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FOREWORD 

T h i s  r e p o r t  was prepared by UNIDEV, I N C , ,  H u n t s v i l l e ,  

Alabama, under Cont rac t  NAS8-21272 f o r  t h e  George C. Marsha l l  

Space F l i g h t  Cente r  of t h e  Na t iona l  Aeronaut ics  and Space 

Admin i s t r a t i on .  The work w a s  adminis te red  under t e c h n i c a l  

d i r e c t i o n  of t h e  Aero-Astrodynamics Labora tory ,  George C .  

Marshal l  Space F l i g h t  Cen te r ,  w i t h  M r .  Frank Bugg, a c t i n g  as 

P r o j e c t  Manager. 

Th i s  document d e a l s  w i t h  t h e  computat ional  a s p e c t s  of 

t h e  problem, T h e o r e t i c a l  c o n s i d e r a t i o n s  a r e  p resen ted  i n  

Volume I .  

Techn ica l  c o n t r i b u t i o n s  and h e l p f u l  sugges t ions  were 

made by D r .  D .  0 .  Lomen, U n i v e r s i t y  of Arizona.  

T h i s  s tudy  was executed under t h e  d i r e c t i o n  of 

D r .  L .  L .  Fontenot ,  Program Manager and P r i n c i p a l  I n v e s t i g a t o r ;  

M r .  T. S. Chandler developed t h e  D i g i t a l  Computer Program 

desc r ibed  h e r e i n .  



ABSTRACT 

T h i s  document d e s c r i b e s  t h e  D i g i t a l  Computer  Program 

used t o  d e t e r m i n e  e i g e n f r e q u e n c i e s ,  e i g e n f u n c t i o n s ,  f o r c e s ,  

and moments f o r  p r o p e l l a n t  " s l o s h i n g "  i n  r o t a t i o n a l l y  

symmetric  t a n k s  u n d e r  weak g r a v i t a t i o n a l  f i e l d s .  The 

d e s c r i p t i o n  o f  t h e  a n a l y s i s  i s  g i v e n  i n  /1/. 
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0 T o t a l  f r e e  s u r f a c e  displacement . 
rl ' Free s u r f a c e  displacement  i n  t h e  absence of 

s u r f a c e  t e n s i o n .  

< Free  s u r f a c e  d i sp lacement  due t o  s u r f a c e  t e n s i o n  
and c o n t a c t  a n g l e  e f f e c t s .  . 

T o t a l  f o r c e  r e s u l t i n g  from a c t i o n  of  l i q u i d  on 
t h e  t a n k  w a l l ( s )  i n  t h e  y ( o r  x 2 ) - d i r e c t i o n .  

Force  r e s u l t i n g  from a c t i o n  o f  l i q u i d  on t h e  
t a n k  w a l l ( s )  i n  t h e  x 2 - d i r e c t i o n ,  i n  t h e  absence 
of s u r f a c e  t e n s i o n .  

Force r e s u l t i n g  from a c t i o n  of l i q u i d  on t h e  
t a n k  w a l l c s )  i n  t h e  y ( o r  x ) - d i r e c t i o n ,  due t o  
s u r f a c e  t e n s i o n  and contac8 a n g l e  e f f e c t s .  

T o t a l  f o r c e  r e s u l t i n g  from a c t i o n  of l i q u i d  on 
t h e  t a n k  w a l l i s )  i n  t h e  z ( o r  x j ) - d i r e c t i o n .  

Force  r e s u l t i n g  from a c t i o n  of l i q u i d  on t h e  
t a n k  w a l l ( s )  i n  t h e  x 3 - d i r e c t i o n ,  i n  t h e  absence 
of s u r f a c e  t e n s i o n .  

Force  r e s u l t i n g '  from a c t i o n  of l i q u i d  on t h e  
t a n k  w a l l ( s )  i n  t h e  x 3 - d i r e c t i o n ,  due t o  s u r f a c e  
t e n s i o n  and c o n t a c t  ang le  e f f e c t s .  

T o t a l  moment of t h e  f o r c e s  e x e r t e d  on t h e  t a n k  
w a l l ( s )  about  t h e  x ( o r  xl)  a x i s .  

Moment of  t h e  f o r c e s  e x e r t e d  on t h e  t a n k  w a l l ( s )  
about  t h e  x l -ax is ,  i n  t h e  absence of s u r f a c e  
t e n s i o n .  

Moment o f  t h e  f o r c e s  e x e r t e d  on t h e  tank  w a l l ( s )  
about t h e  x ( o r  xl )  a x i s ,  due t o  s u r f a c e  t e n s i o n  
and c o n t a c t  a n g l e  e f f e c t s .  

Time dependent ampl i tudes  of f r e e  s u r f a c e  d i s -  
placement F o u r i e r  expansion.  

.*. 
See / 2 /  for n o t a t i o n s  no t  g iven h e r e i n ,  



Time dependent amplitudes of free surface dis- 
placement Fourier expansion, in the absence of 
surface tension, 

Time dependent amplitudes of free surface dis- 
placement Fourier expansion, corresponding to 
surface tension and contact angle effects. 

Acceleration in the x2-direction. 

Acceleration in the xj-direction (assumed constant). 

Angular acceleration of tank about the x2-axis. 

Mass of the liquid. 

2 Bond Number = pa3a /o 

Undisturbed volume of the liquid, 

Surface tension. 

Density of the liquid. 

Distance from point B to the z-axis (see Fig. 1). 

Polar coordinates. 

Contact angle. . 

Distance from the center of gravity of the liquid 
to the undisturbed free surface, in the absence 
of surface tension. 

