
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD474410

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; NOV 1965. Other
requests shall be referred to Air Force Arnold
Engineering Development Center, AEDC-IN
(STINFO), 251 First Street, Arnold AFB, TN
38389-2305.

aedc per dtic form 55



AEDC-TR-65-228 

MEASUREMENT OF NONAXIAL FORCES 
PRODUCED BY SOLID-PROPELLANT ROCKET MOTORS 

USING A SPIN TECHNIQUE 

M. A. Nelius and J. E. Harris 

ARO, Inc. 

November 1965 

ROCKET TEST FACILITY 

ARNOLD ENGINEERING DEVELOPMENT CENTER 

AIR FORCE SYSTEMS COMMAND 

ARNOLD AIR FORCE STATION, TENNESSEE 



NOTICES 
When U. S. Government drawings specifications, or other data are used for any purpose other than a 
definitely related Government procurement operation, the Government thereby incurs no responsibility 
nor any obligation whatsoever, and the fact that the Government may have formulated, furnished, or in 
an)" way supplied the said drawings, specifications, or other data, is not to be regarded by implicat'ion 
or otherwise, or in any manner licensing the holder or any other person or corporation, or conveying 
any rights or permission to manufacture, use, or sell any patented invention that may in any way be 
related thereto. 

Qualified users may obtain copies of this report from the Defense Documentation Center. 

References to named commercial products in this report are not to be considered in any sense as an I 
endorsement of the product by the United States Air Force or the Government. [ 

Defense Docum,mtation Center release to the Clearinghouse for Federal Scientific and Technical 
Information (CFSTI) and foreign announcement and distribution of this report are not authorized. The 
distribution of this report is limited because it contains technology identifiable with items excluded 
from export by the Department of State. 



AE DC-T R-65-228 

M E A S U R E M E N T  OF NONAXIAL FORCES 

P R O D U C E D  BY S O L I D - P R O P E L L A N T  R O C K E T  MOTORS 

USING A SPIN T E C H N I Q U E  

M. A. Ne l iu s  and  J .  E. H a r r i s  

ARO, Inc.  

A P  - AI I :DC 
A n l d d  A 1 ~  ' ] r lml l  



AEDC-T R-65-228 

FOREWORD 

The work  r e p o r t e d  h e r e i n  was  s p o n s o r e d  by Arno ld  E n g i n e e r i n g  
D e v e l o p m e n t  C e n t e r  (AEDC), A i r  F o r c e  S y s t e m s  C o m m a n d  (AFSC), 
Arno ld  A i r  F o r c e  Sta t ion,  T e n n e s s e e  u n d e r  P r o g r a m  E l e m e n t  65402234. 

The r e s u l t s  of r e s e a r c h  p r e s e n t e d  w e r e  ob ta ined  by  ARC), Inc. (a 
s u b s i d i a r y  of S v e r d r u p  and P a r c e l ,  Inc. ), c o n t r a c t  o p e r a t o r  of AEDC u n d e r  
C o n t r a c t  A F  40(600)-1200.  The r e s e a r c h  was  conduc ted  in P r o p u l s i o n  
Eng ine  T e s t  Ce l l  (T-3)  of the Rocke t  T e s t  F a c i l i t y  (RTF)  u n d e r  ARC) P r o j -  
ec t  No. RT8002,  and the m a n u s c r i p t  was  s u b m i t t e d  fo r  p u b l i c a t i o n  on 
O c t o b e r  12, 1965. 

The  a u t h o r s  w i sh  to acknowledge  the e f fo r t s  of P a u l  M. Hood, M a n a g e r ,  
T - P r o j e c t s  B r a n c h ,  Rocke t  T e s t  F a c i l i t y .  M r .  Hood c o n c e i v e d  the  idea  of 
m e a s u r i n g  nonax ia l  f o r c e s  u s i n g  the sp in  t echn ique .  

T h i s  t e c h n i c a l  r e p o r t  ha s  been  r e v i e w e d  and is  approved .  

Ra lph  W. E v e r e t t  J e a n  A. J a c k  
Major ,  USAF Colonel ,  USAF 
A F  R e p r e s e n t a t i v e ,  R T F  D C S / T e s t  
D C S / T e s t  

i i  



AE DC-T R-65-228 

ABSTRACT 

This  r e p o r t  i n t r o d u c e s  a t e c h n i q u e  for  m e a s u r e m e n t  of nonaxia l  
f o r c e s  p r o d u c e d  by s o l i d - p r o p e l l a n t  r o c k e t  m o t o r s  which  is i n d e p e n d e n t  
of t h r u s t  s t and  i n t e r a c t i o n s  and m o t o r  weight  v a r i a t i o n s .  The t e c h n i q u e  
c o n s i s t s  of m e a s u r i n g  the axial  and two h o r i z o n t a l  t r a n s v e r s e  f o r c e s  
( t h r ee  c o m p o n e n t s )  whi le  sp inn ing  the  m o t o r  about i ts  axial  c e n t e r l i n e .  
The a c c u r a c y  of r a d i a l  f o r c e  m e a s u r e m e n t  u s ing  the  sp in  t e c h n i q u e  was 
e s t a b l i s h e d  f r o m  a dynamic  t r a n s v e r s e  f o r c e  c a l i b r a t i o n  which  was 
a c c o m p l i s h e d  in the  p r e s e n c e  of a 4800-1bf, t h r u s t - s i m u l a t i n g  axial  load.  
It was  d e t e r m i n e d  that  r ad i a l  f o r c e s  hav ing  m a g n i t u d e s  l e s s  than  10 lbf 
could  be d e t e r m i n e d  wi th in  0 .5  lbf and that  r a d i a l  f o r c e s  g r e a t e r  than 
10 lbf could  be d e t e r m i n e d  wi th in  5 p e r c e n t  at r o t a t i ona l  s p e e d s  up to 
250 r p m .  The p r i n c i p l e  of the  t echn ique ,  i ts  l i m i t a t i o n s ,  and a d v a n t a g e s  
a r e  d i s c u s s e d .  De ta i l s  of the dynamic  t r a n s v e r s e  f o r c e  c a l i b r a t i o n s  and 
t e s t  r e s u l t s  of nonaxia l  f o r c e  m e a s u r e m e n t s  d u r i n g  m o t o r  f i r i n g s  a r e  a l so  
p r e s e n t e d .  
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SECTION I 
INTRODUCTION 

The ex ten t  to which  the  t h r u s t  v e c t o r  of a s o l i d - p r o p e l l a n t  r o c k e t  
m o t o r  is  m i s a l i g n e d  f r o m  the m o t o r  ax i a l  c e n t e r l i n e  is  of g r e a t  s i g n i f i -  
c ance  fo r  m a n y  s p a c e  a p p l i c a t i o n s  w h e r e  p r e c i s i o n  t r a j e c t o r y  r e q u i r e -  
m e n t s  ex i s t .  Nonax ia l  f o r c e  m e a s u r e m e n t  has ,  h e r e t o f o r e ,  been  
a c c o m p l i s h e d  t h r o u g h  t e s t i n g  on a m u l t i c o m p o n e n t  t h r u s t  s t and  which  
r e q u i r e s  tha t  the  s ix  c o m p o n e n t s  (Fig.  1), which  def ine  the  f o r c e  s y s t e m ,  
be i n d i v i d u a l l y  m e a s u r e d .  T h i s  method ,  howeve r ,  h a s  s e v e r a l  i n h e r e n t  
c o m p l e x i t i e s  which  n e c e s s i t a t e  l a r g e  c o r r e c t i o n s  to the m e a s u r e d  f o r c e  
data .  P r i m a r y  a m o n g  t h e s e  c o r r e c t i o n s  a r e  those  n e c e s s a r y  to accoun t  
fo r  m o t o r  weight  v a r i a t i o n s  with  t i m e  and fo r  t h r u s t  s t and  i n t e r a c t i o n s  
which  p roduce  b i a s e d  f o r c e  m e a s u r e m e n t s .  A p r e c i s e  knowledge  of the  
v a r i a t i o n  in m o t o r  weigh t  and c e n t e r - o f - g r a v i t y  l o c a t i o n  wi th  t i m e  a s  
wel l  as  the c h a r a c t e r i s t i c s  of the t h r u s t  s t and  is  e s s e n t i a l  f o r  a c c u r a t e  
f o r c e  m e a s u r e m e n t .  

A t e c h n i q u e  f o r  nonax ia l  f o r ce  m e a s u r e m e n t  which  c i r c u m v e n t s  the  
a f o r e m e n t i o n e d  c o m p l e x i t i e s  was  d e v i s e d  by p e r s o n n e l  of the  Rocke t  
T e s t  F a c i l i t y ,  Arno ld  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r .  The m e t h o d  
c o n s i s t s  of m e a s u r i n g  the  ax i a l  t h r u s t  and two h o r i z o n t a l  t r a n s v e r s e  
f o r c e s  ( th ree  c o m p o n e n t s )  whi le  r o t a t i n g  the m o t o r  about  i t s  h o r i z o n t a l l y  
o r i e n t e d  ax i a l  c e n t e r l i n e .  The sp in  me thod  e l i m i n a t e s  the  two v e r t i c a l  
f o r c e  m e a s u r i n g  s y s t e m s  r e q u i r e d  in the  s i x - c o m p o n e n t  s t and  m e t h o d  
s ince ,  d u r i n g  one r e v o l u t i o n  of the  t e s t  m o t o r ,  the  r a d i a l  c o m p o n e n t  of 
the t h r u s t  v e c t o r  is  twice  l o c a t e d  p r e c i s e l y  in the  h o r i z o n t a l  p lane .  In 
addi t ion ,  t h r u s t  s t and  i n t e r a c t i o n s  a r e  i n c o n s e q u e n t i a l  s i n c e  the m a g n i -  
tude of the nonax ia l  f o r c e  is  p r o p o r t i o n a l  only  to the double a m p l i t u d e  
( fo rced  d i f f e r e n c e )  of the s i n u s o i d a l l y  v a r y i n g  load  ce l l  output  s i gna l .  
However ,  the  sp in  m e t h o d  of s ide  f o r c e  m e a s u r e m e n t  a s s u m e s  tha t  the  
m i s a l i g n e d  t h r u s t  v e c t o r  i n t e r s e c t s  the  sp in  ax i s  and thus  does  not accoun t  
fo r  the  ro l l  c o m p o n e n t  of the  f o r c e  s y s t e m .  

A dyna m i c  t r a n s v e r s e  f o r c e  c a l i b r a t i o n  was p e r f o r m e d  in P r o p u l s i o n  
Eng ine  T e s t  Ce l l  (T-3)  of the Rocke t  T e s t  F a c i l i t y  to d e t e r m i n e  the  
a c c u r a c y  of f o r c e  m e a s u r e m e n t s  u s i n g  the sp in  t echn ique .  The  c a l i b r a -  
t ion  f o r c e  was  g e n e r a t e d  by  an  e c c e n t r i c a l l y  moun ted  m a s s  which,  when  
r o t a t e d  about  the  sp in  ax i s ,  p r o duced  a r a d i a l l y  d i r e c t e d  c e n t r i f u g a l  f o r c e  
of known ( ca l cu l a t ed )  m a g n i t u d e .  Data  w e r e  ob ta ined  at v a r i o u s  r o t a t i o n a l  
s p e e d s  wi th  t h r e e  l e v e l s  of i m p a r t e d  u n b a l a n c e .  

