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I .  

EXPERIMENTAL INVESTIGATION OF A TWO-DIMENSIONAL SHOCK-TURBULENT 
BOUNDARY LAYER INTERACTION WITH BLEED 

W.R. Hingst and F.T. Tanj i  

National Aeronautics and Space Administrat ion 
Lewis Research Center 

Cleveland, Ohio 44135 

A BSTW CT 

The two-dimensional in te rac t ion  o f  an obl ique shock wave with a turbulent  
boundary layer  tha t  included the e f f e c t  o f  bleed was examined experimental ly 
using a shock generator momted across a supersonic wind tunnel. The studies 
were performed a Mach numbers 2.5 and 2.0 and u n i t  Reynolds number of approx- 

w a l l  s t h t i c  4ressure d i s t r i b u t i o n s  and boundary layer  p i t o t  pressure pro- 
f ~ , e s .  I n  addition, the  v a r i a t i o n  of the l o c a l  bleed ra tes  were measured. 
The r e s u l t s  show the e f fec t  o f  the bleed on the boundary l a y e r  as we l l  as t h e  

imately 2.0 x 10 4 /meter. The study includes surface o i l  f low v isual izat ion,  

m m 
-4 

I e f f e c t  o f  the f low condit ions on the l oca l  bleed rate. w 

NOMENCLATURE 

B 

M mach number 
N bleed row number 
P pressure, kPa 
PT p i t o t  pressure, kPa 
Re u n i t  Reynolds number, m-' 

T temperature, .i( 

V veloci ty,  mlsec 
w mass f low r a t e  per bleed row, kg/sec 

W 

X d i stance 

X s  
F 
Y distance normal t o  w a l l  surface 

YS 
6 bcurdary iayer thickness, cm 

e shock senerator angle, degrers 

locat ion o f  bleed region boundary 

t k t a l  mass f low rate,  kg/SeC 

coordinate from Xo t o  leading edge o f  shock generator, cm 

nonditxensionalized distan-e X - X / a  0 0  

cour f i iv i te  from w a l l  surface t o  leading edge o f  shock generators, cm 

density, hg/m 3 
P 



Subscripts 

t stagnat ior. condi t ions 
0 condi t ions a t  i n i t i a l  p r o f i l e  

P bleed plenum condi t ions 
W wal l  condi t ions 

INTRODUCTION 

One o f  the more in te res t ing  problems i n  f l u i d  mechan’cs i s  the  interac- 
t i o n  o f  a shock wave w i t h  a turbulent  boundary layer. The h igh speed flow, 
the large pressure gradients and high shear stresses combine t o  make t h i s  
problem a challenge t o  the exper imental ist  as wel l  as t o  the s p e c i a l i s t  i n  
ana ly t i ca l  techniques. Recent developments i n  computational f l u i d  dynamics 
have provided the opportuni ty t o  ca lcu late these interact ions.  However, i n  
many cases data i s  not avai lab le i n  s u f f i c i e n t  d e t a i l  t o  v e r i f y  the accuracy 
o f  the computational methods. The study o f  two-dimensional interact ions,  
whi le not always easy t o  obta in  experimentally, provides a s i m p l i f i c a t i o n  t h a t  
i s  useful i n  the  v e r i f i c a t i o n  o f  the computational methods. For shock waves 
o f  s u f f i c i e n t  strength, separated f low w i l l  occur i n  the i n t e r a c t i o n  region. 
I n  appl icat ions where shock-boundary layer  in teract ions occur, these flow sep- 
arat ions may have a detr imental e f f e c t  on the performance o f  aerodynamic COW 
ponents. Tc prevent th is ,  various boundary cont ro l  techniques have been de- 
vised, see Reference l .  One o f  these techniques, wnich has been applied ex- 
tens ive ly  f o r  i n t e r n a l  f low s i tua t ions  such as supersonic in le ts ,  i s  boundary 
layer  bleed. 