Distance from the center of gravity of the liquid 
to an arbitrary point along an extension of the 
line AC (see Fig. l), in the absence of surface 
tension, 

Angle between the tangent line and local horizontal 
(see Fig. 1). 

Antisymmetric eigenfunctions associated with the 
"high-g" eigenoscillation problem. 

Eigenfrequencies 

2 Non-dimensional parameter = Lwn/a3 

vii 
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bn'hn"n'l~-l 
Liqu id  pars-me-be-rs associa-bed w i t h  t h e  
"high-g'! s l o s l l  problem / 2 / d e f i n e d  
in (1.81* 

A d d i t i o n a l  l i q u i d  p a r a m e t e r s  r e s u l t i n g  
from s u r f a c e  t e n s i o n  and c o n t a c t  a n g l e  
e f f e c t s  d e f i n e d  i n  ( 1 . 4 )  and ( 1 . 5 1 ,  

9 1  S t o k e s  ' p o t e n t i a l  de te rmined  from sys tem ( 1 . 7  ) . 
W - W  n 

W n  
Frequency c o r r e c t i o n  = - 8 n n ' 2 B ~  

v i i i  



INTRODUCTION 

I n  /1/, t h e  e q u a t i o n s  govern ing  t h e  b e h a v i o r  of 

l i q u i d s  i n  moving t a n k s  under  c o n d i t i o n s  o f  w e i g h t l e s s n e s s  

and weak g r a v i t a t i o n a l  f i e l d s  were d e r i v e d .  

The o b j e c t i v e  o f  t h i s  document i s  t o  d e v e l o p  a 

D i g i t a l  Computer Program t o  c a l c u l a t e  t h e  p e r t i n e n t  l i q u i d  

p a r a m e t e r s d e r i v e d  i n  / 2 / f o r  r o t a t i o n a l l y  symmetric  t a n k s ,  

where in  t h e  a x i s  of  symmetry c o i n c i d e s  w i t h  t h e  v e c t o r  of 

e f f e c t i v e  mass f o r c e s .  



SECTION 1 

SYNTHESIS OF EUWDAMENTAL EQUATIONS 

The equa t ions  which govern t h e  motion of l i q u i d s  en- 

c l o s e d  i n  moving t a n k s  under wealc g r a - v i t a t i o n a l  f i e l d s  a r e  

de r ived  i n  / I / .  I n  p a r t i c u l a r ,  t h e  equa t ions  a r e  s p e c i a l i z e d  

t o  r o t a t i o n a l l y  symmetric v e s s e l s ,  wherein t h e  a x i s  of sym- 

metry c o i n c i d e s  w i t h  t h e  v e c t o r  of  e f f e c t i v e  mass f o r c e s .  

The f o r c e s ,  moments and f r e e  boundary displacement  are g iven  

i n  t e rms  of non-dimensional c o e f f i c i e n t s ,  which a r e  express -  

i b l e  by means of t h e  geometry of t h e  v e s s e l ,  p r o p e r t i e s  of  

t h e  l i q u i d ,  c o n t a c t  ang le  and parameters  a s s o c i a t e d  wi th  t h e  

"high-g" e i g e n o s c i l l a t i o n  problem. I n  t h e  n o t a t i o n  of /2/, 

t h e s e  equa t ions  a r e  

1 

Q = s i n e  Q n ( r , L ) E n ( t )  , 



where 



m = l  
nfm 

w i t h  



Figure I .  Rotat ional ly  Symmetric Vessel, Notation 



7 - 
'nm - 'nm with kn replaced by K m ' 

The eigenfrequencies K n and functions Qn satisfy the boundary 

value problem (see Fig. 1). 

aQn - K n - - -  
L 'n (along BC), a z 

a @n a m n  sin6 - cos' = 0, (along AB), 

while the Stokes potential is determined from 

2 . a  ul ayl 1 a2yil 
+ --. ---.---- - - 

2 2 
- 0, (interior to A B C O A ) ,  

2 
'4 -!- ---- - 

r ar ar a z 
(1.7) 



ayl  s i n 8  - cosP -- - -- 2z sinB, (on A B C ) .  
L~ 

F i n a l l y ,  t h e  c o e f f i c i e n t s  

1 2 2 2  
Ill = P (r  s i n  e+z ) d ~  - 4 p  z2dv 

uv uv 

a r e  parameters  a s s o c i a t e d  w i t h  t h e  equa t ions  of  motion i n  

t h e  absence of  s u r f a c e  t e n s i o n ,  and t h e r e f o r e  can be found 

once m n ,  K and Y l  a r e  known. n  

I n  t h e  absence of  s u r f a c e  t e n s i o n  ( B o = a ) ,  t h e  motion 

of  t h e  l i q u i d  i n  t h e  moving t a n k  i s  comple te ly  determined 

by equa t ions  ( 1 . 2 )  whose c o e f f i c i e n t s  a r e  e x p r e s s i b l e  by 

means of t h e  s o l u t i o n s  of ( 1 . 6 )  and ( 1 . 7 )  and parameters  

1 . 8 .  The NASA-MSFC D i g i t a l  Computer Program / 2 /  i s  

a v a i l a b l e  f o r  s o l v i n g  ( 1 . 6 )  a.nd ( 1 . 7 )  and c a l c u l a t i n g  ( 1 . 8 )  

f o r  r o t a t i o n a l l y  symmetric v e s s e l s ,  The program and compu- 

t a t i o n a l  procedure  a r e  w e l l  documented i n  / 2 / ,  and not  

r epea t ed  h e r e .  



