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1. summ 

This rtport discus «es tht results of ths Phass TU profraa of 

Contract Nonr 2eii0(00) - AÜMUIAR NOZZLE EJBCTOR.    Tht rtport also rt- 

▼laws tht Phast 1 «nd II prograns and tht ortr-all rrogrm prtctpts. 

Tht Phast III progr« was a study of tht annular t/tetor to dtt- 

tn«int a configuration that accoaplishts tht followingi    (a) tquals or 

iaprovts out of ground tfftct ptrfornancti (b) givts superior ptrfonianct 

in ground tfftct) md (e) ovtrconss tht ptrforatnct loss during ground tf- 

ftct transition tncounttrtd in tht Phast II work.    To «chltvt thtst goals, 

this contractor imrtstigattd tht conbintd possibilities of a con leal ly 

dl«trg«nt annular primary .let, widt anglt au^nenter tubtf and flow con- 

trol vants. 

Tht particular primary notilt gtometry chosen (.4et asptct ratio, 

jet divergence an^le and area ratio) did not combine effectively with 

wide angle augmsnters to achieve an ejector with out of ground effect 

performance superior to that of Phase I and II.    However, equivalent 

performance was achieved.    The Investigations were perfomed with small 

2-D and 3-D model ejectors with a primary .let thrust of aprroxlmately 

• lbs. supplied at aprroxlmately ?1" Hg gag* total pressure fl.? pressure 

ratio). 

The investigation also included the   ise of vmnes at the bellmotith 

and augmenter Inlets and at the augmenter exit.    Proper use of the vanes 

reduced the augmentation loss in ground effect transition to approximately 

1/3 the loss without vanes.    The maximum resulting loss in «ü^nentatlon 

was approximately 61 of out of ground effect augmentation. 

Limited tests with the full-scale ejector indicated that hellmouth 

losses chargeable to lip serarition could be eliminated essentially by a 

flat lip extension simulating the original Phase I model geometry.    The 

loss due to separation was on the order of It of the primary jet thrust. 
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2. IHTOODüCnON 

2*1      ProtrMi Background 

Studjr of th« «muUr «Joctor conetpt and lit ^plication waa In- 

Ulatad by this contractor In 1956.   Thla ajaetor la shown achaaatlcalljr 

in fig« 1*   Slnca 1959 tha govarnMnt haa partlclpatad In thla progr« 

through tha Offlea of Naval Rasaarch with fund« provldad bj tha Offlea 

of Naval Raaaarch, tha U, S. Marina Corps and tha U. S. krmj.   Tha first 

phasa progr«   conflmad and extandad tha early rudlnsntary nodal tests 

within a sat, narrow rang« of critical gaonstric paraK«t«r« which include 

l/D and o .   Tha baalc aodal g«OM«trjr i« «hown in Figur«« 1 and 2 of 

App«ndlx I.    Th« range of raraneters investipated was predicted on air- 

craft installation requirenants.    Data fron these tests (Fig. 7f Appendix 

I) pemitted the design of an "Optiaun" annular ejector configuration In 

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

niase I also Included a study to determine the effect of axial 

rotation or swirl of the rrinary .^et on the e,Sector perfomance.    Figur«»» 

10 and 11 of Appendix I illustrate the model.   These tests Indicated that 

while introduction of such rotation resulted In considerable Increase In 

flow augmentation for the same physical elector, there was no Increase In 

thrust augmentation.    Lack of increase in augmentation was attributed to a 

cosine thrust loss and adcltlonal extraneous losses caused by turning the 

primary .let away from Its axial direction to produce the axial rotation. 

The addition of the "Coanda" e.lector primary .let notsle (Fig. 8, 

Appendix I) to the annular e.lector system was also Investigated.    This 

modification did not  improve the basic performance of the annular nozzle 

configuration. 

The Phase I model tests used a primary .let of approximately 1? pounds 

The Appendix of Reference 1, which covers the model work conducted under 
Phase I, is appended to this report as Appendix I for the convenience of 
the reader. 



thrust utlilting an air supply of spproxlustsIjr 21 Inchss of asrcurj 

st 200°?. 

Ths «ugmcntstlon psrfonivics schlsvsd vlth ths bsslc «odsl gsonstry 

thst wss chossn for full-seals test In« was 1.S3. 

Ths gsoastrlc psrsnstsrs of this modsl wsrst 
»o 

<>* • 9.77 c 

am o. -19.8 c   o 
2-0* 

a 

//D..3 

2p • 8' 

prlaary nozsls 
aspsct rstlo • 100 

This bsslc nodsl (Pig. ?, Appsndlx I) Incorporstsd s prlnsry no«Is «nd 

plsnu« systsn of vsry high sfflclsncy.   Ths sfflclsncy of this nodsl 

prlnsry noszls and plenum sxrrssssd as «ifnnsntstlon rstlo, 0, was .9£ to 

.99.    Ths largs voluns of this rlsnun chwhsr was not coBim^n«'urats with 

aircraft installation rsnulrsnents.    Nor was the fsbrlcstlon cost commen- 

surate with the budget for the full-scale test hardware.    Since efficient 

plenum design w*s of minor Importance to that phase of  the annular elector 

program, the design of the full-scale e.'ector Incorporated a rather modest 

plenum to reduce hardware costs.    To compare the model and full-scale data 

intelligently, It w«s necessary  to modify the model plenum to  reflect  the 

geometry of the full-scale design.    Tests of this  revised model configura- 

tion Indicated an at^Tnent^tlon r*tlo penalty of S to   ' points from the 

use of such a plenum dehi^n. 

In the Phase II progrw      (\96V)t  »he full-scale annular elector 

assembly and  associated  te5t hardware were constructed and tested.    This 

Installation is  shown in Fi^s.  1 and ^ of Appendix  II.    A J-Mi t-irbo-.let 

engine was 'ised to supply the primary gas for these tents,    one-third of 

^referred to  the Isentropir  thrust resulting from expansion of  the rwarured 
weight flow rate at the ?uprly pressure to ambient pressure.    Also, see 
paragraph  ^.^.1. 

rprtlnent data frorr. Phase     '.  summary report  Is  appended to this  report, 
as  appendix ]     for the convenience of  the reader. 
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th« g«8 gtn«rtt«d by th« turbo-j«t was uMd in tht «nnuUr •^•etor; th« 

r«iulnd«r MM dlschargtd into th« ataotphere without influencing th« 

validity of b«Bic data.    Th« actual weight flow rat« of gaa »uppliad to 

th« «>ctor assoably M%B d«t«mlned accurataly with a sharp-«dg«d orific« 

flow n«t«r innedlataljr urfltraw of th« ej«ctor «a8«nblj.    Th« «ntir« 

•»'actor aasambljr «id turbo-jat, tog«th«r with th« connecting ducting, 

war« Installad on « platform that was free to *ovo in the horizontal 

pl«n# axcapt as raatrnlnad by «prropri»it« load cell«.   Th« load cell«, 

installed on two axes of the thrust table, provided the thrust «easure- 

ments reoulred for e'ector evaluation. 

The data obtnlned fro« tests of this hardware Indicated m sug- 

««ntstlon ratio of 1.1J8, sprroxlmately S points less than the Phase I 

model tests. This ^-polnt Iscrepvicy was attrlb ted to manufacturing 

variations in the primary nottle exit at the time of writing the Phase 

' summary report.    It is now believed t»«t bellmouth separation Is also 

partially responsible for the discrepancy. 

The net results of the Phare ! '. full-scale tests were as follows: 

^1) The establishment of the feasibility of the annular e.lector concept 

and (2) Indication that e.lector sit» ^Reynolds Number) and elevated 

primary .'et temperiere had a rnlnor effect on e>ctor performance.    Fig. 

} of Appendix II presents «« comparison of fill-scale and model perform- 

ance. 

The rflsultf of e.V^tcr w ike survey conducted  in Phase  II  are shown 

in Fig. U of Appendix      T.    Note the magnitude of the reduction in wake 

velocity (IndicVed by w«»ke total pressure) and  temperature.    The rrlmary 
:et temperature  and rressure were K00 F and  I7  in.  Hg.   respectively. 

(,^th*»r Phase        tests   ising the scale model of the full-size e/ector 

determined  the augmentation performance as a function of ground clearance. 

ad.iusted for correctable supply plenum losses 



Thta« Usts shoirad that «Mgitentttlon perforiunct MM «ff«cUd idver««ly 

by ground proxinltjr at clearances below approxlnatelj 1*3 to l.li augMnter 

inlet diflMtera, (Fig. 5, Appendix II).   this decrease In augnentation 

ratio continued until • ground clearnnce of nrrroxlaately 0.3 to O.ii 

disneters waa achieved, and *hen iiirroved as gromd clearance was fur- 

ther reduced.    Below * frround clesrance of aprroxiiutely 0,1^ dlwters 

the thrust augnentstion Increased tf>ove that nchieved out of ground 

effect.    Th«se s«ne tests illustrated t^st below 0.1  M-weter? ground 

elevance even greater imrrovement in thrust augwentatlon could be 

achieved by blocking all secondary flow passages.    At ground clearances 

above 0.1 divneters, blocknge of 'he secondary flow passages resulted 

in a reduction of thrust augmentation. 

2,2       Overall Program Precepts 

Preliminary design studies conducted by the contractor covering 

^KM, VTCL and STOL applications of the annular ejector and other ejector 

systems have shown that the space required to house the lift-propulsion 

system is «» vital concern.    This can be expressed in rarametric form by 

the ratio of thrust  <or lift) per unit system volume.    The need to mln- 

imixe volume or to maximite the thrust per unit volume parameter for an 

efficient «»nd application Is relatively obvious considering that skin 

friction drag is essentially proportional to the 2/3 power of the total 

enclosed volume of a ».Tlven vehicle.    The imrortance of this  raramet^r 

Is  also clear If the designer must exchange cargo volume for lift-pro- 

pulsion system volume.    When the designer considers supersonic VTOL "md 

?T0L aircraft,  the frontal area of the 1Ift-propulslon system Increases 

in Importance.    The  qllowaMe thrust rer unit volume  for  a given system 

can vary with  the detail  reoulrements of i rarticular  application. 

Exit  wake velocity Is also  Important  in view of  the operational 

characteristics  and rrohlems of GEM,  VTOL and  FTOL craft.    The magnitude 

of  the exit wake velocity determines  the severity of »he  exit wake  - 

ground  impingement hazards    other variables, such as  type of ground sur- 
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face, b«lng constant). 

Tha first of tha two paronatars diseussad, thrust par unit voluaa, 

has baan tha primary pracapt of tha annular ajactor rrogran.   Tha sacond, 

axlt vaka valocltjr, is sufflclantly reduced In rost cases by tha ejector's 

Inherent "dllitlng" characteristics.    Geometric factors Influencing the 

VOIUM of • Klver «'actor syste« are length-dl«meter ratio of the augmenter 

tube, the ratio of nugmenter Inlet area to primary let area, the  Üffuser 

area ratio, and In the ewe of th« annular elector,  the primary nonle 

aspect ratio.    In general, elector technology Indicates that superior 

thrust augmentation results from the use of maximum values of th<»se 

geometric factors, as llml'^d by the natural phenomena existing In the 

elector flow system faugmenter separation and stall, critical Mach Number 

at the augmenter Inl^t, mixing efficiency, and  augmenter Internal friction 

losses).    However, such a configuration Is not necessarily optimum on the 

basis of the thrust-volume parameter. 

It is al.-.o generally known from previous experience and elector 

theory that configurations optimized on the basis of the volume loading 

parameter have total area ratios In the range from 10 to 100 rather than 

IPfi to 1,000.    Moreover,  the more conventional  applications best utilize 

total  area ratios helow ^ .    Consequently,  •he ranre of the total area 

ratio param*»t*»r r<n5Her*»d »o date ^y filler has been between 10 and lOf. 

