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ABSTRACT 

T e s t s  w e r e  c o n d u c t e d  in the  40- in .  s u p e r s o n i c  tunne l  of the  
! f 

yon K a r m a n  Gas  D y n a m i c s  F a c i l i t y  to d e t e r m i n e  the  e f f e c t i v e n e s s  of 
b o u n d a r y - l a y e r  s u c t i o n  for  l a m i n a r  flow c o n t r o l  on a 9 . 2 - i n .  - d i a m  
body of i~evolution. T e s t  Mach  n u m b e r s  w e r e  2 .5 ,  3, and 3 .5  wi th  a 
R e y n o l d s  n u m b e r  r a n g e  (ba sed  on b o u n d a r y - l a y e r  r a k e  loca t ion )  f r o m  
9 .9  to 51 .7  m i l l i o n  for  ang l e s  of a t t a ck  f r o m  0 to =h2 deg .  Wi th  s u c t i o n  
and d = 0, f u l l - l e n g t h  (x = 77 .8  in. ) l a m i n a r  flow was  m a i n t a i n e d  at 
M® = 2 .5  and 3 up to the  m a x i m u m  a v a i l a b l e  l eng th  R e y n o l d s  n u m b e r s  
of 41 .8  a n d  51 .7  m i l l i o n ,  r e s p e c t i v e l y .  At M® = 3 .5 ,  fo r  x = 67 .8  in.  
l a m i n a r  flow was  m a i n t a i n e d  up to a l eng th  R e y n o l d s  n u m b e r  of a p p r o x i -  
m a t e l y  14 m i l l i o n .  The  cond i t i on  of the  b o u n d a r y  l a y e r  was  v e r y  s e n s i -  
t ive  to c h a n g e s  in ang le  of a t t ack ,  and the  m a x i m u m  ang l e s  at w h i c h  
l a m i n a r  flow cou ld  be m a i n t a i n e d  w e r e  a = + 1 . 3  deg  at M® = 2 .5 ,  
a = + 0 . 7  d e g a t  M® = 3, a n d a  = +0 .15  deg at ~ = 3 .5 .  I n c r e a s i n g  the  
R e y n o l d s  n u m b e r  a l s o  d e c r e a s e d  the  m a x i m u m  ang le  of a t t ack .  Wake ,  
s u c t i o n ,  and to t a l  d r a g  c o e f f i c i e n t s  and the c o r r e s p o n d i n g  s u c t i o n  c o e f -  
f i c i en t s  a r e  p r e s e n t e d ,  a long  wi th  s o m e  fu l ly  t u r b u l e n t  wake  d r a g  
c o e f f i c i e n t s  for  the  no s u c t i o n  c a s e .  

i i i  
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NOMENCLATURE 

A 

CDs 

CD T 

CDw 

Cm n 

Cm t 

NIL 

NI n 

M. 

mn 

P 

p® 

q® 

R 

Re 

Re x 

r 

rx 

Tn 

T® 

UL 

u® 

U 

X 

Y 

Reference area based on wetted surface area determined by 
rake location (at x = 77.8 in., A = 1752 in. 2) 

/ suction drag \ 
Suction drag coefficient \ q®A J 

Total drag coefficient (CDw + CD s) 

Wake drag coefficient (wake drag/q®A) 

Local suction coefficient (mn/p®U®A) 

Total suction coefficient n--E I Cm 

Model nose length, 46.00 in. 

Mach number outside the boundary layer 

Suction chamber Mach number 

Free-stream Mach number 

Local mass rate of suction, Ib-sec/in. 

Model surface pressure, psia 

Free-stream static pressure, psia 

Free-stream dynamic pressure, psia 

Model base radius, in. 

Reynolds number 

Reynolds number based on rake location 

Local body radius, in. 

Body radius at the boundary-layer rake location, in. 

Suction chamber temperature, °R 

Free-stream static temperature, °R 

Velocity outside boundary layer, in./sec 

Free-stream velocity, in./sec 

Local velocity in boundary layer, in./sec 

Boundary-layer rake location measured from model nose, in. 

Distance normal to model surface, in. 
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6 

OL 

P 

PL 

P~ 

Model angle of at tack,  deg 

B o u n d a r y - l a y e r  to ta l  th ickness ,  in. 

