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ABSTRACT 

A wind tunnel investigation was conducted to obtain the buffet response 
and aerodynamic damping of 0.07-scaled aeroelastic models of Titan 
III/MOL configurations at transonic Mach numbers. Buffet response re- 
sults were obtained in the form of bending moments at a selected model 
station. Aerodynamic damping results were obtained by the forced- 
oscillation technique, whereby the elastic modes of the model were 
excited by an electromagnetic shaker, and the exciting force and result- 
ing model acceleration were recorded. A phase separation technique 
was used to resolve the structural damping (air-off conditions) and com- 
bined structural and aerodynamic damping (air-on conditions) from the 
measured force and acceleration. The test was conducted in the Mach 
number range from 0.80 to I. I0 and at zero angle of attack. All config- 
urations experienced peak buffet response near Mach number 0.95. The 
buffet response for the Gemini and SV-5 configurations agreed reasonably 
well with previous test results for the same or similar configurations. 
The aerodynamic damping was generally positive and varied with Mach 
number. The largest variations occurred in the Mach number range 
from 0. 925 to 1.00 for the Gemini and SV-5 configurations. Increasing 
dynamic pressure caused an increase in aerodynamic damping, although 
the increase in damping was not necessarily proportional to dynamic 
pressure. 

This document is subject to special export controls 
and each transmittal to foreign governments or foreign 
nationals may be made only with prior approval of 
SAMSO (SMSDM-1) STINFO, AF Unit P O, Los Angeles, 
California. 
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I m a g i n a r y  component of the g e n e r a l i z e d  excit ing force  
ampl i tude ,  lb 

Real  component  of excit ing force  ampl i tude ,  lb 

Real  component  of the gene ra l i z ed  excit ing force  ampl i tude ,  

F requency ,  cps 

F requency  of peak in -phase  r e s p o n s e  above r e s o n a n c e ,  cps 

F requency  of peak in -phase  r e sponse  below r e s o n a n c e ,  cps 

Resonance  f requency ,  cps 

Total  damping coeff icient ,  2(C s + C a ) / C c r  

S t ruc tu ra l  damping coeff icient ,  2 C s / C c r  

lb 
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SECTION I 
INTRODUCTION 

Aeroelastic modeling techniques have been applied to a 0.07-scale 

model of the Titan III launch vehicle, and a wind tunnel investigation has 

been initiated to evaluate the structural response of various configura- 

tions at transonic speeds. During previous tests (see Ref. i) a number 

of payload and booster combinations were tested to measure the bending- 

moment distribution over the model resulting from buffet air loads. The 

last of these tunnel entries was the first of several entries planned under 

the Phase III Wind Tunnel Test Plan. As a continuation of this test plan, 

the present investigation was conducted to measure the structural and 

aerodynamic damping characteristics of various Titan III/MOL configura- 

tions by the forced-oscillation technique. The present configurations 

were either the same as or similar to those tested during the buffet re- 
sponse entry. In addition to the damping measurements, the buffet bend- 

ing moments were recorded during the present entry for comparison with 
previous data. The test was conducted in the Propulsion Wind Tunnel, 

Transonic (16T) at AEDC during the period from April 27 through May 19, 

1967. 

SECTION II 
APPARATUS 

2.1 TEST FACILITY 

Tunnel 16T is a variable density wind tunnel. The test section is 
16 ft square and is lined with perforated plates to allow continuous opera- 
tion through the Mach number range from 0.55 to i. 60 with minimum wall 
interference. 

Details of the test section showing the location of the test article and 
the support strut arrangement are presented in Fig. i. Photographs of 
the various configurations as installed in the test section are presented 
in Fig. 2. A more extensive description of the tunnel is given in Ref. 2, 
and the latest calibration results are presented in Refs. 3 and 4. 

2.2 TEST ARTICLE 

2.2.1 General 

The basic test article was a 0.07-scaled aeroelastic model of a 
Titan Ill launch vehicle with payloads consisting of the MOL in combination 
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w i t h  v a r i o u s  n o s e  c o n f i g u r a t i o n s .  T h e  m o d e l  b o o s t e r  w a s  t h e  s a m e  a s  
t e s t e d  d u r i n g  t h e  p r e v i o u s  P h a s e  III  t e s t  p r o g r a m  ( R e f .  1) a n d  c o n s i s t e d  
of  a m o d i f i e d  T i t a n  III  c o r e  c e n t e r b o d y  a n d  t w o  7 . 5 - s e g m e n t  s t r a p - o n ,  
s o l i d - r o c k e t  m o t o r s  ( S R M ) .  T h e  f u l l - s c a l e  d i a m e t e r s  of t h e  c o r e  a n d  
S R M ' s  a r e  120 a n d  121 i n . ,  r e s p e c t i v e l y .  G e o m e t r i c  d e t a i l s  of  t h e  
m o d e l  b o o s t e r  a r e  p r e s e n t e d  in  F i g .  3. A s u m m a r y  of  t h e  v a r i o u s  c o n -  
f i g u r a t i o n s  t e s t e d  a n d  c o r r e s p o n d i n g  c o n f i g u r a t i o n  n u m b e r s  a r e  p r e -  
s e n t e d  in t h e  n o m e n c l a t u r e .  G e o m e t r i c  d e t a i l s  of  t h e  p a y l o a d s  a r e  
p r e s e n t e d  in  F i g .  4. In  g e n e r a l ,  t h e  r e a c t i o n  c o n t r o l  r o c k e t s  w e r e  t h e  
o n l y  p r o t u b e r a n c e s  e x t e r n a l  t o  t h e  M O L  s e c t i o n ;  h o w e v e r ,  o n e  c o n f i g u r a -  
t i o n  (42) w a s  t e s t e d  w i t h  f i v e  a d d i t i o n a l  p r o t u b e r a n c e s ,  a s  i l l u s t r a t e d  in  
F i g .  5.  

T h e  m o d e l  p h y s i c a l  p r o p e r t i e s  a r e  p r e s e n t e d  in  T a b l e  I, a n d  a 
d e r i v a t i o n  of  t h e  m o d e l  s c a l e  f a c t o r s  i s  p r e s e n t e d  in  A p p e n d i x  II .  

2.2.2 Model and Sting Support System Construction 

S o m e  of  t h e  d e t a i l s  of  t h e  m o d e l  a n d  s t i n g  s u p p o r t  s y s t e m  c o n s t r u c -  
t i o n  a r e  s h o w n  in p h o t o g r a p h s  of  t h e  m o d e l  a t  v a r i o u s  s t a g e s  o f  t h e  
a s s e m b l y  in F i g .  6. T h e  s t i n g  s u p p o r t  s y s t e m  c o n s i s t e d  of  t h r e e  s t e e l  
p i p e s  c a n t i l e v e r e d  f r o m  a c r o s s  m e m b e r  w h i c h  a t t a c h e d  to  t h e  P W T  s t i n g  
s y s t e m  ( F i g .  6a) .  T h e  l o n g  c e n t e r  p r o n g  e n t e r e d  t h e  m o d e l  c o r e ,  a n d  
t h e  s h o r t e r  o u t s i d e  p r o n g s  e n t e r e d  t h e  S R M ' s .  T h e  m o d e l  w a s  s u p p o r t e d  
on t h e  s t i n g  by s p r i n g  s y s t e m s  h o u s e d  i n s i d e  t h e  s t i n g  a s  s h o w n  in  s i d e  
a n d  t o p  v i e w  s c h e m a t i c s  of  t h e  s p r i n g  s u p p o r t  s y s t e m  in  F i g .  7. T h e  
s p r i n g  s u p p o r t  s y s t e m  w a s  d e s i g n e d  to  r e s t r a i n  t h e  m o d e l  in  t h e  a x i a l  
d i r e c t i o n ,  to  s u p p o r t  t h e  m o d e l  w e i g h t ,  a n d  to  p r o v i d e  a m i n i m u m  of  
r e s t r a i n t  to  m o t i o n  in  t h e  p i t c h  a n d  y a w  f r e e - f r e e  b e n d i n g  m o d e s  ( s e e  
R e f .  1). T h e  m o d e l  w a s  s u p p o r t e d  a t  t h r e e  p o i n t s  - a t  t h e  u p s t r e a m  e n d  
of  t h e  c o r e  a n d  at  t h e  d o w n s t r e a m  e n d  of  e a c h  S R M .  P o s i t i o n i n g  a n d  
b r a k i n g  s y s t e m s  f o r  t h e  m o d e l  a r e  d e s c r i b e d  in  R e f .  1. 