2.^    ^hase ITT  Program 

The basic  in'ent  of the Phase  '.       program in a detailed  invest 1,'aMon 

of the annular <»>ctor concept  in ground effect.    Complete understanding of 

the flow nvstem in ground efect Is essential  to successful  ipplicatlon 

of the annular e>ctor to VTVL, STOL or "»EM vehicles.    The annular e>ctor 

must have excell^n*  ground effect  characteristics  to satisfy the terminal 

phases of the VTOL and STOL mission and permit,  its application to the 

pure GFW vehicle.    The Phase ITT program was  to continue mcxiel tests  init- 

iated at  the close of Phase II,  to determine an annular ejector configur- 

ation which had,    1) equal or  improved out of ground effect performance 
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«a co«p«r«d with th« Phaa« II work, (2) negligible per^onumc« penalty 

In trmsltlon (h/D • 1 to .1) «nd,  ()) conventional OW ptrfomanct In 

ground effect (h/P < .3).   The details of this rrogrw are discussed In 

paragraph  ) below. 

2,U       Brief Review of Rector Theory 

Over the y^ars, ••any Investigators have  analysed the elector cycle 

both as a pimping device and as a thrust au?aenter.    The Interest at 

Hlller has been rnmariiy in the thrust au^wentation eharac'ertsMcs of 

the annular ^'ector.    y> rrlason ■ HwrerT.ce .     and McCllntock and Hood 

(Reference 3) are rerbips »he more notable of the earlier thrust augmenta- 

tion works.    Recently, Bertln and Le Sabour (Heference U) and Weber 

fReference 5) have pibllshed papers most pertinent to the annular ejector, 

Bertln'!   - -als directly with the annular e.iector,  «id rre-dates that 

clone by this contractor.    Bertln'.'» analysis of the e.iector considers the 

compressible case,   «id Is 'resented *o show the theoretical effects of 

pressure and temperature ratio, as well as diffuser efficiency.    As in 

most analyses of the Rector, B*»rtln assumes that the mixing rrocess Is 

-r-Ieted rrlor to diffusion.     Weber's  analysis of  the divergent shroud 

elector is of particular  interest viecai5e he ar.sumF'S that mixinj? of 'he 

two streams  is  incomr l»»te at  ?h»» »»'ector exit,  ramely  that it continues 

through  the diffusion process.    This  analysis  Is closely  analogous  to 

♦he  flow system that  ^xis's   in  the  annular e.^ctor.    Weber,  however, 

ronsid»»rs only low area ratio ejectors,  and comrutes a nozzle thrust roef- 

fi   lent t-at  evaluates th<» artual  thrust of the nozzle-shroud configura- 

•   the basis of  »he  li^al,    omhined.   •■ r ai  <»xlt momentum (secondary 

and primary        ^onseiuent ly,  his  r*».c,'ilts  are not directly arrllcaMe, 

but   his  ar-alytiral   ♦r^atm*»r.t   ioes  arriy.    The works srpciflcally  referericed 

hope are based on constant   arf»a nixing with the exception of Weber. 

Other  analyses have c msiderpd crnstant pressure miring  (a convergent 

mixing  tube    to   irrivp  at   a theoretical prediction of ejector  thrust 

) vmentAtion perfnpman  •       T-^se  aralyses nave  shown  lit'le advantage  from 

such complication. 



Figur« 2 conpartt th« theories of ttTtral Invtttlgatort.    Thrust 

•ugHsnUtlon Is plotted as a function of total are« ratio.   Note that 

these theories are represented by straight lints on the senl-log plot 

for a constant value of diffuser area ratio, o..   This fact Indicates 

that the rerfomance expressions can be expressed In the fom 

0 • A log (ocod) ♦ B 

o. constwt 

IMs relationship justifies 'resenting ejector test data in terns of 

these dlnenslonl^ss ratios.    Test points «re also shown representing 

Hiller «nd Bertln full scale ejectors.    Note that the slope of a line 

through the two full scsle data rolnts would give « v«lue of A equal to 

that indiceted for the theoretic«! curves. 

2-D test v«lue8 of 0 at o» 2 «re «l»o plotted on this theoret- c 

lc«l curve for comparison.   The 2-D curve floes not follow this general- 

ization.    This is hecsuse the curve represents a fixed rrimary nozzle 

configuration optimized for « single value of o    rather than a "rubber" 

nozzle configuration which ia optimum for the particular value of o . 
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3. DlflCUMIOM 

3»1       Conduct of Phta» III Progr« 

Ptrtgraph 2.3 «bow rr«8«nt8 the precepts for the Phese III work. 

To achieve the goals outlined, it was decided to investigete the possib- 

ility of rerformence gains through use of « conicalljr divergent annular 

rrij»ary .let (2a > 0°).    ^ertin's work (Reference U) had indicated that 

considereble imrrovement in elector perfornance out of ground effect 

could be obtained at the higher values of o o. through use of a diver- 

gent primary let.    Referntce (I4) indicates 9 iccessful use of values of 

2a as large as 60   with an «ugnenter divergence angle ^2ß) of ly.   The 

higher diffusion «ngles of th» augnenter are rossible because of the 

proximity of the primary 'et to the augmenter wall.    The primary .let 

energises the augmenter boundary layer and delays separation.    Since a 

greater value of 2ß would give « larger augmenter exit  area (ground 

effect base area), It was hypothesised that improved ground effect per- 

formance would result.    It was further hypothesized on the basis 01 

the contractor's Phase ! [ ground effect Investigations that appropriate 

control of the flow system through valvlng of the bellmouth, secondary 

(or augmenter)  Inlet and the augmenter outlet would result In Improved 

transition rerfortnance. 

The experimental investUratIon started with two-dimensional  (2-D) 

models because of »heir simple construction and adaptability to flow vis- 

ualization  techniques.    Three basic models w^re constructed for both 

flow visualization md quantitative tests to establish the effect of  the 

various rarampters,   in and out of ground «feet,  and to determine a ron- 

flguration suitable for scaling  to   a three-ilrenslonal   (3-D) configura- 

tion.    The ortlmum 2-D  r^nnonter ietermined by these tests  for  a 2a ■ 60 

rrimary nozzle had 2ß e^ual to l7 ' and a    eiual 23.    This  aupmenter was 

then scaled to a 3-0 configuration matching the  3-D primary nozzle s»vail- 

nble  from Phase  II  work.    This  nozzle h^d been rreviously modified to 

incorporate a nominal  ;et divergence angle  f2a) of 60  .     lests with  th: 

■-'.   configuration revved a flow system with lifle similarity  to  the 



I 

I 

I 

I 

2-D nod«! sjrst«.   In othtr wordf, tht 3-D nodtl was Intffaotlva as t 

thrust-producing dtrlcs.   Subisqutntlj, tht 2-D tsata wart broadanad 

In «i affort to «limlnau tha difficulty In acallng batwaan 2 «id 3-D 

nodala.   Additional 3-D taata wara also parfomad with othar augaantar 

gaonatrlaa In an attaiipt to aolva tha acallng rroblaa.    Tha 3-D nodal 

finally obtalnad vlth 2o aqual to 60° raqulrad a 2ß of approxlnataly 6° 

to 10° to achieve a stable flan reglae md effective e'ector operation. 

Tha aujruantatlon parfomanca of thla conflg\iratlon out of ground affect 

tiaa roughly equivalent to that of tha 2a * 0°, 2ß * 6° configuration, 

which waa Investigated In both nodal and full-acala taata In Phaaaa I 

and II of thla progr«. 

While performing the required turbo-jet maintenance runa, further 

Inveatlgatlona were made of tha dlacrapancy between the model and full- 

scale thrust augmentation performance originally encountered In the 

Phaae II work. 

3.2       2-D Modal Taata 

The purpose of the 2-D testa waa threefold:    to determine an 

e/ector configuration for acallng to 3-D geometry meeting the Phaae III 

precepts; to gain preliminary data on the performance possibilities of 

a 2-D annular ejector configuration; to Increase the basic understanding 

of the annular elector flow system.    To achieve theae goala,  flow vla- 

ualiaatlon and performance tests were conducted using models with a prim- 

ary jet thrust of approximately S pounds at  H supply pressure ratio of 

I.7.    Toledo scale was used for  thrust measurement,  and a sharp-edged 

orifice flow meter per ASME Standards was used for flow measurement. 

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

The three models were constructed with nominal primary jet div- 

ergence angles  (2a) of 0 ,  30    and 60 .        The distance between the 

side plates was 1.5 inches.    The 2a ■ 30   model is shown in Fig.  3. 

Dimensional Inspection of these models indicated that the desired 

jet divergence angle of 0  ,  30 , and 60   would be obtained.    Upon com- 



pletlon of th« tasts with these aodels, the side rletee were cut off at 

the nottle exit rlene to pemit  Individual testing of the noitle elements 

without the unsymnetrlcal forces caused by elector punplng through the 

beltaouth In the presence of the extended side plates.    Schlieren studies 

of these truncated Models Indicated that the true .let divergent angles 

(2a) were approximately 0C, 22° «nd 61°, respectively.   Where aprropriate, 

the data has been presented in this report as « function of the actual 

value of a rath«r than the nominal value of a. 

Fig. U presents « summary curve of "Uncorrected"    thrust aug- 

mentation as « function of o o. for  the nominal values of ia of 0 ,  )0 
C  a 

and 60 .    The figure shows that no advantage in thrust augmentation is gained 

through use of 2a > 0   when side plate losses are present.    The 2-D models 

«re of such proportions that an essentially "square" flow cross section 

results at the eye.    That is to sey,  the length (or span) of the 2-D .let- 

slots forming the 2-P simulated annular    et is equal to the width of the 

eye, D ,  (distance between the jet-slots).    Thus,  the models have relatively 
8 

high losses, which can be attributed to si 'e wall friction.    In other words, 

the side wall wettert  ir#»»» is  large with respect to the free or unbounded 

♦et area. 

Supplementary side plate evaluation  teats were condjjct'Hl using the 

three truncated model.«?.    From these tests a sioe plate correction  factor 

was obtained as described  in rara^raph 3.5.2. 

Fig.   S presents a summary curve simil'ir  to Fig.  ü, but incorporates 

the correction  for side plate  frictional  losses      It will be noted from 

this figure that Improved performance would be  anticipated from use of a 

2a  value of approximately   30    in a hl^h J^t  aspect ratio <-D configura- 

tion that  would rertuce r\'.o wail  friction,  or  in  a  )-D configuration  that 

would eliminate side plate friction. 

Measured  thrust  •'alu^s  are not corrected  for side plate frictional losses. 
(All of  the 2-D thrust  a^mentation data has been -resented on an uncor- 
rected basis with the exception of  figure 5)- 

10 



Both Figs, ii and 5 r«rr«8«nt the oriuiuii rerfomtnc« obtained for 

• Riven value of o o. and 2o. with variable o . B and S.    A total of 
C   u C 

approxinateljr 200 elector configurations wae tested utilising the varisble 

/eonetry au^nenter.    A configuration is shown under test in Fig. 3 fNote 

•ugnenter separation).    The data is plotted in figures   9    through 12. 

These 2-r tests have shown that it is possible to use values of 2ß 

as large as 70   without Incurring diffuser separation.    However,  It has 

be«n found that the Rayimum thrust augnentatlon occurs consldershly be- 

fore diffuser reparation, that is, at lower vulues of 2p.    In fsct, using 

primary notzles of 2o equal  to either 30     r 60°, the optinu« value of 

2ß was roughly 16 , which m*y indicate that ^ is essentially indtp^ndent 

of a in this rsnf<»     However,  the ortlmun valui» of o    was found  to be c 
a strong function of n.    Th*s# "^ra.-vt^rs are -resented in Fig. 6. 

To present p  is * function of a alone Is an over-simplification. 

The ortlmun value of ?ß   Is also <w Involved function or the jet-wall 

spacing parweter, Y.   the ratio of augmenter inlet area to primary .let 

area fo ),  and the axial  location or spacing       ) of  the au^nenter flown- 

stream of the primary .<et outlet,    Y  ind .   rrobahly extert   the greatest 

influence on optimum p; a   being involved through interrelation of the 

system parameters.    Low values of y give increased boundary layer en- 

ergization  and greater augmenter friction losses.    Consequently,  appro- 

priate trade-offs must be made.    Changes in Y in 'hese 2-D tests wer-' arr. -- 

plished by altering a  .    Consenuently,   it is not possible to support 

these hypotheses  linenuivocahly from this data. 

