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FOREWORD 

The investigations on "Flow Processes in Overexpanded 
Chemical Rocket Nozzles" were conducted from March 1972  until 
February 1973 within the framework of the NRC Resident Research 
Associateship Program of the National Academy of Sciences ( U S A )  
in the Astronautics Laboratory of the George C. Marshall Space 
Flight Center of NASA (NASA-MSFC), Huntsville, Alabama, USA. 

My gratitude for their support and encouragement is due to Mr. 
C.R. Bailey, Scientific Advisor, K.W. Gross, H.G. Paul, Division 
Chief, and D. Pryor. 

Since March 1973 these investigations have been supported by 
the German Forschungsgemeinschaft ( D E G ) .  

The result of the work is presented in three reports from 
the Lehrstuhl fur Raumfahrttechnik of the TUM: 

Flow Processes In Overexpanded Chemical Rocket Nozzles 
Part 1: Flow Separation* 
Part 2: S i d e  Forces due to Asymmetrical Separation 
Part 3 :  'Methods for Specific Flow Separation and Lateral 

Force Reduction. 

iii 
1 

9 



CONTENTS 

List of symbols iii 

0- Summary V 

1. Introduction 1 
2. Phenomena of the side load 3 
2.1 Unsymmetrical flow as a cause of the side load 3 
2.2 Side load and machine dynamics 11 
2.2.1 Side load measurement 12 

2.2.1.1 Measurement of the side load by integration 
of the pressure distribution 12 

2.2-1.2 High frequency reaction on support and accel- 
eration measurement 15 

2.2.1.3 Evaluation of amplitude spectra 16 
2.2.1.4 Comparison of side load data with and without 

regard for the influence of the engine-test 
stand-dynamics 18 

2.2.2 Self-generation of vibrations 18 
2.3 Experimental side load results 19 

trical flow data 1 9  

behavior of an engine 20 

2.3.1 Sources of experimental side load and unsymme- 

2.3.2 Influence of various parameters on the side load 

2.3.3 Characterization of side loads 27  

3. Computation of side load 28 
3.1 Overview of the most important models for side load 

development 29 
3.2 Side load as a result of fluctuation of the separa- 

tion point and unsymmetrical nozzle flow 30 
3.2.1 Experimental basis for the fluctuation and 

unsymmetrical flow side load model 30 

IV , 



3.2.1.1 F luc tua t ion  of t h e  s e p a r a t i o n  p o i n t  
3.2.1.2 Unsymmetrical nozzle  f l o w  
3.2.2 Computation methods f o r  t h e  s i d e  load  
3.2.3 Appl ica t ion  of  t h e  s i d e  load  model 
3.2.3.1 J-2s engine 
3.2.3.2 J - 2 D  engine  
3.2.3.3 Se l f -genera t ion  of side loads  

30 
34  

35 

4 1  
4 1  
44 
46 

References 

I 
Appendix A: 

Appendix B: 

47 

Compilation of t h e  m o s t  important  s i d e  
load models 4 9  
S ide  load  p r e d i c t i o n  for  t h e  main engine 
f o r  t h e  space s h u t t l e  55 

V 



LIST O F  SYMBOLS 

1. L a t i n  c h a r a c t e r s  
A 

d 

f 

F 

K 
1 

M 

P 
r 
t 

s u r f a c e  
diameter 
frequency 
force 
cons tan t s  
l eng th  
Mach number 
p r e s s u r e  
r a d i u s  
t i m e  

2 .  Greek c h a r a c t e r s  
y i s e n t r o p i c  exponent 
E s u r f a c e  ra t io  
9 moment of i n e r t i a  
0 j e t  ang le  
4 f l o w  ang le  
$ t u rn ing  ang le  
3 ,  Ind ices  
a f l o w  
a environment 
ac ope ra t ing  c y l i n d e r  
c combustion chamber 
cg c e n t e r  of m a s s  
e end of j e t  
e f f  e f f e c t i v e  (RMS) 
en  engine 
f f  f u l l  f lowing nozzles  
f 1 f l u c t u a t i o n  
fs flow s e p a r a t i o n  
g form of the  s e p a r a t i o n  symmetry 

vi 



h 

i 
n 
o t  
5 
sc 
sl 
t 
ts 
V 

w 

h o r i z o n t a l  
s t a r t  of s epa ra t ion  
j e t  
l a t e r a l  support  
re-app l ica  t i o n  
sepa ra t ion  d i s t ance  from t h e  nozzle 
s i d e  load 
neck 
tes t  value 
v e r t  ica 1 

w a l l  

vi i 



0. SUMMARY 

Side loads occur during t h e  opera t ing  phase dur ing  which t h e  
f l o w  is  separa ted  wi th in  the nozzle as a r e s u l t  of back pressure .  
The loads could be so g r e a t  t h a t  the  normal opera t ion  of t h e  
rocke t  engine i s  endangered. T h e  var ious  methods of s i d e  load 
measurement are presented and their a p p l i c a b i l i t y  i s  discussed.  
The inf luence  of var ious  parameters on the  side fo rce  determined 
by t h e  experiment are explained.  Based on the methods a v a i l a b l e  
f o r  the  computation of s i d e  load, which have been summarized, a 
new procedure f o r  the  determining of s i d e  load is  descr ibed.  The 

computed va lues  are compared w i t h  t h e  side load da ta  of the  J -2  
engines.  The r e s u l t s  a r e  appl ied  t o  the  s i d e  load p r e d i c t i o n s  
fo r  t h e  main  engine f o r  the  space s h u t t l e .  
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1. INTRODUCTION */I - 

Unsymmetrical t h r u s t  components, which act  on t h e  nozzle 
w a l l  a s  s i d e  loads, develop during the  s t a r t  and combustion cu t -  
o f f  phases of a rocke t  engine which is  operated wi th in  the  

atmosphere. These type of loads could also develop wi th  a multi-  
s t a g e  m i s s i l e  i f  t h e  engine of t he  upper s t a g e  is : ign i t ed  before  
the  s t a g e  sepa ra t ion .  The p res su re  developed by t h i s  i n  s p i t e  of 
t h e  e x t e r n a l  vacuum i n  t he  in te rmedia te  s t a g e  can, however, have 
undesirable  effects on t h e  nozzle f l o w  and lead  t o  side loads. 

These s i d e  loads are caused by unsymmetrical nozzle f l o w  and 
depend on t h e  engine t h r u s t ,  the  opening r a t i o  of the nozzle,  t he  

contour of the  nozzle and t h e  p re s su re  of the  combustion chamber 
and t h e  environment. They a r e  usua l ly  uns tab le  and t h e i r  s i z e  and 
d i r e c t i o n  change con t inua l ly .  Engines, whose nozzles  i n  s p i t e  of 

a l a r g e  opening r a t io  f o r  vacuum opera t ion  t h a t  a r e  e s p e c i a l l y  
designed so  t h a t  no flow sepa ra t ion  occurs  i n  t h e  nozzle a t  sea 
l e v e l  w i t h  f u l l  t h r u s t ,  have very l a r g e  s i d e  loads .  

High s i d e  loads w e r e  observed during t h e  development program 
of var ious  l a r g e  engines.  This  phenomenon w a s  f i r s t  observed 
w i t h  t h e  A t l a s  s u s t a i n e r  engine.  
bus t ion  chamber p re s su re  during t h e  i n i t i a l  phase, s i d e  loads devel- 
oped t h a t  amounted t o  about 20% of the  f u l l  t h r u s t  of t he  engine 
[71.  I n  the  subsequent yea r s  t h e  side loads  w e r e  measured f o r  t he  
engines of t h e  f i r s t  s t a g e  of t h e  T i t an  X I 1  m i s s i l e s ,  and an un- 
success fu l  launch of a Vanguard m i s s i l e  i s  t r aceab le  t o  s i d e  loads 

I n  a c e r t a i n  range of t h e  com- 

[ll. The g r  test s i d e  loads w e r e  observed w i t h  the  J - 2  engine,  
the  engine of t h e  second and t h i r d  s t a g e s  of the  Saturn V m i s s i l e s .  
During a tes t  when the engine w a s  operated f o r  several seconds 
wi th  reduced combustion chamber pressure ,  t h e  side loads w e r e  so 
l a r g e  t h a t  t h e  bo l t s  of t h e  gimbal j o i n t  broke and t h e  engine w a s  

* 
Numbers i n  margin i n d i c a t e  pagina t ion  of fo re ign  t e x t .  
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destroyed. These unexpected side loads l e d  t o  considerable  d i f f -  /2 

i c u l t i e s  during the 5-2 engine development program and led t o  t h e  
jets being s i d e  mounted for  tests a t  sea l e v e l  1141. 
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Figure 1. 

due to  side load during t h e  i n i t i a l  phase of a J - 2 D  engine (rated 
t h r u s t  F = 10 N) 1141. 

Load Fac of the  engine ope ra t ing  cy l inde r  ( ac tua to r )  
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High s i d e  loads must be considered as d i s rup t ions  t o  t h e  
engine func t ion  and are of l i t t l e  b e n e f i t  s i n c e  they r e q ~ i r e  a 
s t r u c t u r a l  r e i n f o r c i n g  of t h e  engine and t h e  suspension which 
i n c r e a s e s  t h e  weight of t he  propuls ion system. It  is, the re fo re ,  
necessary t o  have a q u a n t i t a t i v e  understanding of t h e  process  of 
side load production i n  order t o  achieve s m a l l  side loads  i n  t h e  
design of t h e  n o z z l e s .  

2 .  PHENOMENON OF THE SIDE LOAD 

I n  t h e  i g n i t i o n ,  shut-down o r  r e t a r d a t i o n  of a rocket engine 
the combustion chamber pressure  i s  lower than during f u l l  load 

opera t ion .  I f  t h e  engine ope ra t e s  during t h i s  phase with back 

pressure ,  then t h e  gas  flow s e p a r a t e s  from t h e  nozzle w a l l .  A s  

a r e s u l t  of t h i s ,  s i d e  loads develop i n  c e r t a i n  a reas  of t h e  com- 
bus t ion  chamber pressure .  
engine ope ra t ing  cy l inde r  due t o  the side loads during t h e  i n i t i a l  

/4 
Figure 1 shows t h e  load Fac of t h e  

- 

phase of a J - 2 D  engine.  These s i d e  loads are caused by unsymme- 
t r i c a l  s epa ra t ion  of the  j e t  stream i n  t h e  nozzle.  

2 . 1  Unsymmetrical f l o w  s epa ra t ion  a s  a cause of the  side loads 

Figure 2 shows a J - 2 D  engine during t h e  f i n a l  combustion 
phase' of a test  run. I t  shows t h e  very unsymmetrical s epa ra t ion  
of t h e  je t  stream which s t i l l  only f i l l s  a po r t ion  of the nozzle 
c ross -sec t ion .  

For an a n a l y s i s  of t h e  e f f e c t  of t h e  unsymmetrical f l o w  separ-  
a t i o n ,  it i s  b e s t  t o  consider  a narrow sector of t h e  nozzle  f l o w  
i n  which the  sepa ra t ion  i s  nea r ly  l e v e l  and perpendicular  t o  the  

a x i s .  

The sepa ra t ion  process  and t h e  w a l l  p r e s su re  d i s t r i b u t i o n  /5 
with  t h e  r e s u l t i n g  loads are shown i n  Figure 3 .  The gases  expand 

3 



Figure 2 .  Unsymmetrical f low sepa ra t ion  during t h e  
f i n a l  combustion phase of a J-2D engine.  

along t h e  nozzle w a l l  from the combustion chamber pressure  pc t o  
the  l o c a l  w a l l  p ressure  pw. A boundary l a y e r  develops along the  

w a l l .  U n t i l  t h e  p re s su re  n e u t r a l  po in t ,  a t  which t h e  w a l l  p ress -  
u r e  and t h e  environmental  p ressure  pa are equal ,  p, i s  h igher  
than pa, and a pressure  load develops which works f r o m  i n s i d e  on 
t h e  nozzle w a l l  and produces the engine t h r u s t .  As a r e s u l t  of 
t h e  over-expansion, t h e  w a l l  p r e s su re  decreases below t h e  n e u t r a l  
p o i n t  under the  environmental  p ressure .  T h i s  produces a load 

which e f f e c t s  t h e  nozzle wa l l  from ou t s ide  and decreases t h e  / 6  
t h r u s t ,  T h i s  load can lead  t o  a considerable  deformation of t h e  
n o z z l e  w a l l ,  e s p e c i a l l y  w i t h  th in-wal l  engines [ 1 4 , 2 0 ] .  From a 
c e r t a i n  d i f f e r e n c e  between t h e  w a l l  and the  e x t e r n a l  p re s su re ,  t h e  
boundary l a y e r  can no longer counter  t h e  envionromental p ressure ,  
and it s e p a r a t e s  from t h e  w a l l .  