T h e  s t r u c t u r a l  b a c k b o n e  of t h e  m o d e l  w a s  t h e  c o r e ,  S R M ,  a n d  M O L  
e l a s t i c  s t r u c t u r e .  T h e  c o r e  s t r u c t u r e  w a s  c o n s t r u c t e d  of  2 0 2 4 - T 4  
a l u m i n u m  t u b i n g ,  a n d  t h e  S R M  s t r u c t u r e s  w e r e  c o n s t r u c t e d  of  6 0 6 1 - T 6  
a l u m i n u m  t u b i n g .  T h e  t u b e s  w e r e  m a c h i n e d  to  s a t i s f y  t h e  s c a l e  s t i f f n e s s  
r e q u i r e m e n t s .  S t e e l  w e i g h t s  w e r e  a t t a c h e d  to  t h e  e l a s t i c  s t r u c t u r e s  t o  
s i m u l a t e  t h e  r u n n i n g  i n e r t i a  a n d  m a s s  c h a r a c t e r i s t i c s .  T h e  w e i g h t  d i s -  
t r i b u t i o n s  f o r  t h e  c o r e  a n d  S R M ' s  a r e  p r e s e n t e d  in  F i g s .  8a a n d  b,  
r e s p e c t i v e l y .  T h e  c o r r e c t  a e r o d y n a m i c  f o r m  f o r  t h e  c o r e  a n d  S R M ' s  w a s  
o b t a i n e d  b y  c o v e r i n g  t h e  s k e l e t a l  s t r u c t u r e s  w i t h  a l u m i n u m  c y l i n d r i c a l  

2 
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s e g m e n t s .  T h e  j o i n t s  b e t w e e n  the  a l u m i n u m  s e g m e n t s  w e r e  s e a l e d  w i t h  a 
s i l a s t i c  r u b b e r  w h i c h  e n a b l e d  t h e  s e g m e n t s  to  m o v e  i n d e p e n d e n t l y  and  t h u s  
not  r e s t r a i n  t h e  m o d e l  in  b e n d i n g .  T h e  M O L  s e c t i o n  w a s  c o n s t r u c t e d  of 
7 0 7 5 - T 6  a l u m i n u m  t u b i n g  and  c h e m i c a l l y  m i l l e d  to  o b t a i n  t h e  c o r r e c t  
s c a l e d  s t i f f n e s s  d i s t r i b u t i o n .  T h e  M O L  w e i g h t  d i s t r i b u t i o n  is  p r e s e n t e d  in 
F i g .  8c.  B a l s a  w o o d  w a s  b o n d e d  d i r e c t l y  to  t he  M O L  a l u m i n u m  s t r u c t u r e  
and  s h a p e d  to  the  c o r r e c t  a e r o d y n a m i c  g e o m e t r y .  

T h e  v a r i o u s  n o s e  p a y l o a d s  w e r e  c o n s t r u c t e d  of a s k e l e t o n  of  a l u m i -  
n u m  a n d / o r  p l y w o o d  wi th  t he  e x t e r n a l  c o n t o u r  s h a p e d  f r o m  b a l s a  wood.  
T h e  n o s e  p a y l o a d  w e i g h t ,  c e n t e r  of g r a v i t y ,  and  m a s s  m o m e n t  of i n e r t i a  
w e r e  s i m u l a t e d ;  h o w e v e r ,  the  s t i f f n e s s  w a s  h i g h e r  t h a n  t h a t  d i c t a t e d  by  
s i m i l i t u d e  l a w s .  T h e  w e i g h t  d i s t r i b u t i o n s  of the  v a r i o u s  n o s e  p a y l o a d s  
a r e  p r e s e n t e d  in  F i g .  8c. 

2.2.3 Excitation System 

A s i n g l e  e l e c t r o m a g n e t i c  s h a k e r  w a s  u s e d  to  e x c i t e  t he  m o d e l  in  i t s  
p i t c h  b e n d i n g  m o d e s .  T h e  s h a k e r  w a s  m o u n t e d  b e l o w  and  af t  of the  m o d e l  
as  s h o w n  in F i g .  9. T h e  m o d e l  w a s  e x c i t e d  t h r o u g h  a s e m i r i g i d  b e a m  
( n a t u r a l  f r e q u e n c y  of 250 cps)  w h i c h  w a s  c a n t i l e v e r e d  f r o m  the  b a s e  of t h e  
m o d e l .  T h e  f r e e  e n d  of t he  b e a m  w a s  c o n n e c t e d  to  t he  s h a k e r  t h r o u g h  a 
d r i v e  r o d .  U n i v e r s a l  j o i n t s  in the  d r i v e  r o d  p e r m i t t e d  l a t e r a l  m o t i o n  of 
t h e  m o d e l .  T h e  h o u s i n g  f o r  t he  s h a k e r  d r i v e  s y s t e m  w a s  m o u n t e d  d i r e c t l y  
to  t h e  s t i n g  s u p p o r t  c r o s s  m e m b e r .  F o u l i n g  s e n s o r s  and  m e c h a n i c a l  s t o p s  
w e r e  a l s o  a t t a c h e d  to  the  s h a k e r  d r i v e  h o u s i n g  to  p r o v i d e  a m e a n s  of 
l i m i t i n g  the  s h a k e r  f o r c e  to  t h e  m o d e l  s h o u l d  t he  s h a k e r  b e c o m e  u n c o n t r o l -  
l a b l e .  

2.3 ZNSTRUMEHTATION 

2.3.1 Model 

I n s t r u m e n t a t i o n  in t he  m o d e l  c o n s i s t e d  of t he  f o l l o w i n g :  

. P i t c h  and  y a w  b e n d i n g - m o m e n t  s e n s o r s  l o c a t e d  on t h e  
c o r e  and  M O L  s t r u c t u r e s .  

. N o r m a l -  and  s i d e - f o r c e  s e n s o r s  l o c a t e d  on the  s u p p o r t  
s p r i n g s .  

. P i t c h  and  y a w  a c c e l e r o m e t e r s  l o c a t e d  in the  u p s t r e a m  
e n d  of t he  M O L  p a y l o a d .  P i t c h  a c c e l e r o m e t e r s  l o c a t e d  
in t h e  af t  e n d  of t he  c o r e .  
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. 

. 

P o s i t i o n  s e n s o r  l o c a t e d  at the  f o r w a r d  s u p p o r t  s p r i n g  
a t t a c h m e n t  po in t .  

F o r c e  s e n s o r  l o c a t e d  b e t w e e n  t h e  s h a k e r  a r m  and  the  
s h a k e r  d r i v e  r o d .  

T h e  b e n d i n g - m o m e n t  and  f o r c e  s e n s o r s  w e r e  s t r a i n - g a g e  b r i d g e s  
w i t h  f o u r  a c t i v e  a r m s .  T h e  g a g e s  of t h e  b e n d i n g - m o m e n t  s e n s o r s  w e r e  
b o n d e d  to  the  e x t e r i o r  of  the  c o r e  and  M O L  s t r u c t u r e s  s u c h  t h a t  t h e  
g e o m e t r i c  c e n t e r s  of t h e  s e n s o r s  w e r e  at  the  m o d e l  c e n t e r l i n e s .  T h e  
g a g e s  of the  f o r c e  s e n s o r s  w e r e  s i m i l a r l y  i n s t a l l e d  on the  s u p p o r t  
s p r i n g s .  T y p i c a l  c o r e  a n d  s p r i n g  c r o s s  s e c t i o n s  s h o w i n g  d e t a i l s  of  t h e  
g a g e  i n s t a l l a t i o n s  a r e  p r e s e n t e d  in F i g .  10. A x i a l  l o c a t i o n s  of t he  
b e n d i n g - m o m e n t  s e n s o r s  a r e  p r e s e n t e d  in F i g .  11. 

T w o  c r y s t a l  a c c e l e r o m e t e r s  w e r e  i n s t a l l e d  in  t h e  M O L  p a y l o a d  at  
m o d e l  s t a t i o n  - 2 8 . 7 5 .  T h e  a c c e l e r o m e t e r s  w e r e  o r i e n t e d  s u c h  t h a t  one  
w a s  s e n s i t i v e  to  m o t i o n  in the  p i t c h  p l a n e ,  and  t h e  o t h e r  s e n s i t i v e  to 
m o t i o n  in the  y a w  p l a n e .  T w o  o t h e r  a c c e l e r o m e t e r s  w e r e  l o c a t e d  in t h e  
af t  e n d  of t he  c o r e  at m o d e l  s t a t i o n  8 8 . 0 0 .  Bo th  a c c e l e r o m e t e r s  w e r e  
s e n s i t i v e  to m o t i o n  in t he  p i t c h  p l a n e .  