In th*» annular »».lector system,  matching  the proper  augmenter in- 

let geometry tc  the primary nozzle  is believed  to depend on two prime 

factors,  namely,   the secondary area ratio a    and the  .iet-wall  spacing 

parameter, Y.    The chcicp    r .       : rlmary nozzle parameters made for  this 

series of models maintains   the  similarity simultaneously between c irrent 

2-D »rd Phase  :i   5-r for a    and v. c 

^.2.1 Reference T^st, 2a ■  ) Model 

Thp purpose of this rodel was to rrovlde a reference to the previous 

n 



3-0, 2o • 0   work don« In Ph«8«8 I «id 11.    Howtrtr,  In rrwldlng a 

dlrtct r«f«r«ne« in tcallng fro« 2-D to 3-0 configurAtIons, It 1A not 

posalbl« to keep cons'tnt all tho dliwnsionloss ratios and othar para- 

■etari.    It la lapoaalbl« to -aintaln equal values of the *et aspect 

ratio, 0, priwary area ratio, a., secondary area ratio, o , and the let- 

to-wall spacing paraaeter, Y» between a 3-D atl 2-D ccnflguration.    How- 

ever, the 2-D case does allow greater independence of the raraneter». 

For irstar.ce, in the 2-D case .<et aspect ratio, • is independent of o. , 

while in the 3-D case they are mutually dependent. 

In the design of th« basic 2-n model, 2o • 0 , It was doci^ed to 

sacrifice similarity of the 4et aspect ratio between 2 mi 3-D In favor 

of maintaining a and y, and al«o to simplify the model construction by 

shortening i's span. I.e., noztle length. It was realised that let aspect 

ratio (30 in 2-D, 100 in Phase II, )-D) <as of Importance and would re- 

quire consideration in comparison of 2-n and 3-D results. Primary area 

ratio o.   of the  ^-:   models was rreserved at o   • 7.65 In the 2-D models. 

3.2.1,1 Performance Comparison 2-D:     3-D t 2o * 0 

It will N» noted 'hat   the 2-D 2o • 0    tests indicate a maximum 

corrected tUi'm#»ntatlon ratio of 1.3' fFlg. h).    This n^menter geometry 

(2a • 0°,  If • P0, n   • 9.'5, o o    - m.li2) »»ssentUlly duplicates the c cd 

3-D model geometry (2o - n0, 2ß • f*0, oc - 9.77, o^ ■ 19.«).    The 

prime geometric rnffVrence between  the models  Is  In the   let aspect ratloi 

In the 2-D case  it equals   <0j   in the   M   cane  it equals  100.    Phase  I 

indicated an au#n»»ntatlen ratio / ■  1.53 for this   3-D model.    The  large 

discrepancy between  the  <r-D  «r.d  3-1  perfi rmance -  16 pints  - can be at- 

tributed  largely  to the decrease in   let  aspect ratio,   and to  "eye"  aspect 

ratio of  »he  2-D model.    The nlde plates, which are unenerglzed,  or un- 

blown surfaces In  »he 2-r model   'as ccmrared to a 3-D annular configura- 

tion where all »he surraces are energized) compose a  large portion of the 

bounding surfaces  in 'hese STuare,  low eye asrect ratio 2-D models.    The 

difference in o, between 4he ?-D and   3-C  tests can  also errlain  the dif- 
d 
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f«r«nct in perfonunct. 

3.2.1,2    P%rformu\C9 2»Q • 2o * 0° 

Analysis of th« 2a * 0° rrimwy jet test date, (fig, 7) indica- 

ted the optüiun perfomanee with an au»?ie»nter divergence «ryle 20 • 8°, 

positioned trith the awwnter inlet at the plane of the notzle exit (S • 0). 

Little variation in thrust WÄnentatlon «as found by varying o   fro« 9.5 

to 10.5.    The only result was to increase o o. required to obtain a ^iven 
C  u 

value of 0.    Flow visualisation studies at o   • 10 indicated the primary 

jet would remain attached to the «v«ent«r walls through a 2p variation 

fro« 0    to lij .    Lower 2ß values showed a relatively unmixed primary jet 

clinging closely to  the  sugmenter wall.    At 2ß equal 6° to 10°, the 

primary jet appeared dispersed over a larger area indicating improved mix- 

ing md o^viouflly greater diffusion.    The studies ?ire depicted graphically 

In Fig. e. 

Bellmouth «»ye stsüc pressure, which is ^ direct measure of the 

eye velocity.   Is an accurate measure of bellmouth thrust and  indicative 

to some degree of overall elector performance.    Consequently,  Its behavior 

»m a function of 2ß (or o ) is of Interest.    Th" static pressure measured 

at the center of the 2a • C    bellmouth eye decreased with increasing p and 

total area ratio (o o.) until just prior to the appearance of separation 

in the augmenter at <?ß • 11»  , -30M ?' 0 was measured.    With the optimum 

configuration  (2$ • 8   ), -2W HpO was measured.    The continuing d*»cren.se 

of *»ye static pressure below that wh'.ch exists with 2ß • P    indicatps 

continuing  Increas*»  In 5ec< ndary pumrlng,   and r nsenuently gross  thrust 

beyond that which occurs at  the maximum overall performance point.    This 

continued  increase In secondary thrust is  offset by Increased augmenter 

diffusion losses,  and conseiuent  incp-ased  Internal  augmenter drag. 

The  flow regime at  2ß  •  lii    was unstable,  and '«caslonally reverted 

to the unserarated or fully attached state.    At ?{i ■ ly  separation 

occiu'red over aprroximately lA of the  augmenter wall, while  flow remained 
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•tUchad to th« opposite wtll,  'Fig. *).    How«?«r( tho stalled region 

could b*» eeslly diverted to either tugÄenter 'well by ■onenterlljr Insert- 

ing t fltt vane at a slight tngle of attack near the augnenter center- 

line.    This fact indicated the stall was not an tugaenter-primary jet 

nisalignnent problen.    The «ugnenter separation was acconpanied by an 

•brupt increase of sbout 10"   HJ) in eye static pressure (to -20" HjO), 

indicating a sudden decrease of secondvy puisping ind m «cconranying 

loss of performance. 

Maintaining all parameters constant, while increasing 2$ to 18 , 

moved the point of separation upstreiw to the augmsnter throat where 

the flow on one side was attached over a v*»ry short length of the throat, 

^Fig. 6) while  the eye pressure increased further.    The stalled region 

at this configuration was quite stable, although It could still be di- 

verted by a vane to either wall.    Almost 3A of 'he total augments 

exit %rea WM occupied by this servated region. 

3.2.2    2-Di 2o •  30° 

Maximum 2-D out of ground effect performance was obtained with 

the 2r.  m  30    primary let, which - reduced an uncorrect»»d thrust augment- 

ation of 1.29.    The au^menter configuration required to achieve this 

performance has a secondarv area ratio (a  ) of lü,  an a-it^aenter diver- c 
gence ingle (2ß) of l^  , und a nozzle-augmenter spacing parameter fS] 

of 10.    The data Is pr*»spnt*»d in Figs. Q and 10 for S equal to 0 and 

10 respectively,  showing thrust  augmentation as a function of total 

ar^a ratio  (o o . I for several values of o    between 10 and ^0.    Cross cd r 

plots for constant diffuser area ratio fa.)  ire over-printed  in red on 

these figures.    As  au^menter wall length was maintained constant  In 

these t^sts,  the line of constant oH also represents constant ß  fIn- 

dicated by data symbols).    The solid red curves  show  thrust  au^menta- 

tlon at a constant o  , while the broken red curves through the con- 

stant o    curves permit separation of o    and 0    effects to  a limited c cd 

:.. 
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dtfr««.   Lowtr and hUhtr valiut of o   vtrt not InvtitlftUd dut to tho 

naturt of tho rotulting flow rtgljit. 

Tho optlnun configuration for tho 2o * 30° nodal roaultod in a 

slight anglo of Incidonca botwaon tho priaary Jit« and tho augnontor 

«all» fo-ß • it0).    In tha caao of 2a • 0°, tho anglo of ineidonco was 

alao 1°.   Tho configuration waa conducivo to a atablo flow pattarn with 

m augwontar boundary l^jrar aufflciontljr onargitod to proront augnontor 

aaparatlon at tha largo 20 angloa, «id with naxinun offoctivo aocondarjr 

punping (Fig. 6). 

Maxinun augnontatlon, 0, occurs at a valu« of 2ß a faw dagroos 

lass than that at which augnontor wall soparation initially occurs, a 

charaotoristic connon to clinging flow phonononon.    Separation occurred 

at dininlshlng valuos of 2B for o. I as o. was 'ncroasod, which, in a c 

affect, Increases the jet-wall spacing ranweter,  and consequently de- 

creases boundary l^yar energisation.    Reduction of the nottlo-nugnenter 

spacing parameter (S) below 10 to reduce tho installed voluno causes a 

snail perfomance loss (2 pts).    This trend reverses that observed in 

3-D tests, and is attributed to the restrictive nature of tho two dinon- 

slonality in the 2-D secondary flow passage.    Tho Influence of S is 

demonstrated further by * comparison of mÄXinun lugnentatlon performance 

in Figs. 9 and 10.    At S • C (Fig. 9), optimisation requires a larger 

a   (16) than »he S ■ 10 ewe (o   • lh), whila the best 2ß is reduced, c c r 

The maximum rerfcrmance, as indicated by Fig.  10 occurred at 2ß ■ ly t 
o   - lii and a o. ■ 26.    At this point tha eye static pressure was -20" Ho0( 

C C    U £ 

Further testing, holding a   m lh constant and Increasing 2ß (i.e. o.), 

resulted in a reduction in augmentation with eye pressure increasing only 

slightly.    This indicates pumping and diffuser action have reached a 

maximum and wall friction losses have increased  to reduce augmentation. 

Separation was first detected  at 2ß of arproxlmately 20 .    This  initial 

stall condition was similar  to that  observed with the 2a ■ 0    model with 

an unstable point of separation on the lower section of one au^menter 
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Mil.    Increasing 2ß by •pproxl.-nauly V with o   still held constant at 

XL, novsd tht point of s«p«ration upstrsa« to i fixed position down- 

strean of the «u^Msnter throat, and resulted in a region of stable, fulljr 

developed st*ll which covered essentially hulf of the augwenter exit 

area.    At Ivger valjAS of o   seraratlon occurred with smaller 2ß ungles. 

Initial stall Is illustrated in Fi»»,  ) where the tuft is carried up- 

strean by the recirculating flow In the stalled region.    The tuft be- 

havior in this configuration indicated an unstable flow regiw. 

Perfomance under 'he stall conditions is obviously poor.    Sev- 

eral de'riswmt^l factors <re Involved In this undesirable rerforimwce 

region Including * sharr decline In secondary puaring *nd diffuser sctlon, 

und a large Increase In shearing forc#s between the main rlow ind »he 

st%ll«d region. 

1.2.^    .-:   §20- 60° 

Maxlnum nugment^tlon rerformance with 2o • 60   was achieved with 

an sugmenter having 2^ • I7 , o o. ■ 36,  md r • 10.    The performance 

curves are given In Figs.  11 «nd 1^ for S • 0 and 10 respectively as a 

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

as in the previous 2o •  10    case,    ihe family of curves (Fig.  I. ) pre- 

senting the ortlmum configuration ^S ■ 10) Indicates that rerformance 

Inproves gradually with lncr*»i5lng a a, for a constant value of a  , which 
cd c 

Is  artually an increase in di f''user irea ratio.    Since the iigmenter wall 

length was constant  in all  these 2-r tests,  an increase in a a, entails 
' c d 

Increases In <^ ''I.e. o .) as noted by the coding of  the data roir.ts.    This 

interderendence of  the parameters do^s not rermit   s*»]pction of   'he raramet^r 

n  st critical to optimum performance on  the basis of data obtained  in 

this study alone. 