4 
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1 fs2 c 
lfSl 1 

Figure 4. Unsymmetrical flow separation. 

An inclined compression thrust develops which turns in the 
direction of the main flow. In this separation area, the wall 
pressure of p the minimum nozzle pressure at which the separa- 
tion process begins, increases within a short distance to a 
pressure p which is just slightly below the environmental press- 
ure. Due to this slight pressure difference, the nozzle part is 
loaded just slightly downwards from the separation area. 

i' 

P 

The position of the pressure neutral point and the location 
of the separation area depend on the ratio of the combustion 
chamber pressure to the environmental pressure. With increasing 
pressure ratios, the points move toward the nozzle end. 

In the case of a rotationally symmetric flow process, the 
pressure loads are equalized circumferentially and the thrust 
vector agrees with the geometric nozzle axis. If, however, the 
field of low and the separation line are not axially symmetric, 
then side loads result. Figure 4 shows the flow picture of a 
nozzle with unsymmetrical separation. 

3 
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I f  t h e  local d i s t ance  of t h e  su r face  element dA from t h e  
i n j e c t o r  p l a t e  w i t h  1, then  t h e  s i d e  load  Fsl can be w r i t t e n  

/7 

-P 

whereby 0 i n d i c a t e s  t h e  angle  of t h e  nozz le  wa!-!., The s i d e  load  
according to  equat ion  (1) works perpendicular ly  t o  t h e  nozzle  
a x i s  s i n c e  a l l  a x i a l  po r t ions  are a t t r i b u t e d  t o  the  t h r u s t  . The 

unsymmetrical t h r u s t  components i n  t h e  d i r e c t i o n  of t h e  nozzle  
a x i s  are usua l ly  very s m a l l .  

T h e  side load  equat ion  (1) can be broken down i n t o  three 
+ t e r m s  

3 
2.r! 

0 

fS2 
1 -+ 

- -  I p,, C O S O  dA Fsl - 0 

2 n  le 

The f irst  t e r m  r ep resen t s  t h e  s i d e  loads which develop i n  the f u l l  
f lowing p o r t i o n  of t h e  nozzle  due t o  an unsymmetrical p ressure  d is -  

t r i b u t i o n .  These side loads  correspond s o m e w h a t  t o  those of a 
nozz le  t h a t  has n o t  separa ted  i n  f u l l  load opera t ion .  I n  a w e l l  
formed nozzle ,  t hese  loads are usua l ly  very s m a l l  and t h e i r  por- 
t i o n  of t h e  e n t i r e  s i d e  load is  very s l i g h t  ( i n  t he  J - 2 D  engine 
t h e  side loads  a t  f u l l  t h r u s t  are <l% of t h e  t o t a l  t h r u s t ) .  

+ Since the e x t e r n a l  p re s su re  i s  considered symmetric, Pa can 
be p a r t i a l l y  omit ted i n  ( 2 ) .  

7 



Therefore,  t h i s  p o r t i o n  of t h e  s i d e  loads can be omit ted 
b u t  no t  t h e  e f f e c t  of the unsymmetrical p re s su re  d i s t r i b u t i o n  i n  
t h e  computation of t h e  s i d e  loads. 

T h e  t h i r d  t e r m  concerns t h e  w a l l  p r e s su re  i n  the completely 

W 
separa ted  po r t ion  of t h e  nozzle.  

s ec t ion ,  i n  case t h e  sepa ra t ion  does n o t  occur i n  the th roa t  area, 
i s  small  and can be omitted . 

I n  t h i s  s e c t i o n ,  pa and p 

nea r ly  agreed. For t h i s  reason, t he  side load of t h i s  nozzle ’ /a 

+ 

For t h e  computation of t h e  s i d e  load, t he re fo re ,  it is  only 
necessary t o  know t h e  p re s su re  d i s t r i b u t i o n  i n  t h e  unsymmetrically 
separa ted  area. Thus (1) can be s i m p l i f i e d  and t h e  fol lowing can 
b e  w r i t t e n  fo r  t h e  s i d e  load: 

1 0  
1 fS 

The w a l l  p ressure  i n  the f u l l  f lowing po r t ion  of t h e  unsymm- 
e t r i c a l  s epa ra t ion  acea (Figure 4 ,  lowar photo po r t ion  between 
lfsi and lfs 1 v a r i e s  s l i g h t l y  i n  t h e  d i r e c t i o n  of t h e  ax i s .  
Therefore,  t h e  v a r i a b l e  w a l l  p r e s su re  can be replaced by an average 
cons tan t  value.  T h e  p ressure  i n c r e a s e  i n  the  sepa ra t ion  zone 
occurs so r ap id ly  t h a t  a pressure  jump f r o m  the  wa l l  p ressure  pi 
t o  the  e x t e r n a l  pressure  p can be  assumed. I f  the  p ro jec t ion  of 
t h e  unsymmetrical f u l l  f lowing po r t ion  of the nozzle f l o w  perpen- 
d i c u l a r  t o  t h e  a x i s  i n  t h e  d i r e c t i o n  of the  side load i s  designated 
w i t h  Asl, then 

2 

a 

( 4 )  
F s l  e b ? a - P p s l  

+ I f  t h e  sepa ra t ion  occurs i n  t h e  t h r o a t  a r ea ,  then the  s i d e  
loads are s m a l l ,  b u t  the  propor t ion  of the  loads of the  
separa ted  nozzle p a r t  are higher .  

8 



/I?,:-! unsymmetrical * *  sepa ra t ion  . 

Fsl ( s i d e  load)  I L l - 4  

Figure 5. S impl i f ied  computation of t h e  s i d e  load 
and opera t ing  cy l inde r  load 

can be given f o r  ( 3 )  t h e  s i m p l i f i e d  side load equat ion.  I n  t h i s  

i s  t h e  average nozzle w a l l  p r e s su re  a t  which sepa ra t ion  case, 
occurs (see Figure 3 ) .  

P i  

With t h e  d i s t ance  llS of t h e  s i d e  load a s s a u l t  p o i n t  from 
t h e  gimbal j o i n t  and t h e  d i s t ance  of the  opera t ing  cy l inde r  1 
fo r  the  opera t ing  c y l i n d e r  load  (see Figure 5 ) ,  one ge ts :  

ac 

1 

Equation ( 5 )  con ta ins  no unsymmetrical a x i a l  t h r u s t  po r t ion .  
The s i d e  fo rce  acts i n  t h e  d i r e c t i o n  of t h e  nozzle axis  on t h e  
side of t h e  nozzle through unsymmetrical f l o w  s epa ra t ioh  on which 
t h e  f l o w  i s  separa ted  f a r t h e r  downward. The f i re  je t  of t h e  
engine turned by the  unsymmetrical s epa ra t ion  l i n e  does no t  agree 
i n  i t s  d i r e c t i o n  w i t h  t h a t  which r e s u l t e d  from t h r u s t  and side 

load s i n c e  t h e  side load i s  generated by t h e  e x t e r n a l  pressure .  

9 
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The abso lu te  va lue  of t h e  s i d e  load depends on t h e  d i f f e rence  
between the  e x t e r n a l  p re s su re  and t h e  nozzle w a l l  p ressure  and 
t h e  s i z e  of t he  unsymmetrically separa ted  area. The l o c a t i o n  of 
t h e  load e f f e c t  p o i n t  i s  determined by the sepa ra t ion  r a t io  of 110 
t h e  engine and the  w a l l  p ressure  d i s t r i b u t i o n  i n  t h e  nozzle.  

I f  one s t u d i e s  diagrams i n  which the e lapsed  t i m e  of the side 
load i s  shown (see Figure 11, then one recognizes t h a t  t he  s i d e  
load i s  composed of two p a r t s ,  a quas i - s t a t iona ry  and an osc i l la t -  
i n g  p a r t .  T h i s  dynamic character of t h e  side loads leads t o  con- 
s i d e r a b l e  problems i n  t h e  measurement. 

2.2 S ide  load and machine dynamics 

The rocke t  engine i s  normally suspended i n  t h e  test  s tand  or  
i n  t h e  v e h i c l e  on a gimbal j o i n t  and on t w o  opera t ing  cy l inde r s  
fo r  engine swiveling o r  on two side supports  ( o u t r i g g e r s ) .  Since /11 
t h e  engine and the mountings are deformed under t h e  t h r u s t  and 
s i d e  load stress, o s c i l l a t i o n s  occur which can only be s l i g h t l y  
dampened. Figure 6 d e p i c t s  t h e  deformations of the  suspension 
and rocket engine schematical ly .  T h e  engine produces pendulum 
swings around the  gimbal j o i n t  which a r e  themselves s l i g h t l y  d i s -  

placed as a r e s u l t  of the stress. The frequency of t h e  osci l la-  
t i o n  i s  determined by t h e  r i g i d i t y  of t h e  suspension of t h e  opgrat-  
i n g  cy l inde r s .  With the l i g h t  cons t ruc t ion  design t h a t  i s  p resen t ly  
used f o r  the  engine with thin-walled ind iv idua l  tubes,  t h e  combus- 
t i o n  chamber head can  be considered a s  a r i g i d  body up t o  t h e  

nozzle t h r o a t  and t h e  nozzle b e l l  causes o s c i l l a t i o n s  around t h e  
t h r o a t .  Since t h e  side load a c t s  unsymmetrically on t h e  nozzle 
w a l l ,  t h e  end cross -sec t ion  i s  deformed. 

Depending on t h e  r i g i d i t y  of t h e  end c ross -sec t ion ,  there is  
an e l l i p t i c a l  deformation o m  t h e  loads lead  t o  wave movements a t  
t h e  end of t h e  nozzle [14,201. Addit ional  i t e m s  such as turbo- 
pumps could a l s o  swing around t h e i r  suspension on t h e  engine.  



The engine suspension system i s  a system capable of swinging 
wi th  s e v e r a l  degrees of freedom and appropr i a t e  swing frequencies .  
A s  a r e s u l t  of the  o s c i l l a t i o n s  f r o m  t h r u s t  and side load, the  

swings of t h e  system are generated and due t o  t h e  s m a l l  n a t u r a l  
damping ( m e t a l  damping) t h e r e  are s t rong  inc reases  i n  t h e  r eac t ions  
on supports  i n  t he  resonance ranges.  

O f  these o s c i l l a t i o n s ,  the pendulum swing p lays  t h e  g r e a t e s t  
role. Figure 7 shows the amplitude s p e c t r a  of the ope ra t ing  cy l -  
i n d e r  load of a J-2s engine.  The fre uency of the  engine opara t -  
i n g  cy l inde r  amounts t o  about 7 Hz. The amplitude s p e c t r a  shows 
a s t rong  inc rease  of the  load i n  t h i s  frequency range. A t  h igher  
f requencies  the load decreases sharp ly .  I n  t h e  opera t ing  cy l inde r  
load shown i n  Figure 1, one can v i r t u a l l y  recognize only t h e  fre- 
quency of t h i s  pendulum swing while t h e  po r t ion  with h igher  f r e -  
quencies i s  very s m a l l .  A t  h igher  f requencies  t h e  amplitude 
spectrum v a r i e s  considerably f r o m  the amplitude spectrum of a 
swing wi th  one degree of freedom. Two o t h e r  resonance peaks are 
shown. The inc reases  a t  2 2  Hz and 35 Hz (poss ib l e  e l l i p t i c a l  
deformation of t h e  end cross-section), however, can only be ex- 
p l a ined  i n  more de t a i l  i f  t he  a c t u a l  swinging a c t i o n  of the  engine 
is  known m o r e  s p e c i f i c a l l y  . 