invest igated prev ious ly  i n  a number o f  studies. 
References 2 and 3 are t y p i c a l  examples o f  these invest igat ions.  
hand, Reference 4 i s  an invest igat ion conducted i n  axisymnetric t e s t  
geometry. 
in te rac t ion  region. 
act ion w i t h  bleed i n  an axisymmetric geometry i s  reported i n  Reference 5. I n  
addit ion, Reference 6 i s  a study o f  s i m i l a r  in te rac t ions  i n  an axisymnetric 
supersonic i n l e t .  
boundary layer  bleed, the experimental inves t iga t ion  should include a measure 
o f  the l oca l  bleed rates, since t h i s  informat ion i s  needed as a boundary con- 
d i t i o n  f o r  the computations. That i s ,  informat ion on how the bleed r a t e  var- 
i e s  through the in te rac t ion  region i s  needed i n  add i t ion  t 3  the t o t a l  bleed. 
However, de ta i led  informat ion on the local bleed rates has not been avai lable.  

two-dimensicnal obl ique shock-boundary layer  in te rac t ions  w i t h  bleed. The 
inves t iga t ion  was motivated by t w o  needs. The f i r s t  i s  t o  obta in  data t o  ver- 
i f y  computational methods, and the second i s  t o  provide informat ion needed t o  
a n a l y t i c a l l y  model the bleed process. This modeling i s  necessary i n  using the 
computational tnethcds fo r  design purposes because the bleed ra tes  i n  general 
w i l l  not be known a p r i o r i .  The bleed r a t e  i s  a funct io t i  o f  the f l o w  proper- 
t i e s .  
the in te rac t ion  region. Corresponding w a l l  s t a t i c  pressure measurements were 

The in te rac t ion  o f  a shock wave with a turbulent  boundary layer  has been 
For rectangular t e s t  geometry 

On the other 

Substant ia l ly  fewer studies are avai lab le t h a t  include bleed i n  the 
The invest igat ion of  tbe shock wave-boundary layer  in te r -  

To v e r i f y  computational methods t h a t  include the ef fects  o f  

The ?resent experimental work was designed t o  extend the data base o f  

Detai led boundary layer  p r o f i l e s  were made both upstream and through 
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also recorded. The boundary layer bleed was removed through discrete bleed 
holes and exhausted through a separate bleed system. Since the motivation of 
the study was to provide data for verification of computational methods, local 
bleed rates were included in the study. This variation in the bleed rate 
through the interaction region was measured with hot wire probes located in 
the bleed plenum. Flow visualization techniques were also employed. These 
were used primarily to check for the two-dimensionality of the flow. The 
tests were conducted in a supersonic wind tunnel with a nominally square cross 
section, using the naturally occurring boundary layers on the tunnel walls. 

The flow Mach numbers for the tests were nominally 2.0 and 2.5. The 
unit Rey olds numbers hased on free stream conditions were approximately 
2.0 X 10 9 /meter. Shock generator angles were varied from 2.5O to 8.0°. 

APPARATUS AND TEST PROCEDURE 

Wind Tunnel 

The investigation was conducted in the Lewis 1x1 Supersonic Wind Tun- 
This tunnel, which has a test section of 30.5 cm by 31.0 cm, is nel. 

continuous running and has separate filtered high pressure supply and exhaust 
systems. 
selecting from interchangeable nozzles. A separate bleed exhaust system was 
installed for this boundary layer bleed test. This system included a 
mechanical boost pump that allowed the pressure in the tunnel bleed plenum to 
be reduced below that available from the tunnel exhaust system. 

Experimental Model 

Tne Mach number can be varied from 1.6 to 4.0 in increments by 

The experimental model used in this study is shown schematically in 
Figure 1. A shock generator was mounted to span the tunnel. The shock genera- 
tor was capable of being pitched to allow oblique shock waves o f  varying 
strengths t o  be produced. 
curring turbulent boundary layer on the tunnel wall. To provide uniform two- 
dimensional flow, boundary layer fences were installed that resulted in a 
12.7 cm wide bleed area i n  the interaction region. The bleed area consisted 
o f  discrete bleed holes drilled normal to the surface. The individual holes, 
which were 3.17 mm in diameter, were staggered in alternate rows. The bleed 
region consisted of 31 rows of holes that could be either left open or filled 
to vary the extent or location of the bleed region. The geometrical arrange- 
ment of the bleed holes is shown in Figure 2. 
lengths of 2.5 and 5.0 cm in the streamwise direction were used. 