T h i s  r e p o r t  p r e s e n t s  a d i s c u s s i o n  of the  a p p a r a t u s  and o p e r a t i o n a l  
p r i n c i p l e s  u s e d  wi th  the  sp in  t e chn ique  for  nonax ia l  f o r c e  m e a s u r e m e n t .  
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The c o n f i g u r a t i o n  and r e s u l t s  of the dynamic  f o r c e  c a l i b r a t i o n  conduc t ed  
as pa r t  of the s y s t e m  checkou t  a r e  d i s c u s s e d .  T r a n s v e r s e  f o r c e  m e a s -  
u r e m e n t s  ob ta ined  d u r i n g  s o l i d - p r o p e l l a n t  m o t o r  f i r i ngs ,  a c c o m p l i s h e d  at 
r o t a t i o n a l  s p e e d s  of 100 and 200 rpm,  a r e  p r e s e n t e d .  

SECTION II 
APPARATUS AND OPERATIONAL PRINCI PLES 

The t e s t  c o n f i g u r a t i o n  fo r  sp in  t e chn ique  t r a n s v e r s e  f o r c e  m e a s -  
u r e m e n t s  c o n s i s t s  of a h o r i z o n t a l l y  o r i e n t e d  t h r u s t  c r a d l e  s u p p o r t e d  
v e r t i c a l l y  by t h r e e  d o u b l e - f l e x u r e  c o l u m n s  (Fig.  2). The c r a d l e  is r e -  
s t r a i n e d  in the h o r i z o n t a l  p lane  by one axia l  and two t r a n s v e r s e  c o l u m n s ,  
e a c h  con t a in ing  a f l e x u r e - m o u n t e d ,  f o r c e - m e a s u r i n g  load  ce l l .  The t e s t  
m o t o r  is s u p p o r t e d  by f o r w a r d  and aft b e a r i n g  a s s e m b l i e s  and is r o t a t e d  
by an e l e c t r i c  d r i v e  m o t o r  m o u n t e d  on the c r a d l e .  The  b a s i c  sp in  r i g  in 
P r o p u l s i o n  Eng ine  T e s t  Ce l l  (T-3} (Ref. 1) was  d e s i g n e d  to a c c o m m o d a t e  
m o t o r s  hav ing  d i a m e t e r s  up to 36 in. with m a x i m u m  l e n g t h s  up to 
a p p r o x i m a t e l y  120 in. 

Nonaxia l  f o r c e  m e a s u r e m e n t  is a c c o m p l i s h e d  by m e a s u r i n g  f o r c e s  in 
a h o r i z o n t a l  p lane  and p e r p e n d i c u l a r  to the  m o t o r  c e n t e r l i n e  at two axia l  
l o c a t i o n s  whi le  r o t a t i n g  the  m o t o r  about  i ts  axia l  c e n t e r l i n e , ( F i g .  3). The 
a n g u l a r  l o c a t i o n  (e) de f in ing  the  d i r e c t i o n  of the nonaxia l  f o r c e  c o m p o n e n t  
(F t) can  be d e t e r m i n e d  t h rough  m o t o r  r o t a t i o n  s ince  the  t r a v e r s i n g ,  
r a d i a l l y  d i r e c t e d  m o t o r  f o r c e  v e c t o r  wil l  p r o d u c e  a s i n u s o i d a l  output f r o m  
the  two t r a n s v e r s e  f o r c e  m e a s u r i n g  s y s t e m s .  The t r a n s v e r s e  c o m p o n e n t  
of the  m o t o r  t h r u s t  v e c t o r  (F t) is l o c a t e d  in the  h o r i z o n t a l  p lane  at the  
t i m e s  when F u and F d (Fig.  3} a r e  e i t h e r  m a x i m u m  or  m i n i m u m .  The 
m a g n i t u d e  and axia l  p o s i t i o n  of F t can  be d e t e r m i n e d  by p r o p e r l y  s u m m i n g  
the  s y s t e m  f o r c e s  and m o m e n t s  at t i m e s  when F t is  in the h o r i z o n t a l  p lane .  
E x a m p l e s  of the  e x p e c t e d  v a r i a t i o n  in F u and F d with t i m e  fo r  two axia l  
l o c a t i o n s  of F t and the  c o r r e s p o n d i n g  m e t h o d s  of c a l c u l a t i o n  a r e  shown in 
Fig .  4. 

The  sp in  t e c h n i q u e  fo r  nonax ia l  f o r c e  m e a s u r e m e n t  has  two s i gn i f i c an t  
a d v a n t a g e s  o v e r  the  s i x - c o m p o n e n t  s tand  m e t h o d .  The  m o t o r  we igh t  change  
c o r r e c t i o n ,  which  m u s t  be app l i ed  to the  m e a s u r e d  v e r t i c a l  f o r c e s  when  
u s i n g  the  s i x - c o m p o n e n t  m e t h o d  and which  can  be  as  m u c h  as  two o r d e r s  of 
m a g n i t u d e  g r e a t e r  than  the  f o r c e  which  is to be m e a s u r e d ,  is not r e q u i r e d  
with the  spin  t e c h n i q u e  s ince  al l  f o r c e s  a r e  m e a s u r e d  in the  h o r i z o n t a l  
p lane .  T h r u s t  s t and  i n t e r a c t i o n s  do not a f fec t  the  t r a n s v e r s e  f o r c e  m e a s -  
u r e m e n t s  s i nce  the  sp in  t e c h n i q u e  depends  only  on a f o r c e  d i f f e r e n c e  (not 
abso lu t e  va lue) .  F o r  e x a m p l e ,  with no i n t e r a c t i o n  and a c o n s t a n t  m o t o r  
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nonaxia l  fo rce ,  the outputs  f r o m  the  t r a n s v e r s e  f o r c e  m e a s u r i n g  s y s t e m  
wil l  o s c i l l a t e  s i n u s o i d a l l y  about z e r o  with the v a l u e s  of m a x i m u m  and 
m i n i m u m  f o r c e s  be ing  equal  in m a g n i t u d e  but oppos i t e  in s ign  (Fig.  5a). 
H o w e v e r ,  when  i n t e r a c t i o n  e f fec t s  a r e  p r e s e n t ,  the s ine  wave  is d i s -  
p l a c e d  by an amoun t  which  is dependen t  upon the  d e g r e e  of i n t e r a c t i o n  
p r e s e n t  (Fig.  5b). The m a g n i t u d e  of the  nonax ia l  f o r c e  is equal  to one -  
hal f  of the  a l g e b r a i c  d i f f e r e n c e  b e t w e e n  the m a x i m u m  and s u c c e e d i n g  
m i n i m u m  m e a s u r e d  f o r c e .  The  m a g n i t u d e  of the  t h r u s t  s tand  i n t e r a c t i o n  
e f fec t  is o n e - h a l f  of the  a l g e b r a i c  sum of a m a x i m u m  and s u c c e e d i n g  
m i n i m u m  m e a s u r e d  f o r c e .  It can be s e e n  f r o m  the above  d i s c u s s i o n  that  
the  nonaxia l  f o r c e  c o m p o n e n t  is d e r i v e d  f r o m  a s igna l  at l e a s t  tw ice  as  
g r e a t  as  that  which  would be m e a s u r e d  by a s i x - c o m p o n e n t  m e t h o d .  F o r  
e x a m p l e ,  wi th  the s i x - c o m p o n e n t  s tand  the s igna l  g e n e r a t e d  by the  t r a n s -  
v e r s e  f o r c e  is d i s t r i b u t e d  b e t w e e n  four  load  c e l l s  ( n e g l e c t i n g  ro l l ) .  With 
the  sp in  t echn ique ,  a double  a m p l i t u d e  s igna l  is d i s t r i b u t e d  b e t w e e n  only  
two m e a s u r i n g  s ta t ions ,  t h e r e b y  c o n t r i b u t i n g  t o w a r d  i m p r o v e d  s y s t e m  
data  a c c u r a c y .  

A s s u m p t i o n s  and c o r r e c t i o n s  a s s o c i a t e d  with the  sp in  m e t h o d  fo r  
m e a s u r i n g  t r a n s v e r s e  f o r c e s  a r e :  The data  m u s t  be  c o r r e c t e d  fo r  s y s t e m  
c e n t r i f u g a l  unba l ance  f o r c e s  r e s u l t i n g  f r o m  spinning.  The  t e c h n i q u e  
a s s u m e s  that  any v a r i a t i o n  in the  d i r e c t i o n  and m a g n i t u d e  of the  t r a n s -  
v e r s e  v e c t o r  wi l l  be s m a l l  d u r i n g  each  r e v o l u t i o n  of the  t e s t  m o t o r .  It 
is a s s u m e d  that  nonax ia l  f o r c e s  i n t e r s e c t  the  spin  axis ,  and thus  the  ro l l  
c o m p o n e n t  of the f o r c e  s y s t e m  is n e g l e c t e d .  The unba l ance  c o r r e c t i o n  
can  be m i n i m i z e d  by t e s t i n g  at low sp in  r a t e s  ( s ince  c e n t r i f u g a l  f o r c e  is  
p r o p o r t i o n a l  to the  s q u a r e  of ro t a t iona l  speed)  and by p r e c i s e  b a l a n c i n g  of 
the  uni t  p r i o r  to t e s t .  

SECTION III 
CALIBRATION 

The a c c u r a c y  of f o r c e  m e a s u r e m e n t  which  m i g h t  be e x p e c t e d  u s i n g  
the sp in  t e c h n i q u e  was d e t e r m i n e d  f r o m  a d y n a m i c  f o r c e  c a l i b r a t i o n .  
The  c a l i b r a t i o n  c o n s i s t e d  of r o t a t i n g  an e c c e n t r i c a l l y  m o u n t e d  we igh t  
about  the  sp in  axis ,  t h e r e b y  p r o d u c i n g  a c a l c u l a b l e  c e n t r i f u g a l  f o r c e .  
Data w e r e  ob ta ined  at v a r i o u s  ro t a t i ona l  s p e e d s  with t h r e e  l e v e l s  of i m -  
p a r t e d  unba lance .  Th i s  s e c t i o n  p r e s e n t s  a d i s c u s s i o n  of the  c a l i b r a t i o n  
conf igura t ion ,  i n s t r u m e n t a t i o n ,  and r e s u l t s .  