With S ■ (   'rig.   11    little change in optimum performance was 

seen between o. • 1.2 and  1.5 f2ü of Y to 20'     for  all valies of o    in- d ' c 
ves*igatpd.    The  thrust  augmentation was   -lightly l«ss  *han that obtained 

.* 
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trith S • 10 «a in tiw 2o * 30° CM«.    Stall w«a not axrariencad with 

th« 2a • 60 , tlthcugh 2a wa» incraasad up to 1*2    «nd o   to 26.    In all 
c 

configurations lastad, lha partially nlxad rrlaarjr ^ot adhar^d to tha 

•upwmtar walla ii«lnt«lnln« an «ssantlally "plane Jat" flow throughout 

tha length of tha augnenter.    As rrevlously noted tn the discussion of 

the 2a • 0   nodel ^paragraph ^.2.1.?), Improved rarforsianca required 

dlfusion and nixing o'  the rrlnary ''low with the Induced flow.     It   Is 

seen In Fig.   * that  this type flow rej?lae was no*  achieved In this case. 

The 2c • 6C    bMlno.th *»ye static rr«»«i'ture Sahavad flinllirly to 

that observed with Pc •   ^0   with ftimilv chan^as  in geometry excapt 

that,  In general,  the Treasure *t  tha eye was not as  low a?  In the 

2o •  )0   case.    This observation Implies reducad Hellmouth punplng 

md Inferior a;<ment«r rerftrfwnc«.    Ihe lal^-r is noted  nlao by re- 

viewing the rerfcmanc« curves    Fu«?. .. und  ->). 

The v\t\* of Inci'r ••w»«#»n th«   in t^^l-cted prlsnary .<et and 

•he aurfPienter wall was of t^ orier or 2U    in the best  2o  • bC) 

configuration.    This vilue  is nurh greater (by 20   I than that encountered 

with i'c • (     or 2c ••   K   ,  and un i   ibte i ises greater fluid    • 

stress  ni  the will with    onseripnt  hi^h^r   losses. 

Fig.   12 shows  that  ortimum ; ••rf rman^e ■•   • .r-   it o. of l.i? for 
d 

2c  " 60  , while at 2c  - (  ' «md   10    the best a. was on  the or ;er of 

1.^ fFl«.   M  ami   ;.      .-■..•     .        respectively.     It   is   believed  that 

optimum 3. should  In^r^a.s*» continuously w:th 2c  on the hwis of Merlin's 
d 

work   'Ref.  JjN  which  i.-nrl".»-'' nJ on  ♦he order of ?  for 2c  • f It   in 
d 

obvio'!?-   '• nt   •• .      is not       n ;rr*»d   :n  »his  work,  nor   is   th*»   ?o  ■ M 

:orr rmance *»xernrlvy. 

The cause of th« over-^11  poor r^rf'rTianre ohtT.ned with 2n  ■  (SO 

Is not  completely änderst.   >d,  ■  it   is  Relieved   to be   Hrg^ly  qttri^« .t^hle 

to s"l"r'\  n   )f   'h*1 rrim^ry nozzle rarame*er: ,   '    xnd   'et  aspect  ratio. 

In    ther words,   the •■    '    J    ind  ,let   isroct ratio  f .>r   the 2-D primary 

nozzle precludes  the   ise    f   i  s';ffi -lently  large valie of  o    ^with  ad- 

equate boundary  layer ^ner^ization-low y    'o  take  full   advantage of  the 
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Itrgtr values of 2ß that wsr« Indleatad possible. Further work In this 

psrtleular trta should r«v««l slfniflctnt Inersssss In thrust sugnsnta- 

tlon. 

3.2.1   2-D Prlnsiy 'lotilt Ptrforwance 

Each of th« thr«e primary nostles w«s tssteduith ths sldt plates 

cut off dovnstresn of th« nottle exit rlsn« to detamlns basic notsls 

•fflclsncy. 

Each notzls of the rrlavy «sseablles w«s Individually tested to 

deteniine th« actual thrust vector along 'he jet «xls (not the axis of 

synnetry of th« asssiibly}.   Conparlson of this measured thrust with ideal 

thrust, In the 8«ie nanner as 0 is determined, defines the combined notzle 

and turning efficiency.    The efficiency of each 2-D nosxle is presented 

In Fig. 13 along with oth«r pertinent rrlmary nozzle characteristics. 

Truncating the nozzle assemblies wa* req;ired to achieve accurate .4et 

thrust readings.   Truncating the side plates elininates the augmentation 

due to bellmouth rumrlng by destroying the eye suction with unrestricted 

access of ambient air. 

When 2a  Is greater than zero, the thrust performance of the prljaary 

nozzle assembly along Its axis of symmetry Is of considerable Interest. 

Such Information would evaluate the "aerodynamic turning "efficiency of 

the system in converting the Initially divergent rrlmary .lets to a rar- 

allel (or cylindrical In 3-D) .let wake, thus eliminating any cosine loss 

due to initial .iet divergence.    To determine such an efficiency, .^et 

thrust, bellmouth thrust,   «nd si :e plate thrust loss must be separated. 

These components  \re interdependent.    In »he ?-D case side plates are 

necessary to maintain the sink.    The sink is caused by the bellmouth 

flow mixing with  ^he primary .4et  and simultaneously sweeping away the 

flow.    The sink provides the pressure differential that rroduces aero- 

dynamic turning of the divergent ^et,  and is  inter-related with the 

pumping that produces bellmouth thrust.    It is difficult to determine 

wall  friction loss with siffl^ient rrecislon  to give reasonable accuracy 

:■• 



to th« co«put»d imro<i)mmic turning ♦»ffici^ncy.    D«t€r«in«tlon of th« 

n«t bellnoulh thruat 1« •'jutlljr dlf^tcult, but rr«llÄlntJ7 d«t« lndlc«t«8 

good ««rodynviic turning •ffici#ncj. 

3.2.5   Ground Effect 2-r 

4 »•fl#a of «d^ufltuble v«n«s w«»r« in9t^U«d on th« ortinun 2o • 60° 

2-D «odtl with th» »«*ctor configuration (a   • 2ij, 2^ • 15°, S • 10, 

oo    - ^.6;  m «m aif««Ft to larrov« perfi rmanca In th« tranaltion regln« 

fh • 0.»    • «        .-. •: vines yere inatilled at the belljaouth to 

control  »he ■       -nouth flow is desired. gle Hat vanea were similarly 

installed in »«ach secondary flow nsaage between the lu^menter inlet lip 

and the noxzl*» rlenum     Four short, flit vanes were installed on equl- 

ilstmt renters sligl I re the augmenter exit rlane to control the 

combined flow. ■.^d model  is  shown in Fig.   lU.    For rurroees of 

iris n this e.l^ctor was initially invent'.,'!»t#»d m ground effect 

without vanes  installed.  }:.•    .    shows a loss  in •'»rffTnance    ur to 10 

rolnts) for this (;onfU'iration which is very Mmllar 'o that observed In 

the Phise I!   t<»sts  with  th#»  i-D,  2a  • 0 modei    ^»»e Fig.   S,  Appendix II). 

The siodel   was  oh5*»rvprt nver   n   •-   ;nd-*»frect   rin^e of h "  O.l"  to fi.( " 

"^e  latter  1 im ♦  wns  imr^s*»d ^y »he  length of  •he model  side rlate?;. 

The r^rfor^anc*»  is n'maiiz*»^ with r«»sr*»ct  to ni:t  of ground effect  rer- 

rmance.     The vaned perf rmmce  is normalized  to out  of pround effect 

r^.anc*» with  »he ortimum vm*» sM'in*',   to r^ficv*»  'he effect of vine 

losses  from the m»«,   w*:-h were not designed  for   aerdynamir rl..^nlin- 

p.ss, hut rather  for test  ^xrem-ncy      For the recor'i,   the  loss  imposed 

hy  th*» vvi^s on   th^ .• •••  •   •     .   'cm was on  the order    r plev^n per    ent 

'   the   .nvin*».: -mw.co cirv*»,  which   :escr 'he  vined  > 

tor  performance,  w^5 obtainoi by  ad/u^ting the vine systems  for optimum 

:f»rf<rmanoe  at  each valup of »»rfiind r>arance  investlgited. 

The ground  clearance ■ i^  nnt  h*»«»n normalized  in this  report hecr.ir'»    f 
lack of a suffioiently charaoteristlc  rpf^ronce dimension.    The exit 
:;vnpt"r '■  ,  of  this  .-'   ii.^menter was 6.9"- 

. - 



I 

I 

I 
PerfopMnce, fro« h • ^ to 0.3" Inclusive, wu controlled prl»- 

•rlly by the vtnes IneUlled near the euifnenter exit In a configuration 

ae seen In Figs.  11* and 19.    Crtlauii vane allgrwent had the Inboard vsnes 

fomlng a closed "V* shape, which crested a vortex pair system In the 

central portion of 'he au#ienter, and largely reduced the amount of reverse 

flow up the center of the augmenter.    The base pressure wteU on the 

closed vanes to give a vertical thrust component.    Optimum outboard vwe 

positioning began with these two vwies «pppoxl«ately parallel to \h$ 

augmenter wall out of ground effect.    Then, the leading edge was rotated 

toward the au»rmenter wall as the ground clearance was reduced until the 

vanes at h • 0,1" were Inclined  30° to the ground plane,  fsee Fig.  15). 

Flow oiservattons indicnte the outboard vanes set to turn the .let In- 

board thus cresting a higher Hsse rr*»s;mre. 

>#» bellmouth vines were found 'o be effective onlv at h <" 0.3H 

after the bellmouth pumr^ng wss destroyed by the build-up rf static 

pressure In the augmenter.    Closing the curved bellmouth v-ines so i,hat 

they effectively blocked the bellmouth rrovlded adiitional surface on 

which the base rressure could act.    Thes*» wes contributed in a larre 

rirt to the vroxlmate ^C  point  increase in r^erfornance,  'see Fig.  1^). 

With h > 0.3"  the eye vines w*>re aligned to conform with the leist dis- 

turbmre to the »»ye  flow fiMd,  utilizing  'he !naxim;ra thrust measurement 

is  th*» Alignment criteria. 

^ ..n^nt^r  inlot  vire positioning wis not criticil  to perf-rmance 

at  the ground rl^aranc« investigated »xcert when the bellmouth vanes 

were closed.    This  re,'imp  is  d*»monntrst*»d by  tuft   in Fig.   16.    Reyond 

♦he 20    li-nit., s   »hrust decrease wss observsb!^ ss  tiip vines ««»re moved 

closer to the blocked position.     The thrust  loss  in rround ef^c4  with 

closed  -nvm^nter inlet  vires varied with    h)   md wis  irrroximately 10% 

to ISl of  the oren vane rosition perfcrmance. 

3.3        3-D Model Progrim 

It i 5 not  possible to maintain all  geometric  raramoter5 constant 

when scaling from  two-dimensional  *o three-dimensional geometry.     This 

2C 
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conversion or actlln« 1« dlf'lcult, twn whtn «jtctor ph^nowtn« v 

not Ineludtd in th« flow sytten (for Inst«net, th« corr«Ution of 2-D 

and 3-0 diffus«r dat« without tha Influenca of ajaetor rhanonanon). 

Sealing 2-D to 3-D «aonatry incraaaaa In dificultjr aa tha 2-D con- 

figuration daviataa on aithar axis fron a aquara configuration.   Whan 

tha ajaetor phanonan« ara also includad In tha scaling problan, tha 

additional paranatars of tha ratio of primärjr  *at araa to augnantar 

inlat araa, and tha  'at-wall spacing paranatar, ate. naka it ax- 

tr^naly difficult, if not  inpossibla, to scala effactlvaljr frcm T-D 

to VD configuration. 

3.3.1    Matching of Au^^sontar Configuration to Primary Xozzla 

Tha initial   '-.*   au»?«antar8 dasignad for use with tha 2c • ^ii 

noitla w«r» basad on tha rrallminary rasulta of  tha 2-D tests.    Thasa 

tests indicated that a value of 2jJ • ly ind o_ between 22 and 26 ' c 
would operate successfully with the 2Q ■ %  ,  i-I  notxle.    3-D testa 

using »hese «u^menters filled to duplicate the flow regime obtained 

In the 2-r tests.    Specifically,  It w*a not possible to achieve at- 

tached flow throughout the augwenter tube.    The length of these 2^ ■ \y 

a^'menters was v%rled ovtr « range cf //D    • h 'o less than 1.0 which 

in turn reduced o. from 3.2 to 1,5.    Tests of such configurations also 
d 

failed to ^ive an acceptable flow regime, Indicating over-expansion 

was not the cause of the difficulty.    The observed eye rressure also 

indicates  that   Inlet Mach Number wns net critical.    The observed stall 

area encompassed between 1/8 ind 1 2 of the circumference of the aug- 

menter exit, and the larger .stalled region occurred with the  larger o.. 

