-
quire consideration in comrarison of 2-D and 3-0) resylts, Prirary area

ratio nh of the i-0 models was rreserved at o, * .65 in the 2-D models,

1.2.1.1 Performance Comparison 2-1 -0 8 2¢ = (

Tt will be no*ed *hat the . o » 0 tests {ndicate a maximum
~orrected ausmentation ratio of 1.37 (Fig. L). This vwmenter geometry

( . )
20 = 0, 24 = F " ® Q.5 a0, = |5.42) essentially duplicates ‘he

v = NC cd

1-U model zeometry (2ac = =t o " 9.77, 00, * 19.%). The

rrime peometric aifference hetween the models {s in the jet aspect ratioi
in the 2-D case it equals 30; in the 3-1 case it equals 100, Phase 1
indicated an augmencaticn ratio ¢ = 1.5% for this ¢« D model. The large
ilacrepancy hetween *he (-0 and 3-[ rerfcrmance - 16 1.ints - can bhe at-
‘ributed largely *o the iocrease in et asmect ratio, and to "eye" aspect
T

ratio of °*he ¢-0 mcdel. e c{de rlates, which are unerergized, or un-

hlown surfaces in *he 2-0 mcdel ‘As ccmrared to a 3-0 anrular configura-
tion where all *he sur“aces are energized) compose a large portion of the
rournding surfaces in *hese snuare, low eye asrect ratio /-0 models. The

difference in o, between *he /-2 and 3-0 *ests can also exrlain the dif-




ference in perfor=ance.

3.2.1.2 Performance 2-D@ 25 ~ 0°

Analysis of the 2¢c = 0° rrimary fet test data, (Fig, 7) {ndica-
ted the optimum performance with an ausmenter divergence angle 2f - Po,
rositioned with the awmenter inlet a* the rlane of the nozzle oexit S = 0),
Little variation in thrust augmentation was found by varying % from 9,5
to 10,5. The only result was % increase 9.9 required to obtain a given
value of @, Flow visualization studies at o, * 10 incicated the primary
Jet would remain attached to the ausmenter walls through a ¢ variation
from 07 to 1,°, Lower ¢y walies showed A relatively unmixed primary fet
clinging closely to the augmenter wall. At 2} equal 6° 1o 100, the
rrimary ‘et arreared disrersed over a larger area ind.cating improved mix-
ing md o' vioualy greater diffusion. The studies are cepicted graphically

in Fig. &,

Rellmouth eve atatic rreasure, which {1 1 direct mrasure of the
aye velocity, {s an accurate measure of bellmouth thrust and {ndicative
to some degree of overall e ‘ector rerformance. Consequently, its hehavior

as a function of 23 (or ’d) is of intermwst. Th~ static rressure measured

at the center of the 2a¢ « (° bellmouth eye decreased with increasing ;» and

total area ratio (1cnd? until ‘ust prior to the arrearance of separation
e

in the augmenter at 23 = 1, , -30" ”20 was measured. With the ortimum

configuraticn (23 = “OY, =" H20 was measur~d. The rontinuing decrease
of eve static rressure helow that which erists with 23 = R {ndicates
continuing increass in sec ndary pumping, and ¢ nsenuently pross thrust
havond *hat which occurs at the marimum overall performance roint. This
continued increase in secondary ‘*hrust is offset hy increased augmenter

diffusion losses, and ccnsezuent increased interral augmenter drag.

gl h] 0 1
the flow regime at 27 = lii was unstahble, and occasionally reverted
to the unseprarated or fully attached state. At Zp = 15° seraration

occurred over arrroximately 1/L of the agmenter wall, while flow remained

13
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attached to the oprosi‘e wall, (Fig. "), However, the stalled region
coild bhe easily diverted to either augmenter 'wall by momentarily insert-
ing a flat vane at a slight angle of attacr near the augzmenter center-
lire. This fact i{ndicated the sta!l <as no! an augmenter-primary fjet
misalignment problea. The augmenter seraration wJas accompanied by an

abruypt increase of aboyt 10" Hz‘ ineye s*atic rressure (to -20" HPCE.

indicating a sudden decrease of secondary pumping and m accomranying

loss of performance.

. 0
Maintaining all rarameters constant, while {ncreasing 23 to 1B,

movad *he poin' of separation urstream to the asgmenter throat where

the flow on one side was attached over a very short length of the throat,
Fig. B) while the oye rrassure {ncreased further. The stalled region

at this configuration was quite stahle, although {t could s:i{ll be di-

verted by A vane ‘o ei'ter wall, Almost 3/i of *he total augmenter

axit area was occupied by this serarated repion,

1,2.2 2-D@ 26 = 0°

Vaximum 2-D out of pround eoffect rerformance war ohtained with
the e = 10° rrimary fet, which ' rotuiced an uncorrected thrust augment-
ation of 1.29. The auysmenter configuration re~uired to achieve this
rerformance has a secondary area ratio ac‘ £ 14, an aismenter diver-

o\

-0

pence angle (23) of 157, and a nozzle-auymenter spacing rarameter

f 10, The data {s rresented in Figs. 9@ and 10 for S equal tc and

10 respectively, showing thrust augmentation as a function of total
(

area ratic 7rod‘ for several values of 0, between 10 anc ¢O. ross

rlots for censtant diffuser area ra‘io 4! TP over-rrinted in red on

these fipures. As augmenter wall length was maintained constant in

thase tests, the line of constant o, also rerresents constant 3 (in-

iicated by data symhols). The solid red curves show thrust augmenta-

tion a! a constant 1d, while the broken red curves through the con-

stant o_ curves rermit seraration of o and Od effects to a limited




degree. Lower and higher values of o, were not investigated due to the

nature of the resulting flow regime.

The optimum configuration for the ¢ * 30° rodel resulted in a
slight angle of i{ncicence between the primary ‘ets and the augmenter
4alls (g-§ = h°). In the case of 2c = 0°. the angle of incidence was
also ho. The configuration was conducive to a stable flow pattarn with
an augmenter houndary layer suffi{ciently energized to prevent augmenter
separation at the large 23 angles, and with =aximum effective secondary

pumping (Fig. £).

Vaximum augmentation, §§, occurs at a value of 23 a few degrees
less than that at which augmenter wall separation {nitially occurs, a
characteristic common to clingzing flow phenomenon. Seraration occurred

at diminishing values of 28 (or od‘ As o_ was ncreased, vhich, in

effect, increases the jet-wall spacing rarameter, and consequently de-
creases houndary layer energization. Reduction of the nozzle-augmenter
spacing parameter (S) below 10 to reduce the installed volume causes a
small rerformance loss (2 rts). This trend reverses that observed in
3-D tests, and is attributed to the restrictive nature of the two dimen-
sionality in the 2-D secondary flow passage. The influence of S is
demonstrated further hy a comparison of maximum auymentation rerformance
in Figs. 9 and 10. At S = O (Fig. 9), optimization requires a larger

0, 16) than *he S = 10 case (oc » 14), while the best 2p is reduced.

The maximum rerformance, as indicated by Fig. 10 occurred at 23 = 1’0,

o, " 14 and 9,94 " 25, At this point the eye sta*ic pressure was -20" H_O.
Further testingz, holding o, * 14 constant and increasing 28 /i.e. 5d‘,

resulted in a reduction in augmentation with eye rressure increasing only
slightly. This indicates pumping and diffuser action have reached a
maximum and wall friction losses have increased ‘o reduce augmentation.
Separation was {irst detected at 28 of arrroxima‘ely 20°. This initial
stall condition was similar to *ha‘ observed with the 2a = 0° mcdel with

an uns‘ahle point of seraration on the lower section of one augmenter




wall., Increasing ¢3 by approxi=ately So with o still held constant at
1l,, moved the roint of separation upstreasm to a fixed position down-
strean of the augmenter throa!, and resulted {n a region of stable, fully
develored st1ll which covered essentially half of the augmenter exit
area, A! larger valies of oc seraration occurred #ith smaller 23 angles,
"ni*{al stall s {llustrated in Fig, ) where the ':ft {s carried up-
stream by the racircuylating flow {n the stalled region. The tuft he-

havior {n this configura*ion {indicated an unstable flow regime,

Performance under *he stall conditions {¢ obviously poor. Sev-
oral de‘rimantal faccors are ‘nvolved in this undesirahle rerformance
region including a sharp decline {n secondary pumring and diffuser action,
and a larpe increase in shearing forces Hetween the =ain “low 1nd *he

1tal led resion.

