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AB S TRA CT

Surface pressure distributions and oil streak patterns

have been measured in the three—dimens iona l f l owf iefd caused by

the interaction of a skewed shoc k wave with a two—dimensional

turbulent boundary layer. The boundary layer was developin g on

a 45~~ sweptback , sharp leading edged plate. Tests were made at

a freestream Mach number of 2.95, a freestream unit Reynolds number

1 ~~~~of 6.3 x 10 ,m (7.6 x 10 in ) , a stagnation temperature of about

and at near adiabatic w a l l  temperature.

Measurements have been made for generator ang les in the

range 0~~to l2~~~in 2~
’Increments. These measurements represent

the first phase of a study which w i l l  inc lude heat transfer mea—

surements and details of the f l o w f i e t d .  The measured data are

presented and compared with dat i~ obtained under the same shock

wave conditions but with a different boundary layer.
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NOME NC L AT U RE
4

p local static pressure

p
1 

calculate d static pressure ahead of oblique
shoc k wave

calculated static pressure beh ind o blique
shock wave

X coordinate parallel to tunnel axis measured from
the shoc k generator leading edge

V coordinate norma l to the X axis in the plane of
the test surface measured from the shock generator
leading edge.

X X coordinate measured from the calcula ted shock
wave location (see Fig. 4).

shock generator angle

boundary layer thickness

b o u n d a r y  layer th ickness at beg nn in g of pressure
rise fo r given value of V
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I . INTRODUCTION
4

The expe r i m e n t a l s t u d y reported bri e f l y  on herein represents

the first phase of a detailed investi gation being made of the three—

dimens ional f l o w f i e l d  of a viscous—inv i s c i d  interaction between a

shock wave , f r o m  a s h a r p ,  4 50  swept back lead ing edged generator ,

and a turbulent bo undary layer. This study is being carried out

at a Mach number of 2.95 and a freestream unit Reynolds number of

6.3 x i0~ m ’ (1.6 x 106 i n ~~~). Data obtained from this study w i l l

aid in the mod e l l i n g  of this complex three—dimensional phenomenon.

The current program is an extension of earlier work carried

out under contract to the Fl i g h t  Dynamics Laboratory. Detailed

studies were made  u s i n g  the  t h i c k  t u n n e l  wal l boundary layer (i .e.,

6 = .55”) at a Mach number of 2.95 with a sharp leading edged gen-

erator. For this case the Interaction could be studied up to about

8 boundary layer thicknesses away from the shock generator. To

obtain a considerabl y “larger picture t’ in terms of 6 a further

set of tests was made using the boundary layer which developed on

a flat plate with a sharp straight leading edge. Both of these

test programs have been documen ted in deta il by Oskam et al (1975)

and Oskam (1976).

This second study, using a flat plate with an unswept leading

edge, produced a turbulent boundary layer which varied in thickness

from 0. 11” to 0.18” along the leading edge of the I nteraction . In

terms of an average boundary layer thickness however , the Inter—

action could be studied at up to about 30 boundary layer thicknesses

away f rom the generator.

__________________________________________________ — ~~~~~~~~~ — — .— - —...—-——-— —. 4
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To reduce the variat ion of boundary layer thickness alon g

the leading edge of the interaction , an important factor in scaling,

the unswept leading edge of the o r i g i n a l  study has been replaced

with a 45° swept back lead ing edge. With this geometrical arrange-

ment , the surface flow patterns and surface pressure distributions

have been measured for generator ang les from 2° to 12° in 2° incre-

ments. This study constitutes the first phase of the p~ esent

contract.

It was anticipated that , with a s w e p t  l e a d i ng edge p l a te ,

the boundary layer thickness ahead of and along the interaction

direction would vary considerabl y less than for the stra i ght leading

edge model. A comparison of the two sets of results would aid in

the evaluation of the importance of t he  b o u n d a r y  l a y e r  t h i c k n e s s as

a scal i n g  parameter.