2 . 2 . 1  S ide  load measurement 

T h e  measurement of the  pure s i d e  load r e q u i r e s  a considerably 
g r e a t e r  expendi ture  than  f o r  pure t h r u s t  measurement due t o  t h e  
dynamic characters of t h e  load and t h e  inc rease  i n  t h e  pressure  
on t h e  suspension due t o  t h e  engine movement, s i n c e  with t h e  
l a t te r  only p e r i o d i c  va lues  have t o  be  determined which are 
near ly  cons tan t .  Various methods can be used for  t h e  side load 
measurement. 

2 . 2 . 1 . 1  Determination of t h e  s i d e  load  throush 
i n t e g r a t i o n  of t h e  w a l l  p ressure  d i s t r i b u t i o n  

12 



A method f o r  determining t h e  side loads i s  t h e  measurement 
of t h e  w a l l  p re s su re  a t  var ious  p o i n t s  of the nozzle.  For t h i s  

0 10 20 30 4 0  50 
f Hz 

t he  
- 

end 

Figure 7 .  Amplitude spectrum of t h e  operaeinq 
cy l inde r  load-of a J - 2 s  engine (p  
0 .95  ba r ,  bandwidth f o r  the  amplifude d e t e r m i n a t i o n  

= 65 bar ,  pe = 

1.6 Hz) [5,61 

t w o  measurement devices  t h a t  can  be moved 180° are used. Figure 
8 shows t h i s  procedure schematical ly .  

I f  t he  p re s su re  d i f f e rence  p - is  determined a t  many sta- 
t i o n s  along t h e  a x i s  of t h e  nozzle and poss ib ly  also circumferent- 
i a l l y ,  then  t h e  side load can be determined through numerical 
i n t e g r a t i o n  wi th  equat ions  (1). I f  one only has two series of 
measurement p o s i t i o n s ,  then  a s i n e  d i s t r i b u t i o n  of t h e  pressure  
can be assumed i n  the c i r cumfe ren t i a l  d i r e c t i o n  and the fol lowing 
i s  obtained: 

w1 pw, 

AFsl = 0 . 5  A 1  r n (pt, -p 1 
1 "2 

This method which i s  used i n  [191 i s  e s s e n t i a l l y  dependent 
on the  p r e c i s i o n  of t h e  measurement recorder  and t h e  exac t  placement 
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Figure 8 .  Determination of t h e  s i d e  loads through 
measurement of t h e  nozzle w a l l  p ressures .  

I 
Figure 9 .  Determination of t h e  s i d e  loads through 
simultaneous measurement of t h e  r e a c t i o n  fo rces  on 
the  supports  and acceleratiohs.. 
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of t h e  measurement borings fo r  i t s  va lue ,  
t h e  computation of t h e  side load  could,  t he re fo re ,  be very l a rge .  
Having too f e w  measurement p o s i t i o n s  i n  t h e  unsymmetrical separa-  
t i o n  area leads t o  u n s a t i s f a c t o r y  r e s u l t s .  

The e r r o r s  a r i s i n g  i n  

2.2.1.2 High frequency r e a c t i o n  on suppor t  
and a c c e l e r a t i o n  measurement 

A method for t h e  immediate obta in ing  of side load values  i s  
based on t h e  simultaneous measurement of loads and a c c e l e r a t i o n s .  
Figure 9 schematical ly  shows an engine where t h e  v e r t i c a l  and 
h o r i z o n t a l  r eac t ioh  onllthe support  loads F 

j o i n t  and t h e  opera t ing  cy l inde r  load  Fac as w e l l  a s  the  accelera- 
t i o n s  a t  these p o i n t s  are being measured. T h i s  method enables  t h e  
determinat ion of t h e  s i d e  loads without  f u r t h e r  detailed informa- 
t i o n  on t h e  o s c i l l a t i o n s  of t h e  engine.  

and Fh a t  t h e  gimbal 
V 

I f  j u s t  one l e v e l  i s  considered f o r  s i m p l i f i c a t i o n ,  then the  
movement equat ion is  

.. = -FV-Fac+F m x  en cgv 

.. 
men X cgh = Fsl+Fh 

(7) 

whereby m and 0 i n d i c a t e  t h e  engine m a s s  and the  moment of 
i n e r t i a  a t  t h e  c e n t e r  of m a s s  (cg) . Thus, for  t h e  loads and the  

d i s t a n c e  of the  side load f r o m  t h e  gimbal p o i n t  one ge t s :  

en  en 

.. F = FV+Fac-m x en v (10) 

ac Fsl = -F +m (x - x  -) 
cg 

.. .. 
h e n  h ac  1 

.. 
e n  Xac’’-ac -F h 1 cg +Fac 1 ac  (12) -8 

lsl = 1 .. .. 4- 
(x -x h e n  h ac  lac/’ cg -F +m 
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The t i m e  span of the loads and t h e  a c c e l e r a t i o n s  must also 
be measured exac t ly  i f  it is  d e s i r e d  t o  o b t a i n  t h e  loads from 
(10)  t o  ( 1 2 ) .  T h i s ,  e s p e c i a l l y  w i t h  t h e  acce lera t ion ,  does no t  
p re sen t  insurmountable d i f f i c u l t i e s  [ 5,6,19 1 . Erroneous or non- 
a v a i l a b l e  a c c e l e r a t i o n  values  l ead  t o  s i d e  loads i n  which the  

dynamic inc reases  due t o  engine movement w i l l  be included i n  
a d d i t i o n  t o  the  a c t u a l  side loads .  Therefore,  side load va lues  
which are obtained i n  t h i s  manner must always be s tud ied  t o  deter- 
mine whether a l l  a c c e l e r a t i o n  forces have a c t u a l l y  been el iminated.  

T h i s  method i s  used i n  [5,61. The r e s u l t s  are for t h e  m o s t  
p a r t  erroneous.  The cause is  probably n o t  t h e  rough s impl i f i ca -  
t i o n  of t h e  engine model assumed i n  [SI b u t  t h e  r e s u l t  of an erron-  
enous (or missed) a c c e l e r a t i o n  measurement or false numerical  
handling of t h e  measurement values  s i n c e  t h e  side loads t h a t  do 

n o t  consider  the a c c e l e r a t i o n  d i f f e r  only i n s i g n i f i c a n t l y  from 
those w i t h  t h e  inf luence  of t h e  a c c e l e r a t i o n .  

2 .2 .1 .3  Evaluat ion of amplitude s p e c t r a  /f6 

T h e  average side load values  of a s u f f i c i e n t l y  long t e s t i n g  
se s s ion  w i t h  cons t an t  condi t ions  can be obtained f r o m  the  evalua- 
t i o n  of t h e  amplitude s p e c t r a  of t h e  r e a c t i o n  on the  supports  i f  

the  dynamic a c t i o n  of the engine and test  s t and  are known. Then 
an amplitude spectrum is  determined from t h e  t i m e  l apse  of t h e  
support  stress as is shown i n  Figure 7. The v i b r a t i o n  a c t i o n  of 
t h e  engine,  the amplitude of the  r e a c t i o n  on the supports  with 
t h e  given dynamic load, can be obtained wi th  t w o  d i f f e r e n t  
methods. One i s  t h e  e s t a b l i s h i n g  of a mathematical  model of 
engine and tes t  s t and  as i s  schematical ly  shown i n  Figure 6 i n  
which a l l  e l a s t i c i t y  cons t an t s  and dampings are known [141. I n  
any case, it is rather d i f f i c u l t  t o  reach t h e  high accuracy i n  t h e  

resonance ranges which can c l a r i f y  t h e  ques t ions  such as self-  
genera t ion  of t h e  o s c i l l a t i o n s .  The  o t h e r  method i s  a c a l i b r a t i o n  
of t h e  test  i n s t a l l a t i o n  with a j o l t  ramming machine [ S I .  For 

16  
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Figure 1 0 .  Side loads wi th  the J-2s engine wi th  and 
without  cons idera t ion  of t h e  inf luence  of engine 
movement. 

t h i s  a nozzle i s  v i b r a t e d  a t  var ious  p o s i t i o n s  wi th  a sine-shaped 
force of given amplitude and frequency and a t  t h e  same t i m e  t h e  

r e a c t i o n  on the  suppor ts  is  measured. Thus, one knows t h e  t r ans -  
mission func t ion  of the  system and from the  measured amplitude 
spectrum of t h e  test se s s ion  can compute t h e  a c t u a l  s i d e  load.  

These methods are used i n  [5] s i n c e  an eva lua t ion  was n o t  
success fu l  using t h e  method i n  paragraph 2.2.1.2. 



The danger of an erroneous measurement of t h e  side load 
because t h e  engine-teststand-dynamics was no t  considered w a s  
a l ready  known i n  t h e  f i r s t  side load analyses  of t h e  J -2  engine 
( E ,  K .  Bramnlett  (1965 [141). The inc rease  factor of  the react- 
ion  on t h e  supports  of 2 ( f a u l t  generat ion)  obtained based on 

according t o  new measurements. Figure 1 0  shows a comparison of 
t h e  s i d e  load w i t h  the  J-2s engine which must be determined through 
engine movement wi th  and wi thout  an  increase. T h e  i nc rease  f a c t o r  
amounts t o  about 6 and i s  c l a r i f i e d  by the  s m a l l  damping (metal  
damping) of t h e  system. 

model t e d t s  with and without  o i l  damping [141 is  much too  small  /17 

With t h e  he lp  of experimental  s i d e  load  da ta ,  it mus t ,  there- 
f o r e ,  be determined whether t h e  dynamic loads have been sub t r ac t ed .  
Values of t he  s a m e  swing system t h a t  have no t  been reduced can 
only be used t o  examine the  inf luence  of var ious  parameters bu t  
n o t  f o r  q u a n t i t a t i v e  s t a t e m e n t s .  

2 .2 -2  Sel f -genera t ion  of t h e  side load through machine v i b r a t i o n s  

The p o s s i b i l i t y  e x i s t s  t h a t  t h e  v i b r a t i o n s  of the  engine and 
t e s t s t a n d  can lead t o  se l f -genera ted  s i d e  loads. T h i s  ques t ion  
i s  no t  only important for the  s t a r t i n g  procedure,  b u t  also during 
t h e  f i rs t  phase of f l i g h t  a t  l o w e r  a l t i t u d e .  The t i l t i n g  of the  

engine due t o  the  opera t ing  cy l inde r  could cause side loads due t o  
t h e  v i b r a t i o n s  t h a t  occur which endanger a normal f l i g h t .  

T h e  a c c e l e r a t i o n  of t h e  nozzle perpendicular  t o  t h e  a x i s  
leads  t o  w a l l  p re s su re  a l t e r a t i o n s  which move t h e  sepa ra t ion  p o i n t .  
This a l t e r a t i o n ,  however, i s  very s m a l l  and can be disregarded for  
t h e  side load. 
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Nozzle bendings around the  throat could have a g r e a t  e f f e c t .  
This i nc reases  t he  w a l l  p r e s su re  on one s i d e  of the  nozzle so t h a t  
t h e  sepa ra t ion  p o i n t  moves downward. The su r faces  of the  unsymm- 
e t r i ca l  sepa ra t ion  t h a t  are enlarged as a r e s u l t  of t h i s  i n c r e a s e s  
t h e  side load and moves t h e  nozzle f u r t h e r  i n  the d i r e c t i o n  of 
asymmetry. The  s i z e  of t h i s  se l f -genera ted  s i d e  load would depend 
on t h e  r i g i d i t y  of t h e  nozzle and the  w a l l  p r e s su re  d i s t r i b u t i o n ,  

J-2s measurements show t h a t  w i t h  t h i s  engine conf igura t ion  
p o s s i b l e  se l f -genera t ions  are smaller than t h e  measurement accur- 
acy. There are no measurements a v a i l a b l e  on o the r  nozzle types.  