The shock wave interacts with the naturally oc- 

In this study bleed region 

Instrument at ion 

Surface o i  1 flow visualization techniques were used to obtain qualita- 
tive information about the flow in the interaction region. 
high viscosity clear motor oil mixed with a fluorescent dye was applied before 
the tunnel was started. After several minutes o f  runniag on condition, the 
tunnel was shut down rapidly. The resulting pattern was photographed using 
illumination from an ultra-violet source. 
tions from the metal tunnel surfaces. 
with a video camera during a run, it was determined that the combination of 

A thin coat of 

This technique suppresses reflec- 
By monitoring the oil flow patterns 
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high v i scos i t y  o i l  and f a s t  shutdown resul ted i n  no change i n  the  o i l  f low 
pat terns dur ing tunnel shut down. 

Surface pressure measurements were obtained from surface taps. The taps 
i n  the bleed region were i n s t a l l e d  i n  a separate removable section. The sep- 
arate wal l  pressure measurement a l l w e t .  the bleed f l ow  measurements i n  the 
bleed plenum t o  be taken without interference. To provide s u f f i c i e n t  surface 
area around the pressure tap, a bleed hole was sac r i f i ced  and the pressure tap 
was located i n  i t s  place. The taps were staggered from the center l ine  t o  pre- 
vent a ser ies o f  pressure taps occurring along any one l i n e  i n  the  d i r e c t i o n  
o f  flow. Addi t ional  surface pressure taps were provided o f f  the center l ine  t u  
check f o r  any transverse va r ia t i on  i n  surface pressure. The w a l l  temperatures 
were obtained with surface thermocouples. 

Boundary layer  surveys were made using a p i t o t  pressure probe. The 
p i to tprobe had a f l a t tened  t i p  w i th  an o r i f i c e  o f  .38 mn. The motion o f  t he  
probe through the boundary layer  and a x i a l l y  along the tunnel was provided 
w i th  an actuator located downstream o f  the  t e s t  section. The motion of the 
probe was :ontrol led by computer. The p i t o t  probe i t s e l f  was e l e c t r i c a l l y  
i so la ted  f *om the tunnel and connected t o  a touch contro l .  This cont ro l  pro- 
vided an ind i ca t i on  when the probe contacted the  tunnel wall .  A l l  boundary 
layer  survey po in ts  were referenced t o  the  w a l l  locat ion t o  e l iminate any de- 
f l e c t i o n  er ro rs  i n  the  probe-actuator system. The accuracy o f  the  touch con- 
t r o l  was checked under f low condi t ions o p t i c a l l y  using a cathitometer. The 
accuracy was wel l  w i th in  the .025 mn reso lu t ion  o f  the actuator. 

The t o t a l  bleed mass f l o w  r a t e  was measured i n  the bleed exhaust system 
w i t h  an o r i f i c e  meter. The loca l  bleed r a t e  was measured using hot w i r e  
anemometers as mass f l u x  probes. These probes were located i n  the bleed 
plenum. The hot wi re probes were mounted on an actuator t h a t  could t raverse 
the bleed region i n  the d i rec t i on  o f  f l o w .  A schematic o f  t h i s  system i s  
shown i n  Figure 3. This technique was selected since the hot wi re  probes re- 
spond t o  the product PV d i r e c t l y  and the  small physical  dimensions o f  the  
hot  wi re  would not i n t e r f e r e  w i th  the bleed f low. The mass f l o w  f o r  each row 
o f  bleed holes across the f low was determined from the measurement of a t y p i -  
c a l  bleed hole. The t o t a l  mass f low f o r  each bleed hole measured was deter- 
mined from a number o f  readings taken across the  hole i n  the d i rec t i on  o f  the 
f l o w .  This reading was appl ied t o  an area segment tha t  extended across the  
hole and the t o t a l  f low determined by the sumnation o f  these segments. That 
i s ,  the va r ia t i on  i n  mass f l u x  across a hole i n  the d i r e c t i o n  of f low was 
measured, but the mass f l u x  normal t o  the streamwise d i r e c t i o n  was assumed 
uniform. The geometrical re la t ionsh ip  of the bleed hole, hot  w i r e  probe and 
area segment used i n  the bleed measurement i s  shown i n  Figure 4. The hot w i r e  
probes were ca l ib ra ted  using a device tha t  produced a cont ro l led  p r o f i l e  so a 
mass f l ux  vs. output could be determined. The c a l i b r a t i o n  was zero sh i f t ed  
s l i g h t l y  f o r  each run such tha t  the integrated mass f low from the hot wi re  
measurements would correspond t o  the independent measurement o f  the t o t a l  mass 
f l o w  made i n  the bleed exhaust system. 