T o  f i n d  t h e  c o r r e c t i o n s  due t o  s u r f a c e  t e n s i o n  and 

c o n t a c t  a n g l e  e f f e c t s ,  we must compute t h e  add i - t i ona l  
i 

m a t r i c e s  and v e c t o r s  i n  ( 1 . 3 )  which a r e  e x p r e s s i b l e  by 

means of ( 1 . 4 )  and (1. .5) .  However, an  examination of 

(1 .3-5)  and t h e  D i g i t a l  Computer Program /2 / shows t h a t  

t h e  r e q u i r e d  q u a n t i t i e s  can be  formed r e a d i l y  i f  t h e  

a d d i t i o n a l  i n t e g r a t i o n s  T~~ and p n  a r e  known. The re fo re ,  

we s h a l l  extend t h e  D i g i t a l  Computer Program t o  c a l c u l a t e  

t h e s e  parameters  a n d ' t h e  r e s u l t i n g  m a t r i c e s  and v e c t o r s  

c a l l e d  f o r  i n  ( 1 . 3 ) .  I n  a d d i t i o n ,  we s h a l l  compute t h e  

f requency c o r r e c t i o n  



SCCTIOIC' 2 

PROGRAT.1. DESCRIPTION 

The existing prograin (Tank Sloshing Version 1, 3712) 

was modif ied t o  accep t  t h e  e q u a t i o n s  described i n  Section 1. 

TO make t h e  necessary  changes ,  f i v e  r o u t i n e s  were added and 

t h e  m a t r i x  and main r o u t i n e s  were mod i f i ed ,  

Gauss ' s  Quadrature  Method w a s  used as t h e  i n t e g r a t i o n  

scheme and w a s  w r i t t e n  as a new r o u t i n e ,  INTG3. The i n t e -  

grands  of r and p were p laced  i n  t h e  f o u r  remaining r o u t i n e s .  

The program w a s  w r i t t e n  and checked o u t  on t h e  I B M  

7 0 9 4 ,  Mod 11, Version 1 3 .  



SECTION 3 

U T I L I Z A T I O N  OF THE COMPUTER PROGRAM 

3 . 1  DESCRIPTION OF INPUT. There a r e  t h r e e  s e t s  of r e q u i r e d  
i n p u t  da-ta,  as d e s c r i b e d  i n  Sec t ions  3 . 1 . 1 ,  3 . 1 . 2  and 3 . 1 . 4 .  
An o p t i o n a l  f o u r t h  s e t  i s  desc r ibed  i n  S e c t i o n  3 . 1 . 3 .  Inpu t  
i s  s u b j e c t  t o  t h e  r e s t r i c t i o n s  o u t l i n e d  i n  S e c t i o n  3 . 1 . 5 .  

Data i s  e n t e r e d  i n  a l l o c a t e d  spaces  on a coding form. Each 
d i g i t  of a number, a decimal  p o i n t ,  o r  a minus s i g n  occupies  
1 space .  Unless  o the rwi se  s p e c i f i e d  i n  t h e  foll-owing s e c t i o n s ,  
a number must be  e n t e r e d  wi th  a decimal  p o i n t .  A number t h a t  
must no t  c o n t a i n  a decimal  p o i n t  must be  r i g h t - a d j u s t e d .  
That  i s ,  a l l  d i g i t s  must occupy t h e  l a s t  of t h o s e  spaces  
a l l o c a t e d  f o r  t h e  number. 

A l l  c o o r d i n a t e s  r e q u i r e d  as i n p u t  must be  i n  i n c h  u n i t s ,  from 
a system i n  which t h e  r - c o o r d i n a t e  o f  t h e  t a n k  c e n t e r l i n e  i s  
ze ro  and t h e  z -coord ina te  i n c r e a s e s  upward. The o r i g i n  may 
be anywhere on t h e  c e n t e r l i n e .  

F igu re  2. Coord ina te  System 

3 . 1 . 1  Problem I n p u t .  The f i r s t  t h r e e  l i n e s  of t h e  coding 
form c o n t a i n  g e n e r a l  in format ion  about t h e  problem. On t h e  
f i r s t  l i n e :  

D a t a  

1 through 7 2  Ente r  any d e s i r e d  c h a r a c t e r s  t o  be used a s  
an i d e n t i f r i c a t i o n  t i t l e .  



On t h e  second l i n e :  

Spaces Data -- 

1 t h r o u g h  1 0  Con tac t  Angle ( ~ a d i a - n s )  

11 t h r o u g h  20 Bond 1Qumber 

On t h e  t h i r d  l i n e :  

Spaces  Da ta  

1 t h r o u g h  1 0  E n t e r  t h e  number o f  segments  of t h e  c u r v e .  
The number must  b e  r i g h t - a d j u s t e d ,  w i t h o u t  
a decill lal  p o i n t .  

11 t h r o u g h  20 E n t e r  t h e  number o f  modes o f , o s c i l l a t i o n  
d e s i r e d .  The number must  be  r i g h t - a d j u s t e d ,  
w i t h o u t  a d e c i m a l  p o i n t .  

2 1  t h r o u g h  30 ~ n t e r  t h e  l i q u i d  d e n s i t y  ( i n  k i l o g r a m s  p e r  
c u b i c  m e t e r ) .  

3.1 t h r o u g h  40 E n t e r  t h e  r - c o o r d i n a t e  ( i n  i n c h e s )  o f  t h e  
b e g i n n i n g  of  t h e  segments  of  t h e  c u r v e .  

4 1  t h r o u g h  50 E n t e r  t h e  z - c o o r d i n a t e  ( i n  i n c h e s )  of  t h e  
b e g i n n i n g  o f  t h e  segments  of  t h e  c u r v e .  

