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ABSTRACT 

F o l l o w - o n  t e s t s  to an i n v e s t i g a t i o n  to d e t e r m i n e  the  d y n a m i c  c h a r -  
a c t e r i s t i c s  of th in  c y l i n d r i c a l  s h e l l s  w e r e  c o n d u c t e d  in the  P r o p u l s i o n  
Wind T unne l ,  S u p e r s o n i c  (16S}. T h e  m o d e l  c o n s i s t e d  of an og ive  
c y l i n d e r  wi th  the  t e s t  s h e l l  l o c a t e d  on the  c y l i n d r i c a l  p o r t i o n  of the  
m o d e l  a p p r o x i m a t e l y  78 p e r c e n t  of the  m o d e l  l e n g t h  aft of the  n o s e .  
Da ta  w e r e  r e c o r d e d  at M a c h  n u m b e r s  of 2 . 2  and 2 . 5  for  0 - d e g  a n g l e  
of a t t a c k  and yaw.  F l u t t e r  was  i nduced  on the  0. 0020- and 0. 0032- in .  - 
t h i c k  s h e l l s  by r e d u c i n g  the  m o d e l  c av i t y  p r e s s u r e .  B o u n d a r y - l a y e r  
m e a s u r e m e n t s  w e r e  a l s o  m a d e  at v a r i o u s  b o u n d a r y - l a y e r  b lowing  r a t e s .  

This document has been approved ;or.~ublic re lea~  -.~ -~ ..Iq • " ' -  " ' j  

its distribution is unlimited. I ~ " ' " " 'L .  
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SECTION I 

INTRODUCTION 

The  f o l l o w - o n  t e s t s  to the  c y l i n d r i c a l  s h e l l  f l u t t e r  p r o g r a m  r e p o r t e d  
h e r e i n  w e r e  done at the  r e q u e s t  of the  A e r o s p a c e  E n g i n e e r i n g  D e p a r t -  
m e n t  of the  U n i v e r s i t y  of T e x a s ,  Aus t in ,  T e x a s .  T h e  t e s t  was  c o n d u c t e d  
on an og ive  c y l i n d e r  m o d e l  in the  P r o p u l s i o n  Wind Tunne l ,  S u p e r s o n i c  
(16S) at 0 - d e g  ang le  of a t t a c k  and at .'~lach n u m b e r s  of 2 .2  and 2 .5 .  The  
p u r p o s e  of the  t e s t  was  to d e t e r m i n e  the e f f ec t s  of b o u n d a r y - l a y e r  c h a r -  
a c t e r i s t i c s  wi th  c o n t r o l l e d  b o u n d a r y - l a y e r  b lowing on the  d y n a m i c  be -  
h a v i o r  of the s h e l l .  

The  r e l a t e d  t e s t s  a r e  c o v e r e d  in Re f s .  I and 2 w h i c h  p r e s e n t  s t a t i c  
p r e s s u r e  d i s t r i b u t i o n s ,  b o u n d a r y - l a y e r  p r o f i l e s ,  and s h e l l  f l u t t e r  da t a  
fo r  M a c h  n u m b e r s  f r o m  1 .20  to 3 .0 .  

SECTION II 

APPARATUS 

2.1 WIND TUNNEL 

T u n n e l  16S is a v a r i a b l e  d e n s i t y  wind t unne l  c a p a b l e  of o p e r a t i n g  at 
M a c h  n u m b e r s  f r o m  I.  5 to 4 .75 .  The  t e s t  s e c t i o n  is 16 ft s q u a r e  and 
is c o m p o s e d  of two 2 0 - f t - l o n g  r e m o v a b l e  s e c t i o n s .  A m o r e  c o m p l e t e  
d e s c r i p t i o n  of the  t u n n e l  m a y  be  found in Ref.  3, and c a l i b r a t i o n  r e s u l t s  
a r e  p r e s e n t e d  in Ref .  4. A s k e t c h  of the m o d e l  i n s t a l l e d  in the  t e s t  
s e c t i o n  is p r e s e n t e d  in F ig .  I, and a p h o t o g r a p h  of the m o d e l  is p r e -  
s e n t e d  in F ig .  2. 

