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T LARY

An attesmt hias been maae to develon a type of aar Jet vhich is
capable of producing persistent vorticity for the purpoge of delaring
turbulent separation and, mn wartioular, shock induced sepiratiom,
Experiments with cireular jets, sustably nitched and anclined at an angle
1o the surface in the cross fiow direction, shov conslderatle promige,

1. Lizt of 3y bels Used

a Aorofo1l chord
AN
Cq flou coefficient (--m-)
Ugo
Q alr jget [low ver T4 of acrofoil s»an; ocwecs ab atmospheric
preasure
u veloclty in bhoundary layer
U velocity at edge of howmdary layor
Ugy a veleeity in the boundary loyer as measured by o surface
tobal hoad tube
Ug velocity upstrean of model
x distance slong chord from lsadine edge
¥ distance normal to acroloil surlface ot any weint
s aerofoil incldcenes

2. Introduction

Wrth the use of discreis clirovliar mir jets, o measure of
turbulent boundary-layer control has beon achileved at lovr speeds on
two~dimensional and finite winrs, o.3., see Relercnces 1 to 3.

Trhe possibility of developiny air jets as a method of delaying
the cnset of ghock-induced seporation wag mentroned in Kef,1. Some
preliminary tests an the high specd tunncl at AVR.L., Melbourne, and a
study of recent cxperimental data, hovever, sugoest that air jets dssuing
normal to the surface wmight te relalively inefToctive assinst this $ype

of sevaration. Reosons Tor tliis assumedlion are now riven.
When/
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When an air Jet issues into a stream normal to the surface, two
commter rotating vortices are induced, one on each spamnse edge of the
Jet. On the basis of esperimental data, il 1s believed that these
vortices play a major part an delayiny turbvlent separation. Since thus
vorticity is relatively weal, however, and does not persist in a discrote
form for any appreciable distence downstresm ol the Jet, the aaximum
wrprovement can oaly Le cbtained when the J265 are carefully located in
the sdverse pressure cradient region, Upsiream of shock waves the
gradients are often favourzble with the usual stesp pressure rise
oceurring at the shock, Since the shock wave moves, with incidence and
Mach mumber, over a larsge extent o lhe clhiord 1t is unlakely fthat arxr
jets normal to the surface can be considered practical., This is due %o
the difficulty ir locabin-, asir jebs so that they meel the sbove reguirements
for ortimun operation over the whole range of shock wave movement,

At this juncture it wvas decided to develop a type of air Jet
capable ol oroducing = persistent type ol vorbticity simlar to that
associated with vane type voriex gensrators, The tecitly implies that
the Jet momentum must De used 1n a 1wre dirset mapmer than previcusly,
that 21z, 1t "mst be introduced stroaizht inbo the seconcary motlion.

Such a device is 1ikely %o be -wre cilicient and less sens:tive as regards
1%s locetion relative o the cribical [lovy regzon.

This work i1s the prelimmary part of a prosramms being carried
out at 7,P.T. Tor the purpose of stutyin:, the effect of air Jjels on
shock-1nduced separation rhenomens.

3. Scope of Tests

The scope of the present work s very limited as the experiments
were designed mainly to provide a guide to the type of Jed most suatable
for furthor develorment.

An existing 12 in. chord, 12% thick, low drag type of
two~dimensional acrofoil, was used for thess tests m the low speed
1 £% x 1 f5 wand tumnel, Two different incidences wore 1nvestigatbed,
namely 5° and 8°, 1a order to determane the infiuchce of pressure gradient.
Wath the exception ol tlwe smoke teats, all vork was carried out at a
speed of 80 ft/sec (R = 0.5 x 109),

The tests wneluded flow visualizZation, suriace tube measurcments,
and the experimental deterrinction of selected boundary-layer profiles;
no attempt was made to study, in detzil, the type of vorticity present.

L. Tvoes of Air Jet Used

Three types of jet, involving three general principles, were
atudied, namely:-

(a) Circular jets nommal to the surface, which produce secondary
flows by means of induced e”fects.

(t) Plano Jebs assuing normal o the surface through finite slits
and arranged go that the long axis of ecch slit is at a
moderate meadence to tae genceral Tlow direction. This
type of jeb was suggested some time ago by colleapues in
Jdugtralia,

(¢} Caircular jets inclined it 45° %o the aerofoil surface 1n the
sparwige direction but wiith no streamwise corponont. Thas
configuration was bosed on the siumple minded concept of
wntrodueing jet momcntum directly inbo the cross flow direction.

The/



The angle choson, nasely 45°, vrovides a strong cross fiow
componenl fogether with on sprreciable normal cormponent Lo
ensurc pensiration of the boundory layer, Thess testssould
be anlorprebed as providins a check oa the basic prainciplces
involved and got neeccssar:ly o3 defining the opiimom
configuratzon of ;et.