3,2,V (-l “2’,"&’

0 .
Vaximum aupmentation rarformance with Za = 60 was achleved with
50 ¢ 5 -
an auyymenter having 24 = 177, 0,94 ° 36, and & = 10, Thre rerformance
curves are given in Figa. 11 and 1¢ for S » 0 and 10 respectively as a

function of o0 o, for constant values of o . Again, O, is cross-plotted

cd d

18 in the rrevious Za = " case., ihe fanily of curves (Fig. 1. ) pre-

senting the optimum confiruration (S « 10) indicates *hat rerformance
[

{improves pradually with increasing 701d for a constant value of ’r' which

{s a~tually an increase i{n difuser area ratio. ince the aiymenter wall

lenpth was constant in all these ¢-T testcs  an increase in 1ch entails

fncreases in 3 (1.e, FRAL noted by the coaing of the data rointa. This
interderendonce of *he parameters does not rermit sejection of *he ;arameter
= 8* critical to ortimum rerformance on the hasis of “a*a ohtained in

this study alone.

With S = Fle. 11) 1it*le change ir ortimum rerformance was
B N O .
ceen hetween " 1.2 and 1.5 723 cf 5 to 2 for all valies of O in-

ves*igated., The *hrus*® augmentation was “lightly less *han that ohtained




wvith S » 10 as in the 2a = 30° case. Stall was not evrerienced with
the 2¢c * on, althcugh 25 was increased ur w “‘o and 9, to 2¢8. In all
configurations tested, the prartially mixed rrimary ‘et adher~d to the
augmenter walls =aintaining an essentially "rlane jet” flow throughout
the length of the aygmenter, A3 rreviously noted in the discussion of
the e = & model ‘raragrach i...1.7), imrroved rerformance reaquired
diffusion and =txing of the :rimary “low with the induced flow., [ ia

seenn in Fig., " tra' this 'vyre flow regime was no' achieved ‘n this case.

e 20 = 607 Yall=o *h wye static rres<cyre hehaved stai]larly °
that ohserved witth N W1tk =imtlar chanves in gceomitry evcert
that, ‘n general, ‘he rressre At e eve 4A8 N0 AS w an {n ‘he
da * ) Ase. Thi servation tarliey retuced »ellmouth fumping
nd {nferior aigmenter rerf r=ance ho lateer s noted 1y by re-
viewing the rerfeormance ~irves Fip . AT

T™he \‘r"ln £ on v netaren the nieflocltedg rrimary ‘et and
*he auymenter Wil -4 425 of the orter of 2L 1n *he hes! /o = ¢
onfisuration, This value 13 =u~h greatnr (hy than that encountered
wA¥hdd s rose = 0, and undoudtenly causes greater Sloadd shear
siress Al the wall wit! nsetient hisher o

Fipg. 1/ shows tha'! ortimum ;erformance rs at o £ 1.5 fer
1
e = 607, while at 2¢ = and the hest 04 W13 on *he or ar of
1. ie. " oand 1. Sy , rerpectively 15 wlieved that
¢ {mum 4 should inrrease ntinunisly with the haais of erti:
work Ref, ;' which imrl , N the orter of “r . 60 it
by « *bat thy troe e ,.v " rod n WOrK, NCr i the ~ ¢
verfirmance exemrlary,
The cause ¢of tha Cver-a;l rocr terformance ot qatred With Zda = f
{s no° mpletely unders:® , b relleved o e largely attr *ah]e
to 8alectd n of *he irimary le tarametar-, - and ‘et aspect ratic.
n ther words, *he ) e ¢ 3 and ‘et asrect rat Llntthes /= nnimary
nozzle rrecluies t'e ‘o ! ffittently large valie of ~ (with ad-

ejuAte undary laver emerpizati-on-low v ‘o tare {.11 advantage of the




larger values of 25 that were indicated possible, Further work in this
particular area should reveal significant increases in thrust augmenta-

tion,

3.2.L 2-D Primary Yozzle Perfor=ance

Sach of the three primary noszles was tested with the side plates
cyt off downstream of the nozzle eyi® rlane to deltermine hasic nozzle

officiancy.

€ach nozzle of the rrimary assemblies was {ndividually tested to
determine the actual 'hru=* vector along *he jet axis (not the axis of
symmetry of the assembly). Comparison of this =measurec thrust with ideal
thrust, {n the same manner as ¢ {s determined, defines the combined nozzle
and turning efficiency. The efficiency of each ¢-U nozzle is presented
in Fig. 13 along with other rertinent rrimary nozzle characteristics,
Truncating the nozzle assembliecs was req:ired to achieve accurate ‘et
thrust readings. Truncating the side plates rliminates the augmentation
due to bellmouth rumring by destroying the eye suction with unrestricted

access of amhien: air.

when Za {s greater than zero, the thrust rerformance of the prrimary
nozzle assembly along its axis of symmetry {s of consicerable interest.
Such {nformation would evaluate the "asrodynamic turning "ef“iciency of
the system in converting the initially divergent rrimary jets to a rar-
allel (or cylindrical {n 3-D) jet wake, thus eliminating any cosine loss
jue to ini*ial ‘et divergence. 7To determine such an afficiency, ‘et
thrust, hellmouth thrust, #nd si:e plate thrust loss must be separated,
These comronents are interderenden:, In *he ?2-D case side plates are
necessary to maintain the <ink. The sink is caused by the bellmouth
flow mixing with *he rrimary ‘et and simultaneously sweeping away the
flow., The sink provides the rressure differential that rroduces aero-
dynamic turning of the divergent fet, and i{s inter-related with the

pumring that rrocuces hellmouth thrust. It is difficult to determine

wall friction loss with s.ffi~ient rrecision to give reasonable accuracy




to the compute? asrodvnamic turning «ffictency. [letermynation of the
net hellmouth thrust {s aqually c1f ficult, dbut sreliminary data indicates

Yood aarodynamic turning efficiency.

1.2.5 Ground 2ffect 2-7

A\ series of adoust hle vanes ware installed on the ortimum 2a = 00
. N . {
2-D model with tha e‘ector configuration (o = 2, 23 = 15, § = 10,

o} 1‘ = W.6, in w0 attemrt 0 lmarrove rerf  rmance in the transition regime

e Ol 1o . TWO curved vaney were tnstq]lled At the hellmouth
control *he e lmoyth {low a3 destred tegtlee Tlat vanes were simyiarcly
tnstalled .n oeach secondary Tlow rassage hetween the augmenter 1nlet i
and the nozzle rlenum  Four short, flat vanes were {nstalled on equi-
et canters glightly ahove the augmenter exit rlane to control the
ahined Tlow. The modified model tw shown in ¥iy 1, For rursoses of

mtarta 0 this ejector was inttially tnvestigated in ground effect

witho.t vanes inatalled. Fip. 15 shows a | in Terformance ur to 1
roints) for thy altyeration which 18 very similar *o tha! ohbserved in
*he Phase 1 tests &i'h the -1 /g - 0 model [see F1g. 5, Aprendiy [
The =0 !l was ohaerved oyer 1 o ind-effac® range of h 1" to B.0"°
“he lat'er l1m1* was 1mrosed oy the jemp*h of *he mode] side nlate

Ve performance s n MmAilze! With resgrece ¢ ne 2f pround effect rer-
formance.  The vaned rorfl rmance (s normalized *o out 2¢ ground effoct

erformance With *he ortimyrm vane setting 0 remve *he affact of wane

losans from e tata, W h were not decipened for o asrcdvnamic cleanlyy

an, hiat rather for test eyteciency  For the recorst, the loss imrosed

¢ wleven rar  ent

hy the vanes on ‘re wle o everom Was on ‘he orler
f tte nvaned terf rrance o curve, which tescrines *he vaned eiec-

tor perf rmance, was obtaired by agtustirg the vane systems for or!timum

corformance A° each val e of crount ciearance investiyated

The sround clearance ' ae not hean nermalized 1n this report hacavuce ¢f
ack of a s1f711ently characteristic reforaence dimensicn The exit
tiametsr fn.  this 1 rmenter was £.0"




Performance, from h = " 10 C.3" inclusive, was controlled prim-
arily by the vanes installed near lre ausmentar exit {n a configuration
as seen {n Figs. 1l and 15. C(ntimum vane alignment had the i{nboard vanes

forming a closed "V" shape, which created a vortey rair systea {n the

central portion of 'he augmenter, and largely reduced tho amount of reverse

flow up the center of the aspgmentar. The base rressure acted on the
closed vanes o give a vertical thrys® comronent. rtimum onthoard vane
positioning hegan with these two vanes arsroximately rarallel to the
Aupasnter wall t of pround effect. Then, the leading edge was rotated
toward the au,menter wall as *he ground clearance was reduced until ‘he
vares at h = 0.1" were inclined 10° t0 the ground plane, (see Fip. 16
Flow onservations 1ndicate e cuthoard vanes act o tirn the fet in-
hoard thus creating a higher »ase croanure,