5 1  t h r o u g h  60 E n t e r  t h e  number o f  b a f f l e s .  The number must 
b e  r i g h t - a d j u s t e d ,  w i t h o u t  a  dec imal  p o i n t .  

3 . 1 . 2  Tank Geometry I n p u t .  Beginning w i t h  t h e  f o u r t h  l i n e  o f  
t h e  cod ing  fo rm,  a l i n e  of  t h e  d a t a  below i s  ~ ? e q u i r e d  f o r  e a c h  
segment of  t h e  c u r v e ,  Segments must b e  o r d e r e d  i n  a c o n t i n u o u s ,  
c o u n t e r c l o c k w i s e  p a t h  around t h e  c u r v e .  The number of  t h e s e  
l i n e s  o f  i n p u t  must e q u a l  t h e  number e n t e r e d  i n  s p a c e s  1 t h r o u g h  
1 0  of t h e  t h i r d  l i n e  o f  Problem I n p u t  ( S e c t i o n  3 . 1 . 1 ) .  

Spaces  Data 

1 t h r o u g h  1 0  E n t e r  t h e  r - c o o r d i n a t e  ( i n  i n c h e s )  o f  t h e  end 
of t h e  p a r t i c u l a r  segment ,  hav ing  proceeded 
a l o n g  t h e  segment i n  a c o u n t e r c l o c k w i s e  
d i r e c t i o n  around t h e  c u r v e .  

11 t h r o u g h  2 0  E n t e r  t h e  z - c o o r d i n a t e  ( i n  inc l l e s )  o f  t h e  end 
o f  t h e  p a r t i c u l a r  segment ,  hav ing  p roceeded  
a l o n g  t h e  segment i n  a  c o u n t e r c l o c k w i s e  
d i r e c t i o n  around t h e  c u r v e .  



S p a c e s  Dat a. 

2 1  through 3 0  Leave b l a l j c  for a  s t r a i g h t  l i n e  segment; 
o t h e r w i s e ,  e n t e r  as fo l lows ,  depending on 
t h e  t y p e  of segment: 

E l l i p t i c a l .  En te r  t h e  r - c o o r d i n a t e  ( i n  
i n c h e s )  of t h e  c e n t e r  of t h e  e l l i p s e .  

C i r c u l a r ,  En te r  t h e  r - c o o r d i n a t e  ( i n  i n c h e s )  
of  t h e  c e n t e r  of t h e  c i r c l e .  

P a r a b o l i c .  En te r  t h e  r - c o o r d i n a t e  ( i n  i n c h e s )  
of  t h e  v e r t e x  of t h e  pa rabo la .  

3 1  th rough  4 0  Leave b lank  f o r  a s t r a i g h t  l i n e  segment; 
o t h e r w i s e ,  e n t e r  as f o l l o w s ,  depending on 
t h e  t y p e  of segment: 

E l l i p t i c a l .  En te r  t h e  z -coord ina te  ( i n  i n c h e s )  
of  t h e  c e n t e r  of  t h e  e l l i p s e .  

C i r c u l a r .  En te r  t h e  z -coord ina te  ( i n  i nches )  
of t h e  c e n t e r  of t h e  c i r c l e .  

P a r a b o l i c .  Ente r  t h e  z -coord ina te  ( i n  i n c h e s )  
of t h e  v e r t e x  of t h e  pa rabo la .  

41 th rough  50  Leave blank f o r  a s t r a i g h t  l i n e  segment; 
o the rwi se  e n t e r ,  depending on t h e  t y p e  o f  
t h e  segment, as fo l lows :  

E l l i p t i c a l .  En te r  t h e  semimajor a x i s  ( i n  
i n c h e s )  of  t h e  e l l i p s e .  

C i r c u l a r ,  En te r  t h e  r a d i u s  ( i n  i n c h e s ) ' o f  
t h e  c i r c l e .  

P a r a b o l i c .  En te r  t h e  d i r e c t r i x  ( i n  i n c h e s )  
o f  t h e  pa rabo la .  

51  th rough  6 0  Leave b lank  f o r  a s t r a i g h t  l i n e  o r  p a r a b o l i c  
segment; o the rwi se  e n t e r ,  depending on t h e  
t ype  o f  t h e  segment, as fo l lows :  

E l l i p t i c a l .  Ente r  t h e  semiminor a x i s  ( i n  
i n c h e s )  of t h e  e l l i p s e .  

C i r c u l a r .  En te r  t h e  r a d i u s  ( i n  Lnches) of 
t h e  c i r c l e ,  



Spaces Data 

6 1  th rough  7 0  Leave b lank  f o r  a s t r a - i g h t  l i n e  o r  c i r c u l a r  
segment; e n t e r  t h e  amoun-t of cou.riterclockwise 
r o t a t i o n  ( i n  deg rees )  from t h e  norm ( a s  shown 
i n  F igu re  3 )  of t h e  e l l i p s e  i f  t h e  segment 
i s  e l l i p t i c a l ,  o r  of t h e  pa rabo la  i f  t h e  
segment i s  p a r a b o l i c .  It may be l e f t  b lank  
f o r  an  a n g l e  of  ze ro  deg rees .  

