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_§t3. ABSTRaCY

’LTesns were made on four vortex generatoys to determine their ability prevent

flow separation. The genrerators- were of rectangular planform with chord lengths
of 0.5 and 1,0 in. ond spans of 0.25 and 0.50 in. Generator section shape was a
“symmetric double vedge. The generators were individually mouniad 8t a 15 deg

angle of attack on & flat plate upstream of & 35 deg compfession corner. The
tests were made in a wind tunnel at an average Mach Wumber of 4,67. The boundary
layer was turbulent and mpproximately 1/4 in. thick at the test station. Statice

§.pressure measurements wére taken slong the. venterline of the plate and on the
~ramp. faee, 01l and dye flows and schlieren phobographs were used to aid in

deternining the extent of spparatioa._ The vortex generstors wére found to prevent

separation if placed sufficiently close +g the compression corner. The unseparated

region in each case wWes very narrow in §panwise extent,. Separation was prevenied

3 by increasing the mowentam of the houndsry layer through the action ot the tip

§-vortex and & secondary vortex. (U)
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ABSTRACT _

Tests were made on four voxtex gener&toi‘s to determine their
apility to prevent flow separation. The genératars were of ractangular
planform with chord lengths of 0.5 and 1.0 in. and spans of 0.25 and

0.50 in. Generator ssction shape was a symmetric duuble wedge. The

generators ware individuslly mounted st a 15 deg anglie of attack on 8

H

flat plate upstream of a 35 deg cozpression corner. The tests were
made in & wind tunnel st an average Mach Numver of 4.67. The Boundary

lsyer was turbulent and spproximately 1/4 in. thick st the test station.

Static pressure measurements were taken along the centerline of the

plate and on the ramp face. O0il and dye flows and schblieren photographs

F o were uséd o aid-in determining the extent of separstion. Toe vortex

generators were found %o prevent separstion if placed sx’zﬁ‘icieﬁtly close

to the compression corner. The unseparated region in each case was very

narrow in spanwise extent. Sepsration was prevented by inecréusing the

mozentum of the boundsry isyer through the action of the bip vortex and

s secondary vortex.
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prevent separation would be an obviocus aid in the prediction of pressure
distrivutions and healt transvYer rates for flight systems. Voriex
generstor: have proved useful in controlling separation in subso L¢ and
transonic flows. This report presents $he resulis of tests of vortex
generators ic prevent separstion of a supersonic Tlow in s-compression
corner. -

The current sﬁuﬂy is one of & seriss, devcied fo high gpeed fiow
-separation and its preveétian, conducted gt ;‘n..‘p-iie& Research Laboratories
of The University of Texas at Austin. This work has been sponscored by
the Haval Air Systems Command under APL/JHU Subcontrach 27173%, Task B
with the Applied Physics Iaboratory, The Johos Hopkins University.

The author would 1like ioc express his zppreeiziion 4o
Dr. John C. Westkaemper, Research Engineer, Applied Resesrch Lsboratories,

for his continued guidsnce and assistsnce. Special sppreciation is alisc

due Mr. ¥iiliam Creamer and Mr. J. 8ary Perser for their sssistance in
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NOMENCLATURE

- free interaction angle (see Fig. 1

= aspect ratic
= vortex generator span

= vortex generator chord

= coefficient of pressure = P-7 /%
= ratio of specific heats = 1.40
= length
= Mach Number
= pressure
= dynamic pressure
SUBSCRIPTS

4

free stream static

stagnation or total

it

separation
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I. INTRODUCTION

The separation of a viseous fluid Tlow due to an adverse pressure
gradient can present a2 wajor problem to the designer of a wodern {iight
vehicle. In the subscnle flight regime, flow separation may cause iarge
medifications in pressure distribubion and serodynamic ilcading. The
supersonic regime adds the provlem of high local hesiing rates to the
problem of modified loading. In both cases the performance of an entire
flight vehicle system may tecome dependent on local flow conditions if
separation eccui%. Since separation causes & variety of design problems,
it is useful to investigate the possibilities of preventing zeparation.
The Agromechanics DMvision of Applied Ressarch Laboratories of The
University of Texas at Austin is conducting an exbtendsed investigation
‘of flow separation and its prevention. It is the objective of this
report fﬁ present the results of experiments using vortex generators
to prevent sepira%ion of a supersonic burbulent boundsry layer in a
Lompression corner.