Decreasing  //D  ,  at   the same valu*» of 2ß,  imrroved flow stability  md a 
increased thrust augmentation  slightly in this case by reducing the 

length of stalled augmenter    low*>r drag).     Accurate thrust measurements 

were difficult  to obtain due to turbulence  involved  in the  unstable 

flow regime,  which caused  large,  uneven fluctuatirns  in thrust scale 

readings.    The general  Performance level  did not  warrant further in- 

vestigation at this value of  ?ß.    Other  testing with 2ß ■  15    used 
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•vi 11 ab It tugMnttrt with o   •• low as 19 to incrtaao boundary lajr«r 

•nargitatlon.   At o   • 19 th« jtt-wall »pacing, r, was •saentialljr 

taro.   This raductd YI or Incrtaaad boundary l^ytr anargliatlon, did 

not product a atablt flow rtgiat at 2ß • ly. 

3.3.1.1 Seeing Difricultita 

Tht seal in« diflcultlta tneounttrtd with tht 2ß • l^   aug- 

atnters indicattd a basic difftr^nct bttwttn tht flow ntchanics of tht 

2-D and 3-D nodtla.    In tht 2-0, 2a ■ 60° nodtl, tht prUary jtt clings 

to tht aogntnttr wall in tsstntially ont-dinsnsional or plant jtt flow 

with littlt or no diffusion acticn.    Also, thtrs tht jtt has no tend- 

ency to sprtad or nif^st rerirhtrally across tht sidt platt.    Tht bt- 

havlor of tht flow is esstntially that Which occurs whtn a jtt is 

tumtd by clinging to an adjictnt curved surftet.    In tht cast of tht 

3-D nodtl, rht jtt is a continuous fluid shttt which clings to tht 

ptriphtry of tht augntnttr's circular cross stction.    As this flow con- 

tinuts through tht atigmtnttr( it is required to txpand clrcumftrential- 

ly as well as laterally to maintain attachment to tht augntnttr wall. 

Consequently, at the sane value of ß. It can be expected that consid- 

erably greater diffusion is required of the primary jet to maintain 

attached flow in the 3-D cast.    This basic difference is believed to 

explain the scaling difficulties encountered between i'-D and 3-D con- 

figurations of the type  investigated In this program. 

The static pressure measured at the bellmouth eye In the 2-D 

and  3-D cases l^nrts Interesting support to this contention.    The  3-D, 

<?n • Si»    eye static pressure depression was of the order of 2 to 2.S 

times  that in  the 2-D, 2c  ■ 60    case.    This difference In eye pressure 

Indicates consldenhle dlscrerancy In 'he bellmouth pumping and  aug- 

menter rerfrrmance.    The reasons for poor performance of the 2-D, 2Q ■ 60 

model were discussed In paragraph 3.2.3. 

3.3.1.2 Optimum Augmenter Configuration 

At this point a second series of aupmenters available from 

It 
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parallel prograM were tested with 20 • 6°, 10°, and 12° end a a   rangt 

of 21 to 28.    A naxinim performance of 0 • 1.1*9 wu obtained at S • 0 

with a 2ß - 6 f o   • 21.6 and o o. • 1*2.3 augwnter geonetry.    A tjrplcal 

3-D tent set-up with the 2e - 51i   prtnarjr nossle and a 2ß • 10   augnenter 

at S • 0 Is shown in Fig.  I7.    Fig. 16 shows 'he details of the prlnarjr 

nossle outlet.    f1^. 19 presents the thrust augnentatIon of  these two 

aignenters (29 • 8° and 10°) as a function of o a..    The variation In 
c o 

o o. Is obtained by reducing the length of the Augmenter. Lines of 
C   Q 

constant ifd    are cross-rlotted.    It was found that high aiynentatlon 

depended upon careful alignnent of the rrl?iary nozzle and au.'nenter 

centerllnes.    This augmenter alignment was marie on the basis of maximum 

thrust readings.    With 2ß • 10 , o    »22 augmenter,  a slight lateral 
c 0 

misalignment  (\i D  ) resulted In augmenter separation.    The 2|J • P , 

a   • 21 augmenter was less sensitive to all/nment than the previous case, c 
•  flow could also be detached by a misalignment of only 51 D . 

3.1.1... 1    Effect of i> on Elector Performance 

A series of tests was conducted withthe2ß"f4,o,21 

*ufri!»Pnt*»r to determine the effect of the nozzle-au«?menter .iranlng para- 

meter on »».lector »hrust au.'men'atlon.    This t*»st Indicated i> ■ 0 for 

maximum thrust performance    see Fig.  20).    Values of   ! ahove and below 

this point  caused a marked performance decline.    As was observed  in the 

2-d ca-se,   (2o  ■ 0    and 2r.  -   10   model) maximum performance was similarly 

achieved  in  1-D with the  <,•  v\\ .» a r»»w degrees  less  than  that which 

produced seiaration.    At 2,*  ■  h    md n    ■ ?8 completely  attached flow 

was not  ohtvln^d.    Further inv^stlgat if n    f   -    between 21 and 28 ^  • f*   ) c 
would Tuite probably uncover  a rnr.f*.duration of superior performance. 

At 2$ -  1.     the sflne problem of diffuser reparation occurred  q« %t   2^  ■  1$ , 

1.1.2 "iro'ind  Efre>ct ^val-iat-on -   3-D 

■^/hile  a configuration was not achieved with  vipmentation sup- 

erior to  that of Phase  IT,   it was believed of  interest  to evaluate the 

greater val\ips of 2p  ird  2G  in ground effect with   3-D configurations. 

23 



3.3.2.1   Primry HottU Alon# 

Oround-«ff«cl tMts »#«r« first conducted with th« 2a • Si0 

rrlntry notilt alone to provld« • coMrarlson for Utor work with aug- 

npntem.    0 round clear «nee wee found to tffect adveraely thrust augaent- 

ation of the prlnary nottle alone up to a clearance of 13" or SD   as 
0 

shown In Fig, 21.    Ordinarily, ground effect on etnventlonal rrooeller 

<et lift systeias Influences rerfonaance only between 1.5 to 2.0   dia- 

meters clearance.    The divergent rrl«ary «et had a characteristic un- 

stable bellnouth punrlni? with occasional flow reversal In the 2" < h* < 13" 

region.    Below h' • 2" thrust fell off at a «uch higher rate as the 

noiile hellnouth #ye flow alternated In and out of the eye at a regular, 

incnmalng frequency.    This frenuwncy reached * maxlsiua of aprroxliMte- 

ly 1,000 crs at h* • 1.0".    At h'  • 1.0" negligible secondary punplng 

occurs over the bellnouth surfaces, while the flow was completely re- 

versed In the eye rrorer.     In proximity (h* * 2") with the ground plane, 

* low rr^ssure region of aprroxlnafely -C,£' HpO is created under the 

noxxle plenum assembly by the circulation of ambient air caused by the 

pumping of the primary  4et as it flows outwvdly along the ground plane. 

This low pressure acting on the lower Mde of the noesle naturally con- 

tributes to the loss  in »hru-^t augmentation.    Consequently,  at h* • 0,}" 

the thrust augmentation is only ,^h compared to  the out-of-ground effect 

performance of 1,0^, 

^.3...2    Complete E.'ector Assembly 

estlng was condurt*»d with the two in^menters exhibiting the 

best out  Df ground effect   r<»rformanc«  (?$ • P  , a    ■ 21.7,  and 2ß • \(   , 

o    • ... '    ♦o determine their in ground effect and transition rerformance 

character!;; Mrs.    This Mt a   is -resented  in Figs.  21 and 22 for these 

au^menters  at several values of '/D .    It  is interesting to note that the 

au^inpnter l^npth had litMp effect on the elevation ^h') of the nozzle 

exit plane at which ground rroxinity effected elector performance.    This 

elevation  ''h') was ar^roximatelv .1" or ^D    for both au,'menters.    This 

suggests that   the flow system is derendent or a characteristic  length 



downstr««* of the rrUtry notiU which If gr««t«r ihm th« langth of the 

•icwnttr. 

Flffs. 21 tnd 22 «Iso show rerfomwic« lncr««sln« ahtrply with 

h *" l" for «ach '/D *ft«r t gradual dacraw« fron tha out of ground 

off act parfomanca test. 

As has b«#n discussad praviously, It wts ballavsd that incraasad 

nugnsntsr exit araa, In offset, Incrasssd ,,bsss-araa,,
l would glvs l«- 

rroTsd thrust augiwntatlon closs *o ths ground.    puch Incraassd sxlt 

«raa evi bs achl«v«d »^rosÄh variabla su'msntsr gaowstry or opsratlon 

st larga ^'s.    ?\g. 23 rrassnts ths thrust sugiMtntstlon charsctsrlstlcs 

snd ss s function of «ugnsntsr sxlt dlawtsr at low values of h (h < .3). 

As 2t* was constsnt «t 6    und 10 ,  ths change in srsa Is  schisvsd by s 

chsngs in i/D .    In proximity ^h < O^") to lha ground plana, s largs 

bsck prsssurs builds up at ths sugnsntsr sxlt sines *hs a^nentsr is 

sssantially stalled.    Elector action is nsgligibls.    Bsllnouth flow pujsp- 

ing sction csasss,  followed by a reversal of the primary Jet out the 

sscondary flow inlet.    This flow rsglme is characterised by increased 

stitic rressurs along ths augmsnter walls which rrovidss the increased 

thrust augmentation.    The performance is not significantly diffsrent 

from that encountered in Phass 1 I rrogrom with 2Q • (   , o    • 10,  f/D    •  3. 

This is shown In Fig.   5 of Aprendlx II. 

On  the basis of 2-D testing,  the installation of vanes in ths 

primary  3-D nozzle bellmouth and the a;gmenter exit would produce Im- 

pressive performance gains  in ground effect. 

3.1i Full f.cile E^pctor 

Ihr full sc^l*» elector is .nhnwn  in Fig.  2 of Appendix    1.     In 

conjunction  with  th« reouired maintenance runs of the -l-Mx, which  is 

the primary gas generator for the  full scale Vector,  a minimum program 

was undertaken  to investigq'e  »h» hellmouth  pecondiry flow characteristics 

The  initial objective of »his  rrogram was  4o  :nves'iga'e further the dis- 

crepancy between  fuH-scüe and   3-C model performance encoun^red  :. n 

Phflse II.    Preliminary smoke visualization "urvey indicated separation 



•t th« tollnouth lip.    Tht b«ll»outh Up vta instruwntad with ihr«« 

total prtssur« rtkts (fig, 2Jj), ••ch consisting of four vtrishls hoight 

rrobos to aid in tht «valuation of lip lossas and subsa^utnt lip aod- 

ifieations.    Thasa total prassur« rrobas were rscialljr aligned,    parallel 

to 'he lip surface, thus enebllng ?ressure «eesurenant» at desired in- 

tervals up to U* above the surface.   Static pressure taps were located 

at each rake station. 

Due to the discontinuity rresented to the inlet potential flow 

by the original sharp-edged bellmouth lip, the irvle of attack at the 

outboard rake, which cvrhangs the lip by Co Inches, was of the order 

of J4S   baied on flew visualization studies.   Consequently, error of 

large magnitude can be exrected in the data froa these rrobes prior to 

lip modification.    The »harp bellmouth lip caused a seraration bubbl»« 

to begin at that point.    This bubble reached maximum size in the region 

of the middle rake as indicated by both total pressure Tofile and flow 

visualisation studies. 