T h e  p o s i t i o n  s e n s o r  w a s  a l i n e a r  d i f f e r e n t i a l  t r a n s f o r m e r  t h a t  m e a s -  
u r e d  the  v e r t i c a l  d i s p l a c e m e n t  of t h e  m o d e l  f r o m  the  c e n t e r  of the  s t i n g  
s u p p o r t .  

T h e  f o r c e  inpu t  to  the  m o d e l  f r o m  the  e l e c t r o m a g n e t i c  s h a k e r  w a s  
m e a s u r e d  by a c r y s t a l - t y p e  l o a d  c e l l .  T h e  l o a d  c e l l  w a s  l o c a t e d  b e t w e e n  
the  s h a k e r  d r i v e  r o d  and  the  s h a k e r  a r m  w h i c h  w a s  c a n t i l e v e r e d  f r o m  t h e  
b a s e  of t h e  m o d e l  c o r e  ( s e e  F i g .  9a).  T h e  l o a d  c e l l  ou tpu t  s i g n a l  w a s  u s e d  
in c o n j u n c t i o n  w i t h  t h e  p i t ch  a c c e l e r o m e t e r  in  the  MOL p a y l o a d  to  d e t e r -  
m i n e  t he  a e r o d y n a m i c  d a m p i n g  by m e a n s  of an  e l e c t r o n i c  c o m p o n e n t  
a n a l y z e  r .  

2.3.2 Data Recording and Monitoring 

Outputs from the model instrumentation were conditioned and recorded 
and/or monitored on-line as illustrated in Fig. 12. Dynamic measure- 
ments were recorded on a 14-channel magnetic tape recorder and two 
oscillographs. Up to 4-rms voltmeters with integrating circuits for time 
averaging the fluctuating rms signals were used to obtain on-line readings 
of the bending-moment sensor outputs. A waveform analyzer was used 
as a control and readout system for the forced-oscillation phases of the 
test. A variable frequency oscillator, which was an integral part of the 
analyzer, was connected to the electromagnetic shaker and provided control 
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of the  f r e q u e n c y  and a m p l i t u d e  of the e x c i t i n g  f o r c e  to the m o d e l .  The  
s h a k e r  f o r c e  s e n s o r  output and the output  of the  p i tch  a c c e l e r o m e t e r  in 
the MOL pay load  w e r e  c o n n e c t e d  to the two input  c h a n n e l s  of the  a n a l -  
y z e r .  The  a n a l y z e r ,  u s ing  s ine  and c o s i n e  r e f e r e n c e  s i g n a l s  f r o m  the 
o s c i l l a t o r ,  e v a l u a t e d  the f o r c e  and a c c e l e r a t i o n  s i g n a l s  by F o u r i e r  
a n a l y s i s  m e t h o d s  and p r o v i d e d  o v e r  40 db of n o i s e  and h a r m o n i c  r e j e c -  
t ion.  The  fo l lowing  p a r a m e t e r s  w e r e  r e s o l v e d  by the  a n a l y z e r  ( w h e r e  
r e a l  and i m a g i n a r y  c o m p o n e n t s  a r e  r e l a t i v e  to the o s c i l l a t o r  s i gna l  
and i n - p h a s e  and q u a d r a t u r e  c o m p o n e n t s  a r e  r e l a t i v e  to the e x c i t i n g  
f o r c e )  : 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Force, 

Force, 

Force, total 

Acceleration, 

Acceleration, 

Acceleration, 

Acceleration, 

Acceleration, 

F r e q u e n c y  

r e a l  c o m p o n e n t  

i m a g i n a r y  c o m p o n e n t  

r e a l  c o m p o n e n t  

i m a g i n a r y  c o m p o n e n t  

to ta l  

i n - p h a s e  

q u a d r a t u r e  

P h a s e  angle  of f o r c e  r e l a t i v e  to o s c i l l a t o r  s i gna l  

P h a s e  ang le  of a c c e l e r a t i o n  r e l a t i v e  to o s c i l l a t o r  
s igna l  

P h a s e  ang le  b e t w e e n  f o r c e  and a c c e l e r a t i o n  

R e s p o n s e ,  i n - p h a s e ,  de f ined  as  r a t i o  of i n - p h a s e  a c c e l -  
e r a t i o n  to to ta l  f o r c e  

R e s p o n s e ,  q u a d r a t u r e ,  de f ined  as r a t i o  of q u a d r a t u r e  
a c c e l e r a t i o n  to to ta l  f o r c e  

R e s p o n s e ,  to t a l ,  de f ined  as r a t i o  of to ta l  a c c e l e r a t i o n  
to to ta l  f o r c e  

The  a n a l y z e r  a l s o  p r o v i d e d  fo r  a v e r a g i n g  the f o r e g o i n g  p a r a m e t e r s  
at t i m e  i n t e r v a l s  r a n g i n g  f r o m  0 .01  to 50 s ec .  All  s t e a d y - s t a t e  f o r c e d -  
o s c i l l a t i o n  da ta  w e r e  ob t a ined  us ing  the  5 0 - s e c  t i m e  c o n s t a n t .  Al though  
al l  of the 15 p a r a m e t e r s  w e r e  a v a i l a b l e  f r o m  the  a n a l y z e r ,  only i t e m s  
1, 2, 3, 5, and 6 w e r e  r e c o r d e d  on l i ne .  T h e s e  p a r a m e t e r s ,  w h i c h  w e r e  
in the  f o r m  of d - c  v o l t a g e s ,  w e r e  p r o c e s s e d  t h r o u g h  the PWT f o r c e  and 
m o m e n t  r e a d o u t  s y s t e m  ( F a m r o s )  d e s c r i b e d  in Ref.  2. O t h e r  s t e a d y -  
s t a t e  m e a s u r e m e n t s  w e r e  a l s o  p r o c e s s e d  t h r o u g h  the F a m r o s  s y s t e m .  

6 



AE DC-TR-67-178 

All  t he  m o d e l  i n s t r u m e n t a t i o n  e x c e p t  t he  p o s i t i o n  s e n s o r  w a s  c o n -  
n e c t e d  t h r o u g h  a c h a n n e l  s e l e c t o r  p a n e l  so  t h a t  t he  o u t p u t s  c o u l d  be 
m o n i t o r e d  on r m s  v o l t m e t e r s  a n d / o r  o s c i l l o s c o p e s .  A s c h l i e r e n  s y s -  
t e m  a n d  t e l e v i s i o n  c a m e r a s  w e r e  a l s o  u s e d  to  m o n i t o r  t he  m o d e l  d u r i n g  
t h e  t e s t .  

SECTION III 
TEST DESCRIPTION 

3.1 TEST CONDITIONS 

The test was conducted in the Mach number range from 0.80 to 
I. i0 and at zero angle of attack. To satisfy model scaling parameters 
(see Appendix If), it was desirable to test at dynamic pressures corre- 
sponding to the full-scale flight trajectories. However, the buffet loads 
on the model at the flight dynamic pressures imposed stresses on the 
model approaching the design limit. Thus, to excite the model above 
the level of the buffet response as required for the aerodynamic damp- 
ing study, it was necessary to test at reduced dynamic pressure levels. 
These levels ranged from 50 to 85 percent of the flight dynamic pres- 
sures. Variations of the dynamic pressure (q®) with Mach number (M®) 
for the various dynamic pressure schedules of the test are presented in 
Fig. 13a. The dynamic pressure variation noted as q® = i. 0 q® repre- 

sents the upper limit of the q® dispersion for the full-scale flight" traj - 
ectory. The variation of Reynolds number, based on the model core 
diameter, with Math number for the range of dynamic pressure of the 
test is presented in Fig. 13b. It should be pointed out that Reynolds 
numbers for the model and prototype vehicle do not match (see Appendix 
If). This mismatch was not considered detrimental to the purpose of the 
test. 

3.2 TEST PROCEDURE 

The test consisted of two distinct phases: (I) air-off model vibra- 
tion testing, and (2) air-on buffet response and model vibration testing. 
These phases are discussed separately. 