The separation of a {Iuid flow in = compression curner is
caused by the continued depletion of the kinetic energy of the fiuid
stream cavsed by an adverse pressure gradient. Considering $he super-

s

sonic flow of an inviseid fluid in s compression corner, & single
vbligue shock wave originating at the cormer turns the flow parsilel to
the downstream wall. When vigcosity is included, the inviscid free

stream becomes coupled to the viscous boundary layer through a pressure

interzction.

‘..J




o Anbel bl

Due to vis2osity Lhe veloelty and kinetiz energy of a fluid wury
from zero at & solid boundary to the inviseid free stresm value at the
edge of the boundary layer. AL s compression cormer the high pressure
resulting from the turning of the flow diffuses upstresm through the
subsonic portion of the boundary layer. The already low energy fluid
nesr the well is thus forced {o expend more energy to overccue the
additlonal pressure force. If the pressure gradisnt is sufficiently
large, the boundary layer will reach & pointé where it can no longer
overcome the pressure force and will separate from the wall.

As shown in Fig. 1 the separation of the flow ups‘;:ream of a

compresgion corner establishes a new affective gecmelry for the

LW

oncoming flow. AL the separation point the Tlow is defleected through
an angle smaller than the original turning angie. This resulbts in a

weak oblique shock wave emgnabting from the separation point. The

ke

separated flow resatiaches on the downstream wall, where it is turned

oY

parallel to the wall through 2 second oblique shock wave. 3Bebtwesn

the separated fluid and the compression corner & low speed vorbiesl

flow is estabiished by the free shesr action of the boundary layer and
the upstream directed pressure gradieut.

The fundamental aspects of flow separation have been investigated -

Gt TR R AR RO

by numerous workers with a view toward correlating separation parameter:z

with lozzl flow conditions (Ref. 1,2,3}. Ia the srea of preventing

separstion the majority of the work has been in the subsoniec and tren-

sonic speed regimes. During the lste 19%0's and early 1950's workers

"
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ai United Aircraflt Company demonsbrated the use of vortex gensrabors
to prevent separation. primarily in subsonic filows. Brisish inves-
tigators during the late 1950°s extended the use of vortex gsneraiors
to the transonic flight regime {Ref. 4,5},

The mechanism Dy which separaiion was prevented in these cases

coasisted of re-energizing the low momentum boundsry layer. By placing

s mumber of small, wing-shaped vanes or generators normal to the surfece
7 ¥

8 system of streamwise vorbtices is produced. The vortex motion swesps
hign mentma fivid from t}:e free stream into the low momentum boundary
layer as bhe vorbex system proceeds downstreem. I the boundary layer
womentun is increased sufficiently, ine adverse pressure gradient will
be overcome and separation prevented.

The utility of vortex generators in preventing separation in
subsonic and transonic flows has been demonsirates. Somé previous work
done at Applied Research Laboratories of The University of Texas at
Austin was directed toword extending fhe use of vorbtex genératers to
supersonic flows. Whitben in Raef. 6 measured the c,rag of several
gensrator sha.peé pul did not demonstrate their use in preventirsg 56D3~-
ration. The work of dhe present repa:gt was undertaken to obizin &

batter definition of the flow behind a vortex generabtor placed upstream

of a compression cormer.

The experimentsl program consisted of twe wain phases. The
first phase consished of defining the separation gecssiry produced by

the compression corner. This was accomplished through the use of shaid

Dressure weusurements, oii and dye flicws, and schliersn photographs.
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The remsinder of the experimenial work

effect of a single vortex gensrator on

same technigues as in the first phess.

