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ABSTRACT 

This r epo r t ,  prepared by Martin Marietta Denver Aerospace, under Contract 
NAS9-15302, presents  t h e  r e su l t8  of an a n a l y t i c a l  and experimental study of 
Space Shut t le  propel lant  dynamics during External Tanklorbi ter  separat ion i n  
a return-to-launch-site (RTLS) abort situation,  he study was perf omed f ram 
April  1977 t o  January 1981 and was administered by t he  National Aeronautics 
and Space Administration, Lyndon B. Johnson Space Center, Houston, Texas, un- 
der  the d i r ec t i on  of M r .  Mark Craig, Technical Monitor. 
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1 .0 INTRODUCTION 

The Space S h u t t l e  has  been des igna ted  a s  Amc. i c a ' e  prime space  launch 
v e h i c l e  f o r  t h e  1980s and beyond. The S h u t t l e  system i e  a  manned 
f l i g h t  system r e q u i r i n g  e x t e n s i v e  miss ion planning,  inc lud ing  i n t a c t  
opera t ione .  One such a b o r t  mode r e q u i r e s  t h e  mated o r b i t e r l e x t e r n a l  
tank (ET) t o  "fly" back t o  t h e  launch s i t e  st an a l t i t u d e  of  over  61 km 
(200,000 f t )  us ing  t h e  main o r b i t e r  engines .  lhis r e t u r n  t o  launch 
si te (RTLS) mission a b o r t  sequence r e q u i r e s  t h e  o r b i t e r  and ET t o  sepa- 
r a t e  under aerodynamic loading when a  s i g n i f i c a n t  amount of  p r o p e l l a n t  
remains i n  t h e  ET. The t y p i c a l  s e p a r a t i o n  sequence is a s  fo l lows:  

1 )  Begin powered pitchdown, from ang le -o f -a t t ack  s 4 0  deg,  a t  MECO 
-20 s ;  

2 )  Achieve an angle-of-a t tack of  -4 deg, u s i n g  main engine  t h r u s t  vec- 
t o r  c o n t r o l  and t h e  r e a c t i o n  contr.01 system; 

3) MECO, main o r b i t e r  engine  c u t o f f ;  

4 )  Coast f o r  approximately 1 3  s us ing  t h e  r e a c t i o n  c o n t r o l  system 
(RCS) t o  maintain a t t i t u d e ;  

5)  Separat ion of  the  o r b i t e r  and ET us ing  a l l  downfiring o r b i t e r  RCS 
t h r u s t e r s  t o  move t h e  o r b i t e r  away from t h e  ET. 

During the  s e p a r a t i o n  sequence,  the  ET nominally conta in8 a  1% r e s i d u a l  
volume of l i q u i d  oxygen (LOXI*; approximately 5.52 m3 (195 f t 3 ) ,  
6,067 kg (13,376 l b ) .  Addi t iona l ly ,  t h e  MX l i n e  is f u l l .  The ET l i q -  
u id  hydrogen (LH~) tank a l s o  con ta in8  a  r e s i d u a l  volume, but  i t s  i m -  
pact  due t o  l i q u i d  motion is smal l  i n  comparison t o  the  LOX t a n k ,  due 
t o  the  low d e n s i t y  of LH2. 

Aerodynamic f o r c e s  d e c e l e r a t e  the  o r b i t e r / E T  dur ing  the  13-s c o a s t  
a f t e r  MECO. During t h i s  c o a s t ,  t h e  r e s i d u a l  p r o p e l l a n t  "sloshes" f o r -  
ward developing a  v e l o c i t y  r e l a t i v e  t o  t h e  ET a t  s e p a r a t i o n .  Clearance 
between t h e  ET and o r b i t e r  is  provided,  somewhat, by o r b i t e r  RCS j e t s  
moving the  o r b i t e r  away, bu t  more s i g n i f i c a n t l y ,  by aerodynamics a c t i n g  
on t h e  ET t o  move it away. During s e p a r a t i o n ,  the  motion of the  pro- 
p e l l a n t  i n  t h e  ET s i g n i f i c a n t l y  in f luences  the  ET mcstion, which could 
cause the  ET t o  r e c o n t a c t  the  o r b i t e r .  It  i s  no t  p o s s i b l e  t o  lower the  
dynamic p ressure  a t  s e p a r a t i o n  s u f f i c i e n t l y  t o  avoid t h i s  phenomenon, 
nor can i n i t i a l  c o n d i t i o n s  be obta ined t o  avoid it. 

- 

*one percent  is the  c u r r e n t  OFT 1 b a s e l i n e  volume. Future  miss ions  
may b a s e l i n e  much h igher  s e p a r a t i o n  volumes (e.g.,  25%). 



NASA s imula t ions  of  o r b i t e r / E T  RTLS s e p a r a t i o n  i n d i c a t e  a  p o t e n t i a l  
c o l l i s i o n  problem. However, t h e s e  s imula t ions  have been performed us- 
ing a  p rope l l an t  s losh  model, which has  not  been v e r i f i e d  by t e s t .  To 
v a l i d a t e  these  s imula t ions ,  a  need t o  o b t a i n  empi r i ca l  d a t a  was i d e n t i -  
f i e d .  The o b j e c t i v e s  of t h i s  s tudy  were: ( 1 )  t o  o b t a i n  t e a t  d a t a  i n  a  
low-g environment on s c a l e  model tanks  f o r  use i n  v a l i d a t i n g  a  s l o s h  
s imulat ion approach; and ( 2 )  t o  develop a  s imula t ion  approach and com- 
p u t s r  code f o r  use by NASA i n  RTLS s imula t ions .  To achieve these  ob- 
) e c t ; v e s .  a  three-phase s tudy was i n i t i a t e d  i n  Apr i l  1977. 

Ph:r:;i? I of t h i s  study was a  drop tower t e s t  program designed t o  simu- 
l a r e  t b i  ET LOX motion dur ing RTLS s e p a r a t i o n .  Thirty-two t e s t s  were 
c o n d u c t ~ d  i n  Martin M a r i e t t a ' s  Drop Tower Test  F a c i l i t y  us ing  two 
1/69th-scble  models of  the  ET LOX tank ;  one with i n t e r n a l  b a f f l e s ,  
and  one wi:hout. A s c a l i n g  approach developed i n  a  previous NASA study 
jkofe  1 ,  21 was used t o  r e l a t e  drop tower t e s t  time t o  f u l l  s c a l e  ET 
t ime,  snd t o  insure  l i q u i d  motion r e p r e s e n t a t i v e  of  the  f u l l - s c a l e  ET. 

During the  Phase I t e s t s ,  smal l  b i a x i a l  a c c e l e r a t i o n s  were a p p l i e d  t o  
the  model t a n k s ,  s imula t ing  aerodynamic d e c e l e r a t i o n  of  the  ET dur ing  
the  RTLS s e p a r a t i o n  sequence. The r e s u l t i n g  p r o p e l l a n t  r e o r i e n t a t i o n  
f o r c e s  exer ted  on the  tank were measured by c r y s t a l  load c e l l s ,  and 
l i q u i d  motion was photographed a t  200 f ramesls .  The t e s t s  were conduc- 
ted  hoth w i t h  and without LOX tank b a f f l e s  t o  f a c i l i t a t e  a n a l y t i c a l  
model development and t o  a s s e s s  t h e  e f f e c t  of  b a f f l e s  on r e o r i e n t a -  
t l m .  In a d d i t i o n ,  a l imi ted  number of t e s t s  were performed s imula t ing  
inflow t o  the  tank from the  LOX f e e d l i n e .  Subsequent ana lyses  l ed  t o  
thc. concllusion t h a t  inf low would be n e g l i g i b l e  dur ing  s e p a r a t i o n .  
Baaed on s c a l i n g  c o n s i d e r a t i o n s ,  t h r e e  t e s t  l i q u i d s  were chosen f o r  use 
i n  t h e  t e s t  program: FCl14B2, FC43, and HEXANE. The Phase I s tudy is 
d e t a i l e d  in Reference [ 3 ] .  

The Phase I study ind ica ted  t h e  importance t h a t  Bond and Reynolds num- 
b e r  s c a l i n g  had on the  c h a r a c t e r  of  p r o p e l l a n t  r e o r i e n t a t i o n .  T e s t s  
demonstrated t h a t  the  motion of  t h e  bulk  l i q u i d  d i d  no t  change, even 
though the  Reynolds number was va r i ed  an o r d e r  of magnitude by changing 
t e s t  l i q u i d s .  However, both the  Bond and Reynolds numbzrs f o r  the  mod- 
e l  tanks ,  were much smal le r  than the  values  f o r  the  f u l l - s c a l e  ET LOX 
tank.  Closer approximation of f u l l  s c a l e  Bond and Reynolds numbers was 
not  p o s s i b l e  due t o  r e s t r i c t i o n s  i n  model s i z e  imposed by the  drop 
tower geometry, 

To f u r t h e r  i n v e s t i g a t e  the  e f f e c t s  of Bond and Reynolds number and t o  
v a l i d a t e  the  s c a l i n g  concepts used,  i t  was d e s i r a b l e  t o  conduct a  t e s t  
program w i t h  a  l a r g e r  LOX tank model. Hence, Phase I1 of the  s tudy was 
i n i t i a t e d .  In this phase,  an a v a i l a b l e  1110th-scale LOX tank model 
was modified f o r  use  i n  NASA's KC-135 "zero-g" t e s t  a i r c r a f t .  A i r c r a f t  
t e s t i n g  allowed l a r g e r  a c c e l e r a t i o n s  t o  be app l i ed  t o  the  model tank.  
This r e s u l t e d  i n  a  c l o s e r  s imula t ion  of f u l l  s c a l e  Bond and Reynold8 
numbers, a s  ind ica ted  in  Table 1-1. 
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TABLE 1-1. 
COMPARISON OF TEST AND FULL-SCALE PARAMETERS FOR PROPELLANT 
REORIENTATION TESTS 

The Phase I1 test program c o n s i s t e d  of four  KC-135 f l i g h t s  invo lv ing  89 
low-g parabolas  with an  average t e s t  time of 20 8. T e s t s  were conduct- 
ed both with and wi thout  t h e  s l o s h  b a f f l e s  included i n  t h e  1110th- 
s c a l e  tank.  Two t e s t  l i q u i d s  were used t o  e v a l u a t e  v i s c o s i t y  e f f e c t s :  
FC113, and a  w a t e r m e t h o c e l  s o l u t i o n .  The tank was mounted i n  an in -  
s  trumented f i x t u r e  t h a t  measured t h e  r e o r i e n t a t  ion  fo rces .  In  addi-  
t i c n ,  l i q u i d  motion was photographed a t  60 frames per  second ( f p s )  
Adjustment o f  t h e  a i r c r a f t  f l i g h t  path allowed a p p l i c a t i o n  o f  b i a x i a l  
a c c e l e r a t i o n s  t o  t h e  t ank ,  s i m i l a r  t o  those  used i n  t h e  Phase I drop 
tower s tudy.  De ta i l ed  documentation on t h e  Phase 11 s tudy  is conta ined 
i n  Reference [ 4 ] .  

Afte r  e v a l u a t i n g  t h e  Phase I and Phase I1 t e s t  d a t a ,  i t  was concluded 
t h a t  t h e  s c a l i n g  approach employed i s  v a l i d ,  and t h a t  the  l i q u i d  motion 
observed i n  t h e  drop tower and KC-135 t e s t s  i s  r e p r e s e n t a t i v e  of  t h a t  
expected i n  t h e  f u l l - s c a l e  ET [Ref 41. The c h a r a c t e r  o f  t h e  l i q u i d  mo- 
t i o n  observed i n  t h e  two t e s t  programs was t h e  same even though t h e r e  
was a  f a c t o r  of  s i x  d i f f e r e n c e  i n  geometric s c a l i n g .  The d i f f e r e n c e s  
observed were p r imar i ly  due t o  t h e  reduced in f luence  o f  s u r f a c e  t ens ion  
f o r c e s  ( i .e . ,  h igher  Bond number) i n  t h e  KC-135 t e s t a ,  which l ed  t o  
more breakup of the  l i q u i d  s u r f a c e .  

& 

, Parameter 

Bond Number 
Reynolds Number 

Test  d a t a  from both t e s t  programs (Phasr. I and Phase IT' were c o r r e l a t -  
ed t o  a n a l y t i c a l  s imula t ions  of t h e  t e s t  c o n d i t i o n s ,  utting a  "slosh" 
model s i m i l a r  t o  NASA's Space Vehicle Dynamic Simulation (SVDS) model. 
The a n a l y t i c a l  model employed i n  t h e s e  c o r r e l a t i o n  s t u d i e s ,  LAMPS [Refs 
1, 2 1 ,  p o r t r a y s  t h e  p r o p e l l a n t  a s  a  po in t  mass moving on an e l l i p s o i d a l  
c o n s t r a i n t  s u r f a c e .  The c o n s t r a i n t  s u r f a c e  is  R d i s t o r t e d  e l l i p s e  t h a t  
b e s t  f i t s  t h e  center-of-mass envelope obtainpc. by a n a l y t i c a l l y  r o t a t i n g  
t h e  tank i n  a  1-g f i e l d .  R e s u l t s  of  t h i s  c o r r e l a t i o n  s tudy i n d i c a t e d  
t h a t  t h e  point  mass model is  inadequate t o  r e p r e s e n t  the  p r o p e l l a n t  in-  
t e r a c t i o n  f o r c e s  dur ing  r e o r i e n t a t i o n .  The model was found t o  be con- 
s e r v a t i v e  i n  p r e d i c t i n g  t h e  r e o r i e n t a t i o n  fo rces .  Both the  magnitude 
and impulse ( i n t e g r a t e d  e f f e c t )  of the  l i q u i d  f o r c e s  p red ic ted  by t h e  
a n a l y s i s  exceed those  measured i n  t e s t .  

> & 

1/60th Sca le  
Freon 114B2 

4.49 x  102 
1.35 x  105 

It was t h e r e f o r e  concluded t h a t  t h e  NASA SVDS s l o s h  model w i l l  over  
p r e d i c t  the  s losh  f o r c e s  a c t i n g  on the  ET dur ing  RTLS s e n p t a t i o n .  
Phase 111 of t h e  s tudy was i n i t i a t e d  based on t h e s e  reel  s .  

1 

Ful l -Scale  
LOX 

2.19 x 105 
5.16 x  107 

a 

1110th Scale  
Freon 113 

2.70 x  104 
2.39 x 106 



Phase I11 consisted of the development of two and three dimensional, 
multiple mass models for simulating lcbw g propellant slosh. The model- 
ing concept developed, employe a finite element representation of the 
liquid. This formulation results in a realistic distribution of liquid 
mass within the tank. Finite elements are used to express liquid in- 
compressibility by maintaining a constant elemental volume. The ele- 
ments are also used in the formulation of internal viscous shear for- 
ces. The tank is represented by a ellipsoidal surface, and liquid 
"nodes" are constrained from penetrating this boundary. The formula- 
tion of this modeling approach and the aseoc. ted computer codes are 
documented in this report. The models developed in Phase 111 have been 
used to simulate Phase I and Phase I1 test conditions and the results 
correlate very well to the measured data. 

This report summarize8 the entire 3-year study. Chapter 2.0 presents a 
discussion of both test programs. More detailed discussion of the test 
programs can be found in References [3 and 41. Chapter 3.0 details the 
twc dimensional finite element model formulation (LAMPS21 and correla- 
tion. Chapter 4.0 details the three dimensional model formulation 
(LAMPS31 and correlation. Conclus'ms of the study and recommendations 
for further development are presenrcd in Chapter 5.0. 



SCALE MODEL TESTING 

The primary o b j e c t i v e  of  the  s c a l e  model t e s t i n g  was t o  a c q u i r e  em- 
p i r  i c a l  d a t a ,  on the  c h a r a c t e r  of p r o p e l l a n t  r e o r i e n t a t  ion dur ing  t h e  
RTLS orb i t e r /ET s e p a r a t i o n  sequence, f o r  ume i n  v a l i d a t i n g  an 
ana ly t  i c a l  s imula t ion  approach. The f u l l - r c a l e  cond i t ions  were 
sca led  s o  t h a t  r e p r e s e n t a t i v e  l i q u i d  (LOX) motion could be produced 
in  subscale  tanks .  Phaee I t e s t i n g  used a  1160th s c a l e  ET LOX t ank  
and Martin M a r i e t t a ' s  Drop Tower Test  F a c i l i t y .  Phaee I1 t e s t i n g  
used a  1110th-scale ET LOX tank and NASA's KC-135 "zero g" t e s t  a i r -  
c r a f t  [ ~ e f s  5 ,  61. 

during both t e s t  programs, l i q u i d  r e o r i e n t a t i o n  was photogr nphed a t  
high speed and the  dynamic i n t e r a c t i o n  f o r c e s  a p p l i e d  t o  t h e  tank by 
the moving p r o p e l l a n t  were measured. Comparison of d a t a  from t h e  two 
t e s t  programs permit ted  v a l i d a t i o n  of  t h e  s c a l i n g  approach. This  
chapter  s u m a r i z e s  both phases of the  t e s t  program. More d e t a i l  on 
the  experimental  a s p e c t s  of  t h i s  s tudy can be found i n  References [ 3  
and 41. 

2.1 SCALING ANALYSIS 

During the RTLS s e p a r a t i o n  sequence, the  e l  ? r n a l  tank (ET) exper i -  
ences a x i a l  (k ) and l a t e r a l  (i' ) a c c e l e r a t .  m s  due t o  aerodynam- 
i c  drag.  ~ h e s ?  a c c e l e r a t i o n s  ape shown i n  Figure  2-1, wi th  respec t  
t o  the  o r b i t e r  coord ina te  system. The i n i t i a l  p o s i t i o n  of t h e  r e & l  
u a l  LOX i s  e s t a b l i s h e d  by the d i r e c t i o n  of  t h e  main engine  t h r u s t  
vec to r  j u s t  before  MECO. The i n i t i a l  p o s i t i o n  of  t h e  LOX f r e e  s u r -  
face i s  perpendicular  t o  t h e  t h r u r t  v e c t o r ,  which is o r i e n t e d  a t  an  
angle Y t o  the  o r b i t e r  X a x i s .  ' f ie  fo l lowing values  f o r  each of 
these  v a r i a b l e s  def ined t h e  f u l l - a c a l e  c o n d i t i o n s  t h a t  were consider-  
ed i n  the  t e s t  program: 

Residual LOX volume 1%, 2 % ,  5 % ,  lo%,  15%, 25% 
a t  separa t ion .  

A dimensional ana ly r  i s  of v a r i a b l e s  r e l a t e d  t o  l i q u i d  r e o r i e n t a t  ion  
in  a con ta ine r  y ie?ds  the following dimens i o n l e s s  parameters t h a t  
c h a r a c t e r i z e  motion: 

V (Froude i .? . l~ber)  ; r a t i o  of i n e r t i a  Fr = - 
K r -  t o  g r a v i t y  f o r c e s  
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 PA^^ (Bond number); r a t i o  of g r a v i t y  Bo = - 
a t o  s u r f a c e  t ens ion  f o r c e s  

pVr (Reynolds number); r a t i o  of i n e r t i a  Re = - 
t o  v i scous  f o r c e s .  

where 

A = Liquid a c c e l e r a t i o n  (cmIs2) 

V = Liquid v e l o c i t y  (cmls) 

t = C h a r a c t e r i s t i c  dimension, t ank  r a d i u s  (cm) 

p = Liquid d e n s i t y  (gm/cm3) 

(J = Liquid s u r f a c e  t e n s i o n  (dyneslcm) 

i~ = Liquid v i s c o s i t y  (cp) 

With r e s p e c t  t o  l a r g e  amplitude l i q u i d  motion, it has  been shown [Ref 
71 t h a t  the  Froude number can be r e l a t e d  t o  t h e  Bond and Reynolds 
numbers. Based on numerous l i q u i d  r e o r i e n t a t i o n  t e s t s ,  an e m p i r i c a l  
express ion has  been e s t a b l i s h e d  t o  d e s c r i b e  t h i s  r e l a t i o n s h i p  [ ~ e f  71: 

Experimental d a t a  shoving t h e  r e l a t i o n s h i p  between Froude numb?+ and 
Bond number is  shown i n  Figure  2-2a. These d a t a  i n d i c a t e  t h a t  t h e  
Froude number is independent of Bond number when the  Bond Number i s>  
LO. However, adjus tments  f o r  v i s c o s i t y  must be made a t  low Reynolds 
numbers (Fig.  2-2b). I f  the  Reynolds number i s  g r e a t e r  than 50, v i s -  
cous e f  f ec  ts a r e  n e g l i g i b l e  . Therefore ,  t h e s e  r e l a t i o n s h i p s  i n d i c a t e  
t h a t  f o r  any p r o p e l l a n t  r e o r i e n t a t i o n  t h a t  h a s  a  Bond number g r e a t e r  
than 10 and a  Reynolds number g r e a t e r  than 50, s c a l i n g  can be based 
on Froude number a lone.  As w i l l  be shown l a t e r ,  the  requirements  f o r  
Froude number s c a l i n g  a r e  s a t i s f i e d  f o r  both the  f u l l - s c a l e  RTLS aep- 
a r a t i o n  event and the  s c a l e  model t e s t s .  

Equating Froude numbers f o r  t h e  f u l l - s c a l e  ET M X  t ank  and t h e  s c a l e  
model tanks  al lows c a l c u l a t i o n  of t h e  f u l l - s c a l e  time s imulated by 
the  t e s t  . 
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The s u b s c r i p t  "p" r e f e r s  t o  the  f u l l - s c a l e  t ank ,  and the  s u b s c r i p t  
Ilm" r e f e r s  t o  the  model. Therefore ,  equa t ing  Froude numbers: 

Since v e l o c i t y  is p ropor t iona l  t o  the  product of  a c c e l e r a t i o n  and 
time (V = At):  

A r 
, seconds 

I; m 

Equation (2-7) d e f i n e s  the  time s c a l i n g  f o r  A s e l e c t e d  geometr ica l  
s c a l i n g  and t h e  r a t i o  o f  prototype ( f u l l  s c a l e )  t o  model a c c e l e r a -  
t i o n s .  It is independent o f  the  l i q u i d  p r o p e r t i e s .  

2.1.1 - Geometric Sca l ing  

S e l e c t i o n  of  model s c a l i n g  was based on being a b l e  t o  s imula te  enough 
f u l l - s c a l e  time t o  encompass the  c r i t i c a l  per iod dur ing  the  RTLS sep- 
a r a t i o n  sequence. This c r i t i c a l  ~ e r i o d  was def ined by NASA t o  be the  
time dur ing  which the  p r o p e l l a n t  moves from its i n i t i a l  p o s i t i o n  t o  
the f r o n t  of the  ET LOX tank.  The requ i red  s imula t ion  time i s  ap- 
~ r o x i m a t e l y  equal  t o  the  time requ i red  f o r  an o b j e c t  t o  f r e e  f a l l  the  
tank length  (Z15 m). Based on the  expected RTLS a c c e l e r a t i o n s ,  the  
d e s i r e d  f u l l  s c a l e  s imula t ion  t ime v a r i e s  from '=lo s  ( f o r  0.03 g )  t o  
214 s ( f o r  0.015 g) .  

The s e a i i n g  ana lyses  f o r  both the  Phase I (drop tower) and Phase I1 
(KC-135) t e s t  programs had t o  cons ide r  fac i l i ty- imposed l i m i t s  on the  
values  o f  r,, A,,,, and t,. A primary cons ide ra t ion  was t o  maxi- 
mize t h e  r e o r i e n t a t i o n  fo rces  ( t o  f a c i l i t a t e  meastirement ) while  main- 
t a i n i n g  adequate f u l l  s c a l e  s imula t ion  t ime, tp.  To maximize 
f o r c e s ,  a  l a r g e  model s i z e  was d e s i r a b l e .  For both t e s t  programs, 
the  maximum model s i z e  permit ted  by the  f a c i l i t y  was s e l e c t e d  a s  op- 
t i m m .  For drop tower, a  1160th-scale  (rm/rp) moael wrs chosen,  
and f o r  the  KC-135 a  1110th-scale model was chosen. Pn a d d i t i o n a l  
cons ide ra t ion  was t h a t  a  1110th-scale model was a l ready  i n  e x i s t e n c e  
t h a t  could be modified f o r  the t e s t  program. 

To maximize the  time s c a l i n g  and r e o r i e n t a t i o n  f o r c e s ,  a l a r g e  value  
o f  & is d e s i r a b l e ;  however, some p r a c t i c a l  l i m i t s  e x i s t .  In  the  
drop tower, l a r g e  values  o f  A,,, reduce the  t e s t  t ime,  tm, because 
the  drop capsu le  i s  a c c e l e r a t e d  with r e s p e c t  t o  a  d rag  s h i e l d  and the  
t r a v e l  d i s t a n c e  is f ixed.  A value  of & = 0.09 g is a  p r a c t i c a l  
upper l i m i t  t h a t  w i l l  s t i l l  provide adequate  t e s t  t ime ( ~ 1 . 6  s ) .  
In t h e  KC-135, A,,, is l i m i t e d  t o z 0 . 2  g  by o p e r a t i o n a l  considera-  
t i o n s  (A,,, i s  a c t u a l l y  a  nega t ive  a c c e l e r a t i o n  r e s u l t i n g  i n  adverse  
wing loading on t h e  KC-135). 
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Based on niodel s i z e s  chosen and t e s t  a c c e l e r a t i o n  l i m i t s ,  t h e  f u l l -  
s c a l e  time can be c a l c u l a t e d .  Table 2-1 t a b u l a t e s  t h e  f u l l - s c a l e  
time s imulated f o r  each second of  test time i n  the  drop tower and 
KC-135 t e s t  programs. The t abu la ted  values  i n d i c a t e  t h a t  s c a l i n g  is 
adequace t o  s imula te  t h e  c r i t i c a l  RTLS per iod ( tP L 10 t o  14  s) . 

Table 2-1. TIME SCALING FOR THE DIPOP TOWER AND KC-1 35 TEST PROGE!!S 

Test  Liquid Se lec t ion  

The p r o p e r t i e s  of the  t e s t  l i q u i d s  e n t e r  i n t o  the  s c a l i n g  by a s s u r Z - g  
t h a t  Bond and Reynolds numbers a r e  s u f f i c i e n t l y  l a r g e  t o  meet t h e  re -  
quirements f o r  Froude number s c a l i n g .  A very  dense l i q u i d  he lps  make 
both the  Reynolds and Bond numbers l a r g e ,  and a l s o  a s s u r e s  t h a t  the  
fo rces  due t o  a  g iven volume of  l i q u i d  w i l l  be maximized. Low s u r -  
face  t ens ion  and v i s c o s i t y  a r e  a l s o  d e s i r a b l e .  Sa fe ty  and compati- 
b i l i t y  with the  p l a s t i c  tank models were o t h e r  c o n s i d e r a t i o n s  i n  
choosing the  t e s t  l i q u i d s .  

Test  Program 

Drop Tower 

KC-1 35 

KC-135 

For both t e s t  programs, s e v e r a l  t e s t  l i q u i d s  were chosen t o  e v a l u a t e  
the  e f f e c t s  of v i s c o s i t y .  In the  Phase I drop tower t e s t i n g ,  t h r e e  
l i q u i d s  were used:  FC*-43, FC-114B2, and HEXANE. Due t o  i t s  i d e a l  
p r o p e r t i e s ,  the  primary t e s t  l i q u i d  f o r  t h i s  phase was FC-114B2. The 
o t h e r  two l i q u i d s  were used i n  a  l i m i t e d  number of  tests t o  e v a l u a t e  
viscous e f f e c t s .  

"Approximate values  o f  tm a r e  a s  follows: 

Drop Tower : tm , 1.6 s  

KC-135: tm z 20.0 s 

A, ( g )  

0.09 

0.1 

0.2 

rp/rm 

60 

10 

10 

Freon 113 ( a l s o  known a s  Freon TF) was the  primary l i q u i d  used i n  the  
Phase 11 KC-135 t e s t i n g .  Freon 113 has  a  high d e n s i t y ,  low s u r f a c e  
tens ion and v i s c o s i t y ,  and does no t  pose any hazards .  Freon 113 has 
a  vapor p ressure  of 3.7 ~ / c m 2  (5.3 p s i a )  a t  200C, which is 
usua l ly  no t  a  problem a t  normal temperatures .  However, problems of 
rapid  vapor iza t ion  were encountered when t h e  Freon and model tank 
were a t  temperatures around 30°C. 

*FC = Fluorocarbon 

tp/t," 

Ap = 0.015 g  

18.9i  

8.16 

11.55 

Ap = 0.030 g 

13.42 

5.77 

8.16 



To evaluate the  Influonce of v i r c o w  e f foc t r ,  8 second Phrre 11: test 
l iquid with a h i f i e r  v i rcor i ty  ucrm d e r i n d .  'Ibir war achieved by 
u r i q  water to  which a thickenin8 a-nt had been added. Metbocel, 8 
w t h y l  ce l lu lore  thickener u d e  by bav Qerica l ,  war ured t o  increare 
the water vircori ty.  Type ?4H Ibthocel war ured i n  the proportion of 
2.1 g t c u  per liter of water t o  increare the  v i rco r i ty  €ton its nor- 
ma1 1.0 t o  5.1 cp. Ihir gave a fac tor  of 10 increare in  the k i n e u -  
t i c  v i rcor i ty  over the Reon. An u r t i f o u  emuloion (SWS-211 made by 
SWS Siliconer Corp.) war added t o  the mixture t o  reduce foaming. 