3.1.3 B a f f l e  I n p u t .  Th i s  d a t a  i s  e n t e r e d  on ly  i f  a number i s  
en t e red  i n  spaces  51 th rough  6 0  of t h e  t h i r d  l i n e  of Problem 
Inpu t  (Sec t ion  3 . 1 . 1 ) .  Beginning w i t h  t h e  nex t  l i n e  of t h e  
coding form, a l i n e  of t h e  d a t a  below i s  r e q u i r e d  f o r  each 
b a f f l e .  The number of t h e s e  l i n e s  must equa l  t h e  number 
e n t e r e d  i n  spaces  51 th rough  6 0  of t h e  t h i r d  l i n e  of Problem 
Input  ( S e c t i o n  3 . 1 . 1 ) .  

Spaces Data 

1 through  1 0  En te r  t h e  z -coord ina te  ( i n  i n c h e s )  of t h e  
b a f f l e .  

11 through  2 0  En te r  t h e  r - c o o r d i n a t e  ( i n  i n c h e s )  of  t h e  
i n n e r  end of t h e  b a f f l e .  

2 1  th rough  30 En te r  t h e . r - c o o r d i n a t e  ( i n  i n c h e s )  of t h e  
o u t e r  end of  t h e  b a f f l e .  

Normal O r i e n t a t i o n  of an E l l i p s e  

I SEMIMINOR AXIS 

CENTER SEMIMAJOR AXIS 

F igu re  3 .  Normal O r i e n t a t i o n s  
f o r  Tank Geometries 



Normal Orientation of a --- Parabola 

3 .1 .4  Case I n p u t .  Each c a s e  t o  be  r u n  r e q u i r e s  a  l i n e  o f  
i n p u t  as l i s t e d  below. Any number of c a s e s  may be s p e c i f i e d .  

Space ( s Data 

1 through  10 En te r  t h e  z -coord ina te  ( i n  i n c h e s )  o f  t h e  ' 

undis turbed  f r e e  s u r f a c e .  

2 0  Leave b lank  t o  i n d i c a t e  t h r e e  deg rees  o f  
freedom; o t h e r w i s e ,  e n t e r  t h e  d i g i t  6 t o  
i n d i c a t e  ' s ix  deg rees  of  freedom. 

2 1  th rough  30 Leave blank t o  i n d i c a t e  no f o r c e  d i s t r i b u t i o n  
c o e f f i c i e n t s ;  o t h e r w i s e ,  e n t e r  t h e  z - coo rd ina t e  
( i n  i nches )  of t h e  p o i n t  d i v i d i n g  t h e  l i q u i d  
i n t o  an UPPER and a LOWER r e g i o n  of  p a p t i - t i o n s .  

31  th rough  4 0  Leave b lank  t o  i n d i c a t e  no f o r c e  d i s t r i b u t i o n  
c o e f f i c i e n t s ;  o t h e r w i s e ,  e n t e r  t h e  increment  
( i n  i n c h e s )  a long  t h e  z - ax i s  between f o r c e  
d i s t r i b u t i o n  p a r t i t i o n s  i n  t h e  UPPER r e g i o n  
of  l i q u i d .  

4 1  th rough  50 Leave blank t o  i n d i c a t e  no f o r c e  d i s t r i b u t i o n  
c o e f f i c i e n t s ;  o t h e r w i s e ,  e n t e r  t h e  increment  
( i n  i nches )  a long  t h e  z -ax is  between f o r c e  
d i s t r i b u t i o n  p a r t i t i o n s  i n  t h e  LOWER r e g i o n  
of l i q u i d .  

1, There can be no more t h a n  50  segments.  

2, There can be no more than 30 baffles. 



3 .  There  can be no more t h a n  5 modes of o s c i l l a t i o n ,  

4 ,  D o  no t  e n t e r  t h e  t a n k  c e n t e r l i n e  a s  a  segment u n l e s s  it 
i s  a segment of t h e  c u r v e ,  

5 ,  The t a n k  must no t  be complete ly  f u l l .  

6 .  Each segment must be  de f ined  such t h a t  f o r  a  g iven  
r - c o o r d i n a t e ,  t h e r e  i s  on ly  a s i n g l e  v a l u e  of  t h e  
z -coord ina te  . 
i . e ,  A t o r o i d  must be  desc r ibed  by 4 segments of  t h e  
same c i r c l e :  

F igu re  4 .  Toroid  
Geometry 

3 . 2  DESCRIPTION OF OUTPUT. Program ou tpu t  c o n s i s t s  of  t h e  
fo l lowing  p r i n t e d  in fo rma t ion :  

A .  T i t l e  Page 

1. Name of  t h e  computer program 

2 .  I d e n t i f i c a t i o n  t i t l e  

3 .  Liquid d e n s i t y  ( i n  ki lograms p e r  c u b i c  meter )  

4 .  Contact  Angle ( r a d i a n s )  

5 .  Bond Number 

6 .  Tanlc geometry - a d e s c r i p t i o n  of a11 segments ( i n  
i nches  and deg rees )  

7 .  Lowest p o i n t  i n  t h e  t a n k  ( i n  i n c h e s )  



B, Case Information (each e a s e  beg ins  on a new page) 

1, Identj-fication t i t l e  

2 .  Undis turbed f r e e  surface (in i n c h e s )  

3 .  Mass of t h e  l i q u i d  Ci-n kg)  t 

4 .  Undistu-rbed c e n t e r  of g r a v i t y  ( i n  i n c h e s )  

5 .  Number of deg rees  of  freedom 

6. Eigenvalue s t a t i s t i c s  f o r  each mode used - e igenva lue ,  
and e igenvec to r  and i t s  normal iz ing  f a c t o r  

7 .  Force and moment equa t ion  nondimensional  c o e f f i c i e n t s  
f o r  each  mode used :  

I 8 .  Maximum wave h e i g h t  a t  t h e  o u t e r  r a d i u s  of  t h e  
I und is tu rbed  f r e e  s u r f a c e / x  1 

9 .  K i n e t i c  energy/x2  1 ( i n  kg)  
, 

1 0 .  Ill 2 and i t s  4 t e r m s  ( i n  kg-m ) 
- 
/ 

11. 122 and i t s  4 t e rms  ( i n  kg-m 
C 2 f o r  6 deg rees  of 1 2 .  133 ( i n  kg-m ) freedom only  

13 .  Force  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  each p a r t i t i o n  
used : 

z-coord ina tes  of p a r t i t i o n  Cin i n c h e s )  

a2 c o e f f i c i e n t  ( i n  k g ) ,  CnAa of C5,17)1 



'. 
C B o i  ( 5  .1'7)1 u c o c f i i e i e n t  ( i n  kg-m)? 