*lul

concentrated on determining ihe

the separation region, wEing the
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A. Hingd Tunnel

The teshts were performed in the & x 7 in. wind *unnel of
Appiied Research Leboratories of The University of Texas at Austin. This
is 5 blow-down type facility with & nominal Msch Fumber of 5.0 providsd
by fixed, two-dimensiopsl nozzle blocks. The sverage Mach Fumber for
the Lest progrem was 4.67. The stagnablon pressure varied from 265 ¢

=

270 psia during the test program; but vwas controlled aubomaticsily to

within 3 psi during any particular test. The stagnation temperature
range for this program was 162° to 179°F, with an average of 176°F.
This was sufficient to prevent moisture condensation in the wind tunnel.
Tor each parkicular test the supply air was heatesd to ihe presst vaiue®
using eleciric resistance heaters located upstresm of the stilling
charher. 2‘1‘21-3 stagnation tempersture was constant wilthin +5°F during
any one %test.

B. Flat Plate znd Ramp

The tests were conducted with the flai plate, ramp combination

2

_ a - 7}, 3 ® - =, -
. The plzte was mede from 3/4 in. thick alvmimes and

i
g
ol
n
Y

%as 17.5C in. long and & in. wide. A sharp lezding =dge was provided by

- i3 = = =, r 2 -

poundary layer tripper strip, made of B0-grit emery cloth, was mownted
sl 175 % 5 o3

approximgbely 172 in. 3yom the isaiing edge.

LW
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The ramp was made from mild steel and machined Lo provide

25 deg turning angle from the flat plate. The ramp test Tace was

oM e

1.08 in. iong and rose 0.625 in. above the plate surface. When mounted

on the plate, the turning corner was 13.2 in. frow the leading edge.

A rubber sealant was used to provide an airbight jJoint at the rasp-
5 plate interface.
The plate was mounted horizontally between the sidswalls of the

wind tunnmel, with the test surface coincident wiih the nozzie center-

plans. A rubber gasket was placed between the model and wind tunnel

LML Y ,v-uﬂ i

. - wall to prevént air fiow throvgn the mounting-clearance gap.

¥

The model contained static pressure :aps srranged in a cepterline -

iy

¥

and spanwise pattern {Fig. 2}. The taps were spaced every 1/2 in.

along the centerline of the flat plate from a point 7.65 in. upstream

of the ramp %o a point 4.65 in. from the ramp. From thet point to the .
= : ramp the tap spacing was 1716 in. The guantity of taps on this portiom

of the model proved more than néeeésar}' for this study. Thus, only

) alternate pressurg taps, hegmn.h.g with the first, vere used. This gave

E- a pattern of measursments taken }. in. spart from 7.65 in.to k.65 in.

upstream of the ramp, and 1/8 in. spart from 4.€5 in. to the ramp

“3 {Fig. 3}. A centerline pattern on the ramp ;mviéed taps 0.1 im.

= apart begioning 0.1 in. from the compression corner. The spanwise

patiern consisted of t?are-s.; rows of taps lcecated 0.3 in., £.6 in., and

0.9 in, from the compression corner. Each row exbtended 1 in. on bothk -
sides of the centerline with taps spaced 0.1 in, spart in sach row

# %
{Fig. 3}.

gt I!; (it »’;v ;‘\‘: ,'
[+y}
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The plate was slse fitted with a thermocouple, ilocated sheed
of the seperasiion regicn, to monitor plate temperature. A recess
machined in tiie back of the plate and ramp provided spsee for the
pressure and theroocouple leads. A cover plate provided protection io
this area from the free stream Fis

The izt plate wgs provided wilh ihree &
the vortex generators. The centerline of the forward slo® was loecaled

1.9 In. upstream of the ramp on the cenberline of the wodel. The

£

the centerline znd the other slot was 172 in. to the lefi of the cenier-
line {Fig. 3). A1l three sloks were incliined azt a 15 deg angle to the
plste centerline to provide the vortex generators with an angle of atiacx.