2 . 3  Experimental side load r e s u l t s  

Side load information i s  a v a i l a b l e  from var ious  s i z e s  of 
rocket engines  wi th  b e l l  nozzles and some model engines which are 
dr iven w i t h  h o t  and co ld  gas .  
a t i o n  measurements f o r  which there is a considerable  amount of 
r e l i a b l e  da t a  ava i l ab le ,  the number of side load values  i s  r a t h e r  
s m a l l .  O f  these many a r e  erroneous due t o  unsa t i s f ac to ry  measure- 
ment and only usable  f o r  q u a l i t a t i v e  s t a t e m e n t s .  

I n  c o n t r a s t  t o  t h e  pure f l o w  separ- 

2.3.1 Sources of experimental  s i d e  load and unsymmetrical 

s epa ra t ion  data /19 

T h e  var ious  sources  of s i d e  load information for  l a r g e  chem- 
i ca l  engines and t h e  app l i cab le  engine parameters a r e  given i n  
Table 1. I t  shows t h a t  s i d e  loads w e r e  measured w i t h  nea r ly  a l l  
l a r g e  engines.  

The sources  of s i d e  load data and measurements of u n s y m e t r i -  
cal  sepa ra t ion  methods i n  model engines wi th  cold and h o t  gases  
are l i s ted  i n  Table 2 ,  The diameter of t he  throat  and t h e  opening 
r a t i o  of t he  nozzle are given as measurements fo r  the  s i z e  of the  



Source E PC P r o p e l l a n t  F 

(kN) (bar )  

A t l a s  s u s t a i n e r  S-4 02/benzine 2 70 40  25 
(Rocketdyne) [2 ,7 ]  

Sa turn  F-1 0 2/benzine 6 700 65 10 
(Rocketdyne) E131 

T i t a n  I11 B 
(Aero3et) [2  I 

N 0 /UDMH 1 0 0 0  12 

1000 45 27.5 O 21H2 Sa turn  J - 2 D  
(Rocketdyne) [ 1 4 ]  

Sa turn  J-2s 021H2 1200 82 40  
(Rocketdyne) [6,14] 

1130 1 9  0 53.2 O 21H2 250 k Phase B High 
p res su re  engine  
( P r a t t  & Whitney A i r c r a f t  [ 1 2  I 

TABLE 1. L i s t i n g  of t h e  sources  of s i d e  load d a t a  of l a r g e  
chemical engines  and the  a p p l i c a b l e  engine va lues .  
F = t h r u s t  

= combustion chamber p res su re  
E = opening r a t i o  of t he  nozzle  
PC 

engine used i n  t h e  experiments.  The tests w e r e  carried o u t  a t  
atmospheric environmental  p re s su re  [lo, 11,191 .or w i t h  a very 
reduced e x t e r n a l  p r e s s u r e  [14  3 . 
2.3.2 Inf luence  of var ious  parameters on t h e  s i d e  load  

a c t i o n  of an engine 

S ide  loads  o r i g i n a t e  i n  t he  ope ra t ing  phase of t h e  engine i n  
which t h e  f l o w  i n  the nozzle  is separa ted .  The i n t e n s i t y  of t h e  
side load f o r  a g iven  rocke t  engine  depends on the  a c t u a l  va lue  
of t h e  p r e s s u r e  r e l a t i o n s h i p  of t h e  combustion chamber p res su re  
t o  t h e  environmental  p re s su re .  

F igure  11 also  gives t h e  mean side load  of a J-2s engine 
us ing  the p res su re  ra t io .  The va lues  are t h e  effective side load  
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Source 

Lawrence [lo 1 

Fue 1 dt E shape of 
( c m )  nozzle 

a i r  0.25 - 6- 2-d, 3-d 
0.65 23 conica l ,  b e l l -  

shaped 

1.57 10- bell-shaped 
10 0 N2 MacAbee Jr. ( P r a t t  & 

Whitney A i r c r a f t )  [ll] 

Rocketdyne [14 I 

02 /H2  1.51 35- b e l  1-shaped 
80 

2 .3  27,5,bell-shaped 
40  N2 

( J - 2  model) [16] O2lH2 bell-shaped 

TABLE 2. L i s t i n g  of sources  of side load data and s t u d i e s  of 
unsymmetrical s epa ra t ion  methods i n  model engines .  

t h r o a t  diameter 
2-d two-dimensional 
3-d three-dimensional 

dt 

w i t h o u t  any inc rease  due t o  t h e  engine movement. The da t a  a t  l o w  
pressure  r a t i o s  are obtained during the  launch phase [SI. Since 
t h e  e x t r a c t i o n  of t he  dynamic loads i n  t h i s  range w e r e  only 
achieved wi th  the  inc rease  f a c t o r  6 ,  these values  are very inexac t .  
The measurement p o i n t s  a t  h igher  pressure  ra t ios  w e r e  obtained 
using t h e  method descr ibed i n  paragraph 2.2.1.3. 

A t  l o w  p re s su re  ratios,  the  f l o w  s e p a r a t e s  d i r e c t l y  behind 
t h e  throat  of t h e  nozzle  and the  side loads t h a t  develop are s m a l l .  
An increase  of t h e  pressure  r a t i o  i n c r e a s e s  t h e  s i d e  load and a t  
a s p e c i f i c  pressure  ra t io  t h e r e  i s  a f irst  side load maximum. The 

value of t h i s  load depends on the  nozzle contour;  t h e  f i g u r e s  fo r  
t h e  pressure  r a t i o  are between 5 and 20 [10,141, The cause for  
t h i s  side load maximum is  s t i l l  n o t  completely c l e a r .  I t  can be 

assumed t h a t  t h e  separa ted  j e t  h i t  again downward on t h e  nozzle 
w a l l  s i n c e  t h e  nozzle contour i s  bent  inward i n  t h e  d i r e c t i o n  of 
t he  nozzle end. In  the  w i d e r  area of the  p res su re  r a t i o  t h e  side 

load inc reases  sharp ly .  
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F igure  11. Side  load of t he  J-2s engine as a func t ion  
of t h e  p re s su re  r a t i o  151 I 
Measurement p o i n t s  dur ing  t h e  r e t a r d i n g  of the  engine 
Measurement p o i n t s  dur ing  the s t a r t  phase 

The a c t u a l  side load maximum develops w i t h  a p res su re  r a t io  
which i s  s o m e w h a t  lower than t h a t  of t h e  f u l l y  flowing nozzle.  
A f u r t h e r  i n c r e a s e  of t h e  p r e s s u r e  r a t io  l eads  t o  a f l o w  separa-  
t i o n  i n  t h e  immediate area of t h e  nozzle  end cross -sec t ion ,  Th i s  

reduces t h e  s i d e  load s i n c e  the  unsymmetrically sepa ra t ed  area 
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Engine 

A t l a s  s u s t a i n e r  

J-2D 

J - 2 s  

F- 1 
Ti tan  I11 B 

( k N )  

136 

1050 
680  

420 

60 

2 1 7  

- Fsl 
F R e m a r k s  

0 - 2  s t rong  p res su re  v i b r a t i o n s  
during t h e  s t a r t  phase 

0 . 2 4  engine r e t a r d i n g  
0.16 launch phase 

0 . 1  maximum value w i t h  engine 
r e t a r d a t i o n  

0 . 0 1  average side load without  
engine movement 

0 . 0 1  

250 k phase B high 0 .04  f i n a l  combus t i o n  phase 
pressure  engine 
TABLE 3 .  Side  Mad and opera t ing  cy l inde r  load including t h e  
inc rease  due t o  engine movement of l a r g e  rocke t  engines 

can no longer develop f u l l y .  F ina l ly ,  the nozzle flows a t  f u l l  
fo rce  and t h e  side loads become i n s i g n i f i c a n t .  

This  a c t i o n  of t h e  side load wi th  a l t e r e d  p res su re  r a t i o  
occurs i n  a s i m i l a r  manner for  a11 engines.  Only t h e  second 
load maximum is c r i t i c a l  for  t he  design of t h e  rocke t  engine.  
This  s i d e  load r ep resen t s  t h e  g r e a t e s t  cross load of t h e  engine 
which works on a moment l e v e r  which corresponds t o  the d i s t ance  
f r o m  t h e  gimbal p o i n t  t o  the nozzle end. 

Table 3 l ists  t h e  maximum side loads which w e r e  measured f o r  
the  engines i n  Table 1. All da ta ,  wi th  the  except ion of t h e  J-2s 
values ,  are increased  by t h e  dynamics of t he  engine movement. 
Therefore, the  va lues  can only b e  used f o r  a q u a l i t a t i v e  compari- 
son. There a r e  e s p e c i a l l y  high s i d e  loads for  t h e  A t l a s  s u s t a i n e r  
engine and f o r  t h e  J-2D engine.  

The i n t e n s i t y  of the  maximum s i d e  loads is inf luenced by the 

nozzle contours .  For t h i s  reason, Figure 1 2  shows the  w a l l  p ress -  
u re  d i s t r i b u t i o n  and t h e  nozzle contour of var ious  cold gas  nozzles .  

‘R 
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Figure 1 2 .  W a l l  p r e s s u r e  d i s t r i b u t i o n  w i t h  nozzle  contour  of 
va r ious  cold gas nozzles  w i t h  a n  opening r a t i o  of 27.5 [141. 

Fac’F je t  contour  
R a o  optimum contour  0.7 
free j e t  contour  0 . 4  

J-2D w i t h  s t r a igh t  end cone 0.15 

TABLE 4 .  Standardized ope ra t ing  c y l i n d e r  load ( includ-  
i n g  dynamic inc rease )  of v a r i o u s  co ld  gas nozzles  1141. 

24  P 



A* 
‘0 
A 

100 

80 

60 

40 

20 

0 
0 2 4 6 8 10 12 14 16 18 20 

Figure 13. Inf luence  of t h e  nozzle divergence angle  on 
the  s t a b i l i t y  of the  exhaust  j e t  (open symbol: s t rong  
o s c i l l a t i o n ,  ha l f  c losed  symbol: s m a l l  o s c i l l a t i o n ,  
dark symbol: s t a b i l e  j e t )  [11,191 

cold gas nozzle h o t  gas engine ( H 2 / 0 2 )  

The app l i cab le  ope ra t ing  cy l inde r  load ( inc luding  t h e  dynamic 
i n c r e a s e ) ,  s tandardized w i t h  t h e  engine t h r u s t ,  is given i n  Table 
4 4 .  

The values  i n  Tables 3 and 4 c l e a r l y  show the in f luence  of 
t h e  nozzle contour on t h e  side load.  With increas ing  pressure  
g rad ien t s  d(pw/pc)/d(l/r t)  i n  t h e  nozzle,  t h e  s i d e  load decreases; 
l o w  pressure  g rad ien t s  o r  r e t rog rade  p res su re  d i s t r i b u t i o n  ( A t l a s  

s u s t a i n e r ,  J - 2 D  nozzle) are i n c l i n e d  toward very high s i d e  loads.  

T h i s  a c t i o n  can a l s o  be q u a l i t a t i v e l y  observed on nozzles  
t h a t  have d i f f e r e n t  angles  of divergence. Figure 1 2  conta ins  da t a  
on t h e  o s c i l l a t i o n  of the exhaust  j e t  of h o t  and co ld  gas nozzles 
w i t h  d i f f e r e n t  angles  of divergence. The  dark symbols i n d i c a t e  a 
stable exhaust  je t .  A h igher  divergence angle  which normally 
leads  t o  a g r e a t e r  p re s su re  g r a d i e n t  i n  t he  nozzle ( w i t h  approxi- 
mately t h e  s a m e  p re s su re  drop t h e  length  of the  nozzle becomes 
smaller), causes smaller o s c i l l a t i o n s  of the exhaust j e t  than a 
lower angle  of divergence. 
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Figure 1 4 .  The amplitude spectrum of the  s i d e  load 
of t h e  J - 2 s  engine 5 

Frequency measurements of t h e  side loads i n d i c a t e  t h a t  the  

amplitude spectrum i s  r a t h e r  f l a t  i n  t he  range between a f e w  Hz 
and 50 Hz [ 5 ] ,  Figure 1 4  schematical ly  shows t h i s  amplitude 
spectrum of t h e  J-2s engine.  The amplitudes above 50 Hz probably 
inc rease  very r a p i d l y  . + 

Cold gas and hot  gas  data d i d  no t  agree q u a n t i t a t i v e l y .  
Figure 15 shows the  p a t t e r n  of the ope ra t ing  cy l inde r  load ( includ-  
i n g  t h e  dynamics inc rease )  of a J-2s engine and t h e  converted 
values  of a co ld  gas  model nozzle.  The m o d e l  nozzle has t h e  lar-  
gest s i d e  loads w i t h  a very l o w  pressure  ra t io .  These peaks can 
be caused by sepa ra t ion  and r eapp l i ca t ion .  The second s i d e  load 

maximum of t h e  co ld  gas test occurs w i t h  a p re s su re  r a t i o  which 

corresponds t o  t h a t  of the  hot gas tests. I n  any case, t h e  max- 
imum values  d i f f e r  considerably f r o m  each other. 