2.2 TEST ARTICLE 

The  g e o m e t r y  of the  c y l i n d r i c a l  s h e l l  m o d e l  is p r e s e n t e d  in F i g s .  3 
and 4. A d d i t i o n a l  s h e l l s  of t h i c k n e s s e s  f r o m  0. 002 to 0. 004 in. w e r e  
supp l i ed ,  and an a u x i l i a r y  b o u n d a r y - l a y e r  b l e e d  was  i n c o r p o r a t e d  in the  
m o d e l  s i n c e  the  p r e v i o u s  t e s t s .  T h e  a u x i l i a r y  b l eed  was  i n c o r p o r a t e d  
n e a r  the  end of th is  t e s t  and c o n s i s t e d  of 0. 063- in .  ho l e s  0 .5  in. a p a r t  
d r i l l e d  into  the  ax ia l  b l a d d e r  and d i r e c t e d  t o w a r d  the  s u r f a c e  90 deg  to 
the  a i r s t r e a m .  Th i s  p e r m i t t e d  a d i f fus ive  b lowing  in to  the  b o u n d a r y  
l a y e r  i m m e d i a t e l y  u p s t r e a m  of the  t e s t  s h e l l .  

The  t e s t  s h e l l  i t s e l f  was  a r i g h t - c i r c u l a r  c y l i n d e r  16 in. in d i a m e t e r  
and 16 in. long  and began  96 in.  aft of the m o d e l  nose  and 48 in. aft of 
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the  beg inn ing  of the  c y l i n d r i c a l  p o r t i o n  of the  m o d e l .  The  t h i c k n e s s e s  
of the  s h e l l s  w e r e  0. 0020, 0 .0032 ,  and 0. 0040 in. The  p r e s s u r e  d i f f e r -  
e n t i a l  a c r o s s  the  s h e l l  was  c o n t r o l l e d  by v a r y i n g  the  i n t e r n a l  p r e s s u r e .  
H i g h - p r e s s u r e  r u b b e r  b l a d d e r s  w e r e  u s e d  to s e a l  the  i n t e r n a l  c a v i t y  and 
p r e v e n t  p r e s s u r e  l o s s .  Ax ia l  l oad ing  on the  s h e l l  cou ld  be app l i ed  by 
in f l a t ing  a b l a d d e r  wh ich  a c t e d  on the  f o r w a r d - e n d  r i n g  of the  s h e l l .  
Th i s  b l a d d e r  was  l a t e r  u s e d  for  the  a u x i l i a r y  b o u n d a r y - l a y e r  b l eed .  A 
m o r e  d e t a i l e d  d e s c r i p t i o n  of the  m o d e l  m a y  be found in Ref .  2. 

T h r e e  r a k e s  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 r o f i l e s .  
R a k e  1 was  a d j u s t a b l e  in he igh t  and m o u n t e d  at $ = 33 deg;  w h e r e a s ,  
r a k e  2 was  f ixed and m o u n t e d  at 147 deg.  R a k e s  1 and 2 w e r e  l o c a t e d  
0 .5  in.  f o r w a r d  of the  aft edge  of the  s h e l l .  Rake  3 was  u s e d  to i n v e s t i -  
ga t e  the  b o u n d a r y - l a y e r  g r o w t h  f r o m  the  b lowing  s lo t  and a u x i l i a r y  b low-  
ing p o s i t i o n  to the  aft p o r t i o n  of the  t e s t  s h e l l  by t r a v e r s i n g  the  d i s t a n c e  
iri f in i te  s t e p s .  

SECTION III 
TEST DESCRIPTION 

3.1 TEST PROCEDURE 

T h e  t e s t  was  c o n d u c t e d  at M a c h  n u m b e r s  of 2 .2  and 2 .5  fo r  a n g l e s  
of a t t a c k  and yaw of 0 deg.  D y n a m i c  da ta  w e r e  t ape  r e c o r d e d  con -  
t i n u o u s l y ;  w h e r e a s ,  the  s t e a d y - s t a t e  da t a  w e r e  a c q u i r e d  d u r i n g  b o u n d a r y -  
l a y e r  s tudy  and p a u s e s  d u r i n g  f l u t t e r  and buck l ing  s e a r c h .  A s u m m a r y  
of the  f l u t t e r  r e s u l t s  is  g iven  be low in T a b l e  I. F l u t t e r  and b u c k l i n g  
c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  at a M a c h  n u m b e r  of 2 .2  only .  T e s t  c o n -  
d i t i ons  w e r e  e s t a b l i s h e d  i n i t i a l l y  at  a low d y n a m i c  p r e s s u r e .  The  
d y n a m i c  p r e s s u r e  was  then  s l o w l y  i n c r e a s e d  unt i l  a d e s i g n a t e d  i n c r e -  
m e n t  was  r e a c h e d ,  at wh ich  t i m e  i n t e r n a l  p r e s s u r e  and s h e l l  ax ia l  l o a d -  
ing  w e r e  v a r i e d  to i nduce  f l u t t e r  o r  buck l ing .  