The fourth siot seen in

l-u’
3
)

3M]

was noi used iv this investigation.

C. Sortex %ngmtgrs
The vortex generators are shown in Fig. b and their dimensions
and designations are given in Table I. The generabors were made of
nild steel and were 21l of reclangular planform. Four different
generators were used, with chord lengthns of ¢.5 and 1
of §.25 and 0.50 in. Ths zeciion shape of each generaior waé 8 sSym-

metric double wedge with the maximum thickness of 0,084 in. occurrin

; =  8nd eied I
at the mid-chord point. Each generafor was provided with = mounting

g:.
o
ud
ox
[*)
by
L]
]
q{:;:
L

1716 in. wide, and 178 in. deep. The generaior was

wmounted in the desired siot on the plate using a thermoplactic adhesive
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D. Flow Visuglization Technigques

_ . . . - i vtz 13
each configuration, using s single-psss schllisren system. The lignt

Due to %the large velocities present in the flow, the dye

inj:cticn proved fo be of limited valug and subseguently an oil flow
technigue #se employed. A mixture of 30 weight moior oil and titanium
dioxide powder proved satisfaciory. The oil was daubed on the plate,

the tunnel siarted, znd the patierr allowed io form. However, 23 in

the case of the 4ye injection, ihe entraining naturs of the fiow caused

puildups of oil and dye. Upon shutdown of the funnel, the patiern was

distorted by the flow of excess oil. Sinces the Lunnel geomeiry preciudsd

use of phobograchic sguipment during operation, the patlerns wers

Y

ooserved and skatches made during sach nom

X

o bl bbasee bae o BBt
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Some measurements were also made usirg the schlieren photographs.

Separation lengths and shock wave angles were measured by projecting

the 35mm slides on & screen and using a Gerber Variable Scale and &

protre ctor.

B, ﬁccuracg

The static pressures vere displayed on three mercuxy manometer

voards having least scale divisions of 0.2 eand 0.1 in. The photographic

vecords were found to be of sufficient clarity tc allow interpolation

to 0.05 in. Due to the low pressures being recorded, an error in

manometer reading of +0.05 in. corresponds to an error of 6.6% in static

pressure. FHowever, by reduction of the data to coefficient form, the

varistion in C? was less than +0.01, which was deemed sufficient for

+his svudy.
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The phenomenon of separation is highly dependent on the type

of bourdary layer present and the magnitude 0f the pressure gradient

retarding the flow. 4 turbulent boundary layer was assumec for this

program based on the presence of a boundary layer trip and & calculsted

Reynolds Number par foot of 14 x 106‘ The bcundary layer was approxi-

mately 1/4 in. thick in the test area as deduced from the schlieren

photographs.

&. Separation Region without Generstors

The centerline and spanwisse pressure gistributions obtained for

the compression corner withcut the genersiors are piotied in coefficien

form in Fig. 5{a) and (b}.

1) Separation Parameters

The centerline pressure prefile shown in Fig. S5{z) is typical

of the separation profile for a two-dimensional turbulent houndary

-

layer. Tw=e point of separyation is generally taken to be the first

inflection point in the rressure profile. This oceceurs 1.270 in.
upstrean of the compression corner. Reabtachment of the fiow on

downstream wall corresponds to the third inflection point in the

vhich is G.U58 in. along the ramp fece. The middle inflection poind

ortn

s the plateau pressure rise, which is due %o the deflection of the

external stream. The plateau pressure coefficient and the location of

separation and reattachment are sufficient to zllow calculation of

several separation parameters.
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th= free interaction angle or angle batween the free stresm
divection and the dividing streamline at separation was cbtained by two
methods. The piateau pressure coefficient znd free stream Moch Bumber
permitied use of the oblique shock relations or the charts of Ref. 7 to
ohizin the corresponding deflieciion angle. This method yielded a free
interaction angle of ¢=8.75 deg. By use of the ramp geometry and the
loeation of sepsraticn and reattachment, a free intsraction angie of
C=0.55 deg was calculated. HMeasuremenis from schlieren photographs
{Fig. 6) showed a turning angie of appraximately 4=10 deg, verifying the

calculations.