3.1 CONFIGURATION 

A pho tog raph  and s c h e m a t i c  of the  c a l i b r a t i o n  c o n f i g u r a t i o n  a r e  
shown in Fig.  6. The  r o t a t i n g  a s s e m b l y  c o n s i s t e d  of a 19 .38 - in .  - d i a m  
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c y l i n d r i c a l  can  s u p p o r t e d  f r o m  a f l e x u r e - m o u n t e d  c r a d l e  by f o r w a r d  
and aft b e a r i n g  a s s e m b l i e s .  A t h r e a d e d  s t e e l  r e t a i n e r  r o d  was  p l a c e d  
t h r o u g h  the can  in an  ax ia l  p lane  l o c a t e d  56 in. d o w n s t r e a m  of the  up-  
s t r e a m  t r a n s v e r s e  load  co lumn .  The  d i s t a n c e  b e t w e e n  the  t r a n s v e r s e  
load  c o l u m n s  was  84 in. The  c e n t e r  of g r a v i t y  of the  s y m m e t r i c a l  r o d  
was  p o s i t i o n e d  on the  sp in  ax i s  to wi th in  +0. 001 in. 

Two stainless steel solid cylinders, threaded through their center- 
lines, were used to provide the specified unbalance. The cylinders 
weighed 10. 043 and 5. 020 ib m and were threaded to the rod at varying 
radial locations to provide different levels of imparted unbalance. 

An axial force of constant magnitude was applied to the thrust 
cradle by means of a deadweight acting through a bell crank lever mech- 
anism to provide cradle force interaction effects. 

3.2 INSTRUMENTATION 

I n s t r u m e n t a t i o n  was  p r o v i d e d  to m e a s u r e  h o r i z o n t a l  f o r c e s  d i r e c t e d  
p e r p e n d i c u l a r  to the sp in  ax i s  at two ax ia l  l o c a t i o n s .  D o u b l e - b r i d g e ,  
s t r a i n - g a g e - t y p e  load  c e l l s  hav ing  a r a n g e  f r o m  0 to 200 lbf w e r e  e m -  
p loyed .  The  a n g u l a r  p o s i t i o n  and r o t a t i o n a l  s p e e d  of the sp in  r i g  w e r e  
d e t e r m i n e d  by a m a g n e t i c  p ickup  which  p r o v i d e d  a p u l s e  output  when  s c r e w  
pegs  (Fig .  6b)' p a s s e d  the  p ickup  f ace .  The  pegs  w e r e  p o s i t i o n e d  a n g u l a r l y  
at  1 0 - d e g  i n c r e m e n t s  on the  r o t a t i n g  a s s e m b l y .  

The d-c output signals from the force measuring load cells were 
amplified and recorded on a frequency modulated (FM) magnetic tape 
recording system. The pulse outputs from the rotational speed and 
angular position magnetic pickup were displayed on a photographically 
recording, galvanometer-type oscillograph which recorded at a paper 
speed of 16 in. /sec. 

After a calibration run, the FM recorded side load data were re- 
recorded on magnetic tape through electronic low pass filters in series 
with a multi-input, analog-to-digital converter. The filters were used 
to attenuate all frequencies (resulting from system vibration) greater 
than the rotational speed. Playback of this tape to an IBM 7074 com- 
puter provided a printed tabulation of force at 0.01-sec time increments. 
The angle at which the measured force maximized was determined from 
the filtered transverse force data and spin rig angular position pulses 
(Fig. 7) displayed on an oscillograph recorder. Details of the filtering 
technique are discussed in the Appendix. 
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3.3 PROCEDURE 

A f t e r  the c y l i n d r i c a l  can  and e c c e n t r i c  m a s s  r e t a i n e r  rod  w e r e  in-  
s t a l l e d  in the sp in  f i x tu r e ,  the r o t a t i n g  a s s e m b l y  was  b a l a n c e d  to wi th in  
3 .5  in. - Ibm.  The  to ta l  c e n t r i f u g a l  f o r c e  p r o d u c e d  by the  r e m a i n i n g  
3 .5  i n . - I b m  u n b a l a n c e  was  1.0 Ibf at a r o t a t i o n a l  s p e e d  of I00 r p m .  
The  c a l i b r a t i o n  m a s s  was  then  t h r e a d e d  to the  r e t a i n e r  rod  and l o c k e d  
at a r a d i a l  pos i t i on  which  would  p r o v i d e  the  d e s i r e d  l e v e l  of i m p a r t e d  
u n b a l a n c e .  The  r a d i u s  at wh ich  the m a s s  was  l o c a t e d  was  d e t e r m i n e d  
wi th in  0. 002 in. t h r o u g h  p r e c i s i o n  m e a s u r e m e n t  of the  d i s t a n c e  b e t w e e n  
the  m a c h i n e d  end of the r e t a i n e r  rod  and the  c e n t e r  of the c a l i b r a t i o n  
m a s s .  The f inal  l e v e l  of u n b a l a n c e  wh ich  was  u s e d  to d e t e r m i n e  the  
c a l c u l a t e d  c e n t r i f u g a l  f o r c e  was  ob ta ined  by v e c t o r i a l l y  add ing  the  m e a s -  
u r e d  r e s i d u a l  s y s t e m  u n b a l a n c e  (3 .5  in. - Ib  m) and tha t  c a l c u l a t e d  f o r  the 
e c c e n t r i c  c a l i b r a t i o n  m a s s .  The  f o r c e  m e a s u r i n g  load  c e l l s  w e r e  then  
e l e c t r i c a l l y  c a l i b r a t e d ,  and a t h r u s t  s i m u l a t i n g  ax ia l  f o r c e  of 4800 Ibf 
was  app l i ed .  The  r o t a t i n g  a s s e m b l y  was  spun up, and data  w e r e  r e c o r d e d  
at  n o m i n a l  r o t a t i o n a l  s p e e d s  of 30, 140, 250, 190, and 80 r p m .  Data  w e r e  
ob ta ined  at c o r r e c t e d  u n b a l a n c e  l e v e l s  of 54.65,  92 .15 ,  and 148.52 in. - I b m  
wi th  the f a c i l i t y  e q u i p m e n t  (which  is n o r m a l l y  u s e d  to p r o v i d e  h igh  a l t i t ude  
p r e s s u r e  s i m u l a t i o n )  i n o p e r a t i v e .  S ince  th i s  e q u i p m e n t  would  p r o v i d e  an 
add i t i ona l  e n e r g y  s o u r c e  fo r  e x c i t i n g  the  s y s t e m  r e s o n a n t  f r e q u e n c i e s ,  a 
s e r i e s  of s p i n - u p s  was  a c c o m p l i s h e d  with  92. 15 in. - i b m  u n b a l a n c e  at a 
p r e s s u r e  a l t i tude  of a p p r o x i m a t e l y  I00, 000 ft to d e t e r m i n e  if h i g h e r  a m -  
p l i tude  e x t r a n e o u s  v i b r a t i o n s  could  be e f f e c t i v e l y  f i l t e r e d  f r o m  the c a l i b r a -  
t ion  data .  

A p o s t - c a l i b r a t i o n  c h e c k  was  m a d e  to v e r i f y  tha t  the  m a g n i t u d e  and  
a n g u l a r  p o s i t i o n  of the r e s i d u a l  s y s t e m  u n b a l a n c e  had not v a r i e d .  

3.4 RESULTS 

C a l i b r a t i o n  da ta  w e r e  ob t a ined  at v a r y i n g  r o t a t i o n a l  s p e e d s  f o r  
n o m i n a l  l e v e l s  of u n b a l a n c e  of 50, 100, and 150 in. - I bm and wi th  a 
4800-1bf t h r u s t  s i m u l a t i n g  ax ia l  load  app l i ed  to the  f l e x u r e - m o u n t e d  
c r a d l e .  All  da ta  w e r e  ob ta ined  with the c a l i b r a t i o n  (unba lance )  f o r c e  
a pp l i e d  at  an ax ia l  p o s i t i o n  56 in. aft of the  u p s t r e a m  t r a n s v e r s e  r e -  
s t r a i n i n g  co lumn .  Th i s  p l a c e m e n t  of the  c a l i b r a t i o n  f o r c e  would  t h e o -  
r e t i c a l l y  p r o v i d e  i n - p h a s e  s i n u s o i d a l  v a r i a t i o n s  in F u and F d wi th  the  
m a g n i t u d e  of F d b e i n g  t w i c e  that  of F u. Data  w e r e  a l so  ob t a ined  wi th  the  
t e s t  c h a m b e r  e v a c u a t e d  to a p r e s s u r e  a l t i t ude  of a p p r o x i m a t e l y  I00 ,000 ft 
at the  I00 in. - I b m  u n b a l a n c e  cond i t i on  to d e t e r m i n e  the e f fec t  of h i g h e r  
v i b r a t i o n  l e v e l s  ( f r o m  f a c i l i t y  equ ipmen t )  on data  f i l t e r i n g  c a p a b i l i t y .  
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The ana log  v a r i a t i o n  in m e a s u r e d  t r a n s v e r s e  f o r c e s  fo r  a t y p i c a l  
r o t a t i o n a l  speed  (140 rpm)  d u r i n g  the a l t i tude  r u n  is  p r e s e n t e d  in 
F ig .  7a. The  h igh  n o i s e - t o - s i g n a l  r a t i o  (-5 to 10) c l e a r l y  i n d i c a t e s  the  
n e c e s s i t y  fo r  da ta  f i l t e r i n g .  The  data  p r e s e n t e d  in F ig .  7b w e r e  ob- 
t a i n e d  by  r e - r e c o r d i n g  the data  shown  in F ig .  7a t h r o u g h  a low p a s s  
e l e c t r o n i c  f i l t e r .  F i l t e r  c a l i b r a t i o n s  i n d i c a t e d  tha t  f i l t e r i n g  had  no 
a p p r e c i a b l e  e f fec t  on data  a c c u r a c y .  A c o m p l e t e  d e s c r i p t i o n  of the  
f i l t e r i n g  t e c h n i q u e  and data  r e d u c t i o n  m e t h o d s  is  p r e s e n t e d  in the 
Appendix .  

3.4.1 Comparison of Measured and Calculated Force Data 

The m e a s u r e d  to ta l  s ide  f o r c e  is  p r e s e n t e d  in F ig .  8 as  a func t ion  
of r o t a t i o n a l  speed  fo r  t h r e e  l e v e l s  of f o r c e d  unba lance .  The  c a l c u l a t e d  
c e n t r i f u g a l  f o r c e  i s  a l s o  shown fo r  c o m p a r i s o n .  It can  be s e e n  tha t  the  
d i f f e r e n c e  b e t w e e n  the m e a s u r e d  and c a l c u l a t e d  c e n t r i f u g a l  f o r c e  in -  
c r e a s e d  with r o t a t i o n a l  speed  fo r  a l l  t h r e e  u n b a l a n c e  cond i t i ons .  