A brief description of the experimenta l f a c i l i t y  and the model

is given in Section 2. The measured pressure distributions , i sobar

patterns and surface flow angles are presented and briefl y discussed

i n  S e c t i o n  3. Comparisons of the swept and unswept results are

made in Section 4. This brief interim report provides an outline

of the work done to date under the present contract.
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2. EXPERIMENTAL EQUIPMENT

2.1 W i n d  t u n n e l

The experimental study was carried out in the Princeton

Un iversi T y h i g h  Reynolds number supersonic tunnel. This tunnel

has a work ing section 20cm x 20cm (8” x 8”), a n o m i n a l  f r e e s t r e a m

Mach nu mber of 3 and may be operated at stagnation pressures in

the  r a nge  4 x l O~ to 34 x I 05 Nm 2 (60 to 500 ps i). S nce the

com p ressed a i r s u p p l y  f o r  t h e  t u n n e l  i s s to red  o u t d o o r s  the  f l o w

tota l temperature is v a r i a b l e  but is t y p i c a l l y  in the range 260—

270°K. The actua l v alue at any given time is determined by the

local exter nal temperature , the Jo ule—Thompson drop across the

main regulator valve , and the amount of heat transferred from the

in l e t  p i p ing.

In the current study a l I of the tests were made at a stagna-

t ion pressure of 6.8 x I0~ Nm 2 (100 ps i ) c o r r e s p o n d i ng to a free—

7 — I  6 . —Istream uni t  Reynolds n umber  of 6.3 x 10 m (1.6 x 10 in ).

W ith the above mentioned temperature considerations the model was

at near adiabatic wa l l  c o n d i t i ons f o r  a l l  tests. Under the above

conditions and with the compressed air supply tanks at a maximum

pressure of approx I matel y 20 x io 6 Nm 2 (3000 psi ) the tunnel can

be run for about 6 minutes. A photograph of the tunnel showing

the nozzle and test section is given in Fig. I.

2.2 Model configurations

The test surface consisted of a 1.27cm (.5”) thick brass

flat plate with the sharp leading edge swept back 45°. This plate,
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a p p r o x i m a t e l y 67cm (24”) long , sp~inne d the tunnel horizontally an~

was mou nted 5.08cm (2”) above the tunnel floor. To avoid any pos—

• sibi  I it y of flow blockage , the lowe r tunnel w a l l  was recessed beneath

t h e  p late.

Mou nted v e r H c a l l y  between the test plate and the tunnel

ceil ing was the I .27cm ( .5”) thick sharp leading ed ge shock  goner—

ator of length 25.4cm (10”). To avoid leaks , the edges ad jacent to

the  tes t  p late and the tunnel ce i l i n g  were lined with nylon to ensure

good sea l i ng a t  a n y  g e n e r a t o r a n g le.

The generato r is supported by a streamlined arm projecting

through the tun nel side w a l l  which is linked to a drive wheel through

a ca l ibrated screw system . A li n e  drawing of this arrangement Is

shown in Fig. 2. This allows the generator to be manually adjusted

• to any chosen angle in the range 0-12° . A photograph of  t h e  m o d e l

configuration installed in the tunnel test section is shown in Fi g. 3.

The flat test plate was instrumented with four parallel rows

of static pressure orifices located at 2.92cm (1. 15” ) , 5.46cm (2 .15”) ,

8.64cm (3.4”) and 11.1 8cm (4.4”) from the qenerator in the zero inci-

dence position. Each of these rows had 47 orifices with the spacing 4

vary ing from .127cm (.05”) to 1.27cm (.5”) depending on the antici-

pated position through the Interaction. This large number of taps

(i.e., 188) was required to ensure that comp lete detailed pressure

dist r i b u t i o n s  were obtained In the shock generator Incidence range

0°—I 2°.

The surface pressures were samp led by a 48 port Model 48J4

sceniva l ve connected to the model tappings via a bank of p lastic

tubes . The pressure levels were sensed u sing a DRUCI< strain gauge

- _ _ _ _ _ _ _ _ _ _ _- - ——-——-- — ~—-- .
—- - - -~~--- 
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type transducer , (Model PDCR22), di g ti zed and then processed by

an IBM System 7 on li n e  directly to an IBM 158 machine.