TABLE I 
SUMMARY OF TEST INFORMATION 

Pt®, q=0 ~Pc' (v, 
IV[® psi psi Re/it, x 10 -6 1~ psi h, in. lb/sec Remarks 

2.2 988 313 1. 465 10.7 0.64 0.0032 0 Zero axial loading 

2.2 350 III 0. 543 12. 1 0.24 0. 0020 0 Zero axial loading 
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B o u n d a r y - l a y e r  p r o f i l e  data  w e r e  ob ta ined  f r o m  the  t h r e e  r a k e s  at 
s e v e r a l  b o u n d a r y - l a y e r  b lowing  r a t e s  and at s e v e r a l  t unne l  p r e s s u r e s .  

3.2 INSTRUMENTATION 

T w e n t y - n i n e  to ta l  p r e s s u r e s  w e r e  m e a s u r e d  f r o m  the  t h r e e  
b o u n d a r y - l a y e r  r a k e s  (F ig s .  5 and 6), and a s t a t i c  r e f e r e n c e  p r e s s u r e  
was  m e a s u r e d  on the  m o d e l  s u r f a c e .  P r e s s u r e  m e a s u r e m e n t s  i n s i d e  
the  s e a l i n g  ( r ad ia l )  b l a d d e r s  and the  load ing  (axial)  b l a d d e r  w e r e  r e -  
c o r d e d ,  as w e r e  p r e s s u r e s  wi th in  the  b o u n d a r y - l a y e r  b lowing  s y s t e m  
and the  m o d e l  cav i ty  r e g i o n .  

T h r e e  m u t u a l  i n d u c t a n c e  p r o x i m i t y  s e n s o r s  w e r e  u sed  to m o n i t o r  
the  s t a t i c  and d y n a m i c  d i s p l a c e m e n t  of the  s h e l l s .  The  s e n s o r s  o p e r -  
a t ed  without  c o n t a c t i n g  the  s h e l l  s u r f a c e  with m a x i m u m  output of 
a p p r o x i m a t e l y  4 v o c c u r r i n g  when the  s h e l l  s u r f a c e  was fa r  away.  The  
output d e c r e a s e d  as the  m e t a l  s k i n  n e a r e d  the  s e n s o r  head .  One of the  
t h r e e  s e n s o r s  could  be p o s i t i o n e d  l ong i t ud ina l l y  and c i r c u m f e r e n t i a l l y ,  
a s e c o n d  could be p o s i t i o n e d  l o n g i t u d i n a l l y  only,  and the  t h i r d  was f ixed.  
The  s i g n a l s  f r o m  the  s e n s o r s  w e r e  r e c o r d e d  on m a g n e t i c  t ape .  

I n s t r u m e n t a t i o n  was not ava i l ab l e  for weight  flow d e t e r m i n a t i o n  of 
the  a u x i l i a r y  b o u n d a r y - l a y e r  b lowing s y s t e m ;  h o w e v e r ,  a p p r o x i m a t e  
va lue s  w e r e  c a l c u l a t e d  by a s s u m i n g  choked  flow at the  ax ia l  b l a d d e r  
o r i f i c e s  and a n o m i n a l  t e m p e r a t u r e  of l l 0 ° F .  A p r e s s u r e  r e g u l a t o r  was  
u s e d  in s e t t i n g  and m o n i t o r i n g  a u x i l i a r y  flow r a t e .  

A m o r e  c o m p l e t e  d e s c r i p t i o n  of the  i n s t r u m e n t a t i o n  m a y  be found 
in Ref. 2. 

3.3 PRECISION OF MEASUREMENTS 

The  u n c e r t a i n t i e s  in s e t t i n g  and m a i n t a i n i n g  tunne l  c o n d i t i o n s  a r e  
as fo l lows : 

Mach  n u m b e r  
To ta l  p r e s s u r e  
To ta l  t e m p e r a t u r e  
Angle  of a t t ack  

:l:O. 005 
+5 psf  
±5°F 
±0 .1  deg  

The  l ong i tud ina l  v a r i a t i o n  of Mach  n u m b e r  a long  the  t unne l  c e n t e r -  
l i ne  has a m a x i m u m  va lue  of +0 .02 .  
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The  u n c e r t a i n t i e s  a s s o c i a t e d  with the  t unne l  p r e s s u r e  m e a s u r i n g  
s y s t e m  y i e l d  u n c e r t a i n t i e s  in the  p r e s s u r e - c o e f f i c i e n t  da ta  as fo l lows:  