The  r a t i o  of m e a s u r e d  to c a l c u l a t e d  c e n t r i f u g a l  f o r c e  is  p r e s e n t e d  
as  a func t ion  of r o t a t i o n a l  speed  in F ig .  9. The h igh  d e p a r t u r e s  of 
m e a s u r e d  f o r c e  f r o m  c a l c u l a t e d  c e n t r i f u g a l  f o r c e  at  a r o t a t i o n a l  speed  of 
30 r p m  o c c u r  b e c a u s e  of the  l a r g e  e f fec t  tha t  s m a l l  f o r c e  v a r i a t i o n s  have  
on the  f o r c e  r a t i o  at t h i s  condi t ion .  F o r  e x a m p l e ,  the  1 5 . 5 - p e r c e n t  de-  
v i a t i o n  shown fo r  100 in. - l b m  u n b a l a n c e  at 30 r p m  r e p r e s e n t s  a m e a s -  
u r e d  f o r c e  on ly  0 .5  lbf  g r e a t e r  than  the 3.23-1bf c a l c u l a t e d  c e n t r i f u g a l  
f o r c e .  The  t r e n d  of i n c r e a s i n g  r a t i o  of m e a s u r e d - t o - c a l c u l a t e d  c e n t r i f -  
uga l  f o r c e  with  r o t a t i o n a l  speed  in F ig .  9 i s  the  r e s u l t  of the  d y n a m i c  
e f fec t  of f r e e  v i b r a t i o n s  a c t i n g  in c o m b i n a t i o n  wi th  f o r c e d  v i b r a t i o n .  The  

e q u a t i o n s  d e s c r i b i n g  th i s  d y n a m i c  e f fec t  a r e  develop.ed and d i s c u s s e d  fo r  
a s i n g l e - d e g r e e - o f - f r e e d o m  f o r c e d  v i b r a t i o n  s y s t e m  in Ref.  2, w h e r e  
the  r a t i o  of the  m e a s u r e d  to d i s t u r b i n g  ( cen t r i fuga l )  f o r c e  m a g n i t u d e  is  
t e r m e d  the  m a g n i f i c a t i o n  f a c t o r .  The  m a g n i f i c a t i o n  f a c t o r  is  p r o p o r t i o n a l  
to the  s y s t e m  n a t u r a l  f r e q u e n c y  and d a m p i n g  r a t i o  and to the  f r e q u e n c y  of 
the  d i s t u r b i n g  f o r c e .  Howeve r ,  the e f fec t  of d a m p i n g  r a t i o  on the m a g n i -  
f i c a t i o n  f a c t o r  is  s m a l l  in the  r e g i o n  w h e r e  the i m p r e s s e d  f r e q u e n c y  is 
m u c h  l e s s  ( - o n e - f o u r t h )  than  the n a t u r a l  f r e q u e n c y .  The c u r v e  shown in 
F ig .  9 r e p r e s e n t s  the c a l c u l a t e d  v a r i a t i o n  in the m a g n i f i c a t i o n  f a c t o r  wi th  
r o t a t i o n a l  speed  fo r  a s i n g l e - d e g r e e - o f - f r e e d o m  f o r c e d  v i b r a t i o n  s y s t e m  
wi th  a r e s o n a n t  f r e q u e n c y  equ iva l en t  to tha t  d e t e r m i n e d  fo r  the c a l i b r a t i o n  
c o n f i g u r a t i o n  (12 cps)  and with  z e r o  damping .  The  r a t i o  of m e a s u r e d  to 
c e n t r i f u g a l  f o r c e  c l e a r l y  fo l lows  the t h e o r e t i c a l  v a r i a t i o n  of the  m a g n i f i c a -  
t ion  f a c t o r .  

The  d i f f e r e n c e  be tween  the  ac tua l  and m e a s u r e d  t r a n s v e r s e  f o r c e  
a n g u l a r  p o s i t i o n s  is  p r e s e n t e d  in F ig .  10 as  a func t ion  of r o t a t i o n a l  s p e e d  

6 
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f o r  the  50 in. - l b m  u n b a l a n c e  cond i t ion .  The  m e a s u r e d  a n g u l a r  p o s i t i o n  
l a g g e d  the a c t u a l  by an a m o u n t  wh ich  i n c r e a s e d  with  r o t a t i o n a l  s p e e d  
to a va lue  of 13 deg  at 240 r p m .  The  a n g u l a r  d i f f e r e n c e  r e s u l t s  f r o m  
the f o r c e d  v i b r a t i o n  a n g u l a r  p h a s e  l ag  (Ref.  2}, w h i c h  is a s s o c i a t e d  
wi th  the p r e v i o u s l y  d i s c u s s e d  m a g n i f i c a t i o n  f a c t o r .  The t h r e e  c u r v e s  
shown in Fig.  10 r e p r e s e n t  the  t h e o r e t i c a l  v a r i a t i o n  in the f o r c e d  v i b r a -  
t ion  p h a s e  l ag  ang le  f o r  a s y s t e m  hav ing  a n a t u r a l  f r e q u e n c y  of 12 cps  
with  v a r y i n g  d a m p i n g  r a t i o s .  Damping  r a t i o  m e a s u r e m e n t s  on s y s t e m s  
c o m p a r a b l e  to that  u s e d  d u r i n g  the c a l i b r a t i o n  i n d i c a t e  tha t  the d a m p i n g  
r a t i o  could  be e x p e c t e d  to be in the r a n g e  of f r o m  0.1  to ~. 3. The p h a s e  
l ag  m e a s u r e m e n t s  p r e s e n t e d  in F ig .  10 i n d i c a t e  the  d a m p i n g  r a t i o  to be 
a p p r o x i m a t e l y  0 .2  with a s c a t t e r  of +5 deg,  wh ich  is  the  s m a l l e s t  
a n g u l a r  i n c r e m e n t  w h i c h  can  be a c c u r a t e l y  r e s o l v e d  f r o m  the 1 0 - d e g  
i n c r e m e n t  a n g u l a r  p o s i t i o n  p u l s e s .  The a n g u l a r  p o s i t i o n  was  a l s o  d e t e r -  
m i n e d  wi th in  5 deg d u r i n g  a m o r e  r e c e n t  c a l i b r a t i o n  w h e r e  to ta l  n o m i n a l  
t r a n s v e r s e  f o r c e s  of 2, 4, 6, 8, and 10 lbf w e r e  p r o d u c e d  at 100 r p m .  

The  v a r i a t i o n  in the r a t i o  of the m e a s u r e d  d o w n s t r e a m  to m e a s u r e d  
to ta l  f o r c e  is p r e s e n t e d  in Fig .  1l as  a func t ion  of f o r c e  m a g n i t u d e .  Th i s  
p a r a m e t e r  is  of s i g n i f i c a n c e  d u r i n g  a m o t o r  f i r i n g  s i n c e  the  a p p o r t i o n -  
m e n t  of the to ta l  t r a n s v e r s e  f o r c e  b e t w e e n  the  two ax ia l  m e a s u r i n g  
s t a t i o n s  d e t e r m i n e s  the  ax ia l  pos i t i on  at wh ich  the m o t o r  m i s a l i g n e d  t h r u s t  
v e c t o r  e i t h e r  i n t e r s e c t s  o r  is  n e a r e s t  the m o t o r  ax ia l  c e n t e r l i n e  (or  sp in  
axis) .  F o r  the f o r c e  c a l i b r a t i o n  r e p o r t e d  h e r e i n ,  the e c c e n t r i c a l l y  
m o u n t e d  c a l i b r a t i o n  m a s s  was  p l a c e d  at an  ax ia l  l oca t ion ,  w h i c h  shou ld  
d i s t r i b u t e  the c e n t r i f u g a l  f o r c e  so tha t  t w o - t h i r d s  of the  to ta l  m e a s u r e d  
f o r c e  is app l i ed  to the d o w n s t r e a m  t r a n s v e r s e  r e s t r a i n i n g  c o l u m n .  It 
c a n  be s e e n  in F ig .  11 tha t  the  r a t i o  r a n g e d  f r o m  0. 667 to 0. 696 f o r  a l l  
to ta l  f o r c e  m a g n i t u d e s  g r e a t e r  than  I0 lbf. As p r e v i o u s l y  d i s c u s s e d ,  the  
s c a t t e r  shown f o r  f o r c e  l e v e l s  l e s s  than  5 lbf  is the r e s u l t  of the l a r g e  
e f fec t  wh ich  s m a l l  f o r c e  d e v i a t i o n s  have  at th i s  o p e r a t i n g  l e v e l .  A l so  
p r e s e n t e d  in F ig .  11 is  a s c a l e  wh ich  shows  the i n d i c a t e d  d i s p l a c e m e n t  of 
the  c a l i b r a t i o n  f o r c e  (as d e t e r m i n e d  f r o m  the f o r c e  d i s t r i b u t i o n )  f r o m  the 
t r u e  ax ia l  p o s i t i o n  at w h i c h  it was  p l aced .  The f o r c e  d i s t r i b u t i o n  c o r r e c t l y  
i n d i c a t e d  the ax ia l  p l a c e m e n t  of the c a l i b r a t i o n  f o r c e  wi th in  3 in. f o r  f o r c e  
l e v e l s  g r e a t e r  than  10 lbf. 

3.4.2 Estimated Accuracy of Nonaxial Force Measurement 

The c a l c u l a t e d  c e n t r i f u g a l  f o r c e  was  c o r r e c t e d  fo r  the  t h e o r e t i c a l  
m a g n i f i c a t i o n  f a c t o r  p r e v i o u s l y  d i s c u s s e d ,  and the  s u b s e q u e n t  p a r a m e t e r ,  
F p r e d ,  is u s e d  as a b a s i s  fo r  c o m p a r i s o n  wi th  m e a s u r e d  f o r c e s .  The  
d i f f e r e n c e  b e t w e e n  m e a s u r e d  and p r e d i c t e d  f o r c e  is p r e s e n t e d  in F ig .  12 
as a func t ion  of the  m a g n i t u d e  of p r e d i c t e d  f o r c e .  A l so  s h o w n  a r e  the  

• r e s p e c t i v e  u p p e r  and l o w e r  l i m i t s  of the i n d i v i d u a l  c y c l i c  m e a s u r e m e n t s ,  
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which  w e r e  a v e r a g e d  to ob ta in  the  poin ts  p r e s e n t e d .  It can  b e ' s e e n  in 
F ig .  12 that  the  f o r c e  d i f f e r e n c e  v a r i e d  about z e r o  in a randorri  m a n n e r .  
No t r e n d  in the  f o r c e  d i f f e r e n c e  with l e v e l  of u n b a l a n c e  o r  r o t a t i o n a l  
s p e e d  is ev iden t .  In addi t ion ,  no a p p a r e n t  e f fec t s  f r o m  the  a d d i t i o n a l  
b a c k g r o u n d  v i b r a t i o n  i m p a r t e d  by e q u i p m e n t  r e q u i r e d  fo r  a l t i t ude  s i m u -  
l a t ion  w e r e  o b s e r v e d .  In g e n e r a l ,  a v e r a g e  m e a s u r e d  to ta l  s ide  f o r c e  
was  wi th in  5 p e r c e n t  of the  p r e d i c t e d  f o r c e  for  a l l  f o r c e  l e v e l s  g r e a t e r  
than  10 lbf.  The  d i f f e r e n c e  b e t w e e n  m e a s u r e d  and p r e d i c t e d  f o r c e  was  
l e s s  than  0 .5  lbf at o p e r a t i n g  f o r c e  l e v e l s  l e s s  than  10 lbf. 