B o u n d a r y - l a y e r  momen tum th ickness  at r ake  locat ion,  in. 
8 ,,)(1 o ~ UL ~ , .  + dy 

Local density in boundary layer, Ib-sec2 

in.4 

Densi ty  outs ide boundary l aye r ,  

F r e e - s t r e a m  densi ty ,  Ib-sec 2 
in. 4 

I b - s ec  2 

in. 4 

Model c i r c u m f e r e n t i a l  angle, deg 
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SECTION I 
INTRODUCTION 

AE DC-T R-65-36 

A n u m b e r  of t e s t  p r o g r a m s  have  b e e n  conduc ted  in r e c e n t  y e a r s  in 
the  VKF s u p e r s o n i c  t unne l s  in suppo r t  of N o r a i r  i n v e s t i g a t i o n s  of l a m i n a r  
flow c o n t r o l  by the  use  of b o u n d a r y - l a y e r  suc t ion .  T h e s e  have  i nc luded  
t e s t s  on swept  and upswept  wings  in the  40- in .  s u p e r s o n i c  t unne l  (Gas 
Dynamic  Wind Tunnel ,  S u p e r s o n i c  (A)) and on a t angen t  og ive  c y l i n d e r  in 
the 12-in.  s u p e r s o n i c  t unne l  (Gas Dynamic  Wind Tunnel ,  S u p e r s o n i c  (D)). 

The  p r i m a r y  p u r p o s e  of the  c u r r e n t  t e s t  p r o g r a m  was to use  
b o u n d a r y - l a y e r  suc t ion  to e s t a b l i s h  f u l l - l e n g t h  (x = 77.8  in. ) l a m i n a r  
flow on a body of r e v o l u t i o n  up to the  h i g h e s t  l eng th  R e y n o l d s  n u m b e r  
p o s s i b l e  and to m e a s u r e  the  suc t ion  r e q u i r e m e n t s  and wake  d rag .  The  
t e s t s  w e r e  conduc ted  in Tunne l  A at Mach n u m b e r s  2 .5,  3, and 3.5 o v e r  
a Reyno lds  n u m b e r  r a n g e  (based  on r a k e  loca t ion)  f r o m  9 .9  to 51 .7  m i l -  
l ion  and ang les  of a t t ack  up to ±2 deg.  

SECTION II 
APPARATUS 

2.1 WIND TUNNEL 

Tunnel A is a continuous, closed-circuit, variable density wind 
tunnel with an automatically driven flexible plate-type nozzle and a 
40- by 40-in. test section. The tunnel operates at Mach numbers from 
I. 5 to 6 at maximum stagnation pressures from 29 to 200 psia, respec- 
tively, and stagnation temperatures up to 300°F (191~ = 6). Minimum 
operating pressures are about one-tenth of the maximum at each Mach 
number. A description of the tunnel and airflow calibration information 
may be found in Ref. I. 

2.2 MODEL 

The  m o d e l ,  supp l i ed  by N o r a i r ,  was  s u p p o r t e d  by the  t unne l  s e c t o r  
as shown in Fig .  1. The  n o s e  s e c t i o n  was a po in ted  body of r evo lu t i on ,  
46 in. in length ,  hav ing  a m a x i m u m  d i a m e t e r  of 9 .2  i n . ,  and the  aft 
p o r t i o n  was a 9 . 2 - i n .  - d i a m  c i r c u l a r  c y l i n d e r  ( s e e  F ig .  2). The  m o d e l  
s u r f a c e  was v e n t e d  wi th  150 suc t ion  s lo t s  t h r o u g h  which  a p o r t i o n  of the  
b o u n d a r y  l a y e r  was  r e m o v e d  by apply ing  suc t ion .  Slot s p a c i n g  was con-  
s tan t ,  0 .50  i n . ,  and s lo t  width  v a r i e d  f r o m  0. 0040 to 0. 0080 in. as l i s t e d  
in Fig .  2. 
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T h i r t e e n  se l~ara te  s u c t i o n  c h a m b e r s  w e r e  c o n t a i n e d  wi th in  the  
m o d e l  and c o n n e c t e d  s e p a r a t e l y  to i nd iv idua l  flow m e t e r i n g  boxes ;  thus  
v a r i a b l e  s u c t i o n  was  p r o v i d e d  o v e r  the  m o d e l  s u r f a c e  ( s e e  F i g s .  l c  and 2). 
The  m o d e l  was  i n s t r u m e n t e d  to m e a s u r e  the  s u r f a c e  p r e s s u r e  a long  four  
equa l l y  s p a c e d  r a y s ,  and a m b i e n t  p r e s s u r e s  w e r e  m e a s u r e d  in e a c h  of 
the  13 s u c t i o n  c h a m b e r s .  T e m p e r a t u r e s  w e r e  m e a s u r e d  at  t h r e e  body  
s t a t i o n s  and in four  of the  13 c h a m b e r s .  