‘The p a t t e r n  of t h e  amplitude spectrum shown i n  [151 dev ia t e s  
considerably from t h a t  of Figure 1 4 .  T h e  amplitude peak a t  
about 20 Hz is the  r e s u l t  of an erroneous eva lua t ion  of t h e  
experiments.  
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Figure 15. Comparison of t h e  opera t ing  cy l inde r  load with a 
J-2s engine between h o t  gas and cold gas model data f5,141. 

- boundary l a y e r  development 
- f l o w  condi t ions  toward the  nozzle t h r o a t  

The following parameters can cause t h e  differences between 
h o t  gas  tests i n  l a r g e  engines and co ld  gas model experiments: 

- i s en t rope  exponent ( w a l l  p ressure  d i s t r i b u t i o n )  
- s t r u c t u r a l  suspension of t h e  engine 
- sepa ra t ioh  a c t i o n  

Therefore,  one cannot q u a n t i t a t i v e l y  come t o  t h e  expected 
va lues  w i t h  l a rge  rocket engines without  f u r t h e r  information. 

2 .3 .3  Cha rac t e r i za t ion  of side loads 



The a v a i l a b l e  experimental  data on s i d e  loads can be summar- 
i z e d  i n t o  t h e  fol lowing cha rac t e r i za t ions :  

- S i d e  loads are non-stat ionary loads on t h e  nozz le  which is 

- The s i z e  of the  side loads  depends on t h e  su r face  of t h e  
caused by unsymmetrical s epa ra t ion  of the flow. 

unsymmetrically separa ted  area and t h e  d i f f e rence  between 
e x t e r n a l  and nozzle  w a l l  p ressure .  

agree  q u a n t i t a t i v e l y .  
- The measures side loads are nea r ly  always increased  by t h e  

dynamics of t h e  engine  movement. The forces r e s u l t i n g  
from t h i s  can be wrong by more than 500%. At presen t ,  the  

only  pure  s i d e  load d a t a  a v a i l a b l e  i s  f o r  t h e  J-2s engine.  
- With inc reas ing  pressure ,  g rad ien t s  a long the  nozzle  ax is ,  

the  side loads become smaller. 
- The s i d e  load maximum occurs  wi th  a pressure  r a t io  which 

- The amplitude spectrum of t h e  s i d e  load has a r a t h e r  f l a t  

- T e s t s  w i t h  l a r g e  engines  and cold gas  model nozz les  do n o t  

i s  somewhat below t h a t  of the  f u l l  f lowing nozzle .  

p a t t e r n .  

3 .  COMPUTATION OF THE SIDE LOAD 

The s impl i f i ed  side load equat ion  ( 4 )  i s  

T o  compute t h e  side load ,  t h e  p re s su re  d i f f e rence  between the  ex- 
t e r n a l  and t h e  nozzle  w a l l  p ressure  of t h e  sepa ra t ion  area and the  

s i z e  of t h e  unsymmetrically separa ted  area must be determined. 
While t he  p res su re  d i f f e rence  can be expressed w i t h  a good approx- 
imat ion by t h e  sepa ra t ion  pressure  ra t io  pi/pa wi th  a symmetrical 
s epa ra t ion ,  fo r  t h e  de te rmina t ion  of t h e  unsymmetrical s epa ra t ion  
area a mechanism must be found which exp la ins  t h e  unsymmetrical 
separa t ion .  
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3.1 Overview of t h e  m o s t  important models 
f o r  side load development 

Based on t h e  phenomenon descr ibed i n  paragraph 2 and m e a -  
surements of t h e  s i d e  load, var ious  mechanisms have been recom- 
mended t o  c l a r i f y  t h e  unsymmetrical s epa ra t ion .  The m o s t  
important models, which are l isted i n  Appendix A, have t h e  f o l -  
lowing c h a r a c t e r i s t i c s :  

- Laminar  and tu rbu len t  s epa ra t ion  (Lawrence [lo]): Unsymmetri- 
cal  laminar and tu rbu len t  s epa ra t ion  can only occur i n  s m a l l  
model engines.  The s i d e  loads t h a t  develop are s t a t i o n a r y .  

- Various sepa ra t ion  angles  of the  flow and unsymmetrical p ress -  
u r e  d i s t r i b u t i o n  down f r o m  the  sepa ra t ion  p o i n t  which leads  t o  
an unsymmetrical s epa ra t ion  l i n e  (Lawrence [lo], P r a t t  & Whitney 
A i r c r a f t  [12]): The inf luence  of l o w e r  separakhm angles  on the  

sepa ra t ion  p res su re  i s  very s m a l l  [18]. The computed side load 
values  do n o t  reflect t h e  difference of t h e  var ious  nozzle con- 
tou r s .  

/29 

- Separa t ian  ahd r e a p p l i c a t i o n  (Aerojet Liquid Rocket Company) 

[1,21): 
been observed w i t h  s m a l l  engines u n t i l  now [181. W i t h  larger 
engines t h i s  phenomenon w a s  n o t  observed. 

The process of t h e  sepa ra t ion  and r e a p p l i c a t i o n  has  only 

T h e  pressure  r a t i o  a t  which t h e  maximum side loads occur i s  w e l l  
reflected. The computed loads a r e  considerably above t h e  measured 
e f f e c t i v e  values .  The inf luence  of var ious  contours  on t h e  s i z e  
of the  s i d e  load is no t  reflected by t h i s  model. The s i d e  loads 
are r a t h e r  independent of t h e  contour .  

- Empirical  c o r r e l a t i o n  for  an i n c l i n e d  sepa ra t ion  l i n e  (Rocket- 
dyne [13-151): 



T h i s  model l eads  t o  a conversion method from t h e  s i d e  load of 
an engine t o  another  one. T h i s  method, however, cannot c l a r i f y  
t h e  high side loads of t h e  J-2D engine.  

3 . 2  Side load due t o  f l u c t u a t i o n  of t h e  sepa ra t ion  
p o i n t  and due t o  unequal nozzle flow 

3 . 2 . 1  Experimental bases  of t h e  f l u c t u a t i o n  
and f l o w  unsvmmetrical side load model 

Side loads can be divided i n t o  two por t ions ,  a quas i - s ta t ion-  
a r y  and an o s c i l l a t o r y  po r t ion .  Both components are shown i n  
Figure 1. For t h i s  t h e  o s c i l l a t i n g  loads are e s p e c i a l l y  increased  
by machine dynamics. These side loads could be explained by a 

f l u c t u a t i o n  of t h e  sepa ra t ion  p o i n t  and an unequal eas ing  of t h e  
gas  i n  t h e  nozzle phenomenistically or q u a n t i t a t i v e l y .  The 
causes  f o r  these phenomena are: 
- Fluc tua t ion  of the  sepa ra t ion  p o i n t  

- s t a t i s t i c a l  v a r i a t i o n s  of the  sepa ra t ion  p o i n t  
- t u r b u l e n t  v a r i a t i o n s  of the  boundary l a y e r  
- o s c i l l a t i o n s  of the nozzle w a l l  p r e s su re  through 

-combustion chamber pressure  o s c i l l a t i o n  
-incoming flow of the environmental  a i r  

- chemical r e a c t i o n  i n  t h e  boundary l a y e r  
- Unequal pressure  drop i n  t h e  nozzle 

- design error i n  t h e  engine 
- unequal f l o w  condi t ions  t o  t h e  throat of t he  nozzle.  

3 . 2 . 1 . 1  Fluc tua t ion  of t h e  sepa ra t ion  p o i n t  

The  f l u c t u a t i o n  of t h e  sepa ra t ion  p o i n t  i s  respons ib le  f o r  
t h e  o s c i l l a t o r y  side loads. 

Low frequency w a l l  p ressure  measurements on a known p o s i t i o n  
of the  nozzle  i n  an engine w i t h  flow sepa ra t ion  show t h a t  w i t h  a 

30 



n 
$4 
nj 
A 
Y 

1.2 
1.0 

0.8 

0. G 
0 . 4  

0 .. 2 
0 

3 . 0  3 . 1  3 . 2  3 . 3  3 . 4  3 . 5  3 . 6  

Figure 16. 
5-20 nozzle during the start process (high frequency pressure 
values are numerically even) (Test S-IVB 125) 

Low frequency wall pressure measurement in the 

change in the combustion chamber pressure, the separation point 
moves according to the pressure. Figure 16 shows this action. 
The wall pressures do not show any oscillations and each momentary 
combustion chamber pressure can be ascribed to a specific nozzle 
wall pressure. This method is used to determine the separation 
action of engines [181. 

If high frequency wall pressure measurements are carried out, 
then this picture alters sharply. Instead of a smooth pressure 
pattern, there are the characteristic oscillations of the wall 
pressure. Figure 17 shows the time pressure pattern during the 
start process of a J-2D engine. 
same as in Figure 16. 
ated flow oscillates very sharply. The upper pressure value 
almost reaches the environmental pressure, and the average press- 
ures are between 0.9 and 0.7 pa. 
no dominating frequency. 
places in a circumferential direction with the same pressure 

The measurement position is the 
The wall pressure in the cases with separ- 

These pressure oscillations have 
Wall pressure measurements at various 

/ 3 1  

release ratio show that the oscillations are almost synchronized. 
An exact statement on the amplitude distribution is not possible 
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Figure  17, High frequency w a l l  p r e s su re  measurement 
J-2D nozzle  durinq t h e  s t a r t  process ( T e s t  S-IVB 125) 

i n  the 

( O s c i l l a t i o n  of tge w a l l  p r e s su re  i n  t h e  sepa ra t ed  area, a t  
t h e  s e p a r a t i o n  p o i n t ,  and i n  t h e  f u l l  f lowing nozz le ) .  

due t o  t h e  errors of t h e  measuring device and the  s m a l l  p r e s s u r e  
d i f f e r e n c e s .  

The pumping up of t h e  measurement p o i n t  w i th  f l o w  s e p a r a t i o n  
occurs  almost by l eaps  and bounds, and dur ing  a s p e c i f i c  t i m e  span 
s e p a r a t i o n  and t h r u s t  of t h e  f l o w  occur several t i m e s  i n  sequence. 
T h e  p re s su re  measurements could be i n t e r p r e t e d  so t h a t  t h e  separ-  
a t i o n  p o i n t  moves t o  and f r o  several t i m e s  across t h e  measurement 
p o i n t .  The  s e p a r a t i o n  a t  a s p e c i f i c  combustion chamber p re s su re ,  
t h e r e f o r e ,  does no t  occur ,  as assumed for  s i m p l i f i c a t i o n  for  the  

de te rmina t ion  of the  s e p a r a t i o n  p res su re  according t o  Figure 16 ,  

a t  a p r e c i s e l y  def ined  p o i n t  of t h e  nozzle ,  b u t  w i t h i n  a s p e c i f i c  
range Alfl. 