3.2.1 Air-Off Model Vibration Testing 

With the model mounted in the tunnel and no air flowing, the model 
was excited by the electromagnetic shaker to establish the modal 

7 
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characteristics of the various configurations in the pitch plane when 
supported by the model sting system and the remaining PWT sting 
assembly. These tests were normally conducted at three amplitudes 
of excitation (corresponding to the amplitudes of the air-on vibration 
tests) and before and after an air-on-run. Generally, the following 
procedure was followed: 

i. Excitation was applied to the aft end of the core by the 
electromagnetic shaker and the desired pitch bending 
mode was "tuned 'r by varying the frequency of the 
control oscillator. The resonance condition was indi- 
cated by the change in phase of the response when the 
exciting frequency passed through resonance. The 
change in phase was easily detectable from the in-phase 
response as displayed directly on the waveform analyzer 
by a direct-current voltmeter with a center zero. The 
in-phase response peaks at frequencies just below and 
just above resonance and is zero at the resonance frequency. 
Thus, tuning to the resonance frequency involved nulling the 
in-phase response voltmeter to zero. 

2. After each mode was properly tuned and the amplitude 
of excitation set, the experimental mode shapes were 
determined by measuring the variation along the model 
of the quadrature acceleration (A sin ~) of the model by 
means of a roving accelerometer. It was pointed out in 
Refs. 5 and 6 that the phase separation technique, 
whereby the mode shape is defined in terms of the quad- 
rature acceleration rather than the total acceleration, 
greatly increases the accuracy of the mode shape. The 
mode shapes were normalized to the quadrature accelera- 
tion at model station -32.00. 

3. After each modal survey, up to 20 data points were 
recorded through the on-line data acquisition system and 
on-line computation, and tabulation of the forced oscillation 
parameters were obtained. Also, the outputs of the various 
sensors were recorded on magnetic tape and on the oscillo- 
graphs. 

4. The damping of each elastic mode was then recorded on an 
oscillograph by instantaneously removing the excitation 
force and allowing the model to freely decay. 

5. The variation with frequency of the in-phase response and 
the total acceleration were obtained utilizing two x-y 
plotters on the analyzer. These plots ranged from approxi- 
mately 2 cps below resonance to approximately 2 cps above 
resonance. 
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3.2.2 Air.On Buffet Response and Model Vibration Testing 

A f t e r  t he  a i r - o f f  d a t a  w e r e  o b t a i n e d ,  t h e  t u n n e l  w a s  s t a r t e d  at  a low 
d y n a m i c  p r e s s u r e .  T h e  m o d e l  w a s  f r e e  to  r e s p o n d  to  t he  a i r f l o w  as  
d y n a m i c  p r e s s u r e  w a s  i n c r e a s e d  un t i l  the  d e s i r e d  tes.t  c o n d i t i o n s  w e r e  
r e a l i z e d .  Al l  b e n d i n g - m o m e n t  and  f o r c e  s e n s o r s  w e r e  m o n i t o r e d  to  
e n s u r e  t ha t  l o a d s  in e x c e s s  of the  s t r u c t u r a l  c a p a b i l i t y  of the  m o d e l  
w e r e  not  r e a c h e d .  E x c e s s i v e  l o a d s  w e r e  no t  e n c o u n t e r e d  d u r i n g  the  
p r e s e n t  t e s t ,  and  it w a s  not  n e c e s s a r y  to  u s e  t h e  s n u b b e r  and  b r a k e  s y s -  
t e m s  d i s c u s s e d  in Ref .  1. At e a c h  t e s t  c o n d i t i o n ,  the  b u f f e t  r e s p o n s e  
m e a s u r e m e n t s  w e r e  o b t a i n e d  by a l l o w i n g  the  m o d e l  to f r e e l y  r e s p o n d  
to  the  f l o w  c o n d i t i o n s ,  w h i l e  a p p r o x i m a t e l y  2 r a i n  of m a g n e t i c  t a p e  
d a t a  w e r e  r e c o r d e d .  D u r i n g  t h i s  t i m e ,  o n - l i n e  r m s  v a l u e s  of s e l e c t e d  
b e n d i n g - m o m e n t  s e n s o r  o u t p u t s  w e r e  h a n d  r e c o r d e d .  

A f t e r  the  b u f f e t  r e s p o n s e  d a t a  w e r e  o b t a i n e d ,  the  m o d e l  w a s  f o r c e d  
to  v i b r a t e  at r e s o n a n c e  in t he  d e s i r e d  p i t ch  f r e e - f r e e  b e n d i n g  m o d e .  
It w a s  n o t e d  tha t  t h e  e x c i t a t i o n  f o r c e  h a d  to be s u f f i c i e n t l y  l a r g e  to  
e x c i t e  the  m o d e l  a b o v e  the  l e v e l  of  the  b u f f e t  f o r c e s  in  o r d e r  to  o b t a i n  
a w e l l  d e f i n e d  r e s o n a n c e  c o n d i t i o n .  R e s o n a n c e  w a s  t u n e d  in a p p r o x i -  
m a t e l y  t he  s a m e  m a n n e r  as  d i s c u s s e d  in  s t e p  1 of S e c t i o n  3 . 2 . 1 .  
A p p r o x i m a t e l y  2 m i n  of c o n s t a n t  a m p l i t u d e  a n d  f r e q u e n c y  f o r c e d -  
o s c i l l a t i o n  d a t a  w e r e  r e c o r d e d  on m a g n e t i c  t a p e  a n d  a p p r o x i m a t e l y  20 
d a t a  p o i n t s  of  s t e a d y - s t a t e  m e a s u r e m e n t s  w e r e  r e c o r d e d  t h r o u g h  the  
d a t a  a c q u i s i t i o n  s y s t e m .  A f t e r  t h e  f o r c e d - o s c i l l a t i o n  d a t a  at  r e s o n a n c e  
w e r e  o b t a i n e d ,  the  v a r i a t i o n s  of the  e x c i t a t i o n  f o r c e  and  a c c e l e r a t i o n  
r e s p o n s e  wi th  f r e q u e n c y  w e r e  r e c o r d e d  on m a g n e t i c  t a p e .  T h e s e  d a t a  
w e r e  o b t a i n e d  by s w e e p i n g  the  f r e q u e n c y  r a n g e  f r o m  a p p r o x i m a t e l y  2 c p s  
b e l o w  to 2 cps  a b o v e  the  r e s o n a n c e  f r e q u e n c y  u s i n g  the  a u t o m a t i c  f r e -  
q u e n c y  s c a n  c a p a b i l i t y  of the  c o n t r o l  o s c i l l a t o r .  T h e  v a r i a t i o n  w i t h  
f r e q u e n c y  of the  i n - p h a s e  r e s p o n s e  and  t h e  t o t a l  a c c e l e r a t i o n  w e r e  
p l o t t e d  u s i n g  the  two  x - y  p l o t t e r s  on the  a n a l y z e r .  T h e  p l o t s  w e r e  
o b t a i n e d  c o n c u r r e n t l y  w i t h  t he  r e c o r d i n g  of t h e  s w e e p  d a t a  on  t a p e .  
T h i s  p r o c e d u r e  w a s  r e p e a t e d  f o r  e a c h  m o d e  and  a m p l i t u d e  of e x c i t a t i o n .  
T h e  a i r - o n  d e c a y i n g  o s c i l l a t i o n s  d id  no t  p r o d u c e  a s i g n a l  t h a t  w a s  c l e a n  
e n o u g h  to  p e r m i t  t h e  u s e  of the  l o g a r i t h m i c  d e c r e m e n t  m e t h o d  f o r  d e t e r -  
m i n i n g  d a m p i n g .  T h e r e f o r e ,  f r e e  d e c a y s  w e r e  not  r e c o r d e d  f o r  a i r - o n  

c o n d i t i o n s .  

3.3 DATA REDUCTION 

S t e a d y - s t a t e  f o r c e  and  b e n d i n g - m o m e n t  m e a s u r e m e n t s  o b t a i n e d  
f r o m  the  s u p p o r t - s p r i n g  a n d  c o r e  i n s t r u m e n t a t i o n ,  r e s p e c t i v e l y ,  w e r e  
r e d u c e d  and  t a b u l a t e d  o n - l i n e .  T h e s e  d a t a  w e r e  u s e d  p r i m a r i l y  to  
m o n i t o r  t he  t e s t  and  a r e  no t  p r e s e n t e d  h e r e i n .  

9 
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The  buffet  r e s p o n s e  b e n d i n g - m o m e n t  m e a s u r e m e n t s  as  r e c o r d e d  
on m a g n e t i c  tape  wil l  be r e d u c e d  by the M a r t i n - M a r i e t t a  C o r p o r a t i o n ,  
D e n v e r  D iv i s ion .  S e l e c t e d  r m s  b e n d i n g - m o m e n t  da ta  w e r e  hand r e -  
c o r d e d  d u r i n g  the t e s t ,  and t h e s e  da ta  a r e  p r e s e n t e d  h e r e i n .  The  r m s  
da ta  w e r e  ob ta ined  us ing  t i m e - i n t e g r a t i n g  r m s  v o l t m e t e r  s y s t e m s .  
The r e a l  t i m e  da ta  s a m p l e  fo r  the r m s  a n a l y s i s  was  50 s ec .  