2.3 BOUNDARY-LAYER RAKE 

Two r a k e s ,  one e a c h  at ~ = 180 and 270 deg ( F i g s .  l a ,  3, and 5), 
w e r e  u s e d  to m e a s u r e  the  b o u n d a r y - l a y e r  p i t o t - p r e s s u r e  p r o f i l e s .  E a c h  
r a k e  (F ig .  4) was  c o m p o s e d  of 10 p r o b e s  r a n g i n g  in he igh t  ( d i s t a n c e  
f r o m  p r o b e  c e n t e r l i n e  to m o d e l  su r f ace}  f r o m  0 .015 to 0. 320 in.  T h e  
r a k e s  w e r e  m o u n t e d  to a c o m m o n  c o l l a r  w h i c h  was  a u t o m a t i c a l l y  d r i v e n  
and p r o v i d e d  e a c h  r a k e  wi th  a t r a v e r s e  d i s t a n c e  of 10 in. u p s t r e a m  f r o m  
s t a t i o n  x = 77 .8  in. 

2.4 SUCTION SYSTEM 

Suc t ion  ( o p e r a t i n g  r a n g e  f r o m  0 .04  to 0 .14  ps ia)  was  p r o v i d e d  by a 
12- in .  - d i a m  v a c u u m  l ine ,  wh ich  was  c o n n e c t e d  s e p a r a t e l y  by 2 - in .  - ID 
r u b b e r  p ipe  to e a c h  of the  13 m e t e r i n g  boxes  ( F i g s .  l c  and 6). F low 
r e g u l a t i o n  to e a c h  c h a m b e r  was  m a i n t a i n e d  by a t h r o t t l i n g  v a l v e  on e a c h  
m e t e r i n g  box. C a l i b r a t e d  n o z z l e s  f a c i l i t a t e d  m e a s u r e m e n t  of the  d i f -  
f e r e n t  l e v e l s  of m a s s  flow f r o m  e a c h  of the  13 s u c t i o n  c h a m b e r s .  

2.5 INSTRUMENTATION 

M o d e l  d a t a  r e c o r d e d  d u r i n g  the  t e s t  w e r e  b o u n d a r y - l a y e r  p i to t  p r e s -  
s u r e s ,  m o d e l  s u r f a c e  s t a t i c  p r e s s u r e s ,  s u c t i o n  c h a m b e r  a m b i e n t  p r e s -  
s u r e s  and t e m p e r a t u r e s ,  m e t e r i n g  c h a m b e r  to t a l  p r e s s u r e s  and t e m -  
p e r a t u r e s ,  and m e t e r i n g  n o z z l e  s t a t i c  p r e s s u r e s .  Al l  m o d e l  and r a k e  
p r e s s u r e s  w e r e  m e a s u r e d  wi th  the  s t a n d a r d  T u n n e l  A p r e s s u r e  s c a n n i n g  
s y s t e m  u s i n g  1- and 15-ps id  t r a n s d u c e r s  r e f e r e n c e d  to a n e a r  v a c u u m .  
T h e  15 -ps id  t r a n s d u c e r s  w e r e  c a l i b r a t e d  for  r a n g e s  of 18, 6 .8 ,  and 
2 .6  ps i a ,  and the  1 -p s id  t r a n s d u c e r s  for  1, 0 .4 ,  and 0 .16  p s i a .  T h e  
p r e c i s i o n  of the  s y s t e m  is e s t i m a t e d  to be wi th in  one  p e r c e n t  of the  
r a n g e  be ing  u s e d .  The  m e t e r i n g  c h a m b e r  and n o z z l e  p r e s s u r e s  w e r e  
m e a s u r e d  wi th  1- and 5 - p s i d  t r a n s d u c e r s  r e f e r e n c e d  to a n e a r  v a c u u m  
and c o n s i d e r e d  a c c u r a t e  to w i th in  0 .2  p e r c e n t  of the  t r a n s d u c e r  c a p a c i t y .  
The  da t a  w e r e  p r o c e s s e d  o n - l i n e  wi th  the  V K F  i n s t r u m e n t a t i o n  and c o m -  
p u t e r  s y s t e m .  