Th« data obtained in this survey prior to lip modificntion (Fig. 

if4)), is of a qualitative nv :re due to the general rroblem of prohe 

alignment with the streamlines.    The total rressure profile over the un- 

modified lip surface Indicates  the total head losses  ire very small 

above 2" from the lip surface.    This general profile is at the outboard 

rake and continues with  litt]*» deviation  along the  instrumented section 

of the bellmouth contour.    Following  the reference tests,  the bellmouth 

lip was modified.    The bellmouth lip modification (Fig.  26) consisted of 

extending the lip radially h2" with a flat surface,   thereby essentially 

duplicating the original model configuration  ,    tihile  this modification 

also had a sharp edge,   the  rlow field area at that point was sufficient 

to result in negligible velocity at  the same point. Consenuer.tly, se- 

paration vanished.    The  lir pressure data obtained following this mod- 

ification  (Fig.  2$) indicates ^he  inlet  losses  are essentially eliminated 

The  intent of the flat surface  in  the original model was  to simulate a 
wing installation. 

.' 



by tht «xunilon.    Flo« vlButlliatlon and Up prattur« data IndlcaU 

•ttachad flow ov«r tht btllaouth as would bt txptetad.   Smoke flow vi»- 

ualliatlon Uluatrataa (fig, 27) tht atoondarjr now cattarn« ovtr tht 

btllnouth Up btfort and afttr siodlflcatlon. 

Tht btllAOUth «yt MM travtrstd at tht not tit txlt plant btfort 

•nd afttr tht lip nodlfication to dttamint tha static and total prts- 

surt profilt that would ptmit evaluation of tht lossta dut to lip stpara« 

tion.    Four probes, two static and two total rressure, wert located 1A" 

«nd 1/2" above the ^ellnouth surface in the nozzle exit plane as shown 

in Fig, 28.    Adjustable rro^es were used to survey the renainder of the 

eye.    The rressure rrofiles obtained with these rrobes are also shown 

in Fig. 28 both before and after the extended Up modi first ion.    The 

lip extension elininated aprroximately üSi of the bellnouth thrust loss 

that was indicated by the Initial eye pressure survey. 

The magnitude of the thrust loss rrior to lip noilfication as 

rletemined fron the rressur*' surveys was on the order of II of the 

primary .1«? thrust, 

3.5       Data Reduction 

3.5.1    Thrust Augmentation 
I I —^—IMH^I   II   ^^^H^—■^l^— 

Thrust augmentstion is defined as the ratio of the total measured 

thrust divided by the thrust produced by the isentropic expansion of 'he 

measured flow rate of air from the suprli^d total rressure to ambient 

rressure.    Expressed in eiuation form as follows: 

? 
•.v 

w V -    theo 
g 

where V .  - < * gjC T. 
theo    2   p .^ 

to simplify data reduction 

520 

1 -   ^ 

let e 

k-11 
p 

0 k 
p. 

•1i 
i 

1/2 

^7 



«nd then Multiplying and dirldir.« tht right hind aid« by T   . and 

tubatituting 

k-r 
\**>m   V^U^T^ 

1l/2 

1 - W 
which, whan «pproprlata K*' propartlaa ara uaad for tha gaa tanparatura 

involvad, raducaa to 

thao I 
. V^ 

or.  for gaa propartiaa at a 300 F (C   • .2ii, k • l,U for modal taata) md 
p. p 

a praaaura ratio «-   of 1.7 glvaa 
< 

thao 29.1 VÖ 

which givaa for data reduction purpoaes, tha expraaaion 

3.5.2   Sida Plata Corractiona 

Tha sida plata correction was derived and datermined as followai 

-»--§ - —i—     • Specific rrimvy 4et thrust loss due to side 
wVO     wVe , 4    . .  ,. plate friction 

r F* 

l  4  _   , side plate correction factor 

wVe 
0 ■ (0' ) (side plate correction factor) 

r 
->-■£:, determined directly from tests of truncated primary nozzles. 

F. F. - External pressure forces  acting on bellrriouth 

rVÖ rVe" 

2t 



I 
External pretsur« forces can be «xpreifed in t#mt of the net thrust due 

to the seconder/ flow at the bellnouth exit (0*) 

Considering only first order effects 

vi*. 
aellmouth MP; - Foi D; (1.5) 

where 1.5 Is the distance between 

side plate, the prime indicates 

conditions at belLaouth exit, and 

the subscript s Indicates bellnouth 

systea 

I I1. 
where q' • p   p' ^s     Ko rs 

and 6   • 7« D'p x 1.5 

B^llTOUth V    ♦ (p1 - p ) 
S KS 0 

D   x 1.5 
5 

substituting for V s 

r - D. (po - p;) 

assuming one dimensional diffuser flow In bellmouth exit 

by Bernoulli md continuity 

Oo-V-W     '"o-P,' 

substituting 

Sx2 
Fbellmouth-D;a-^    W    (Vo-^ 

2S 



... CONCIUSIONS 

...1       Tht baais of th« 2-D ttat» (Jtt ««p«ct ratio, • • )Ot a   • 7.65) 

tha additional coaplaxitjr of ualng 2a > 0° ia unwarrantad.   On tha buia 

of data corractad for aida plata loaaaa, it waa concludad that larger 

valuaa of t or (aja aapect ratio) which nould alninita sida plata loaaaa, 

would raault In ortlw» rarfornanca at 2o in tha naighborhood of X) . 

1,2       Fro« aug»antatlon rarfomanca datamlnad In 1-D taat» (with .lat 
a»r«ct ratio, • • 100 «nd o.  • 7.651 tha conplaxity of 2Q > 0° ia un- 

D 
warrantad.    I*  l.i hypo^haaltad on tha bwi» of 2-Ü data that r;r«rlor 

parformanca would h« obtained at lurga valuta of  'at aspect ratio by uaa 

of 2o > 0°. 

li.3       Tha addition of flow control vanes to tha a.lactor syste« can sub- 

stantially laprove ground effect parformanca.    Tha uaa of vanes reduces 

tha maxl«u« loss of augnentation in ground effect to HI of out of ground 

efect performance. 

li.ii       «Thile bellwouth lip separation Is undesirable,  the magnitude of tha 

loss was not of significant magnitude when referred to total performance. 

K 
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Configuration i2 22 25 i5 

nominal 2n, dtgrws 0 30 60 60 

Actual 2o, dtgrt«s 0 22 c 61 9t 

Nottlt tfflcltncy, I 96 96 95 

Jtt aspect ratio 30 30 30 100 

D 
ob - ^ 7.65 7.65 7.65 ?.6$ 

Jat thIcknMs,  In. .1 .1 .1 ^.076 

FIGURE 13:    MODEL PRIMARY NOZZLE CHARACTERISTICS 
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:*.     SlflfUig 

Throe baute annular notil« «Jectors haw b««n Uet«d in conblnatlon 

with MTertl nixing tufaaa in order to detomliw tho variation of thruet 

aupientation with ajaotor ffomtry and to aatabliah tha optimal goonatry 

for daslgn of a full acala ajaetor to ba uaod with a turbojet angina« 

Tha bast aupientation ratio* obtained for a mixing tuba L/D of 3 waa 

1.55*    Charaoterlatlc details of tha annular nottle ejector nodel weret 

notsla aspect ratio« approximately 100| primary nottle area, 0*758 inchaa • 

The plenum chamber supply pressure was ?1 in. tip. gage.    The mixing tube for 

this combination was divergent (included an^le 6°) and the ratio of mixing 

tube throat area to primary nottle area was 9*6. 

As part of the determination of near optimum ejector geometry the 

following additional tests were made:    (1) evaluation of the addition of 

swirl to the primary flow, (2) determination of the distribution of thrust 

between primary nozzle flow, bell-mouth flow and mixing tube, (3) evaluation 

of the effect of a reduced plenum chamber volume on .«ystom efficiency, (U) 

limited flow vlnualltaUon studies to define the flow of secondary air into 

the bell-nouth and mixing tube, and (5) incorporation of the Coanda ejector 

into the bell-ncuth design. 

definod in noctlon 6A 

1 Appendix 
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2a.      PfTRODUCTION 

Prior to the award of this contract, Hiller Aircraft Corporation 

expended considerable effort, using conpany funds, to explore the benefits 

that night be obtained fron the annular nostle ejector-nixing tube conbln- 

atlon as a thrust au^ientlng systen.   The results of more extensive nodel 

testing, supported by the Office of Naval Research under contract Nonr 

?6JjO(00), are presented In this report. 

It Is to be emphasized that the primary effort under Contract Nonr 

281^0(00) Is to design, construct, and test a full scale ejector using a 

turbojet 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 goomotry for this full scale article.    The 

program was established and performed within this framework. 

It is felt that results from testing of the full scnle ejector will 

demonstrate two things:    (1) thrust auirmentation figures which are large 

enough to bo attract IVP, and honce which will encourage support for in- 

vestigation of such devices for VTOL Aircraft and for Ground Effect 

Machines (OFH) nnd,  (2) a direct correlation    or at leant a moans for 

establishing correlation, botweon future nodel tents and full scale annular 

ejectors,* 

1 Appendix 



3-. DISCOSSIQIt 

Iht bnalc Model t«8t PTOKTM wts establlahod to evaluUo annular 

nottla «.lector« with aapaot rntioa (av«r^a nottlo «lot clreunfaronoa/ 

noitl« alot width) of 60.97, 99.9$ and 129.09, til with a con»tant «lot 
2 

width of 0.066 Inch.   Th« nrlMary J«t noxslo veaa wore Otli58 In 9 0.758 

in | and 0.959 in , which resultod In «ocondary nosxl« area/ primary Jot 

nottl« v«a rttloa of 3.36, 6.8J1 and 9.28, rospootlvnly. 

Th««« baalc notel«« war« tantod in combination with mixing tub«« at 

a «urrljr prff5.<iurf> of 21 in. Hg gag«.    A typical vnmepmni la shown in 

Figur« 1.    Flrur« 2 prisenla datall« of th« annular nossl« doal^n.   Figur« 

3 idantifl«« by l«tt«r and nubncrlpt, throat dlin«t«rt nnd typo th« baaio 

mlxlnr ttib«« which were tented.    Fißur« li «hown tyrlcal mlxlnn tubaa t«atfid 

in thin rronrnm, with one of then mounted In th« mixing tub« aunport.    Modol 

construction, pnxvdurc and dnta reduction «re 'ilnrunsod In Arrendix Z. 

The ro-ihlrnt ionn of mixing lubes tnd no7.7.1»»n inntpd,  nlon.' with th« 

aunmont^tlon rit»".-.,   ir»- tAhulnted nnd plotted in Figure S through 7» 

Fifure 6 nhow«? f.ho nffoct «'f nroa rit<o (nixing tub« thront iroa/prlm/iry 

lot nozzle .area# A./A    )# on thrust mi'm'Tit itlon Tor cunnt/uit nrea mixing 

tuber, at conr.tnnt, L/D (Irn^th/dl.Tmntur) ritloe,    Fi^'iro 7 r^fl"ntfl I*1« 

same  information for diffunlng mixinr! tub^s. 

In ppnfnl,  tho nozzle with nrpect rntlo 100,  tontod In oombinttlon 

with diffnser typo mlxlm: t.iibos, pavo thr> hprt perfor'n'mro«    When used in 

♦ Secondary nozzle area " area of the b«ll-«outh throat (eye of the annulus) 

2 Apj endix 



eodblnatioi) with nixing tubt B, «t «n L/D ratio of 5*1 and an area ratio 

of 11.9 this notilo gar* th« boat augwntition ratio obtained in tht 

progran, 1*61 (soo fig. 5). 

Tho 61 aapaet ratio noitlo alao gav« better rerfopnwo when toatod 

in eoMbination with the diffusing mixing tube« than when tested with tho 

constant area mixing tubes.    Budgotar/ limitations ind the difficult lea in 

the forming of such larr»* ''Iffusing type nlxlnf» tubes prevented the testing 

of the 1?9 aapect ratio nor.f.le with this type of mixing lube. 

When tented In combination with constant area mixing tubes, all 

three basic UOTZIOB nare much the oar» porformwce for slmlliar I/O ratios 

(Fig. 6).    It is noted howovnr,  ♦hit the dependence of ln|roved performance 

on ami ratio Incre.nno.n with Increasing ispeot ntlo.    Another significant 

factor Is that -Inrp I/O Is bmed on tho thront dlnnoter, tho diffusing 

nlxlnK tube not only provides a hotter auitrnrntnllon for tho sane exit area 

but hin lonr phynle.il I'-n/th.    For ex.trcrle, tho connt int area mlxlnp tube 

B» nay ho compared with tho diffusing tubo Bi ,    In o.ich cane^   investigated, 

an Incroano in th^ length/diameter rntlo,  L/D, ravn •ui Increnno In augmon- 

tatlon.    Tbo aron oT interost   itntod  In tho P.'T KMrtlTrcN pro:ludod  a« 

oxhAtuitlvo nludv of thin tr^nd. 