Ihe f ina l  c r i t e r i o n  fo r  t a r t  l iquid  re lac t ion  war tha t  the Bond num- 
ber and Reynold8 number be ru f f i c i en t ly  larue t o  permit Froude num- 
ber~ rcaling. Table 2-2 del ineater  the l iquid  p.r.rcterr fo r  the 
ful l-rcale BT and the Phare I and &are I1 t e a t  progrmr. 

TABLE 2-2. FULL SCALE AND TEST LIQUID PAMWWRS 

. 

System 

LOX (-183OC) 
Ful l-scale  ET 
l&* ' j l  
I'hase I : 
L/hOtl~ Scale 
I)rop Tower .. l e s t s  

- FC-11462 
( l o o c )  ' 01 

- FC-43 
( 2 0 " ~ )  111 1 

- H w  
(lo0(:) 
1a .w  

?hasr 11: 
1 f l U t l l  Sc;111 

*'I'#,> calcu1;lte Ke, t11e value t o  b e  used for  ve loc i t y ,  V ,  must be defined. t\ 

rl!present.tt i v e  \rel~.c i t y  is the f r ee - f a l l  ve loc i ty  based on tank l e n g t l ~ ,  whici~ 
rri)prosimate~ ~ l l e  maximum ve loc i ty  ac l~ i rved  h y  t!le l iqu id  a s  i t  f i r s t  move..; 
the lengt? of the  tank. 

t ~ r o p e r : i e s  were mei~su r~d  using ac tua l  samples of t h e  t e s t  l i qu id s .  

Surf ace 
Tension 
(dynes/cm) 

13.5 

18.8 

10. 7 

18.4  

10. 1 

4 7.9 

Densit;: 
(gm/cm-') 

1.14 

2.1b 

1.91 

U.bh 

KC-135 ' res t s  I 
- P : - l  I 3 1.57 

( 2 j r  

- I..~ter/ 0.998 
. \ l e t l ~ o c e ~ t  

\li.scosity 
(cp) 

0.195 

0.75 

6 .50 

0. 33 

0.67 

5.05 

Ke 

(P?)* 

5.17 x 10: 
7.31 s 10 

1.35 s 1 0 ~  

1.37 s l o 4  

9.30 s 10'' 

1.69 s LO@ 
2 . 3 9  s 10'' 

1-42  s 10' 
10".01 s 10;' 

Acceleration 

(d 
0.015 
0.030 

0.09 

0 .09 

0.09 

0.1 
0 .  2 

0. 1 
0.2 

no 

($) 
1.19 s 10b 
4.39 s 10" 

4.49 s 10. 

4.91 s 10-' 

1.5.i s 10- 

1.35 x 10" 
0 s 1 

3.hO s 103 
7.10 s 



Aa rhom by the valuer i n  Table 2-2, the bar ic  r e q u i r e w n t r  fo r  
Roude nuraber ocalitq wars net f o r  both t a r t  program. I n  addi t ion,  
the magnituder of b n d  and Reynoldr numbeta t o r  PC-113 i n  the KC-135 
t a r t  prograta whra within an order  of magnitude of the va lu r r  f o r  the 
fu' 1-rcale ET. 

The primary object ive of the Phare I1 t e r t  program war t o  allow c lor -  
e r  approximation of fu l l - r c r l a  condit ionr ,  t o  va l ida t e  the  rca1ina 
approach. The dirasnsiunlera parameter8 f o r  the a i r c r a f t  tertr were 
aignif  ican t ly  g rea t e r  ( c lo re r  t o  f u l l  r c a l r )  than thore fo r  the  drop 
tower t e s t a .  Phase 11 t r r t i n g  increared Bond number by approximately 
two ordarr  of magnitude and Reynoldr number by one order  of magni- 
tude. A6 Bond number increaser ,  the e f  f e c t r  of ru t f aca  tenr ion  de- 
ereore,  r e su l t i ng  in  more rurfaca breakup. 

In the drop tower t e s t s ,  the Bond number was low enough t o  produce 
r a w  sur face  cohesiveners, which war f a r  l e r r  evident  i n  the  KC-135 
t ea t s .  When reor ien ta t ion  occurr a t  l a rge  b n d  numberr 0 1 0 3 ) ,  the 
l iquid motion may take the form of "rain" (primarily du r ins  axirym- 
metr ic  rcor ien ta t iun) .  Howaver, with of f  ax i r  acce lera t ion  conrpo- 
ncnts ,  such an thaac present during RTLS eeparat ion,  the l a t e r a l  ac- 
ce le ra t ion  conpocent a c t s  t o  hold the l iqu id  mars together  a r  it 
t raverses  tlrc tank wdll. This type of motion ha8 beerr demnet ra tad  
.ut the Bond numbar up t o  6 x 103 under both a x i a y m e t r i c  and ofE 
axis  r e o r i e n t r t i o ~ ~  [Ref 121. 

I n  staamary, dealing eonaiderationr and rubrsquent comparironr of drop 
tcwer and KC-135 t e a t  r a r u l t s ,  ind ica te  tha t  the t a r t  r e a u l t r  should 
htb reprerentat ivc of l iquid reor ien ta t ion  during f u l l  s ca l e  RTLS rep- 
.*rat ion. 

1.2 TEST SYSTEM UGSCH I PT ION 

2 . 2 . 1  Phase 1 Test Prodram 

Thtb Phaw I t e s t  program employed Mart in Mariet ta 's  Drop Tower ' h a t  
Fac i l i t y .  Thia f a c i l i t y  was developed under numerour p r io r  t a r t  pro- 
grauls i n  order t o  a itnulata low-8 snvironmentr . Only minor w l i f  ica- 
t ions were required t o  perform Phaae 1 t es t ing .  

Test Hardware - The Martin Marietta drop tower t e r t  r y a t e r  c o n r i r t r  
,>f a drag ahield tha t  contains a drop caprule on which a t e r t  module 
i b  mi)t~ntbd. Figure 2-3 i s  a athematic rhowin* the major component8 
of the drop t e a t  syatem. Figure 2-4 i s  a photograph of tha drop t e s t  
f a c i l i t y ,  Ths ryrtcm provides a maximum of ? 2  a of t e r t  time. Ihe  
drag sh ie ld  i s  rcleared f tom a height o t  23 m ( ~ 7 5  f t ) ,  and i r  decel- 
aratetl by landin(g in a bin of wheat a t  the end of the f r e e  f a l l  
per iod . 
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Figure  2-5 i s  a  photograph of the  t e s t  module t h a t  was used i n  t h e  
Phase I t e s t  program. The t e s t  module is  shown mounted on the  drop 
capsule .  It c o n s i s t e d  of  a  model t ank ,  f o r c e  measurement module, and 
a  s l i d e r  mechanism. Figure  2-6 is a  c l o s e r  view of the  measurement 
module i n  which the  model tanks  were supported.  The measurement mod- 
u l e  supported the  tanks on t h r e e  c r y s t a l  load c e l l s ,  and al lowed f o r  
tank r o t a t i o n  t o  achieve va r ious  i n i t i a l  l i q u i d  o r i e n t a t  ions .  The 
c a l i b r a t i o n  f i x t u r e  (Fig .  2-6) was used t o  c a l i b r a t e  the  load c e l l  
system. The load c e l l s  ( ~ i s t l e r  model 912) were f u l l y  capable  o f  
measuring smal l  r e o r i e n t a t i o n  f o r c e s  (on the  o rde r  of 0.4 N ,  0.1 l b )  
and su rv iv ing  ;%pact d e c e l e r a t i o n s  a t  t h e  end of t h e  t e s t .  

Two 1160th-scale r e p l i c a s  of  the  f u l l  s c a l e  ET LOX tank were con- 
s t r u c t e d ;  one with no i n t e r n a l  b a f f l e s  (Fig .  2-7), the  o t h e r  with 
both s l o s h  and a n t i v o r t e x  b a f f l e s  (Figs .  2-8 and 2-9). Although the  
b a f f l e s  were s i m p l i f i e d  somewhat, compared t o  t h e  f u l l - s c a l e  LOX 
tank,  the  o v e r a l l  geometry was accura te .  Spacing between the  b a f f l e s  
and tank wa l l  was g e n e r a l l y  r e p r e s e n t a t i v e  o f  the  a c t u a l  LOX tank.  
However, +he model d i d  not  r e f l e c t  t h e  "zero gap" between the  wa l l  
and b a f f l e s  t h a t  occurs  a t  two of the  b a f f l e  s t a t i o n s  i n  the  f u l l -  
s c a l e  tank.  This had some e f f e c t  on r e o r i e n t a t i o n  f o r  very sinall 
f i l l  volumes, a l lowing the  l i q u i d  t o  flow pr imar i ly  behind the  
baf f l e s  . 
Biax ia l  a c c e l e r a t i o n s  were app l i ed  t o  t h e  model tanks by us ing  l i n e a r  
s p r i n g  motors t h a t  : (1) a c c e l e r a t e d  the  measurement module l a t e r a l l y  
on the  s l i d e r ,  and ( 2 )  a c c e l e r a t e d  t h e  drop capsule  a x i a l l y  wi th  r e -  
s p e c t  t o  the  drag s h i e l d  (Fig .  2-3). The drop capsu le  was automat i -  
c a l l y  r e l e a s e d  from the  drag s h i e l d  a t  drop i n i t i a t i o n .  Three f o r c e  
l i n k s  (con ta in ing  the  load c e l l s )  allowed f o r c e s  wi th in  the  plane of 
the app l i ed  a c c e l e r a t i o n s  t o  be measured. Bearings a t  each end of 
the  l i n k s  permit ted  only f o r c e s  a long t h e  l i n k  a x i s  t o  be measured. 
Three f l e x u r e s ,  perpendicular  t o  the  plane of  t h e  fo rce  l i n k s ,  pre- 
vented any out-of-plane tank motion. These f l exures  were s i z e d  (by 
s t  i f  f n e s s )  such t h a t  they would n o t  s i g n i f i c a n t l y  a l t e r  the  f o r c e s  
measured by t h e  load c e l l s .  The des ign of the  t e s t  system r e s u l t e d  
i n  e s s e n t i a l l y  p lanar  r e o r i e n t a t i o n .  Out-of-plane motion and f o r c e s  
were i n s i g n i f i c a n t .  

As  mentioned i n  Chapter 1 .0 ,  some t e s t s  included the  s imula t ion  of 
inflow i n t o  t h e  tank from the  LOX l i n e .  This was achieved by us ing  a 
spr ing-operated p i s t o n l r e s e r v o i r  c o n t r o l l e d  by a so leno id  v a l v  . 
Flow r a t e  was c o n t r o l l e d  by a  meter ing va lve .  The t e s t s  i n  flowed a  
volume of l i q u i d  approximately e q u i v a l e n t  t o  t o t a l l y  d r a i n i n g  the  LOX 
f e e d l i n e .  However, an a n a l y s i s  [ ~ e f  31 has  ind ica ted  t h a t ,  ccrnserva- 
t i v e l y ,  only about 5% of  the  l i q u i d  i n  t h e  l i n e  w i l l  d r a i n  i n t o  the  
tank dur ing  RTLS. This volume (-0.05% of  t h e  LOX t ank  volume) should 
have a n e g l i g i b l e  e f f e c t  on p r o p e l l a n t  r e o r  i e n t e t  ion. 

The l i q u i d  motion was f i lmed us ing  a  16 mm Mil l iken DBM-3a camera, 
mounted on the  s l i d e r ,  a t  a  frame r a t e  of  200 frames per second 
( f p s ) .  Tes t  a c c e l e r a t i o n s  were v a r i e d  by changing the magnitude of 
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the spring motors. The l a t e r a l  acce lera t ion  applied t o  the tank was 
calculated based on l a t e r a l  t r ave l  a s  a  function of time. Lateral  
t rave l  was determined by a sca l e  mounted in  view of the camera and 
time was based on camera frame r a t e .  Average a x i a l  acce lera t ion  was 
calculated by kinematic equations f o r  the two bodies (drag sh i e ld ,  
drop capsule) ;  given body masses, applied forces ,  and t r a v e l  d i s tance  
of the drop capsule r e l a t i v e  t o  the drag sh ie ld .  The t r ave l  time of 
the drop capsule r e l a t i v e  t o  the drag sh ie ld  was based on the load 
c e l l  time h i s t o r i e s .  

Test Conditions - Test conditions were chosen t o  provide reor ien ta-  
t ion  representat ive of t ha t  expected during RTLS separat ion.  Table 
2-3 the expected ET acce lera t ions  -due t o  aerodynamics during 
f;LS: (1)  during mated coas t ,  and (2)  a f t e r  orbi ter /ET separat ion.  

Tab Ze 2-3. EXPEZED ET RTLS ACCE'LERAImIOIVS 

In the drop tower, l a t e r a l  and a x i a l  acce lera t ions  were applied t o  
the tanks. Figure 2-10 shows the r e l a t i onsh ip  between o r b i t e r  coor- 
dinates  and the test-applied acce lera t ions .  These acce lera t ions  a r e  
re la ted  t o  o r b i t e r  coordinates as  follows. 

RTLS 
Phase 

Mated Coast 
After Separation 

. . . . 
A a x i a l  = Xo cos Y + Zo s i n  r (2-8) 

. . . . 
A l a t  = -Zo cos Y + Xo s i n  Y (2-9) 

*See F i  .ure 2-1 

ET Acceleration 
(Orbi ter  Coordinates*) 

The desired r a t i o  of A a x i a l  t o  A l a t  can be ca lcu la ted  fo r  the 
RTLS accelerat ions of Table 2-3 ( Y assumed 13 deg) using equations 
(2-8) and (2-9). 

. . 
& ( g )  

0 . 0 ~ 5  
0.03 

Mated 

. . 
% ( g )  

-0.005 
-0.03 

coast  : 

After Separation: 

Due t o  drop tower l imi ta t ions  and the des i r e  t o  maximize t e s t  times 
and force l eve l s ,  use of these ac tua l  r a t i o s  was not feas ib le .  A 
value oE A a x i a l  = 0.09 g 28 been found optimal from t e s t  time and 
force leve l  cons id era ti^^,^ in  previous t e s t  programs. Choice o f ' a  
value for  A l a t  was based on the des i r e  for  a  t e s t  time (em) of 
about 1.6 s  (Table 2-1). Because of the ava i lab le  l a t e r a l  s l i d e r  
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t r a w l ,  l a t e r a l  a c c e l e r a t i o n r  g r e a t e r  t h m Z O . 0 3  8 w i l l  reduce tho  
t o r t  tima below 1.6 8. Conrrquently,  t h a  major i ty  of t h e  t e a t 8  urcd 
t h e  r a t i o :  

Although t h i 8  approach d i d  not  dupl i c a t s  ac t u a l  expected r a t  i o r  of  
a c r * l e r a t i o n  conponantr ,  i t  d i d  produce l i q u i d  motion r e p r o r a n t a t i w  
df Citll-8cale c o n d i t i o n r ,  which war t h e  primary o b j e c t i v e .  A8 Long 
a8 t h e r e  i r  a l a t a r a l  component of a c c e l r r a t i a n ,  t h e  l i q u i d  w i l l  love 
along thu tank wa l l8  r a t h e r  than through t h e  tank c e n t e r .  Changinu 
t h e  r a t i o  of  4 c c e l e r r c i o n r  p r imar i ly  changar t h e  f i n a l  e q u i l i b r i u m  
p o r i t i o n  f o r  the  l i q u i d  and t h e  r a t e  of  arotio9. ' h e  b a r i c  c h a r a c t e r  
of  the  motion w i l l  remain t h e  s a m .  The t e n t  r c r u l t a  ruppor ted  t h i r  
approach. 

The t e a t  ma t r ix  war r t r u c t i ~ r e d  ouch t h a t  t h e  ef f e c t  of v a r i s u r  param- 
e t e r *  could be eva lua ted .  Table 2 4  praeanta  the  a c t u a l  t e n t  ma t r ix ,  
inc ludiny c a l c u l a t e d  accel i r ra t  ion valiren. 

Data Reduction - To i a c i l i t a t e  c o r r e l a t i o n  wi th  a n a l y t i c a l  r o r t r l t s ,  
l o a d  cell d a t a  were rc.corctcrJ and l a t e r  tranaforarcd t o  a tank cen te red  
coord ina te  nyutam (Fi$. 2-10). Dig i t  i r e d  d a t a  ward smoothed t o  r e -  
raovw t e a t  f i x t u r e  and camera-i~\d\~ce\l  t \oise wi th  a mwit\g av+raQe d i8 -  
i t a l  lr~w pans € i l t * r  net :I( 10 HR. k\ i n w r t i g a t i o n  war conducted t o  
insure  t h a t  f i l t e r  i ag  d i d  not r s d w c  peak fo rce  l e v e l s .  

Data i t a t e r p r e t a t i o ~ \  and cor r t r l a t ion  had t o  cons ide r  the  f a c t  t h a t  
fo rca r  due to  th* tank and srrpport s t r u c t u r e  mars were imbedded in  
tlra load c e l l  d a t a  r long  with 1 iquid r e o r i e n t a t  ion fo rce r  . Another 
cona ide ra t ion  wsa the l a r s e  t r a n r i e n t  encounterad a t  drop i n i t i a t i o n  
whet1 tlrn tank t r a n u i t i o n s d  from normal g r a v i t y  t r r  low 8 t a r t  dccc le r -  
a t  ions. To overcum! tht*ae problems dur ing  a n a l y t i c a l  c o r r a l a t  ion ,  
the  ana ly t  i c a l  rr imtrlat ions acrrrtrnt f o r  a c t u a l  t e a t  cr)nciit ions ( i n -  
c l i d  in8 Laadrr J ~ t a  t o  a truc t u r a l  mass). Reference [ 3 )  d e t a  iLr t h e  
a c t t ~ a i  t,.tta redr~r.titrn process.  

2.2.2 Pt~aae I t  Taat Program 

NASA's KC-135 "raro-y" tsmt a i r c r a f t  w*r in  t h e  P h a ~ e  I t  t e a t  
prugraln t o  produce Low-g dnvi rtjn~nents r ap reban ta t  ivc, o f  RTLS dopara- 
t i o n .  The t e a t  f i x t u r e  and as.*ociatcd hardware were f n h r i c ~ t e r l  and 
aasemblarl hy Har t in  Nar ie t tn  and NASA JSC perronncl ,  Both o r ~ a n i s a -  
t iiwrr pa r t  i c  ipa ted i t \  t e s t  ctrr~d:~t*t and d a t a  t ~ d u ~ t i 0 1 1 .  Thc o b j e c t  ive 
of t l ~ r  Pkaa* I 1  tent program wad t o  more c lone lv  s imula te  the Bond 
and Rt~y~~oltim number* axpactcrrt d u r i n ~  f u l l - r c a l a  RT1.S r e p a r a t i o n  t o  
v a l  iriatr, Chlr a c a l  inp approactr of Sec t ion  2.1. 

Teat Hardware - The t o a t  f i x t u r e  wap a $,-&led up v e r r i o n  o f  t h e  Phare 
I drop tower mearuremnt m>duLe. The f i x t u r a  c a n a i s t a d  of n box 
frame8 t h a t  war auppcrrtt~d from n haac s t r u c t u r e  by t h r e e  a ?  r a i n  gage 
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# Liquid 1 = FC114B2 
2 = FC43 
3 = HEXANE 

1 * Lateral s l ider  delayed = > s I 
A Tank out let  increased by factor of 2 ,  flow rate reduced I 
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load c e l l s  ( In t e r f ace ,  Inc. ). The tank was mounted t o  the box frame 
a t  two p ivots ,  allowing the  tank t o  be t i l t e d  a t  0 ,  13, and 300 t Y ) .  

The load c e l l s  mer-ured forces  i n  the plane of the  tank p a r a l l e l  with 
the a i r c r a f t  longi tud ina l  ax i s .  Rod end bearings were used t o  con- 
nect  the load c e l l s  t o  the base and box frame. Four f lexures  pre- 
vented out-of-plane movement of the  tank and box frame. These were 
s ized ,  by s t i f f n e s s ,  such t h a t  they would not  s i g n i f i c a n t l y  a f f e c t  
load c e l l  measurements.The tank was a 1110th-sca le  model of the ET 
LOX tank. It 's ove ra l l  length was 151 cm (4.95 i t )  and the b a r r e l  
sec t ion  diameter was 84 cn  (2.76 f t ) .  The tank, which war 
fabr icated of t ransparent  a c r y l i c  p l a s t i c ,  was made i n  two sec t ions  
joined with bol ted f langes a t  the junction of the lower dome. 

The tank contained removable baf f l e s .  The an t ivo r t ex  b a f f l e  was made 
of t ransparent  a c r y l i c  p l a s t i c .  The s losh  b a f f l e s  were fabr ica ted  as  
an i n t eg ra l  u n i t  from aluminum. Both the s losh and cn t ivo r t ex  baf- 
f l e s  were geometric s ca l e  r ep l i ca s  of the fu l l - sca le  tank. However, 
the s losh b a f f l e s  lacked d e t a i l s  of the supports between b a f f l e s  (un- 
important i n  the  test program). I n s t a l l a t i o n  of the  s losh  baf f l e s  
accurately represented the baf f  le-to-wall spacing of the fu l l - sca le  
LOX tank. 

Figures 2-11 and 2-12 show the tank mounted i n  the f i x t u r e  a t  the 13- 
and 30-deg o r i en t a t i ons  respect ively.  Figure 2-13 is  a photograph of 
the t e s t  system including the instrumentation rack. 

During a f l i g h t ,  the  volume of t e s t  l i qu id  i n  the tank was var ied nu- 
merous times. Transfer of the t e s t  l i qu id  between the model tank and 
a supply tank was performed with an e l e c t r i c a l  pump. Figure 2-14 is 

B r e a t h e r  4~:~~' 

Overboard 
Dump 

Pump 

Figure 2-1 4 .  Plumbing Schematic 
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a  plumbing schematic of  the  t e s t  system. In terchanging l i n e s  a t  t h e  
valves  ad jacen t  t o  the  pump permit ted  the  d i r e c t i o n  of flow t o  be r e -  
versed f o r  tank d ra in ing .  A c a l i b r a t e d  s i g h t  gage on the  supply tank 
was used t o  determine the  volume of  l i q u i d  t r a n s f e r r e d  t o  t h e  tank.  

The plumbing system employed check va lves  (0.7 ~ / c m 2  ( 1  p s i )  crack- 
ing p ressure ]  a s  b r e a t h e r  and r e l i e f  va lves .  These valves  were in -  
tended t o  prevent the  p ressure  d i f f e r e n t i a l  between the  tank and 
cabin  from exceeding +0.7 ~ / c m 2 ,  a s  a i r c r a f t  a l t i t u d e  va r i ed .  How- 
e v e r ,  on the  second £Tight (with t h e  b a f f l e s  i n s t a l l e d )  when Freon 
113 (1% volume) was used a s  the  t e s t  l i q u i d ,  r a p i d  vapor iza t ion  oc- 
curred when the  c o o l e r  Freon con tac ted  t h e  warm tank w a l l s  and baf-  
f l e s .  Due t o  t h e  r e l a t i v e l y  long t e s t  t i m e  ( ~ 2 0  s ) ,  t h e  Freon co l -  
l e c t e d  over t h e  r e l i e f  valve  i n l e t  ( t o p  of t ank)  and s u f f i c i e n t  t ank  
vent ing was not  poss ib le .  This r e s u l t e d  i n  tank f a i l u r e  (Fig .  2-15). 

The tank was r e p a i r e d  and a  l a r g e  vent por t  was added i n  the  s i d e  of  
the  tank. A f l e x i b l e  rubber d i s k  c losed  t h e  p o r t ,  but  any i n c r e a s e  
i n  tank p ressure  caused i t  t o  open. This permit ted  e s s e n t i a l l y  un- 
r e s t r i c t e d  r e l e a s e  of vapor,  s i n c e  the  l i q u i d  was no t  u s u a l l y  o r i e n t -  
ed near  the  p o r t .  This des ign funct ioned s a t i s f a c t o r i l y ,  prevent ing 
any f u r t h e r  problems with tank p ressure .  

As p a r t  o f  the  r e p a i r ,  the  f l ange  on t h e  upper p a r t  of the  tank was 
replaced with an aluminum r i n g  t h a t  was glued and b o l t e d  t o  t h e  o r i g -  
i n a l  p l a s t i c  tank s e c t i o n .  Figure  2-16 is a photograph of the  re -  
pai red  tank. 

The motion of t h e  l i q u i d  was recorded with 16 mn Mil l iken motion p ic -  
t u r e  cameras o p e r a t i n g  a t  60 fps .  Three camera p o s i t i a n s  were used 
fo r  complete coverage. A three-axis  accelerometer  measured app l i ed  
a c c e l e r a t i o n s .  Load c e l l  d a t a  were output  on a  c h a r t  r ecorder  f o r  
quicklook d a t a  e v a l u a t i o n  and were a l s o  recorded on magnetic t ape  f o r  
subsequent d a t a  reduct ion.  The a c c e l e r a t i o n  time h i s t o r i e s  were a l s o  
recorded. Synchronization between the  f i l m  and recorded d a t a  was 
provided by a  b i l e v e l  s i g n a l .  When a  push bu t ton  was depressed ,  
lamps were i l luminated i n  the  camera Fie ld  of view, and the  change i n  
l e v e l  of a dc e l e c t r i c a l  s i g n a l  was tape  recorded.  Figure  2-17 de- 
t a i l s  the  t e s t  conf igura t ion  i n  the  KC-135. 

Test  Condit ions - Low-g a c c e l e r a t i o n s  were app l i ed  t o  the  tank by 
s l i g h t l y  modifying t h e  normal KC-135 pa rabo l i c  f l i g h t  path.  During a  
t y p i c a l  t e s t ,  t he  following f l i g h t  p r o f i l e  Has followed. Thc parabo- 
1ti was i n i t i a t e d  by d i v i n g  the  KC-135 and then p u l l i n g  up t o  achieve 
t h e  des i red  a i r speed  and angle  of a t t a c k  f o r  the  parabola.  During 
the p u l l  up, the  v e r t i c a l  a c c e l e r a t i o n ,  which was perpendicular  t o  
the a i r c r a f t  f l o o r  (ZAC, Fig. 2-11), reached l e v e l s  of +1.9 t o  +2.0 y .  





F i v e  2-12. l/l~th-Scate Tank Tilted to y = 30' 
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Tnie acce lera t ion  acted t o  s e t t l e  the l i q u i d  a t  the battom of t he  
tank, dupl icat ing the propellant loca t ion  i n  the t T  before MECO. rSI 
the a i r c r a f t  entered the parabolic a r c ,  there war a rapid t r a n r i t i o n  
(22 r )  from the high por i t ive  acce lera t ion  .+. the negative lort-g t e a t  
accelerat ion.  During the t e r t  program, acce l e r r t i on r  of 2-0.1 g and 
z-Q.2 g 'LAC) were ured. The l a t e r a l  component (XAC) war obtained by 
adjust ing 'he t h r o t t l e r  r o  t ha t  the a i r c r a f  t continued t o  acce lera te  
as  i t  entered the parabola. 

During some t e r t r ,  out-of-plane (YAC) acce lera t ionr  occurred. Be- 
cause of the variab3 I i t y  of the acce lera t  ion8 , approximately three 
t e s t s  were performed for  each t e a t  condition and t e r t r  with out of 
plane (YAC) l iqu id  motion o r  s imi l a r  defect8 weze diecardad. 

Tert condi t ions,  s imi la r  t o  thore in  Phase I, were se lec ted  t o  f ac i l -  
i t a t e  comparison of r e s u l t r .  Table 2-5 de l inea tes  the  Phare XI t e r t  
matrix. The t e s t  program included 30 t e r t  condi t ions (a  t o t a l  of 89 
low-g parabolas). Four KC-135 f l i gh t8  were flown t o  acconrmodate con- 
f igurat ion changes: b a f f l e  i n s t a l l a t i o n  and r e m o \ ~ l ,  and t e r t  l iquid.  

Crta Reduction - h e  data  reduction procere f o r  P h a ~ e  I1 war s imi l a r  
t o  tha t  of Phare I. The analog f l i g h t  tapee, including force and ac- - - 

ce l e ra t  ion measurement3, were d ig i t i zed  and converted ;o engineering 
uni ts .  Approximately 25 s of time encompaseing each t e s t  were d i g i t -  
ized. The load c e l l  data  were then resolved t o  the tank centered co- 
ordinate  rye tem ( ~ i g  . 2-10) for  co r r e l a t ion  w i t h  analyrer  . Reference 
(41 d e t a i l s  the Phase I1 data  reduction procesr. 

2.3 SUMMARY OF TEST RESULTS 

This sect ion i s  a sununary of the t e s t  r e s u l t s  from both Phase I and 
Phase 11. Observations on the character  of the l iqu id  motion, a s  well 
as  comparisons of measured force data a r e  prerented. More d e t a i l  on 
the t e s t  r e s u l t s  can be found in References [31  and 141. 

in general,  i t  was found tha t  the drop tower provides a more cont ro l led  
t e s t  environment. Test conditions a r e  repeatable  and a c c e l e ~ r t i o n  en- 
vironments can be accurately spec i f ied .  Although l iqu id  reor ie3 ta t ion  
forces i n  the drop tower a r e  small ,  they s r e  measurable, and photo- 
graphic coverage i s  exce l len t .  