Tha hellmouth vanes were found ‘o he offactive only at h < 0.3}"

ra

after the bYallmouth rumring was destroved hy the Huild-urp statd
rressure {n the ajpmenter, losing the curved hellmouth vanes so .hat
they affectively Hlocked the hellmouth :rovided adiitional surface on
which the hase rressure could act. These varea contrihited in a laree
rart ‘o the ar-roximate rofint increase in rerformance, 'see Fiy. If
Aith > 0.1" *the eve vanes were alignec to conform with the least dis.
turhance to tre ova flow Tiela, utilirzinge *he maxim:m thrust measuremnt

18 the alipnment criteria

Augmenter inlet vare poc:*ionine was not critical to rerf rmance

a! the pround clearance investijated aycent whan tha hellmouth vane:

ware closrd, This recime fomonstrated by tuft in Fig. 1. Hevond
*he limit, a thrust tecreise was ohserva as 'he vanes Were moved
closer *o the »locked r *1ton The thrust loss in ground effec* with

closed Awmenter inle* vanes varied with h and was arrrorimately 107

to 15€ of the oren vane rosi*icon rerfermance.

1.3 -0 Model Propram

Tt {=s not rossible *0 maintain all geometric rarameters constant

when scaling from two-dimensional ‘o threa-dimensional geometry This




conversion or scaling is dif“icult, even when ejector rh nomena are
not i{nclucted in the flow system (for {nstance, *he correlation of 2-D
and 3-D diffuser data without the i{nfluence of ejector rhenomenon).
Scaling 2-D w 3-U geometry increases in dif7iculty as the Z-D con-
f{guration deviates on efther axis froa a square configuration. «hmen
the ejector phenomena are also included {n the scaling yrodblea, the
ajditional rarameters of the ratio of rrimary ‘et area to augmenter
inlet area, and the ‘et-wall spacing raramoter, etc. =mare {t ex-
tremely d4ifficult, {f not imposstible, to scale offectively from (-i

to 3-J conflpuration.

i.3.]1 Matching of Augmenter Confi,curation Primary Nozzle

) o , 0
The i{nitial -0 ausmenters designed for use with the 2c = 54

nozzle were based on the rreliminary results of the 2-0) tests. These

) X 0
tes's {ndicated that a value of 23 = 15 and ﬂc hetwern 22 and 6

]
would operate successfully #ith the e * 'up, -0 nozzle. 3-0 tes:'s
using *hese augmenters “ajled to duplicate the Tlow repime obtained
in the 2-D testa, OSrecicically, it was not rossihle ‘o achieve at-
tached flow throughout *he aipmenter tube, The lenpth of these 23 » 15

auymenters Wwas varied over a range ¢ '/ = |, ‘0 leas than 1.0 which

A
in *urn rediced o, from 3.2 to 1.5. Tests of s:ch configurations also
fatled to sive an accertanle flow recime, indicating over-expansion
was not the cause of the (ifficulty. The ohserved eye :ressure also
indica*ess that inlet Mach Number 4as net critical., “he ohserved stall
area encomrassed hetween 1/8 and 1 2 of the circumference of the aug-
menter exit, and the larger stalled region occurred with the larger Oy
Decreasiny / 11. at ¢the same value of ¢y, imrroved flow stahiiity wnd

:

increased tnrust augmentaticn slightly in *his case by reducirg the
length of stalled a.omenter lower dras ). Accurate *!rust measurements
were difficult to ohtain due to turbulence involved in the unstable
flow reysime, which caiused large, uneven “luc®uati ns in thrust scale
readings., The ,eneral rerf rmance level aid no* warrant further in-

O
vestization at this value of 5 *her testing with 3 = 1 :3nd

1




available augmenters with 0, as lov as 19 w0 increase boundary layer
energization, At oRgs 19 the ‘et-wall spacing, vy, was essentially
zero. This reduced v, cr increased boundary layer energization, did
not produce a stable flow regime at 23 15°%,

J.3.1.1 Sealing Difficulties

The scaling dif iculties encountered with the 23 - 160 aug-
manters indicated a basic 4ifference between the flow mechanics of the
2D and 3-D models. In the ¢-D, 2c * 60° model, the primary jet clings
to the aigmenter wall in essentially one-cdimensional or plane jet flow
with 1ittle or no dif“usion acticn, Also, there the jot has no tend-
ancy to spread or ~if"use rerirherally across the side plate. The be-
havior of the flow {s essentially that which oc-urs when a fet is
turned by clinging to an adiacent curved surface. In the case of the
3-D model, °*he jet i{s a continuous fluid sheet which clings to the
reriphery of the auymenter's circular cross section. As this flow con-
tinues through the aupmenter, it is required to expand circumferential-
ly as well as laterally to maintain a:tachment ‘o the aymenter wall.
Consequently, at the same value of 3, it can be expected that ccnsid-
erably greater ¢iffusion is regjuired of the rrimary jet to maintain
attached flow in the 3-D case. This basic difference is believed to
explain the scaling difficulties encountered between /-D and 3-D con-

figurations of the tyvre investigated in this program.

The static pressure measired at the bellmouth eye in the 2-D
ard 3-D cases lencs interesting support to this contention. The 3-D,
da = who eye static rressure depression ~as of the order of 2 to 2.°
times that in the 2-D, 2 = 60° case. This cifference in eye rressure

indicates considerable discrerancy in ‘he bellmouth pumping and Aaug-

- . -0
menter rerfcrmance. The reasons for roor rerfcrmance of the 2-I), 2c = &

model were discussed in paragraph 3.Z.3.

3.3.1.2 Cptimum Augmenter Configuration

At this point a second series of augsmenters available from




parallel programs were tested with 2 = £, lOo, axt 12° and a o, rage

of 21 to 2B, A naximum performance of f = 1.L9 was obtained at S = 0

with a 23 ~ P‘o, o, ° 1.8 and 0,04 ° 42.3 augmenter geometry. A typical

d
3-D test set-up with the 2 = 54° primary nozzle wd a 28 - 10° augmenter

at S = 0 i{s shown in Fig. 17. Fig. 18 shows 'he details of the primary '
nozzle outlat, fi1p. 19 rresents the thrust augmentation of these two

, o (o
vigmentars (23 = &7 and 10°) as a function of 0.0y The variation in
9.% {s ohtained by recucing the length of the ugmenter. lines of

constant / 2. are cross-rlottad. [t was Tound that high auw'mentaticn
depended uron careful alignment of the rrimary nozzle and aumenter
conterlines. This augmenter aliznment was made on the hasis of maximum
thrust readings. afith 23 = 1.0, 1c = 22 augmenter, a slizht lateral
misalignment (1€ IR resulted in augmenter separation. The 23 = “0.

'c = 2] awmenter was less sensitive to ali,snment than the rrevious case,

but flow could also he catached by a misalisnment of only 5% U..

J.3.1...1 Effect of 5 on Elector Performance

. 0]
A series of tests was conducted with the 3 = b, o. * 21

aupmenter 0 determine the affact of the nozzle-ausmenter .ra~ing rara-
meter on efector *hrust aus/mentation. This test {ndicated . for

maximum thrust rerformance 'see Fig. 20). VYalurs of S above and below
this roin® caused a marked rerformance decline. As was observed in the

C (o] .
-U case, (a = and 2c¢ =~ 0 model ) maximum rerformance was similarly

4

achieved in -I' with the ¢} valie a fow deprees less than that which

(
trocuced setaration. At 2y < * and c = of completely attached flow

. . C
was not ohtained. Further investipation cf 7, hotween 21 and (B (25 = K
would tui*e rrobahly uncover a confipuration of surerior rerformance.