The «pncln^ hoiwoon tho nlxim' tnhn  -md thn rrimiry nozzlo was 

roror^nrod to ♦ h" «•< nt^r  no7.7,l" exit   rlnn'1,    Dlatinoon  abovo  and below 

thin piano  (Fir-  1) were denip.natcd ponltivo and negative,  renpoctively.    An tho 

aufTtTK'ntalien porforrmnre of nl]  tho "ilxlnc tuhen war. vory neirljr constant 

for npacing from - 1/h in.  to ■♦■ 1/2 ln.p all tents wore conducted botv.'oon 

3 / 
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ttose spacing limts. with th# wajorxty of th« tests at »oro spacing. 

It will be noted in Figure 2 that a surface was added to sinulate 

the lower surface of an aircraft wing.    It was deteminod that the presence 

of this surface iiad no neamirable effect on system performance« 

Calculation of primary nozzle Reynolds numbers for the three basic 

nozzles gave values of about 8.5 x ICr, based on the hydraulic radius of the 

annular nozzle. 

Two primary mzzle modifications were evaluated as a possible means 

of improving porfomancc.    One modification wa?» the inclusion of the 

Coanda ejector into the system,  the other was introduction of swirl Into 

the primary flc«*. 

The nrran^ewent pictured in Figure H^  a combination of the annular 

nozzle ^J^ctor and the Coan<la ejector, wan eva] in a method of poss .)ly 

increasing t,hi> perfcrmanco of »ho annular nor^le ejector by • !;•        .. '.i^n 

of more secondary flow.    This no'iel wan tented at varirus nozzle cap spac- 

Ings between 'h" limtn r.h.-iwn in Kipire Ü. 

Fi,*'!!" 'J CiV'-r. a rcnparlnon of au^entation riMrr for the banir 

uuiular n^r?!^1 <\]o2frr crnl'lciraVion .ind thi- . !.i rn^dificaMon.     Tt was 

found fhat   ■ v   |   r'■ ;.  m ■   . '■'  tin- nodif icat i^n   irpifV'-i an  the cap wa.'s ro- 

durod.     .•.".'.  •;•   ,• •:   •     ■•.tially elünin.itod tho pf'rffmanco equals that of the 

1 .'i-i      inr.'il ir ;.   v.l-   •■ ■    '   r.     !:. ,•••■:■  ". .   addition    f  the Coanda f>.]».'Ctor 

did  -/l   !•••''•.• '' .^  ;■:'   ••. i:;^.».     ""■ -     •i', ■     ft!     p.i-iicl prevented 

'.  A: ; - .. 



further uerk to optüiltt r*rtormme9 br better utchlng of th« eoomirj 

of th« Coandt t.loetor (whleh la critic-»1) to UM «inular nottU tj^ctor. 

Tht othor nothod ov^lu^itod for livororlng tho vrtor+mc* of tht 

bMlc »jnt»« by th«» iivtuctlon of t ^r««t«»f aoeondw flow *** **ir\t or 

axltl rotation., of tho rrlnvy .lot.    It h«d b#en byfoth«»«lf.*»<l thit tho 

swirl notion would cwis^ ♦>>• prlnvy flow to rtrnn* «Mtwiprt riu« to con- 

trifugai fore«.   This would rooult In * «tron^tr «Ink ror th^ »ocondvy 

flow throu'h tho »-yo of thr» n-iwlua.    In turn thti» atmnrcr ::<nk would 

tMdtjcr T   rntKtrr .joconriiry rlow thw would th? undeflcctH rripivy >»t. 

An «mnulir nottlf* r>ctor uaod in frtivious comr*nj fponaorod te^to, 

Hrfor#»nc»»       wn moriif:of< •»    • hr wn in flfro 10 for th»» .«irl tent«.     (Th* 

•»»post otlo rf thir. nod »I onnontlAliy durllci'wocl ihn*, of »ho MMillost of 

th* thrr«   fahrlCAVpd t •' thr huic program.)   ▼«109 w«:rr crmfttnfjtod fcr 

dofloction ini'lr« of        'to simulMe ."»rt(«pd frlc'^lor. inrt Tomde ^ bviis 

for coPtoirlPor),    * 1 /i^5,    Ftiru'o 11  'hour the JO    ind /o   deflection 

"v.in*» r     •      infi  -, mu c ♦iK«' en    -.r  - "win»: r.urC^r*   with th* 0 

6of]f*c. »• •   • tl 1.» '    n   th«^ ro/.rie" 

w\. .    '   t     w -< i*      nn'im rhWrnr rrr^   urnfi of 

-irrrox•"--.♦■ iv m    H(   »•-.<"»-    "Hi'1 ♦hr<>f vino-ring« w^r^ 

o^'h  t'-^       »     *k' r.-. ♦*    -.n •  wthout the  •inr.Tlf» rjctonnlon  tuhr>. 

(The nc'zlp «^♦"nr.';,n ♦ TV ry«..-,j-, » nr otjtp" prlf^f r "si t,»irf'irp nf thr 

annular nozzle as Phown in Kvuro 1C. !Yie nozzle ext.pneion tnnded to 

deer»''«"»1 • ^rf r>rmqr.?r. 



Oupit« tht IncreAMdMCondanr "rmplag'' c*u«ed by axial rotation 

of th« primnry jatt thoro was an overall docraaso in ojoctor porfonunco 

shown in Figure 12.   Tha dacroase of parformanea below that of tha 0° 

daflaetlon can ba accoontad for bj taking Into account a first ordar loss 

dua to tha fact that the prlfiary jat velocity vector is no longer aligned 

with the thrust axis, thereby reducing the useable prlaary thrust by the 

cosine of the deflection ancle» and a second vy frictlonal loss due to 

turning. 

t A eoiipnriMm of the nass flow rntlon, A /ft, for the 0° and h? .let 

deflection angles Indicates that the addition of swirl roeultod in a 

rows flow ratio increar.*» of 7ßt (see Appendix I for the calculation of 

secondary «"»fts flow),    üf^clfic vüupn ,ve tabnlatH tv»lowi 

d<»flaction nni'le, nnan flow ratio 
dek'reof» <r_/Ä 

0 

0° .766 

Uf 1.366 

Mof inr»iiiont cf the :*».roruJary flow pnth (»'llmimtion of surface 

Irregulär it ice, otr.) woul«! incroasr the. »• imfiü r]ow ntion over tho 

values quotod ab«tvn but n"l mifriclMnlly to ro'üilt   in iiicmnntntIon« 

Tho annulir n^r.-.l«^ ^joctor with t.ho M.>   »lori«,(;tor w-io also tested 

with  two diffrront mixinc »>ibp .    The .idililon "T tho nixinc t.ubnn, which 

wore not optimized,, i'.tvr only .i slight incroaro in pcrffTmance. 

6 Apporni: x 



In short, rotation of th« prlntnr lei flov doM not givt sufflcUnt 

Incrtve in r*rfon».««o to overcoM th« losses inherent in icMerlng the 

rotation.   Budfetery li-ituions prevented further ineestiK^tlon of the 

swirl tyre «ysten, which niiht include other nesns of introducing rotation 

or of rtr«»nuthenln.- the »econdsry sink. 

In s further effort to l*rrov« thr '«rfornTKre of th« vinul-'r 

no«l# elector by Incress'ng the hvic nosrle efficiency, the notsle throst 

length was shortened frow en origin«! length equivsl^nt to 10 nossle f«lot 

widths to « length eq»i1ral#»nt to ?.6 el^t «Hths.    T^o '«stle wv then 

rrtccted ilone ind wth -»lying tube B,^-    The test procedures ewrloyed 

were the svt» w rrior to the »wdiflcHlon. 

The test dwtA   n<ilcnted i trend townrda Improved rcrfornsnce? hut 

the net inprovrment dun to A chvir»» in nonle throat length of this «.igni- 

tixJr vn-. not .tS-n^cint-    It w^" ♦haucht  'Mit Tirthnr reduction of the 

noir.lr throat length; wfilch in turn reduce« the clrirftncr» between the 

"wing surface' «n^ Un »w^r tube inlet   "»i M he HrJolerious to ov^r^]! 

r.lrctor rerform n-o    r^r   T'ihr,,,^;-, fv    rnrrirv noiTil*» r^flru-ncy woulrf N» 

Incrwiaed    *ho   tiMn- ' t^rt- »r/'  flow    •."it  be rmtricted "norh 

to ro'Uice \hr ovpr"»]!    • 'r Tmanc^-    Th-: itivity of ♦hp innulir nozrip 

p^ector'-mixTf tub'   co«   r ■■'lor   ♦. "        '-•'  f^.vice w-v   r^n'Mnnt  nv< r 

srnc'nr, rqtiiv-ilrnt tc   • r.lot widths) wo-i; • pro^nhly r^rmit  norne "par-imrtor 

Jufijllnc1 to nrhlrvf'   i f    •'•''- cv^ra]'.    <rr'rm-»TT"  it   i redurrd nozzle 

thront lrnr*n. 



Incorportilon of th« plenw chanbcr VOIUM of Xf» nodal A« ihowi. 

u i It- M •   nujie 

correlation botween the noutl and full scale teol results Is one of the 

oM«»rUvr« rf »-.he cv«»r«ll rrc/rw • iiy to r  ", .in a geonetric 

BUiiliuiiy Irtttieen the two     Consequently the aodel was altered u   .<. • 

^t'-'irv f't fho full scnle «Jeetor .nd r»te»trd.    It should be pointed out 

that this plenun design ncdlflcatlon it* no»  rerownended for prototype 

design and Is nor^ly a lest •   ;   llont for this program     This slnple «odl- 

ftcallon of the modol, which amounted to converting tho plenum chamber to 

a dlff'jtrr, iff rhown In Fljnir*» 1).    Test data WIT«* ohtalnod by the sam« 

prcct'dur«» uwd previously and alno by direct irtncnt cf prosourc loan 

across the nozr.lo.    TJK"»e data lndlca»p    *    •  an overall loss of 61 In 

aui7K?ntation pi rf omance can bo expected with this plenum chamber design. 

A variation In thi.s loss {U.ty to 7.*^) was found between tho r.ide adjacent 

uM'l tho rpforit«    ride. •'•   I   iixll nlcd  1<'S0 w;ir> 

on  '!;•• ad Ja 

uial model supply cyst em design indicated a loss of 

nppro\ii .   2/b.     It, nu .M be enphanized  thai   this flpure can bo «p 

proachod in an nlrcraft installation by adhorence '     i    ■•[•••d duct design 

cri'eria 

In order  to deterpiire  the real rl":'»'  *   • :   'he raxini;  lube on eje' I 

iio;v.'!.• porformnce,   the   ■.■       ■   • it ici rior,7,V' r , ■ •.•'.') with mixlnn 

tui-r D.-2 and IV-2 l/?.  ir: lion,   but rupp independently.     As data 

techniques w^re exactly   i    U-frre.   th.is allowed n noanure of the change 

..-.i,: 



In annular nottlt tjactor p«rfoniane« tm to th#» rr#8ance of the mixing 

Tho rosulta of this InrestWntlon in-lc^te» ihnt  "irrpojti^at«»ly *&% 

of the Increase In thrust is due to the net force on the mxlng tube; the 

renainlnr. Is due to Increased seeondary flov through the bell-nouth center 

of the annular nojrlo. 

ülxlne tube lip else effect« «ere eiwined briefIjr urlni: diffusing 

mixing tube R .   ftie oriirlnal lip share (fig. 3) «a» cut to 90   fron the 

mxlng tube throH plane is show in figure lh*   Test *nd data reduction 

procedures w^r*   identic»!  to those used prior to the cut.    The effect of 

this wlxinr tube lip alterntlon on the rerfor*i«ce of thlr ejector con« 

f'Ujuretion w^5 n*vll|;ible. 