RESULTS AND DISCUSSION 

Qual i ta t ' ve  Results 

The f i r s t  prerequis i te  o f  any two-dimensional experimental program i s  t o  
determine the extent o f  the two-dimensional f l o w .  
dimensional i ty was checked by using surface o i l  f low v isual izat ion,  surface 

I n  t h i s  study the two- 
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pressure d is t r ibu t ions ,  and loca l  bleed mass f low var iat ions.  I n i t i a l l y  sur- 
face o i l  f low v i s u a l i z a t i o n  was used t o  study the  shock-boundary layer  i n t e r -  
act ion without bleed. The no-bleed t e s t  could be considered a worst-case 
study. That i s ,  i f  the f low could be shown t o  be p r i m a r i l y  twwdimensional 
fw  the no-bleed case, the  add i t ion  o f  bleed should increase the extent of 
two-dimensionality. The r e s u l t s  o f  t h i s  o i l  f low v i s u a l i z a t i o n  are shown i n  
Figure 5. For t h i s  case the bleed holes were f i l l e d  and the bleed p l a t e  ro- 
ta ted  so the bleed region was posi t ioned upstream o f  the  in teract ion.  This 
allowed the r e s u l t s  i n  the i n t e r a c t i o n  region t o  be viewed without the i n t e r -  
ference o f  r e f l e c t i o n s  from the mater ia l  i n  the f i l l e d  holes. The r e s u l t s  f o r  
t h e  shock generator a t  6O show that, w i th  the  exception o f  very c lose t o  the 
boundary layer  fences, the shock i n t e r a c t i o n  region was s t r a i g h t  and normal t o  
the  f low. An examination o f  t h e  o i l  t races upstream and downstream as we l l  as 
the f i n e  gra in  s t ructure o f  the o i l  i n  the i n t e r a c t i o n  region ind icated no 
cross f l o w  tendencies. The t e s t  was repeated w i t h  the addi t ion of bleed. 
Other than a th inn ing o f  the indicated in te rac t ion  region, these r e s u l t s  were 
the  same as f o r  the Po-flow case. 

the in te rac t ion  region. To show the  e f f e c t  o f  the supersonic f low on the mass 
f l u x  through the  ind iv idua l  bleed holes, a comparison between the mass f l u x  
d i s t r i b u t i o n  f o r  a no-flow and Mach 2.5 case i s  shown i n  Figure 6. For the  
no-f low case the vacuum boost pump was used t o  provide the  pressure difference 
across the bleed plate.  The d i f ference between the two cases i s  apparent. I n  
contrast  t o  the no-flow case, which has symmetrical mass f l u x  d i s t r i b u t i c n ,  
the supersonic f low case mass f l u x  i s  skewed t o  the downstream di rect ior ,  of 
the bleed hole. The loca l  bleed ra tes  i n  t h i s  study are presented ds a func- 
t ior !  o f  bleed hole row, where the mass f low r a t e  f o r  the  row i s  determined 
from a t y p i c a l  hole o f  the given row. Therefore, the d i s t o r t i o n  i n  the direc- 
t i o n  o f  f low i s  accounted f o r  i n  the  in tegra t ion  of the mass f l u .  across the 
hole. 