The  d a m p i n g  m e a s u r e m e n t s  w e r e  ob t a ined  o n - l i n e  u t i l i z i n g  the  
w a v e f o r m  a n a l y z e r  d e s c r i b e d  in Sec t i on  2 . 3 . 2 .  The  a n a l y z e r  r e s o l v e d  
the  e x c i t i n g  f o r c e  and the  r e s u l t i n g  m o d e l  a c c e l e r a t i o n  into r e a l  and 
i m a g i n a r y  c o m p o n e n t s .  T h e s e  c o m p o n e n t s ,  t o g e t h e r  wi th  the  c i r c u l a r  
f r e q u e n c y ,  def ine  the d a m p i n g  f o r  e ach  e l a s t i c  m o d e  as fo l lows:  

.FR AI - F I AR) C = o h (MS)F h(MS)A (1) 

A v e c t o r  r e p r e s e n t a t i o n  of t h e s e  c o m p o n e n t s  is  p r e s e n t e d  in F ig .  14, 
and a d e r i v a t i o n  of the d a m p i n g  equa t ion  is p r e s e n t e d  in Appendix  III. 
The  s t r u c t u r a l  d a m p i n g  was  d e t e r m i n e d  by exc i t i ng  the m o d e l  at a i r - o f f  
cond i t i ons  and is p r e s e n t e d  in t e r m s  of the s t r u c t u r a l  d a m p i n g  coe f -  
f i c i en t .  F o r  s m a l l  s t r u c t u r a l  d a m p i n g  the  c o e f f i c i e n t  m a y  be e x p r e s s e d  
as :  

c~ c ) (2) 

The d a m p i n g  g i v e n  by Eq. (1) fo r  a i r - o n  cond i t i ons  is the s u m  of the 
s t r u c t u r a l  and a e r o d y n a m i c  d a m p i n g  t e r m s .  The  a e r o d y n a m i c  d a m p i n g  
is p r e s e n t e d  in t e r m s  of the to ta l  d a m p i n g  coe f f i c i en t :  

g = 2 (C~+ ca)= 2 c - ~ )  (3) 
Ccr a i r - o n  

Since  Eq.  (1) de f i ne s  an a b s o l u t e  v a l u e  of the d a m p i n g  r a t h e r  than  a 
d a m p i n g  r a t i o ,  it was  n e c e s s a r y  to d e t e r m i n e  the c r i t i c a l  d a m p i n g  fo r  
u se  in Eqs .  (2) and (3). The  c r i t i c a l  d a m p i n g  was  d e r i v e d  by c o m p a r i n g  
the m e a s u r e d  a i r - o f f  d a m p i n g  f r o m  Eq.  (1) wi th  the d a m p i n g  r a t i o  as 
d e t e r m i n e d  by the l o g a r i t h m i c  d e c r e m e n t  m e t h o d  f r o m  the a i r - o f f  f r e e -  
o s c i l l a t i o n  d e c a y s .  The  c r i t i c a l  d a m p i n g  was  a l so  d e t e r m i n e d  us ing  
v a l u e s  of the g e n e r a l i z e d  m a s s e s  f r o m  the fo l lowing  equa t ion :  

Ccr = 2oMs 

w h e r e  the g e n e r a l i z e d  m a s s e s  w e r e  e x p e r i m e n t a l l y  d e t e r m i n e d  by the  
i n c r e m e n t a l  m a s s  m e t h o d  (Ref.  7). H o w e v e r ,  c r i t i c a l  d a m p i n g  d e t e r -  
m i n e d  by th is  m e t h o d  was  not fe l t  to be as  a c c u r a t e  as tha t  de f i ned  by 
the  f r e e - o s c i l l a t i o n  d e c a y  f o r  d e t e r m i n i n g  the  d a m p i n g  c o e f f i c i e n t  
( s ee  Se c t i o n  4 . 1 . 2 ) .  

10 
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SECTION IV 
RESULTS AND DISCUSSION 

It was noted in Section 3.2 that the test was conducted in two distinct 
phases: (I) air-off vibration testing and (2) air-on buffet response and 
vibration testing. The results of these phases of the test are discussed 

separately. 

4.1 AIR-OFF VIBRATION TESTING 

Air-off vibration of the model was conducted to evaluate the modal 
characteristics of the various configurations in the pitch plane. The 
following parameters, which may be interpreted as defining the elastic 
properties of the model, were determined for the first and second pitch 
bending modes: (i) mode shapes, (2) resonant frequencies, and (3) 
structural damping. It was discovered during the air-off vibration test- 
ing that significant pitch-yaw coupling occurred in the first mode for 
certain configurations. To show the effects of the coupling, the varia- 
tion with frequency of the in-phase response and the total acceleration 
were also recorded for all configurations. 

4. 1.1 Model Elastic Properties 

Longitudinal variations of the normalized amplitudes, h(MS), of the 
first and second pitch bending modes are presented for the various con- 
figurations in Figs. 15 through 19. All configurations exhibited similar 
mode shapes. The flexural stiffness of the core is significantly less 
than that of the SRM's as indicated by the larger variation of the core 
deflection. For the first mode the SRM's were essentially rigid bodies 
experiencing pitch motion, whereas, some bending can be detected in 
the second mode. It is interesting to note that the payload weight had 
a significant effect on the core deflection for the second mode. The 
variation of the core deflection for configuration 43 with a payload of 
0.9 Ib was considerably less than that of configuration 45 with a payload 

weight of 3.5 lb. 

Significant changes in frequency also resulted from payload weight 
changes as shown in Fig. 20. Increasing the payload-weight decreased 
the resonance frequency of both the first and second pitch bending modes. 

Structural damping of the various configurations was determined as 
discussed in Sections 3.2 and 3.3 and Appendix Ill. Somevariation in 
damping with excitation force was observed; however, this variation was 

Ii 
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g e n e r a l l y  wi th in  the s c a t t e r  of the data.  A s u m m a r y  of the s t r u c t u r a l  
d am p in g  coe f f i c i en t s  (gs) t o g e t h e r  with o the r  m o d e l  p h y s i c a l  p r o p e r t i e s  
is p r e s e n t e d  in Table  I. Damping  coe f f i c i en t s  p r e s e n t e d  in the tab le  
r e p r e s e n t  a v e r a g e  va lue s .  It should  be noted  that  the m o d e l  s t r u c t u r a l  
damping  coe f f i c i en t  for  the f i r s t  p i tch  bending  m o d e  r a n g e d  f r o m  50 to 
60 p e r c e n t  of that  e s t i m a t e d  for  the p ro to type  v e h i c l e .  Th i s  i n d i c a t e s  
that  the m o d e l  was c o n s e r v a t i v e  s i n c e  it shou ld  be m o r e  r e s p o n s i v e  to 
buffet l oads  than the p ro to type  veh i c l e .  