2 
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S E C T I O N  I I I  
P R O C E D U R E  

T e s t i n g  was conduc ted  wi th  v a r i a b l e  s u c t i o n  and no suc t i on  o v e r  the  
fo l lowing r a n g e  of t e s t  cond i t i ons :  

N o m i n a l  
Mach  No. 

2.5 

3 .0  

3.5 

Maximum 

R e / i n .  x I0 -6 

0.55  

0 .66  

0 .49  

M i n i m u m  
R e / i n .  x 10 -6 

0 .17  

0 .14  

0 .15  

Rake 
Loca t ion ,  in. 

67.8 ,  72.8,  

72 .8 ,  77.8 

67 .8 ,  77.8  

77.8 

deg 

0 to  +2 

0 to  +2 

0 to ±2 

The  cond i t ion  of no suc t ion  was ob ta ined  by c lo s ing  the m e t e r i n g  
c h a m b e r  va lve s  and l e a v i n g  the  s lo t s  u n s e a l e d .  The  e f fec t  of v a r y i n g  
the  suc t ion  quan t i t i e s  t h rough  the  13 c h a m b e r s  was o b s e r v e d  by no t ing  
the  changes  in the  b o u n d a r y - l a y e r  p i t o t - p r e s s u r e  p r o f i l e , a t  a p a r t i c u l a r  
r a k e  s ta t ion .  

The  fo l lowing cha r t  shows  a t y p i c a l  suc t i on  coe f f i c i en t  d i s t r i b u t i o n  
for  the  c a s e  of o p t i m u m  suc t i on  ( lowes t  to ta l  drag)  at one R e y n o l d s  n u m -  
b e r  and z e r o  angle  of a t tack .  

2xlO -5 

C 
m 

n 

0 

----4 k----H 

x = 77.8 in. ~-4 
Re = 51.7 x 106 

X 

= 0 I - - - -  

I I I I I I I l I I I I 
1 2 3 4 5 6 7 8 9 10 1 1 1 2  13 

Chamber 
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SECTION IV 

DATA ANALYSIS 

Reduction of the boundary-layer data consisted of determining the 
momentum thickness from a graphical integration of the momentum 
parameter. The momentum parameter was normalized with respect to 
the local free-stream conditions (PLUL), which were determined from 
the measured local static pressure on the model surface and the tunnel 
stilling chamber pressure. The loss in total pressure attributable to 
the model nose shock and the suction slot shocks was considered to be 
negligible. 

When the condit ions outs ide the boundary  l a y e r  at the r ake  locat ion  
d i f fer  f rom f ree  s t r e a m  (UL ~ U®) and the momen tum equation of the wake 
Ls solved,  then the wake d rag  coeff ic ient  (composed of sk in  f r i c t ion  and 
fo rm drag) can be d e t e r m i n e d  by using the method of Ref. 2. 

0L { CDw -- ~ ~ U / 
M 2 145-o.28 L -0.30 M~)  

where  e L is the m o m e n t u m  th i ckness  defined as 

8 

/ Lu 0 ;'-L)( -~-x 1 / p" ( u ) ( 1 y') eL = P-PUL I + Y dy = -- I d + 
PL UL U'L Y 2 rx 

The suct ion  coeff ic ient  is  def ined as 

n = I n = I D o o U ~  A 

C ons ide r a t i on  of the reduc t ion  in sk in  f r i c t ion  d rag  by us ing suc t ion  
mus t  n e c e s s a r i l y  include an evaluat ion  of the pena l t i e s  in drag  caused  
by suct ion.  The total  d rag  coeff ic ient  (CDT) then cons i s t s  of a s u m m a -  
t ion of the wake d rag  and suct ion  drag  coeff ic ients  (CDT = CDw + CDs).  