Thie separation length {Fig. 1) was found by trigonometry using

30

the free interaction angie and the locaticn of separation and reatiach-

ment. This yielded s value of iszl.?? in., while schlieren photographs

L4

showad £ =1.G 1

s . A comparison of thess values for free intersciion

o

angle and separation length with data obiained by Gillette {Ref. 3}
showed good agreement. A comparison of cenkerline pressure distributions

FY

with those obtained by Gillette, apd Sterrett and bmery {Ref. 8) also

showed zood agresment.

If should be noted that the peak pressure on the ramp falls

y the sidewalls. This causes s larger

Sud
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the three-dimensional effecys in the fiow. Spanwise variations in

pressurs were observed on the ramp face, indicating & nonunifors flow,

To aid in determining the character of the flow, s series of oil and dye

flo¥ tests was msade.

sketched in Fig. 7.

The sepzration line was essentially

The flow pattern obbtained from these tests is

straight over

approximately 60% of the center portion of the plate. Near the sidewalls

the separaticn lins beczme curved and

of the sidewail boundary layer

flow in the separated region was directed uniformly upsiream.

to the sidewzlls & spanwise volocity component, 4i

the centerline, caused a curvature cf ¢

in a surface vortex at the separation

In the rsailtactment region om

regularliy spaced radiasl {low patterns

joired the curved separation line

In the cenier portion of the plate the

Ciose

directed cutward from
ne streamlines, whick culminated

line near each sidewall.

the ramp face. = series of

was noted. Thke ceniers of sach

pattern were locabed st the reatiachment iine and were spazed ab 1

intervals in the spanwise direction.

radisl in all directions. At s smsll

-

From esch nenter the flow was

distance from the conter the fiow

became more streamwise, resuliting in highly curved sireamiines. At

spanwise points whar

*

giving the appear

s =

1ice of a striation

¢ two patterns joined, 8 heavier cil flow resulted
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dinensional perfurbations on an othervise two-dimensions} Ziow. Hased

ok

on the straightness of the separation iine snd the sgres=eoni of ihg

calculsted separation paramsiers with those of ather investigstors,
fiow for this test progras was deesed Iypical of separated fiows
resulting from compressiosn corpers.
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2. Copfigurations with Generstors

A few introductory coemenis on the voriex genersior configurstions

- - e T
L4 -3

3 are in order. The principie Ty which separstion iz prevented

L)

in the subsonic camse is based on ihe voriex produced 3t the genersiar

i e 3 . C s e - <z 2 =
tip. Im the suprrsonic cass ihe Lip vorlex I3 acceegpanies oy 2 oo=pi

. . Az + =z . oz < .~ o= =
system ¢f shock and expansion waves Irom the gemersior ToNy.  in:
< = P P fmET - . -~
in 8 TEEIon cf VRIDCIVY EnU PreSsSsure VIYIAIIOonD afuwnsiiwsm o

Aoy DEIWRG - wmogAs 2 4T = vz 2HLT % % P
seasuryments de in this inrestigsiion.
32
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= 1} Forward Location

- The pressure distributicns for the fouy generagtors in the forward

lscetion are shown in Figs. B to 11. The centerline profile for each

a0y

generator showe s slight lowering of +the plateau pressure though the

profiie shape remains similar to the fypical zeparation profile.