No attarmi vas mads to dovelop opluman arran_oments although
the confizuations chosen rere influcaced by mrevious cxperionce with
vortex rroducing devicos.

h. Experimental Detarls

Preliminary cxperiments discloscl thet the 4ot azrofoil vwas
of the nosec stalling variety and herce not suibable for rrov.ding a daivect
check on the eficet of the various dovices on turbulent separatzon from
tho trailing edge. llowever, since bthe tests were designed for the prame
rursose of providing dala rogoard.ns the rencral novure of the flow
downstream ol the devices, this lenture was not coasiderced fo be important.

In adlation to the Jet confisurations resorabed =n bhe provaious
Scetion, vane tyre vortox goncrators siere wcluded in order to form a
basis of ecoaparison for ascessmng the rersistoney of the vortices
wnbroduced by the oir Jobs.

Since the tests vore intended to be largely comparative, all
arrangencnts vore studied gamultancowsly by locating tham at 1nbervals
along the span et the 255 chord station (sec Fig.l). Only co-retating
confirurations wore tricd ss these had been shown 10 be the pest
guccessful 1n previous experinoants with vane tyve generatorsT, The
k5% inclined holes, metal vones and air "vanes" were arronged in panrs
with a "neutral®™ region between them; nenar coch end of the acroforl a
Jet, norual to the surface, was provided,

The slits wore mede £ ia, long and fy an. wide end, in order
tow nrovide an approximatcly eoual discharge area, the circular holes
were formed with = C,120 in, diameter drali, The vanes were of 5 in,
chord snd é 1m, sran. A madch of £ oan. vas arpitrarily choson for the

-

B - . s . o
pairs, and the vance and siits were ziven aa incldence of 20°.
6. Hesults

6,1 Tlow Visualization

Saoks introduced into the air suprlying the Jobs deronstrated
the oxistence of vortices Tor the cascs of the alr "venes" and the
inelined holes and, in addition, provided o roush measur~ of btheir field
of 1nflucnco. In gencral, the vortices showed no tendency to coolesce
or loove the surface, The moin body of the circular Jets, issuing
normal to thc surface, was somevhat rorc romoved from the svrface 1n the
vicinity of the braizling cdge than in the cascs just mentioncd.

A mixture of titenium oxide and parafiin was aprlied to tho
surface after which the twmel was run wn bo specd. T3S, 1{a) ord
1{2) depict, for an incidence of 5°, the in.tial and [inal stogos
rospectively in the doveloment of the surfice palterns, The firet i
na excelleat domonstraticn of the regionms of hish cad low surface
volocities whilst the second illustratez the detazled Ilow pautern.

Zxecept Jor differences in delwil, the air "vanos" and the
inclined jets produce onc main, strony tnd persintent vortex Ter Jjet
sirlar to thatb vhich traals from a single mztal vano. It wall be
noticed, however, that the jets normel to the surlace appeer to have,
i comparison, a relatively mmor cffect on the [low,

62/
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6.2 Surface Tube Exnlorations

since vortex generators transfer haigh cnergy sir Trom Just
outside the boundary layer to regions near the surface; a surface total
head tube rmight be expocted to provide a measurc of the effectivensss of
this transfer rechanism, Measurements with such a tube weore made at
87,55 chord, which wac sufficicnily for downstrean to provade 2 check
on the vortex persistency.

A prelimnary spamwise traverse ab this stabion indicated o
large voriction in total liead but showed the static pressure to bo
substontzally constant.,

Results arc ziven in Farcs, 2 and 3 for inecideonces of 5° and 8°;
the chordwise velocity distributions for these incidences are given in
Fig.h. On comparing ths results for the inclined jets and air "v.nes”
with thogse for the metal vanes, 1t will be seer that, in goneral, the
overall effect is sxmlar, For jets normal to bhe surface, toc inerease
of veloerty is very small,

At this voint, a decision 1oz made 1n fevour of the 1nclined
Jets ax they sre simle and have a relatively high effectivencss.
Thig docs not menn that the air "vones" and normal Jets are necessarily
wnferzor to inclined Jets in all applications. Hovever, from the
viewpoint of persistency, which 1s the major consileration here, the
inelined jets appenr to zive the tect resuilts,

6.3 Boundarv-lover Traverses

Boundary-Layor ftraverses have been madz at seclcebed positions
meanly Jor the purposs of determining whether the sarface tube measurements
are a valid bagis for cormarison, The obvious spamwvisce stations for
such cxperiments ave the peaks "C" and "F" -nd the troughs "B" and
"5, (see Figs. 2 and 3); the resulis a-o presented in Figs, 5 to 8.