The suc t ion  d rag  coeff ic ient  is d e t e r m i n e d  by the power  r e q u i r e d  to 
a c c e l e r a t e  the a i r  r emoved  f rom the boundary  l a y e r  to f r e e - s t r e a m  
p r e s s u r e  and ve loc i ty  and is based  on the a s sumpt ion  that  the flow is 
i s en t rop i c  and the e f f ic iency  of the suc t ion  c o m p r e s s o r  is equal to the 
p ropu l s ive  e f f ic iency  of the propuls ion  s y s t e m .  The suct ion  d rag  coef-  
f ic ient  can then be de te rmined ,  as shown in Ref. 2, by 

CD s = D s = Cm. I + 
n = I n n = ' 1  ~:, 
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SECTION V 

RESULTS AND DISCUSSION 

P:r 'esefifed in F ig .  7 a r e  the  e x p e r i m e n t a l  and t h e o r e t i c a l  m o d e l  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  for  M® = 2 .5 ,  3, and 3 .5  at ~ = 0. The  
theo i~e t i ca l  p r e s s u r e  d i s t r i b u t i o n  was  d e t e r m i n e d  by the  m e t h o d  of c h a r -  
a c t e r i s t i c s ;  and the  a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t a l  ~lata is 
good. 

T y p i c a l  b o u n d a r y - l a y e r  p r o f i l e s  fo r  Mach  n u m b e r s  2 .5  and 3 .5  at 
= 0 a r e  shown in F ig .  8 for  cond i t i ons  of s u c t i o n  and no s u c t i o n .  The  

l a m i n a r  p r o f i l e s  a r e  for  the  o p t i m u m  s u c t i o n  cond i t i on  ( l owes t  t o t a l  d r a g )  
arid the  t u r b u l e n t  p r o f i l e s  for  the  cond i t i ons  of no s u c t i o n  and the  s lo t s  
u n s e a l e d .  The  e f fec t  of s u c t i o n  on the  b o u n d a r y  l a y e r  at M® = 2 .5  is 
i l l u s t r a t e d  by the  s c h l i e r e n  p h o t o g r a p h s  in F ig .  9. 

As s u c t i o n  is i n c r e a s e d ,  the  wake  d r a g  wi l l  d e c r e a s e  and the  s u c t i o n  
d r a g  i n c r e a s e ;  t h e r e f o r e  a m i n i m u m  v a l u e  fo r  the  t o t a l  d r a g  wi l l  ex i s t  
fo r  a p a r t i c u l a r  s u c t i o n  quan t i ty  wh ich  wi l l  be the  o p t i m u m .  ~ I i n i m u m  
to ta l  d r a g  and o p t i m u m  s u c t i o n  c o e f f i c i e n t s  a r e  p r e s e n t e d  in F ig .  10, 
a long  wi th  the  wake  d r a g  and s u c t i o n  d r a g  c o e f f i c i e n t s ,  fo r  M~ = 2 .5 ,  3, 
and 3 .5  for  v a r i o u s  l eng th  R e y n o l d s  n u m b e r s .  F o r  ~ = 2 .5  and 3, 
F i g s .  10a and b, r e s p e c t i v e l y ,  f u l l - l e n g t h  (x = 77 .8  in.  ) l a m i n a r  flow 
was  m a i n t a i n e d  up to the  m a x i m u m  a v a i l a b l e  R e y n o l d s  n u m b e r  of 41 .8  
and 51 .7  m i l l i o n ,  r e s p e c t i v e l y .  At M® = 3 .5  (x = 67 .8  i n . )  (F ig .  10c), 
l a m i n a r  f low was  m a i n t a i n e d  up to Re x -- 14 x 106. A l so  p r e s e n t e d  in 
F ig .  10 a r e  r e s u l t s  f r o m  Ref .  3 ob t a ined  u s i n g  s u c t i o n  on a 3 . 2 5 - i n .  - d i a m  
og ive  c y l i n d e r  m o d e l  in the  VKF T u n n e l  D. The  t r e n d  of the  l a m i n a r  f low 
r e s u l t s  of Ref .  3 at the  l o w e r  l eng th  R e y n o l d s  n u m b e r  v a l u e s  is in good 
a g r e e m e n t  at a l l  t e s t  M a c h  n u m b e r s  wi th  the  l a m i n a r  flow r e s u l t s  o b t a i n e d  
in the  p r e s e n t  i n v e s t i g a t i o n  at  the  m u c h  h i g h e r  R e y n o l d s  n u m b e r  v a l u e s .  
The  wake  d r a g  r e s u l t s  f r o m  the  two r a k e s  at M~ = 2 .5  and 3 ( F i g s .  10a 
and b) in g e n e r a l  gave  c o m p a r a b l e  r e s u l t s ,  thus  i n d i c a t i n g  tha t  l a m i n a r  
flow was  e s t a b l i s h e d  o v e r  the  e n t i r e  m o d e l  l e n g t h  and c i r c u m f e r e n c e .  At 
M® = 3 .5 ,  (F ig .  10c) the  s i de  r a k e  (4 = 180 deg) was  l a m i n a r  up to 
Re x ~ 14 x 106, but the  top r a k e  was  t u r b u l e n t ,  i n d i c a t i n g  the  flow was  
l a m i n a r  on ly  o v e r  p a r t  of the  m o d e l  c i r c u m f e r e n c e .  