O,351 
c o c f i i  c i e n t  (in kg/") , LnCE of (5.17)1 

a 3X1 c u e f f i c i e &  !in kglm) I 1 of ( 5  22)l 

E;l c o e f f i c i e n t  t i n  k g ) ,  C Q n  
of ( 5 . 2 4 ) ~ ~  

s t  cen te r  of p ressu re  ( i n  inches)  only if 
f o r c e  d i s t r i b u t i o a  c o e f f i c i e n t s  have been c a l c u l a t e d  
i n . t h e  LOWER r eg ion  of t h e  l i q u i d  

Spring-mass analogy parameters f  each mode used:  

m ( i n  kg) 
n , 

'n 
( i n  inches)  

K " / a  ( i n  kg/m) n 3 

1 6 .  ~pr ing-mass  analogy parameters f o r  ALL modes used: 

m* ( i n  Ice;) 

' 0  
( i n  inches)  

2 
I0 ( i n  kg-m ) 

.t. 

B " 

18.  Baf f l e  e f f e c t  on energy f o r  each b a f f l e  used: 

Baf f l e  Z-coordinate  ( i n  inches)  

Baff le  r -coordina tes  ( i n  inches)  

3 1 4 )  
Instantaneous dE1dt f a c t o r  ( i n  kg/m 
(see ( 4  .2 3 )  of Reference 2) 

.*a - See Reference 2 



Average dE/dt factor (in kg/m 3 / 4 )  

(see C4,27) of  Refe rence  2) 

C .  D i a g n o s t i c s  ---- 

If novlmal program ca - l cu l a - t i ons  canno t  be c o n t i n u e d ,  a n  
a p p r o p r i a t e  d i a g n o s t i c  comnent i s  p r i n t e d  o u t  and e i t h e r  
e x e c u t i o n  i s  t e r m i n a t e d  o r  con t i nued  w i t h  a s sumpt ions ,  
o r  a new case i s  begun.  
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SECTION 5 

SAMPLE INPUT 





SECTION 6 

SAMPLE OUTPUT 







j 
i 

I I 

1 1  

I / 

; i 
1 
1 

I 
I 
> .  

I 

i 

i 
! 
! 

t \--.I+ 

: s- .. I'.l3 
I a * *  

=I- 0 'm 
, m N , *  
I + D O  

\ o o ! o  
I 

I 
I .  

i 
1 - 

rr - 
1 ;2:: 

* C / .  

o n o  
i 

! I 

I 

IYU 
0 0 CJ r3 
z I 
J U W , d  
--. n--. 





SECTION 7 

PROGRAM LISTING 



b 
C 

- -  - - -- - - - - - - -- -- - -- --- - --- - - - 
t - C ~ I ~ ~ I O I J / ~ . , A I I ~ $ / G A I - I I + ~ A ~ ~  gdt l  - 

C U f f ~ 1 0 1 <  / P ( ~ i K f i M / i / l , N t  JfvI.i t J t ~ N * t i t \  ( L a ?  r k  U ~ J L  r A d 5  

d L C ( b [ J l  ~ A ( ! J O ~  r B ( a U I  ~ U A I ~ I I " I A { ~ ~ ~  1 ~ 1 1 1 ' i ( b d l  
- - - - - - - - - -- . - - . - - - - - - - -- -- .- - - - - -- - - 

~ N T L G L K  T Y P i  
K k . 4 ~  L ~ V E L ~ L *  JI4 
EXS;I,HI\IAL i. 1 , F  2 

e - - P 1 = ~ r i ~ i i ~ 2 o 5  - - -  - - -  -- - 
DO 1 i = I  o k O ~ D  

- - - - 
K ~ ( I ) = D P ~ * X ( I )  

- - - -- --- - --- - - -- - - - - - - - - -. - - -- 

- - 

2 F U t ? n R f  ( I L k 6 )  
- -  ' h R I I E  ( 0 ~ 3 )  T I T  

3 F O R r l U 1  ( i H l  t L q X 2  1 S k o l  
- - - - - 

R C A ~ ~ ( i i p l ! 3 )  G A M M A A , I j J  
e C A d  ( 5 , 5 )  1 4 b t b  , M U O L ~ ~ K ~ O , U ~ G K P  C p d E ~ L P T b i . l t j A F  

- - 

I F  ( N b E b p b E  * Z e  A l q D ~ I ~ s k - t a  ~ b E e s  

- - - - 1 O i U  -FUf?i.iAT (1~rJ~l715toIDUlD-DEi?SITY-~ - ; E l ? i 5 - ~ 8 H - I : G / i ~ f * - * 3 )  
- - 

e 
- - -- - - -- -- - - - - - - 

- Zdi) 1 soCTLZPT - - 
t d k < I  I C  ( O p l O l L J )  