As stated previously, the  v a r i a t i o n  i n  bleed r a t e  was measured through 

Quant i ta t i ve  Results 

The r e s u l t s  presented i n  the study represent a sample from a larger  ar- 
ray of t e s t  condi t ions investigated. The t e s t  condi t ions and d e f i n i t i o n  of 
symbols are given i n  Table 1 and 2 respectively. The boundary layer  thickness 
o f  the i n i t i a l  p r o f i l e  i s  used t o  normalize the distance from the wal l  surface 
f o r  a l l  p r o f i l e s  f o r  the appropriate Mach number. The length parameter x i s  
the distance downstream from the i n i t i a l  p r o f i l e  normalized by the i n i t i a l  
boundary layer thickness. Therefore, t h i s  value represents the number o f  i n i -  
t i a l  boundary layer  thicknesses downstream o f  the i n i t i a l  p r o f i l e .  
generator angles given are the actual angles w i th  no boundary layer  correc- 
t ions  f o r  e f f e c t i v e  angles. 

The i n i t i a l  o r  f a r t h e s t  upstream p i t o t  pressure p r o f i l e s  <or Mach 2.0 
and Mach 2.5 are shown i n  Figure 7. Also shown on the f i g u r e  are p i t o t  pres- 
sure p r o f i l e s  fo r  a 1/7 power v e l o c i t y  boundary layer p r o f i l e .  The compari- 
sons show the i n i t i a l  p r o f i l e s  t o  be s l i g h t l y  f u l l e r  than the 117 power 
p r o f i l e .  

w i th  subsequent r e s u l t s  o f  in teract ions w i t h  bleed prestnt .  
condi t ions were Mach 2.5 and shock generator angle of  6 . The bleed holes 
were plugged f o r  t h i s  case. 
leaving the bleed holes open and c los ing  the bleed system. I n  the l a t t e r  

The shock 

A no-bleed case i s  shown i n  Figure 8 so t h a t  a comparison may be made 
The t e s t  

This presents a d i f f e r e n t  boundary condi t ion than 
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case, r e c i r c u l a t i o n  can occur from downstream o f  the  shock in teract ion,  
through the bleed plenum, and blown i n t o  the lower pressure f l o w  upstream of 
the in teract ion.  The p r o f i l e  a t  x = 3.20 and subsequent p r o f i l e s  show a 
separation i s  present with the  f low beginning t o  reat tach a t  the f i n a l  
downstream prof i le .  The d iscont inu i ty  i n  some p r o f i l e s  show the in tersect ions 
w i t h  the inc ident  and r e f l e c t e d  shock waves. The wa l l  pressure d i s t r i b u t i o n  
i s  also shown i n  t h i s  f igure.  This d i s t r i b u t i o n  shows an extended i n t e r a c t i o n  
reg ion but  without the "kink" i n  the  d i s t r i b u t i o n  sometimes associated wi th 
the turbulent  separated in teract ion.  

act ion a t  the  same condi t ions as those i n  Figure 8 but wi th the add i t ion  
o f  boundary layer bleed s t a r t i n g  a t  X = 2.86 and extending f o r  5.0 cm. 
t h i s  case the  v a r i a t i o n  i n  boundary layer  bleed r a t e  i s  also presented. The 
obvious e f f e c t  o f  the bleed as shown by the p r o f i l e s  is the  e l im ina t ion  o f  the  
separation i n  the i n t e r a c t i o n  region and the improvement i n  the f u l l n e s s  of 
the  p r o f i l e s .  The wal l  pressure also shows the e f f e c t  o f  the bleed. The in- 
te rac t ion  region i s  less extensive. The change i n  slope o f  the pressure i s  
associated with the high bleed ra tes  occurr ing i n  the  dow-qtream p o r t i o n  of 
the bleed region. This v a r i a t i o n  i n  bleed i s  also shown i n  the figure. I n  
general, the  bleed r a t e  fo l lows the  wa l l  pressure d i s t r i b u t i o n .  That is ,  low 
bleed r a t e  i n  the low pressure region upstream o f  the  shock and increasing 
ra tes  through the  in te rac t ion  region. 