0
At 2 = 1.7 the same rrovlem of diffuser ~eraration ocrurred as at 23 = |

0

,1,2 round Effect Wvaluation - -]

While a confipuration was not achieved with aupmentation sup-

prior to *hat of Yhase "7, it was helieved 0f interest to ovaliate the

)

greater values of 2§ rd Ja 1ir vround effect with 3-0 confizurations,




3.3.2.1 Primary Nozzle Alon

Ground-effoct tests were first conducted with the Jc * Sho
crimary nozzle alone to provicde a comrarison for later work with aug-
=rnters. fround clearance was found to affect aiversely thrust augment-
ation of *he primary nozzle alone up to a clearance of 13" or ULS as
shown in Fig. 21. Ordinartly, ground effect on cunventional rroceller
‘et 1{ft systemas influences rerfcrmance only batween 1.5 to 2.0 dia-
m=nters clearance. The divergent crimary ‘et had a characteristic un-
stable hellmouth pumring with occasional flow reversal in the ¢" < h' < 13"
region. Below h' = 2" thrust fell off at a much hisher rate as the
nozzle »ellmouth eye “low al'ernated in and out of the eye at a regular,
increasing frecuency. This frequency reached a maximum of aprroximate-
ly 1,000 crs at h' = 1.C". At h' = 1.0" negligible secondary pumping
orcurs over the hellmouth surfaces, while the flow was completely re-
versed in the eye rrorer. In rroximity (h' < ¢") with the ground rlane,
A low rresaure reiion of arrroximately -( .+ HZ' {s created under the
nozzle rlenum assemhly by the circulation of ambient air caused by the
pumping of the rrimary ‘st as {t flows outwydly along *he yround plane
This low pressure acting on the lower side of the nozzle naturally con-
tributes to the loss in *hrust augmenta*ion. Consesuently, at h' = 0.3"
the thrus®! augmentation {s only . comrared to the out-of-pground effect

rerformance of 1.0¢.

.3...2 Conmrlete Efectcr Assemhly

‘esting was naucted with the two uymenters exhibiting the

( A O
1~ t, 0 »21.7, and 23 = IC,

hest out of gpround ~ffect rerformance (7, e

"r . . *0 determine *heir in ground effect and transition rerformance
characteristics. This c¢ata is 'resented in Figs. 21 and 22 for these
ausmenters at sevepral val.es of ".q. It is intaresting to note that the
aypymenter length »ad 1it*le affect on the elevation (h') of the nozzle
exit rlane at which ground rroximity effected eiector rerformance. This
elevation h') was ar-roximately 1" cor “DS for hoth aurmenters. This

suggests *“at the flow cystem is derendent on a characteristic length




downstream of the rrimary nozzle wh:ch is greater than the length of the

agmenter,

Figs. 21 and 22 also snovw terformance increasing sharply with
h < 1" for each "t‘ after a gradual decrease from *ne out of ground

effect performance test,

As has heen discussed previously, 1® was believed that increased
agmenter exit area, in offect, increased "nase-area", would give im-
rroved thrust augmenta®ion close *o the ground. Such increased exit
area can be achieved *rroigh variahle a.’menter geo=etry or oreration
at jarge ;i's. Fig. ¢ rresents the thrus® augmentation characteristics
and A8 a function of augmenter exit! ¢immeter at low values of h (h < .3).

. o
As ¢p was constant at F and 10, the change in area !s nachieved by a

“hange ‘n I'La. In proximity (h < 0.3") to the ground plane, a large
back rressuyre buil:s up at the augmenter erxit aince *he a:gmenter is
essentially stalled. Elector action i{s negligihle. BRellmouth flow rump-
irg action ceases, followed *y a reversal of the primary jet out the
secondary flow {nlet. This flow regime is characterized by increased
static rressure alcng the augmenter walls which rrovides the increased
thrust augmentation, The rerformance is not significantly different
Ty

from that encounterad in “hase !I rrogram with 2o = , 0 = 10, "'iu - 3,

c
Thia {s shown in Fig. S of Aprrendix II.

'n the basis of ¢-! testing, the installaticn of vanes in the
rrimary 3-D nozzle bellmouth and the aigmenter exit would rroduce im-

rressive performance yains in pround effact.

o Full Scale Eiector

The full scale ejiector is shown in Fig. 2 of Aprendix !I In
nifunction with the resuired maintenance runs of the J-3l, which is

the primary was generatcr for the full scale a‘ector, a minimum rrogram

was undertaken to inves*iyate *he hellmouth secondary flow characteristics.

The initial o lective of *h Trogram was * nveg*iga‘e further the dis-

crepancy between full-scale and -0 model rerfcrmance encoun‘ered in

Thase 1. Preli-inary smok~ “isualizaticn ~urvey indica‘ed seraration




at the hellmouth lip. The hellmouth lip was {nstrumented with three
total pressure rakes (Fig. 2L), each consisting of four variahle height
rrohes to aid in the evaluation of lip losses and subsezuent lip mod-
{fications. These total pressure rrobes were racially aligned, parallel
t0 'he lir surface, thus enabling °ressure measurements at desired in-
tervals up W Li" above the surface. Static rressure taps were located

At each rake station.
Oue to the discontinuity rresented to the {nlet rotential flw

by the original sharp-edged bellmouth lip, the ungle of attack at the
outhoArd rake, which cverhangs the lip by C, n~hes, #as of the order
of hfo based on flcw visualization studies. Corsequently, error of
large magnituie can be exrected in the da*a from these rrobes prior to
lir modification. The aharr bellmouth lir caused a seraration hHubhle
to bepin at that proint. This bubhle reached marimum size in the reygion
of the middle rake as indicated by Hoth total rressure ‘rofile and flow

visualization studies.

The data obtained in this survey rrior to lir modification (Fig.
¢v), {8 of a qualitative na*ire due to the pgenaeral rro-lem of rro'e
alipnment #ith the streamlines. The tota]l rressure rrofile over the un-
modified lip surface indicates the total head losses ire very small
ahove ¢" trom the lip surface, This general profile is at the outhoard
rake and continues with little deviation alcng the instrumentec section
of the bellmouth contour. Following the reference tests, the bel lmouth
iy was modified. The hHellmouth 1lip modifica‘ion (Fig. 26) ~onsisted of
extending the lip radially 2" with a €lat surface, tlereby rssentially
iurlicating the original model confipgurati n”. dhile this modification
also had a sharp edge, the “low field area at that roint was sufficient
to result in negligible velocity at the same roint. Consenuently, se-
raration vanished. The 1lir rress.re data ohtained following this mod-

ification (Fig. 25) indicates *he inle' loscses are essentially eliminated

* 8 A
The intent of the flat surface in the original model was to simulate a
wing installation.
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by the extension. Flow visualization and lip pressure data indicate
attached flow over the bellmouth as would be expected, Smoke flow vis-
ualization {llustrates (Fig., 27) the secondary flow ratterns over the
bellmouth lip before and after modification.

The bellmouth eye was traversed at the nozzle exit plane befcre
and after the lip modification to determine the static and 'otal pres-
sure profile tha' would permit evaluation of the losses due to lip separa-
tion, Four rrohes, two static and two total rressure, were located 1/i"
and 1/¢" above 'he Hellmouth surface in the nozzla exi®' rlane as shown
‘n Flg. 2F, Adfustable rrotes were used to survey the remainder of the
eve. Tho rreasure rrofiles ohtained with these robes are also shown
‘n Fig. ¢8 both before and after the extended lip modification. The
1ip extension eliminated aprroximately “Sf of the hellmouth thrust loss

that was {ndicated by *he initial eye rressure survey.

The magnitude of the *hrust loss rrior to lip mo:i{fication as
letermined from the rressure sirveys was on ‘he orcer of 1f of the

primary let thrust.

ot iﬁ'“ Reduction

3.5.1 Thrust Auymentation

Thrust augmentation {s defined as the ratio of the total measured
thrust divided by the thrust rroduced by the isentropic expansion of ‘he
measured flow rate of air from the suprlied total rressure to ambient

rregsure, sxrresaed {n ejuation form as follows:

- __"ln.__.
y v?hoc
[
( 1
~ k-1 1/2
Pc 'S
where Jtheo "3 szJLr'I"4 1 - ?: )
| hs =0

to simplify data reduction

T

let @ =

520
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and then multiplying and dividing the right hand side by Toal and

substieuting
- !2

\ - )| - ‘o
{theo \/a 4 gJ“o Toal 1 - (?:)

which, when appropriate gas properties are used for the gas temperatire
involved, reduces w
o]

[} - 0
’thec f P-" V's

or, for gas properties at a "COF "r = i, k ® 1l.i for model tests) and
P

0
A prassure ratio g= of 1.7 gives

4
v'heo =231 \[u
which gives for data reduction purposes, the expression
F
g B -'73-
N 5.0

1,5.2 Sice Plate Corrections

The side plate corraction was derived and determinad as follows:

L ]
FC F‘
—TS/E_ - —— = Srec!fic rrimary ‘et thrust loss due to side
L) . a
SRS rlate friction
o
F4_qn Fl
% =