1 0 1 5  F ' U t ~ r i i ~ T  T O ~ O B ~ % Y :  
& C t Y X  ) B i t i ~ t i \ i ( ~  III UIJ 
i l X 9 / f ~ s E e : i t N  l e b X ,  L I P ,  8 l G A  9 213 10 4 2 6 k  p ~ ~ ~ " ~ C I ~ A R P , L T E I ~ I S T ~  

6 
-. - C  - - - - -  - -  - -- 



t - _- - - - _ _ - d'4ttF: t k  I O e Y p 5 X *  - 
t i !  A X  = p k  l O s ' i ~ ~ ? X p  - - 

j 10 i4h01A lLb  u Y / Z 6 X p Y n Z  .4; I F l l j * y + / A t  4 H L  a c f  l U e ' 4 g  



- G A K  ( 1 ) = 1 3 C I r i M A  ( I  ) ? P i /  I t3Qa.U _ _  __- _ -  - ._ --- _ -  _-_-- 
u O  Cot4 l a Nut 



L G G - A N S  - -- _ . ....-. . -______....._..-.__I - 

CALL I N I G I  ( F Z o L E V E i , L ! 3 u T  1 



C 
. - .- - . -. -- 

C i i r a  a = A S a C U S  ~ < ~ a  
i $ t d k = r I  c $ , S e a Z c  

C D N J = L O I ~  I / L  
-- . . 

C O N t + = P 1  * L * n A / V  

C U : d S = Z s  O * C O & q  
~ ~ " 

C U l . J h " ( A S / L )  * * 2  
0:47=i'OIrI+P1. * b , *  

...~ . - - -  .~ ... .. . .- . - ~.. " ..-- .- 
S U N  i i + = c o S  ( G A M M I $ ~ + )  

- -- - - - - -- - .. . - - 
C O N i 5 = L * * 2  

- - .~. .. ~ -- --- -. -. -. . . . ~ -- -- - - - ~  . --. ~ . -  
C U N 1 6 = L * * 3  

- ~ 

C H C L  h A T H I X  
. Q O  . . ~ ----- . ---... ~ ~ -. .. -~ .. 

-- ---- - 
C 

----- - -. ' - .- I-----.-.- 

1 7 0  T t i M P (  1 ) = L L V  
---. - - - .- -- 

t 
~- 

21 <. I :u.c ki $ . I  ir A ," I I - - -  - .  -. .-~ ~ -- - -  .. - -.. ... 

G O  10 I O U  J. . . -- -- -- -- - - - .. - -. .. ---- --.- - - - -. -. .. -..- - - 
v C 

C 
+*> ~- - --- .--. ~ ,q ii .-. .. . . 
t ' 
f / i:' 
t .  --  ~ ... .- .~ . ~ ---- . . 
1 -. 









I i IU(." l  I ~ A V E :  H k l ~ H 1  A T  1 t t E  0 
E S U R F L C E  n l J G  T l i E  K I N t T l C  

-- - - - - - - - - - -- - - - - - - -  - -  
- 730- T k . R r . l ( i ) = U r 1 3  

- - -- - - - -- -- 

- - - - - - -  - -  - - - -- - - - - - - 

7 7 0  GUN i I IJUL 
T t H n ( l 1 = T ~  





G O  10 O L 3  

- B 2 I  C A L L  I N i G J  
8.23 k t 1 V 2 i d f l z K H C  

8 2 5  GCii.1 I I i i L . 1 ~  

i-:ttoiq [ 1 1 - f 3 l l L J 1 ,  g 1 1 \ L l b F \  ( [ I  * 1 1 * t < !  

132 1 Chid l l , ~ U I -  

U A h Y  V A L V E  P i s o  

- -- --- - - - - - - - - - c -  - -  

F O R  IHE. ~ s c J l J t d ~ A t t Y  V ~ \ L . i i t  f- 'r\(~MLtPi I ' i C l e  2 i s  1 1 d t  5At'iC 
nC U L J U ~ V U ~ K Y  V A L E L  P R ~ C L T I I  N o o  1 

- c - - -  
-- - - - -- - -- i F  ( I L K K a b T t L )  G O  P U  4 2 b  

- - - ---- - - - - -- -- - - - -- - - - - .- . - - - - - - - -- - - - - - -- -- - 

- - - -- - - 

- - - - - - - - - 

1 3 3 P = ( G i  * * 2 + b z f i * Z )  * t < U O ~ v O L  
f t K I I E .  ( 6 ~ 5 R d I  I 3 3 P  - 

- - -  - - -  - - - 

5 ~ 0  F u M ~ ~ A T  ( l t f O I Y X ,  t t i I 3 ~ P  = t E i d r b r b t f  K b - M * * Z I  

- - - - --- 
o I ~ T R I ~ U T  I O N  C O E F F I C I E N T S  - 

C -- - - - -- - -- - 
s 9 5 o  - i f  ~ D L  c i i ; % ~ . o . ~ P i K ~ ~ - ~ t d - ~ i - L )  i ~ ? g ~ o ~ u i  G O - U  2ij-c~ 





C A L L  L i . i I G 1  ( k  1 c L F b c i ~ r d t 3 )  r:L.  
ZdC-l.r=kl'db 

J U 8 5  I P  ( I t ; K t Z * ( z S ^ e U )  is0 T U  J O Y 5  
v d M I i E  ( ~ S J O J Q )  ~ P K f i q i f l l ~  