SECTION IV 
NONAXIAL FORCE MEASUREMENT RESULTS DURING A MOTOR FIRING 

The ab i l i ty  to m e a s u r e  s m a l l  nonaxia l  f o r c e s  u s i n g  the sp in  t e c h n i q u e  
was d e m o n s t r a t e d  du r ing  two r e c e n t  m o t o r  f i r i n g s  in P r o p u l s i o n  Eng ine  
T e s t  Cel l  (T-3)  c o n d u c t e d  at r o t a t i ona l  s p e e d s  of 100 and 200 r p m .  The 
data  a r e  p r e s e n t e d  to i l l u s t r a t e  the n a t u r e  of t r a n s v e r s e  f o r c e  r e s u l t s  
which  m i g h t  be e x p e c t e d  f r o m  a m o t o r  f i r ing .  

The  v a r i a t i o n s  in the  u p s t r e a m  and d o w n s t r e a m  f o r c e  m e a s u r e m e n t s  
d u r i n g  the 100- and 2 0 0 - r p m  f i r i n g s  a r e  shown in F igs .  13a and b, r e -  
s p e c t i v e l y .  The  data  p r e s e n t e d  inc lude  c o r r e c t i o n s  which  w e r e  app l i ed  
to accoun t  fo r  the  f o r c e d  v i b r a t i o n  m a g n i f i c a t i o n  fac to r ,  e l e c t r o n i c  f i l t e r  
e f f ec t s ,  and s y s t e m  u n b a l a n c e  f o r c e s .  The unba l ance  c o r r e c t i o n  was 
app l i ed  by a s s u m i n g  tha t  the c e n t r i f u g a l  f o r c e  v a r i e d  l i n e a r l y  with t i m e  
f r o m  the  p r e -  to the  p o s t - f i r e ,  s t e a d y - s t a t e  cond i t ions .  V e c t o r  a n g u l a r  
l o c a t i o n s  w h e r e  the  f o r c e  m a g n i t u d e  is l e s s  than  0 .5  lbf a r e  not shown 
( see  Fig .  13a) s i n c e  the  a n g u l a r  data  l o s e  t h e i r  s i g n i f i c a n c e  as  the  v e c t o r  
m a g n i t u d e  a p p r o a c h e s  z e r o .  

The  m a g n i t u d e s  of the f o r c e s  m e a s u r e d  at the  u p s t r e a m  and down- 
s t r e a m  s t a t i o n s  d u r i n g  the  1 0 0 - r p m  f i r i n g  w e r e  a lways  l e s s  than  4 .0  lbf. 
The u p s t r e a m  f o r c e  was  l e s s  than  0 .5  lbf excep t  d u r i n g  the  p e r i o d  f r o m  
14.9 to 22 .7  sec ,  du r ing  which  the  phase  v a r i a n c e  b e t w e e n  the u p s t r e a m  
and d o w n s t r e a m  f o r c e  m e a s u r e m e n t s  r a n g e d  f r o m  50 to 160 deg.  

The m a g n i t u d e  of the  d o w n s t r e a m  f o r c e  m e a s u r e d  d u r i n g  the  2 0 0 - r p m  
f i r i n g  r anged ,  p r i m a r i l y ,  f r o m  6 to 18 lbf. The  u p s t r e a m  f o r c e  m a g n i -  
tude  r e m a i n e d  a r o u n d  2 lbf  t h roughou t  the f i r ing .  The  phase  d i f f e r e n c e  
b e t w e e n  the u p s t r e a m  and d o w n s t r e a m  f o r c e  v e c t o r s  v a r i e d  f r o m  a p p r o x i -  
m a t e l y  60 deg  at the s t a r t  of the  f i r i n g  to a p p r o x i m a t e l y  120 deg at t he  
end  of the  f i r i ng .  

8 
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The fac t  tha t  the  u p s t r e a m  and d o w n s t r e a m  f o r c e s  w e r e  out of p h a s e  
t h r o u g h o u t  "the e n t i r e  b u r n  t i m e  of the  2 0 0 - r p m  f i r i n g  and d u r i n g  the 
p e r i o d  f r o m  14.9  to 22 .7  s ec  fo r  the 1 0 0 - r p m  f i r i n g  i n d i c a t e d  the  p r e s -  
e n c e  of coup l ing  ac t ion .  

A f t e r  the u p s t r e a m  and  d o w n s t r e a m  f o r c e  v e c t o r s  w e r e  d e t e r m i n e d ,  
the v e c t o r s  w e r e  t r a n s l a t e d  to a c o m m o n  ax ia l  l o c a t i o n  (by the add i t i on  
of a. couple)  and v e c t o r i a l l y  added  to ob ta in  a g e n e r a l i z e d  nonax ia l  f o r c e  
s y s t e m .  The  ax ia l  l o c a t i o n  c h o s e n  fo r  the  r e s u l t a n t  f o r c e  was  d e t e r m i n e d  
s u c h  tha t  the  coup le  g e n e r a t e d  by t r a n s l a t i n g  the  u p s t r e a m  and d o w n s t r e a m  
f o r c e  v e c t o r s  was  a m i n i m u m .  The  g e n e r a l i z e d  f o r c e  s y s t e m ,  c o n s i s t i n g  
of a s ing le ,  r a d i a l  f o r c e  v e c t o r ,  a f o r c e  ax ia l  l oca t ion ,  and a coup le ,  i s  
e q u i v a l e n t  to the  o r i g i n a l  s y s t e m  c o n s i s t i n g  of the u p s t r e a m  and down-  
s t r e a m  f o r c e  v e c t o r s .  The  s y s t e m  is  un ique  in tha t  the couple  a c t s  in a 
p l ane  p e r p e n d i c u l a r  to the  r a d i a l  f o r c e  v e c t o r  wh ich  m i n i m i z e s  the  
coup le  m a g n i t u d e .  F i g u r e s  14a and b p r e s e n t  the  r e s u l t a n t  f o r c e  s y s t e m  
f o r  the 100- and 2 0 0 - r p m  f i r i n g s ,  r e s p e c t i v e l y .  The  n o n a x i a l  f o r c e  
v e c t o r  was  g e n e r a l l y  l o c a t e d  n e a r  the ax ia l  p l ane  c o n t a i n i n g  the  m o t o r  
e x h a u s t  n o z z l e  f o r  both f i r i n g s .  S ince  the d o w n s t r e a m  r e s t r a i n i n g  c o l u m n  
was  a l s o  l o c a t e d  in th i s  r eg ion ,  the u p s t r e a m  m e a s u r e m e n t s  had  only  a 
s m a l l  e f fec t  on the r e s u l t a n t  v e c t o r  m a g n i t u d e  and a n g u l a r  pos i t i on .  

SECTION V 
CONCLUDING REMARKS 

The  r e s u l t s  ob t a ined  f r o m  the  d y n a m i c  t r a n s v e r s e  f o r c e  c a l i b r a t i o n  
have  d e m o n s t r a t e d  tha t  nonax ia l  f o r c e s  can  be m e a s u r e d ,  u s i n g  the  sp in  
t e chn ique ,  wi th in  5 p e r c e n t  o r  0 .5  lbf  ( w h i c h e v e r  is l a r g e r }  at r o t a t i o n a l  
s p e e d s  to 250 r p m .  The  a c c u r a c y  of m e a s u r e m e n t  of the  a n g u l a r  p o s i t i o n  
at  wh ich  the t r a n s v e r s e  f o r c e  v e c t o r  is  d i r e c t e d  d e p e n d s  on the f o r c e  
m a g n i t u d e  and the r o t a t i o n a l  s p e e d  of the  s y s t e m .  The  a n g u l a r  p o s i t i o n  
can  be d e t e r m i n e d  wi th in  5 deg at a n o m i n a l  f o r c e  l e v e l  of 2 lbf  and  a 
r o t a t i o n a l  s p e e d  of 100 r p m .  

D u r i n g  a m o t o r  f i r i ng ,  add i t i ona l  i n a c c u r a c i e s  m a y  a r i s e  as  a r e s u l t  
of i m p r o p e r  p r o r a t i o n  of the u n b a l a n c e  c o r r e c t i o n  { n o r m a l l y  a s s u m e d  to 
v a r y  l i n e a r l y  with  t i m e  f r o m  p r e -  to p o s t - f i r e )  o r  f r o m  m o t o r  i n s t a l l a -  
t ion  m i s a l i g n m e n t .  B a s e d  on e x p e r i e n c e  ga ined  d u r i n g  p r e v i o u s  m o t o r  
f i r i n g s ,  it is  e s t i m a t e d  tha t  the m a g n i t u d e  of the  u n b a l a n c e  c o r r e c t i o n  
cou ld  be e x p e c t e d  to r a n g e  f r o m  3 to 5 lbf depend ing  upon the r o t a t i o n a l  
s p e e d  d u r i n g  f i r i n g .  It has  a l so  b e e n  d e m o n s t r a t e d  tha t  a m o t o r  can  be 
a l i g n e d  so that  the m o t o r  c e n t e r l i n e  is c o n c e n t r i c  wi th  the  sp in  ax i s  wi th -  
in 0. 0015 in. with l i t t l e  add i t i ona l  e f fo r t .  
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In summary, it is concluded that the spin technique for measuring 
nonaxial forces has significant advantages over the prevalent six- 
component stand method. This is particularly true for motors fired 
horizontally, where large corrections must be applied to the six- 
component stand pitch data to account for weight changes resulting from 
propellant consumption. In addition, a detailed knowledge of the six- 
component stand force interaction characteristics is essential for 
accurate data reduction, which necessitates costly stand interaction cali- 
brations. The spin technique, however, does not include provisions for 
measurement of the roll component of the force system and does not 
provide for continuous measurements (with time) of the nonaxial force 
vector since the average value of the nonaxial force is determined only 
once during each motor revolution. 

10 
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APPEHDIX 
FILTERING TECHNIQUE AND DATA REDUCTION METHODS 

The sp in  t e c h n i q u e  fo r  m e a s u r e m e n t  of nonax ia l  f o r c e s  f r o m  a 
s o l i d - p r o p e l l a n t  r o c k e t  m o t o r  was  e v a l u a t e d  by conduc t ing  a d y n a m i c  
f o r c e  c a l i b r a t i o n  f r o m  which  a c o m p a r i s o n  b e t w e e n  the m e a s u r e d  t r a n s -  
v e r s e  f o r c e  and c a l i b r a t i o n  f o r c e  was obta ined .  The  c a l i b r a t i o n  f o r c e  
was  g e n e r a t e d  by an e c c e n t r i c a l l y  m o u n t e d  r o t a t i n g  m a s s  which  p r o d u c e d  
a c a l c u l a b l e  c e n t r i f u g a l  f o r c e .  The fo l lowing  d i s c u s s i o n  ou t l i ne s  the 
m e t h o d s  u s e d  to d e t e r m i n e  the m e a s u r e d  and p r e d i c t e d  ( ca l i b r a t i on )  
f o r c e s .  