/

___________ _________ 
~

i _ _
_ _~~~~~~~ _ _ _ _ _ _ _
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3. DISCUSSION OF DATA A Nt i A N A L Y S I S

• The coordinate system used in pres e nting the  data is shown

in F ig. 4. D.~ta t~~ken along pressur e tap rows p i r a l  Id to the X

ax i s a r e  p r e s e n t e d in te rms of X 5/6 1 where X~ is measured rela-

tive to the calculated shock locat ion. This enables data for dif-

f er e n t  shock  s t r e ng t h s to be co m p a red s i n ce i t ta k es i n to  ac c o u n t

t h e  mo ve m en t of  t he sh o c k  i t s e l f  w i t h  g e n e r a t o r  a ng I e . 6 1 corre-

sponds to the boundary layer thickness at the start of -the inter-

action pressure rise.

3 .1 Boundary layer entering the interaction

As mentioned in the introduc t ion t~’c~ thickness of the boun-

dary layer entering the interaction tends -to increase with increasing

distance from the shock generator. For the unswept lead i n g  edge

model , the vari ~~t i on in bo u n d ary layer thickness from the inboard

press ure tap row at V = 2.92cm (I .15” ) to the outboard row at V =

1 1 . 1 8cm (4.4”) is about 66% at a shock generator incidence of 2°

and about 44% at rin incidence of 12° . The decrease in t his v ariation

w i t h  increasing shock generator incidence is due to the increased

angle of the interaction region.

I n t h e  c u r re n t test p r o g r a m w i t h  th e sw ep t l e a d i ng ed ge mod e l ,

a series of pitot surveys was made to determin e t h e  b o u n d a ry l a y e r

g r o w t h  ove r t h e  n ew conf i gu ration. Measurements were made at severa l

stre0 rnw is e pos i tions along each of the four row , of pressure tappin gs.

Coupl ing these measurements with the pressure distributions gives

the var iat ion of the boundary layer thickness along -the start of the

- - -- -- --•- -—-- . - ~~~~~~~~~~-~-
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interaction. The v a r i a t i o n  in boundary layer thick n ess from the

inboard to outboard pressure tap rows was about 50% at a generator

angle of 20 and about 20% at an incidence of 12° . This is sign if I —

ca~~t I y less than for the or iq i n ~~l c o nfiguration.

3.2 Surface pressure distributions

Fi g u res 5 t h r o u g h  7 show t h e  s u r f a c e  p r e s s u re d i s t r i b u t i o n s

along tap rows cor respondin g to Y = 2.92cm (1 .1 5 ” ) , 5.46cm (2 .15”)

and 8.64cn (3.4”) . The pressure ax is is the local w a l l  pressure

non — d im e n s i o n a l i z e d  by the f reest ream static pressure. The hori-

zonta l axis is X 5 non—dimensional ized by 6 1 , w h o r e  6 1 i s t h e

l o c a l bounda ry  l a y e r  t h i c k n e s s  im med i a t e l y u p s t r e a m of t he s t a r t  of

th e interaction pressure rise. Each figu re shows data for generator

ang l es f rom 00 to 12° in 2° increments.

It can be seen immediately from these fi gures that , in terms

of 6 i , t h e  u p s t rea m p ro p a g a t i on of t h e  d i s t u rb a nce d u e  to t h e

shock wave is essentiall y indep endent of shock strength. Typ i c a l l y

the upstream propagation is about 126 1 for the two inboard tap rows

increasing to a l i t t l e  over 136 1 at V = 8.64cm (3.4”). The .e conclu-

si ons  a re i de n t i ca l to those  f o u n d e a r l i er by O s k a m  (1976 ) u s i n g  an

u n s w e p t  l e a d i ng edge p late. As emphasized by Oskam , th is f i n d i n g

is q uite dIfferent f rom two—dimensiona l interactions where the up-

strea m effect is a strong function of shoc k strength. Depending on

th e V position of the -tap row and the generator ang le , the down—

stream extent of the interaction , measured from the shock location

is between 20 and 406. It can be seen that the larger interact Ion

lengths are associated with low generator angles and vice—versa.