TABLE 2-5, KC- 135 TEST MATiWX 
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Ter t ing  i n  the  KC-135, on the  o t h e r  hand, provider  rome r p e c i a l  prob- 
lems. Accelera t ion environmentr a r e  q u i t e  v a r i a b l e  and depend rubstan-  
t i a l l y  on p i l o t  technique.  Becaure of  t h e  l a r g e  t r m r i e n t s  a t  t h e  be- 
g inning and end o f  a  parabola ,  f o r c e  r e r o l u t i o n  is s t i l l  a  problem. 
Inr t rumenta t ion m r t  accommodate t h e  l a r g e  t r a n r i e n t r  y e t  r t i l l  be ren- 
si t  ive  enou* t o  measure t h e  r e a r i e n t a t  ion forcee .  The l a r g e  t r a n r i e n t  
a c c e l e r a t i o n s  (on t h e  o r d e r  of 2 g )  d i c t a t e  a  "beefy" t e s t  f i x t u r e  t h a t  
p a r t i a l l y  obscures photographic coverage. However, t h e  KC-135 docs 
provide f o r  r u b s t a n t  i a l l y  longar  f u l l - s c a l e  s imula t  ion time than t h e  
drop tower. In  a d d i t i o n ,  Bond and Reynolds numbers a r e  much c l o r e r  o 
those expected i n  the  f u l l - s c a l e  ET. 

A comparison o f  t h e  KC-135 and drop tower test d a t a  [Ref 41 r e s u l t e d  i n  
the conclusion t h a t  t h e  genera l  c h a r a c t e r  of t h e  l i q u i d  r e o r i e n t a t i o n  
was the  same i n  t h e  two t e s t  programr. Although some minor d i f f e r e n c e s  
were ev iden t  (e.g. ,  more s u r f a c e  breakup i n  the  KC-135 due t o  h igher  
Bond number), the  bulk motion of  t h e  l i q u i d  was s i m i l a r .  Reference I41 
a l s o  presented a  comparative a n a l y s i s  between t h e  drop tower and KC-135 
d a t a ,  which demonstrated t h e  v a l i d i t y  of  the  time s c a l i n g  a n a l y s i s  o f  
Sect ion 2.1. 

Ana ly t i ca l  c o r r e l a t i o n s  (Chap. 3.0) t o  both the  KC-135 and drop tower 
t e s t  d a t a ,  a l s o  v a l i d a t e  the  s c a l i n g  appraach. The a n a l y t i c a l  modcl is 
based on the  premise t h a t  Froude number s c a l i n g  is v a l i d .  

The following paragraphs present  some obse rva t ions  on the  in f luence  of 
s e l e c t e d  parameters va r i ed  dur ing  the  two t e s t  programs. Only drop 
tower f o r c e  time h i s t o r i e s  a r e  presented f o r  comparison. The v a r i a b i l -  
i t y  of KC-135 a c c e l e r a t i o n s  makes i t  d i f f i c u l t  t o  d i r e c t l y  compare 
force  time h i s t o r i e s .  

Unba f  f  l ed  Tank 

Liquid r e o r i e n t a t i o n  in  the  unbaff led  tank was wel l  behaved. In a l l  
c a s e s ,  t h e  b i a x i a l  a c c e i e r a t i o n  caused the  l i q u i d  t o  r e o r i e n t  along 
the tank wal l .  Previous t e s t  programs [Ref 141 have demonstrated t h a t  
the  l i q u i d  w i l l  r e o r i e n t  along the  tank w a l l ,  even f o r  pure ly  a x i a l  
a c c e l e r a t i o n s ,  i f  the  tank is  t i l t e d  a s  l i t t l e  a s  1 deg w i t h  r e s p e c t  t o  
the  a x i a l  a c c e l e r a t i o n  vec to r .  During drop tower t e s t i n g ,  a  wave 
formed i n  the  l i q u i d  c e n t e r  e a r l y  i n  the  t e s t ,  i n d i c a t i n g  s tendency 
f o r  t h e  l i q u i d  t o  t r a v e r s e  t h e  tank c e n t e r .  This wave, g e n e r a l l y  
c a l l e d  a  Taylor i n a t a b i l i t y ,  forms because the  motion of the  l i q u i d  
along the  tank wa l l  l a g s  the  hulk l i q u i d  motion produced by a c c e l e r a -  
t i o n  forces .  These i n s t a b i l i t i e s ,  which were g e n e r a l l y  r h o r t  l i v e d ,  
r ap id ly  joined the  flow along t h e  wa l l .  This i n s t a b i l i t y  was n o t  a s  
evident  in the  KC-135 t e s t s  due t o  the  l a r g e r  Bond ncmber and t h e  gen- 
e r a l l y  l a r g e r  l a t e r a l  a c c e l e r a t i o n  components. 

Figures 2-18 through 2-25 con ta in  s i n g l e  frame photographs from the  
high speed drop tower and KC-135 movies. The d i s c r e t e  time of each 
frame, from t e s t  i n i t i a t i o n ,  i s  noted.  These f i g u r e s  w i l l  be d i scussed  
i n  t h e  following paragraphs. 
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Ef fec t  of F i l l  Volume - F i l l  volume d id  not  inf luence the  general  
charac te r  of the l i qu id  motion. Fiuurer 2-18 throu* 2-20 contain r in -  
ale frame photograph8 from the high-speed drop tower sovier  t o r  f i l l  
voluner of 2, 15, m d  lo%, respec t ive ly  (Fc-ll4B2). In general ,  a l i q -  
uid f i lm led the bulk l i qu id  motion around the  tank. In t h e  ca re  of 
the 2% f i l l  volume, the majority of the l i qu id  war d i r t r i b u t e d  i n  the 
filar. The leading edge of the l i q u i d ,  f o r  rome f i l l  voluaer ,  conplete- 
ly c i r cu l a t ed  the  tank. However, t h e  majority of the l i qu id  began t o  
dece le ra te  and c o l l e c t  a f t e r  passing throu* the  tank'r  ogive dome. 
With a longer t e r t  time, the  l i qu id  would have co l lec ted  m d  eventual ly  
reached an equi l ibr ium posi t ion a r  determined by the acce le ra t ion  
w c  to r .  

The ogive dome o f  the BT LOX tank trapped the l i qu id  as  i t  pareed 
through, e rpec i a l l y  fo r  l a rge r  f i l l  volumes. The general r eo r i en t a t i on  
charac te r  was one of  f i l l i n g  and then emptying the dome. However, a t  
the rmaller  2% volume, the l i qu id  flowed smoothly through the  dome. 
This r eo r i en t a t i on  charac te r  is d i f f e r e n t  than t h a t  observed fo r  tanks 
having hemirpherical domes l ~ e f r  1, 2) .  Hemispherical domes allow the 
l iqu id  t o  flow through smoothly. The entrapment tends t o  d i s s i p a t e  
energy through turbulence. This observation is cons i s t e n t  w i t h  the  
r e s u l t s  of o ther  drop tower t e r t s  on cy l ind r i ca l  tank compartments per- 
formed a t  Martin Uar ie t ta .  The sharp corners  o f  these tank6 s i g n i f i -  
cant ly  damped the  l i qu id  motion. 

Figures 2-26 and 2-27 a r e  p lo t s  of the  measured force time histo-..ies 
(Fn, F T tank coordinate system) fo r  f i l l  volumes ranging from 2 
t o  15% f Ident ica l  t e s t  condi t ions) .  Larger fill  vo luws  exh ib i t  l a rge r  
forces  t ha t  peak sooner than smaller  volumes. Smaller volumes must 
t raverse  a longer d i s tance  t o  reach the  same r e l a t i v e  point i n  the 
tank, which r e s u l t s  in  a peak force time delay. However, f i l l  volume 
doe. not have an e f f e c t  on the ove ra l l  charac te r  af the measured forces.  

Ef fec t  of Liquid Viscosi ty  - The sca l ing  ana lys i s  ind ica ted  t h a t  
the inf luence of v i s cos i t y  during r eo r i en t a t i on  should be negligible i f  
the Reynold8 number is g rea t e r  than 50. To inves t ina te  viscour e f -  - 
f ec t s , .  the  10% f i l l  volume case was run w i t h  three d i f f e r e n t  test l i q -  
u ids  in  t h e  drop tower t e s t  program. Figurer 2-20 through 2-22 rhow 
the r eo r i en t a t i on  time h i s t o r i e s  fo r  FC-114B2 (U = 0.75 cp) ,  F C 4 3  
( P - 6.50 cp)  , and HEiu\N!I ( u - 0.33 cp) . Figure 2-23 shows a s imi l a r  
KC-135 t e s t  condition using FC-113 ( U - 0.67 cp). The general charac- 
t e r  of the bulk l i qu id  motion was the same in  a l l  four t e s t s .  The p r i -  
mar, qbservable d i f fe rence  was i n  the motion of the l iqu id  f i i m  t ha t  
leads the bulk l i qu id  motion. A comparison of the 0.4-8 frames in  Fig- 
-, .es 2-20 through 2-22, shows tha t  the lower the v i r cos i t y  , the  higher 

\ O  f i lm ve loc i ty .  HIEXANE l eads ,  c lose ly  followed by the FC-114B2; the 
FC-43 f i lm lags both. 

Viscos i t y  a l s o  influenced how much l i qu id  c i r cu l a t ed  completely around 
the tank during the t e s t .  However, the bulk motion was not s i g n i f i -  
can t ly  a l t e r e d  even though viscosity varied by a f ac to r  of 19.7 and the 
Reynolds number varied by a f a c t ~ r  of 25.7 over t h e  four t e s t s .  This 
supports the eca l ing  premise t ha t  viscous forces  have a neg l ig ib l e  ef-  
f ec t  on bulk l i qu id  reor ien ta t ion  in the RTLS Reynolds number regime, 

2-32 



Figure 2-28 ohown a fo rce  compar i r o n  f u r  drop t o w r  t e r t r  I, b,  and 32 
F i r  2-20 t o  2 2 2  Abro lu te  nr;nitude conp r r i r on r  cannot b r  u d e  
due t o  the d i f f a r a n t  l i q u i d  d rn r  i t i a r .  Howv r r ,  any v i r c o r i t y  e f t e c t r  
would probably appsar i n  the  phrainl; o f  force p a h r .  FC-43 ir awr 
e i @ t  t iu r  a r  v i r c a u r  a0 FC-1lOI2, and a lnaat  10 t iur  a0 viocoua a r  
W N R .  't'n* r a r u l t o ,  howrvrr ,  a re  inconeluaive,  No c l e a r  t r end  ir 
prerent  i n  F i$uto 2-28. The F y ~  p l o t  supplier the n a ~ t  i n f o m a t  ion. 
Por Fd-114I2, the negat i v *  F m  peak occur8 r l i l h t  l y  ahead ( in  t imm) 
d f  the pmak f u r  Fd-43. 'hi$ may i n d i c a t o  tha t  the lea*  v i r coua  
PC-11462 i r  moving a l i t t l e  t a u t e r  than the FC-43. In aeneral ,  how- 
ever, v i a c o a i t y  doan no t  r r e r  t o  have an appreciahl. e f f e c t  on the  
terce t iao h i a c o r i e r  , 

Effect of Tank Or l *n ta t i on  - Several r ~ l r t r  w r o  rut\ a t  tank rrrten- 
t a t i o n r  o f  0 and 30 det.  fn add i t  ion, the a x i a l  acce le ra t i on  c ~ W n @ n t  - 
wrr h a l w d  i n  ronn t a r t * .  Iheao r.hatiger d i d  no t  r i y n i f i c a n t l v  a l t e r  
the o v e r a l l  1 iqrrid mot i o n  r -haractor ia t  i c r ,  Figurer  ?-24 and ?-'2q ahtw 
droll tnwr tcrmfa .\O t Y a  01') arrd ,'$ ! T -  .lo''!, r e r p * c t i v * l v .  

7%. #1?-13t t ea t  pral;ram a l r o  inclr!ded tea to  a t  Y- 0, 13, and 33 dra. 
No appreciable d i t  farens* in  the  l i q u i d  mt ion  war o b r o r w d  in thore 
t e r t r  e i t h e r .  



F i l l  Vol- = 2% 
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Tcst Liquid = Fe-114B2 

0m032 gl 
0.093 g 

F i g u r e  2-1 9. D m p  To;.rer mest 22, Unbaffled Tank 



F i l l  Volum = 10% 

Tmrt Liquid - FC-114B2 
O-Om g-i 

0.091 g 

ORIG!NF,L ??r? 
OF POOR QUALIT'& 

Figurn 2-20. Orop  Tmer Test 5, Unbaffled Tank 
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F i l l  v01- ' 10% 



Fill Volume - 10% 
Teet Liquid = HEXANE 

7 
0.090 g 

I.. . . " b "  " *  , 1 ,  , :  ,i:'* ; R,;b, ;*+yLo, ,,: ;-, ;,.i . . .':-:':'m , " , 
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Taet Wquid 1 FC-U3 

'7 
=0*2 g 
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T 0 4.4 s T = 5.1 

Figure 2-23. KC- 135 Test 1.2.2, Unbaffled Tank 



y = 0. 

Fir1 Volume - 10s 
Tamt Liquid = PC-11482 

0*032 gl 
0.042 g 

T - 1.2 8 T - 1.6 a 

Figure 2- 24. m p  Tmer Test 30, Vnbafj'Zed Tank 
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Fill Volume LOX 

Teat Liquid = FC-11402 

0*031 g7 
0.091 g 

T - 1.2 s T - 1.6 s 

F i g -  2-25. Dmp T o t l ~ r  Test 25, W a f f l e d  Tank 



O 2r Liquid - FC114b2 

*Traraduccrra Calibrated 
i n  Engliah Ualts. 
(lb a 4.45 19) 
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Figure 2-26. 
Onbaffled Tank, Drop Towr Liquid ReorientaClon Fome Time 
Histories: Fi l l  Volume Comparison (Test8 5 ,  9, and 21)  

2-4 2 

PAW I8 
QUALITY 



Liquid - FC114B2 

a )  Y Form Time History T 

b )  ZT Fome Time History 

Figure 2-27. 
Unbaffted Tank, Drop Tmer Liquid Reorientation Forace ;'he 
Histodss:  F i t 2  VoZume h om par is on (Tests 5, 21, and 221 
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2.3.2 Baff led  Tank 

Incorporat ion of b a f f l e s  i n t o  the  tanks r e s u l t e d  i n  extremely t u r b u l e n t  
flow. Figures  2-29 through 2-34 con ta in  s i n g l e  frame photos from t h e  
high bpeed KC-135 and drop tover  movies f o r  s e l e c t e d  b a f f l e d  tank 
t e s t s .  Although t h e  genera l  r e o r i e n t a t i o n  c h a r a c t e r  was s i m i l a r  t o  t h e  
unbaff led  t ank ,  t h e  b a f f l e s  s i g n i f i c a n t l y  a l t e r e d  the  r e o r i e n t a t i o n  
fo rces .  

For small  f i l l  volumes (2X), t h e  a n t i v o r t e x  b a f f l e  cacsed a  p o r t i o n  of  
t h e  l i q u i d  t o  t r a v e r s e  t h e  tank i n t e r i o r  and impact t h e  w a l l  nea r  t h e  
ogive dome. This d i d  not  occur i n  t h e  KC-135 t e s t s  because t h e  XAC 
a c c e l e r a t i o n  began t a c t  whi le  t h e  ZAC a c c e l e r a t i o n  component was 
s t i l l  p o s i t i v e .  This  tended t o  p o s i t i o n  t h e  l i q u i d  away from the  a n t i -  
vor tex  b a f f l e .  Const ruct ion of  t h e  1160th-scale (drop tower) tank baf-  
f l e s  allowed t h e  l i q u i d  t o  flow between tile b a f f l e s  and the  tank wa l l .  
The 1110th-scale (KC-135) tank b a f f l e s  were more r e p r e s e n t a t i v e  of  the  
f u l l  s c a l e  ET LOX tank and prevented t h i s  wa l l  flow. 

Figures  2-29 and 2-30 show r e o r i e n t a t i o n  f o r  s i m i l a r  t e s t  c o n d i t i o n s  i n  
the  drop tower and KC-135. Although the  h igher  Bond number i n  t h e  
KC-135 t e s t  r e s u l t e d  i n  more s u r f a c e  breakup, the g e n e r a l  r e o r i e n t a t i o n  
c h a r a c t e r  was s i m i l a r .  The baffles i n  t h e  KC-135 t ank  d i d  a b e t t e r  job 
of  con ta in ing  the  l i q u i d  i n  the  upper p a r t  of  t h e  ogive dome ( s e e  Fig.  
2-30, T  = 5.6 t o  6.4 s ) .  This was due t o  t h e  s m a l l e r  b a f f l e l w a l l  gap 
i n  t h e  1110th-scale tank and would be t h e  expected behavior i n  the  
f u l l - s c a l e  ET. 

Figures  2-31 and 2-32 show the  in f luence  of f i l l  volume. The e f f e c t  of 
t h e  a n t i v o r t e x  b a f f l e  on smal l  f i l l  volume ( a s  d iscussed above) can be 
seen i n  Figure 2-31. Figures  2-33 and 2-34 show t e s t s  performed z t  
Y= 0  and 300, r e s p e c t i v e l y .  A s  i n  t h e  unbaf f l e d  tank t e s t s ,  no ap- 
p r e c i a b l e  d i f f e r e n c e  i n  r e o r i e n t a t i o n  c h a r a c t e r  was evident .  

Turbulence caused by the  b a f f l e s  g e n e r a l l y  reduced t h e  l i q u i d  r e o r i -  
e n t a t i o n  fo rces .  Figures  2-35 and 2-36 p resen t  comparison of  drop 
tower r e o r i e n t a t i o n  f o r c e  time h i s t o r i e s  f o r  s i m i l a r  b a f f l e d  and unbaf - 
f l e d  tank t e s t  cond i t ions .  S i m i l a r  r e s u l t s  were noted f o r  a l l  t e s t  
cond i t ions .  Figures  2-37 and 2-38 show drop tower t e s t  16 and 18,  in  
which t h e  l a t e r a l  ( A ~ ~ ~ )  a c c e l e r a t i o n  component was delayed f o r  
~ 0 . 5  s  a f t e r  t e s t  i n i t i a t i o n .  Figure 2-39 p r e s e n t s  a  comparison of  the  
fo rce  time h i s t o r i e s  f o r  these  two t e s t s .  Note t h a t  the  b a f f l e s  a l s o  
reduced the  force  l e v e l s  f o r  t h i s  case .  
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3.0 TWO DIMENSIONAL FINITE ELEMeNT MODEL (LA?lPS2) 

3.1 INTRODUCTION 

'The l i q u i d  mot ion dur ing  the  RTLS maneuver has  previously  been analyzed 
by a  s i n g l e  point  mess mechanical analog developed f o r  NASA's Space 
Vehicle Dynamics Simulation Program (SVDS). This analog p o r t r a y s  t h e  
l i q u i d  a s  a  po in t  mass moving on an e l l i p s o i d a l  c o n s t r a i n t  s u r f a c e  

Z 
+ 

a. - a l z  = 1. This c o n s t r a i n t  s u r f a c e  is  de f ined  as t h e  

e l l i p s o i d  Chat b e s t  f i t s  the  locus  of  c e n t e r  of  mass l o c a t i o n s  pre- 
sc r ibed  by a n a l y t i c a l l y  r o t a t i n g  the  tank i n  a 1-g f i e l d .  m e r e f o r e ,  
the  c o n s t r a i n t  s u r f a c e  is a  funct ion of tank geometry and f i l l  volume. 
The fo rces  t h a t  c o n s t r a i n  the  CM t o  the  e l l i p s o i d a l  s u r f a c e  . re repre-  
s e n t a t i v e  of t h e  fo rces  the  l i q u i d  e x e r t s  on the  ET tank.  A s i m i l a r  
model, c a l l e d  LAMPS, was developed a t  Martin Mar ie t t a .  The LAMPS model 
por t rays  the  l i q u i d  a s  a  point  mass moving on an e l l i p s o i d  c o n s t r a i n t  
s u r f a c e .  Conceptually,  the  LAMPS model expresses  the  fo rces  of  the  
m o ~ i n g  p rope l l an t  a s ,  

where 

MA = D'Alemberc component of f o r c e ;  

M(£ )e = modif l ed  c e n t r i p t a l  component of f o r c e ;  
m P 

f  = e f f e c t i v e  mass f a c t o r .  
m 

The e f f e c t i v e  mass f a c t o r  concept was developed i n  a  previous NASA 
study [Ref 21. This study concluded t h a t  a s  the  l i q u i d  r e o r i e n t s  and 
a c c e l e r a t e s ,  the  f r e e  su r face  begins  t o  assume a  curved i n t e r f a c e .  
Ana ly t i ca l ly  breaking the  l i q u i d  i n t o  f i n i t e  s e c t  ions ,  (Fig .  3-11 
revea l s  t h a t  each segment e x e r t s  a c e n t r i p t a l  a c c e l e r a t i o n  fo rce  on the  
tank perpendicular  t o  i t s  v e l o c i t y  v e c t o r .  Figure  3-1 shows t h a t  the  
n e t  c e n t r i p t a l  a c c e l e r a t i o n  fo rce  exer ted  on the  tank is l e s s  than t h a t  
ohtained by lumping the  t o t a l  l i q u i d  mass a t  i t s  c e n t e r  of mass. Ttre 
graph i n  Figure  3-1 p resen t s  the  mass f a c t o r  versus  percent  f i l l  volume 
r e l a t i o n s h i p  der ived i n  the  referenced s tudy.  

The LAMPS model r a s  used t o  s imuia te  t h e  Phase I drop tower t e s t  d a t a .  
Figure 3-2 shows a  comparison of the  t h i s  model and drop tower t e s t  
da ta  f o r  the  z-axis fo rce .  This comparison is f o r  drop tower t e n t  22, 
a 15% f i l l  volume case .  The model produces a  l a r g e  fo rce  s p i k e  a s  the  
c e n t e r  of mass moves through the  l a r g e  change in curva tu re  a t  t h e  t o p  
of the ET LOX tank. ?he i n t e g r a t e d  e f f e c t  o r  impulse app l i ed  t o  t h e  
tank is shown in Figure  3-3. Again, t h i s  r e s u l t  i e  c o n ~ e r v a t i v e  with 
respect  t o  the  t e s t  da td .  

3-1 
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- 
e = Unit  Normal Vector t o  

t h e  C o n a t r a i - t  Sur face  
a t  t h e  Liquid CM 

- 
Fi - Segment C e n t r i p e t a l  Ac- 

c e l e r a t i o n  Forcee 

- C e n t r i p e t a l  Acce le ra t ion  
'CM Force Resu l t ing  from 

Lumping T o t a l  Mass a t  
Liquid CM 

Liquid E f f e c t i v e  Ma~s J u s t i f i c a t i o n  

- 
Legend : 

C y l i n d r i c a l  Tank 

+ @ S p h e r i c a l  Tank 

d 

% F i l l  Volume 

Liquid E f f e c t i v e  Mass Comparison 

PIzure 3-1. Liquid Effective Mass GeveZopment 

Application of a  reduced mesa f a c t o r  produces a  r educ t  ion i n  t h e  1evr:l 
of forces  but  re.3ults  i n  a  nonconeervative s imulat ion of t h e  impulse 
appl ied  t o  th,! tank.  Theee r e s u l t s  a r e  shown i n  Figul.es 3-4 and 3-5. 
From t.hsse obsei-vations,  it wae concluded t h a t  a  d i r t r i b u t e d  o r  mul t i -  
ple mass r e p r e s e n t a t i o n  of the l i q u i d  motion wae requ i red  t o  more 
c loscly  s imulate  the  p rope l l an t  dynamics. 
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Tank 
2 Axis 
Force , l b  x lo-' 
(1 l b  " - 4 5  N) 

Figure 3-2. 
LAMPS Mode2 C o m p d ~ o ~ i  t o  Drop T0&?2- Test 22 Data, 
Tank Z Axis Force 

3.2 I M P S 2  MODEL CONCEPTUALIZATION 

The d rop  tower and KC-135 * a  sts were performed wi th  b i a x i a l  a c c e l e r a -  
t i o n s  s p p l i e d  t o  t h e  t ank ,  which r e s u l t e d  i n  p lanar  r e o r i e n t a t i o n .  
Fva lua t ion  of  a  m u l t i p l e  mass approach could  t h e r e f o r e  be performed 
u s i n g  a  two-dimens iona ' r e p r e s e n t a t i o n  o f  t h e  l i q u i d .  T h i s  r e p r e s e n t a -  
t i o n  was ob ta ined  by p a s s i n g  a  p lane  (Y-Z) through t h e  a x i s  of  synnnetry 
o f  t h e  ~ a n k .  Th i s  produced a !vod imens iona l  s l i c e  o f  l i q u i d  t h a t  was 
d iv ided  i n t o  t r i a n g u l a r  r e g i o n s  ( f i n i t e  e l emen t s ) .  The t h i c k n e s s ,  n o r -  
m a l  t o  t h e  pape r ,  v a r i e s  fro= element  t o  element  b u t  was a s s u m d  con- 
s t a n t  w i t h i n  t h e  boundar ies  of a given e lement .  'Ihe t o t a l  l i q u i d  v o l -  
ume was t h e  sum of  t h e  voluines of t h e  t r i a n g u l a r  r eg ions .  Thc mass 
w i th in  each element  was c o l l o c a t e d  t o  t h e  v e r t i c e s  o r  node p o i n t s  o f  
each t r i a n g l e .  T h i s  r e s u l t e d  i n  a d i s t r i b u t i o n  of t h e  l i q u i d  mass 
throughout  t h e  l i q u i d  volume (Fig .  3-61. 

Divid ing  t h e  l i q u i d  i n  t h i s  f a s h i o i ~  r e s u l t s  i n  two g e n e r a l i z e d  coo rd in -  
a t e s  f o r  each l i q n i d  node: t h e  y and z p o s i t i o  c o o r d i n a t e s  of each 
node po in t .  The element  .* -1e p o i n t s  were catego:ized acco rd ing  t o  l o -  
c a t i o n  i n  t h e  l iq l r id  vr-Iu.. Type I node po in t$  occu r  on t h e  f r e e  s u r -  
f a c e ,  t ype  11 node poinru l i e  on t h e  tank  boundary, and type  111 p o i n t s  
a r e  t hose  p o i n t s  i n t e r i o r  t o  t h e  l i q u i d .  Under normal c i r cums tnnces ,  
t h e  l i q u i d  cannot  p e n e t r a t e  t h e  tank  w a l l  boundary. A t  t h e  t a n k  
boundary, t h e  v e l o c i t y  of t h e  l i q u i d  normal t o  t h e  wa l l  must be ze ro .  
The re fo re ,  node p o i n t s  i n  t h e  v i c i n i t y  of t h e  wa l l  may only  have v e l o -  
c i t i e s  t a n g t n t  t o  t he  wa l l .  This  c o n s t r a i n s  t h e  t ype  I I  node p o i t ~ t s  t o  
fol low t h e  tank  wa l l .  

3-3 
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Figure 3-3. 
UMYS I&deZ Cornparisor. to m p  Tower Test 22 Lhta, Imptlzse 
of Tank 2 Axis Force 

This constraint  is similar t o  t h a t  employed i n  the  LAMPS formulation 
[ ~ e f  11. The difference being t h a t  t he  ac tua l  tank boundary is used a s  
the cons t ra in t  surface. whereas the  LAMPS cons t ra in t  surface represents  
the locus of center  of mass points,  assuming the l i qu id  has a f l a t  
surface. Test observations have shown tha t ,  i n  f a c t ,  the surface 
becomes curved a s  the  l iqu id  c i r cu l a t e s  the  tank. Therefore, t h e  
true center of mass locations would be d i f fe ren t  from those assumed m 
the LAMPS model. The d is t r ibu ted  mass approach circumvents t h i s  prob- 
l e m  by using the tank boundary as  the constraint  surface. 