' E s t a b l i s h i n g  l a m i n a r  flow o v e r  the body of r e v o l u t i o n  m o d e l  was  
qui te  s e n s i t i v e  to c h a n g e s  in ang le  of a t t ack ,  o r  to be m o i ' e  e x a c t ,  to  the  
ang le  of flow i n c l i n a t i o n ,  as  shown  in F ig .  11. F i g u r e  l l c  p r e s e n t s  th~ 
m a x i m u m  ang le  of a t t a c k  at  w h i c h  l a m i n a r  f low could  be m a i n t a i n e d  at  
the  e s t a b l i s h e d  r a k e  l o c a t i o n s  fo r  Mach  n u m b e r s  2 .5 ,  3, and 3 .5 .  T h e  
m a x i m u m  ang le  of a t t a c k  o b t a i n e d  was  ~ = ± 1 . 3  deg  wi th  R e / i n .  = 0.34 x 106 

5 
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at M® -- 2 .5 ,  and it c an  be s e e n  tha t  the m a x i m u m  ang le  d e c r e a s e d  wi th  
i n c r e a s i n g  M a c h  n u m b e r  and i n c r e a s i n g  uni t  R e y n o l d s  n u m b e r .  T h e  
v e r y  s m a l l  ang le  of a t t a c k  (~ = ± 0 . 1 5  deg) at wldich the  flow b e c a m e  
t u r b u l e n t  on the  s i d e  r a k e  at M® = 3 .5  is of the  s a m e  o r d e r  of m a g n i t u d e  
as the  t u n n e l  flow a n g u l a r i t y  in the  v e r t i c a l  p l ane ,  and th i s  m a y  accoun t  
for  the  n o n - u n i f o r m  r e s u l t s  o b t a i n e d  at ~ = 0 at t h i s  M a c h  n u m b e r  w h e r e  
the  flow was  t u r b u l e n t  at the  top r a k e  and l a m i n a r  at the  s i d e  r a k e .  

It  was  o b s e r v e d  d u r i n g  the  t e s t  tha t  m a i n t a i n i n g  l a m i n a r  flow on the  
l e e w a r d  s i d e  of the  m o d e l  was  m o r e  s e n s i t i v e  to i n c r e a s e s  in ang le  of 
a t t a c k  t han  on the  w i n d w a r d  s i d e .  A l so ,  when  the  m a x i m u m  ang le  fo r  
m a i n t a i n i n g  l a m i n a r  flow was  e x c e e d e d  and the  flow b e c a m e  t u r b u l e n t ,  
l a m i n a r  flow cou ld  be  r e - e s t a b l i s h e d  by l o w e r i n g  the  ang le  of a t t a c k  w i t h -  
out any r e a d j u s t m e n t  of the  s u c t i o n  q u a n t i t i e s .  