£ — — -———--- - -  - ~- • - -
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p
Th i s i s b r o u g ht out mos t cl e a r l y  for the pressure d i s t r i b u t i o n s

along the inboard tap row (Fig. 5).

The static pressure d i s t r i b u t i o n s  obta ined along t h e  rows

V censtant hav e been plotted as isobar patterns and are presented

in Figs. 8 to 13. The pressures P 1 and P2 a r e  t he st a t i c p r e s s u r e s

i n f r o n t of a n d  beh i nd t h e  c a l c u l a ted ob l i q u e  shock  respect i v e l y .

Shock  s t r e n g t h  an d shock  a n g le have been calcula ted usin g a free—

strea m Mach number of 2.95. The pressure differ ence between P
1 a n d

P2 ha s been d i v i d e d  into 10 equal increments and these isobars plotted

on the f igures.

For a g i ve n gene ra tor  a n g i e  i t can  be seen th at w i t h in creas i ng

d istance from the shock generator the isobars tend to spread away

f rom t he  s h o c k .  As no ted  b y Oskam (197 6) the pattern does not dis-

play co ni c a l  symmetry but does tend toward c y l i n d r i c a l  sy;nrnetry

far fro m the generator. Comparisons with previous studies are

g iven in Section 4.

3.3 Oi l  flow patterns

Photographs of surface o i l  flow patterns for a l l  of the shock

gene ra tor  a n g les are shown in Figs. 14 to 20. T hese were obta i ned

us ing a mixture of a fluorescent dye and a l i g h t  commercial o i l .  A

very th in f i l m  of this mixture was p ainted on the surface of the

p r e s s u r e  p l a t e  ~d i l l u m i n a t e d  with an u l t r a — v i o l e t  lamp. Once a

steady flow pattern had been establis hed at a particular generator

dng ie , the photograph was taken.

Reference to Fig. $4 , which shows the oil flow pattern at a

shoc k generator inc idence of 0° shows that the sweep of t h e  l e a d i ng

_ _ _ _ _ _ _ _ _  
_ _ _ _  _ _ _ _ _ _  

I
____________  — --- —— ~~~~~— - — -— -—
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ed ge does not res u l t  i n a n y  f l o w  a ng u l a r i t y at the surface.

Throug hout the entire region of interest the surface streamlines

are p a r a l l e l  to the freestream direction.

These surface flow patterns were reduced to quantitative

d ata by measuring the angles of local o i l  l i nes with respect to

the X-axis along a line  of V = constant (which co i ncides with the

pressure measurements ). Results obtained from that process at

generator angles of 2° through 12° in two degree increments are

show n in Figs. 21 and 22. These are at V values of 5.46cm (2.15”)

and 8.64cm (3.4”). The computed shock wave an gle for each shock

generator angle is shown on the left—hand axis.

Compar i sons  of t h e  f l o w  a n g les w ith those of the earlier

st udy are discussed in Section 4.

I

I
_ _ __ _ _ _  _ _  _ _ _

_
_ _  

- - _ _ _—- ~ - —- —•—-—•,--..
~~ ;_•
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4. COMPARISONS WITH THE UNSWEPT LEADING EDGE MODEL

F i g u res  23 , 24 , and 25 show compar isons of surface pressure

d i s t r i b u t i o n s  on the swept and unswept leading edge models for

ge ne r a t o r  a n g les of 4° and 10° .

Plotted in terms of both the swept and unswept dis-

t r i b u t i ons t e n d  to col  l a p s e  on one a n o t h e r  f o r  a n y g i ven  set of

conditions. Sweeping the leading edge back by 45° has  l i t t l e  e f f e c t

on the shape of the pressure distribution. In terms of the thick-

ness of the boundary layer entering the I nteract ion in the swept

a n d  u n s w e p t m o d e l s  t h e  d i f f e r e n c e  na t u r a l l y  becomes more m a r k e d

further from the generator. For the comparisons along the two rows

closest to the generator (i.e., Fi gs. 23 and 24) the difference in

bou ndary layer thickness is at maximum about 15%. Clearly, d if-

ferences of th is order have no s i g n i f i c a n t  effects on either the

pressure distribution shape or absolute pressure levels.