The forces interconnecting the nods points r e su l t  from the l iqu id  being 
incompressible and capable of developing in te rna l  viscous shear 
forces. The l iquid incompressibility manifests i t s e l f  as a s e t  of non- 
holonomic ons t ra in t  conditions applied t o  t h e  generalized coordin- 
a tes .  The incompressibility forces,  along with the boundary cons t ra in t  
forces ,  a re  included in the equations of motion by using the Lagrange 
undetermined mult ipl ier  method, The viscous shear forces appear a s  a 
set of d iss ipa t ive  generalized forces applied t o  the r igh t  s ide  of the 
equations of mot ion. 
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Figure 3-6. !It& Dimensional Finite Element Model of Liquid 

The equat ions  o f  motion a r e  numerical ly  i n t e g r a t e d  w i t h  r e s p e c t  t o  t i m e  
t o  o b t a i n  the  new p o s i t i o n  coord ina tes  of  the  l i q u i d .  These new coor- 
d i n a t e s  a r e  used t o  update the  f i n i t e  element geometry. The new geome- 
t r y  is employed t o  update t h e  l i q u i d  i n c o m p r e s s i b i l i t y  and viscous  
fo rces .  The equa t ions  o f  motion a r e  again  eva lua ted  and t h e  procedure 
repeated.  This  approach produces 3 time h i s t o r y  of  t h e  l i q u i d  motion 
which may be d i r e c t l y  compared t o  the  photogrsphs of  tlre t e s t  da ta .  
Furthermore, the  f o r c e s  the  l i q u i d  e x e r t s  on the  tank can be c o r r e l a t e d  
w i t h  those  measured i n  the  drop tower and KC-135 tests. 
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3.3 DEMLOmNT OF THE 15QUATIONS OF MOTION 8 

The primary objec t ive  of developing the two-dimenrional model war t o  
demanrtrate the a p p l i c a b i l i t y  of t h e  f i n i t e  element formulation i n  I 

solving t h e  l i qu id  motion problemr. This model war derigned t o  be co t -  ! 
r e l a t ed  with the  drop tower and KC-135 t e a t  data.  In both there  da ta  5 

the l iqu id  motion war planar m d  occurred i n  a nonrotat ing frame of re- 
ference. Wi th  there  considerat ions in  mind t h e  equations of motion f o r  
the l iqu id  were developed from Lagrmge'r aquatione. lhese  equation8 5 

consider gene r r l i t ed  forcer  and employ nonholonomic conr t ra  i n t s  . Th i r  
c l a s r i c  form can be exprerred a r ,  

with the aux i l i a ry  equations,  

where 
- 
qk 

= kth general ized coordinate (k=l, 2, ... n coordinates) ;  

L Lagrangian ( k i n e t i c  - p o t e n t i a l  energy); 

bkl - c o e f f i c i e n t s  of t h e  Lagrange mu l t i p l i e r s ;  

A l  - Lagrange m u l t i p l i e r s  (L - 1, 2, ... n cons t r a in t s ) ;  

,, = the  g e n e r a l i z ~ d  force  f o r  the k th  coordinate.  
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The Lagrangian (L) f o r  t h e  l i q u i d  was assumed t o  c o n s i s t  only  of k i n e t -  
i c  energy terms. The v e l o c i t y ,  and hence t h e  k i n e t i c  energy f o r  t h e  
k th  l i q u i d  mass p o i n t ,  can be w r i t t e n  with t h e  use  o f  F igure  3-6. 

Rk = Gk + 4 (nonro ta t ing  frame) ( 3-4 

where 

- 
'k 

= v e l o c i t y  of  the  l i q u i d  r e l a t i v e  t o  the  tank frame; 

4 = v e l o c i t y  of the  t ank  frame; 

5 = k t h  mass po in t .  

The p o s i t i o n s  of t h e  l i q u i d  r e l a t i v e  t o  t h e  tank frame were s e l e c t e d  a s  
t h e  genera l i zed  coord ina tes  ( a l l  t e s t  l i q u i d  motion was observed r e l a -  
t i v e  t o  the  moving tank frame). Therefore ,  e v a l u a t i n g  t h e  p a r t i a l  de- 
r i v a t i v e s  of Lagrange's Equation,  

Hence, ~ a g r a n g e ' s  equa t ions  fo r  t h e  l i q u i d  can be w r i t t e n  a s ,  

This express ion ,  a long I i t h  equat ion (3-3) can be r e c a s t  i n t o  a conven- 
i e n t  ma t r ix  format,  

where 

[E] = diagona l  m a t r i x  of 1 ' s  and 0 ' s ;  

E = 1, t u r n s  i t h  c o n s t r a i n t  on;  i i 

Eii = 0, t u r n s  i t h  c o n s t r a i n t  o f f  . 



Combining t h e  [ E ]  matrix and t h e  [b] matrix, a s h o r t  hand n o t a t i o n  
can be employed, 

Before proceeding with t h e  d e t a i l e d  development of t h e  g e n e r a l i z e d  
forces  and c o n s t r a i n t  c o n d i t i o n s ,  the  techniques  used t o  s o l v e  t h i s  s e t  
of equa t ions  w i l l  be d iscussed.  

Mul t ip lying equat ion (3-8) by [ M I - 1  and employing the  s h o r t  hand no- 
t a t i o n ,  

D i f f e r e n t i a t i n g  (3-9) , 

S u b s t i t u t i n g  equa t ion  (3-11) i n t o  equa t ion  (3-12), { A )  can b e  solved f o r ,  

The values  f o r  { A )  can he s u b s t i t u t e d  back i n t o  equa t ion  (3-11) t o  ob- 
t a i n  t h e  s o l u t i o n  f o r  the  genera l i zed  a c c e l e r a t i o n s .  

3.3.1 Conservation of  Momentum 

The boundary nodes a r e  permitted t o  leave the  c o n s t r a i n t  s u r f a c e ,  t r a v -  
e l  i n t e r i o r  t o  the  t ank ,  and r e c o n t a c t  t h e  c o n s t r a i n t  s u r f a c e  a t  anoth- 
e r  l o c a t i o n .  Likewise, f r e e  s u r f a c e  po in t s  may c o n t a c t  t h e  tank con- 
s t r a i n t  s u r f a c e .  During these  impacts,  t h e  momentum of t h e  l i q u i d  mass 
normal t o  the  c o n s t r a i n t  s u r f a c e  is  imparted t o  the  tank.  There fo re ,  
by conservat ion o f  momentum (assuming a  c o e f f i c i e n t  of r e s t i t u t i o n  
equal  t o  ze ro :  the l i q u i d  does not  rebound),  the  impulse-momentum 
equa t ions  i n  terms of t h e  c o n s t r a i n t  cond i t ions  can be d e r i v e d .  



Hence, 

or 
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f  = t h e  impuls ive  f o r c e ;  

4- = v e l o c i t i e s  p r i o r  t o  c o n t a c t ;  

G+ = v e l o c i t i e s  a f t e r  c o n t a c t .  

Reca l l ing  t h a t ,  a f t e r  c o n t a c t ,  the  l i q u i d  v e l o c i t y  normal t o  t h e  wal l  
is I C ~ O ,  

S u b s t i t u t i n g  equat ion (3-16) i n t o  equat ion (3-17) and s o l v i n g  f o r  the  
impulsive f o r c e ,  

S u b s t i t u t i n g  equa t ion  (3-18) back i n t o  equat ion (3-16) t h e  f i n a l  ex- 
press ion f o r  the  v e l o c i t i e s  a f t e r  c o n t a c t  i s ,  

3.3.2 The Def in i t ion  of t h e  Condit ions of  Cons t ra in t  - 
Two c o n s t r a i n t  c o n d i t i o n s  a r e  imposed upon the  equa t ions  of  motion f o r  
the  l i q u i d .  The l i q u i d ,  which is assumed t o  be incompress ible ,  r e -  
q u i r e s  the  element volumes t o  remain c o n s t a n t .  This i s  a  time i n v a r i -  
a n t  cons t r a i n t  cond i t ion .  The number of  incompress ible  c o n e t r a i n t s  
equa l s  the  t o t a l  nc . '>er  of l i q u i d  elements.  The second c o n s t r a i n t  con- 
d i t i o n  r e q u i r e s  the  l i q u i d  t o  remain w i t h i n  t h e  boundary o f  the  tank 
( i . e . ,  t h e  tank w a l l  is impermeable). This is a  time va ry ing  con- 
s t r a i n t  c o n d i t i o n ,  i n  t h a t ,  node p o i n t s  may l eave  and r e c o n t a c t  t h e  
tank wa l l .  The  number of  p o t e n t i a l  impermeable c o n e t r a i n t s  equa l s  t h e  
sum of boundary nodes ( type 11) and f r e e  s u r f a c e  nodes ( type  I ) .  These 
cond i t ions  a r e  expressed i n  t h e  elements of  the  [b l  ma t r ix .  Although 
the number of a c t u a l  c o n s t r a i n t  cond i t ions  impoeed may vary with t ime,  

3-10 
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the  s i z e  of t h e  [bl  matr ix  remains c o n s t a n t  due t o  t h e  d e f i r r i t i a n  o f  
the [ €1 matr ix  [equa t ion  (3 - lo ) ] .  This approach g r e a t l y  e impl i f  i e e  t h e  
$rograrming of t h e  c o n s t r a i n t  equa t ions .  

Impermeability Cons t ra in t s  - Those node po in t s  t h a t  l i e  on the  tank 
wa l l  must s a t i s f y  t h e  s c a l a r  equa t ion ,  

where 

- 
n  = the  outward normal v e c t o r  t o  the  c o n s t r a i n t  s u r f a c e  a t  the  j t h  node 
j po in t  l o c a t i o n ;  

- 
j 

= v e l o c i t y  v e c t o r  of the  j t h  boundary node po in t .  

The normal v e c t o r  is def ined a s  the  g r a d i e n t  of t h e  c o n s t r a i n t  s u r f a c e ,  
9, eva lua ted  a t  the  j t h  boundary node point  l o c a t i o n .  

where V i s  the  d i f f e r e n t i a l  o p e r a t o r .  

The c o n s t r a i n t  s u r f a c e  s e l e c t e d  t o  r e p r e s e n t  the  tank wa l l  is a  d i e -  
t o r t e d  e l l i p s o i d .  Refe r r ing  t o  the  tank sketch (Fig.  3-?) ,  t h e  con- 
s t r a i n t  s u r f a c e  can be def ined a s ,  

where 

a g = a  ( l + a l ) ;  
fwd 

' ( a a f t  ' afwd)/(aaf t + afwd) ' 
b o  = semiminor axis of e l l i p s e  ( t a n k  r a d i u s ) .  

Using t h i s  d e f i n i t i o n  of the  c o n s t r a i n t  s u r f a c e ,  t h e  p a r t i a l  d e r i v a -  
t i v e s  can be evaluated t o  o b t a i n  an a n a l y t i c a l  express ion f o r  the  i m -  
permeabi l i ty  c o n s t r a i n t  of the  j t h  boundary node, 



Barrel 
Sec t ion  

1 FULL SCALE El' PARAMETERS I 
a = 176.3 in .  fwd 

a = 424.7 i n .  
a f t  

bo = 165.0  i n .  

Figure 3- 7. Constraint Surface Cefinit ion 

i n  matrix form, 

Equation (3-12) requires the time d e r i v a t i v e s  o f  the [ b l  matrix.  Hence, 

Evaluating the p a r t i a l  d e r i v a t i v e s ,  

and w r i t k g  in  matrix form for  the j th boundary po int ,  



C o n s t r a i n t  S t ~ r f a c e  D e f i n i t i o n  f o r  t h e  S losh  B a f f l e s  Region - The ET 
t ank  c o n t a i n s  s l o ~ h  b a f f l e s  t h a t  p e r t u r b  t h e  l i q u i d  a s  i t  c i r c u l a t e s  
t h e  tank .  The concept  f o r  i n c o r p o r a t i n g  t h e  b a f f l e s  i n v o l v e s  snperpo- 
s i t i o n i n g  t h e  d i s t o r t e d  e l l i p s e  wi th  a  ( 1  - c o s )  f u n c t i o n  t o  r e p r e s e n t  
t h e  b a f f l e s  r e g i o n .  The s u r f a c e  e q u a t i o n  development b e g i n s  w i t h  t h e  
d e f i n i t i o n  of  t h e  b a f f l e s  f u n c t i o n .  F i g u r e  3-8 shows a  s c h e ~ r a t i c  o f  
t h e  tank b a f f l e s  and t l ~ e  d e f i n i t i o n  o f  t h z  ( 1  - c o s )  f u n c t i o n ,  q . 

where 

h = B a f f l e  He igh t  

(or  E f f e c t i v e  Height )  

Figure 3-8. Comtraint  Surface ~ e f i n i t i o n  i n  Ba f f l e s  ilcgior. 

Combining e q u a t i o n  (3-32) an3  b a f f l e  f u n c t i o n  i n  t h e  r e g i o n  o f  t h o  b a f -  
f l e s  y i e l d s  t h e  f o l l owing  s u r f a c e  e q u a t i o n .  

- 7 4 
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V4  for the baffles r e g i o n  can be writ ten ae, 

Defining,  

and performing the  i n d i c a t e d  p a r t i a l  d i f f e r e n t i a t i o n s ,  

b - = 0 ($ i s  a f u n c t i o n  of z only)  
a~ b 

where 

-2a0 z .  
da - = I - and - I - 
a z  - a1 az a. 

I n  matr ix  form, 

In  a fashion s i m i l a r  t o  the development of equat ion (3 -271,  the  time 
d e r i v a t i v e  of the  [bl matr ix  for the b a f f l e s  region can be w r i t t e n  a s ,  



where 

Propellant/Tank I n t e r a c t i o n  Forces- - The c o n s t r a i n t  f o r c e ,  A , is 
def ined p o s i t i v c  (compression) v' sn a c t i n g  inward toward the  l i q u i d  and 
negat ive  ( t e n s i ~ n )  wren a c t i n g  obtward. Therefore ,  when the  constraint 1 
fo rce  is a c t i n g  t o  prevent wa l l  p e n e t r a t i o n ,  A is  p o s i t i v e .  The u n i t s  
of [ b ]  i n  equat ion (3-9) a r e  ( l l c m ) ,  and the  u n i t s  of [b] i n  equat ion 
(3-12) a r e  (l/cm-s). Hence, t h e  u n i t s  of the  impermeabil i ty lambda's 
in equat ion (3-13) a r e ,  ! 

1 1 1  dyne-cm 

The un i td  should be dynes. The inconsis tency occurs  because t h e  d e f i -  
n i t i o n  of  the - impermeabil i ty c o n s t r a i n t ,  equat ion (3-201, used 51 e nor- 
ma1 v e c t o r ,  n j ,  i ns tead  of the u n i t  normal, o/lnl. Therefore ,  the  
impermeability lambdas must be m l ~ l t i p l i e d  by t h e  magnitude of t h e  nor- 
mal t o  o b t a i n  the proper u n i t s .  These f o r c e s  a r e  r e s o l v ~ 4  i n t o  the  
tank coord ina te  system by us ing  components of the  normal vec to r .  
Therefore ,  the  t o t a l  l i q u i d  fo rces  a c t i n g  on the  tank a r e ,  

FZ = (5 . i ) )  

Bourrdary Crmstra int  Relaxat ion and Enforcement - Because the  impermca- - 
b i l i t y  c o n s t r a i n t  v a r i e s  i n  time, c r i t e r i a  f o r  swi tch ing  t h e  con- 
s t r a i n t  a r e  requ i red .  C r i t e r i a  f o r  enforcement and r e l a x a t i o n  of t h e  
c o n s t r a i n t  must s a t i s f y  t h e  physics of the  problem and account f o r  t h e  
l i m i t a t i o n s  of the  numerical  i n t e g r a t i o n  method. 
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The obvioua phyr i c a l  condition for  an forcing the conotraint  i o  t h a t  the 
node point reaches the boundatv.Substituting the  node point8 pooition 
coordinates i n to  the rurface eauation. 

w i l l  y ie ld  a value fo r  4 i den t i ca l ly  equal t o  one when the node i r  on 
the boundary. Coordinates of a point i n r ide  the boundary vlll have a 
value l e s r  than one and points  outs ide the boundary w i l l  have a value 
greater  than one. Therefore, by evaluat ing 4 ,  ti c r i t e r i a  f o r  
enfornnment can be establ ished.  

Numerical in tegra t ion  i s  not a continuous so lu t ion  but r a the r  a rolu- 
t ion  a t  some d i s c r e t e  in te rva l  of time. Taterefore,  node point0 ap- 
proaching the boundary (pous i b l e  enforcrment) w i l t  a,-nerally not f a l l  
exactly on the boundary. This problem can be solced by defining two 
pa ra l l e l  surfaces i ~ t e r i o r  t o  the ac tua l  boundary. Referring t o  Figure 
3-9, define 41, as  the most i n t e r i o r  sur face ,  and 92 the surface 
c loses t  t o  the ac tua l  boundary. Thebe surfaces a r e  located epri lon 
distances from the tank boundary and ~ 2 )  suck t h a t ,  (, = 0.98 
and 42 - 0.99999. A node point (point A, F4:ure 3-91 tn t ? r ing  the 
region between and the cank boundary s h a l l  be considered a candi- 
date  for cons t ra in t  enforcament. Penetrat ion of the boundary by 
pt2int A is ?revented during the next in tegra t ion  time in t e rva l ,  a r  fo l -  
lows. I f  the veloci ty  vector of point A, (VA), is direk,ted towards 
the boundary, penetration i s  l i ke ly .  Therefore, ;f tire a n g l e , a ,  be- 
tween the veloci ty  vscr .: and the tank surface normal is l e s s  then 
910, the cons t ra in t  i; enforced. A node point (point B) enter ing  t5e 
region between o2 and the boundary i s  considered t o  be in  !-5e proxi- 
mity of the boundary r e su l t i ng  in cons t ra in t  enforcement. 

Test obeervations have shown tha t  the l iqu id  w i l t  leave the tank wall 
when encountering the ba i f l e s .  To accobnt for  t h i s  phenomenon, the 
cons t ra in t  forces a r e  relaxed (removed) i f  three c r i t e r i a  a r e  met. Re- 
fe r r ing  t o  Figure 3-10, theee c r i t e t  ia car h e  defined as ,  

1)  K O ,  t e n s i l e  force on l i qu id ;  

2 )  FT > GF * Fa, the tank/l.iquid in te rac t ion  force component i n  the 
d i r e c t i w  of the D'Alembert force,  Fa, is grea 'e r  than r f ac to r ,  
GF, times the  D'Alembert force. Note, the  force  on the  tank is  
opposi te  the l i qu id  cons t ra in t  force  ; 

3 )  The node point t o  be relaxed i s  adjacent t o  a f ree  burface node. 

The f i r s t  c r i t e r i o n  ind ica tes  t he  l iqu id  is  "ph l ing l '  an t h e  tank wall 
and i s  no longer t ry ing  t o  penetrate .  This force  should equn; o r  ex- 
ceed the  project ion of the  ii' Alembert f o r t e s  onto the  s u r f r r ~ ~ ?  ~ ~ r 7 l u l .  
The coefficient, GF, provides a mechanism t o  account f o r  hihcrtre o r  
other  empirical forces  tbp. li;uid might exe r t  on the tank ( y ~ z ' ? r a l l y ,  
GF was equal t o  1.0 i n  the co r r e l a t ion  ana lys is ) .  The t h i r d  c r i t e r i o n  
prevents a bubble from forming between l iqu id  and the  w a l l .  
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$, ?ank Wall 

Figttre 3-9. Constraint E ?forcement LFiteria 

Incompress ib i l i ty  C o n s t r a i n t s  - The i n c o m p r e s s i b i l i t y  i o n s t r a  ~ n t  is 
maintained a t  a l l  t imes , t h e r e f o r e  i t  is an invariant const ra i .n t  cond i-- 
t ion .  This c o n s t r a i n t  r e q u i r e s  the  time r a t e  of change of each f i ~ i i t r  
elcrnent volume t o  be zero .  The f i n i t e  element employed in  t h i s  rnodl.1 
i s  a cons tan t  th ickness  t r i a n g u l a r  element t h a t  has  one node point  a t  
:ach ve r t ex .  Figure  3-11 d e p i c t s  a t y p i c a l  element w i t h  a v e r t m  nrim- 
oer ing of i ,  j ,  4.Tf two v e c t o r s ,  and 6 ,  a r e  def ined where i is a 
vec to r  from the  v e r t e x  i t o  k and b is a v e c t o r  from v e r t e x  i t o  j ,  t)l l .  

element volume can be w r i t t e n ,  
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Figure 3- 10. Constraint Relaxation Cr i t e r ia  

Figure 3-11.  ManguZar Element Definition 
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1 ve - t - f (; x 6) = cons tan t  

where 

ve = d e m e n t  volume (cons tan t )  ; 

. = element arcd; 
e 

t = element th ickness  

Expanding the  vec to r  c r o s s  product and d i v i d i n g  through by 1 / 2  t ,  
equs t ic.1 ( 3-40) becomes, 

- 
- Z i )  - i Z k  - Zi) ( Y j  

- yi)  = new c o n s t a n t  ( 3-41 ) 
('k 'j) ('j 

The time d e r i v a t i v e  of t h i s  express ion mus t  equal  zero.  Therefore ,  
d i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  t ime,  

Cast ing i n t o  the  mat r ix  form: [b] {i), 



The time de r iva t ive  of [b) for  t h e  incompressibi l i ty  conatr.int i r ,  

These cons t r a in t  condi t ions (number of elements i n  r i l e )  were combined 
with the  impermeability cons t r a in t s  (number of e x t e r i o r  node points  i n  
s i z e )  t o  complete t h e  cons t r a in t  de f in i t i on .  

3.3.3 Viscous Dissipat ive Forces 

The genetalixed forces ,  Qk, appl ied t o  the  l i qu id  a r e  composed of 
viscous d i s s i p a t i v e  forces .  To a r r i v e  a t  an expression for  these gen- 
e r a l i zed  forces ,  the  viscous shear  forces  within an element were equat- 
ed t o  t h e  forces  appl ied a t  the element's node points.  Consider a d i f -  
f e r e n t i a l  volume of l i qu id  within the  t r i angu la r  f i n i t e  element (Fig. 
3-12]. 

where 

Shear S t r a i n  Rate 

t = Shear S t ress*  

dx = t ,  the  Element Thickness 

F, = Shear Force 

*In a f l u i d , d e v i a t o r i c  shear  stress cannot occur without motion; 
shear is a funct ion of Velocity ins tead  of displacement. 

Figure 3-12. Liquid Shear Stress  Definition 

The v i r t u a l  v e l o c i t i e s  uf the l i qu id  can be, defined analogous t o  v i r -  
t ua l  displacements. Therefore, expressing Y dz a s  the shear ing velo- 
c i t y ,  the v i r t u a l  v e l o c i t i e s  of the l i qu id  in shear  a r e ,  6+ dz. When 
t h i e  was combined w i t h  the shear  force expression she? in Figure 3-12, 
the v i r t u a l  power (time der iva t ive  o l  v i r t u a l  work, 6W) of pFe diss ipa-  
t ive  Eorces war) obtained. Thus, 

fRefet t o  Appendix A t o r  a de t a i l ed  discussion of the v i r t u a l  pow-r 
concept. 

3-20 
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The v i r t u a l  power of the nodal point force8 must-equal the v i r t u a l  
power of the in t e rna l  shear  force8. Defining6 q a8 the v i r t u a l  vel-  

e 
o c i t i e s  of the generalized coordinates,  the v i r t u a l  power of the nodal 
point  forces  can be wr i t ten  as, 

air - r v s i c  - - - r6 i  d ~ d y d t  

where 

F = nodal point  forces  due t o  viscous shearing. 
v  

Solving for the nodal point forces ,  

F = -  T -  6' dxdydz 
v d i e  

The t o t a l  nodal point forces  fo r  an element a r e  obtained by in tegra t ing  
over the element volume. 

F - -J6' dxdydz = -t / TE dydz 
"e 3 Qe A 64, 

Now, the shear s t r a i n  r a t e  can be expressed in terms of the l iqu id  vel- 
oc i t i e s .  Thus, for  two-dimensional flow, 

where 

v = veloc i ty  i n  y d i r ec t ion ;  

w = ve loc i ty  i n  z d i r ec t ion .  
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Furthermore, from f l u i d  mechanics, t h e  s h e a r  s t t e e s  can he expressed a s ,  

T = p$, f o r  n o n p a r a l l e l  laminar  f low ( 3-50a 

0 r 

T = (p + P E ) ~ ,  f o r  t u r b u l e n t  f low 

where 

P = l i q u i d  dynamic v i s c o s i t y ;  

p = l i q u i d  d e n s i t y ;  

tz = l i q u i d  eddy v i s c o s i t y  (not  a f l u i d  p roper ty ) .  

By employing t h e  laminar flow d e f i n i t i o n  of  t h e  s h e a r  s t r e s s  and us ing  
equat ion (3-49) the  nodal  p o i n t  f o r c e  d e f i n i t i o n  becomes, 

The express ion f o r  t h e  nodal  po in t  f o r c e s  r e q u i r e s  d e f i n i t i o n  o f  t h e  
v e l o c i t y  f i e l d  wi th in  t h e  f i n i t e  element.  Displacements and v e l o c i t i e s  
of the  element can be approximated by l i n e a r  shape func t ions .  These 
shape func t ions  r e l a t e  displacement and v e l o c i t i e s  o f  any po in t  wi th in  
the element 's  boundaries t o  the  d isplacements  end v e l o c i t i e s  of  the  
e lement ' s  node po in t s .  The a r e a  coord ina tes  o f  t h e  t r i a n g u l a r  element- 
a l  region were s e l e c t e d  a s  t h e  approximating shape func t ions  ( t h e s e  a r e  
l i n e a r  shape func t ions  having c o n s t a n t  d e r i v a t i v e s  ) .* Thus, t h e  d i s -  
placement f i e l d  wi th in  t h e  element can be w r i t t e n  a s ,  

wi th  the  cond! 'ion, 

The shape func t ions  f o r  each node po in t  a r e ,  

*An e x c e l l e n t  d i scuss ion  of the  use of a r e a  coord ina tes  i n  f i n i t e  e1.e- 
menes is presented i n  Reference [131. 

I( I. 
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where 

A = area  of the element; 

yn * 'n = the coordinates of the  element's n th  vertex.  

The area coordinates a r e  functions of geometry only. Therefore,  the 
veloci ty  f i e l d  can be wr i t ten  a s ,  

The s t r a i n  r a t e s  can now be determined, 

For convenience, define a l oca l  element coordinate system, t h a t  or ig in-  
a t e s  a t  node i .  Therefore, the j and k nodal coordinates r e l a t i v e  t o  
node i cen be expressed, 
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By Using t h i s  d e f i n i t i o n  of the coordinates ,  equations (3-56a) and 
3 3-56b) become, 

I n  addi t ion  t o  the s t r a i n  r a t e s  we requi re  

When performing the indicated p a r t i a l  d i f f e r e n t i a t i o n  the r a t e  of 
change of the shear s t r a i n  r a t e  is determined w i t h  respec t  t o  the nodal 
point generalized ve loc i t i e s .  

-L a i ,  = (il - ik)/2* 

By subs t i t u t i ng  equations (3-58) and (3-59) t o  equation (3-51) and in- 
t egra t ing  over the element volume, the nodal point d i s s i p a t i v e  forces 
a r e  obtained, 



(3-60a) 

(3-60b) 

/ Fvyj = tp y f 4 A  ( 3 - 6 0 ~ )  
k  I \ 

Fyrj = -tp zk (3-60d) 

Fvyk = - t ~  7. 4 4 A  (3-60e) 
J 

(3-60f) 

where 
- + j k  - i k j  z + i i ( y k  - j j )  - gjYk + fi)l] (3-61) 

The nodal point-forces ( E q .  3-60) are the components o f  the general ized 
Force vec tor ,  

Qk 
i n  equation ( 3-71. 
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3.3 .4  Element Mass Matr ices  

Two techniques were employed t o  d i s t r i b u t e  t h e  l i q u i d  mass to  t h e  e l e -  
ment node po in t s .  The f i r s t  technique was a  lumped mass approach. The 
mass of each element was c a l c u l a t e d  (based on t h e  element volume) and 
divided equa l ly  among the t h r e e  node p o i n t s .  Element voluan? war d e t e r -  
mined from the  element a r e a  and th ickness  normal t o  t h e  Y-% plane.  The 
th ickness  was permit ted  t o  vary from element t o  element dependent upon 
t h e  tank width (X d i r e c t i o n )  a t  a given element's c e n t r o i d .  This re- 
s u l t e d  i n  elements a t  the  tank boundary having l e s s  ndss than those  a t  
the c e n t e r  of the  tank. This method of  mass d i s t r j b u t i o n  f o r  an e l e -  
ment produces a (6x6)  diagonal  mass matr ix .  The element mass mat r ix  
(equat ion (3-62) 1, has  113 of  the  e lement ' s  mass lumped i n  t h e  Y and 2 
d i r e c t i o n  a t  each element node point .  

The second approach Jeveloped a c o n s i s t e n t  mass m a t r ~ x  f o r  each ele- 
ment. This form of mass matr ix  was der ived from t h e  k i n e t i c  energy ex- 
press ion f o r  t h e  l i q u i d .  Kine t i c  energy can be expressed by us ing gen- 
e r a l i z e d  c o o r d i n a t e s ,  q ,  and the  l i q u i d  d e n s i t y ,  P. 

K . E .  = 1 2  dY 

(3-63) 

I t  is assumed t h a t  the  displacements of these  genera l i zed  coord ina tes  
can he approximated over a f i n i t e  e l ~ m e n t  region of  t h e  volume by a s e t  
of l i n e a r  approximating f t ~ n c t i o n s .  Thus, f o r  one element,  

where 

( N ]  = The shape func t ions  over  an elementa l  region [ s e e  
equa t ion  (3-53) 1 ; 

(qe)= The nodal point  ciisplacementa f o r  the  element.  