] ¢ —————— = Side plate correction factor

——
«Ve
@ = (@) (side plate correction factor)
qu
-;eE, determined directly from tests of truncated primary nozzles,
wLe
F. F, - External rressure forces acting on bellmouth

o e

2




Uxternal pressure forces can be expressed in terms of the net thrust due

to the secondary flow a' the bellmouth exit fﬂ;)
Considering only first order effects

V' &
¢ s 8

- (nt -
Se]lmouth g * ps FL

D; (1.5)

where 1,5 is the distance between
side plate, the prime indicates
conditions at bellmouth exit, and
the subscript s indicates bellmouth

system

Vi,

where q; * P, pé

and ¥ * V' D'p x 1,5
8 8 8

[1r2

- ]
anllwnuth | 8

or

[ r .5
. (ps p_) Dy X 1
substituting for V;

. [ - )
Fe0(p, - Py

assuming one dimensional dif“user flow in bellmouth exit

by Bernoulli{ and continuity

Po = Pg) ® ()" (P, - Py)
]
substituting
e \ :_22 - \
R Bslimoutr s :;) Po ™ Pg’
)




U CONCLUSIONS
L.l  The basis of the 2-D tes:s (jet aspect ratio, © = 30, o, * 7.65)

the additional complexity of using 2a > 0° ts unwarranted. (n the basis
of data corrected for side plate losses, it was concluded ‘hat larger
values of @ or (eye aspect ratio) which would minimize side plate losses,

would resuylt {n ortimu= rerformance a' 2a in the neighborhood of V‘o.

L.2 From augzmentation rerformance determined in 3-D tests (with jet

~O
aspect ratio, 8 * 100 and o, = 7.65) the complexity of 2¢ > 0 is un-

warranted, ' {2 hvro'hesized on the hasis of /-D data that s:rerior
rerformance would he obtained a*t large valurs of ‘et aspect ratio by use

of ¢ >0,

L.} The aidition of flow control vanes to the ejector system can sub-
stantially improve ground effect rerformance. The use of vanes reduces
the maximum loss of augmentation ir ground effect to ¥{ of out of graund

af’oct performance,

L.l while bellrmouth lip seraration {s undesirahble, the magnitude of the

loss was not of signi{ficant masnitude when referred to total rerformance.




wn
-

REFFRENCES

Jpiegelberg, C. H.: "Summary Report - Phase | Prograa Annular
Nozzle Eiector" - Contract Nonr 25,0(00), Hiller Aircraft Corp.,
Advanced esearch Division Rerort No. ¢L3, November 1659,
Appendix:

Ciolkosz, 2. M., Gates, M. F., =nd Cochran, L. L.: "Summary

Rerort - Model Test Program - Annular Yozzle Slector” - Contract

Te
Monr 28.0(00), Hiller Alrcraft Corr., Advanced Research Diviasion
Jerort No. 2,2, Septamher 1959, (Not Available Secarately, hut

appended to this report for tho reader's convenience).
Morrisson, feaves, Jet Ziector and Augmentation, NACA Advanced
Report, Sentemher 194¢.

veClintock, F. md Hood, .J. H.: "Alrcraft Eilector Performance”,

[}

irnal of Anrronautical -ciences, Vol. 15, %o. 7, November 1946,

Jartin, J., and Le Nabour, M.: "Contri*ution Au leveloprement
‘ L)
Des Trompes et Fiacteurs", De Ia Societe Jertin and C°, Technique

et Science Aercnauciques, Tome 3, 1059,

‘webar, H, BE.: "Tiector-Yozzle Flow and Thrust" ASME rarer Number

9-Hyd=5.

Sargent, . R., "Theoretical Performance of a Static Thrust Aug-
menter”, Curtiss Wright Corroration, Airrlane Livision, Report

1 11!"1 ]Quuo

argent, . R.,"Th.oret{cal Parformance ¢® a ynamic Thrust

"
Auymenter, Curtiss wright rporation, Airrlane Uivision, Report

No., R-15F, dated December 190,

Sutton, .. F, et al: "Steady Flow Eioctor Research Program", Lockheed

Aircraft Corroration, Seorgia Livision, Report No. E.R.-L7CE, dated

lecemhar 1060,




i I | i
I I y |
i I | i
vy v v Y

BASIC ANNULAR EJVECTOR




_.‘.__._

- l I
|

e »f

t SARGENHREF 6)

OPTIMUM O°¢ PER

T \LOCKHEED(REF 7)
) ~ McCLINTOCK AND

— +L__.¥ __f_.

< BERTIN (REF 4) I

— — .t — ..\...\_
N

-

| lr.
I
L4 ! H
,f’
+BERTIN FULL SCALE

Qﬁh (TEST DATA) .

4 +<++4+

1 ‘ ]

e —t—
- HILLER FULL SCALE EJECTOR
Y /4 4 (TEST OATA)

(b’ ~— HILLER 2-D, 2@ :30°
t /Y (CORRECTED FOR SIDE PLATE LOSS)
; . | TEST DATA)
|

HOOD CORRELATION

D U NI W— m—




’ -

B

> ~ g
, Ao a:.rt&r.ygﬂw bt

c’h,\ug -

2

AI‘I" 1

Re




1p]

2Q

2a =0

. * - L >
[ ]
(@]
w
"
] ] °o—e
u
N
\
4
] [
‘ ’ )

o

[ G319FHH0INN )
0 NOILYINIWINY LSNYHL

25 30 35 40 45

FTOTAL AREA RATIO, Oc Od

20

(g

1ATE




Lo |
l o~ =
)
\ // ’ :"l j
y a.
| .
' 2 0 .
" “a
. s 3

v ‘\ % -

I oV \ < s
X

g6

)
\ ~)

N
c Od

.
-

. -
v

TRE(EMAY
RATT

l { ('-“1 J) (‘ :l(
NSO
X X
Q- -
1 \ . '
'q {
(& ‘u 2]l {a
\ 1
l < %

—
<
9]
AT A/
rurﬁg

LVRE =
I )
T
| °
[ ) L

A » / /
AVALIVIIN " do/IdH 4




JONIIYINI0 1

v

AYTNIYd

’ + ’
|
. '
.’ e | '
.
S @
\ ] f |
, | E 4
. b ol o -
B t £
{ ¢, 4 '} &
= ¥
‘ ' ’
» ! ‘b
' ; &
|
] ‘
' ' 4
-
‘
)
—— .
-
N
\x
N \'.‘
-4
- “Q
. “
-~
- .
- -
. -
] . . . -
.
-
\
! B
x
.
v
— e - .
'
ot Sy
-t o
)
w
.
\
) : * > [
Lo [ ¢ W

10
[ UNCORRECTED

N

-
-

v

wENTATION #,

-
o

X

cr

Fwm

O
T
B

T
t“

ECONDARY

ONST.)

-

LENGTH

wALL

-
=

ENTE

A
e

3

A

YT e
- &

SN

NTER

T MEY
M

A

<

PTIMUM

IGURE 6:

F




(SS7T 3LY1IE 3CIS

[+ 4

CY.1] e 92 ‘0Ol1lVE Y=ay 1Yl =) NOILON.S ¥ SV ZONVAEOsSE=: J
‘é
PO 20 "0ILvY VPIYY 70101
0]/ G¢ 0o¢ G2 0¢ Gl Ol S 0
- - ' . . . -
[ - « . . . .
1
’ - - ¢ . . .. —_— =
+ 3 =S
,w - - 13 - * . . WN
: | I L R S a0 PO >0
g
- —} | , ! =
b } : : : > - : -
¢ . $ /
’ S - e
i e — - -
i T = - r
b ¢ — =
| i \ o;r i
¢ - - s T L
1 - t " -I)"/.\
| {ntma *
e 4
3 — .
|
]
V, - - - - 0 - - *
,* - * * -
,v [ 2 . ¢ - -
+ - + % .- o8l = d
[ 4 + . o
| | Iés---oob~ol
t ¢ L eal=o
| ! i { | | 1 oO_uD
[ 4 - [ 4 * . . P pe om "c G
[ 4 s * . . + < . .n H.O
- i | B — S 1 B - -

€3

~
—

fr.

o
"

((031234H0INN )
A NOLLVINIWINY LSNYHL







# NO/IVININOY ISNYNL

»
. e
d LS
&
\ ”~
~4
VI y
”
o y o
Y y -
Ay
4 /7
/
P r
J
]
{ wrhe
\ {
. 2 A
- .\
1
>
<«
<
1 1
» o
»
9
S
¢
’
/ P
{
\ d
5\
‘.\-h
N
VA
t
L ] L4 )
e E ]
‘
\
| ]
’ ’
13123880 NN