In  g e n e r a l ,  no a t t e m p t  was  m a d e  to ob ta in  an o p t i m u m  s u c t i o n  v a l u e  
at ang le  of a t t ack ,  and th i s  is  i l l u s t r a t e d  in F i g s .  l l a  and b by the  l o w e r  
v a l u e s  of C D w  and h i g h e r  v a l u e s  of CDS as c o m p a r e d  to the  a = 0 r e s u l t s .  
H o w e v e r ,  s u c t i o n  was  v a r i e d  at Re x = 31 x 106 at  M® = 3 to show tha t  the  
c r i t i c a l  ang le  of a t t a c k  cou ld  not be i n c r e a s e d  s i m p l y  by i n c r e a s i n g  
s u c t i o n  and  tha t  l a m i n a r  flow at the  c r i t i c a l  a n g l e s  cou ld  be m a i n t a i n e d  
wi th  s u c t i o n  quan t i t i e s  n e a r  the  a = 0 o p t i m u m  s u c t i o n  v a l u e s .  

SECTION VI 
CONCLUDING REMARKS 

T e s t s  w e r e  c o n d u c t e d  at M a c h  n u m b e r s  2 .5 ,  3, and 3 .5  to d e t e r m i n e  
the  e f f e c t i v e n e s s  of b o u n d a r y - l a y e r  s u c t i o n  for  l a m i n a r  flow c o n t r o l  on 
a body of r e v o l u t i o n .  On the  b a s i s  of t h e s e  t e s t s  the  fo l lowing  c o n c l u s i o n s  
a r e  m a d e :  

1. F u l l - l e n g t h  (x = 7"7.8 in .  ) l a m i n a r  flow was  e s t a b l i s h e d  at  
M® = 2 .5  and 3 up to the  m a x i m u m  a v a i l a b l e  l e n g t h  R e y n o l d s  
n u m b e r  (Rex),  b a s e d  on r a k e  l o c a t i o n ,  of 41 .8  and 51 .7  m i l -  
l ion ,  r e s p e c t i v e l y .  At ~ = 3 .5  (x = 67 .8  in.  ) l a m i n a r  flow 
was  m a i n t a i n e d  up to Re x ~ 14 x 106. 

2. T h e  m a x i m u m  ang le  of a t t a c k  at wh ich  l a m i n a r  flow cou ld  be 
m a i n t a i n e d  d e c r e a s e d  wi th  i n c r e a s i n g  Mach  n u m b e r  and in-  
c r e a s i n g  uni t  R e y n o l d s  n u m b e r  wi th  the  m a x i m u m  ang l e s  
ob t a ined  beingc~ = ± l . 3 d e g a t M ®  = 2 .5 ,  ~ = ± 0 . 7 d e g a t  
M® = 3, a n d ~  = ±0 .15  deg  at M® = 3 .5 .  
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a. Model Installation 

b. Model Installatlon 

L - w 

c. Suction Equipment 

Fig. 1 Model Installation and Suction Equipment 
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F i g .  10 D r a g  a n d  S u c t i o n  C o e f f i c i e n t s  v e r s u s  R e y n o l d s  H u m b e r  f o r  

= -- O and  M =  = 2.5, 3, a n d  3 . 5  
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Fig. 10 Continued 
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H~D 

5bdel Construction -Air Force Contract 33(615)-2372 

The Boein~ Company 
Aero-Space Division 
Attn- bhT. R. Hanks 

i. The Gasdynamics Branch is concerned about the cost of model construction 

POP ~ Cornel1 Shock ~unnel under the subject cccttract. While you 

no doub,,~all~ed sufficient money for model construction within the Boeing 

Company, a recent evaluation of model building procurements indiSateSthat 

the Boeing model shop charges from 3 to 5 times that of the smaller model 

building contractors. In addition to this. Cornell Aeronautical laboratory 

has found it both cheaper and more expedient to contract out model construction 

projects. A recent flat plate model to be used in an Air Force contract 

with Cornell was subcontracted to Micro Craft, Inc who bid about half 

of the construction price~# the Corne-ll shops. 

2. ~,lhile i~ is not our intent to recommend to you any particular sub- 

contractor under this program, we do strongly recommend that several bids 

from experienced model building firms be obtained prior to model fabrication 

so that the most economical course of action may b& ascertained. 
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