(A

b
]
i
o
(11

sparwisz profiles g1l of the generators showed some -

1

devistion from the no-generator profile. Generziors 1 and i red similsr

4

e

i

‘ -,

vatierns thouat they differsd in the mognifude of the varistions, In

both cases the downshbream development of two pressurs peaks on either

it

a
(]

e of the centerline was noted. Separating each peak and outboard of

W

!

the peaks were regions of low pressure. Gensrator 1 showed & more

£

distinct davelopment o; these variations than 4id the smaller chord

(NG

S
E
ES

génerator 4%, lowever, irn neither case were the chahges in pressure

coefficient greatér ihan 0.2 1‘rnm the no-generator values

—~ A_s

Generstors 2 and 3 also showed a similarity in spanwise profiles, -

though &gain the magnitude of the variations was proportionsl to chord -

st 8 et 0 8 A, s> e s 1)

it

= T iength. TFor the shorb span generators a smg e pressure pesk develonea -
E_ o the leewsrd side of the generator. This peak was noted to be o %
., unsbeady Tar generator Z. o the aeigd‘gm sige of the generators & %
—:—_? very low pressure regiou developed. V - %
* The skeich of the il fiow patterns obiained for these \ g

configuyrations is shown in Fig. 12. Hone of the fiow tests showed a
flow of oil shbreamwise over $he entire rarmp face, indicating separation

was not prevented by the generators in this forward location. The basi

vy}

"

'
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of rotation of these vortices seem t0 he dependent on aspect ratio and
the trailing edge conditions for each generator. For generator 2, with
the lowest aspect ratio, the vortices rotate in opposite directions.

The remaining generators have co-rotating surface vortices and higher
aspect retios, The oil flow for generator 1 indicates a stalled condi-
tion at the trailing edge, while for generator 4 the pattern indicates
the onset of stall. In these two cases the surface vortex to the leeward
side of the generator was further upscream than for the unstalled genera-
tors. Stalling on generators 1 and % was believed to be the result of
+the high downstream pressuré, the lon_ span of the generators, and the
high angle of attack,

7At the outer edge of the *oundary iayer the generator is
influencing 8 free stream flow., The shock wave system from the generator
is thus able to proceed downstream above the s.parated area and intersect
the ramp. The two pressure peaks indicated in the spanwise profiles
correspond to the leading and trailing edge shock waves. In this aft
location there appears tc be 1litile effect due to the tip vortex,
perhaps because of the reduced streamwise distance over which the vortex
has to act. OQutboard of sach pressure peak the pressure tends coward
the no-generator vaiucs, indicating the narrow region affected by the
In Fig. 2% is shown a schlieren photograph of generator 1 in
the aft leceation. Hote that the shock wave eman;ting from the separa-

tion point is no longer a single compression wave as in the no-generator

2k
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configuration. The breakdown of the single shock wave inlo several
conpression waves is felt to be the result of the highly curved separa-
tion line near the generator shock waves. Due to the nerrow spanwise
extent of the unseparated region, schlieren photographs did not show

any detall in this area. The photograph of Fig. 25 was typicel of those

for gererators in the aft location.




V. SUMMARY AND CONCLUSIORS

An experimental investigation was made to determine the
usefulness of vertex generators in preventing the separation of &
supersonic flow in a coupressicn corner. The vortex generators were
mounted on a flat plate at two stations upstream of z 35 deg rasmp. The
average Mech Number was 4.A7 and the Reynolds Fumber was 14 million
per foot., The boundary layer on the plate was twrbulent and approxi-
mately 1/4 in. thick. Static pressure measurements, oil and dye flows,
and schlieren photographs were used to develop a qualitative description
of the fiow.

The following conclusions were made:

1) A vox;'i;ex generator, if placed sufficiently close to a
compression corner, can prevent the separation of a super-
sonic flow due to an adverse pressure gradient.

2) The vortex generator energizes the low momentum fluid of
the boundary layer by an expaunsion process arocund the
generator body, in addition to the energizing action of the
tip vortex and the sireamwise vortex formed along the base of
the generator. For this investigation the effects of the
two mechsnisms wers neh separeble,

3) The region of effectiveness of the generator was limited
tc & very narrow region direstly behind the generstor

trailing edge.

‘Preceding nage Blank
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Tre performance of each generaior was related more to chord
length then to generator spau. i
Toticeable ihree-dfmensional perturbations were fovnd in R
tue turbvlent resttaching fiow on the ramp in thas sbsence of
the generators.
28
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