/32 

The s e p a r a t i o n  p o i n t  oscil lates w i t h  a l t e r n a t i n g  frequency i n  
t h i s  range. W a l l  p r e s s u r e  measurements i n  a c i r cumfe ren t i a l  
d i r e c t i o n  show t h a t  t h e  o s c i l l a t i o n  of the  sepa ra t lon  p o i n t  i s  n o t  
synchronized. F igure  18 shows the t i m e d  w a l l  p r e s s u r e  p a t t e r n s  
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Figure 1 8 .  
measurement p o i n t s  a t  135' (l/rt = 7.78) ( T e s t  S- IVB 125) 

T i m e  p a t t e r n  of t h e  w a l l  p r e s su re  a t  t w o  

of t w o  measurement p o i n t s  moved by 135'. 
amplitude d i f f e r .  

Frequency as w e l l  a s  

The w a l l  p r e s su re  of t he  f u l l  f lowing nozzles a l s o  

o s c i l l a t e s .  

W a l l  p ressure  measurements which w e r e  c a r r i e d  
K i s t l e r  [8] i n  t h e  sepa ra t ion  area of a supersonic  + 
s t age ,  show t h e  same a c t i o n  . 

o u t  by A. I;. 

flow on one 

measurements These o s c i l l a t i o n s  are n o t  observed wi th  o i l  f i l m  
and s c h l i e r e n  photography. This is  because t h e  o i l  f i l m  tech- 

+ 

niques only y i e l d  average sepa ra t ion  
photography 
due t o  t h e  width of t h e  f i e l d  of flow. 

and with s c h l i e r e n  
t h e  d i f f e r e n c e s  a r e  equal ized t o  an average photo 
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The oscillations increase with an even flow with increasing /33 
size of the separated area. The measurements by D. M. Kuehn 191 

with separation on a wedge indicate that with a small separation 
area, the oscillations are negligible, but with a large area high 
variations are caused. 

Side load measurements in an engine with full flowing nozzle 
yield small oscillatory loads. They are caused by unsymmetrical 
wall pressure oscillations. 
tion also causes an unsymmetrical, oscillating separation line with 
flow separation. 

This unsymmetrical pressure distribu- 

3 -2.1.2 Unsymmetrical nozzle flow 

In addition to the oscillations of the separation point, there 
are also static deviations in the separation line from the symme- 
try. The wall pressure pattern shown in Figure 18 indicates that 
at various points on the nozzle wall with the same axial posi- 
tion, the start of the flow separation occurs at various times. 
These differences are caused by unsymmetrical nozzle flow. 

Every engine exhibits design errors. This applies especially 
to the light construction design with thin-walled pipes for the 
cooling. These errors effect the radius of curvature at the 
throat, the straightness of the nozzle axis and the rotation sym- 
metry of the nozzle wall. Unsymmetrical pressure distributions 
arise as a result of this which disrupt the symmetric separation 
line. With a full flowing nozzle, these design errors are shown 
by a deviation of the thrust vector axis from the geometrical 
nozzle axis. 

Tests by W. Buschulte and K. Schadow [41 have shown that with 
a very carefully constructed nozzle with full flowing flow cross 
thrust components occur. The causes of this action are unsymmetri- 
cal flow conditions before the nozzle throat. Liquid engines have 
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cons tan t  dev ia t ions  from a uniform f u e l  i n j e c t i o n .  Therefore, 

unsymmetries i n  t he  t o t a l  pressure  and enthalpy d i s t r i b u t i o n  arise 
which lead t o  movements i n  the  sepa ra t ion  l i n e  v i a  t h e  unsymmetri- 
cal  w a l l  p ressures .  

Cold gas-model tests could be carried o u t  much more c a r e f u l l y  
wi th  fewer d is turbances  than h o t  gas  tests w i t h  large engines.  
This  w i l l  reduce t h e  f l u c t u a t i o n s  of the  sepa ra t ion  po in t ,  and 
t h e  unsymmetry of t h e  f l o w  and t h e  s i d e  loads determined i n  t h e  
experiment are reduced. 

3 . 2 . 2  Computation methods f o r  t h e  side load 

For the  computation of side load of a nozzle wi th  normal 
pressure  g rad ien t s  along t h e  w a l l ,  t he  f l u c t u a t i o n  of t h e  separa- 
t i o n  p o i n t  and t h e  unsymmetrical p ressure  r e l e a s e  i n  t he  nozzle 
can be considered toge the r ,  (For t h e  s p e c i a l  case of a nozzle 
w i t h  r e t rog rade  pressure  g rad ien t s  (J-2D engine,  A t l a s  s u s t a i n e r )  
a sepa ra t ion  is appropr ia te  for a q u a l i t a t i v e  understanding of t he  

effects (see paragraph 3 . 2 . 3 ) ) .  

The normal sepa ra t ion  p o i n t  w i t h  a s p e c i f i c  combustion 
chamber p re s su re  i s  ind ica t ed  by t h e  sepa ra t ion  p res su re  r a t io  
pi/pa of rocke t  engines and the  nozzle w a l l  p ressure  d i s t r i b u t i o n  
[181. The experimental  da t a  provide t h e  sepa ra t ion  p o i n t  t o  where 
t h e  flow i n  t h e  nozzle flows f u l l y  and symmetrically.  The unsymm- 
e t r i c a l  s epa ra t ion  area is  located above t h i s  po in t .  

The f low sepa ra t ion  c r i t e r i u m  pi/pa i s  obtained from experi-  
mental and t h e o r e t i c a l  examinations.  I n  Figure 1 9 ,  t h e  a v a i l a b l e  
averaged experimental  d a t a  on chemical rocke t  engines i s  compiled. 
A simple empir ica l  equat ion  f o r  t h e  sepa ra t ion  pressure  is: 
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Figure 1 9 .  Averaged experimental  f low data f o r  
chemical engines  [181. 

The Mach number Mi a t  t he  p o i n t  i ( s t a r t i n g  p o i n t  of t h e  
sepa ra t ion  area) can be obtained from t h e  combustion chamber 
p re s su re  and t h e  i s en t rope  exponent by 

From t h e  w a l l  p ressure  d i s t r i b u t i o n  pw/pc along t h e  a x i s  and 
t h e  c r i t e r i o n  (13), t h e  p o s i t i o n  of t h e  symmetrical s epa ra t ion  
l i n e  can be determined as i s  shown i n  Figure 20 .  The f l u c  
from t h e  sepa ra t ion  c r i t e r i o n  and t h e  nozzle w a l l  p ressure  as w e l l  
as the p res su re  unsymmetry a r e  a lso ind ica t ed .  

For the computation of the  length  of t h e  unsymmetrical a r ea ,  
it i s  only necessary t o  consider  t e r m  1 s i n c e  h igher  e f f e c t s  i n  
t h e  scope of t h e  achieveable  exactness  could be disregarded.  
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If a fluctuation coefficient K is defined in which there are fl 
oscillation and unsymmetry, then there is a mathematical unsymm- 
etry of the wall pressure Ap as 

W 

This mathematical pressure unsymmetry would be necessary in 
order to reach an unsymmetry with an ideal nozzle wikh stable 
(non-oscillating) separation point which corresponds to the entire 
fluctuation. A portion of this pressure actually occurs. 

Sure distribution pw/pc 

u a 
\ 
D, 

fluctuation I 

and unsymmetrics 
Pressure release 

Figure 20. Computation of the length of the 
unsymmetrically separated area. 

The length of the unsymmetrically separated area if obtained 
from the angle of intersection of wall pressure and separation 
criterion. 
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If (18) i s  eva lua ted  w i t h  (13) and (141, it y i e l d s :  /37 

Thus, one o b t a i n s  
1 - 1 p w  

PC d ( p  /I) 1 (20)  2 = x . r - 
1 + ( y - 1 ) / 2  Fdi 1.2 - c 1 -  

The shape of t h e  unsymmetrical s e p a r a t i o n  l i n e  I s  described 

by t h e  c o e f f i c i e n t  k . For t h i s  shape c o e f f i c i e n t ,  which cannot 
exceed 1, t h e  fol lowing va lues  apply: 

g 

K = 1 : unsymmetry a t  180" of t he  nozzle  circumference 
g 

(maximum side load) 
- --• i n c l i n e d  s e p a r a t i o n  p l a n e  

4 -  
= 0.3-0.4: e f f e c t i v e  va lue  [151 
= 0 : symmetrical s e p a r a t i o n  l i n e  

According t o  t h e  s i m p l i f i e d  side load  equat ion  ( 4 1 ,  one can 
w r i t e :  

I n  t h i s  case, r i s  t h e  average nozzle  r a d i u s  a t  t h e  p o i n t  
a t  which t h e  s i d e  load  impacts. I f  one used ( 2 )  i n  (21), then 
it becomes: 
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T h e  maximum s i d e  load  occurs  i f  the  sepa ra t ion  p o i n t  is - /3f3 
dis tanced  from t h e  nozzle  end by about  t h e  d i s t ance  A l f l  aecord- 
i n g  to  equat ion  ( 1 3 ) .  With normal nozzles  (with a cons tan t  
pressure  f a l l  on t h e  w a l l  a long t h e  a x i s )  it corresponds t o  a 
pressure  r a t i o  which i s  about  10-20% below t h a t  of  the f u l l  f l o w -  
i n g  nozzle .  This  va lue  should be  used i n  ( 2 2 ) .  

A t  h igher  pressure  ra t ios  pc/pa t h e  s i d e  load  decreases 
almost l i n e a r l y  u n t i l  it near ly  d isappears  w i t h  a f u l l y  flowing 
nozzle .  

The side load equat ion  ( 2 2 )  y i e l d s  a s m a l l  s i d e  load maximum 
wi th  l o w  p re s su re  r a t io  as i s  a l s o  observed i n  t h e  experiment. I n  
any case, t h e  q u a n t i t a t i v e  ra t ios  are not  r e f l e c t e d ,  probably 
because wi th  b e l l  nozzles  t h e  separated j e t  i n  the  v i c i n i t y  of the  

t h r o a t  occurs  aga in  lower on the  w a l l .  

According t o  ( 2 2 )  w i t h  t h e  throat  measurements ( t h r u s t )  and 
the  l o c a l  su r f ace  ra t io ,  t h e  side loads  inc rease .  The  smaller 
t h e  o s c i l l a t i o n s  and t h e  flow unsymmetry are (co ld  gas  model), 
the  smaller the  side loads become. The m o s t  important  in f luence  
on t h e  i n t e n s i t y  of  t he  s i d e  load i s  t h e  nozzle  w a l l  p ressure  
g rad ien t .  With inc reas ing  pressure  g rad ien t s ,  t he  s i d e  loads  
decrease (Table 4); l o w  p re s su re  g rad ien t s  lead t o  h igh  loads 

( J - 2 D ,  A t l a s  s u s t a i n e r ) .  High pressure  ra t ios  i n  t he  nozzle  (h igh  
p res su re  engine)  also y i e l d  low side loads .  
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Figure 21. Nozzle contour and wall pressure distribution 
of the J-2s engine [6,141. 
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With t h e  he lp  of equat ion ( 2 2 1 ,  t h e  s i d e  loads of a known 
engine can be converted t o  a new s i m i l a r  engine.  I f  one assumes 
t h a t  pi, k f l  and k 
s o m e  s i m p l i f i c a t i o n s .  

are near ly  the s a m e ,  then f r o m  ( 2 2 )  there are g 

I n  ( 2 3 1 ,  t he  index te  des igna tes  t he  a v a i l a b l e  test  values, E 

desc r ibes  t he  local opening r a t i o .  

3 . 2 . 3  U s e  of side load model 

3 . 2 . 3 . 1  J-2s engine 

T h e  only r e l i a b l e  side load measurements are from the  J-2s.  
s 

I t  i s ,  the re fo re ,  u s e f u l  t o  test  t h e  side load theory q u a l i t a -  
t i v e l y  and q u a n t i t a t i v e l y  with the  experimental  da t a .  

T h e  contour and t h e  wa l l  p re s su re  d i s t r i b u t i o n  of t h e  J-2s 
n o z z l e  are shown i n  Figure 2 1 .  For t h e  computation of t h e  s i d e  
load, the c o e f f i c i e n t  k f l  as a func t ion  of t h e  p re s su re  r a t i o  
must be known, 

A p o s s i b i l i t y  for  t h i s  i s  the  eva lua t ion  of non-stationary /40 
w a l l  p r e s su re  measurements as are shown i n  Figures  17  and 18.  