For the comparisons at V = 8.64cm (3.4”), F ig. 25, the

ent er n g  b o u n d a r y  layer th icknesses for the unswept model are

about 15% to 20% hi gher at generator angles of 4° and 10° , respec-

tively. Small differences in the pressure d i stributions can be

seen at 10° . During the i n i t i a l  pressure rise the swept leading

edge pressures are higher than the corresponding unswept values.

Just ahead of the shock location , a cross-over point occurs. The

trend is reversed and becomes more noticeable. In the typica l

“d ip ” which occurs about downstream of the shock locatIon ,

the swept leading pressure are several per cent below those of the

unswept case. Basica l l y, the shapes of the curves stay +he same

_______________________ ___________ ..~~~— —-- —-——-•..——--.--
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but , in t h e  swep t  case , t h e  p r es s u r e  d i st ri b u t i o n  i s s l i g h t l y

“stretched” on t h e  X~ /6 1 scale.

To more completely assess the effects of the 45° sweepback

on the whole inter action reg ion (i . e . , extending out from the gen-

erator about 306), a comparison of isobar patterns has been made.

These are presented for shoc k generator angles of 4° and 10° in

Figs. 26 and 27, respectively. For clarity, onl y those isobars

correspond ing to pressure rises of .2, .4, .6, .8 and 1.0 are shown.

Ahead of the shockwave li t t l e  difference between the two conditions

is seen. The smal l  differences which are present , as noted i n  t he

pressure p lots , occur along the outer tap rows where it was antici-

pated that the effect of sweepback would be greatest. Downstream

of the shock wave the differences in the patterns become more marked ,

b ut not large.

To examine whether or not Is a suitable scaling para-

meter the isobar patterns for the 4° and 10° shock generator angles

are also shown in terms of absolute distance , X . These plots are

shown in Figs. 28 and 29. Comparison of FIg. 26 with 28 and Fig. 27

with 29 shows that scaling X~ by 6 1 reveals no consistent trends.

Depending on the generator angle and the particular tap row examined ,

the i sobar patterns may be either drawn together or apart. For

several sets of points along the two outboard pressure tap rows ,

non—dimens l on al iz i ng by 6 t results In a measure of overcompensation.

It could be that 6 1 is a primary scaling parameter but that the

correct 6 to use Is not neces sar ily the value immedIately ahead

of a po i nt In the interaction In a streamw i se sense. Since the flow

is not constra I ned in the V direction , as in the two—dImensIona l

•1
________________________ _________________________________________________ _______ __________________________ — —~~~~~~~~~~ .——-—————.- -. 

~~~~~~~~~~~ 
—
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case , it may not be strictl y correct to try and scale properties

along the und isturbed streamwise direction.

Compar ison of the isobar patterns p lotted in terms of X

(i .e., F igs. 28 and 29) with those in terms of X5/6 1 (i.e., F i gs.

26 and 27) shows that the spreading of the isobars with increasin g

d i s t a n c e  f rom t h e  g e n e r a t o r  i s not no t i c e a b l y  a l t e r e d  w h e n  p r e s e n t e d

i n  non—dimensional terms. This can be seen most clearl y for the 10°

data . Both the swept and un swept measurements exhibit s i m i l a r  trends.

Comparisons of the surface flow ang les for the swept and un—

swept leading edge configurations are shown in Figs. 30 and 31. Data

are shown for shock generator angles of 4° a n d  10° at values of V =

5.4cm (2.15”) and 8.64cm (3.4”) , i.e., about 146 and 246 from the

shock generator. The d ifferences between the data are small and

with an accuracy of +1° , i t  can be concluded that the 45° sweepback

has no s i g n i f i c a n t  effect on the surface flow pattern. 

-~~- - - -~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____________ - 
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