Measured Transverse Force 

The output s i gna l s  f r o m  the  t r a n s v e r s e  f o r c e  m e a s u r i n g  load  c e l l s  
w e r e  c o m p o s e d  of c o m p o n e n t s  p r o d u c e d  by (1) the  f o r c e s  p r o d u c e d  by 
f r e e  v i b r a t i o n s  of the s y s t e m  and (2) the  f o r c e s  p r o d u c e d  by the  c a l i b r a -  
t ion m a s s .  The  f r e e  v i b r a t i o n s  o c c u r r e d  at the  s y s t e m  na tu r a l  f r e q u e n c i e s ,  
w h e r e a s  the  f r e q u e n c y  of the c a l i b r a t i o n  f o r c e  was equ iva l en t  to the  
r o t a t i o n a l  speed .  The ana log  v a r i a t i o n  in the c o m p o s i t e  data  s igna l  fo r  a 
t yp ica l  c a l i b r a t i o n  cond i t ion  is shown below:  

s e c  

omposite Signal 

Calibration Signal 

Since only the  c a l i b r a t i o n  f o r c e  c o m p o n e n t  of the c o m p o s i t e  s igna l  is  
of i n t e r e s t ,  a m e t h o d  for  s e p a r a t i n g  th i s  f o r c e  f r o m  the f r e e  v i b r a t i o n s  is 
e s s e n t i a l  for  a c c u r a t e  f o r c e  m e a s u r e m e n t .  E x t r a c t i o n  of the  d e s i r e d  data  
f r o m  the d e s c r i b e d  c o m p o s i t e  s igna l  was  a c c o m p l i s h e d  wi th  low p a s s  
e l e c t r o n i c  f i l t e r s  (one for  the u p s t r e a m  s igna l  and one fo r  the d o w n s t r e a m  
s igna l )  which  had the  capab i l i t y  of p a s s i n g  d i r e c t  c u r r e n t  e l e c t r i c a l  
c a l i b r a t i o n  s i gna l s  and i n c o r p o r a t e d  an a d j u s t m e n t  w h e r e b y  all  f r e q u e n c i e s  
above a g iven  f r e q u e n c y  s e t t i n g  w e r e  a t t e n u a t e d  at a r a t e  of a p p r o x i m a t e l y  
13 d e c i b e l s  p e r  oc tave .  In addi t ion,  h o w e v e r ,  the f i l t e r s  i m p a r t  an 
a n g u l a r  phase  lag  (~,f) b e t w e e n  the  input and output s igna l s .  T y p i c a l  f i l t e r  

11 
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a m p l i t u d e  a t t e n u a t i o n  and a n g u l a r  p h a s e  l a g  c h a r a c t e r i s t i c s  a r e  shown  
below for  some  s e l e c t e d  f i l t e r  s e t t i n g s :  

I , ~  ~', I ~,. l ! \++ t. \ +" I ~ o o  
,~ ,~ 1 I I o 

0 
2 4 8 

F r e q u e n c y ,  c p s  

b~ 

b~ 

h 

r-H 

3 6 0  

2 7 0  

1 8 0  

90  

0 
0 

I ~ I J ! 

/ 

/ / 

I I I I I 
2 4 6 8 1 0  12 

F r e q u e n c y ,  c p s  

12 



A E DC-TR-65-228 

The ¢ 'a] ibrat ion s ignal  was e x t r a c t e d  by r e - r e c o r d i n g  the c o m -  
pos i t e  s igna l s  ( u p s t r e a m  and d o w n s t r e a m )  th rough  the low p a s s  f i l t e r s  
on an o s c i l l o g r a p h  and on m a g n e t i c  tape r e c o r d e r s .  The  a n g u l a r  phase  
lag  and a m p l i t u d e  e f fec t s  of the f i l t e r s  on the data s i gna l s  w e r e  d e t e r -  
m i n e d  th rough  use  of an e l e c t r o n i c  o s c i l l a t o r .  The o s c i l l a t o r  p r o v i d e d  
a s igna l  at a f r e q u e n c y  equ iva l en t  to the ro t a t i ona l  s p e e d  which  was  
t r a n s m i t t e d  to the f i l t e r s .  The f i l t e r  input and output s i gna l s  f r o m  the 
o s c i l l a t o r  w e r e  r e c o r d e d  and c o m p a r e d  to d e t e r m i n e  filt, e~"~effects. 

Filtered 
Unf i itered Osc i 1 la tor 
Oscillator Signal 7 

Yl 
Amplitude E f f e c t  =-- 

Y2 

The angu l a r  p h a s e  l ag  was d e t e r m i n e d  f r o m  the  ana log  d i s p l a y  on 
o s c i l l o g r a p h .  The  a m p l i t u d e  ef fec t  ( l e s s  than 1 p e r c e n t )  was  d e t e r -  
m i n e d  f r o m  the  d ig i t i z ed  m a g n e t i c  tape  data.  

The m a g n i t u d e  of the t r a n s v e r s e  f o r c e  m e a s u r e d  on the u p s t r e a m  
and d o w n s t r e a m  load  c e l l s  was d e t e r m i n e d  by t ak ing  o n e - h a l f  of the  
a l g e b r a i c  d i f f e r e n c e  b e t w e e n  the m a x i m u m  and m i n i m u m  f o r c e  v a l u e s  
for  each  cyc le  of ro t a t i on  ( see  Fig.  7b o'f the text) .  The u p s t r e a m  and 
d o w n s t r e a m  c a l i b r a t i o n  f o r c e  m e a s u r e m e n t s  w e r e  added  to obta in  the  
to ta l  t r a n s v e r s e  f o r c e  s i n c e  t h e i r  cyc l i c  v a r i a t i o n s  w e r e  a lways  in phase .  

Predi cted Force 

The p r e d i c t e d  f o r c e  fo r  each  c a l i b r a t i o n  cond i t ion  is d e p e n d e n t  on 
the s y s t e m  r e s i d u a l  unba lance  fo rce ,  the  i m p a r t e d  unba lance  fo r ce ,  and 
the  f o r c e d  v i b r a t i o n  m a g n i f i c a t i o n  fac to r .  The  m a g n i f i c a t i o n  f a c t o r  is  
dependen t  on the s y s t e m  d y n a m i c  c h a r a c t e r i s t i c s  (Ref. 2) and is de f ined  
fo r  a s i n g l e - d e g r e e - o f - f r e e d o m ,  s e c o n d - o r d e r  s y s t e m  by the fo l lowing  
equa t ion :  

M F -  

F[ A_ _y12 2 

13 
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w h e r e :  MF = m a g n i f i c a t i o n  f a c t o r  

= r o t a t i o n a l  f r e q u e n c y  

~On = n a t u r a l  f r e q u e n c y  

= d a m p i n g  f a c t o r  

The  n a t u r a l  f r e q u e n c y  was  d e t e r m i n e d  f r o m  wave  a n a l y s i s  of da ta  
o b t a i n e d  f r o m  the  c a l i b r a t i o n  c o n f i g u r a t i o n  to be 12 cps .  The  d a m p i n g  
r a t i o  was  c o n s i d e r e d  z e r o  s i n c e  i ts  e f fec t  on the m a g n i f i c a t i o n  f a c t o r  
i s  n e g l i g i b l e  in the r e g i o n  w h e r e  the i m p r e s s e d  f r e q u e n c y  is  m u c h  l e s s  
than  the  n a t u r a l  f r e q u e n c y .  

The  r e s i d u a l  u n b a l a n c e  w a s  3 .5  in. - l b m ,  as  d e t e r m i n e d  f r o m  f o r c e s  
m e a s u r e d  at  v a r y i n g  r o t a t i o n a l  s p e e d s  wi th  no i m p a r t e d  u n b a l a n c e .  

(mr) r e s  = F 
¢o 2 (MF) 

The final unbalance force was obtained by vectorial addition of the 
r e s i d u a l  and i m p a r t e d  u n b a l a n c e .  The  f ina l  p r e d i c t e d  c a l i b r a t i o n  f o r c e  
u s e d  f o r  da ta  c o m p a r i s o n  was  ob ta ined  f r o m  the fo l l owing  equa t ion :  

Fpred = ( M F ) ~ '  ~mr)res ~ (mr)imp] 
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M a g n i t u d e  o f  F t ;  

ZF = Y t - F u - F d = 0 

F t = F u + F d 

P o ~ . i t i o n  o f  F t ;  

~ - ( L  - X )  F t - . L  F u = 0 

L ( F t . -  Y u )  
X =  

F t 

F 
U 

2 F d 

Y u 

Time 

~_ ///~ ~" r-- F. Variation 
A// / " . 

Magnltude °f Ft; = ~ ~ Fd 

ZF = F t + Fu.+ (-F d) 0 ~ _  
F t = F d + (-Fu) F d Variation 

Time P~tion of Ft; 

~ A  = L F u - ( X  - L )  F t = 0 

X = 
L (F t + F u) 

F t 

Fig. 4 Schematic Showing Effect of Axial Location of Honaxial Force on 
Phase Relationship of Measured Forces 
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Fmax 

+1 

_lO-Z-~ ~ ~Fmi n 

a. Without Thrust Stand Interaction 

Fmax-- ~ 

+5 - - 

f rom T h r u s t  S t a n d  Fmin 
I n t e r a c t i o n  

Example : 1 
F ffi ~ [Fma x - Fmin~  

- - -  ( + 1 5 )  - ( - 5  - 1 0 . 0  2 

Ze ro  O f f s e t  ffi _1 [Fma x + Fmtn ~ 
2 

.1 [(+15) + (-5)]- 5.0 2 

b. With Thrust Stand Interaction 

Fig. 5 Example of Measured Force Variation during Rotation of a Transverse Force Vector 
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AEDC-TR-65-228  

Cradle Support Stand 

Load Cell (Typ) 

S a f e t y  S t o p  ( T y p ) : ~  ~: 

Drive Motor 

- , .  - . 

Aft BearingI~ 
Assembly 

~ W ~ "  ~ : . 

0 

Cradle Assembly 

ilL• 
t ' " ~ I  ! A E D C 

" 5 0 4 0 0 - 6 4 - U  
a. Top View, Looki.g Upstream 

Fig. 6 Dynamic Transverse Force Calibration Configuration 
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4J 

m 
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2 8 0  

Fig. 9 Comparison of Ratio of Measured to Calculated Centrifugal Force with 
Theoretical Values 
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~ome i~vesti<lation~on random later;~l thrust 

~~i%h solid oro oellant rocket motors 

W, Buschulte und K. Schndow 

Deutsche :orschungsanstul~ fGr Left-und Raumfahrt e%Vo 
Insitut fiir ~trahla~itriebe 
Tr~xuen fiber Sol tau/iIannover 

GERI/ulI~Y 

' Introduction ~ 

It is ;;eneral practice to alter the direction of the flight-trajectory 
of missiles eL' lateral thrust produced by the propulsion device• These 
forces act vertically ¢o the missile axis. Various means are known and 
applied ~o ~;enerate such la~erul forces by the missile propulsion system. 