Limited flow rlouallsatlon studies were aade of the Inflow in rr 

attempt to determine a wems of Inrrovinrr »he perforwwce or »hip elector 

system.    Study of *hn -»lixinr phenomenon apeorlHed with fhls nyoten wis 

beyond the r.rone of the rrocrvi.    The smoke studies th?»t wop'" mide In- 

dicated m inflow pittern t>iat wuld be anticipated from notHntlal flow 

ronsiderit ^on?5      No flow rtlscontin'tity win noted nor wrro .any new wpnum 

toward improvrwnnt 'lir-''ov»'r'>d. 
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I 
I 
I 
I 

I 
I 

L    CQWCLU3I(yS 

Th# prinuj conclutlon rtMltlnff fro« thli Imritint Ion Ir that (»01«' 

«uipMnUtlon can he ohtalmd fron in annalar notile ejoetor-nijdnff tub« 

eonblnttlon with wall lA) rttloa for the nüdng tub«. 

DlT#»rr«nt «uinfl tuboa ««re found tc aunwnt innular noiila aj^ctor 

porfomane« nor« than did conatant araa «Umr tubeo.   M^lthar the ro tiicm 

of the prlwiry j«t flow in the »amer uescrlbed in thin ranort nor   ho cowit 

ejector nodiflcition w^re of value in incroialn»? the AUH ntt't »n i« rf ir«anc#» 

of tho ii/nUn. 

Tim t**fmnixy nf th«» MOIIOI viUi a8pf*et ratio IDO in oo*hlnatlon with 

■ixin^ tu'w »Vj *1,,,e ***M1 rHoo»?n for actie up to full OIK.   Th»« rriliir'.ion of 

tha pLinun chtH.-r rnono ruction ahotm In Kl -arr 13 is Included. 

:C 
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6l.  DRSCRIPTION OF TFST Ry>TP>rVT ASP PHOCEDURRS 

The basic t«vt equlpnent was deaignad and conatructad ao that 

changes in annular noxzla peonctry could be p.ada by slnply changing noztlas, 

the other portions of the teat equlpnont remaining the aana for all taats. 

The test nodal waa inaf.alled on the high pressure supply duct aa 

shown in Figure 15 and supported above the scale by a strut incorporating 

knife edgea on both top and bottom enda. The supply duct has a flexible, 

hinged Joint at its axial conterline 93*5 inches upstream of the model 

centerline. This joint effectively eliminates supply tu)>e static pressure 

effects from the thrust measuring system and permits thrust measurement 

with minimum mechanical friction. The flexible, hinged Joint, the flow 

mearurlng »ection and the blower system are shown in Firure 16. The blower 

system is conprised of 2 Allinon VITIO superchargers operating In series. 

Power Is supplied by two 150 KP Ford engines. The flow measuring section 

meets American Gas Association spccificaticns. 

In order that the air flow would leave the nozzle uniformly and with 

low lo3Pe?> the model was constructed with a plenum chanber proportioned 

to five a uniform static pressure at the nozzle inlet. 

The p". "»nun chamler was probed to determine the decree of uniformity 

of the internal static pressure. The pressure probe locations are shown 

in Finures 17 and 10. It was found that, thorp was no measurable variation 

in static pressure within the plenum chanher. It was also determined that 

the pressure losses (fron plenum total pressure to J»jt total exit pressure) 

12 AppemJix 



wtff of th« order of 2% of the plemp total rrospure. 

Concentric «U^iaent of the «tmilur nottlt nnd aixing tube was 

within one slot width.    Axl«! iIlfnMnt ma within 1°.   Ttie Milne tube 

•uppori (Figure Iß) wie d«»i^T>«d to allow ••all vertical; horltonttli and 

angular adjustfientf In the ali*nR*nt of the annular nottle «id mixing tube. 

Tht tupport bracket for the mixing tube« was Mounted on the Mnifold 

ring,  as in figure 18,   The mixing tubme were nade fro« hot fnrned con 

mftrcial glass tubing.   Glass was chosen for the mlxinr tub*»f; because of its 

excellent surface snoothness arH the relatiTe inexpencifonosr of the part. 

The lengxh of the mixing tubes was changed by cutting with the 

conventional hot wire.   The tape shown in figure ii is at the cute in the 

tube lontfth-    for the most oar"-; excellent cute wore made «d the tribe 

.«ujrf/vce 8«?üthn#w was not effected     Because the forminr of the mixing 

tube inlet wv. a hand opcrnt^'Tn   small virlAHonp In contour were rresent 

fron ore nixing tub*» t/. t.ho next-    It 1c felt thi*  ihor.-» vnrlTtlons were 

net »ign.fi   ..   ,    F'K- determining the full öCilr »nixiru: tube »;nninctry.  tho 

cxict rh.ifp uir  t ikrr. )"r'm  ■»  r/-.;! it»   <        •     th"   'mxtni; tube D^ 

F     r  ♦,<) <■ i.       -  rvilmM -    />•<-   rbr thnn»  mo^s'irinr nystcm wn:) 

cillbr-Tt^i by <lr->f! vmii-.b4   loviinf'    >'r>U   wbile tbn    y: t^m w-i:.   inprer;juri7,cd 

■uid .".tiMrAlly pres.Tnr!-od  to  U>nt Invel^     AnrfT^i^0 corrections detofnin^d 

by this test were appllpd to ejector dp.tA.    The flow section WAH checked 

bj deterelninf the flow r^te of a model at s filmen «et of inie^ conditions 

with three diffprnnt orifice sues      In addition to these cnllbratlons vid 



checks the le*k«£« fro« the systen was checked and found to be left than 

O.lil of the wxiel rated weight flcv. 

Measured and recorded for all tests were the pressure tmstrean fron 

the netering orifice, the pressure drop across the orifice, baroneter 

pressure,  the toUl temperature of the nrem in the flow Measuring 

section and the total thrust. 

The augmentation ratios presented in this report are on the basis of 

a constant unit powr Input.    This is achieved by reducing all thrust 

values to a one pcund por secrnd flow rate fwyo) b«»e (vis ^ ■     ) 

a» described In Ref^ronce i.    To conplrt»« the requirements for a unit 

power input the tout supply presyure ~~~r—*  is malntalnod constant 

T»^ Äiinrv*atA*icn ~>tio i? then 

F n 

:^ 

pi-po , - • const. 

J 

F    i?   lefmod by tbo cq^*;cn • • V.    which in  Üio »liiuot. resulting 
J h J ~\ 

t 

\     i th.« ; n-.    j    ••*   ,1 r-1 »l.'T. ♦h»- yrimtxTj no:    •    ••.'   plnn^ i5 operated 

in  tho ; r-'•« -•• ■ ,•   :   ' • .    whi:    r^f'jlts fro.r ♦.v." ^v:^ r   » 'ion inherent 

v;.«;!  i; : • ' v n   tv • .'pf^r p»*!'.'^ r orrr»: t.v n1?   ••••' rppli^d fcr 

:•.   f.rw    r,i 1 -   ;•     'f"-tn,    p    i-  '••   .:.•'•  fro-n the equation: 

: a A; .   : 
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II • F.- • V !Ps, - V ♦ »9(P9   ' ""o' * \ 

Total  »hri^t of Annul»r Nozzle alone,  i.e., without  ■ugnentei 

due*, ir.atailed 

& i - 1 

AA3Uai6 

und    -- V A P 
• /' 

pdA      /'•.    'J.c 

A.,    P^ Physical Saee Area e      Ar- .  r 
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.re, 

P   -.v.- i. ■ •     •   i    the  thr . I L'.nular noz::!««    1 
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I 

I 

! 

txhAusts to anbltnt pressure and ptflMB the oaie weight flow with the 

•one supply pressure« 

The following faotor it given to permit the auenenUtion rstlos 

presented in this report to be put in this fom for the case where the 

equivalent primary nosile Is assuned to be 1001 efficient (As ■ 0). 

i 

-f— 
;VT •■ - 

0.98 

Pl-P. const 

Mass flow ratios for the tests Incorporating swirl in the priaary 

air were determined by comparing the measured primary flow rate with a 

calculated secondary flow rate.    Secondary air weight flow was calculated 

fro« *8 • g ^2 

where, F is as above, and V • ( — 

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

1/2 
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TTPI I 

WROAT 
DI1HETW 

MIXIMO TUBE 
IDKNTIFICAnOM 

A3 

n 

LWIOTH 

TlilOAT 
DIANCTRR 

2.12 

1.93 
1.82 

2.50 

3.20 

3.72 
14.16 

2.90 

3.07 

3.38 

14.16 

14.68 

5.23 

TTTin 

THROAT 
DIAHIT!« 

TYPE 

I 

II 

II 

I 

I 

I 

I 

II 

II 

II 

I 

I 

I 

FIOimE 3 

BASIC IDENTIFICATION OF MIXING TURSS BY LETTER AND SIfBSCRIPT, 
THROAT DIAMETER, AND TYPE 
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••'S 
n: tn 
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H M 
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Noatla 
Aap«ot 
Ratio 

-1x1.',f; 
Tube 

Augwen-    1 
Utlon 
Ratio 

1      Nottlo 
Aspect 
Ratio 

Tub« 

Au^men- 
tation 
Ratio 

60.97 H-^1 1.2? 99.95 
1 

B,- 2 1.39 

1.27 B$-»» I.I16 

h'2 

»2-3 

»s-2 

A5.3 

1.33 
l.liO 

1.31 

1.37 
1.21 

1.30 

1.31 

B$.3 

B6 - 1.3 
B6 - 1.8 

B6 - 2 

B6 - 2.8 

B6-3 
R6 - 3.8 

1.55 

1.33 
1.12 

l.ii •* 

1.53 

1.5t 
8,-1» 

"l-2 

1.21 

1.21i 
99, 95 B6 - 5.1 1.61 

"l'3 1.36 129.09 0,-11 1.26 

B^-2 1.22 cl-2 1.25 

60l97 B^-3 1.39 Cj-3 1.29 

99.9$ B1 - ii 1.22 c2- li 1.35 

B1-2 1.23 C2-2 1.36 

B1-3 1.26 C2-3 1.38 

B2-l* 1.29 Cj - 1 » 1.36 

B2-2 1.33 C3-2 1.1*0 

B2-3 1.35 129! 09 C3-3 1.1*2 

B3-X» 1.32 

B3.2 1.37     1 
B3.3 I.I4O     j 

Bll-2 1.35 

99! 95 VJ 1.1*7 

»^Mixing tube codej, - * «c2 Tnt-rpolit?«! 

I 

naaic identification > ■ 2 
ree Figure 3 

ATSRAOE ADOM^NT-mON ^ATIÜb M ALL MIXI'V, TIIHE 
COMBINATION T'n^ I! TiI3 IiiO^'J-l 
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Tm i '(cojerm A^A) MIXIMO TUBES 
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BASIC   n 
NOZZLB EJBCTQR 
AUOMPfTATT^f lATTO 

ANNUU^ S0Z2LP EJECTOR 
WITH COANDA BJBCTOR 
AWOMWTATim RATIO 

Gap .000 i Jap .105 In. 
to .005 in. ic .010 In. 

No Mixing Tul 0 1.03 

Mlxi:., 
■ t 

s- 1.3i4 

s-> 1.17 

Mixing Tube B^ 

1.0» 1.009 

fi-2 

i-3 

1.39 

1.55 

1.3$ 

l.hh 

1.3? 

1.50 

i 

FIGURE 9 

■K A'JlI^ENTAr:  N I i^' .(MA'JJE K( R :-ASIC AIÜ.UUH liOZZLE EJECTOR 
A:JD Ol-AÜDA EJECTOR MODIFICATION 
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FIGURE 11 

THE 30° 4NE hS0 DEFLECTION »VklK-RVlOS" AT A MIXING TUBE ON THE MODEL 
"vr;i S'-RFACE", n-;E o0 "VA::2-RING

M
 IS INSTALLED IN THE NOZZLE 
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FIGURE 12 
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FIGURE 15 

n:ST,lLATIC\' C? ATJULW '.'CZZLS SJiJTC'R AT  5»:D Cr HIGH FR3SSURE SUPPLY DLCT 
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FIGURE 18 

ARRANGEMSNT OF ANNUUR NOZZLE EJ EC TOR-MIXING PJBE COMBINATION 
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