Ttie k i n e t i c  energy e x p r e u ~ i o n  r e q u i r e s  t h e  time d e r i v a t i v e  of  t h e  gen- 
e r a l i z e d  coord ina tes .  Fur t rermore ,  t h i s  r e p r c s e n t a t j a n  of  t h e  ve loc i -  
t i e s  s h o t ~ l d  h e  c o n s i s t e n t  w i t h  the  r e p r e s e n t a t i o n  of  t h e  d isplacetnents ;  
t h e r e f o r e ,  r e c a l l i n g  equat ion ( 3 - 5 4 )  the  genera l i zed  v e l o c i t i e s  can be 
w r i t t e n  a ~ ,  
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Subqtitut ing the express ion for  the generalized ve lnc i t  i e s  i n to  the 
k ine t i c  energy expression and summing over the number of elements used 
t o  represent t h e  l i q ~ i i d  volume r e ~ u l t s  i n ,  

i-numel 

K.E. = 112 (3-66) 

The element mass matrix i s  defined from t h i s  expression a s ,  

If  the -expressions f o r  t h e  shape funct ions [equations (3-53)] a r e  
subs t i tu ted  i n t o  the i n t e g r a l ,  assuming conatant dens i ty  and con- 
s t a n t  thickness over the a r ea  of the  element, t he  r e s u l t s  are:  

Now i t  can be shown t h a t ,  

1/12 a rea ,  r + s 

116 area ,  r = s 

Tlterefore, the cons is ten t  mass matrix fo r  an element i ,  , 
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Note t h a t  t h e  c o n s i s t e n t  e lement  mass m a t r i x  produces i n e r t i a l  c o u p l i n g  
between t h e  e lement  node p o i a t s .  For  example,  t h e  f i r s t  row o f  equa- 
t i o n  (3-70) c o u p l e s  t h e  y coord ina t  9 f o r  t h e  e l e m e n t ' s  t h r e e  node 
p o i n t s .  I h u s ,  t h e  i n e r t i a l  f o r c e s  i n  t h e  y d i r e c t i o n  a t  node one r e -  
f l e c t  t h e  Y a c c e l e r a t i o n  a t  nodes t ~ o  and t h r e e .  The t o t a l  mass a t  
each sod= is  de termined  by summing t h e  c o n s i s t e n t  mass m a t r i c e s  o v e r  
a l l  t h e  e lements .  

This  d i s c u s s  ion concludes  t h e  developmer~t  of  t h e  two-dimensional equa- 
t i o n s  of  motion f o r  t h e  i i q u i d .  These e q r ~ a t i n n s  were i n c o r p o r a t e d  i n t o  
a  FORTRAN I V  program c a l l e d  LAYPS2. A u s e r ' s  gu ide  f o r  t h e  program is  
de l i .nea ted  in  Appendix B. The n e x t  s e c t i o n  o f  t h i s  c h a p t c r  d i s c u s s e s  
t h e  implementat ion o f  t h e  computer prop am and some spec i a l .  numer i ca l  
t e chn iques  usen i n  s o l v i n g  t h e  e q u a t i o n s  o f  motion.  

3.4 COMPUTER PKOGRAM IMP1.EMEN'r4'T ION AND NUMEKICAJ, TECH:{ :QUES 

Seve ra l  nunler ical  tec ' lniques were req l l i red  t o  imp1 ement t h e  e q u a t i o n s  
of  motion i n t o  n workahle computer prngram. These t e c h n i q u e s  i nc luded  
methods t o  g e n e r a t e  t h e  f i n i t e  elenlent mesh, i n i t i ~ l i z e  t h e  p o s i t i o n  o f  
t h e  : i q u i d  in t h e  t a n k  ancl i n t e g r a t e  t h e  e q u a t i o n  of motion wi th  a va r -  
i a b l e  t i~tle s t e p .  The fo l lowing  paragraphs  d ~ l i n e a t e  t h e s e  t e c h n i q u e s .  

3.4.1 F i n i t e  Element Mesh Generat  i on  (MESHZ program) 

A techniql le  t o  d i v i d e  t h e  l i a u i d  volume i n t o  a s e t  o f  t?  i a n g u l a r  f i n i t e  
e lements  was r e q u i r e d .  A two dimens i o n a l  mesh p,er?c?rat ion p r o g r m ,  
MESH?, was developed t o  meet t h i s  r equ i r emen t .  This m+:sh program ge- 
n e r a t e s  a  t r i a n g u l a r  f i n i t e  element  mesh f o r  t h ~  axisymmatric  o r i e n t a -  
t i o n  of  t h e  l i q u i d .  Asynmctric mesh ar rangements  were o b t a i n e d  by t h e  
t echn ique  d i s c u s s e d  i n  S e c t  ion 3.4.2. 

The ilxisymmetric o r i e n t a t i o l ?  of  t h e  l i q u i d  ( F i g .  3-61 is  bc,rlrlded bv t h e  
tank w a l l  and l i q u i d  f r e e  n ~ l r f e c e .  The t ank  w a l l  is tipfineif by t h e  
c o n s t r a i n t  s l l r f acc  e q m t  i n n ,  m e  f r e e  s u r f n e e  l o c a t  ion o f  t h e  l i q u i d  



can be determined from t h e  tank geometry, f i l l  voluroe and the  ncca le ra -  
t i o n  vector  d i r e c t i o n .  An i t e r a t i v e  method t o  c a l c u l a t e  t h e  f r e e  s:T- 

f a c e  l o c a t i o n  had p rev ious ly  been developed [Ref 11, and was a v a i l a b l e  
i n  a oubrout ine  c a l l e d  FLUDCG. The MESH2 program used t h i s  s u b r o u t i n e  
t o  c a l c u l a t e  the  f r e e  s u r f a c e  l o c a t i o n  o f  t h e  l i q u i d  i n  t h e  tank.  

Having a n a l y t i c a l l y  def ined a l l  t h e  boundaries of  the  l i q r ~ i d ,  the  proh- 
lem is t o  d i v i d e  the  l i q u i d  i n  a uniform fashion.  Due t o  the  curved 
boundarien of the  tank w a l l ,  thi .8 is  d i f f i c u l t  t o  tXCompli8h i n  t h e  
tank rec tangu la r  coord ina te  system. The problem can be solved by  sing 
c u r v i l i n e a r  coord ina tes  t o  map square  meshes i n  the  c-q plane i n t o  
q u a d r e l a t e r a l e  with pa rabo l i c  s i d e s  i n  the  Y-2 plane.  An example of  
t h i s  is shown i n  Figure 3-13. 

6-0 Plane 

I - 
Y-Z P l a n e  

Y 

Figure 3- 13. Curvi linear Mapping 

This mapping i n d i c a t e s  t h a t  f o r  every point  in  t h e  6-q plane,  t h e r e  is  
a corresponding po in t  i n  the  Y-2 plane.  ' h e r e f o r e ,  the  6-11 plans  can 
be divided uniformly t o  produce uniform div<;ions i n  t h e  Y-Z plane.  
The r e s u l t a n t  menh i n  t h e  Y-7. plane r e f l e c t s  t h e  curved boundar ies .  

This method of  mesh genera t ion r e q u i r e s  the  d e f i n i t i o n s  of the  mapping 
r e l a t i o n s h i p s  from the  6-q plane t o  t h e  Y-Z p lane ,  

Ttw MESH? program e~nploys a s e t  of " se rend ip i ty"  shape  f r l r c t i a ~ s  
[Rut  131 l e r i v c ~ i  from nn eight-node& roctilogula: elemel, t i n  
the 6-rl plane,  I n  terms of bhape f u n c t i o v s ,  t h e  mapping r c l n t  i o n s t i i p ~  
hecome, 
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where 

T ~ I P  ( Y C ~ ~ Z C ~ )  c o O r i J i l ~ ~ t e s  tight pointc  - h r t  d e f  i.nc. the  bol~nlary  
1 3 f  the r P & l O i l  t n e t  i s  being napped by tnP t -n plnne. The ctlrec. po in t s  
a l o n g  any  side nre  used t o  de f ine  the  paraholi.: curve in the  Y-2 plnne 
used fo r  t l lat  s ide .  The mesh ciiEirlition i s  (:l*t:iined hy def ia inp:  t h t *  

numher of d i v i s i o n s  along s ides  1 and '. 7 1 e  E-II plane  i s  then divided 
i n t o  the s p e c i f i c  number a£ d i v i s i o n s  and t h e  C-q doordinates a r e  
obtained.  The 6-rl coord:.nates a r e  then transformed, by us ing t h e  
ahapc f u n c t i o n s ,  i n t o  t h e  Y-i; plane [equat ion (3-72)1. 

Figure 3-14 shrws two arran;ernrnts r f She boundary nodes u s e d  t o  de-Finc 
two mesh o r i e n t a t  ions.  In e i t h e r  cast?, the  no':* point-s ide  d e f i n i t i o n  
is, 

Side 1 - Nodes 1 , 7 , j  

Side 2 - Nodes 3 , 4 , 5  

Side 3 - Nodes 5 , h , 7  

Side 4 - Nodes 7 , 8 , 1  

After  mcpping, i f  the mesh boundary po in t s  do not  m a l c l ~  the  \ o ~ ~ n d a r y  
loca t  Ion a s  de t'incd by the  d i s t o r t e d  e l l ;  yoidal COIIS  t r a in :  *t.tr face  
(due t o  parabol ic  mapping), the  bour~dary po in t s  a r c  moved t o  marc,, the 
c o n s t r a i n t  ourface d e f i a i t i o n .  

' h e  t r  i.?ngular elements a r e  formed by s e l e c t i n g  tllc 8hoi.ter;t c!;?gc:nal 
i n  each square a f t e r  napping t o  the  Y-7, p l ? s . ~ .  If a s a r i e s  of. rec tan-  
gular elements a r e  c r e r t e d  with equal d iagona l s ,  the  d : rec t ion  a f  t t lp 
d t n g ~ n f i l  i~ a l t e r n a t e d  trom one elcmeqt t o  the  next. 

3-30 
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Examples of the  type I and type I1 mesh arrangements a r e  shown f o r  a  
10% f u l l  tank i n  Figures  3-15 and 3-16, r e s p e c t i v e l y .  Both mesh types 
were evaluated i n  the  c o r r e l a t i o n  a n a l y s i s .  

4 
Mesh Type I 

6 
Mesh Type I1 

Figure 3-14. Boundary Node k n g e m e n t  for Mesh Generation 

3.4.2 Liquid I n i t i a l  Pos i t ion  

The mesh genera t ion  program considered only the  axisymmetric o r i e n t a -  
t i o n  of t h e  l i q u i d .  I n i t i a l  p o s i t i o n s  of t h e  l i q u i d ,  o t h e r  than the  
axisymmetric case  were requ i red  f o r  t h e  c o r r e l a t i o n  a n a l y s i s .  Ittest= 
asymmetric o r i e n t a t i o n s  were determined by an i t e r a t i v e  scheme t h a t  
minimized t h e  p o t e n t i a l  energy of the  l i q u i d .  

Figure 3-17 shows a  sketch of t h e  tank t i l t e d  w i t h  r e s p e c t  t o  t h e  grav- 
i t y  vec to r .  He-ce, the  a x i s y m e t r i c  o r i e n t a t i o n  is  no t  the  e q u i l i b r i u m  
pos i t ion .  m e r e  is a  d e l t a  p o t e n t i a l  energy (APE) between t h e  c e n t e r  
of mass p o s i t i o n  of the  a x i s y m e t r i c  o r i e n t a t i o n  and the  t r u e  e q u i l i b -  
rium p o s i t i o n .  Minimizing t h i s  APE y i e l d s  an equ i l ib r ium s t a t e  f o r  the  
l i q u i d  i n  the  t i l t e d  tank.  

Ca lcu la t ion  of  the  p o t e n t i a l  energy r e q u i r e s  a  r e f e r e n c e  datum. This 
datum w i l l  vary with the  o r i e n t a t i o n  of the t ank  with t e s p e c t  t o  t h e  
i n i t i a l  a c c e l e r a t i o n  v e c t o r .  This makes it d i f f i c u l t  t o  c a l c u l a t e  the  
p o t e n t i a l  energy of t h e  l i q u i d .  An a l t e r n a t i v e  approach i s  t o  ca lcu-  
l a t e  t h e  k i n e t i c  energy of  the  l i q u i d  a s  i t  moves from the  axisymmetric 
o r i e n t a t i o n  t o  t h e  equ i l ib r ium p o s i t i o n .  The k i n e t i c  energy peaks a s  
minimum p o t e n t i a l  energy is achieved,  Furthermore,  i f  t h e  l i q u i d  ve- 
l o c i t y  i s  k i l l e d  a t  the  po in t  a t  which t h e  k i n e t i c  energy is  a maximum, 
t h e  l i q u i d  remains a t  rest, since it is a t  a minimum p o t e n t i a l  energy 
s t a t e .  

L - -2- 3-31 
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Desired Posit ion -*-  . - - 
figure 3-17. Asymrs&o Liquid Orientation 

The method by which t h e  k inet ic  energy is dtternined r e l i e s  on numeri- 
c a l  integrat ion of t h e  equations of motion giwen t h e  i n i t i a l  accelera- 
t ion vector. Ihe d i rec t ion  of the acceleration vector i a  defined by 
specifying a t i l t  angle of the tank (Y) w i t h  respect t o  the gravity 
vector. Thir i a  ahawn in Figure 3-17. 

The k inet ic  energy time h i r to ry  produced by t h i r  technique i a  not can- 
tinuour. '#herefore, the point a t  which t h e  slope of the k ine t i c  energy 
time hiatory ir  rero (a n i n i r u r  o r  maxirun) can not be determined ex- 
actly. R e  r a t e  of change of KB can he expresred by a difference equr- 
t ion baaed on t h e  current k inet ic  energy (Kgc) and the k ine t i c  energy 
a t  the previoua integrat ion ate? (ICE ). 

11 

where: A t  is t h e  integrat ion time rtep. 

m e  LAMPS2 program tequirea tha t  t h i r  appvoxirution of the alope of the 
k inet ic  energy ti- hi r tory  be 1.88 than a 8-11 number, ~ K E ,  f o r  
convergence t o  an equilibrium r t a t e .  l b e  program f a c i l i t r t e r  conver- 
gence' by k i l l i n g  the l iquid  veloci ty a@ the k ine t i c  energy parser 
throufh a u x i r u n .  Figure 3-18 ahowa an exrapla of t h i r  atratrgem. 

3-33 



ORiMXAb i-T14GE IS 
'OT, POOR QUALIT3 

Enerw 
"11" Velocity 

Distance from -A 
Hquilibr ium 

- Potential 

Integration Step 

14 

12 

10 

8 
Kinetic 
Energy, 
dyne-cm 6 

4 

Figure 3-18. 
A Stratagem for Liquid Position Init iat iaation Based on 
Kinetic Energy 

- 
- 

- 
- 

,*-*% - 
I 
0 0 

8 
I 

0 - I 
0 I 

dke - 5  -0--7 dt 

I 

AT8 ATg 



The t o p  graph rhowr an  energy diagram o f  t h e  l i q u i d  a8  i t  approacher 
t h e  equ i l ib r ium p o r i t i o n .  The lowrat  graph d e p i c t 8  t h e  k i n e t i c  energy 
time h i s t o r y .  

An a d d i t i o n a l  c a p a b i l i t y  included i n  t h e  canver8enca procedure ir  t h e  
a b i l i t y  t o  rove  t h e  l i q u i d  t o  t h e  d e r i r e d  tank t i l t ,  i n  increment8 o f  
t h e  tilt angle.  The ang le  of tilt is d iv ided  i n t o  N C M U  sc?gments and 
t h e  l i q u i d  equ i l ib r ium p o a i t i o n ~  a r e  determined f o r  a rch  ruccesa ive  
aegaent.  Thir  c a p a b i l i t y  i r  u r e f u l  f o r  l a r g e  a n g l e r  o f  tank t i l t  
(y * 2 0 ~ ) .  

3.4.3 Variable  I n t e g r a t i o n  S t e p  Algorithm 

The purpose o f  t h e  v a r i a b l e  s t e p  i n t e g r a t i o n  a lgor i thm i r  t o  prevent 
tank wall pene t ra t ion  by a f r e e  r u r f a c e  o r  boundary node po in t .  mi* 
pene t ra t ion  can r e s u l t  from t o o  l a r g e  an i n t e g r a t i o n  i n t e r v a \ .  lhir 
pene t ra t ion  can be prevented by reducing t h e  magnitude o f  t h e  i n t e ~ r a -  
t i o n  s t e p  s i x e .  The i n t e g r a t i o n  i n t e r v a l  r equ i red  t o  prevent penetra- 
t i o n ,  DTNEW, can be c a l c u l a t e d  by e s t i m a t i n g  t h e  new p o s i t i o n s  of t h e  
nodes hased on t h e i r  c u r r e n t  s t a t e  d e f i n i t i o n r .  

Referr ing t o  Figure  3-19, t h e  es t imated p o s i t i o n ,  Ru, of  r p > i n t  m y  
he obta ined through t h e  following kinematic r e l a t i o n s h i p ,  

Figure 3-1 9 ,  Estimation of Nods Point Locations 
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- C u r r e n t  b a i t i o n  of Point p; 
P - C u r r e n t  V e l o c i t y  of  Point p; 
P - 

A - C u r r e n t  A c c e l e r a t i o n  of P o i n t  p. 
P 

'he  e s t i m a t e d  p o s i t i o n  f o r  a l i v e n  v a l u e  of A t  can  hc r u t r r t i t t r t e d  into 
t h e  c o n a t t a i n t  r u r f a c ~  e q u a t i o n  t o  e v a l u a t e  w a l l  p e n e t r a t i o n .  mc pro- 
cedure  u rad  i n  t h e  program a t a r t r  t h e  d e t i m t e  wi th  a minimum v s l u e  of 
in t ea l r a t ion  a c ~ p ,  A t m i , .  n i r  minimum v a l u e  i r  o b t a i n e d  hy d i v i d i n a  
t h e  inprlt  D M  by a n  I n t e g e r ,  N (N  i a  c u r t ~ n t l y  a c t  t o  5 i n  t h e  pro- 
u r a a ) .  t f  t h e  p a a i t i n n  oa t inur tc  is i n s i d e  t h e  boundary, A t  is i n c r e -  
mrqted ruch t h a t ,  

The new valurr of A t  i r  r u b s t  i tu ted  i n t o  e q u a t i o n  (3-74) and btlrlndar?, 
p e n e t r a t i o n  i s  e v a l u a t e d  a8a in .  I h e  l a r g e s t  frcrct itm o f  DTMAX t h a t  
doe$ not  cause  w a l l  p e n e t r a t i o n  irr t h e  laauimrm i n t e g r a t i o n  s t e p  t o  he 
tread f o r  t h a t  node. Al l  f r e e  s u r f a c e  and boundarv nodes are eval r ta ted  
i n  t h i r  lacrntisr and t h e  mitrimtrm DTWW 01 t h e  *et i s  r o l e r t c d  r a  t h e  n e q t  
i n t e 8 r r t i o n  s t e p  $ire useti i n  t h o  a o l u t i o n  o f  t h e  aqua ions of motictn. 
m i o  t echn ique  has proven v r t v  r u c c ~ * a f u \  i n  prevent  wnl I p c n r t r a -  
t t o n .  



A p r i v r y  objectivm of t h i r  rtudy war t o  develop a teat-verif ied ana- 
l y t i c a l  w d e l  capable of r i m l a t i -  UT la-• amplitude r lorh,  A c c o r  
p l i r b n t  of t h i r  object ive required c o r n l r t i o n  of the  ?&re I and 
Phare 11 t e a t  data t o  the twodimnr ioaa l  analy t ica l  rodel. Three cri- 
t e r i a  were relected t o  a r r e r r  the accuracy of the r i m l a t i o a t  

\ 
1) Correlation of the  l iquid motion character,  with t h a t  obrerved i n  i 

the high-rpeed wrvier ti... , l iquid por i t ion  and f ree  rurface rhape I 
I time h i r tory  corre la t ion  t o  the  t e a t  data); 
i 
i 

2) Borce/mament u g n i t u d e  and p b a e  correlat ion;  I 
1 

3 )  Correlation of the  t o t a l  impulre applied t o  the tank. 

i The f i r r t  c r i t e r i o n  provider a q u a l i t a t i v ,  a r i s r m n t  of the overa l l  
l iquid motion r i m l a t i o n .  Thir c r i t e r i o n  i r  evaluated by c m p a r i q  the I 

photographic imager of the t e a t  data,  a t  rpeci f ic  timer, with the  coar i ! 
puter-generated graphic8 of the  r i m l a t i o n .  

The force /wrant  corre la t ion  (recond c r i t e r i c  r)  provider a quant i ta t ive  
arsersannt of analyr i r  accuracy i n  reprerenting the tankfl iquid i n t e r  
action forcer.  

The th i rd  c r i t e r i o n  provider a mearure of model conservatim.   he 
t o t a l  impulae o r  double in tegra l  of the force rad aament tiw h i r t o r i e r  
indicater  the degree t o  which t h e  l iquid  motion w i l l  a f f e c t  ET r ig id  
body dynamic8 [Ref 41. A t o t a l  impulre of the r i ru la ted  forcer grea ter  
than the  tart-derived t o t a l  impulre indicate. the  analyr i r  i r  conrerva- 
t ive  i n  predicting ET rerponre t o  l iquid motion. The point av r r  model, 
previourly dircurred,  ha8 been rhown t o  be overly conrervative by thin 
c r i t e r i o n  jHef 41. 

Several model parameterr were varied i n  the corre la t ion  rtudy. There 
p a r m t e r r  include the f i n i t e  element geometry, analy t ica l  rsprerenta- 
t ion  of the  ba f f l e r  region, and the  nunerical in tegra t ion  r t e p  r i se .  
The f i n i t e  element geometry i r  defined by the w r h  type ( I  or  IT), merh 
r ixe  (number of e l e w n t r ) ,  and the  mrr matrix formulation (luaped o r  
coar i r tent ) .  The analy t ica l  reprerentat ion of the baf f l e r  region war 
evaluated by varying ba f f l e  height,  s p a c i x ,  and number of ba f f l e r  rep- 
rerentad. Analytical convergence t o  the t e r t  r a r u l t r  i r  a function of 
the numerical integrat ion r t e p  r i se .  The ro lu t ion  r e n r i t i v i t y  t o  thin 
parameter war arrerred by varying the in tegra t ion  r t ep  rise f o r  a given 
&el geometry. 

The analyt ica l  model war correlated with the  Phare 1 drop tower t e a t  
data and the Phare XI, ltC-135 t e r t  data. 

I 
I 



I n i t i a l  drop tower t e r t / ana ly t i ca l  c o r n l a t i o a r  indicated an o f f r e t  be- 
t w e n  the  analy t ica l  predictionr of the  Y-air force a d  t e a t  wr ru re -  
rant r .  Figure 3-20 p r t r en t r  a compariron of the t e a t  and analyt ica l ly  
derived forcer  f o r  tert  22. The drop tower t e a t  forcer  r e f l e c t  the  
accelerat ion t r an r i en t  from the 1-0 environment t o  the applied t e a t  
accelerat ionr.  The t e r t  force i n i t i a l l y  approacher tha analyt ica l  re- 
r u l t ,  then t r a i l r  off  to  a value l e r r  than the analyt ica l  data. 

The force t r ace r  i n  Figure 3-20 conr i r t  of longitudinal and l a t e r a l  
components of the t e a t  forces resolved t o  the tank Y u i r .  Invertiga- 
t ions  of there cmponentr have indicated tha t  the  difference i n  the  
t e r t  and analy t ica l  force p ro f i l e  i r  a resul t  of exper iwnta l  e r r o r  i n  
the l a t e r a l  force mtarurement. Figure 3-21 ohow8 a copy of the  s t r i p  
chart  mtarurementr f o r  t e r t  22. The l a t e r a l  force mtarurement (El) 
exhibi te  d r i f t  before drop caprule re leare  and e r r a t i c  behavior f o r  the 
f i r r t  0.15 recondr of t e s t  time. Study of the  longitudinal  forcer  and 
photographed l iquid motion indicates tha t  the rurpect l a t e r a l  force 
behavior i r  not a function of the propellant dynamicr. It i r  hypothe- 
sized the  l a t e r a l  force experimental e r ror8  a r t  a r e r u l t  of the high- 
s e n s i t i v i t y  s e t t i n g  of the l a t e r a l  force tranrducer and t e a t  f ix tu re  
construct ion. 

Based on the  above observations, the  drop tower t e s t  data were adjusted 
t o  match the  analy t ica l  da ta  a t  a point a f t e r  the  trancient  event and 
before any s igni f icant  propellant m ~ t  ion. Thics adjustment was accomp- 
l ished by the  following steps:  

1)  The values of analy t ica l  and test forces and moments were deter- 
mined a t  t = 0.15 seconds; 

2) These values were subtracted such tha t  a l l  forces and moments ( t e s t  
and analysis)  were zero a t  t = 0.15 e t o  f a c i l i t a t e  corre la t ion  of 
l iquid  motion induced forces; 

3) A l l  force correlat ions and impulse calculat ions were i n i t i a t e d  a t  
t = 0.15. I 

Analytical corre la t ion  with the drop tower data was adversely affected by 
the technique used t o  determine test accelerations. Drop tower accel- 
e ra t ions  were calculated from high speed movies a s  described i n  Refer- 
ence 3. Consequently, i n  the  drop tower t e s t / ana ly t i ca l  corre la t ions ,  
which follow, the  analy t ica l ly  predicted l iquid  motion lags the  t e s t  
da ta  s l igh t ly .  However, ana ly t i ca l / t e s t  phasing corre la t ion  f o r  the  
KC-135 tests was excellent.  Accelerations were d i r e c t l y  measured during 
KC-135 tes t ing .  

i ,: Analytical corre la t ion  t o  the KC-135 a i r c r a f t  teb., da ta  was i n i t i a t e d  
a t  the  time the a i r c r a f t  Z accelerat ion passed through +1 g [ ~ e f  43. 
In  several  instances, force transducer da ta  channels were saturated f o r  1 I, 

a period of ,time a f t e r  the +1-g mark. In these instances, the  correla- 
C t ion  analysis  was i n i t i a t e d  a f t e r  the data sa tura t ion  period. No addi- 

t iona l  adjustments were required, s ince ac tua l  accelerat ions were measured I 

during KC-135 t e s t ing  and the use of s t r a i n  gage load c e l l s  (and l a rge r  
t e s t  forces) resulted i n  more accurate force measurements. 



ANALY 

TEST 

Figure 3-20. Test/AnalyticaZ C o r r e k t h :  Ttmk Y-&8 
Force, Drop Tmr Test 22 

Evaluation of Model Parameters 

Two mesh arrangements were evaluated in the correlation analyeis. Both 
lumped and consistent mass mat rice^ were used in the two arrangements. 
Figure 3-22 shows a liquid motion profile comparison for the two mesh 
arrangements using a lumped mass matrix (drop tower test 21 conditions). 
The liquid motion comparisons for the consistent mass matrix are shown 
in Figure 3-23. 

The lumped mars, merh type I analyrir produced the most uniform flow of 
the liquid. The eecond beat liquid motion profile war produced by the 
type 11, lumped maor fonnulation. The conrirtent masr formulation, 
which couples the inertial forcer within the liquid, produced the poor- 
est airnulation of the liquid motion. Rerultr of there four carer for 
drop tower teat 21 conditions are shown in Figure 3-24. Note that good 
liquid motion correlation rerultr in good force correlation. 

It is portulated that the poor rimlation quality for the conrirtent 
mar8 matrix is a rerult of the inertial coupling in the equationr of 
motion. Thir inertial coupling appears to require a rmrller integra- 
tion rtep to achieve rolution convergence. Since the computational 
cortr for the conrirtent aura forparlation exceeded thore of the lumped 
amrr formulation (for the same integration rtep rite) and correlation 
war not improved, thir method war not purrued further. 

A numerical integration convergence rtudy war performed uring the 
lumped amrr fonnulation. The liquid motion war riaarlated uring the 
r a w  merh arrangement and rite for variour integration rtep riter 
iDTMAX). Figure 3-25 rhowr the tert/analytical correlationr of the 
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t ank  Z-axis f o r c e  and t o t a l  impulre f o r  a KC-135 a i r c r a f t  taat condi- 
t i o n ,  Three i n t e g r a t i o n  s t e p  riser were e v a l u a t r d  i n  t h e  c o r r e l a t i o n .  
A r  t h e  i n t e g r a t i o n  r t e p  rite war reduced, t h e  m a g n l t u d ~  of t h e  a n a l y t i c a l  
fo rce8  converged t o  t h e  tart d a t a ,  Accompanying the w i t u d e  reduc t ion  
10 a l m g t h e n i ~  o f  t h e  f o r c e  dura t ion ,  thua,  t h e  t o t a l  h p u l a e  ma n o t  
e i g n i f i c a n t l y  a f f e c t e d .  Furthermore, t h e  l i q u i d  p o t i o n  p r o f i l e a  pro- 
d u c e ~  f o r  theee  i n t e g r a t i o n  r t e p  sirer ware very aiailar. 

The d r l ' w a r  c o r r e l a t e d  t o  r i r i l a t  drop tower and ItC-135 a i r e r a : .  t e a t  
data .  Th i r  c o r r e l a t i o n  produced a d d i t i o n a l  v a l i d a t i a n  of t h e  t e * r  
r c a l i n g  approach (Chapter 2.0). The a n a l y t i c a l  model produced 8imilar 
r e r u l t r  f o r  t h e  1/60th- m d  1110-rcale tertr. F i t u n  3-26 .haw+ force 
and t o t a l  impulre c o r r e l a t i o n  t o  drop tower tert 5 (10% f i l l )  and 
KC-135 a i r c r a f t  t e n t  1.2.2 (10X f a l l ) .  I n  both  c a r e r ,  t h e  model c o r n -  
l a t e r  well t o  t h e  t e r t  data .  Liqu*l  motion c o r r e l a t i o n  t o  t h o  t e r t  
photographa i r  r h o m  i n  Figure  3-27 f o r  t h e  drop tower t o r t  d a t a  and 
Figure  3-28 f o r  the KC-135 a i r c r a f t  t e r t  da ta .  Th i r  c o r r e l a t i o n  indi-  
c a t e r  t h e  model rhould produce an a c c u r a t e  r i a u l r t i o n  of f u l l - a c a l a  6T 
propel l a n t  dynmaicr. 