Flijht experiL]ents with unlfuidod missiles some time ago showed that 
renders, l:~teral forces must ~i~;o oe created by the rocke~ motor. There'- 
fore wc st~rted a research pro, ram to clarify the.or'i~;in, the effect 
ana the influence of those lateral forces arising,; surin~.- motor firings, 
The pr'oTui.~;ion ~n~s uzed w~ro solid propellant rockets. 

Althouch these side-l~orces are ,;enerall~ small compared ~o the axial" 
t-.rus~, they raay orang; loacs onto the airfra~c of a uissile, which cI~nnot 
be ne~;lected ~n all cases, Especially if one thin~s of larger missiles,. 
where the structure is not so stiff as with small rockets. The investi- 

/ ,  

t . •  . o • "  

, a  

~ations h:~ve bee~ do~n with small rockets, but may related to larger " it;'. 

u i : 1  : . , s  u s  w e l l  . . . .  r.  

• , .  • , : 

t '  ~uoject of this pnper will be to show 'some of the investigations per- .-. 

formed arid the basic resL~it'~; ot}ts'i~l~d. ,. 

,: Theorctic~l conuiderations o]I possible causes for lateral thrust :, 

Asdi~turoances of uiLknown nature are the oricin of the unfavo~raule 
behavicur of the rocket motor~;, .the explained problem cannot be attacked 
by theoretic~l-::La%hematical treatment up to this time. So an experimental-:il- 
~vay-of-appro~ch ~eemod to ue ~ne only possible treatment, To establish : 
a working l]ro~rr~m varlous cauues have been consiaerea. Thereby. four . ~_..,:. I 

different ~;roupo have seen found. : "- " : " - '~"~  

The first cate,;ory is not x~icluaed in. ou~v test pro~ram. It Comprises "';' ~' 
ti~e inter~icLion el the motor jet with the free flow around the missile .~ 
oodb~, ~ ' , ' i t h  uhf:}vourr'A)le ~,,eo,aetricnl confi.;ur;~tions lateral fbrces can " - '  , :  * 

be produccu, ~3ut I~o~'I,~LII.y there coni'ituratlons ~re axi.~;ymmetrio, so 
that lateral ~:~ru.~t forces mus~ not De .expected° • " '  . . . .  

The second jrm~p is characterized by working; conditxon~, where the . 
nozzle flow is r, ot yet or no ~:~ore fuliF aEvEloped, this preferably 
occurs durin{~ the icnition and the burn-out phase. When the pressure in 
the nozzle conpare¢~ to the amoient pressure is too low, the flo~ separates~ 

,off % : l e  ,~ozzlo w~ll a n d  t.h.~s produces ~on-syu~,,etric pressure distribution . .). .  



a~ :the nozzle well ..and hence l~teral forces° Various reports have been 
ou~liu,'~ed concer.uing jet separution, so that the charac=eristics of it 

~r~ ~uite ~~ell un~,erstood. 

"]'he third group of posuiole causes comprises those which do create lateral 

forces due to procesEes occLirini~ within the supersonic (i.e. diverging) 
p~rt of the thru',~t-~ozzle. AS too large diver~ing unglcs and undue surface 
rou-h,,e~s as posslule c:,uses are excluded, onl.y ther,:,odynamic or chemical 
~)hemomena which ~l'e ~.on-s:-,~,metric~llydistributed across; the nozzle cros~- 

section arc to ue considered. Here one h~,s to think of difl'erences in 
recombination ener,;ies or velocities of combus%ion gazes of unequal mixture-. 
ratio or afterburnlng due to uncompleted comcus~ion in the chamber. 

The fourth group then comprises all phenomena occuring inside the combustion 
chau,,~er and in the suosonic portion of the nozzle also influencing the 
flow downz;ream the nozzle throat. Besides thOSe of thermochemical r~ature 
some causes due to aeroGynamic character :,re conceiveable. From uneven 
comous~zon or by the configuration of the propellant Clock non-axisymmetric 
flow towards the expansion - nozzle may be induced and such produce uneven 
velocity - and pres:n~re distrJbutlon in the whole nozzle flow0 

~. ~rimel,t:,i i~,vco[.i:.ations 

Causes of the first ~lroup can:o$ be investigated oy us because of lack 

of technical ~:leans. The causes of the second group are already well un- 
derstood. Therefore we started a program aimin~ at the causes of groups 
three and four. The:f are very difficult to study, as that occur under con- 
ditions inside the combustion chamoer and the nozzle, where ~,~easurements 
of tile chan~;e of state in the ,4as .flo~ are almost Impossiole ~o perform. 
First we tried to study the aeroaynamic part of the possible causes and 
to final out., whether later~l forces are created upstream or downstream 

the -nozzle, ~hroat. 
[ 

~.I The air-flo~'; nodel for flo~1 simulation 

Yi,?ure I shows a/~ ai~-flo'# model, which simulates the flow inside a rocket 
~.;otor and throu, J~ the noz.'--lu. Comgresced air was used as ~orking gas. The 

pieces si:~u!atin;: ~he propellant charge and the nozzle contour can ue ex- 
ch~,n,;ed oy other profiles ~r,d contours. 

The flow w~c vizu:Llized 'Jy the Schlioren-techni;ue in the supersonic nozzle 
pert. ~lach waVe~ are produced oy thin ~ires of 0.09 mm diameter ("J.I~,." 2b). 
':'he i>uper:;ohic flow was visualized tJy a mixgure of Al-po.~uer al,d %urpe~tine 
pai.Jgcd oJ~ oni~ of the w:indo.;s. The flow pattern the~l Is visible oy the 

oruerin,; of ,'~l',:r~,n~, by the air-flo~ (Fi. .a,~)" o 

?he~chamoer pressure, w,5ic ~° the model-chamber is operated with, is in the 

ranL;e free 5 to .15 at1:~ospSeres~ 
. 

Photo,:rnphs as well ~s hi,.n-speed.films were taken to resolve the develop- "' 

ment of the flot,-pat~ern . . . .  , 

}.2 'fhree-co_q_qj~muonent t:trust ri~; for me%or firings 
-- ] 

For side-force me;:,~urements wit}; rocket motors a threc-con~po~sent thrust ris 

. / 

• , u 



was built (FiL~.5). It allo~ved to measure axial thrust a1~c~ the l~=er~l. 
• forces in t'~o 91anes bein~' perpendicul~.r to e~ch o',}'.ero ' ires, ~:.ched 

to the motor near the noz:'~le lead to luartz-lo~d c~ll~*, ~vhic,~'ure pre- 
loade~l by wei,-hts boinc connected to the roc~.~.t ~1~otoi" ~ :..i~ ~:,':' ~, .'~ire 
~*Id over a wheel at the edLe of the ri~ constructzor ~. .J~l~'~C the exHeri 

taunts it Nas noticed~ that %he side-force measu~'c.,~,.. .~.j ir, f].uenced 
by heat conduction an(l rauiation on~o the load-c~ 11 ~ %nc c.~'Jl~ ~ so 
that heavy insulatlon ~;as applied to the cell an~ oa~,!,~. !~: addition 

the load-cells are watercocled. 
o . 

The r.~inimum side-force~ that can be resolved b$ this test ~'i , iz in the 
order of five u:rams while the mean side-force v:~lues observea ~re in.the 
order of sever~l ten to sever~l hundred ,[ra;:,s. An influence of :~xi~-.l io'~ds 
onto the side-force p~okups ;;as not observed as well ~c.~ there i~ :.o in%er- 
ference between the two side-force pickups when load i'3,'z~.p~liec to erie Of 

them only, 

The rocket ~:~otor usea developed a thrust in the order of I~0 kg. Propellants 
burnt are double-base and composite po'~;der. The double-base charAes stem 
fro~ the production lJ~e of a factor:/, while the composite char~'es have 
been produced in the l[~borator~r of our estaolishment. 

4. Experi,-~ental. techi~iues and results 

The cold-flow experiments have been made to eliminate effects, that can 
oa~e~ be produced by chemical reaction or coolin~ of hot ..... . It ~v~s looked 

for purel$ aerodynamic c~uses of side-force ,[enervation durzn~; .:as flow 

throu;;h..the motor. In this pro~ram oonverjin~ an~;le, dist,~nce bet~een 
nozzle entrance ~nd charade simulator, ~ozzle contour, ch~:r~,:e chant/el wi~th 
and pouition of charge channel a~is relative to the nozzle axis have been 

varied. ~ ~ - :. 

All experiments show no side-force effects (~" " -iL. 4)besides that confi~:u- 

• rations where the charge channel is par]~llely offset from the: nozT~le axis. 
To eli~.~inate effects of ~.~isadjustmen~ of the .:ires on the noz:.l~':~,ill, t~e 
tests were performed with the char~:e axis iji]Id above and oelow the nozzle .... 

.~xis ~nd thusew~lu~tin~ only the di,,~tance oet'~;~en t~e l.~aoh,~ave i~-~tersedtiO~,. 

Feints of such tv~o confi~:urations . . . .  . - .'~" 

It can be st~ted that for cold-i'lo~v conditions well fabric~ted noz~les~vith 

smooti~ noz:,~le surf[~c~ show no si~e-forees, as ion," ,~ ti~e profile Of the 
m~ss-fiow is axisy:wmtric '~'ith re~pect to the noz.'le axis. Any .p~r~llel 
or a~i:ulu.r devi~tion off this conditions results in ~i,le. force~o U.he ori,~in 

of them comes of the s~osonic redion. Orz,;inall3" p~rcllel devi:.~o.~c ~urn 
over into an an,:~ul:~r (leviatio~:. A~:ular :levi~tions crc;~t~ o n  c~cill,,~ing.: ~ ~ 

: 4~ U flow in the .,~upersonic z'e#~ion. As the "5cnlleren"-pictu~ez ~nd~.te the 
oscillation dac~ps out ~nd ancreases in period lencth down,';tre;~m the super- 

sonic nozzle portion. (i;:ic. 4). . 

Calculations made from velocity differences deduced free I4;~ch,.'~ave an,~le 

measurements close to the ~ noz..le wall res ~it in a side-force dia~ram, 
plotted ovc~ the nozzle lel]~th as shown in the slide. (l,i,~. ~). 