For the cases investigated, 1t does cprear thet the surface tube is o
roliable guide to the elfretaveness of the devices. A trawverse taken
between "3" and "C", for ¢ = 5%, gave a prolile vhich possesscd
Teuturss intermediate betwecn those oo thase two statioas., Addsitionad
observations hove be-n nade in Seetivn 6,3,

The relotive Lanrovements are groensect Tor the higher ineidence
of 8° and sugzost that inclined jets will prove successful in delaying

Lo

turbulent scoarotion.

6. Effect of Tlow Quantity

Y wall be noticed Lo Fages, 2 and 3 that s elfectiveness
of the inclined jots increasss with flow ~uantity.  This feature was
mnvestigated wrth the surfree total head tube, the rosults of which are
given 1a Pags.? and 10. As muzght be expeoctod, the slope of the lines
becomos amaller as +the Tiow guantity 16 lacrsadew. The value of Gy
at whioh mexarun effectivencss 18 likely to be rcached 18 nof
mreasonable from o practreal vnoint of view. These values of Cp
were not obtamned by dircet wcasurcent but caleulatid from the statie
pressure diflerence betwoen tnc box pressure and the acrofoil surfacc
after sviteble assumptions, besed on vrevicus work, had been mede Jor
the discharge cociTicients of the noles.

£,5 Other Chasrvations

Whilst too much speculation on tlie lirdted data prescnted
would be wmrise, 15 s [elt soms comacnts ar. in order.

Farstly,/
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Firsily, although Fizs, 1 to 3 sussest a marked similarity
betieen the e?fects of tas inolined Jets and the wetal venss, Faigs. 5 o
8 show a sigpificans Jifference, In Fins. 5 end 7, the prol Je for
"C"  resembles a normal turbulent profile more closoly taan doss the
profile for "FY"; vpreluamary yaw traverses at tnesc statzons showed
a greater cross Tlov™® in the bondary layer downstream of +ha vines,
The profiles in the frough "3" for the inclwmmed jets (Figs. 6 and 8)
andicate a relatively tlack bouncary loyer although the momenbtun deficiency
w Lhe outer half i1s vory sxnell.

Secordly, there 18 a rcgion of low velocity air on the left
hand side of sach pair of wiciined jets, metsl vanes or air “vancs” {see
Ficg, 2 znd 3).  Thig consists of "bired" ear whach 1s awept in thig
dircoblion by the vortices and acoumilotes there in tho obsence of an
adjaceat vortex to gsweep 1t avay tovards the [rTee girean. These features
are 1llustrated :a Taos. 40a, and 1(b)s  in the former, %he 1a1taal
accamilation of low velocaty air adjgcanmin> che hi-nly scrubbed rogions
1s aprarcnt, whalst, ia the labter, heavy derogaits o) titonium oxude
arce visible in the rogions correshoniin. o the spanvwise locationg "G,
"H" and "J" showm on Fig, 2. The condat-ons oxdgbins at thesc roints
do not normally arise in prectice but the feabure illustrates the
funetion of the adjacont vorta: an clearan:, awxy the lor energy air
geent wmto 1ts svhere of anfluence, e boundary-layer profzles in the
troughs "BY and "EY are a Tunction of the interaction of one vortex with
its neighbour and hence nuy be exvocted to cxhibat appreciable dalferences
with chmnzes in patoh and conlisprotion.

Tostly, an waspection of Figs, 7 and 8 ghows a reductica in
the displacerent th.cimess of the wmitial layer vhen elther inclined
Jets or metal vwmes are used, Thas sugrests thot, although the skin
friction draz sy be inercased by the devices, tre form drag is reduced.
This 1s 1n agrrement with currcnt cxslanations which have been puf
forward to exslain the absence of incrcesed drag waen voricx gonerators
are Titied Lo the unrer surtaces of aireralt wings; the induced drag of
the vanes and any 1ner.ase in 8%n friction are rouwchly balanced by the
reductiion 1 Torm drag.

T Conelusizas

Toe data presonted show £0at 1ho sowle concept of allovwng
the Jets to issue with o cormonent ia the cross flor darecotion, produces
porsistonl vorticity mach has a fovourahleo iafluencs on the boundnry
layor mixing without mourring any ar reciable drag ponoliics. Further
study of ths type of Job av-coars highly desirable.

Siaco vortex gonerators have Heca used successfully in
delayiny shock-induced scmerabioa, 1t apears extreuacly likely that the
inclined tyee of car Jot will else e ef{nckive.

The flow quantibics used al a Reynclde nuiber of 6 x 107
were very ceasonable and lower vaiuas shovld be possible vhon dus
adlowance is made for the exsooted decrease of CQ with inecrecacing
Feynolds numer.

3

~glerences

¥ . N .
The magrivude of bthe yaw, howovor, was incufficient to warrant any
spacisl procautions Lo s boleen vwiion readling 1he fotal heod in lhe
layer.
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(a) Initial flow pattern showing regior. o high scrubbing .
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(b} Final flow pattern.
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