M~ R e / f t  x 10 -6 ACp 

2 .2  0 .290  0 .0110  
2 .2  1 .730 0 .0026 
2 .5  0 .342  0 .0112  
2 .5  2 .342 0 .0020  

SECTION IV 
RESUL:rS AND DISCUSSION 

Mach  n u m b e r  b o u n d a r y - l a y e r  p r o f i l e s  w e r e  ob ta ined  d u r i n g  the  
a u x i l i a r y  b o u n d a r y - l a y e r  b lowing and a r e  p r e s e n t e d  in F ig s .  7 and 8. 
Data f r o m  all  t h r e e  r a k e s  wi th  the l ong i tud ina l  pos i t i on  0 .5  in. f o r w a r d  
of the  aft edge  of the  s h e l l  a r e  p r e s e n t e d  in Fig .  7. The  a u x i l i a r y  
b o u n d a r y - l a y e r  weight  flow was v a r i e d  f r o m  0 to 0 .30  l b / s e c .  The  
bounda ry  l a y e r  a p p e a r e d  to be t u r b u l e n t  for  <v > 0 .18 l b / s e c  at Pt® = 325 
psf  and for  ~v > 0 for  Pt® = 400 psf.  F i g u r e  8 is a c o m p a r i s o n  of b o u n d a r y -  
l a y e r  p r o f i l e s  at v a r i o u s  axia l  pos i t i ons  with and wi thout  a u x i l i a r y  
b o u n d a r y - l a y e r  b lowing.  L a m i n a r  flow e x i s t e d  at al l  m o d e l  l o c a t i o n s  
for  z e r o  b lowing  r a t e .  A t u r b u l e n t  b o u n d a r y  l a y e r  b e c o m e s  n o t i c e a b l e  at 
x / L  _> 0 .55  for  we igh t  flow of 0 .30  l b / s e c .  B o u n d a r y - l a y e r  da ta  ob t a ined  
us ing  the  p r e v i o u s l y  e x i s t i n g  b lowing s lo t  w e r e  i n d i c a t i v e  of r e s u l t s  r e -  
p o r t e d  in Ref. 2 and a r e  t h e r e f o r e  not p r e s e n t e d .  

A s u m m a r y  of f lu t t e r  cond i t i ons  is p r e s e n t e d  in Tab le  I. At to ta l  
p r e s s u r e s  of 350 and 988 psf,  f l u t t e r  was i nduced  for  the  0 . 0 0 2 0 -  and 
0. 0032- in .  - t h i ck  s h e l l s ,  r e s p e c t i v e l y ,  by r e d u c i n g  the  m o d e l  cav i ty  p r e s -  
s u r e  at z e r o  axia l  load ing .  On one 0. 0020- in .  she l l ,  f l u t t e r  condi t ions , .  
r e p o r t e d  in Ref. 2, o f P t .  = 300 to 510 psf,  F = 13.0 to 25.9 ,  and APc = 

0. 75 to 3. 6 w e r e  dup l i ca t ed  in an a t t empt  to r e p e a t  f lu t t e r .  S e a r c h  for  
f l u t t e r  was u n s u c c e s s f u l  b e t w e e n  to ta l  p r e s s u r e s  of 300 to 400 psf .  The  
s h e l l  was  a c c i d e n t l y  buck led  as Pt® was be ing  i n c r e a s e d  f r o m  400 psf .  
Cavi ty  p r e s s u r e  and APc w e r e  z e r o  at the  t i m e  of buckl ing .  
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APPENDIX 
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R A K E  I 

o • o.n~5 

b • O. 175 
c • 0.34.5 
d • 0.580 
e • 0.790 
e • 0.970 

/ 
_ ! r ~  

Y VARIABLE FROM O TO I . IO IN. 

R A K E  2 

e • 0.065 
b • 0.13.5 
c • 0.250 
d • 0.3.50 
• . 0 . 4 4 0  
f ,, 0.560 
e - 0.685 
h .  0.895 
, • 1.155 
j . 1 .445  
k • 1.693. 

R A K E  3 

a • 0.045 
b • 0.065 
c • O. 135 

d • 0.215 
• • 0.340 
f ,,.0.460 
Q - 0.580 
h • O. 795 
i • 1.055 
j • 1.390 
k . 1.790 
t • 2.125 

1iI t , 
f • 

o . . . . . . . .  

ALL OmE"S,ONB I .  'RC"EB 

F i g .  5 D e t a i l s  o f  t h e  B o u n d a r y . L a y e r  R a k e s  
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