L LY

ce

AREL RATIO

e |

“

“

W

T4l

[ 4]




- - o . o s
IWlol 42 NOILCN . v 3ONVWEDJEZEE d-2

2D 2.0 '01ivy VIV Wi0i4 PO 2.0 ‘01ivy VINY WiI0L

{r
b4
fx,

st ot s x s 0 S 0 31 ot G2 02 S 0 S
6 Luo0p ——y
» : - .f\\
22 X o f
*0 L 4 > @
. -~ 6 91+20 \\
/
.oh . 4 /
. 1 A
- -4 6 s )L - 7 - \ .
A 1 P y
- 7 \
. +
-4 ¢ i3 — - \\
M 0
-
T ]
T P4
. < $ L
OF =3
022 Y
Sl &
pHe ©
5 4 ) n.”‘\“-
’ ”oﬂ- )
. v -4 ’ 0= ¢
! L3
. . .‘ D, i o T ) o
% - .
. b Swd >
> 5

9
&

o

(031274402NN)
M NOLIYINIRINY 1SNYHI

o~




0s

PO 20 '011vY VINY TW10U
02

ot

T4

(91=2.0)

(81:2.0)

(02 =20)

(12=9_0)

(22=2.0)

(v2 =2.0)

(92 =20)

(031234450INN )
B NOILVINININY LSNYHL




PO 2.0 '011vy
G2

ot

vIi¥y Tvi01

Sl

"e]

S_NVak

- ¢ o

-
.
.

|

- — -o—f

— e

R I

"

— 2 -

(02

(22

(p2

(972

(82

20)

=20)

2.0)

2.0)

2

0)

(031234409NN)
‘NOILYINININY LSNYHL

oL




Configgrntion

Nominal 2a, degrees
Actual 2a, degrees
Nozzle efficiency, {

Jet aspect ratio

LS
% ° %

Jet thickness, in.

FIGURE 13:
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PRIMARY NOZZLE CHARACTERISTIC
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la. SNMARY

Three basic annular nozsle ejectors have been tested in combination
vith several mixing tulea in ordor to detemine the variation of thrust
augmontation with ejector peomotry and to establish the optimum goometry
for design of a full scalo ejector to be usod with a turtojet engine,

The best aupmentation ratto. obtained for a mixing tubs L/D of 3 was
1.55. Characteristic dotails of the annular nozzle ojector model were:
nozzle arpect ratio, approximately 100; primary nozzle area, 0,758 1nchea2.
The plenum chamber supply pressure was 21 in. Hg gage. The mixing tube for
this combination was divergent (included angle 8°) and the ratio of mixing
tube thrvat area to primary nozzle area was 9.0.

As part of the detemination of near optimum ejector geometry the
following additional tests were made: (1) evaluation of the addition of
swirl to the primary flow, (2) detemination of the distribution of thrust
between primary nozzle flow, boll-mouth flow and mixing tube, (3) evaluation
of the effect of a reduced plenum chamber volume on asyatem efficiency, (L)
linited flow visualizat'on mtudies to define the flow of secondary air into
the bell-mouth and mixing tube, amd (S) incorporation of the Coanda ejJector

into the bell-mouth desiym.

4
defined in section 6a

1 Appendix
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LIST OF SY¥R0LS

Area of nixing tube at thrcat, ln"hnaz

Rase aroa of vall scparating primary ‘et fro= secendary jet, inches
(Sea Fipure 1)

Outlet area of primary jot no=zle, nch052 (See Figure 1)

~

2 ‘
Outlat arca of “ellmouth, inches e Fipura 1)

(Mean Primary Nozzle Circuaference)
olot Width

Anpeoct Ratio

Thrust. due to mary et alone in pretence of lo]llrouth flow,
(Ten page ;)

Total thru~t of oopular nozzle without augmenter tube, lhe,
Total thrust of arnular pon-~l)e olector avnten, lhs,
Thrust dua to “ellnouth flew, lbs, (See nase 1

Ratlo of sper{fic Yoatr

A oot preccure, prsia

tandar! ann lev 1 rressure, a7 1oia

Lo prensare rlenum, in Hg abhs (unles.u o*herwise noted)
v ’ - U v 1 e q-
' Apy A5simed equal to B, pria
‘
oor t Aoy equal “ + 1/2 (b, =P ), psia
<
ey 1 wetines on A, 1rsia
<
- A"1C T £y 1 't




Supply temperature in plenun, °R

Standard sea lovel temperature, 520°R
Velocity of primary jet, ft/scc |

Avorago secondary velocity, ft/sec

Avgrago socondary velocity of bellmouth flow at outlet (See Fig. 1),
ft/sec

Primary woight flow rate in presence of augmanter tube, 1bs/sec
Weight flow rate of primary nozzle without augmenter tube, lbs/sec

Socondary woight flow rate without augmenter tube lbs/sec

Y

,
Ambient density, slugs per ft

Primary nozzle efficiency, %h éi:n

q : Ah act
3econdary nozzle efficiency, T theo

Entropy Change




2a.  INTRODUCTION

Prior to the award of this contract, Hiller Afrcraft Corporation
expended considerable effort, using company funds, to explore the benefits
that might be obtained from the annular nozzle ejector-mixing tube comdbin-
ation as a thrust augmenting system. The reaults of more extensive model
testing, supported try the Office of Naval Resecarch under contract Nonr

28L,0(00), are presented in this report.

It 15 to be emphasized that the primary effort under Contract Nonr
28L0(00) ts to destgn, construct, and test a full scale ejector using a
turtojet engine as the source of the primary hot jet. Consequently, the
purpose of the model testing, for which data are presented in this report,
was to establish near optimum geomotry for this full scale article. The

program was established and porformed within this framework.

It is felt that results from testing of the full scale cjector will
demonstrate two things: (1) thrust aurmentation figures which are large
enough to te attractive, and hence which will encourape support for in-
vestipation of such devicea for VICL Alrcraft and for Ground Effect

4 bl

Machines (GM) and, (2) a direc* correlatior v at least a means for

establishing cerrelation, betwern future model tests and full scale annular

ejectors..

1 Appendix




3.. DISCUSSION

The basic model test program was estahlished to evaluate annular
notzle ejectors with aspect ratios (average norzle slot circumference/
nozzle alot width) of (0,97, 99.95 and 129,09, a1l with a constant slot
wvidth of 0.085 inch. The rrimary jot nozzle areas wore 0,158 1n2, 0.758

2

in®, amd 0.9%9 lnz, which resulted in secondary nozzle nroa/.prinnry Jot

noszle area ratios of 3,36, 6,84 and 9,28, reapoctively,

These banic nozzles ware tented in combination with mixing tuhes at
a suprly presture of 21 {n. Hg gage. A typical arrangrmont (o shown in
Figure 1. Fijure 7 presentn details of the annular nozzle dosipn. Figure
3 {dentifies by letter and nuhscript, throat diameter, and type the basfo
mixing tubes vhich were tested. Flpure i shows tyrical mixing tubes tested
{n this rrorram, with one of them mounted {n the mixing tubs surport, Model

conatruction, procedure and data reduction are discunsnd in Arrondix I,

The co=binationa of miring tuhes and nozzlea teated, alons with the
aupmentation ratios, are tabulated and plotted tn Fijure S through 7.
Fipure 6 shows the offect of area ratia (nixing tube throat area/primary