Figure 22 shows the  osc i l l a t ion  t i m e s  dur ing t h e  s ta r t  phase of 
t h e  J-2D engine (NASA-MSFC S-OVB T e s t  Series) and t h e  r e s u l t i n g  
o s c i l l a t i o n  widths.  I f  these measurement r e s u l t s  are evaluated,  
t hen  the average va lue  i s  

K f l  = 0.05 \ + 2 0 % )  

( W i t h  a m o r e  exac t  determinat ion of kf l ,  f o r  which i n  any case con- 
s i d e r a b l y  m o r e  d a t a  must be a v a i l a b l e ,  it should be considered t h a t  
K f l  must be cons tan t .  The f l u c t u a t i o n  c o e f f i c i e n t  can depend on 
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Figure 2 2 .  P a t t e r n  of t h e  sepa ra t ion  p o i n t  during t h e  
s t a r t i n g  phase of the J-2D engine and the  r e s u l t i n g  
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Figure 23. Comparison between experimental  and 
computed e f f e c t i v e  s i d e  loads of t h e  J-29 engine 

parameters,  such as  Mabh number. With l i q u i d  engines ,  t h e  coupl- 
i n g  between t h e  conveyor system and t h e  i n j e c t i o n  head can a l s o  
p lay  a p a r t  s i n c e  w i t h  p ressure  r a t i o s  below t h e  design p o i n t  
t h e  s t a b i l i t y  of the ope ra t ion  can be reduced (p res su re  oscilla- 
t i o n s  i n  t h e  A t l a s  s u s t a i n e r  engine from about  4 bar  during the  

s t a r t i n g  phase [ 71 ) .  The above number can, however, be used as 
a s tandard  value fo r  t h e s e  types of engines.  

Since only e f f e c t i v e  values  are a v i l a b l e  for  s i d e  load data 
The side loads computed w i t h  t hese  

g' 
0.3 t o  0.4 are used f o r  K 

va lues  as a func t ion  of the  pressure  r a t io  are shown i n  Figure 23. 
I t  i n d i c a t e s  t h a t  t he  computation and measurement values  agree 
r a t h e r  w e l l .  

43 h 



0.03.03 

0.0070 

0.0050 

0.0030 V 

5 3  0 . 0 0 2 0  pc 

0.0010 

0. a007 

0.0005 

e 

1 2  3 4 5 6 7 8 9 
\ 

Figure 2 4 .  
d i s t r i b u t i o n  of t h e  J-2D engine 18 

Nozzle contour and w a l l  p r e s su re  

T h e  d i spe r s ion  i s  caused by t h e  errors i n  s i d e  load measure- 
ments as  w e l l  as  by the  s i m p l i f i c a t i o n s  i n  t he  determining of t h e  
cons tan ts .  
engine can also be computed. 

W i t h  these va lues  t h e  s i d e  loads of a new rocket  

3 .2 .3 .2  J-2D engine 

The J-2D engine i s  cha rac t e r i zed  by e s p e c i a l l y  high side 

loads.  
t h i s  rocket engine are shown i n  Figure 2 4 .  

The nozzle contour and t h e  w a l l  p r e s su re  d i s t r i b u t i o n  of 

T h i s  nozzle contour d i f f e r s  from t h e  usua l  nozzle types i n  
t h a t  t h e  w a l l  p r e s su re  inc reases  over a w i d e  a r e a  of the  nozzle 
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l eng th  i n  s p i t e  of a nozzle  expansion. Th i s  p re s su re  i n c r e a s e  
leads t o  t w o  (stable) s e p a r a t i o n  p o i n t s  i n  one p a r t  of t h e  nozzle  
w i t h  s e p a r a t i o n  of t h e  f l o w .  Model tests show t h a t  i n  t h e  area 
of minimum w a l l  p r e s s u r e  t h e  p o s i t i o n  of the  s e p a r a t i o n  p o i n t  /43 
can a l t e r  r a p i d l y  as a func t ion  of the  p res su re  ra t io .  The pa t -  
t e r n  of t h e  s e p a r a t i o n  p o i n t  dur ing  t h e  s t a r t i n g  phase i n  F igure  
22 shows t h a t  t h e  o s c i l l a t i o n  widths  expanc3 suddenly i n  t h i s  zone. 
I f  t h i s  sudden change i s  no t  rotat ion-symmetr ical ,  t hen  side loads 
r e s u l t .  

T h e  side loads of t h i s  nozzle  conf igu ra t ion  i n c r e a s e  wi th  
i n c r e a s i n g  combustion chamber p re s su re  almost i n  t h e  usua l  manner. 
I f  t h e  unsymmetry of t h e  nozzle  f l o w  and the  f l u c t u a t i o n s  reach 
t h e  area of the  t w o  p o s s i b l e  s e p a r a t i o n  p o i n t s ,  then t h e  side 
loads i n c r e a s e  r a p i d l y .  F igure  1 shows t h i s  p a t t e r n .  The measure- 
ments y i e l d  a p r e s s u r e  r a t i o  pc/pa of 39 for  t h e  s i d e  load maximum 
( a f t e r  the  r a p i d  s i d e  load inc rease  t h e  side loads decrease wi th  
increased  p r e s s u r e  r a t i o ) ,  and t h e  computations show a va lue  of 3 8 .  

Thus, theory  and experiment agree  q u i t e  w e l l .  A q u a n t i t a t i v e  c o m -  
pa r i son  of the  side load va lues  i s  n o t  p o s s i b l e  s i n c e  the measure- 
ment data of t h e  J-2D engine are increased  by t h e  dynamics of the  

machine o s c i l l a t i o n s .  

The  r a p i d  change i n  the  s e p a r a t i o n  p o i n t  is  p r imar i ly  caused 
by the  unsymmetries i n  the  release of t h e  gases i n  t h e  nozzle .  
Through t h i s  the  loads are almost s t a t i o n a r y .  F igure  25 shows the 

t i m e  e l a p s e  of t h e  ope ra t ing  c y l i n d e r  and suppor t  load through 
side loads of the J-2D and t h e  J-2s engines .  W i t h  t h e  J-2s engine,  
t h e  quas i - s t a t iona ry  p o r t i o n  is very s m a l l  s i n c e  t h e  nozzle  shows 
a con t inua l  p re s su re  decrease  and almost only  o s c i l l a t i o n s  of t h e  
s e p a r a t i o n  p o i n t  occur.  
s t a t i o n a r y ,  loads are observed which are caused by r a p i d  p o s i t i o n  
change of t h e  s e p a r a t i o n  p o i n t .  The va r ious  f requencies  r e s u l t  
f r o m  t h e  d i f f e r e n t  types  of suspensions.  

W i t h  t h e  J-2D engine p r imar i ly  quas i -  
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Figure 25. T i m e  e l apse  of t h e  s i d e  loads wi th  t h e  J - 2 D  and 
J-2s engine during t h e  s t a r t i n g  phase [14,161. 

opera t ing  cy l inde r  load 
load of t h e  s i d e  support  

3.2.3.3 Self-generat ion of s i d e  loads 

An important ques t ion  i n  t h e  cause of s i d e  loads i s  t h e  
ques t ion  concerning the  p o s s i b i l i t y  of t h e  se l f -genera t ion  of 
s i d e  loads.  

A bending of t h e  nozzle (see paragraph 2 .2 .2 )  alters t h e  
w a l l  p ressure  d i s t r i b u t i o n  and t h e  p re s su re  g rad ien t s .  According 
t o  t e r m  ( 2 2 )  t h e  s i d e  load i s  inf luenced by t h i s .  Due t o  t h e  
experimental ly  determined l a r g e  f l u c t u a t i o n  range, t h i s  p re s su re  
change has  only a l i t t l e  inf luence  on t h e  s i d e  load so t h a t  the  
e f f e c t  of t h e  se l f -genera t ion  makes no d i f f e rence .  The J-2s m e a -  
surements i n  which t h e  r i g i d i t y  of t h e  suspension w a s  a l t e r e d  i n  
o rde r  t o  be a b l e  t o  determine an inf luence  of t h e  se l f -genera t ion  

/44 
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confirm t h i s  t h e o r e t i c a l  r e s u l t .  Therefore ,  the minor effect of 

t h e  s e l f - g e n e r a t i o n  can be d i s r ega rded  concerning t h e  causes of  

s i d e  loads .  

REFETCENCES 

r 1 1  

r21 

[31 

r 4 1  

[5 1 

16 1 

r 71 

ClO 1 

Aerojet Liquid  Rocket Company: 
Space S h u t t l e  Main Engine D e f i n i t i o n  Study, Phase B. 
ALRC, Cont rac t  NAS8-26188 (Sept .  11, 1 9 7 0 )  

Aerojet  Liquid Rocket Company: Actua tor  Leads Generated 
by Unsteady Nozzle  Gasdynamic Forces  du r ing  Engine S t a r t  
(Sea Level Cond i t ions ) .  Cont rac t  NAS8-26188. Letter t o  
R. Rodgers, NASA-MSFC, S&E-ASTN-E, f r o m  L. A.  Holcomb 
(Feb. 24 ,  1971) 

Nozz le  S ide  Loads Study, 

Barrere, M. and Associates: Rocket Propuls ion .  Elsevier  
Pub l i sh ing  Company, N e w  York, 1 9 6 1  

Buschul te ,  We, K.,Schadow: Cons idera t ion  of A r b i t r a r y  C r o s s  
Thrus t  Components i n  S o l i d  Fuel  Engines DLR-FB 1965-06 (1965) 

Fenwick, J., M. Moriar ty ,  L. Nave, A. P e t e r s e n :  T e s t  Resu l t s  
and Analyses of  J-2s Engine S ide  Load Program. 
Divis ion,  NAR, Report  CDR 3124-4087 ( A p r i l  27 ,  1973) 

Rocketdyne 

F u l l e r ,  P. N.: J-2s Nozz le  S i d e  Load Study, F i n a l  Report .  
Rocketdyne Divis ion,  NAR, Report  R-9045 (Aug.  1, 1972) 

Hege, D.  W.: Semi-Annual Technical  Program Report ,  A t l a s .  
Rocketdyne Divis ion,  N M ,  Report  R-345-1P (AF04 (645) -1) 
( D e c .  30,  1956) 

K i s t l e r ,  A. L.: F l u c t u a t i n g  Wall Pressure under a Separa ted  
Supersonic  Flow. 
America, Vol. 36, N o .  3 (March 1 9 6 4 )  pages 543-550. 