The e f f e c t  of f i l l  volume on t h e  W e 1  war evaluated.  The model war 
ured t o  r imula te  f i l l  voluanr varying frola 2% t o  1SX. The raw r i l e  
merh and arrameracnt was used i n  a l l  c a r e r .  Figure  3-29 rhovs t h e  
fo rce  and t o t a l  impulre c o r r e l a t i o n r  f o r  5X and 15% f i l l   volume^. 
Figure 3-29 p r e s e n t s  the  c o r r e l a t i o n  f o r  F,, F and t h e  moment (\) 
t r a n s f e r r e d  t o  t h e  sca led  (1160th s c a l e )  l o c a t  1 on of t h e  e x t e r n a l  t a n k ' r  
CC. This  a l lows f o r  an  assessnsn t  t h e  d i f f c r c n c e r  ( t e e t l a n a l y s i a )  
as r e l a t e d  t o  o v e r a l l  e x t e r n a l  tank dynamics. Reference 4 ( c h a p t ~ t  1V) 
used t h e  same technique for e v a l u a t i n g  s l o s h  airnulatione f o r  t h e  f i r s t  
S h u t t l e  f l i g h t  (OFT-1). Figure 3-29 dhows t h a t  t h e  f o r c e  magnitudes a r e  
i n  genera l ,  conoervat ive .  However, t h e  i n t e g r a t e d  e f f e c t *  (douhle 
i n t e g r a l s )  c o r r e l t ~ t e  very w e l l  wi th  t h e  t e a t  d a t a .  

Figure 3-30 and Fiaure  3-31 show t e s t / a n a l y t i c a l  l i q u i d  motion comparison6 
f o r  2% and 15% f i l l  volumes. The ana lyses  do not  c o r r e l a t e  ca well  a t  
t h e  15X f i l l  volume. Th is  i n d i c a t e s  a f i n e r  maah sire should he used 
wi th  higher f i l l  volumes. 

The b a f f l e d  tank conf i g u r a t  ions were ana ly ted  wi th  t h e  two-dimnrional  
model. A mul t ip le  b a f f l e  approach, which var ied a n a l y t i c a l  ba f f  l e  
h e i g h t ,  was evaluated.  The m u l t i p l e  b a f f l e  arrangement c - n r i r t e d  of 
e i g h t  b a f f l e s  represented by t h e  r u p e r p o r i t i o n  of a (1-coal func t ion  
wi th  t h e  d i s t o r t e d  e l l i p s e  c o n a t r a i n t  ru r face .  Th i r  approach reou l ted  
i n  entrapment of t h e  f i n i t * .  elcmentr  i n  t h e  b a f f l e  region and o t h e r  
numerical d i f f i c u l t i e s .  Thc r e r u l t  war poor c o r r e l a t i o n  of t h e  modal 
wi th  t h e  t e s t  da ta .  

A r iagle-baf  f l e  approach, which repre ren ted  t h e  b r f  f  le region a r  one 
b a f f l e  ( c e n t r a l  i n  reg ion) ,  war evaluated.  The a n a l y t i c a l  height  of 
t h i r  r i n g l e  b a f f l e  equaled t h e  a c t u a l  b a f f l e  height .  The l i q u i d  motion 
c o r r e l a t i o n  t o  a b a f f l e d  KC-135 t e r t  in  rho- i n  Figure  3-32. The cor- 
rerpo~rding foccc and t o t a l  impulre c o r r e l a t i o n r  f o r  t h e  tank Y-axir and 
Z-axis fo rce r  a r e  r h o m  in  Figure  3-33. The a n a l y t i c a l  flow lead8 the 



teat dats, but in general correlate8 well. Thir ir the preferred 
rpproaclr to baffle reprerentation at thir time. Nore work needr to 
be dona in thir area. 

In conclusion, the two-dimanrional model has simulated accurately the 
liquid motion in acale model8 of the external tank, The degree of 
accurcrc,y can be controlled by the choice of mesh rite and numerical 
integration interval. The model producer conservative results that 
are more reprerentative of the liquid motion dynamics than those pro- 
duced bg the ringle-point Purr analog. 
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Mesh Type I Mesh Type I1 

F i v e  3-22. Mesh Evaluation: Lwnp~d Maas Matrix; Motion 
P* ,.J Hiatow Compdson for Drop Tower Test 
2, conditions 3-4:' 
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Mesh Type I Mesh Type I1 

Figwe 3-23. Mesh Evaluation: ComCstent Mass Matrix; Mot.ion 
Time History Comp&aon for Drop TotJer Test 21 
Condi tiona 



Morh Type I 

Lumped Maas Ma~rix 

Mesh Type I Mesh Type I1 - 
- 2.0 

- 

m 
N 

-1.0 

- 

Fisure 3-24. Mesh Evtztua t ion:  L w v d  ant1 (?onsic t e n t  &es 
Mztrica8, Tank Z-Axis Foros Comporieon; Dm[) 
Tower Test 21 Conditions 3-45 
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F i p e  3-25. Integration S t e p  Siau hratuation: Tank 2 - M e  
Foroa and Total Impulse KC-135 Airoraft Test 

3-46 1 . 2 . 3  Cmdi  tiona 
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Figme 3-27, Taat/AnuZythaZ Liquid btb ComgarZsm 

3 - , ~ 8  h v p  Tmr Tset  5 (10% fizz) 
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3-28. ~138t/ht~l~y&aZ .&quid m h  C ~ ~ d 8 0 n  
KC-1 35 Aircraft Test 1.2.2 (1 0% F i z z )  



Drop Tower Test 21 (5% F i l l )  

t ,  d t ,  8 

Drop Tower Test 22 (15% Fill) 

i 
'. i 

P P'i:;:cre 3-:!9. 7~st/Awzlfl;ctical ComparCsone for Vmp Towr Tests 21 and 22 
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Drop Tower Tert 21 (5% F i l l )  

Drop Towar Tert ?? (15% Fill) 
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Drop Tower Test 21 (5% Fill) 

Drop Tower Test 22 (15% Fill) 



TEST PHOTOGRAPH ANALYTICAL SIMULATION 



ORlG!NAt r:?? ?': 
OF POOR QUAPIW 

TEST PHOTOGRAPH ANALYTICAL S ' M U U ~ ~ J  

t - 0 . 3  s 
Figure 3-31. 2'est/AmZyticaZ ~ i q u i d  Motwn Compdson 

Prop Tower Test 2:: ITAX Fizz) 
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Teat 

t r  

Tank 2-Axis Force 

t e  s 

Tank Y-AxL Porce 

I PEW 3-33. ~ ~ a t / A n a Z y t i m Z  ~ o m p d o n  for KC-135 liwmft 
i 

E TUB:: 2.7.2, Darned 
e- 3-56 
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4 $0 'I'HREY-LXMFINSIONAL FINITE ELEMENT MODEI, ( I M P S ? )  

The a n a l v r i e  o f  t h e  s e p a r a t i o n  o f  t h e  ET from t h e  O r b i t e r  d u r i n g  RTLS 
req1r i rc8  t h e  s o l u t i o n  o f  t h e  g e n e r a l  th ree-d imens ional  e q u a t i o n s  oE r i a -  

t ion f o r  t h e  yrcrpe l lan t .  Based on f f r e  c o r r e l a t i o n  r e s u l t d  f a r  tlre two- 
din:t?nuiotral model, a three-dimens i o n a l  f i n i t e  element  model was formu- 
l a t e d  t o  a n a l y z e  t h e  p r o p e l l a n t  dynamics d u r i n g  RTLS. T h i s  model cou- 
p l e s  t h e  ET r i g i d  hody dynamics w i th  t h e  p r o p e l l e n t  dynamics t o  p rov ide  
a c lo sed - loop  a n a l y g i s  of  t h e  ET system. Th i s  c h a p t e r  d i s c u s s e s  t h e  
development of  t h e  e q u a t i o n s  o f  mot ion  f o r  t h i s  c loeed- loop  ttystem. 
The ET r i g i d  body tfynamics a r e  developed f i r s t ,  fol.lowed by t h e  eaua-  
t lo r l s  t h a t  coup le  t h e  p r o p e l l e n t  t o  t h e  ET. The c o u p l i n g  cqr la t ione  
~ r c t i o n  i n c l u d e s  a  d i s c u ~ s i o n  of t h e  i n t e r a c t i o n  f o r c e s  between t h e  
l lqu i r l  and t ank .  A th ree-d imens ional  f i n i t e  e iement  is der l \ ted  t n  mod- 
e l  t h e  l i q u i d  i n c o m p r e s s i b i l i t y  and vincoun s h e a r  f o r c t e .  'lbr numrri  - 
c a l  t e chn iques  employed t o  s o l v e  t h e  e q u a t i o n s  o f  motion and c h e  c O r -  
r e l a t i o n  of t h e  t h r e e - d i m e n ~ i o n a l  model o r e  i nc luded  :-I t h i s  c h a p t e r .  

4.1 EXTERNAL TANK R I G I D  BODY DYNAMICS 

Ttii! r i g i d  bodv equrlrion of mo t ; s r~  f o r  t h e  ET were developed  from 
Lagrange ' s  E q ~ ~ a t  i ons  assumlng t h e  Lagrangitan only c o n s i s t s  o f  k i n e t i c  
energy terms.  These e q t ~ a t i o n ~  inc luded  generalized f o r c e s  and nonhol-  
onomic c o n s t r a i n t s  a p p l i e d  t o  'he ET. 

S i x  gt:r .erel ized c o o r d i n a t e s  were s e l e c t e d  t o  d e s c r i b e  t h e  ET motion.  
Thtbse c o o r d i n ~ t e ~  c o ~ s i s t  of t h t e e  d i sp l acemen t s  o f  t h e  LT Cen te r  o i  
mass  and t h r e e  E u l ~ t  a n g l e s ,  which r e l a t e  t h e  ET body axes  t o  thcl i n e r -  
t i a l  axes .  There f o r e  s t a t e  *rec tor  f o r  t h e  ET r i g i d  

Figurc? 4-1 elrobs t h e  ET c c n t e r  of  mass r e l a t i o n s h i p  t o  t h e  i n e r t i a l  
frame. The c r n t c .  o t  ma88 is  p o s i t i o n e d  by t h e  v e c t o r  Rc, and t h e  

o r i e n t a t i o n  o f  t h e  ET hody axes  w i t h  r c s o e c t  t o  t h e  i t e r t i a l  frame is 
de f ined  by t h e  d i r e c t i o n  c o s i n e  m a t r i x  [y] .  The d i r ~ c t i a n  c o s i n e  m- 
t v i x  is a Eunctian cf  t h e  E ~ r l e r  a n g l e s .  F i g u r e  4-2 d e l  i n e a t c s  th t?  

Eu le r  a n g l e  sequence employed i n  t h i s  s n ~ l y s l a  and t h e  d e r i v a t i o n  of 
t h e  [ y ]  m a t r i ~ .  
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where 

17 ( "f(Y.0 ,6)  

Figure 4-1. ET Center of MASS Coordinate Definition 
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Combine 4-Sa, b ,  and c 

where 

Figure 4-2 Guler Ancjle Sequencc 
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Having de f ined  t h e  n t r t e  vector ,  t h e  k i n e t i c  enerkv e x p r r r r i o n  for t h e  
IET can be o 'b t r incd.  n\ir e x p r e r r i u n  c o n s i r t r  of the t r a n a l a t i o n r i  k in .  
e t i c  energy of the c e v t e r  of mars pltrs the r o t a t i o n a l  k i n e t i c  etlergy 
ahout t h e  c e n t e r  cf maas. 

T - 112 {k G i~ [MI 
where 

i ,  i, i - i n e r t i a l  v e l a c i t i e e  of ET c e n t e r  of mars 

[ M I  = mas8 matr ix  of RT 

w w - bodv a x i s  instantanco~rlr  angu la r  v e l o c i t i e s  
XI wyB z 

(nonholonamic v e l o c i t  i c e )  
" 

( 1 1  - ET i n e r t i a  matr ix  o r  censor 

Thv i n e r t i a  t ensor  is de f ined  a s ,  

whore 
2 2 

Ixx = J+p(y +z ) 

Ixy = i>xyd4 

p - mass d e n s i t y  

A l l  o t h e r  terms at t h i s  i n e r t i a  tensor can br cbieincd by c y c l i c  permu- 
t a t i o n  o f  the  in.ieurs x ,  y ,  2. 

Sl lbs t i tu t ion  of the f i r s t  term of tlit* k i n e t i c  energy c.xpression i n t o  
e q t ~ n t i o n  (4-1)  rc*su l t s  in t h c  equat ion of mntioli f o r  the  t r s n * l l t i o t i  01 
the ET c e n t e r  ol mass ( n e g l a c t i n ~  constraint f o r c e s  a t  t h i s  t ime) .  

- 7  

The r o l s t i o n a l  k i n e t i c  energy o f  t l l c  E'I' mltrrt bc w r i t t e n  in  terms o f  the  
E i ~ l r r  angle g611er.qlix..tl c c ~ , ~ r ~ l i n a t e s .  'me in~tantnncoolls anqu\ar vs loc i -  
t i e s  cnn be expressed na, p r c i t ~ c t i o n n  o f  t h e  E i ~ l e r  angle  rntcsn o n t a  tlre 
I-odv 8xt.s. Using Figure  4 - 2  t o  t lef  in-' t h ~ = s u  pro i ec t  iona,  



S u b s t i t u t i o n  o f  eq t ia t ion  1-10 i n t o  t h e  second term of the k i n e t i c  c n c r -  
gy ~ x p t c s f t  ion i c i d a  , 

T2 - 112 

'ale p a r t i a l  d e r i v a t i v e s  OF t h i s  k i n e t i c  c x p r c r r i o n  w i t h  r e r p c c t  t o  t h e  
Ruler  r , ~ g l c  g e n e r a l i r e d  c o o d i n a t e r ,  q j .  ( j  - 4 ,  5 ,  61, r e r u l t r  i n ,  

The i n e r t i a  t e n s o r  i a  a s y m n r t r i c  m a t r i x ,  t h e r e f o r e  

\ r 
~ e f i n e  a c u t r i x .   whic which c o n t a i n 8  t h e  p ~ r t i a l  d e r i v a t i v c w  o f  t h e  181 
m a t r i x  w i t h  r c a p e c t  t o  each  Rliet a n g l e  c o o r d i n a t e .  

Asacmhl in* these matrices i n t o  [ P], t,he change In kinetic encrgy 
w i t h  respect t o  each E u l e r  angle c o o r d i n a t e  can he written a s ,  
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The p a r t i a l r  of  t h e  k i n e t i c  anerw with r e r p r c t  t o  the g e n e r r l i x e d  
v e l o c i t i e r  o f  the Ruler rng lea  rr*, 

S ~ ~ b r t i t u t i o n  of  equa t ionr  (4-15) and (4-16) i n t o  soua t ion  (5-1) r e e u l t s  
i n  t h e  hamgenoua e ~ u r t i o n r  of  motion f o r  IT r o t a t ~ , m ,  

where (4-1 7) 

Vtt* t t ans fo rmat ionr  tbsat r e l a t e  the  body r x i a  forcca  lrnd trwquta t o  t h c  
genera l i zed  fotc68,  Qk, can he obta ined throuuh the  v i r t u a l  power 
method. ' h e  v i r t t r a l  povcr of t h e  impressed furcee  and of tho body a x i s  
v n l o c i t i c a  is .  

- v i r t u a l  v a l o c f t i e r  measured i n  t h e  body a x i s  
system, - v i r t u a l  r o t a t i o n a l  r a t e u ,  
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*x, f y ,  f z  - fo rces  measured i n  the  body a x i s  system, 

T ~ ,  Ty, TZ = torques  measured i n  t h e  body a x i s  system. 

The v i r t u a l  power i n  terms of t h e  genera l i zed  v e l o c i t i e s  and f o r c e s  i s ,  

The body a x i s  v e l o c i t i e s  a r e  r e l a t e d  t o  t h e  genera l i zed  v e l o c i t i e s  
through the  [T I  and ttie ( 81  m a t r i c e s ,  

t h u s ,  

Cu v W) = {jC + 7:) [y]  
T 

and 

S u b s t i t u t i o n  of equat ions  (4-20) and (4-21) i n t o  equat ion (4-18) r e -  
s u l t s  i n ,  

Comparing equat ion (4-19) t o  equat ion (4-22) t h e  express ion f o r  the  
g e n e r a l i r e d  fo rces  is ob ta ined ,  
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These general ized forces  were incorporated i n t o  the  r ight-hand s i d e  of 
equations (4-9) and (4-17) t o  complete the  r i g i d  body equations of mo- 
t ion  fo r  the ET. 

4.2 PROPELLANT COUPLING TO ET EQUATIONS OF MOTION 

The posi t ion of the  i th l i qu id  mass point  can be spec i f ied  by using 
the vector  r e l a t i onsh ip  shown i n  Figure 4-3. This s t a t e s  t h a t  the  ab- 
so lu t e  motion of the l i qu id  can be obtained from the  sum of t he  LOX 
tank motion, plus t h e  motion of the l i qu id  r e l a t i v e  t o  t h e  UIX tank. 
The posi t ion coordinates  of t h e  l i qu id  r e l a t i v e  t o  the tank reference 
ax i s  were se lec ted  a s  the  generalized coordinates  fo r  the l i qu id .  'Ibis 
s e l e c t  ion of generalized coordinates r e s u l t s  i n  coupling the  ET r i g i d  
body dynamics t o  t ha t  of the l i qu id  through t h e  mass matrix of the  sys- 
tem. This approach s imp l i f i e s  the expression fo r  the  i n t e r ac t i on  con- 
s t r a i n t  forces  between the l i qu id  and tank. Thus, t h e  s t a t e  v a t o r  for  
t h e  l i q u i d  and ET is,  

where 

n = the number of node points  used t o  represent  the l iqu id .  
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The i n e r t i a  coupl ing between t h e  l i q u i d  and ET r i g i d  body is der ived  
from t h e  p r i n c i p a l  of v i r t u a l  work. .. 

I++6Ri(pRi - f i )  d+ - O (4-25) 

where 6Ri = V i r t u a l  displacement of i t h  mars po in t  . . 
Ri 

I n e r t i a l  a c c e l e r a t i o n  of i t h  m a s  po in t  

f i  
= Exte rna l  f o r c e s  on i t h  mass poin t  

p = Mass d e n s i t y  

So lu t ion  of equat ion (4-25) r e q u i r e s  d e f i n i t i o n  of bRi and R ~ .  Utsing 
Figure 4-3, and assuming a r i g i d  ET, t h e  i n e r t i a l  v e l o c i t y  and acce l -  
e r a t i o n  of the  i t h  l i q u i d  po in t  a r e ,  

(4-26) 
and .. .. .. 

e r e  &I = 3 , equat ion (4-8). 

2 

The above express ion assumed t h e  same b a s i s  f o r  a11 t h e  v e c t c r s .  I n  
genera l ,  t h e  tank coord ina te  system w i l l  no t  be a l l i g n e d  wi th  t h e  ET 
c e n t e r  of mass t r i a d ,  Furthermore, t h e  c e n t e r  of mass t r i a d  r o t a t e s  
wi th  respec t  t o  i n e r t i a l  space.  The [ y] matr ix ,  equat ion (4-6), re- 
l a t e s  t h e  body a x i s  t r i a d  t o  t h e  i n e r t i a l  t r i a d .  The tank t r i a d  (T) 
can be r e l a t e d  t o  t h e  body a x i s  t r i a d  (C) by, 

i", j", k" a r e  t h e  tank axes  base  vec to rs .  

Tl l r  qr and gi v e c t o r s  can be de f ined  i n  t e n s  of t h e i r  components. 

-. 

5 j *'A ( i; ) , body a x i s  system 

and 2 

- 
i - Lit* j t t  { $ 1  , t: lk a x i s  system. 
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Combining these  vec tors ,  the  t o t a l  d i s tance  from the  ET center  of 
mass (empty) t o  t he  i t h  l i qu id  point is, 

The angular ve loc i ty  c ros s  products ( i n  terms of the  body a x i s  t r i a d )  
can be rewr i t ten  i n  matrix form using t h i s  t o t a l  d i s tance  vector .  
Hence, 

- - 
uX(% + qi) = L i t  j' k t l  [ r (4-32) 

where [ rs Ii = 1. -h ~ $ 1  
Y x i 

Fzrthermore, the c e n t r i p e t a l  and c o r i o l i s  acce lera t ions  can be wr i t ten  
i n  a  s imi la r  fashion, 

and 
- - -  

2wxqi " 

where [ R ]  = 

The ET body a x i s  angular v e l o c i t i e s ,  w, and angular acce lera t ions ,  w , 
can be wr i t ten  a s  funct ions of the  s t a t e  var iab les  ($, 0,  4) and 
t h e i r  time der iva t ives .  Recalling equation (4-10). 
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Differen t ia t ing ,  t h e  angular acce lera t ion  of t h e  body t r i a d  i r .  

(4 -36)  

Subs t i tu t ing  equations (4 -28)  t h ru  (4-36)  i n t o  equations (4-26)  and 
(4 -27)  w e  obta in  t h e  i n e r t i a l  v e l o c i t i e s  and acce lera t ions  o f ,  t he  
l i q u i d  i n  terms of t he  ET and l i q u i d  generalized coordinates.  

and .. 

i 

The v i r t u a l  displac.ements, 6Ri. a r e  re la ted  t o  t he  generalized coordi- 
na tes  through the  kinematic re la t ionships  of equation (4 -37)  *. Thus, 

A A h x 

*See Appendix A, Vir tua l  Power Concept 

4-12 
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Having obtained expreesione f o r  t he  acce lera t ion  and v i r t u a l  
dieplacements of a point  within the  l i qu id ,  t h e  v i r t u a l  work ex- 
pression can be evaluated t o  obta in  the  liquid-ET i n e r t i a  coupling. 
The v i r t u a l  work i n t e g r a l  (eq. 4-25) is replaced with a summation 
over n l i q u i d  mass poin ts  represent ing the mesa of the  l iqu id  volume. 
Furthermore, t h i s  summation can be separated i n t o  acce lera t ion  and 
ve loc i ty  components of t he  generalized coordinatee. Thus, 

where 'z = 
-i 9,. qyv 9, 

f o r  t he  i t h  l i qu id  mass 

[mi] = mass matrix f o r  the i t h  l i qu id  mass (3x3) 

The coupled mass matrix is obtained by combining the  f i r s t  s u m a t i o n  
of equation (4-40) with the  mass matr ices  defined i n  the  ET r i g i d  
body equatione .. (4-9) .. and (4-17). Thus, -- .. 
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o r  i n  sho r t ,  

a:: , 
The second surdat ion of equation (4-40) represent8 the  l i q u i d  i n e r t i a  
forces  which a r e  a funct ion of l i qu id  and ET generalized v e l o c i t i e s .  
These forces  a r e  t r ea t ed  a s  generalized forces  applied t o  t h e  r i g h t  
hand s i d e  of the  equations of motion and a r e  combined with t h e  ET 
i n e r t i a  forces  which a r e  a function of t he  ET generalized v e l o c i t i e s  
'4-17). Thus, t he  coupled equations of motion (neglect ing ex te rna l  
and cons t ra in t  forces)  a r e ,  

(4-42) 

1 

~ [ , R , I [ ~ I [ , \ I [ ~ I ~  + LTRc] [ [ ~ I C ~ ~ I  n ;@I + [r,] n [ill [ m g  

n 

This completes t he  development of the  i n e r t i a  coupling between the 
l i qu id  and ET r i g i d  body dynamics. 

4 . 3  SOLUTION OF THE COUPLED EQUATION OF MOTION 

Before proceeding with the  de ta i led  der iva t ions  of the  cons t r a in t  and 
l i qu id  shear forces ,  the  general procedure f o r  solving the  coupled 
cquat ion w i l l  be discussed. This discuesicn includes the  developtnent 
of the  equations t o  conserve the  momentum of the  coupled system. 

The generalized forces  applied t o  t he  l i qu id  and ET, a s  wel l  a s  t he  
cons t ra in t  forces ,  can he added t o  equation (4-42). 



ORIGIML. p;p~ IS 
OF POOR Q JHL~ i y 

subjec:t to ,  

where [Q~~], [Q~], [B] - E % c e m l  and d ise ipat ive  generalized 
forces applied t o  the  l iquid  and El'. 

The f i r s t  s t ep  i n  the  solut ion process requires tha t  the  momentum 
of the  system be conserved i n  uccordance v i t h  the  cons t ra in ts  im- 
posed upon the  system. k u l r g o u s  t o  the  de*relopment presented i n  
Chapter 3.0, the  impulse-ntum expression fo r  an ine laa t i c  impact 
can be wri t ten  as.  

I f )  

where (-) subscript  denotes ve loc i t i e s  before contact and (+) subscript 
denotes the  ve loc i t i e s  a f t e r  impact. The impulsive force a t  i m p ~ c t  is 
represented by {f ) . Fur^,hermore, a f t e r  the  l iquid  node point has con- 
tacted the  wall,  

A two s t ep  solut ion process, which required inversion of the  system 
mase matrix, was employed i n  Chapter 3.0. The system mass matrix is 
now highly coupled and contains a la rge  numbur of non-zero terms. 
Therefore, an a l t e rna t ive  rolut ion procedure is employed. Equation 
(4-46) is  appended t o  equation (4-45) and the impulse forces ( f )  a r e  
placed on the  l e f t  hand side. Thue, 
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The "plus" velocity states are obtained by solving these algebraic 
equations with a Gaussian elimination and backward substitution 
procedure. The (E-1) diagonal terms permit ;ecomposltion when a 
constraint becomes zero (€10). 

Having obtained the generalized velocities of the liquid and ET 
after the liquid impacta the wall, the velocity dependent forces 
can be evaluated and the coupled equations of motion solved. 
Equations (4-43) and (4-44) are cast into a format similar to 
equation (4-47). 

Note, the left hand side coefficient matrix has remained the same, 
therefore, the state solution only requires evaluation of the right 
hand side and a new back substitution. 

The constraint forces between the liquid and tank will be shown in 
section 4.4 to be only functions of the liquid generalized coordinates. 

Therefore, [bx] and [b,] are null -trices. This simplifies the 
expression for the velocity change after impacc (equation 4-47) and 
the constraint force expression (equation 4-48). Note, however, the 
impact of the liquid onto the tank wall still affects the ET velocities 
through the inertial coupling terms. Likewise, the constraint forces, 
A ,  reflect the ET generalized forces and momentum through the inertial 
coupling. This coupling provides closed-loop feedback between the 
liquid and ET dynamics. 

4.4 THREE-D1MENSIONA.L IbIPERMEABILITY CONSTRAINTS 

The liquid at the ET wall is constrained to move tangent to the wall. 
The previous section stated that the auxiliary equation, (equation 
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4-39), which def iner  there  cons t r a in t  condi t ions,  d id  not  d i r e c t l y  in- 
volve the LT v e l o c i t i e r .  This sec t ion  w i l l  develop there  c o n r t r a i n t  
exprerr ionr  and def ine  t h e  ana ly t i ca l  represen ta t ion  of t he  con r t r a in t  
eurf ace. 

Consider two point8 eeparated a d i r t ance  of A , one point on the tank 
boundary the companion point i n t e r i o r  t o  t h e  boundary. Define the  
boundary point a s  point A and the  i n t e r i o r  point a s  a l i qu id  mas8 
poin t ,  point B. Referring t o  Figure 4 4 ,  the absolute  pos i t ionr  and 
v e l o c i t i e s  of both points  can be obtained. 

( .$ 

and 
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Figure 4-4. Definition of Three-Dimensional Tank ~oundary Constraint 

The-veloci ty  of point  B ,  t h e  l i q u i d  mass p o i n t ,  r e l a t i v e  t o  wa l l  
is  A o r ,  

- - - - - - - -  
,A = % - Ra = qL + ill Y. q - (qa + X 9.1 b 

The tank is r i g i d ,  t h e r e f o r e ,  the  v e l o c i t y  o f  po in t  A is t e r o ,  r e l a t i v e  
t o  the  tank a x i s .  Furthermore, the  c o n s t r a i n t  cond i t ion  is imposed ? 

when ia = Qb. These cond i t ions  s i m p l i f y  equat ion (4-51). Hence, j 

The impermeability c o n s t r a i n t  r e q u i r e s  t h a t  the  v e l o c i t y  o f  the  l i q u i d  
normal t o  the  c o n s t r a i n t  s u r f a c e  be zero.  This  can be expreesed a s ,  
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where 
- 
n - the outward normal vector  t o  the conet ra in t  sur face  

The nonnal vector  i r  defined a8 the gradient  of the cons t r a in t  bur- 
face,  4 , evaluated a t  the locat ion of the  l i qu id  mar8 point.  Thur , 

The t iwe der iva t ive  of the con r t r a in t  equation, (4-531, is required f o r  
the solut ion of the equation8 of motion. Therefore, 

From vector a lgebra,  the following r e l a t ionsh ip r  a r e  evident ,  

and 

Thus, equation ( 4 - 5 5 )  simplifies t o ,  

This exprerrion i r  squivr lan t  t o  equation (4-39) and show8 tha t  the 
auxi l ia ry  equation8 a r e  not functions of the velocities of the BT. 