Jot nozzle area, A,\/A1 ); on thruat anpmentation for conatant nrea mixing
A}
2

tubes at constant L/D (lencth/diametar) ratios. Fipure 7 preaenta the

sama information for diffusing mixing tubes,

In general, the nozzle with atpect ratio 100, tested in ocombination

with diffuser type mixing tubes, pave the hest performonen, When nased 1in

# Secondary nozzle area = area of the bell-mouth throat (eye of the annulus)




combination with ~ixing tube 86 at an L/D ratio of 5.1 and an area ratio

of 11.9 this nozzle gave the best auzmentation ratio obtained in the

program, 1,61 (see Fig. S). i

The 61 aspect ratio noeales also pave “otter performance when tested l

in combination with the diffusing mixing tubes than when tested with the

conatant area mixing tuhes. Budgetary limitations and the difficulties in
the forming of such larpe d{ffusing type nixing tubes prevented the testing

of the 129 aspest ratio nozrle with thias type of mixing tube,

"han tested in corbination with constant area mixing tubes, all
three hasic nozzlea pave much the sam performance for ainiliar L/D ratios
(Fig, 6). It in noted howsver, that tho dependence of {mproved performance
on area ratio increasea with inereasing asrect ratio, Another nipnificant
factor is that ~ince L/D {8 based on the thrvat di-neter, the diffusing
nixing tube not only provides a better augmentation for the same exit area
but has lear phyntieal lensthe  For example, the const nt area mixing tube
“) aay he cospared with the diffusing tubs ﬂh. In each case, 1inveatipgated,

an increane in the lenpth/diameter ratio, L/D, rave an increase in augmen-

tation. The area of interest atated {n the INTIOD'CTICN prezluded MR

rxhanntive atudy of ti tremd.
Tha apacing betu e nixing tube and the rrimary nozzle was
roferenced to the ot cter nozale exit plane Matances above and below
this plane (Fip. 1) were irnated positive and nepative, recpectively. As the

aupmentation performance of all the mixing tubes was very nearly constant

for apacing from - 1/l in. to ¢+ 1/2 in., all tests were conducted botweon




these gpacing l1mits. with tha majority of the tests av zero spacing,

It will be moted in Flgure 2 that a surface was added to simulate
the lowor surface of an alrcraft wing. It was determined that the presence

of this surface nad no measurable eflect on system perfomance,

Jalculation of primary nozzle Reynolds numbers for the three basic
S
nozzles pave values of about 8.5 x 107, baned on the hrdraulic radius of the

annular nozzle,

Two primary nonzle modifications wore evaluated as a possible means
{ winproving perfomance. COne modification wat the inclusfon of the
Coanda ejector into the system, the other was introduction of swirl into

the primary flew,

The arranecement pictured in Fipure 8, a combaination of the annular

nosale ejector and the anda ejector, was evalunted an a method of poss oly
increasing the performance of the annnlar neszle ejoctor by 3 Lien
f more secondary flew. hi1s model was tested at varieus nozale pap spac
Ings tetiveen the LNt oW 1n o r 15 .
Fryuge 9 pov iriten of au.mentation ral
mtlar 1 ‘ R rati1oa and th a1
found *hat O t 1id t
e - ! el ‘ ¢ MEAS 1
[ ied e !
: ) co




further work to optimize rerformmce by bdetter matching of the geometry |

of the Coanda efector (which 13 critical) to the annular nozzle ejrctor.
The other method eviluated for {mnroving the nerforawce of the
basic syste=m by the induction of A yreater secondarv flow wos swirl, or '
Axial rotation, of the rrimary iet. It had heen hypothenized that the
swirl motion would caune *te primary flow *o expan 1wt due to cen- '
trifugal force. This would result in a stronger aink for the asecondary ‘
flow throwh the ecye of the a~malud. In tursn this strencer ©onk would
odute . reater decorriary “low thawn would the undeflected rrimary et |
An annular cozele ot ctor used 1n previous comr ny sponsored tents, i
Heference wit st ified A chewn in Fipnre Y0 for the swi=l tests.  (The
awmpett ratic of thy 1] ensialiy doplicatea that of the smallest of
the threg brira fo= the ba progrin. ) Yenes wore conatrusted for
lef] e Lo f nlate adided fric.1on and rrovide a haais
for cempary ). <1 1S Fuu=o 11 ~howre the 0 and h,‘/: deflection
"vane ©one 1o bk ali 1 wing: ro=f w1th the 0°
{0 f W c noth > e
T : - ' nm o chamher oy res of
1 y 1 The three vang-rings werrs
pa-h oot S iy oan e wrthoud, the morzle extenaton tiuhe
(Th e b J ¢ t periphcr e surface of the
nular nozrle how Foar T™e nozz o =xteneton tanded to

lecredrn iepformannr

4
-




Despite the increased secondary *pumping” caused by axial rotation
of the primary jet, there was an overall decrease in ejector performance
shown in Figure 12. The decrease of rerformance bolow that of the 0°
deflection can be accounted for bty taking into account a first order loss
due to the fact that the primary jet velocity vector is no longer aligned
vith the thrust axis, thereby raducing the useahle primary thrust by the
coaine of the deflection angle, and a secondary frictional Josa due to

turninrg.

A comparison of the mana flow ration, GO/G, for the 0° and 1S° ot
deflection ansles indicates that the addition of swirl reaulted in a
mans Tlow ratio increase of 787 (see Appendix 1 for the calculation of

secondary mare flow). Specific values are tabulsted helow:

deflection ancle, nass flow ratio
deprecn \'aa/u'l
0" R
L 1,368

Ref tnement of the secondary flow rath (elimination of surface
irregularities, otr.) would increase the. o macs flow ration over the

values guoted ahove but not sufficiently to result in aupnentation,

A
The anpular nozele egector with the Y deflector was also tested
with two different mixan: tahe o The ad Dtton of the =nxing tubos, which

were not optimtzed. pave only a slipht dncrease in performance.




In short, rotation of the primary fet flow does not give sufficient

increase in performance to overcoma the losses inherent in hieving the
rotation. Budgetary li=itations rrevented further investiyition of the
svirl tyre system, which mipght {nclude other means of introducing rotation

or of ctrenpgthenin the secondary sink

In a further effort ‘o i=rnrove the rarformonce of the apnul-r
nozzle ~fector by increasing the Haoic nozzle efficicncy, the nozzle throat
length was shortened from an oririnal length equivalent to 10 nozzle nlot
;ﬂdths to a lenith equivalent to 7.6 alot sidths, Tho nozzle was then
retected lone and with =iying tube B~3. The test procedures emrloyed

were the sy as rrior to the =odification.

The tes: data noteated a trend towards improved performance, but

the net {rprovemeny due *o a chape ir nozzle throat length of this magni-

i v

tude YAk yr €ogant t wit thoupht YAt foerthor reductiion of the
noz2le trroat leneth. which {n tum ceduces the elearance between the

"qing aurface  and tre ~ixiap tuke inlel, m ht ke drlrtarions to overall

riector rerform n Crr Atthanpy ¢? ary Aonzie c fficiency wonld he
increaned  *} Mnyin - ‘ art -y 1w 1iont he et 2icted onourh

to reduce the over ¢ v Chrmanc v 1tvity of the snnular nozzle
ejector-mixirp ¢ B L] [ v er? rmance wae canatant over
spac -y, equivalent ¢ widths,) w prohahiy permit some 'parameter
Jugeling' to achteve o b r : formar o2 rediuced rozzle

throat ie d"."

e R = temmm —

ittt

—



Incorporation of the plenum chamber volume of the modal as showr

' . ,
corrviation between the model and full scale tost resul® or:e of Lhe
tdect £ ke cverall ¢ ‘ 10 f9tain a geonetric
larity Letween the twe Conrequently the model was alterod to i
' . he 511 1o ojector ond retested, 10 should be pointed out
that this plenun design mcdilicat rt recommentod for prototype
denipn and {ar 1 test expedient for this program  This simple modi-
fication of the inl, which amcunted * verting the plenum chambor to
1111 ) hew in b e 11. Test data were o! tatned by the same
pe prod (revicualy and § rect recent of vrgure loye
acr " v ‘ The oo da? ¢ ' t *oan rall of 6€ in
auisnentation porformance on cxpected with this plenum chamber dosign
A variation iIn t} a9 €t ¢ 1) was found between the side adjacent
C : the ! L&
0.
e cripina i pily syntem design indicated a loss of
ol It g thag 1 C{mre can be ap
pr { in an atrcraft tallaticn by adherence te accepted duct design
.
In erder termite *he real effece o oon eject
erform ., ot ' R toctod Wit muring
: = 11 ; tion, but supjorts fependently Ag data

tochni rore oxact] frre ‘tas a I a measure of the change




{n annular nozzle ejector performance cue to the rrasence of the mixing
vibe. The resalis of this lnvestisation incicate! that spprovivately S0%
of the increase in thrust {s due to the net force on the mixing tube; the

remaining {= due to {ncrraned secondary flow through the bell-mouth center

of the anular nozzle,

I'ixing tube lip size effects were examined briefly using diffusing
mixing tube Bb' The oripinal p share (Pip, 3) was cut to 90° from the
mixing tube throat plane 13 shown in Pigure 1. Test and data reduction
rrocedures wers identicel to those used prior to the cut. The effect of
*his mixin tube lip alteration on the rerformwce of thir rjector con~

fisuration wos necligible.