4. 1.2 Forced-Oscillation Response Characteristics 

R e s p o n s e  c h a r a c t e r i s t i c s  of the  v a r i o u s  c o n f i g u r a t i o n s  a r e  e x h i b i t e d  
by v a r i a t i o n s  with f r e q u e n c y  of the to ta l  a c c e l e r a t i o n  (~.) and the i n - p h a s e  
r e s p o n s e  (R I) as shown in F igs .  21 t h rough  28. F o r  c e r t a i n  c o n f i g u r a -  
t ions ,  s ign i f i can t  coupl ing b e t w e e n  the p i tch  bending  m o d e s  and the  yaw 
bending  m o d e s  a n d / o r  s t ing  v i b r a t i o n  was e n c o u n t e r e d .  One e x a m p l e  is 
shown for  the f i r s t  p i tch  bending  m o d e  of c o n f i g u r a t i o n  42, Fig.  2 la.  
Coupl ing is e v i d e n c e d  by the s m a l l  s e c o n d a r y  peaks  in A and R I which  
occu r  at f r e q u e n c i e s  below and above the r e s o n a n c e  f r e q u e n c y .  The 
e f fec t  of the coupl ing is to d e c r e a s e  the p i tch  a c c e l e r a t i o n  in the n e i g h b o r -  
hood of the r e s o n a n c e  f r e q u e n c y ,  and thus cause  the  to ta l  r e s p o n s e  (A/F)  
to be l e s s  than the va lue  which  would occu r  for  pi tch p lane  v i b r a t i o n s  
alone.  Since d a m p i n g  is  i n v e r s e l y  p r o p o r t i o n a l  to the r e s p o n s e ,  the ind i -  
ca ted  damping  is too l a r g e .  Coupl ing  was not p r e s e n t  in the  s e c o n d  p i tch  
bend ing  mode  of con f igu ra t i on  42 as e v i d e n c e d  b_y the  s m o o t h  v a r i a t i o n  of 
A and RI with f r e q u e n c y  and the  s i n g l e  peak in A at the r e s o n a n c e  f r e -  
quency ,  Fig.  22. Conf igu ra t i on  43 a l so  e x p e r i e n c e d  s ign i f i can t  coupl ing  
in the f i r s t  p i tch  bend ing  m o d e  as shown by the so l id  c u r v e s  in Fig.  23. 
This  coupl ing  r e s u l t e d  p r i m a r i l y  f r o m  s t ing  v ib r a t i on .  A s t ing  e x t e n s i o n ,  
which  s u p p o r t s  the payload  nose  b r ake ,  was r e m o v e d  and m o s t  of the 
coupl ing  was e l i m i n a t e d  as shown by the b r o k e n  c u r v e s  in Fig.  23. Also ,  
the r e s o n a n c e  f r e q u e n c y  was l o w e r  for  the con f igu ra t i on  wi thout  the  s t ing  
ex t ens ion .  Some coupl ing  r e m a i n e d  (probably  with the f i r s t  yaw bend ing  
mode)  s ince  A peaked  at a f r e q u e n c y  s l i gh t l y  above the r e s o n a n c e  f r e -  
quency .  S i m i l a r  v a r i a t i o n s  of A and R I with f r e q u e n c y  for  o t h e r  conf ig-  
u r a t i o n s  show only s m a l l  coupl ing  e f fec t s .  

It was not p o s s i b l e  to e s t i m a t e  the r e d u c t i o n  in m e a s u r e d  damp ing  
va lue s  r e s u l t i n g  f r o m  the  coupl ing  a l though  the  e r r o r  was  pa r t l y  r e d u c e d  
by accoun t ing  for  the coupl ing in eva lua t ing  c r i t i c a l  damp ing  (Ccr) .  Th is  
was a c c o m p l i s h e d  by d e t e r m i n i n g  Ccr  as fo l lows:  

Ccr = 2C/g s 

w h e r e  gs is the s t r u c t u r a l  d a m p i n g  coe f f i c i en t  as d e t e r m i n e d  f r o m  f r e e  
d e c a y s  and C is the s t r u c t u r a l  damp ing  ob ta ined  f r o m  f o r c e d  o sc i l l a t i on .  

12 
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The result is that Ccr is adjusted for the coupling in an amount propor- 
tional to the coupling effect on C such that the ratio C/Ccr is approxi- 
mately correct. , 

4.2 BUFFET RESPONSE 

Variations with free-stream Mach number of the total elastic rms 
bending moment resulting from the structural response of the model in 
the pitch free-free bending modes to buffet airloads are presented in 
Fig. 29. These results were obtained by hand recording rms voltages 
of a selected bending-moment sensor output during the test. The sensor 
at model station 35.48 was selected because of its close proximity to the 
station of peak bending-moment sensitivity in the first and second pitch 
bending modes. Also, it should be noted that the bending-moment sensor 
outputs were filtered below i0 cps to exclude the rigid body frequencies 
of the support springs from the rms analysis. A discussion of the effects 
of the support springs is presented in Ref. i. Since the present test was 
generally conducted at dynamic pressures below the Ref. 1 test, it was 
necessary to adjust the bending-moment data so that a comparison of the 
two test results could be made. An analysis of the effects of dynamic 
pressure was made in Ref. i, and it was shown that the bending-moment 
response was proportional to the dynamic pressure. Therefore, the 

variations of aMI~N)with M® from the present bending-moment data are 
v _  

compared with the data from Ref. 1 for similar configurations. Consider- 
ing that minor changes had been made to the weight distributions and that 
the flow field about the model may have been slightly altered because of 
the presence of the excitation system, the results compare reasonably 
well. The peak buffet response occurred near M® = 0.95 for all configura- 
tions. The external geometries of configurations 43, 44, and 45 were the 
same as configurations 32, 41, and 34, respectively, in Ref. I. The 
protuberances on the MOL differed between configuration 42 of the present 
test and configuration 31 in Ref. i; however, both sets of protuberances 
appeared to have similar effects on the buffet response (Fig. 29a). Con- 
figuration 46 was not tested previously, and a comparison of the results 

cannot be made. 

4.3 AIR.ON VIBRATION TESTING 

Air-on vibration testing was conducted to measure the total damping 
(combined structural and aerodynamic damping) by the forced-oscillation 
technique. Variations of the total damping coefficient (g) with Mach num- 
ber (M®) are presented in Figs. 30 through 34. The structural damping 

13 
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c o e f f i c i e n t s  (gs) as d e t e r m i n e d  f r o m  a i r - o f f  v i b r a t i o n  t e s t i n g  a r e  a l so  
p r e s e n t e d  in F igs .  30 t h r o u g h  34. The d i s p e r s i o n s  of gs r e s u l t i n g  
f r o m  e x c i t i n g  f o r c e  a m p l i t u d e ,  t e m p e r a t u r e ,  and o t h e r  f a c t o r s  a r e  
r e p r e s e n t e d  by the  c r o s s - h a t c h e d  band.  The  a e r o d y n a m i c  d a m p i n g  
co e f f i c i en t  ( C a / C c r )  is  a func t ion  of the to ta l  d a m p i n g  (g) and the 
s t r u c t u r a l  d a m p i n g  (gs): 

Ca g - g s  

Ccr 2 

The  G e m i n i  c o n f i g u r a t i o n s  ( c o n f i g u r a t i o n s  42, 43, and 44) e x h i b i t e d  
s i m i l a r  d a m p i n g  c h a r a c t e r i s t i c s  fo r  the  f i r s t  p i tch  bend ing  mode ,  
F ig s .  30a, 3 la ,  and 32a. The a e r o d y n a m i c  d a m p i n g  was r e l a t i v e l y  low 
at the  l o w e r  Mach n u m b e r s  and i n c r e a s e d  r a p i d l y  in the  Mach n u m b e r  
r a n g e  f r o m  0. 925 to 1.00.  P e a k  buffet  r e s p o n s e  a l so  o c c u r s  in th i s  
Mach n u m b e r  r ange .  The v a r i a t i o n s  of a e r o d y n a m i c  d a m p i n g  for  the  
s e c o n d  pi tch  bend ing  m o d e  with Mach n u m b e r  ( c o n f i g u r a t i o n s  42, 43, 
and 44, F i g s .  30b, 31b, and 32b) w e r e  l e s s  than  t h o s e  o b s e r v e d  for  the  
f i r s t  m o d e .  F o r  c o n f i g u r a t i o n  43, the a e r o d y n a m i c  d a m p i n g  was  a p p r o x i -  
m a t e l y  z e r o .  The  e f fec t  of d y n a m i c  p r e s s u r e  on a e r o d y n a m i c  d a m p i n g  
was s i m i l a r  for  c o n f i g u r a t i o n s  42 and 44. As d y n a m i c  p r e s s u r e  was 
i n c r e a s e d ,  the  a e r o d y n a m i c  damping  a l so  i n c r e a s e d ;  a l though  the in-  
c r e a s e  in damping  was not n e c e s s a r i l y  p r o p o r t i o n a l  to d y n a m i c  p r e s s u r e  
fo r  al l  Mach n u m b e r s .  F o r  c o n f i g u r a t i o n  43, it shou ld  be no t ed  that  the  
d a m p i n g  data  for  the  f i r s t  m o d e  a re  for  the c o n f i g u r a t i o n  wi thout  the  
s t ing  e x t e n s i o n  ( see  Sec t ion  4. 1). F o r  th i s  con f igu ra t i on ,  da ta  w e r e  

= The e f fec t  of d y n a m i c  p r e s s u r e  on the ob t a ined  only for  q® 0 .50  q®N" 

d a m p i n g  for  the s e c o n d  m o d e  of c o n f i g u r a t i o n  43 was  n e g l i g i b l e ,  as  m a y  
be e x p e c t e d  s i n c e  the a e r o d y n a m i c  d a m p i n g  was a p p r o x i m a t e l y  ze ro .  