The BT tank i r  axiaymmetric. Tharefote,  the def in i t ion8  of the con- 
s t r a i n t  rurfaca and fbl matricer follow tha t  of the two-dinrenrional de- 
velopment; t h i r  is a l s o  t rue  for  the ha f f l e r  region of the con r t r a in t  
surface. Therefore, 
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and referring to Figure 3-8, the baffler region 4 i r ,  

where x ,  y ,  a are mr dured i n  the tank reference frame. The Ib]  
matrices for the bare and baffler regions are, 

I 

and 

where - the coordinates of the i th l i q u i d  me8 
p o i n t  - the velocity component8 of the i t l ~  l i q u i d  
mass point 
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The time derivativtr of the [bl  matricer are, 

. I 

and . 
. * I  I :'.I 

[;I, = b9 I b3 I i.j~6\ 
where 

= 
k is defined a8 the z velocity coefficient in equation (3-35),  

Chapter 3.0. 
j 
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4.5 THREE-DIMBNSIONAL INCOMPRESSIBILITY CONSTRAINT 

The three-dimensional l i qu id  incomprer r ib i l i ty  war modeled v i t h  8 r o l i d  
paral le lepiped element. Thir element ( a l r o  used t o  def ine  vircous 
shear fo rce r )  maintained an average incomprer r ib i l i ty  w i t h  in  i t r  vol- 
ume; the volume of any f r ac t i on  of t h e  element could vary, but the  ele- 
ment a s  a whole maintained constant  volume. Thir averaging technique 
was accomplished by dividing t h e  paral le lepiped i n t o  two unique a r .  
rangemento of t e t rahedra  a s  shown i n  Figure 4-5. The volume of each 
arrangement (cone ist ing of f i v e  te t rahedra  ) equals  t h e  volume of t h e  
paral le lepiped.  The paral le lepiped volume war defined a s  one-half the  
sum of the ten te t rahedra  volumes. The incomprer r ib i l i ty  cons t r a in t  
c o e f f i c i e n t s ,  [b] , f o r  a given para l le lep iped ,  a r e  formed f o r  each of 
t h e  two unique te t rahedra  arranqementrr. The cons t i t uen t s  of  t h e  two 
[b]  matr ices  a r e  then averaged, term by term, t o  a r r i v e  a t  t h e  f i n a l  
incompressibi l i ty  cons t ra in t  matr ix  f o r  t h a t  paral le lepiped element. 

The incompressibi l i ty  cons t r a in t  c o e f f i c i e n t s  f o r  each te t rahedron a r e  
derived by requi r ing  the vol.imme of t h e  te t rahedron t o  remain constant  
The te t rahedron volume can be wr i t t en  a s  a s c a l a r  t r i p l e  product. Re- 
f e r r i ng  t o  Figure 4-6, the volume f o r  a tetrahedron v i t h  the  l o c a l  e le -  
ment node numbering 2 , m, n ,  o ,  can be wr i t ten  a s ,  

f = 116 A*(B x C) = Constant (4-64) 

Ihe r a t e  of change of the tetrahedron volume must equal zero. 
Therefore, - d = 

d t  

Collecting the terms of equation (4-65) by the node point v e l o c i t i e s  of 
the te t rahedron,  the components of the (b1 matrix fo r  t ha t  p a r t i c u l a r  
tetrahedron a r e  formed. 

Node R Components - 



Node m Components 

Node n Components 

Node o  Components 

[B2C3 - B ~ c ~ ~ ; ~  
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The components of each tetrahedron ( f o r  the  two arrangements) were as-  
sembled t o  form two g loba l  [b] matrices  f o r  the  paral le lepiped e l e -  
ment. This assembly used t h e  node point numbering key indicated below 
each paral le lepiped in Figure 4-5. The two global  (b l  matr ices  were 
averaged, term by term, t o  form the  incompressibi l i ty  cons t r a in t  coef- 
f  i c i e n t s  for  a  given paral le lepiped element. The paral le lepiped [b]  
matr ices  were assembled t o  form t h e  incompressibi l i ty  cons t r a in t  matr ix  
f o r  the l iqu id .  

The time de r iva t ive  of the cons t r a in t  matr ix  is requited i n  the de f in i -  
t i on  of the aux i l i a ry  equation ( 4 - 3 9 ) .  T h e ~ e  time de r iva t ives  were de- 
r ived using an averaging technique s imi l a r  t o  t ha t  used i n  der iv ing  the 
[b l  matrix.  Using equations (4-66) t h ru  (4-691, the components of the 
[b] matrix fo r  a  p a r t i c u l a r  te t rahedron a r e ,  
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J2 3 
Nodes: 2 ,  6 ,  7 ,  5 

2  3  
Nodes: 3 ,  7 ,  4 ,  2  

2 3  
Nodes: 2 ,  6 ,  3 ,  1 

2 3  
Nodes: 3 ,  7 ,  8 ,  6  

Nodes: 1, 5 ,  2 ,  4  

Nodes: 4 ,  8 ,  5 ,  7  

2  3  
Nodes: 2,  7 ,  4 ,  5 

Arrangement 2  

2  3 
Nodes: 4 ,  8,  1, 3  

2 3 
Nodes: 1, 5 ,  6 ,  8  

2  3  
Nodes: 3 ,  1 ,  6 ,  8  

Figure 4- 5. Te tmhedron Defini  t ion of Para 2 le Zepiped Element 



- A l i l '  + A 2 j 1 '  + A3k" 
- 
B - ( x  - x i 1  + (ym - y,) j" + (C - z l )kW 

- Bli" + B 2 j "  + B k" 
3 - 

c - (xn - x a ) i t  ' + iy, - y l ) j V 1  + (2, - z l ) k t *  

- cli" + C 2 j 1 '  + C3kU 

FiLgu*e 4-6. Te tmhedxwn Vector Defini,tion 

Node II Coarponentr . 
[-B C + I3c2 - B C + B3C2 - A C + A2C3 - (4-70.) 

2 3 2 3 3 2 

A f + ~~t~ - B + i 3 ~ 2  - A ~ B ~  + A L 1; 
3 2 2 3 3 2  i 

Node m Components 

Node n Componcntr 

Node o Componcntr 



I 

where a 
ij = Oji 

due to symmetry 

Fi:]krse 4- 7. Definition of  Stress Tensor for  Liquid 

There components were averaged and arrembled to form the incomprerri- 
bility conrtraint matrix [b] for the liquid. 

4 - 6  DERIVATION OF THE LIQUID SHEAR FORCES I N  THREE DIMBNSIONS 

A three-dimensional parallelepiped finite element war ured to represent 
the rhear forcer within the liquid. This element war derived from the 
liquid stress-rtrain rate relationrhipr uring a variational mechanics 
approach. 

Consider the rtresrer on a differential volume of size Ax, Ay, Cz (Fig- 
ure 4-71. Furthermore, arrumc the rtrerr field rerults from liquid re- 
sirtance to strain rate (deviatoric rtrerres) and the mean presrure on 
the differential volume. 

The rtrerr-rtrain rate relationrhipr for a viacour liquid have been d r  
rived [Ref 151. Hence, the rtrerrer on the differential volume can be 
exprersed in termr of the strain rater 88, 



where 

u, v, w the velocitier of the liquid in the tank x, y, r direc- 
tionr, 

m coefficient of vircority, 

P = mean prerrure. 

The velocity-atrain rate exprerr ionr can be written uring tenror nota- 
tion. 

Furthermore, the liquid ham been arrumed incomprerrible. Hence, 

Uring equation (4-76) and the incomprerribility rtattmtnt , equation 
(4-771, the rtrerr-rtrain rate relationrhipr can be written in, tenror 
notation, 

where 

1 1 2 1  6 - 0  
6 = Knonecker Delta 1 , _ 
ij 
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Defining the deviatoric  rtrerr a r ,  

the functional of the work done by tho l iquid r t r e r r e r  can be wri t ten  

The var ia t ion  of t h i r  fanctional i r ,  

Since only incomprerrible liquid8 a r e  being conr idered, 

'ii O 

and 

Thus, the var ia t ion  of the work in tegra l  s implif ier  to ,  

Uring equation (4-791, the var ia t ion  of the deviatoric  r t r e r r  can be 
exprerred a r  function of the  r t r a i n  r a t e  variat ion#,  fur ther  oimpli- 
fying equation (4-84). 

2 ~ 6 ~  E dye = L lj lj (4-85) 
J 

Thir in tegra l  can be wri t ten in matrix f o m  88, 



The l iquid r t r a i n  r a t e r  can b. eryrerred i n  t e r n  of the l iquid  veloci- 
t i e r  thru the vafacity-atrain rat. r r lat ionahipr  (equation 4-76). ?UP 
t h e m r e ,  the veloci ty f i e ld  within a f i n i t e  element region can be ap- 
proximated by tha nodal point v r l o c i t i e r  of the  f i n i t e  e1nlrnt.  L 5 b -  
wire, the adrain r a t e  caponea t r  can a l r o  be approxiuted  by the  nc=a.il 
point ve loci t ie r .  Uritq a tetrahedron f i n i t e  elemant with four aade 
pointr ,  the veloci ty f i e ld  and, her-e, tha r t r a i a  r a t e  component8 with- 
i n  the element, can be exprerred a r ,  

and 

where 

N1* N2, N3* N4 - the element rhape function aaraci- 
ated with each node point; 

qls i2* i3* 44 - nodal point velocitier.(ql = x l ,  . yl. zl) . 
Subrt i tut ion of the r t r a i n  r a t e  corponentr in to  the veloci ty-r train 
r a t e  relat ionrhipr  (equation 4-7 6) yia ldr ,  
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(4-90) 

- 
0 

0 

1 a N ~  -- 
2 ax 

0 

0 

1 aN1 -- 
2 ay 

3N1 - 
az 

1 aN1 -- 
2 ax 

1 aN1 -- 
2 a~ - 

The va r i a t i on  of t he  s t r a i n  r a t e s  can be replaced by the  v a r i a t i o n  of  
the nodal point  v e l o c i t i e s .  Therefore, s u b s t i t u t i n g  equat ion (4-89) 
i n to  equation (4-86) y i e l d s ,  

I;] 

J 

The nodal point  viscous forces ,  Pv' f o r  a  te t rahedron can be  shown 
from the above expression t o  be,  

where 

! 
4.6.1 Tetrahedron Snape Function Defini t ion 

j The spec i f i c  form of the p a r t i a l  de r iva t ives  and the averaging of t h e  
d i s s ipa t ive  forces within the paral le lepiped element muat be deter-  
mined. The shape function used i n  the p a r t i a l  de r iva t ives  must be a t  

i[ 4 -30 

- 



l e a s t  f i r r t  order  approximation funct ionr .  A l i n e a r  approximation t o  
the  displacement f i e l d  i r  , 

= disvlacements wi th in  the  tetrahedron 
" j 
u - c o e f f i c i e n t s  of the  i n t e rpo la t i on  nolynomial i 

A l oca l  coordinate system o r ig ina t ing  a t  t h e  cen t ro id  of t h e  t e t rahe-  
dron can be developed. The nodal point d i rp l acewnto  can ther. be w r i t -  
ten using t h e  l i n e a r  approximation funct ion and t h e  l oca l  nodal point 
coordinates.  

where 

h i  = displacements of the i t h  tetrahedron node point 

- - -  
Xi' Yi, i * loca l  coordinates  of the i t h  node point of t h e  

tetrahedron. 

Solving equation (4-94) for  {a) , and s u b s t i t u t i n g  i n t o  equation (4-93) 
the element shape functions a r e  obtained, 

where 

h j i  - def lec t ion  i n  the j th d i r ec t i on  a t  node 1, e t c ;  

* 
N1 = a + b x + c y + d l z  

1 1  1 
N 2 = a  + b x + c y + d z  

2 2 2 2 
N3 * a + b x + c3y + djz 3 3 

N4 a4 + b x + c4y + d4z 4 
*These shape funct ions a r e  equivalent  t o  volume coordinates  f o r  a te-  
trahedron. Further discuseion of volume coordinates  can be found i n  
Reference [I31 . 4-31 
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The p a r t i a l  der iva t ives  of the  shape funct ions,  used i n  equation 
(4-921, can be wr i t ten  a s ,  

These p a r t i a l  der iva t ives  a r e  constante t h a t  can be placed outs ide  t h e  
i n t eg ra l  of equation (4-92). The volume of t h e  tetrahedron is obtained 
through equation (4-64). The nodal point  forces  fo r  a paral le lepiped 
were determined by averaging the te t rahedron nodal point forces  fo r  t h e  
ten te t rahedra of each paral le lepiped ( ~ i g u r e  4-51. These forces  form 
the generalized forces  Qf applied t o  the l i qu id  (equation 4-38). 

4.6.2 Viscous Formulation Checkout 

The viscous force formulation was checked by ca l cu l a t i ng  the forces  
t ha t  r e s u l t  from shearing a un i t  cube of l iqu id .  Referring t o  Figore 
4-8a, the shear s t r e s s  and r e su l t i ng  shear  forces  can be expressed a s ,  

The magnitude of the force on the  cube f o r  a un i t  ve loc i ty  and u n i t  
surface area equals the v i s cos i t y ,  p . The forces  on the cube produced 
by the viscous force subroutine a r e  shown in  Figure 4-8b. The sum of 
the nodal forces  in  the X d i r ec t i on  equals  p,  ver i fy ing  the formulation 
sect ion 4.6.1. 



2 

Figure 4-Ba. She- Stress on U n i t  Cube 

Fig- 4-  LYb. FL )PC?C Resu 2 ts f r o m  ~ubrou t ine  LtISCOUS 
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Numerical technique. r i m i l a r  to  thore  ured i n  t he  two-diwnrional  model 
were required t o  t r a n r f o r r  tha  equation of motion i n t o  a workable c o c  
pu te r  program. The methodr ured i n  i n i t i a l  l i qu id  por i t ion ing  and nu- 
merical i n t eg ra t i on  r t e p  r i te  e r t i u t i o n ,  parallel thore ured i n  the 
two-dimerrr iona l  model. The nerh generat  ion ured a three-dimenrional 
mapping function, which i r  d i rcur red  i n  the  rubrequent paragrapha. I n  
addi t ion ,  r p e c i a l i t e d  program log i c ,  ured t o  reduce computational 
c o s t r ,  w i l l  be dircurred.  

1 .7 .1 Paral le lepiped F i n i t e  Element Meah Generator (CUBIT Propram) 

The  l i qu id  volume i r  divided i n t o  paral le lepiped f i n i t e  elearants f o r  
t he  L M S 3  model, The l i qu id  v o l u w  i r  bounded by t h e  tank wal l  and 
f r e e  aurface. The tank boundary war a n a l y t i c a l l y  defined as 8 d i r -  
t o r t ed  e l l i p r o i d  function, 4 . The FLUDCC rubrout ine [Ref 1) war again 
used t o  ob ta in  an approximation of the f r e e  sur face  geometry. The 
CUBIT program considerr  only a x i r y m e t r i c  or ien ta t ion8  of t he  l iqu id .  
Asymactric mesh arrangement8 were obtained by the techniques discussed 
i n  Section 3.4.2. 

Curvi l inear  coordinates  were used t o  map cubic meshes from t h e  E-n-V 
space i n t o  a volume i n  rectangular  coordinate  space. This volume has 
e ight  faces ,  each having parabol ic  curvature.  This mapping concept i s  
shown schematically i n  Figure 1-9. 

Mapping is achieved through a r e t  of "rerendipity" shape func ion8 
[Ref 131 derived from a 26-noded cube. The cube has nine v de points  
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d e f i n i w  each face. Thio a l l o w  each face t o  be doocr ibd a0 a quadric 
ourface. In ten8 of theoe ahape functiono, the mappi* relationohipo 
c m  be written ao, 

where 

N5 
- ( 1 -  ( )  ( )  - 1 / 2 [ ~ ~ + N ~ + N ~ ~ l  - 1/4[N21+N23+'124] 

6 
= 4 (1-\I) (1-t) (i) (!I) - 1 121N21+N241 

N9 
4 ( F )  1 -  I -  ( 1  - ll?lN22+N251 

N1O 
4 ( 1 -  - 1  ( 1 )  i - 1/21N22+N231 

4 ( 1 -  ( 1  ( ( 1  - l/2[N23+N241 

N12 - 4 ( I )  ( 1 .  ( ' - 1/2[N24+N251 





0 = face center node point 

Mesh definition is obtained by defining the number of divisions along 
sides 1, 2 and 3. The E-n-v space is then divided into the specific 
number of divisions, and the 6-n-v coordinates are obtained. These co- 
ordinates are then transformed, by the shape functions, into x-y-~ rec- 
tangular coordinate space. After mapping, if the mesh boundary soints 
do not match the tank surface as defined by the distorted ellipsoid 
constraint surface (due to parabolic mapping), the boundary points are 
adjusted so that they lay on the constraint surface. 

4.7.2 "B-MATRIXt' Programing Logic 

Several specialized subroutines were developed to miaimiee the computa- 
tional costs of the LAMPS3 program code. These routines reduced the 
number of,operations on zero-value elements in the constraint matrices, 
[b] and [b]. Subroutine logic was b ~ . e d  upon storage and manipulatian 
of only the terms within the bandwidth of a given row of the [b] ma- 
trix. These routines are: 

Operat ion Description Subroutine 

[A] I [Bl {v) Multiplication of BXV 
Matrix and Vector 
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Ehrl t ipl icat ion of 
Matrix Tranrpore 
and Vector 

BTXV 

Decomporition by Caurr SKY 
I 1 imina t ion and 
Forward-Backward 
Subs t i t u t i on  

4.8 TEST CORRELATION TO LAMPS3 MODEL 

A l imited co r r e l a t i on  ana lys i s  was performed w i t h  t h e  three-dimensional 
model. The model was co r r e l a t ed  t o  the  KC-135 a i r c r a f t  test data .  The 
three axes of  t e r t  measured acce l e r a t i ons  were applied t o  t h e  model, 
providing three-dimensional force and moment time h i s  t o r i e s  . The force 
and t o t a l  impulse co r r e l a t i on  r e s u l t s  f o r  KC-135 Test 1.2.2 a r e  shown 
i n  Figure 4-10. The a n a l y t i c a l  Z-axis force and t o t a l  impulse resemble 
the t e s t  data .  A s i m i l a r  r e s u l t  is obtained f o r  t h e  Y-axis force and 
t o t a l  impulse. The ana ly t i ca l  X-axis force time h i s t o r i e s  a l s o  looked 
reasonable, based on X acce le ra t ion  time h i s  t o r i e s  . However, s i nce  
X-axis forces  were not measured, no c o r r e l a t i o n  is presented f o r  t h i s  
ax is .  The ana lys i s  employed a 2 x 2 ~ 2  mesh ( 8  elements, 24 node 
points 1. 

The r e s u l t s  of Figure 4-10 can be compared t o  those of Figure 3-26, 
the  two-dimensional a n a l y t i c a l  co r r e l a t i ons  t o  t h e  KC-135 test 1.2.2 
data .  The two-dimensional model employed a f i n e r  mesh, containing 
32 elements. Even though t h e  c o r r e l a t i o n  i n  Figure 4-10 (with t h e  
coarse  8 element mesh) is good, t h e  c o r r e l a t i o n  can be improved by 
using a f i n e r  mesh. 

The three-dimensional model produces r e s u l t s  s imi l a r  t o  t he  LAMPS2 
model at reduced computational c o s t s  (due t o  spec i a l  programming 
techniques, Section 4.7). Additional co r r e l a t i on  analyses  using 
var ious i n t eg ra t i on  s t e p s  and mesh s i t e s  could be used t o  f u r t h e r  
optimize t he  model. However, based on t h e  co r r e l a t i on  performed, 
the  LAMPS3 model is a notable  improvement over t h e  two-dimensional 
LAMPS2 formulation. 



Legend 

Tank 2-Axis Force 

t ,  s 

Tank Y-Axis Force 
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The test data obtained in the Phase I and Phase I1 teat program have 
greatly contributed to the underatanding of lorg propellant reorienta- 
tion during orbiter/ET RTLS separation. Evaluation and compariron of 
the drop tower and KC-135 data has rerulted in the following conclu- 
sions regarding scaling and the influence of various parameters on re- 
orientation. 

1) The external tanks' slosh and antivortex baffles have a significant 
effect on reorientation character and for.cer. The baf f lee create 
flow turbulence, which dissipates energy and reduces reorientation 
forces. 

2) Variation in tank fill volume, in general, has little effect on rt- 
orientation character (in the range of 1% to 25% volume). However, 
with baffles installed, the antivortex baffle causes small fill 
volumes (1% to 2%) to travel inside to the tank, instead of along 
the tank wall. 

3 )  In the range of Bond and Reynolds numbers expected during RTLS, and 
simulated during testing, liquid viscosity does not have a signifi- 
cant influence on the character of bulk liquid reorientation. 

4) The liquid motion observed during drop tower and KC-135 testing is 
representative of that expected during RTLS separation. Frou*e 
number scaling, when ~ 0 3 1 0  and ~e350, is valid. 

The multiple mass, finite element models (LAMPS2, LAMPS3) developed 
during Phase I11 of the study, are a significant improvement over the 
single-point mass model currently used in the SVDS program. Correla- 
tion between the LAMPS2/LAMPS3 models and test data has resulted in the 
following observations and conclusions. 

1) The lumped mass formulation is recommended. Simulatior. results 
using a lumped mass matrix, correlate better to test data, and 
computational costs are significantly reduced over runs using a 
consistent mass matrix. 

2) Correlation of the models to both drop tower and KC-135 data pro- 
vides additional validation of the model scaling concept, i.e., the 
ailalytical models are based on the premise that Froude number seal- 
ing is valid. 

3) Force correlation is improved by reducing the integration interval 
(dt) and by using a "fine," finite element mesh. However, an ul- 
trafine mesh is not required to achieve satisfactory impulre and 
total impulse correlation. A 4x4 mesh has been found adequate, for 
the LAMPS2 model, for both drop tower and KC-135 simulations. Thir 
same mesh should be adequate for full-scale ET simulation. 
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4) Higher fill volwaer require a finer morh to achieve good correlr 
tion to teat data. Volumer 515% will require a merh finer than the 
4x4 merh recommended above. 

5 )  The three-dimenrional LAMPS3 model more accurately reprerentr the 
actual liquid m r r  dirtribution in the tank. 

6) Analytical rimulrtionr of the baf fled tank do not correlate exceed- 
ingly well to baffled tert data. The beat correlation ha8 been 
achieved uring o ~ l y  a ringle baffle in the analytical model. When 
simulating the entire baffled region, the liquid getr "trapped" and 
numerical difficultier occur. Neglecting the baffler, for actual 
RTLS simulationr, will rerult in conrervative reorientation forcer 
and '8 recomnended at thin tiw. 

Overall, the objective8 of this rtudy have been accomplirhed. However, 
additional work ir needed to refine the analytical tool8 that have been 
developed. In addition, application of the modelr to other intact 
abort s rhould be conridered. The following are reco~~mendationv for 
additional study. 

1) Testing (drop tower, KC-135) rhould be conducted for higher fill 
volumes to obtain data for anticipated intact abortr. 

2 )  Applicability of the LAMPSP/LAMPS3 modelr in rimulating higher fill 
volume aborts should be studied. Correlation to tert data rhould 
be used in this assessment. 

3 )  Additional work need8 to be done in the area of baffled tank rimu- 
let ion. 

4 )  Initialization of the liquid porition rhould be modified. The 
technique discussed in Chapter8 3.0 and 4.0 ha8 some numerical dif- 
ficulties. Mapping directly to the arymoetric initial liquid 
orientation should be invertigated. 

5 )  Surface tenel,., force effectr rhould be incorporated into the 
models in order to allow rimulation of the low Bond number regime. 
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The v i r t u a l  power concept i r  a convenient way t o  apply t h e  p r inc ip l e  of 
v i r t u a l  work t o  mechanic8 problear. mi8 appendix d i r cu r r e r  the con- 
ceptr  of the v i r t u a l  power method. Thir documentation ir  an evcerpt  
from the "Skylab Docking Iknetrver Simulation I l . thear t ic r1  Model Report 
(F ina l )  ," ED-2002 1395, 1971, authored by Carl  Bodley and Colton Park. 

The concept of a v i r t u a l  d i r p l a c e w n t  and the  p r inc ip l e  of v i r t u a l  work 
provide very e f f e c t i v e  t o o l r  i n  t he  a n a l y r i r  of a mechanical r y r t e r .  
The u t i l i t y  of the  pr inc ip le  of v i r t u a l  uork is  mainly due t o  being 
able  t o  e l iminate  t he  ac t ion  of  the  inner forcer  necerrary t o  maintain 
prercribed kinematical condi t ionr .  For example, a deformable r t r u c t u r e  
may be analyzed fo r  rtrerr and r t r a i n  by prercr ib ing  c e r t a i n  po r r ib l e  
d e r  of defornation. There mode8 a r e  a f i n i t e  number of kinematical 
conditions with which the  v i r t u a l  dirplacementr of the ayrtem murt com- 
ply. b c a u r e  the v i r t u a l  d i r p l a c e n n t s  a r e  i n  harmony with the  given 
kinematical condi t ionr  , the  ac t i on  of the inner forcer  may be e l i m i -  
nated. The number of equat ionr ,  equal t o  the number of modes of defor- 
mat ion (or degree8 of freedom arsumed), i r  @mallet than the  number o f  
pa r t i c l e s  contained in  the ryrtem. 

The pr inc ip le  of v i r t u a l  work it a va r i a t i ona l  p r inc ip l e  t h a t  allows a 
given raechmical system t o  be analyzed without considering the  i n f i n i t y  
of par t  i c l e r  and the i n f i n i t y  of inner forcer  ac t i ng  between them. The 
trc *sformation t h a t  r e l a t e s  t he  rectangular  coordinates  of t he  system's 
par L i c l e s  (Xi, ' t  ' Zi) :O the  generalized coordinates  (q l ,  q2, , . , , qn) 
is used t o  t r ans  o m  ::,e v i r t u a l  work expression t h a t  is i n  terms of 
the 6Xi, 6YiB 6Z1 and the r e su l t an t  p a r t i c l e  forces;  



ORiGUUAL PAGE IS 
OF POOR QUAUrV 

The ana ly t i ca l  form of the  generalized forcer .  Qj, i~ obtained 
through t h i s  t r ans  formation. The t r ans  formation t h a t  r e l a t e r  the par- 
t i c l e e  ' rectangular  coordinates to  the generalized coordinater  i r  i n  
essence, the  prescribed kinematical condi t ions of con r t r a in t :  

The v i r t u a l  displacements b f may be expressed a s  

thus,  from (A-1) 

N n a;, 
6W = Ti - 6qk 

i=l k=l aqk 

?' 

and it follows tha t  
$ 

,ik 
N a F -4 

i 
Qk 
=C" 0 -  

aqk' ,$ 
i=l d 

Equation (A-6) shows the transformation r e l a t i n g  the p a r t i c l e  forces  t o  . 
the generalized forces.  By the pr inc ip le  of v i r t r i l  work, only those 1L 

Fi  tha t  a r e  impressed forces contr ibute  to  6W, and therefore ,  t o  
&. If the system i s  a f l ex ib l e  s o l i d ,  some of the F i  may be con- 
s idered to  be r e su l t an t  s t r e s s e s  ac t ing  on v i r t u a l  s t r a i n s  t h a t  a r e  

: consis tent  w i t h  (equation A-4); the system h a s  the capacity for  s t o r i n g  

il - 3 



t e n t i d  energy (U)- QI, may be conridered t o  be composed of contribu- 
t ioae  from a l l  the conrervat ive impreered forcer  and from the position- 
dependent (o r  conrervat ive)  forces ,  

L a;, N a;, 
Q~ =C f i  - - C (P"), . -, 

aqk i=1 i=l aqk 

where L i s  the t o t a l  of the  unconservarive impressed forces.  In de- 
f in ing  the_ e x p l i c i t  form of the Qk i t  is necessziry t o  form the deriv--  
a t i ves  (ar,)/ (aqk).  Given the ex l i c i t  form of the kinematical 
condi t ions,  such a s  (equation A-3 7 , one needs only t o  d i f f e t e n t i a t e  t o  
express the required der iva t ives .  However, of ten in  prac t ice  the form 
of the transformation (equation A-3) i s  only implied and the 
der iva t ives  a r e  d i f f i c u l t  t o  obtain.  It is generally possible t o  
ea s i ly  express the p a r t i c l e  v e l o c i t i e s  and the time ( t ) ,  simply by 
wr i t ing  well known kinematical expressions tha t  comply w i t h  (equation 
A-3) ; 

a l so  

The der iva t ives  being sought appear in  (equation A-9) ; the 
accomplishment has been t o  express r i  in a simple "kinematical 
fashion" and equate the r e s u l t  t o  t h a t  given by (equation A-9) 
obtaining e x p l i c i t  expressions f o r  (6G1) /(6; ) without needin? 

-j t o  d i f f e r e n t i a t e  (equation A-3) or  witnout €.en needing t o  know the 
e x p l i c i t  form of A-3. Since the second term on the r igh t  of (equation 
A-9) does not en ter  i n t o  the comparison, i t  only needs t o  be recognized. 