Cau l u  a1i'9:, 
2,045 k h G i " 0 c Q  

-- - - - - - . - - - - - - - - - -- - 

0 0  ~ o b b i  14 

6 0  i u  313.60 ' 
- .  - - - -- - -. -- - - 

.$13!iU CALL I N l G L  I ~ ~ ~ , L E V L L ~ I , I U ~ ~ C L ( ~ ) I  
j ( j b U  h k G ~ , - ~ R b 2 = = F l *  ( A b * L  l * ~ L ' * r s i i d  ( i \ I I * N f v i  

-- - - -- - -- - -. - - - - - - - - -- - -- - - - - -. -- -- - - 

- - - -  
C f ' R I N 1  ( L ) = C L A L C ( L )  
C A L L  d N l G L  tF .  1 ( I - E L E L V L F ~ ~ ~ ~ E I  l i 1 )  

--- - -  -- 
~ C A L L  ( 2  ) = I I W U *  ( p i  * f i i4>- i13*Vl l ' t \ fJb2* ( 6 3 * 0 t \ i (  I ) - L a  ( k t $ (  li l e l l N (  1 ) ) ) * L * A i $ b l  I 
C P R l N i  ( L I : C ~ A L C ( I I - C ~ - ~ ~ Z I I ' ~ I ( ~ ~  

- - -  - - -- - -- - -- - - - - - - -- - -- -- - --- - - 

J ~ U O  F O ~ I I A I  ( 1 IX r 5 

3 9 Y 5  ZP O t c C t  ( J ) = Z F  I J ~ ? C E  ( I 1  
- - -- - - --- - - -  

Z F C t , c t ( l  ~ = = Z F U K C L ( ~  1 - i , Z ( i l a  

- - - - - - - - XF i % f - O ~ C t ( 1 ) . G t s Z F = \ i ~ i i C : ( 2 1 )  bu  10 3 0 0 0  3--' l t O u O - - -  - --  ---"-.--I--- - -- - ---I---- 
PF - (  Z t  O ~ C t . - - ( i ) - e t i q s i - F $ i ? ~ E :  ( 3 )  ) - G U  

- - - - - - - - - -- - - - - -- - -- -- 
I F  ( l e E ~ e Z 1  G O  T O  4 S Q 5  

- 

-- -- -- 
Zf- Ol tCL ( 2  J = Z o O T  

- - - -- - - - - -- - - - - - - -- -- -- --- - - - - - - - - - - - - - -- - -- - 
GO 10 3 0 0 0  

- 

\ . v f i I  I t  ( 6 r ' i U l b l )  L C P  

- b f ' K ] I  f q b - M A 5 S  A N A L - c l G Y  PAi iAr tE1  E H 5  - - -- - C -  - 

--- -- - - - 
- 2 Q G - u u  - 2 u Z -  1 p l ( j uE5  

- --I--- -- 

Lt\r ( i d  1 = G d - L + L ^ r H R I  ( i d  1 / i + 1 \ 1  ( 1 4  I 
M i v i i < I  - R I ~ O B . V ~ ~ L  * b ~ i i ; - r E ; ; v ( i 4 )  *d!dI141 * & * : * K N I  

2 0 5  k lv l *  1 k t <  i I \ )  = M l i  t r.i * & I \  4 t r )  / L  
!lL!c f< t l t J *  V U L  

U U  h l J I V " ~  r i l 0 d L S  - - -  - - - - - - ---- 
2 1 cl- i ~ L ~ = l , u - ~ i l ~  13 1 



- -- - - 

- a - - - A - -- -- - --- - - - - - 

- ---- - - -  

-- - - - - - - - - --- - - - - - - -- - - -- 
3 0  Y5 h = I ' , M i f V t 5  

--- 
0 0  u 7  N = M , M O U t S  
PA Ci ( , F\I I - l) ii - -- -̂ ---- ----- - - -- - 

- 
D O  t3? I = I , M d K D t K  

- - - ---- - -  - - - - -- - - -  
D O  0 7  J-1 r t t U R U f  K  

I F ~ I Q u T P J I  U O  70 8 1  
--- -- 

- X I N I Z I I , J I - X I N I I I S J )  
GU I U  8 5  

I I-;-SI - * NT T3 ; - -----xI -- - - - ----- - - 
d 7  ~ A U ( I V , ~ ' I ) - ~ A U ( I I , I \ ~ )  

- - ---- 
S U M ~ ( I I ) = B ~ ~  

- - - -- -- ----- --- - 
O U  Y O  I = l , M P O L Y  

- - -- -- 
SUMII ( M  1 = S U M M  ( M  I + C ? $ I (  ( I ' [ I  1 

- --- . - - - - ---- - ---- -- -- 
Yld  C O t J  l 1 IUUL- 



-- - -  
A i t c u t i -  [ P I  i ~ L s  C:3i;: i P I ) - - t i l ~  t i ? ]  ) 

9 5  C U ' d  l l ~ l l k .  

L L ~ L !  i N j = L i * L I  

LOl.=b ( 1 4  ! = d @ i 2  
i iLCu!-I z t / a O  
Curd I U - . C C O r r  i ~ / ~ ~ f h i l 1 4 ~ r i f  I c a  I 
CUM ,k .$::CUi\!d/ i . tAf1i l f iN (1.1 1 

- - - - - - - - -- - - - - - . . - - - - - - - - - - -- . - . - - - - . . - - - - - ---. - - 

- - - - -  

- --- - - - - - B + ~ N ( ~ \ ! ) * ~ O ~ \ ~ ~ * ( C O ~ V ~ J ~ ~ , I J J ( I ~ ( ~ ! ~ ) - ~ B O / / L  . - -- -- - -- - - - - - - - - - - - -- - -- - - -- - - - - -- - - - 
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