The  SV-5 c o n f i g u r a t i o n  and the  s t a n d a r d  f a i r i n g  c o n f i g u r a t i o n  (con-  
f i g u r a t i o n s  45 and 46, r e s p e c t i v e l y )  vcere t e s t e d  for  a e r o d y n a m i c  d a m p -  
ing only in the  f i r s t  p i tch  bend ing  mode ,  and the  r e s u l t s  a r e  p r e s e n t e d  
in F i g s .  33 and 34. The  a e r o d y n a m i c  d a m p i n g  fo r  c o n f i g u r a t i o n  45 
i n c r e a s e d  a l m o s t  m o n o t o n i c a l l y  f r o m  0 .85  to 1. 10. F o r  c o n f i g u r a t i o n  
46, the a e r o d y n a m i c  d a m p i n g  i n c r e a s e d  r a p i d l y  f r o m  0. 925 to 0. 975, 
p e a k e d  at 0. 975, and d e c r e a s e d  f r o m  0. 975 to 1 .00.  The  e f fec t  of in-  
c r e a s i n g  d y n a m i c  p r e s s u r e  was  to i n c r e a s e  the  a e r o d y n a m i c  d a m p i n g  
as o b s e r v e d  fo r  c o n f i g u r a t i o n s  42 and 44. 

The r e s p o n s e  c h a r a c t e r i s t i c s  of the  v a r i o u s  c o n f i g u r a t i o n s  w e r e  
a l so  r e c o r d e d  fo r  a i r - o n  cond i t ions  as plots  of A and R I v e r s u s  f r e -  
quency .  The  r e s u l t s  w e r e  s i m i l a r  to t hose  fo r  a i r - o f f  cond i t i ons  ( see  
Sec t ion  4 .1) ;  h o w e v e r ,  the a i r - o n  data  w e r e  s o m e w h a t  i l l - d e f i n e d  

14 
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because of the presence of nonstationary, random buffet forces. The 
coupling effects, noted in the air-off data for configurations 42 and 43, 
were also present for air-on conditions. 

SECTION V 
CONCLUSIONS 

On the basis of a wind tunnel test conducted on aeroelastically 
scaled Titan III/MOL configurations, the following conclusions can be 

drawn: 

I. All configurations experienced peak buffet response 
near Mach number 0.95. The buffet response for the 
Gemini and SV-5 configurations agreed reasonably well 
with previous test results for the same or similar 
configurations. 

2. The model structural damping for the first pitch bend- 
ing mode ranged from 50 to 60 percent of that estimated 
for the prototype vehicle. Thus, buffet response meas- 
urements should be conservative for estimating the full- 
scale buffet response. 

3. Significant coupling between the pitch bending modes and 
the yaw bending modes and/or sting vibration was noted 
in both the air-off and air-on vibration data. This 
problem which affects the damping results could only be 
approximately resolved. 

4. The aerodynamic damping was generally positive and 
varied with Mach number. The largest variations 
occurred in the Mach number range from 0. 925 to i. 00 
for the Gemini and SV-5 configurations. 

5. Increasing dynamic pressure caused an increase in aero- 
dynamic damping, although the increase in damping was 
not necessarily proportional to dynamic pressure. 

15 
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FLOW - ~  /'~/J,..':~z 
k "<J / / / ./b'~'v,d / . / / I  

Secticm A-A 

6 %  Open Area 
Hole Diameter • 0.75 In. 
Plate Thickness • 0.75 In. 
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~--SOLID /--PERFORATED ~ \ ~-- MODEL SUPPORT 

V / / ~  GUY RODS-,, / ~ I I / t ~ l  
L / / / _ / ~  SCHLIEREN (4) ~ ~ I I ~ 

S!A. SlA. 
- I 0  0 8 .69  40 

TUNNEL STATIONS IN FEET 

Fig. 1 Schematic of the Model Installation in Tunnel 16T 

a, Configuration 42 

Fig. 2 Photographs of the Various Configurations Installed in Tunnel 16T 
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b. Configuration 43 

c. Configuration 44 

Fig. 2 Continued 

20 



AEDC-TR-67-178 

d. Configuration 45 

e. Configuration 46 

Fig. 2 Concluded 
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a. Sting Support System 

b. Elastic Structure with Concentrated Weights 

c. Assembled Model 

Fig. 6 Photographs of the Model at Various Stages of Assembly 
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SRM DEFLECTED 
IN PITCH "---7 

FORWARD SPRING / AFT SPRING SUPPORT SUPPORT / 

COREsTINGDEFLECTED~ ~ l N  I 

MODEL STATION 20.97 

a. Side View 

87.57 
ALL DIMENSIONS IN INCHES 
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PINNED 
JOINT LEFT SRM STING ~. 

SRM DEFLECTED IN YAW LONGITUOINAL 
STRESS RELIEVING 

SPRING 

FIXED 
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b. Top View 
Fig. 7 Schematics of the Spring Support System 
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APPENDIX II 
DERIVATION OF MODEL SCALING PARAMETERS 

The models were aeroelastically scaled to be dynamically similar 
to the prototype vehicles. The scale factors used in the model design 
were dictated by the wind tunnel size and the necessity to match perti- 
nent dimensionless and independent parameters Ereferred to as Pi(~r) 
terms, Ref. 8]. The descriptive variables and the basic dimensions 
are: 

Symbol Variable Dimens ions 

a® Free-stream speed of sound LT -I 

E Young's modulus of elasticity FL -2 

f Frequency T- 1 

g Gravitational acceleration LT- 2 

I a Area moment of inertia L 4 

Im Mass moment of inertia FT2L 

Typical linear dimension L 

M Total mass FT2L - 1 

m Mass per unit length FT2L -2 

T~ Free-stream temperature e 

V® Free -stream velocity LT - I 

Angle of attack Dimensionless 

v® Kinematic viscosity of the free stream L2T -I 

Pa Mass density of air FT2L -4 

Ps Mass density of structure FT2L -4 

where L, T, F, and 0 are the basic dimensions of length, 
and temperature, respectively. 

time, force, 

The following design conditions were considered pertinent: 

(1) 

(2) 
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(('~'-~)M = f(-~--)p (Strouhal number) (3) 

=M = *~ P (Angle of attack) (4) 

P(~'-s )M = t°(~--s )p (Mass density ratio) (5) 

w h e r e  M and P deno te  m o d e l  and p ro to type ,  r e s p e c t i v e l y ,  and r e f  d e -  
no te s  a r e f e r e n c e  p a r a m e t e r .  To s a t i s f y  tunne l  r e q u i r e m e n t s  for  l e s s  
than  o n e - p e r c e n t  t unne l  b lockage ,  of the m o d e l ,  ( l r e f ) M  = 0 .07  (£ re f )P .  

that  

(v.__} M 
(v.). = L( )d 

w h e r e  T® is a b s o l u t e  t e m p e r a t u r e  in d e g r e e s  Rank ine .  B e c a u s e  of 
l i m i t a t i o n s  in the  t e s t  fac i l i ty ,  t h e r e  was a t e m p e r a t u r e  m i s m a t c h  
b e t w e e n  the  m o d e l  t e s t  cond i t i ons  and the  p r o t o t y p e  f l ight  r e g i m e s .  

Th i s  m i s m a t c h  is c o n s i d e r e d  s m a l l ,  s u c h  tha t  (v~____)M = 1.0. 
C~) P 

F r o m  the  n e c e s s i t y  to m a t c h  Mach  n u m b e r ,  Eq.  (2), it can  be shown  

(6) 

The  bend ing  s t i f f n e s s  and runn ing  m a s s  of the  m o d e l  w e r e  a l so  the  
c o r r e c t  s c a l e d  va lue s  of the  p r o t o t y p e  v e h i c l e .  

EI a 

(8) 

The  n e c e s s i t y  to m a t c h  p e r t i n e n t  cond i t i ons  Eqs .  (1) t h r o u g h  (6) r e -  
su l t ed  in a m i s m a t c h  in c e r t a i n  r e m a i n i n g  7r t e r m s .  

F o r  e x a m p l e :  

and 

(.v. ~ ~_v~ ~ 
k- -~-~-] M ~ ~k---~ ] p (Reynolds number) (9) 

(v2  ( roodenumb0r) 
\ g t / M  \gt ,~ ,  (10) 
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The mismatch in Reynolds number implies a lack of similarity in 
the boundary layers on the model and prototype vehicles. The mismatch 

in Froude number implies a lack of similarity in the gravity effects or 

that slosh and "deadweight" are not matched. It was felt that these mis- 

matched conditions were not critical to the nature of the test. 