Vir tual  ve loc i ty  can now be defined. The v i r t u a l  v e l o c i ~ y  concept i s  
analogous t o  t h a t  of v i r t u a l  displacements, i n  t h a t  the qk can be 
imagined t o  assume a r b i t r a r y  values independent of time. P a r t i c l e  ve- 
l o c i t i e s  take on values cons is ten t  with the conditions 
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The d i f f e r ence  between (equation A-9 and equat ion A-10) i s  the tern 
(a r i ) l (a t )  which vanishes s ince  "time is  held constant" ~ * i  l e  
impressing a r b i t r a r y  values of  bg ,  s imi l a r  t o  expressing v i r t u a l  
displacements. Thus, toe v i r t u a l  ve loc i ty  of the ith pirr t ic le  is  
defined t o  be t ha t  which s a t i s f i e s  (equation A-10) fo r  a r b i t r a r y  values 
of the independent 4t. The superscr ip t  ("1 is  used t o  
d i s t inguish  between v i r t u a l  v e l o c i t i e s  and r e a l  ve loc i t i e s .  

r: may be expressed from simple well  known kinematical r e l a t i on -  
sh ips  and these r e s u l t s  compared w i t h  (equation A-10) t o  obtain the 
e x p l i c i t  form of the der iva t ives  (3; ) / ( a s  1, again without needing 

i 
t o  know the e x p l i c i t  form of (equatiun A-33. 

In  conjunction with v i r t u a l  ve loc i ty ,  v i r t u a l  power, 6G, is conceived 
t o  be analogous t o  v i r t u a l  work. It is an expression involving v i r t u a l  
v e l o c i t i e s  r a t h e r  than v i r t u a l  displacements: 

3 
i 
i: 
": 

P 

The v i r t u a l  power has served the exact same purpose t h a t  v i r t u a l  work 
does, namely t o  provide the e x p l i c i t  form of the general ized forces .  
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APPENDIX B--USER GUIDE FOR LAMPS2 PROGRAM 

This appendix provides user information for the two-dimensional 
model (LAMPS2) and its mesh generator (MESH2). 

The MESH2 program is a stand-alone program, which generates the 
finite element mesh geometry based on user input data. The mesh 
data are written on a disk file, which LAMPS2 accesses directly. 
Figure B-1 shows the use and interaction of the two programs. 

The tank constraint surface, 4, is developed (automatically) 
based on input tank geometry. Any axisymmetric tank geometry 
can be simulated by the LAMPS2 program, from a cylinder to a 
sphere. Figure B-2 shows example geometry information input to 
the programs (MESH2, LAMF'SZ), 

Figure B-3 shows the overlay structure of the LAMPS2 program 
and the computer core requirements for a CDC CYBER computer. 
Table B-1 defines the input parameters for program MESH2, 
Table B-2 shows sample input data for MESHZ. Table B-3 defines 
the input parameters for program LAMPS2. Table B-4 shows sam- 
ple input data for LAMPS2. 

USER INPUT 

llSER INPUT 

+ 
FORCE T I I l E  HISTORIES MOTION T IHE HISTORIES 

Figure B- I .  nu-DimensionuZ Model Program Interactiol  
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IDOtIET = 1 
SPHERE 
TDT=RT 

RT 

IDOTIEB = 1 
SPHERE 

IDOMET = 1, t o p  dome i s  e l  1 i p s o i d a l  o r  s p h e r i c a l  
2, t o p  dome i s  o g i v e  

RT = r a d i u s  o f  e l l i p s e  o r  og i ve  

TDT h e i g h t  of upper done 

130MEB = 1, bot tom dome i s  e l l i p s o i d a l  o r  s p h e r i c a l  
2, b o t t o n  dome i s  o g i v e  

R B = r a d i u s  o f  e l l i p s e  o r  o g i v e  

TDB = h e i g h t  o f  lower  domc 

XL = l e n g t h  o f  tank c y l i n d r i c a l  s e c t i o n  

TR = tank r a d i u s  

F - 2 .  7:zr.k constraint Surface Geometry De j'ini t i c n  
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I OVERLAY (1  .O)  I I 

1 3 0 5 6 8  

DATA 
POST PROCESSOR 

I MAIN OVERLAY (0.0) I 

* OCTAL NUMBER 

CORE REQUIRENENTS FOR CDC CYBER COMPUTER 

Figure B-3. LAMPS2 Program Overlay Structure 
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.............................................................. 
L A M P S 2  M E S H  G E N E R A T O R  P R O G R A M  

PROGRAM FORMS F I N I T E  ELEMENT MESH FOR LAMPS2 
DEVELOPED FY : R . L .  BERRY AND L . J  DEMCHAK 

FOR N A S 9 - 1 5 3 0 2  
L A S T  R E V I S I O N  A P R I L  1 9 8 0  .............................................................. 

TANK V A R I A B L E S  EXPECTED. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FOR THE TOP DOME: 

IDOMET = 1 ,  TOP E L L I P S O I D A L  OR SPHERICAL  DOME 
= 2 ,  TOP OGIVE  DOME 

RT = R A D I U S  OF E L L I P S E  OR OGIVE  
TDT = HE IGHT  OF E L L I P S E  OR OGIVE  (TRUNCATED HGT OF O G I V E )  

FOR THE BOTTOM DOME: 
IDOMEa = 1 ,  BOTTOM E L L I P S O I D A L  OR SPHERICAL  DOME 

= 2 ,  BOTTOM OGIVE  DOME 
RE! = R A D I U S  OF E L L I P S E  OR OGIVE  
TDB = HE IGHT  OF E L L I P S E  OR OGIVE  (TRUNCATED HGT OF O G I V E )  
XL  = LENGTH OF PROPELLANT TANK C Y L I N D R I C A L  SECT ION.  

( L  U N I T S )  
TR = TANK R A D I U S .  ( L  U N I T S )  

F L U I D  P O S I T I O N  AND G R I D  V A R I A B L E S  EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THETAX = O R I E N T A T I O N  OF TANK ( D E G ) ,  I F  . N E .  0  I T E R A T E  TO 

P O S I T I O N  D E F I N E D  
N S I D E l  = NUMBER OF D I V I S I O N S  OF S I D E  1 OF F L U I D  G R I D ,  

I F  N S I D E l  . L E .  0 READ I N  PREVIOUSLY FORMED G R I D  DATA 
N S I D E 2  = NUMBER OF D I V I S I O N S  OF S I D E  2 OF F L U I D  G R I D  

NMESH = 1 ,  S I D E l , S I D E 2 , S I D E 3  ON BOUNDARY, S I D E 4  ON 
FREE SURFACE 

NMESH = 2 ,  S I D E l , S I D E 4  ON BOUNDARY, S I D E 2 , S I D E 3  ON 
FREE SURFACE 

MESH GENERATION C A P A B I L I T Y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THE PROGRAM I S  CURRENTLY SET UP FOR A MAXIMUM 
GENERATION OF 81 NODE P O I N T S .  T H I S  I S  EQUATED 
AS FOLLOWS: NUMNP = ( N S I D E 1  + 1 )  X ( N S I D E 2  + 1 )  
**NOTE** THE LAMPS2 PROGRAM HAS I T S  OWN C R I T E R I A  
FOR THE MAXIMUM NUMBER OF NODE P O I N T S .  T H I S  I S  
CURRENTLY SET AT NUMNP = 49 FOR COST SAV INGS.  

F L U I D  PARAMETERS EXPECTED - - - - - - - - - - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FDEN = MASS D E N S I T Y  OF F L U I D  

PCVOL = PERCENT TANK F I L L . L E . 1 0 0 .  
AMTOT = ACTUAL L I Q U I D  MASS 

PLOT T I T L E  INFORMATION EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P T I T  = ALPHA-NUMERIC PLOT T I T L E  ( 4 A 1 0 )  

TabZe B - I .  Frogram MESH2 Input Parameter Definition 
B -4 
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B A F F L E ( S )  PARAMETERS EXPECTED ---------------------.----------.-----------.-.-- 
NBAFF= 0 , N O  BAFFLES ADDITIONAL INPUT NOT REQUIRED 

= 1,ONE BAFFLE SET BAFFZLzBAFFZU, INPUT BAFCON 
= N , N  NUMBER OF BAFFLES ,BAFCON OVERRIDDEN 

BAFFZL= LOWER BAFFLE LOCATION 
BAFFZU= UPPER BAFFLE LOCATION 
BAFHGT= EFFECTIVE HEIGHT OF BAFFLE 
BAFCON= EFFECTIVE WIDTH OF BAFFLE 
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ME SHGN S.W.WIRTH 
MESH GENERATION FOR CASE 1 9 - - - - 5  % F1LL;MESH TYPE 1,  5 x 7  
ONE BAFFLE I S  U T I L I Z E D  FOR THE FULL BAFFLE DISTANCE 
MESHIMASS PRG 5 x 7  MESH VERSION 
P$INPUT 

X L = l . 3 1 ,  
TRz2.75,  
RT=10 .16 ,  
TDT=6.46,  
IDOMET=2, 
RB=2.75 ,  
TDB=2.06,  
THETAX=O.O, 
PCVQL=5. , 
IDOMEB= 1,  
FDEN=2.0213E-4,  
AMTOT=1.5666E-03, 
NSIDE1=5,  
NSIDE2=7,  
NMESH= 1,  
NBAFF=1, 
BAFFZL=1.00,  
BAFFZU=1.00, 
BAFHGT=0.5, 
BAFCON=3.5, 
$ 

STOP 

Tab le  B-2. Sample Input Data for Program MESH2 



............................................................. 
L A M P S 2  P R O G R A M  

LARGE AMLPITUDE 2  DIMENSIONAL SLOSH ANALYSIS PROGRAM 
DEVELOPED BY : R . L .  BERRY AND L . J .  DEMCHAK 
FOR N A S 9 - 1 5 3 0 2  
LAST R E V I S I O N  MAY 1980 

TAPE1 RESERVED FOR FORCE TIME HISTORY STORAGE 
TAPE2 RESERVED FOR INPUT OF EXTERNALLY GENERATED MESH DATA OR 

RESTART 
TAPE3 RESERVED FOR L I Q U I D  MOTION T IME HISTORY STORAGE 
TAPE4 RESERVED FOR RESTART DATA OUTPUT 

TANK VARIABLES EXPECTED. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IDOMET = 1 ,  TOP E L L I P S O I D A L  OR SPHERICAL DOME 

= 2 ,  TOP OGIVE DOME 
RT = RADIUS OF E L L I P S E  OR JGIVE 
TDT = HEIGHT OF E L L I P S E  OR OGIVE (TRUNCATED HGT OF OGIVE)  
IDOMEB = 1 ,  BOTTOM E L L I P S O I D A L  OR SPHERICAL DOME 
IDOMEB = 2 ,  BOTTOM OGIVE DOME 
RB = RADIUS OF E L L I P S E  OR OGIVE 
TDB = HEIGHT OF E L L I P S E  OR OGlVE (TRUNCATED HGT OF OGIVE)  
XL = LENGTH OF PROPELLANT TANK CYL INDRICAL  SECTION. 

( L  U N I T S )  
TR = TANK RADIUS.  ( L  U N I T S )  

F L U I D  POSIT ION AND GRID VARIABLES EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THETAX = ORIENTATION OF TANK ( D E G ) ,  I F  .NEB 0 ITERATE TO 

P O S I T I O N  DEFINED 
NTHETA = NUMBER OF INCREMENTS OF THETA TO ACHIEVE 

CONVERGENCE 
CONVKE = CHANGE I N  K I N E T I C  ENERGY FOR P O S I T I O N  CONVERGENCE 
CONVDT = INTERGRATION STEP S I Z E  FOR I N I T I A L  P O S I T I O N  

CONVERGENCE 
G I  = ACCELERATION MAGNITUDE FOR I N I T I A L  P O S I T I O N  

CONVERGENCE 
NITERP = NUMBER OF ITERATIONS TO ESTABL!SH F L U I D  I N I T I A L  

POSITON, THETAX .NEB 0. FOR I T H  THETA INCREMENT 

F L U I D  PARAMETERS EXPECTED 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - -  

FDEN = MASS DENSITY OF F L U I D  
XMUC = F L U I D  V ISCOElTY ( C E N T I P O I S E )  , I F  . L E .  0  NO VISCOUS 

FORCES 
FGLUE = GLUE FACTOR FOR F L U I D  TO REMAIN ON WALL, 

RECOMMEND 1 . 0  

Table B-3. Program LAMPS2 Input Pzrameter Definition 
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PCVOL = PERCENT TANK F I L L . L E . 1 0 0 .  
AMTOT = ACTUAL L I Q U I D  MASS 

INTERGRATION AND P R I N T / P L C T  FLAGS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DT = MAXIMUM DELTA T I M E  INCREMENT 
T F  = END T I M E  OF S I M U L A T I O N  

NPRNT = P R I N T  COUNTER, P R I N T  EVERY NPRNT T I M E  
NPLOT = PLOT COUNTER, PLOT EVERY NPLOT T I M E  

I F S A V E  = SAVE STATE ,ETC.  TO JUMP START LATER ( T A P E 4 1  
I F J U M P  = RESTART PROGRAM FORM PREVIOUS RUN 

( S E E  SUBROUTINE JUMPRD FOR I N P U T  REQUIREMENTS) 

PLOT T I T L E  INFORMATION EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P T I T  = ALPHA-NUMERIC PLOT T I T L E  ( 4 A 1 0 )  

B A F F L E ( S 1  PARAMETERS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NBAFF= 0 , N O  BAFFLES  A D D I T I O N A L  I N P U T  NOT REQUIRED 

= 1,ONE B A F F L E ,  SET B A F F Z L z B A F F Z U ,  I N P U T  BAFCON 
= N , N  NUMBER OF BAFFLES ,  BAFCON OVERRIDDEN 

BAFFZL=  LOWER BAFFLE  LOCAT ION 
BAFFZU= UPPER BAFFLE  LOCAT ION 
BAFHGT= E F F E C T I V E  HE IGHT  OF B A F F L E  
BAFCON= E F F E C T I V E  WICTH OF BAFFLE  

ACCELERATION DATA EXPECTED 
- - - - - I - - - - - - - - - - - - - - - - - - - - - - - -  

ACCEL = TABLE OF TANK ACCELERATIONS: 
COL 1- TIME, COL 2- AY, COL 3- AZ 

MESH DATA EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TABLES DEFINING F INITE ELEMENT hESH FROM PROGRAM MESH2 ON F ILE  2  



LAMPS2 S.W.WIRTH 
TEST 19 CASE 1 LAMPS RUN 
5 % F ILL  WITH ONE BAFFLE 
TEST 19 CASE1--5% FILL  LAMPS RUN. 
P$INPUT 

XL=1.31, 
TR=2.75, 
RT=10.16, 
TDTz6.46, 
IDOMET=2, 
RBz2.75, 
TDB=2.06, 
THETAX=13.O, 
PCVOL=S . , 
I DOMEB= 1 , 
FDEN=2.0213E-04, 
XMUC= 1.0, 
SMASS=4.751E-03, 
AMTOTg1.5666E-03, 
ZCGS=-35.9045, 
YCGS=12.7403, 
DT=0.02, 
TF=1.00, 
FGLUE=1.0, 
NPHNT=4, 
NPLOT.4, 
NITERP=40, 
NBAFF=1, 
BAFFZLrl.0, 
BAFFZU=1.0, 
BAFHGT=O.S, 
BAFCON=3.5, 
G1=190.0, 
CONVKE=S.OE-04, 
CONVDT=0.025, 
3 

ACCEL 3 3 
1 I 0 .0  12.7403 386.07 
2 1 0.07 12.7403 -35.1320 
3 4 

6 1.6  12.7403 -35.1320 
00000000~0 
YZCORD 0 2ME SHGN 
NTYPE 0 2ME SHGN 
r4 ? 0 2tilESHGN 
NLINE 0 2MESHSN DATA FROM PROGRAM MESH2 
AMASS 0 2MESHGN 
AREA 0 2ME SHGN 
HGT 0 2ME SHGN 
STOP 
Table B - 4 .  Sampte Input Data for  Program LAMPS2 



APPENDIX C--USER GUIDE FOZ LAMPS3 PROCRAM 

This appenilx provides user information for the three-dimensional 
model (tAMPS3) atld its mesh generator (CUBIT). 

The CUBIT program is a etand-alone yrogram, which generates the 
fiaite element mesh geometry based on user input data. The mesh 
data are written on'a disk file, which LAMPS3 accesses directly. 
Figure C-1 shows the use and interaction of the two pr(,grams. 

The tank constraint surface, Q, is deveioped (:-tomatically) 
based on input tank geometry. Any axisynu~etric tank geometry 
can be simulated by the LAMPS3 program, from a cylinder to a 
sphere. The tank geometry information required is identical 
to that for the two-dimensional model (see Figure B-?). 

Figure C-2 showu the overlay structure -' the LAMPS3 :togram and 
the computer core requirement8 for a CDC CYBER computer. Table 
C-1 defines the input p rameters for program CUBIT. Table C-2 
shows sanple input data for CUBIT. Table C-3 defines the input 
parameters for program LAMPS3. Table C-4 shows sampls input 
data for LAMPS3. 

USER 

USER 

INPUT 

INPUT 

FORCE TIME HISTORIES MOTION TIME HISTORIE; 

Figwe C-1.  Three-UimenewnaZ Model mgrcun l n t e ~ c t h  
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* OCTAL NUllBER 
CORE REQUIREHENTS FOR L ~ C  CYBER COHPUTER 

Figure C-2. W S 3  Program Ove~lay  Stimdcture 
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............................................................. 
C U B I T  M E S H  G E N E R A T O R  P R O G R A M  

PROGRAM FORMS F I N I T E  ELEMENT MESH FOR LAMPS3 
DEVELOPED BY : R . L .  BERRY, L . J  DEMCHAK, A. COVINGTON 

FGR N A S 9 - 1 5 3 0 2  
LAST R E V I S I O N  SEPT 1 9 8 0  

TANK VARIABLES EXPECTED. - - - - - - - - - - - - - - - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IDOMET = 1,  TOP E L L I P S O I D A L  OR SPHERICAL DOME 

= 2, TOP OGIVE DOME 
RT = RADIUS OF E L L I P S E  OR OGIVE 
TDT = HEIGHT OF E L L I P S E  OR OGIVE (TRUNCATED HGT OF OGIVE)  
IDOMEB = 1, BOTTOM E L L I P S O I D A L  OR SPHERICAL DOME 
IDOMEB = 2, BOTTOM OGIVE DOME 
RB = RADIUS OF E L L I P S E  OR OGIVE 
TDB = HEIGHT OF E L L I P S E  OR OGIVE (TRUNCATED HGT OF O G I V E )  
XL = LENGTH OF PROPELLANT TANK CYL INDRICAL  SECTION. 

( L  U N I T S )  
TR = TANK RADIUS. ( L  U N I T S )  

GRID  VARIABLES EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N S I D E I  = NUMBER OF D I V I S I O N S  ON X A X I S  (TOP SURFACE) 
N S I D E 2  = NUMBER OF D I V I S I O N S  ON Y AXJS (TOP SURFACE) 
N S I D E 3  = NUMBER OF D I V I S I O N S  ON Z A X I S  (DEPTH OF TANK) 

F L U I D  PARAMETERS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FDEN = MASS DENSITY OF F L U I D  

PCVOL = PERCENT TANK F I L L . L E . 1 0 0 .  
AMTOT = ACTUAL L I Q U I D  MASS 

PLOT INFORMATION EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P T I T  = ALPHA-NUMERIC PLOT T I T L E  ( 8 A 1 0 )  

I F 3  = 1 ,  PLOT NODE NUMBERS 
NVW = 1 ,  PLOT FULL TETRAHEDRA ELEMENTS 

= 2, PLOT ONLY CUBES 
I F P T  = PRODUCE DIAGNOSTIC PRINT OUTPUT 

IFCORN= INPUT OPTION FOR GENERAL MESH GENERATION, 
REQUIRES ADDITIONAL INPUT OF "CORNER" NODES BY 
CALL READ ( 3  T I M E S )  

Tablo C-1. Prog.*m CUBIT Input Parameter Defini t ion 
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BAFFLE(S1 PARAMETERS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NBAFF= 0,NO BAFFLES ADDITIONAL INPUT NOT REQUIRED 

= 1,ONE BAFFLE SET BAFFZL=BAFFZU, INPUT BAFCON 
= N , Y  NURSER OF CAFFLES ,BAFCON OVERRIDDEN 

BAFFZL= L O U R  BAFFLE LOCATION 
BAFFZU= UPPT9 BAFFLE LOCATION 
BAFHGT= EFFECTIVE HEIGHT OF BAFFLE 
BAFCON= EFFECTIVE WIDTH OF BAFFLE 

Table C-I. 
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MESH3D S.W,WIRTH 
MESH GENERATION FOR 3 D  MODEL - 1 0  X F I L L ;  1  BAFFLE 
2X2X2  MESH TYPE FOR P4LMP3B 
3DMESH FOR 10% F I L L ;  2 X 2 X 2 ;  1  BAFFLE 
P$INPUT 

X L = 1 . 3 1 ,  
T R = 2 . 7 5 ,  
R T = 1 0 . 1 6 ,  
T D T = 6 . 4 6 ,  
IDOMET.2, 
R B = 2 . 7 5 ,  
T D B = 2 . 0 6 ,  
PCVOL=lO. ,  
IDOMEB=1, 
F D E N = 2 . 0 2 1 3 E - 4 ,  
AMTOT=3 .1212E-03 ,  
N S I D E 1 = 2 ,  
N S I D E 2 = 2 ,  
N S I D E 3 = 2 ,  
NBAFF=1,  
IFCORN=O, 
I F P T = O ,  
NVW=2, 
B A F F Z L = 1 . 0 0 ,  
E A F F Z U = 1 . 0 0 ,  
BAFHGT=0.5 ,  
BAFCON=3.5,  
3 

STOP 

Table C-2. Sample Input Data for Program CUBIT 



ORIMAL'  PAGE-tS 
.M POOR QUALITY 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . ~ .  . . . . ~ . . .  . 

L A M P S 3  P R O G R A M  
LARGE AMLPITUDE 3 D IMENSIONAL  SLOSH A N A L Y S I S  PROGRAM 
DEVELOPED BY : R . L .  BERRY AND L . 3 .  DEMCHAK 

FOR N A S 9 - 1 5 3 0 2  
LAST  R E V I S I O Y  DEC 2 0  1 9 8 0  

............................................................. 

TAPE1 RESERVE3 FOR FORCE T I M E  H ISTORY STORAGE 
TAPE2 RESERVED FOR INPUT  OF EXTERNALLY GENERATED MESH DATA 

OR RESTART 
TAPE3 RESERVE3 FOR L I Q U I D  MOTION T I M E  HISTORY STORAGE 
TAPE4 RESERVED FOR RESTART DATA OUTPUT 

TANK V A R I A B L E S  EXPECTED. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IDOMET = 1 ,  TOP E L L I P S O I D A L  OR SPHERICAL  30ME 

= 2 ,  TOP OGIVE  DOME 
RT = R A D I U S  OF E L L I P S E  OR OGIVE  
TDT = HE IGHT  OF E L L I P S E  OR OGIVE  (TRUNCATED HGT OF O G I V E )  
IDOMEB = 1 ,  BOTTOM E L L I P S O I D A L  OR SPHERICAL  DOME 
IDOMEB = 2, BOTTOM OGIVE DOME 
RB = R A D I U S  OF E L L I P S E  OR OGIVE  
TDB = HE IGHT  OF E L L I P S E  OR O G I V E  (TRUNCATED HGT OF O G I V E )  
X L = LENGTH OF PROPELLANT TANK C Y L I N D R I C A L  SECT ION.  

! L  U N I T S )  
TR = TANK R A D I U S .  ( L  U N I T S )  

F L U I D  P O S I T I O N  AND G R I D  V A R I A B L E S  EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THETAX = O R I E N T A T I O N  OF TANK ( D E G ) ,  I F  .hE. 0 I T E R A T E  TO 

P O S I T I O N  
NTHETA = NUMBER OF INCREMENTS OF THETA TO ACHIEVE  

CONVERGENCE 
C3NVKE = ChANGE I N  K I N E T I C  ENERGY FOR P O S I T I O N  

CONVERGENCE 
CONVDT = INTERGRATION STEP S I Z E  FOR I N I T I A L  P O S I T I O N  

CONVERGENCE 
G I  = ACCELERATION MAGNITUDE FOR I N I T I A L  P O S I T I O N  

CONVERGENCE 
N I T E R P  = NUMBER OF I T E R A T I O N S  TO E S T A B L I S H  F L U I D  I N I T I A L  

P Q S I T I O N ,  THETAX . N E B  0 FOR I T H  THETA INCREMENT 
THETAX .NE .  0. FOR I T H  THETA INCREMENT 

F L U I D  PARAMETERS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
XMUC = F L U I D  V I S C O S I T Y  I C E N T I P O I S E )  , I F  . L E .  0 

NO VISCOUS FORCES 

Table C-3. Frogrm LAMFS3 Input Parameter Ue f in i  t i o n  
C -6 
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FGLUE = GLUE FACTOR FOR F L U I D  TO REMAIN ON WALL 
RECOMMEND 1 . 0  

AMTOT = ACTUAL L I Q U I D  MASS 

INTERGRATION AND PRINTIPLOT FLAGS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
DTMAX = MAXIMUM DELTA T IME INCREMENT 

TF = END TIME OF SIMULATION 
NPRT = PRINT COUNTER, PRINT  EVERY NPRT T IME 

I F P L T  = DIAGONSTI  FOR PLOT ROUTINES 
IFSAVE = SAVE STATE ,ETC. TO JUMP START LATER ( T A P E 4 )  
IFJUMP = RESTART PROGRAM FORM PREVIOUS RUN 

(SEE SUBROUTINE JUMPRD FOR INPUT REQUIREMENTS) 
NCHECK = 1 ,  MINIMUM OUTPUT (DEFAULT VALUE) 

= 2,  S T ' T E  OUTPUT/ B BD ETC . . .  
= 3, ALL OUTPUT, BRING WHEEL BARREL 

PLOT T I T L E  INFORMATION EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P T I T  = ALPHA-NUMERIC PLOT T I T L E  ( 4 A 1 0 )  

NPLOT = PLOT COUNTER, PLOT EVERY NPLOT T IME 
NSIDE1  = NUMBER OF D I V I S I O N  ALONG X A X I S  
NSIDE2  = NUMBER OF D I V I S I O N  ALONG Y A X I S  
NSIDE3  = NUMBER OF D I V I S I O N  ALONG Z A X I S  
IPLOPT = 0 ,  FREE SURFACE PLOT OPTION 
IPLOPT = 1,  BRICK PLOT OPTION 

B A F F L E ( S 1  PARAMETERS EXPECTED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NBAFF= 0,NO BAFFLES ADDITIONAL INPUT NOT REQUIRED 

= i ,ONE BAFFLE, SET BAFFZi.=BAFFZU, INPUT BAFCON 
= N ,N  NUMBER OF BAFFLES, BAFCON OVERRIDDEN 

BAFFZL= CgWER BAFFLE LOCATION 
BAFFZU= UPPER BAFFLE LOCATION 
BAFHGT. EFFECTIVE HEIGHT OF BAFFLE 
BAFCON= EFFECTIVE WiDTH OF SAFFLE 

ACCELERATION DATA EXPECTED - - - - - - - - . - - - - - - - - - . - - - - - - - . - -  
ACCEL = TABLE OF TANK ACCELERATIONS: 

COL I -  TIME, COL 2- AX, COL 3- AY, COL 4- AZ 

MESH DATA EXPECTED . - - - - - - - - . - - - - - - - - - - - - . - . - - - -  
TABLES DEFINING FINITE ELEMENT MESH FROM PROGRAM CUBIT ON FILE 2 



LAMPS3 S.W.WIRTH 
P4LMP3B RUN FOR 10% F ILL  1 BAFFLE 
2X2X2 MESH--VISCOUS SUBROUTINE INCLUDED,DT=.005 
LAMPS 3 0  FOR 10% F I L L ;  1 BAFF;DT=.005 
P$INPUT 

XL=1 .31 ,  
TR=2.75, 
RT=10.16,  
TDTz6.46,  
IDOMET=2, 
RB=2.75, 
TDB=2.06, 
THETAX=13.0, 
I PLOPT= 1, 
IDOMEB= 1 ,  
IFPLT=O,  
XMUC=0.75, 
SMASS=5.77387€-03, 
AMTOT=3.1212E-03, 
ZOFF=35.9425, 
NTHETA= 1 ,  
DTMAX=0.005, 
T F = l .  10,  
FGLUE=1.0, 
NPRT=4, 
NPLOT=4, 
NITERP=40, 
IFAPP= 1, 
NBAFF=1, 
BAFFZL=1.0,  
BAFFZU=1.0, 
BAFHGT=0.5, 
BAFCON=3.5, 
G1=190 .0 ,  
CONVKE=l.OE-04, 
CONVDT=0.005, 
IFSAVE=O, 
I F  JUMP=O, 
NSIDE1=2,  
NSIDE2=2,  
NSIDE3=2,  

Table C-4. ScmrpZe Input Data for Program LAMPS3 



s 
ACCEL 3 

XYZCOR 0 
NTYPE 0 
NP 0 
MEND 0 
IDIAG 0 
AMASS 0 
ELVOL 0 
STOP 

OR1G1NAL PAGE tS 
OF POOR QlJALrrY , TIME ,AX Ay , Az ) 

4 

DATA FROM PROGRAM CUBIT 
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