Kuehn, D. M , :  Experimental  I n v e s t i g a t i o n  of t h e  Pressure 
R i s e  Required for  t h e  I n c i p i e n t  Sepa ra t ion  of  Turbulent  
Boundary Layers i n  Two Dimensional SuperSonic Flow. 
NASA Memo 1-21-59A (1959) 

Lawrence, R. A.: Symmetrical and Unsymmetrical Flow Separa- 
t i o n  i n  Supersonic  Nozz le s .  
Dallas, Texas, Ph. D. Thes i s  1967 

Journa l  of  t h e  Acous t ica l  Soc ie ty  of 

Southean Methodist  Un ive r s i ty ,  

4 7  
i” 



r 1 4  1 

E15 1 

E19 1 

E20 1 

P r a t t  & Whitney A i r c r a f t :  Nozzle  Sepa ra t ion  Data f o r  MSFC. 
P&WA F l o r i d a  Research and Development Center ,  Letter t o  
E .  A. Lehmann f r o m  F. W. MacAbee, Jr. (Sept .  1 9 ,  1969) 

P r a t t  & Whitney A i r c r a f t :  Space S h u t t l e  Main Engine Defin- 
i n i t i o n  (Phase B) , Engine S ide  Loads , P&WA-FR-4468 
( A p r i l  21 ,  1971) 

Rocketdyne Analys is  of P r e d i c t e d  S ide  Loads i n  t h e  Nozzles  /46 
of t h e  Space S h u t t l e  Booster and Orbi te r  Main Nozzles .  
Rocketdyne Divis ion,  NAR, Report  SSE 4.1.1D-1414-2 
(August 31, 1970) 

Rocketdyne: SSME Program: Engine S i d e  Load Study. 
Rocketdyne Div is ion ,  NAR, SSME Phase CD Proposa l  Package 
(RSS-8502-3) (May 25, 1 9 7 1 )  

Rocketdyne: I n t e r f a c e  Con t ro l  Document I t e m s .  Letter t o  
L.  0. Wear, NASA-MSFC, PM-EP=EM (72  RC 7028) (Sept .  2 9 ,  1972) 

Rocketdyne: unpubl ished s e p a r a t i o n  d a t a  

Schmucker, R. H . :  S ide  Loads i n  Liquid  Rocket Engines.  
i n :  1st Annual MSFC-Research and Technology R e v i e w .  
George C. Marshal l  Space F l i g h t  C e n t e r  (Feb. 22 ,  1973) 

Schmucker, R ,  H . :  Flow Processes  i n  t h e  Operat ion of Over- 
expanded N o z z l e s  of  Chemical Rocket Engines.  Pa r  
Sepa ra t ion .  Technological  Un ive r s i ty  Munich, Facu l ty  f o r  
Space Technology, Report  TB-7 ( J u l y  3, 1973) ' 

Thayer, E .  B. ,  D. E .  Booz: Flow Sepa ra t ion  T e s t s  of 
Candidate  Space S h u t t l e  Nozz le s .  P r a t t  & Whitney A i r c r a f t  
FR-SMR-3491 (Nov. 2 1 ,  1969) 

Tuovila,  W,  J., N.  S .  Land. Experimental  Study of A e r o -  
e las t ic  T n s t a b i l k t y  of Overexpanded Rocket Nozzle  Extens ions .  
NASA T N  D - 4 4 7 1  ( A p r i l  1968) .  

48 



APPENDIX A: L i s t i n g  of important  side load models 

1. P r a t t  & Whitney A i r c r a f t  S ide  Load Model 

The side load model of P r a t t  & Whitney A i r c r a f t  is essen- 
t i a l l y  based on t h e  experimental  s t u d i e s  of Lawrence [lo], which 
w e r e  carried o u t  w i t h  s m a l l  cold gas nozzles and which permit t h e  
computation of s i d e  load of a new b u t  s i m i l a r  engine wi th  knowledge 
of var ious cons tan ts  which must be determined i n  t h e  test. 

. Separation point Abltjsungspunkt 
for synanetric hei synmetrischer 
f l o w  separation s tromungsahlosung groficr large separation 

angle 

-4 ,- .-.- .-,-,-. - - .  

small separation k l e i n e r  
Abl6sunyswinkel angle 

Figure A l .  S i d e  load  model, P r a t t  & Whitney A i r c r a f t  

Figure A 1  i s  t h e  mechanism which the  s i d e  load genera t ion  i s  
based on. W i t h  bell-shaped nozzles ,  t h e  f l o w  sepa ra t ion  occurs  
f a r  upwards and, t h e r e f o r e ,  t h e  sepa ra t ion  l i n e  i s  r a t h e r  symmetri- 
cal  due t o  t h e  high angle  of divergence. I n  t he  area around the  
nozzle end t h e  angle  of divergence is  very s m a l l  and t h e  back flow 
of t h e  environmental  a i r  occurs unsymmetrically s i n c e  t h e  e r r o r  i n  
t h e  c i r cumfe ren t i a l  d i r e c t i o n  cannot be equal ized.  Through t h i s  an 
unsymmetrical s epa ra t ion  l i n e  occurs .  
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The empir ica l  equat ion  for  t h e  s i d e  load  depends on t w o  /A2 
parameters,  t h e  combustion chamber p re s su re  a t  which t h e  nozzle  
f l o w s  f u l l y ,  pc 
sepa ra t ion  
nozz le  end AA,. 

w i th  maximum s i d e  load,  then t h e  side load  equat ion  i s  w r i t t e n :  

, and the p ro jec t ed  nozz le  su r face  between the  

f f  p o i n t  wi th  symmetrical f low sepa ra t ion  and t h e  
I f  t he  index te  des igna tes  t h e  known tes t  va lues  

pcff "n 
FS1 = F . 

f f t e  t e  

T h e  combustion chamber p res su re  a t  which t h e  nozzle  flows 
f u l l y  is  obta ined  from the vacuum w a l l  p ressure  a t  the nozzle  end 

Pe 
c r i t e r i o n  [181 as 

and t h e  environmental  p re s su re  f r o m  S c h i l l i n g ' s  s epa ra t ion  

(A2 

I 

The maximum side loads  occur  a t  conbust ion chamber pressure  
. This  pressure  depends on t h e  combustion chamber pressure  PC 

PC 'l, and t h e  ra t io  of both pressures  i s  accepted as cons tan t  a t  

Thus, fo r  the  w a l l  p ressure  pi, up u n t i l  t h e  maximum side 

s1 load t h a t  symmetrically f l o w s  through the nozzle ,  according 
k c f f .  

t o  ( A 2 )  one ge t s :  
K 'cff csl. - 0 . 1 3 5  

, Pi 0.583 pa (- 1 
pa 

(A3 1 

where 

The p ro jec t ed  areas can then b e  obta ined  f r o m  t h e  w a l l  p ress -  
u r e  d i s t r i b u t i o n  and t h e  geometric measurements af t h e  nozzle .  
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The tes t  values ,  which w e r e  necessary i n  t h e  equat ion (Al), /a3 
s t e m  from a 1130 kN (250 k )  LOX/LH2 high drag engine.  
f i n a l  phase of combustion, the nozzle oscil lates as a r e s u l t  of t h e  
side loads. The eva lua t ion  of f i l m  exposures permits  t h e  determina- 
t i o n  of t h e  maximum nozzle d e f l e c t i o n  and t h e  combustion chamber 
p re s su re  a t  which t h i s  d e f l e c t i o n  occurs.  F r o m  t h i s  movement, i f  

t h e  fo rce  a s s a u l t  p o i n t  i s  e s t a b l i s h e d ,  t h e  side load i s  determined. 
For the  test  values  the  fol lowing is  used: 

During t h e  

and 
= 0.271 %sl (A6 1 

2.  Aerojet  Liquid Rocket  Company side load model 

T h e  side load model from A e r o j e t  is  shown i n  Figure A 2 .  

L i k e  P r a t t  & Whitney A i r c r a f t ,  it a l s o  used the  experiments of 

Rocketdyne which are l is ted i n  [18]. 
Lawrence [lo] and supplements h i s  observat ions wi th  d a t a  from /a4 

The cause of t h e  s i d e  loads is  normal flow sepa ra t ion  on one 
side of the nozzle and r e a p p l i c a t i o n  of t h e  flow on t h e  remaining 
p a r t .  Since w i t h  s epa ra t ion  and r e a p p l i c a t i o n  the  w a l l  p r e s su re  
can f a l l  t o  l o w e r  values  than w i t h  pure  sepa ra t ion  before  t h e  
recompression occurs on the  e x t e r n a l  p re s su re ,  an unsymmetrically 
separa ted  area develops which produces t h e  s i d e  loads .  The computa- 
t i o n  of the sepa ra t ion  p res su res  i s  based on t h e  Arehs-Speigler 
model i n  t he  case of t h e  pure sepa ra t ion  which i s  shown i n  [181. 
I n  t h e  determinat ion of the  sepa ra t ion  pressure  i n c l i n e d  sepa ra t ion ,  
i s e n t r o p i c  back compression i n  t h e  r e c i r c u l a t i o n  zone, back-up i n  
t h e  r e f l e c t e d  compression shock according t o  t h e  Arens-Spiegler 
model, and expansion w i t h  cons t an t  p re s su re  r a t i o  are assumed for  
sepa ra t ion  and r eapp l i ca t ion .  The r e s u l t i n g  sepa ra t ion  p res su res  
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Figure A2. Side load model from Aerojet 
0.5 

0 . 4  

m 

.r( 

fi 
0.3 

0.2 

* 0.1 
1 2 . 3  4 5 

Mi 
Figure A3. Separation pressures with pure flow separation and 
separation and reapplibation above Mach number Mi at the 
separation point (y  = 1.4). 
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Figure A 4 .  Side load model of Rocketdyne 

a r e  shown i n  Figure A3. 
nen t  of 1.4 s i n c e  t h i s  value agrees  b e s t  w i th  t h e  experimental ly  
flow sepa ra t ion  da ta  used. 

The curves r ep resen t  an i s e n t r o p i c  expo- 

The maximum side load occurs i f  one-half of nozzle sepa ra t e s  - /A5 
normally and t h e  f l o w  i s  aga in  d i r e c t e d  a t  t h e  o the r .  
w a l l  p ressure  d i s t r i b u t i o n  and the geometry of t h e  nozzle,  t h e  

side load p a t t e r n  can be computed for  v a r i a b l e  combustion chamber 
p re s su re  using t h e  sepa ra t ion  p res su res  of Figure A3 and thus  deter- 

With the  

mines the  maximum side load and the  app l i cab le  chamber p re s su re ,  

3. Rocketdyne side load  model [13,14,151 

The side load model of Rocketdyne i s  based on an empir ica l  
c o r r e l a t i o n  i n  order  t o  compute the  s i z e  of the  unsymmetrically 
separa ted  area i n  t h e  nozzle.  With t h e  knowledcje .of t h e  var ious  
mathematical i n t e r - r e l a t i o n s h i p s  which must be determined i n  the  

t es t ,  the computation of t h e  side load of a new b u t  s i m i l a r  engine 
i s  poss ib l e .  
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T h i s  model is depic ted  i n  Figure A4.  The f l o w  s epa ra t ion  
takes p lace  along a plane i n c l i n e d  toward t h e  nozzle a x i s .  

The w a l l  p ressure  a t  which the  symmetrical s epa ra t ion  (nor- 
m a l  s epa ra t ion  l i n e )  occurs i s  determined according t o  t h e  c r i t e r i a  

t h e  sepa ra t ion  l i n e  from t h e  nozzle end lse is obta ined ,  
predominant geometr ical  measurements a t  t h i s  nozzle po in t ,  an angle  
4 can be determined wi th  which t h e  side load developing a t  t h i s  
combustion chamber p re s su re  is  produced. The c o r r e l a t i o n  for the 

of Donaldson-Lange as hbiwn i n  C181+. With t h i s  t h e  d i s t ance  of /A6 
With t h e  

i n c l i n a t i o n  of t he  sepa ra t ion  l i n e  has t h e  following genera l  form: 

With the  new engine t h e  sepa ra t ion  p o i n t  i s  determined 
according t o  t h e  sepa ra t ion  pressure  r a t io  pi/pa and t h e  theoret- 
i c a l  w a l l  p ressure .  The c o r r e l a t i o n  f o r  t he  ang le  and t h e  local 
n o z z l e  diameter leads t o  t h e  side load v i a  t he  w a l l  p ressure .  

(Through a modif icat ion of t h i s  process--instead of t h e  angle  
of t he  i n c l i n e d  sepa ra t ion  plane t h e  boundary p res su res  wi th  the  

unsymmetrical s epa ra t ion  are determined--a s i d e  load p r e d i c t i o n  
can be obtained which corresponds t o  t h a t  of equat ion (221). 

The data i s  based on t h e  measurement va lues  of the J -2  /B2 
engine f r o m  paragraph 3.2.3, The  value of t h e  side load maximum 
and t h e  app l i cab le  p re s su re  r a t i o  )dev ia t e s  only i n s i g n i f i c a n t l y  
f r o m  t he  p r e d i c t i o n  of Rocketdyne. 

+ I n  I13,141 pi/pa = 0.285 is  assumed as sepa ra t ion  pressure .  
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APPENDIX B: S ide  load p r e d i c t i o n s  f o r  the  space s h u t t l e  main 
engine.  

T h e  effective side load  fo r  t h e  nozzle  conf igu ra t ion  shown i n  [18] 
fo r  t h e  space s h u t t l e  main engine is  shown i n  Figure B 1 .  

Figure 1Bl.  
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