T h e  v a r i o u s  p a r a m e t e r s  o f  t h e  m o d e l  a r e  d e f i n e d  a s  f o l l o w :  

S c a l e  F a c t o r  n = 0 .07  

Length ~i = 0.07 

S t iffn es s (El a') M 
(F, l a ) | ,  

= (n~4 = 2.1-{} x 1 0 - s  

M a s s  M'~'I = (n) 3 = 3 .43 x 10 - ~  
M p 

m M 
R u n n i n g  M a s s  mp 

- (n) 2 = 4 .90  x 10 - 3  

Frequency fM _ I iI.28 
fp n 

M a s s  M o m e n t  

o f  I n e r t i a  

( - Im) M = ( n )  5 = 1 . 6 8  x i 0  - ~  
{IMP, P 
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APPENDIX III 
DERIVATION OF DAMPING PARAMETERS 

C o n s i d e r  the c o m p l e x  f o r m  of the equa t ion  of m o t i o n  for  a d i s c r e t e  
s y s t e m  with s ing le  d e g r e e - o f - f r e e d o m ,  f o r c e d  osc i l l a t i on :  

MX + CX + KX = ]~e ' ~ t  (1) 

w h e r e  Fe i~)t is the input fo rc ing  func t ion  ac t ing  on the s y s t e m .  A so lu t ion  
of the equa t ion  of m o t i o n  is of the f o r m  

- i ~ t  

X = Xe (2) 

w h e r e  .X is the c o m p l e x  ampl i tude .  The f i r s t  and s e c o n d  d e r i v a t i v e s  of 
the so lu t ion  r e s o l v e s  the v e l o c i t y  and a c c e l e r a t i o n  func t ions :  

- -  l ( D t  

= ( 3 )  

- -  l ~ t  

= - ~ 2 X e  (4) 

Subs t i tu t ing  Eqs .  (2), (3), and ( 4 ) i n t o  Eq. (1), and s imp l i fy ing :  

I ~ = (K - M~ 2) ,~ + i (C~)  X (5) 

Fig.  
A v e c t o r  r e p r e s e n t a t i o n  of Eq.  (5) is  p r e s e n t e d  in the phase  d i a g r a m ,  

14. F r o m  the  d i a g r a m :  

s i n  # - C o a x  (6) 

w h e r e  
/3 = 0 - 7/ (7) 

Combining Eqs. 

Also ,  f r o m  the phase  d i a g r a m :  

s i n  0 = FI  FR 
C O S  0 = 

2R x1 c o s  ~? = - -  s i n  q 

(6) and (7), and expanding:  
ccox - s i n  (9 c o s  ~ -  c o s  0 s i n  q ( 8 )  

(9)  

Combin ing  Eqs .  (8) and (9) and solving for the damping: 

C = FI  XB - FR x l  
(10 )  
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It is ev iden t  f r o m  the phase  d i a g r a m ,  that ,  at r e s o n a n c e  (/3 = 90 deg),  
the d a m p i n g  of a s ing le  d e g r e e - o f - f r e e d o m  s y s t e m  (Eq. 10) is s i m p l y  the 
app l i ed  f o r c e  d iv ided  by the v e l o c i t y  of a p p l i c a t i o n  of the f o r c e .  S ince  
du r ing  the p r e s e n t  i n v e s t i g a t i o n ,  the f o r c e  and a c c e l e r a t i o n  w e r e  m e a s -  
u r e d ,  it is c o n v e n i e n t  to e x p r e s s  Eq.  (10) in t e r m s  of the r e a l  and i m a g -  
i n a r y  c o m p o n e n t s  of the f o r c e  and a c c e l e r a t i o n .  Not ing  f r o m  Eqs .  (2) 
and (4) that  the pos i t i on  and a c c e l e r a t i o n  a r e  r e l a t e d  by m i n u s  the s q u a r e  
of the c i r c u l a r  f r e q u e n c y ,  Eq.  (10) b e c o m e s :  

where 

F R AI - F I A R )  
C = 09 --2 --2 

A R + A I 

(11) 

At this point it should be noted that the present test model is a con- 

tinuous system rather than a discrete system. Therefore, it is necessary 

to assume that the response of the structure can be represented by the 

superposition of the responses in its individual modes considering each 
mode to respond as a single degree-of-freedom system with appropriate 

excitation. It was noted in Refs. 5 and 6 that this assumption is reason- 

able for a lightly damped continuous structure, as is the case for the 

present model, and hence will be made here also. For a continuous 
system, the damping is given by Eq. (ii) if the force and acceleration 
are replaced by their generalized values. Denoting the generalized values 

with a subscript g: 

I ) 
FRg AIg - Fig ARg 

C = ~ " . ~ -  -2 
- R g  -e Aig 

(12) 

D u r i n g  the p r e s e n t  i n v e s t i g a t i o n ,  a s i n g l e  f o r c e  was  app l i ed  to the 
m o d e l  and the  a c c e l e r a t i o n  r e s p o n s e  was  m e a s u r e d  at a s ing le  pos i t i on  
on  the  m o d e l .  T h e  g e n e r a l i z e d  f o r c e  and a c c e l e r a t i o n  a r e  r e l a t e d  to  the  
m e a s u r e d  p a r a m e t e r s  by: 

17g = l~h (MS)F (13) 

Ag = ,~/h (MS)A (14) 

where h(MS) F and h(MS)A are the normalized modal displacements at the 
model stations corresponding to the location of the force and accelera- 
tion measurements, respectively. Therefore, the damping for a continu- 
ous system may be expressed in terms of the measured parameters as: 
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( F R  n A! n -- Fin ARn.~ 
Cn = 0~a " X2-~--- -2 ] h(MS)F n h(MS)A. 

. R n -'- Ain 
( 1 5 )  

where the subscript n denotes the elastic mode n. 

For wind-off conditions, the damping given by Eq. (15) is the equiv- 
alent viscous value of the structural damping (Cs). The structural damp- 
ing coefficient for a given mode is defined for a lightly damped system 
as: 

2C s _ 2C \ 

gs = Cc---- 7 C~r )a i r -off  ¢16)  

where 

Ccr = 2oMs 

For air-on conditions, the damping given by Eq. 15 is the sum of the 
structural damping (Cs) and the aerodynamic damping (Ca). The air-on 
damping coefficient for a given mode is defined as: 

2(C s + C a) 2 C \  

g -  Ccr - C o t ) a i r - o n  ( 1 7 )  

Another method of determining the damping coefficient (g) has been 
proposed by Stahle (Refs. 5 and 6). Noting that the in-phase response 
(RI) peaks at frequencies 3ust below and just above resonance, it can be 
shown that the damping coefficient may be expressed as: 

(fa/fb) 2 - 1 ra -  fb (18) 

g = (fa/ fb) 2 + 1 = fo 

Where fa, fb, and fo are defined in the following schematic 

fb 

t 
o 

F to (Resonance) 

/ 
f a 
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It  i s  e v i d e n t  f r o m  Eq .  (18) t h a t ,  f o r  a l i g h t l y  d a m p e d  s y s t e m ,  t h e  p e a k s  
o c c u r  e x t r e m e l y  c l o s e  t o  r e s o n a n c e .  F o r  e x a m p l e ,  if g = 0. 018 a n d  
fo  = 18 c p s ,  t h e n  f a  = 18. 162 and  fb = 17. 838 .  T h e r e f o r e ,  i f  t h e  f r e -  
q u e n c y  r e s o l u t i o n  i s  o n l y  + 0 . 0 5  c p s  w h i c h  i s  r e p r e s e n t a t i v e  of t h e  
u n c e r t a i n t y  of t h e  p r e s e n t  s y s t e m ,  t h e  e r r o r  in  c o m p u t i n g  g u s i n g  
Eq .  (18) c o u l d  be  a s  l a r g e  a s  30 p e r c e n t .  T h i s  p r o b l e m  is  f u r t h e r  a u g -  
m e n t e d  by  i l l - d e f i n e d  i n - p h a s e  r e s p o n s e  c u r v e s  f o r  a i r - o n  c o n d i t i o n s .  
T h e  v a r i a t i o n s  w i t h  f r e q u e n c y  of t h e  i n - p h a s e  r e s p o n s e  w e r e  p l o t t e d  f o r  
b o t h  a i r - o f f  and  a i r - o n  v i b r a t i o n a l  t e s t s ;  h o w e v e r ,  t h e y  w e r e  u s e d  o n l y  
to  e v a l u a t e  p i t c h - y a w  c o u p l i n g  e f f e c t s  a s  d i s c u s s e d  in  S e c t i o n  4. 1 . 2 .  
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