Limited flow visualization studiec were made of the inflow in
attampt to determine a mens of imrroving *he rerformance of thir eiector
vaten, Study of *Ve mixine rhenomenon aseociated with this systen waa
beyond the score of the rrorram. The smoke studies thot wore made in-
dicated W inflow pattern that would be anticipaled frem notuntial flow

considerations Mo flow discontinnity wis noted nor were any new venues

toward improveront vored




L. CONCLUSIONMS

The primary conclusion resulting from this inveetiration ic that pow’
augmontation can be odtained from an annular nossle cjoctor-mixing tube

combination vith emall L/D ratios for the mixing tube.

Diverpent mixing tubes wre fourdd to aurmant annular nossle ej-ctor
porformance mors than did constant area mixins tubeo. Neither the ro' itiom
of the primary jot flow in the mamner uescribed in thin report nor ho coania
ejectur modification wrie of value in fncreaaing the aum nt.'ton per! rmance

of tha arntem,

Tha renmrtry of the mainl with aspret ratio WO in covbination with

mixing tute R. has bonn chooen for acale up to full afzc. Pw reetion of

the planun charler cmac rection shown in Firure 13 e inc luded.
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6a. DESCRIPTION OF TEST BQUIPMTNT AND PHOCEDURES

The basic test equipment was designed and constructed so that
changes in annular nozzle geometry could be made by simply changing noz:les,

the other portions of the test cquipment remaining the sime for all tests.

The test model was ins*allee on the high pressure supply duct as
shown in Figure 15 and supported alove the scale by a strut incorporating
knife odges on both top and bottom ends. The supply duct has a flexible,
hinged joint at its axial centerlire 93.5 inches upstream of the model
centarline. This joint effectively eliminates supply tubie static pressure
effects from the thrust measuring system and permits thrust measurcment
with minimun mechanical friction. The flexible, hinged joint, the flow
mearuring rection and the blower system are shown in Fipure 16. The blower
system is comprised of 2 Allison V1710 superchargers opcrating in series.
Power {3 supplied by two 1°0 HP Ford enpires. The flow measuring section

meets American Gas Asscclaticn specificaticns.

In order that the air {low would leave the nozzle unifomly and with
low losces, the model was constructed with a plenum chanber preportioned

to pive a uniform static pressure at the nozzle inlet.

The p" ~num chamter was probed to determine the degree of uniformity
of the internal static presoure. The pressure probe locations are shown
in Fipures 17 and 18. [t was found that there was no measurable variation
in static pressure within the plenum chanter. It was aleo determined that

the pressure losces (from plenun total prescure to jet total exit pressure)

I -~
12 Appendix




vere of the order of 2f of the plenur total presrure.

Concentric alignment of the annular nozzle wnd mixing tube was
vithin one slot width. Axi1al Uignment was within 1°. e mixing tube
support (Pigure 18) was designed w0 Allow saall vertical, horisantal, and

anguliar adjustreents in the alignmert of the annular nozzle and mixing tube.

The support hrazkct for the mixing tubes was mounted on the manifold
ring. as in Pigure 10. The mixing tubes were made from hot frmed com-
mercial pglass tudbing. Glass was chosen for the mixing tubesr because of [ts

excellent surface smoothness md the relative inexpencivones: of the part

The lengch of the mixing tubes was chanped by culting with the
conventional hot wire. The tape showm in Pigure L is at the cuta in the
tube lenyih. For the most par'. excellent cuts were made md the tube
aurface smoothreas was no' affected Recause the forming of the mixing
tute 1niet was a hand operatina small variations in contowr were rresent

fron ore nmixing wtube to ths pext. it is fel® tha' these variations were

net sign.fn s F termining the full scale mixing: tube peometry, the
exact thaje w taer 0 c b booo¢) 1oty tube By

P DR V -'"l Vo~ h' ‘-.[ t moqnn 1"'0 hyﬂt(‘\m w13
alibrated by dead wei k! ahipe hotl whiie the system wan anprassurazed
nid tatically presaori-ed 4o L lew Approjwiate correctiona deternined

by this tes® we-e applind to ejecticr data  The {low secticn was checked
by deterwining the [low rate 2f a model 2t a piven sel ol inle” conditions

with three differant orifice sizes Tn additlion vo these calihrations and




checks the leakage from the system was chezked and founy to te less than
0.LE of the madel rated weight fow.

Measured and recorded for all 'asts were 'J:e pressure nxzst.rem from
the retering orifice, tho pressure drcp across the orifice, baroreter
preasyre, the ‘0'a) temperature of the sirecam {n *he flow measuring
soztion anvd the to*al thruse,

The augrentation ratics presented in this report are on the basis of
a conatant. uni® power {nput. This 1s achieved by reducing ail thrust

[ ] —
values W a ono pcund per seccnd flow rate 'w\f.i‘ baes (vis .

nry
as des:rided in Reference (. To complete the requirements for a unit

P, - P
o . ,
power inpit the test supply pressure ---,--- {s maintained constant

The aupran®aticn —+tio Lo ther

“ = const.
‘
]
JA
Fote 'elined by the eqiaticn -7 7 which in the thrugt resulting
¢ \
! ! rin ¢ N a'n the Jrumaty nottie aait e priated
. R £ : } 3 :
n ¢ 7 (oD 0 o re=ilte fro- e eooctor 4 '3on inherent
\ 1y i ‘ e \ 0 , 1 fcr

. o Il 1) SR “fo-t o ' “0om the equation
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L N Y

exhausts to ambient pressure and passes the same weight [low with the
samo supply pressure,

The following faotor is given to permit the augmentation ratios
prosented in this report to be put in this form for the case where the

oquivalent primary nozzle is assumed to be 100% efficient (As = 0).

P
—
‘Yo
-—F- .0.98
vVoe 8s = 0 P, = P,
- = gonst

Mass flow ratios for the tests incorporating swirl in the primary
air wore detoermined by comparing the measured primary flow rate with a

calculated secondary flow rate. Secondary air weight flow was calculatad

from v, " €

M P

P n-1 1/2
on Po 51"
where, Fa is as above, and Vs * (7 ;; 1l - 5 qns

The accuracy of the specific thrust values is + 2%,

16 Appendix
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TYPICAL ARRANGEMENT OF ANNULAR NOZZLE AND MIXING TUBE COMBINATION
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TYPE I PR I
THROAT THROAT
) j/ .1350 o DIANETIR ~¢|
B ’
—x _ (Lo ‘ .
| Re3SD
l
“ LENOTH
|
e ]l
0
h ——
MIXING TUBE THROAT
IDENTIFICATION DIAMFTER TYPE
Ay 2,12 1
A 1.93 II
Ay 1,82 II
A5 2,%0 1
By 3,20 1
B, 3.7 I
93 k.26 I
B, 2,90 II
Bg 3,07 11
B 3,36 I1
Cy L.16 I
C, .68 I
5,2 I
C3 3
|
FIGURE 3 '

BASIC IDFENTIFICATION OF MIXING TURES BY LETTER AND SUBSCRIPT,
THROAT DIAMETER, AND TYPE
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Nozzle

Augmen-

Noszale Augmen-
Aspect ";ﬁ;n‘ tation Aspect H;:;:‘ tation
Ratio » Ratio Ratio Ratio
60,97 A - 2! 1,22 99.95 B -2 1.39
‘1 hnd 3 1027 85 - 2 5 lohé
o2 L3 g - 3 1.55
A? * 3 1.!10
AJ - 2 1.31 86 - 103 1.33
-3 L -6 L2
o142 15 ok Lo
A pu 2 1 30 36 o 2.8 1.5)
5 ' B, - 3 1,6 8
Ac - 3 1.1 | 6 ‘
86 oo 1.8 105
81 - 1 } 1.21 99095 l] - Sol 1.61
Bl o 2 1.2“
By -3 1,36 129.09 c, - 1} 1.26
B, - 2 1.22 C, - 2 1,25
60.97 ni‘ = 3 1039 Cl - 3 1029
99.95 By - 13 122 c, - 14 1.35
B, - 1,23 C, -2 1,36
By -3 1,28 | c, - 1.8
B, -1¢ 129 =14 1,36
B, - 2 1.33 c3 -2 1.40
B, - 3 1.35 129.09 03 -3 1.h2
By - 14 1,32
By - 2 1.37
n3 -3 1,40 !
B, - 2 1.35
99095 Bh - ) 1-1]7

1, .
» dunmtmw(fﬁg/Al-c\\
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“eq Fipure 3
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FIG/RE 18

ARRANGEMENT OF ANNULAR NOZZLE EJECTOR-MIXING TUBE COMBINATION
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