I n  Figure 10 t h e  shock generator angle has been increased t o  6.5. wi th 
other condi t ions unchanged. Again the boundary layer  p r o f i l e s  show the f low 
t o  be attached and the  wa l l  pressure d i s t r i b u t i o n  i s  s i m i l a r  t o  the previous 
case. However, the bleed r a t e  v a r i a t i o n  indicates a s i g n i f i c a n t  reduct ion i n  
the upstream bleed. This r e s u l t s  from an increase i n  downstream bleed and a 
corresponding increase i n  the bleed plenum pressure. The higher plenum pres- 
sure prevents large bleed ra tes  upstream of  the shock. Addi t ional  increase of 
the shock strength f o r  t h i s  bleed arrangement could completely c u t  o f f  the 
upstream bleed o r  r e s u l t  i n  l o c a l  blowing in to  the boundary layer. Since the 
hot w i re  probes used i n  t h i s  study could not resolve f l o w  d i rect ion,  the meas- 
urements could not d i f f e r e n t i a t e  between bleeding o r  blowing. Therefore, 
greater shock strengths f o r  t h i s  bleed arrangement could not be investigated. 

The next case, which i s  shown i n  Figure 11, i s  f o r  the same corldit ions as 
the previous case but w i t h  2.5 cm o f  bleed s t a r t i n g  a t  x = 2.86. The boundary 
layer  p r o f i l e s  again show theoflow i s  attached. The w a l l  pressure d i s t r i b u -  
t i o n  f o r  t h i s  case does not show the change i n  slope seen f o r  the  5.0 cm bleed 
case. However, f o r  t h i s  case the major i t y  of  the bleed region i s  located up- 
stream o f  the in te rac t ion  region. The e f f e c t  o f  t h i s  upstream bleed on the 
w a l l  pressure i s  seen by the decrease o f  the wal l  pressure immediately up- 
stream o f  the in teract ion.  This e f f e c t  can be thought o f  as tu rn ing  o f  the 
f l o w  because o f  a decrease i n  the boundary layer  displacement thickness caused 
by the bleed. S imi lar  w a l l  pressure d i s t r i b u t i o n s  were observed from 5.0 cm 
bleed regions, where the bleed was p r i m a r i l y  upstream. The p l o t  o f  bleed r a t e  
shows a f a i r l y  uniform bleed r a t e  over most o f  the region w i th  an increase i n  
the l a s t  bleed row. This r e s u l t  o f  uniform bleed i n  regions o f  uniform wa l l  
pressure was observed throughout the invest igat ion.  This imp1 i e s  t h a t  l o c a l  
bleed i s  subs tan t ia l l y  independent o f  the  upstream bleed h i s t o r y  and t h a t  
bleed modeling techniques based on l oca l  f low condi t ions could be e f fec t i ve .  

The f i n a l  case, shown i n  F i  ure 12, i s  an example o f  the shock-boundary 

r e s u l t s  here subs tan t ia l l y  f o l l o w  t h a t  presented f o r  M = 2.5. The boundar 
layer  p r o f i l e s  show attached f low w i t h  the exception o f  p r o f i l e  a t  x = 2.8 

I n  contrast, the  r e s u l t s  i n  Figure 9 show the shock-boundary layer  i n t e r -  

For 

layer in te rac t ion  a t  Mach 2.0 w 9 t h  5.0 cm o f  bleed s t a r t i n g  at  X e: 2.93. The 
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that indicates a small separation. The outer portion of that profile and the 
next indicate a compression wave probably associated with the small separation 
extending upstream. The wall pressure again has the leveling out followed by 
a sudden increase at the end of the bleed region. The bleed flow, which for 
this case is primarily downstream, is fairly uniform over the bleed region. 

CONCLUDING REMARKS 

The study of the two-dimensional shock-boundary layer interaction with 
bleed showed the effect of the bleed preventing separation in the interaction 
region. The effect of the bleed on the wall pressure distribution is to 
decrease the wall pressure for bleed upstream of the interaction region or to 
decrease the slope of the pressure rise for bleed in the interaction region. 
The local bleed rate is primarily a function of the local flow conditions, 
which should facilitate the development of bleed models for analytical 
techniques. 
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Figure 1. - Schematic of experimental configuration. 

Figure 2 - Geometrical arrdngment of bleed holes. 
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