As Various nozzle ~eonetries have been used~ anot'~er noticeable cbserw~tion 
was m~tde. The flo'~'~ behaviou±' explaine~ ,)of ore led to ~he idea that elon,i~a~ion ~ 
of the nozzle t}Iroat to a ch~n~el with thro~tdiameter uicht di~.~inish the 
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'-- ' ; ,~.~.n~.ul~,r  devm~tion of mass-flow, "2he~efore a nozzle:',~th a chSnnel of a, ,:-. , . . : ~ , .  , 
' ~len~:~}'," of 1 . 8  dt..'.~as investig~ted.~ "~ remarkable red,Croon of s~de-forces [~ ',~ 

• .~L~s observ.,-d. .ic. 6 ,~hows the comparsion" bet~'~een a nozzle ,'~ith a chaEnel 

at the ~hro~,~ ~nd one without it. 

!~y tqe cold-flow !)rocr:~m the purely .~erod./namic side of the problem thus 

is cl~:rified. T h e  follo~vln~; rocket motor firit~is had to aim at the phene~,e - 
na ori,;inatin~ i'ro~,, thermody~,a,aic and chemic~l prol)ertie~ of the comnustio~, 
~a~. "'o it ';~as looked for a clean aerod~,n~mio sn:,pe ir, si,',e t!~e comhu.~tlon 

chamber ~nd of the exlu~u~:t nozzle. The desi~;n result is showy,, in ["i~. 7 

• a.hich jives ~ n e  cross-section of rocket ;:~otor. 

' ~t.' - j , ' The propellan~ char~;e ~s of the ~,~ternat~onal-burnin;.," type and open towards 
the ~ozzle en;r~nce in the fashion of a low ana,qe subso,~io diffuser ~ith 
s te~dy cross-section ~ncrease up ~o churner dia:.~e~er. 

[ . 

In f:.%ct there is ~± mass-flow increase with increase of cross-section area. 
Fij. ~; snows the develoI~ent of gas velocity (~= w/a) a!ol~; the motor , 
c.~'~r47e. Durino the ~Sas flow ~o~'~ards ~he nozzle no edda's or turbulence 
Dhould occ/r therefore. J}uring the test-prozra~a three ~ifferent nozzle's '" 
have oeen used. They are showr in rlo. 9 (norm,'~l, "cham~el throat", sonic), 

.It~. I uhows the pressure vs time record and the two side-force vs. ti;ne 

reoorcs of a motor firir;:. ?his picture is t$'pical for all i'irin~s that 
have been performed. '7;ith respec~ to the lateral forces three rejimes can 
be recognised, depicted asA, h and C. The re&;'imes A and C are cor.nected 
to pressure built-up and decay at the beginning, ~ and at the end of Dur~-in~ "-~' 
time. In between both side-force traces oscillate ~vithout any predominat- 
inj frequenc~ ~. The picture of the side-force traces vary fro:~ one firing" 
~o the other, but in 9rinciple they show the same result. 

From thi,~ i~ mutt be ~tated, that lateral thrust is al~ays ~enerated. durin6 ~ 
rocket motor firin~;:~ e~, i, ~.he nozzle 'is; fully flowing a~,d ',no jet sep,~- 
ration c;,n occur ~n~d the desi,~Tn of internal gas flow is aerodynamicall2- as 
clean as possiole. The side-forces measured ~ith composite char,-~s .show 
pe(~-valaes ~n the order of half a percent of the axial thrust of the 

rocket motor. These peak-values ~l;vays r~re in the same order of majnitude" 
for c!~ur~e:; of the same shape (~nd propella~}t. Likewise the ti,%e-mea~; values 
of the side-forces for the entire burnin~,-time are eharacteri~tic for cert~i~: 

ch~r, e-' types. " .: 

It r ;am s:ated th:;t the time-me.n-an~ peak-values for the used double-case 
charL'os are only about half ~u; " r e , . - t  as for the composite propellu=~t' 
cn;,r-'uz. 4z s.~id ~efore the reason for ~hls can .be tha~ ~ne co::~9osi~e- 
9ro'~bllnn~ fabricated in the l';boratory in smaIl ~uantities have r~otbeen 
mixed a~d p~'op:.red so well th'in ~Le double-'case slues coz, ln C off an in- 
dus~rial proquction. J~ut ~ho~her i~ossiule re~son may lie ill-the Uasio ~:if--- 
ference i;, col'~o~s%lon-:;l£.c}!~,[~is~] ,Ti~h douole-base :Lad co~:~posite-propellants. 
It is ima~yina:~le that the comuustion of a hetero~eneous propell,~,t with 
~ra].ul~r inserts cremates s uron~.~er irre~fularities in reaction than a widely 
ho;.,o eneous :)ro')ellant like the double-base type:, At this time .~o special 
i~.vcs~i,7~tionu have been ~Jerformed to look after this , uestions. 

I. 

The ~ests ran with a nozzle h~vin~ a chai~nel at the throat-~ith a len~;~h 

of a:~in !.8 d t ~)roucht a reduction of the lateral thrl,nt components° . 
The remainin,-~ peak-valuc.s are iL .the order of O.1 ,.. of axial motor-thrust 
for co~f~posite as ;;ell as for douole-base charjes. This s'~ows that the damp- 

: [ 
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profiles in the subsonic por~io~, of the ~,ozzl~. At thi~ ti~:,e it.cal.,Lo~ be 
explained with certainty w i ~ i c } ;  ~ind of phe~ omun~ ~, ~to occul im, iic t:~e cha.-- 
bet, ~:~t consideriLo theft due to internal motor d~si.-~ ~.e-.oi/.}~ ~J.ic disturb- 

~ha~ O~vious diff,~renc,u il. ~,i~le-foz'ce~ 
ances are unlikely to ;~rise and ~ . . . .  

ma:;nitu(ie exist bet.~ee]', different cimr.xes~ the po~ i[,le c:~,~;cs conc..z;~r:.~e 
upon influences i'roi3 the coLby',us tion process ~ ~.e. u~,cohplcte cou:ustion 

with or .~ithout afterburninc, . . . . .  

~'urtheron i~ is noticed that the peak-values of lateral ~*iruz~ arc equ~,ll,y 
great with the ,,cha:nel-throat" nozzle for both t.,'pus of p~-opcilants, 
whereas with the normal nozzle cle~/r differences exist. %itSelf, h a sound 
verification by a larvae test program inciudin,; ~,~ore ~ariat~ons has not 
been performed, i~ is fel~ that the ratio • of let~6th to diameter of the 
da~'.i)ingchannel sets a lower limit below which the damping effect of the 

channel rapidlJ vani~nes. "; " 

Several mo~or firiy4;s -ai%i~ double-base char~'es have been made using- a 
sonic nozzle, i.e. without ~he supersonic, diverjent portion. ('?i~'. 11)o 
The picture of %he bide-force tr3ces look very much like those .-oZ 
with a rlormal superso;}ic nozzle, From this again it can De deduced that 
the causes for laueral thrust of %hat random type is loc~ted, inslae tt%e I= . 
combustion chamber and the least no essential sise-forces are ;.enerated 

in the supersonic portion of ~he nozzle. 

The main objeo~ of the firin.;s with this nozzle wa c to Sho~ that the 
lateral thrust arising during chamber presuure uecay at burn-out must 
be attributed to je~ separation., in ~he ~apersonic nozzle portiono 
As the side-force records show there are no :.~ore largo later~l ~hrust 
comi~onen~s at burn-out when a sonic nozzle is applied, !jet sepsration 

is the o,~ly cause for hidh side-L'uroes i J . u . ~ . ' i ~ g  pressure d~day, 

As it is shown in Fi;. 10 strong." side-forces are ~enerated durinF the 
periou of pressure deca.y. These forces are cauuud o.. the jet separation • 
off ~he wall due to ~oo lo,'~ pressure in the coubustio]~ chamber. This is 

Oe~, l ] , ~  , a well-known pnenomem~. 'l'he pressure, at which the separatio]- ~" "'" i~-~ 
defined by the ,,[Su.c~arJ'ield" criteriu::~. As tesss have shown, the pressure 

,,',u.~z:~erfield" crituriuu ca* ~- be lowered ~;y ~he use of a 
according to the 
"chaLnel throat'~ h Jr the appearance or ma~.nitude cannot be di~.~inished 
bjf this. In the ?resen~ phrase of investijation we are loo kinjj after some • 

technical means thus mijjht De a'..le to avoid theue .,..ide-forces~.. 

The ~ost difficult part of the side-force inve~3ticutio],s is that of 
teatime A, Here ~ e  are s~ill doin/j experin,en$s to find the cause of the 
side-fcrCeSo A pos~iole c:~use oan be unequal press '~-~e distribution in 
the com~,u~ion cmuhber .,jet,crated by t h e  ~ z , ~ e r  c]:ur~;e 'for the pro- 

pellant slab. 

-k. 
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B~" ~ rocket notor fired to propel a i~is~ile the t.hrust-generated shows 

]:~ter~,l thrust co::6~c~,cnt[~, ~hich cal~ infl~er~ce the fiig.~t t1"ajectory .,~ 
~o '~ ~'emarka~l~ dew,rue a~d a'.~ply loads onto the s~ructure that may 
~,el~cr~te visr~'~.~ions or shocks of ~ co~siderable s~ren, th. iigh~forces ~' % 

~:o~ifie~ .~t burnou~ of st;~.~e m;~y ~e attriou~ed to the random lateral 
thr~::~ i'orce~;. Cola flo~ ~e:~ts and l~iteral thrust measurements during ~ ~ . 
rocket ;,~otor £irzn "~ cle:trly du,,~onstr~te ~hree difl'ere~t re6i;.~es of , 

side-force ,~}~puarance. '.~o of them are ensily i:icntifi~;d a~ ;.a~d~a~:,io 
effects dUO 50 O±~-u~i ~n conditions i,~ the e}%auoer and for the nozzle •~ 

flo,~. ' .. "~' 

.3esides these expected phenomena lateral thrust was o'bserved throu;d]out '- 
t}'~e en~ire uurhing-tlme with w~ryinc~' direction and majl:itu~le. ~ ~-as •. 
possible ~o .locate the orijin of the side-force 6eneratlni~ ais~roances- .. 

.~s occ~rin~ in the su~sonic portion of the motor and t~e noz.:le, it is . . 
f-~irl2' o'.,vious th;~t they are due to irrejularities of the chemical react- 

1(3~ .:t,2chanism durinc col:ibusLio~]. 

.~'urtheron a method of damping, down the peak-values was developed and 

successfully ~ested. 

"_'he pro,:ra~.~ De:formed so far comprises only a few points, :vhile the in- 

ves,~i~;ation of the influence of a number o£ para~:~e$ers is u sill. to be 
done. Especialls' as far as damping methods are concerned systematic in- 

vesti ~;:tions will lead to still considerable improveme~:ts. 

"[inally it is shown that some basic improve~ents sho~ild be worked ou~. 
if the Inisdis%ance o£ un6uided missiles shall be reduced. The oruer of 
mc.:,ini~ude of !eteral ti~rust observed is sufficie,,t to create consider- 

able flijht pat}, ;~ite a~ions. 
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