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x,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY J  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC a r t e s i a n  coordihates.. 

Greek zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASymbols 

Exchange coefficie'nt i n  9 e q u a t i o n .  

Y Ratio of speci f ic  heats,  c p / c v . .  

E D i s s i p a t i o n  rate of k i n e t i c   e n e r g y  of t u r b u l e n c e .  

Q u a s i - o r t h o g o n a l   c o o r d i n a t e   s y s t e m .  

IJ V i s c o s i t y .  

IJt T u r b u l e n t   v i s c o s i t y .  

P D e n s i t y  of t h e   f l u i d .  

L a m i n a r  P r a n d t l  o r  Schmidt number for  9 .  

T u r b u l e n t  P r a n d t l  or  Schmidt  number for  9 .  

T Shear stress. 

9 b e n e r a l   f l o w   p r o p e r t y .  

S u b s c r i p t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, I 
I 

D P e r t a i n i n g  t o  downstream. 

~ J W J ~ J S  L o c a t i o n s   o n  g r i d .  

E,W,N,S  Value of variable a t  t h e  East,  West, North, S o u t h  

i ,J X- and Y- d i r e c t i o n   l o c a t i o n   o n   g r i d .  

l o c a t i o n ,   r e s p e c t i v e l y .  

P D e n o t e s   v a l u e  a t  p o i n t   P .  

U V a l u e   o f   v a r i a b l e  a t  t h e  u p s t r e a m   l o c a t i o n .  

tJ P r o p e r t y  for a g e n e r a l  variable +. 
ref R e f e r e n c e   v a l u e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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S u p e r s c r i p t s  

U ? V ? W  P e r t a i n  t o  t h e  three v e l ' o c i t y - c o m p o n e n t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S , ? l ? T  D e n o t e  t h e  q u a n t i t i e s   a l o n g   t h e   r e s p e c t i v e  

V a l u e s  for  t h e  p r e s s u r e - c o r r e c t i o n   e q u a t i o n .  

c o o r d i n a t e - d i r e c t i o n s .  

9 V a l u e . i n   t h e   e q u a t i o n   f o r  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 v a r i a b l e  
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COlBUSTION OF HYDROGEN INJECTED  INTO A S U P E R S O N I C   M X X ' m h V .  
( T H E   S H I P  COMPUTER  PROGRAM) 

BY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N.C. MARKATOS, D.B. SPALDING and D.G.  TATCHELL 

O F  
CONCENTRATION,  HEAT  AND MOMENTUM LIMITED 

BAKERY  HOUSE, .40 HIGH ST., WIMBLEOON,  LONDON,SW19 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5AU 
ENGLAND 

1. INTRODUCTION 

1.1 Background 

The SHIP ( S u p e r s o n i c   H y d r o g e n   I n j e c t i o n   P r o g r a m )   c o m p u t e r  
program i s - concerned  w i t h  t h e  n u m e r i c a l   c o m p u t a t i o n  of three- 
d i m e n s i o n a l  flow s i t u a t i o n s   a r i s i n g  when  hydrogen is i n j e c t e d  
i n t o  a s u p e r s o n i c  airstream a t  a n   a n g l e   r a n g i n g  from n o r m a l  
t o  parallel t o  t h e  airstream main f low d i r e c t i o n .   T h e  f l o w  
may be free, or  c o n f i n e d   i n  a d u c t  whose walls may expand  or  
c o n t r a c t   a r b i t r a r i l y   b u t   s m o o t h l y .  

I n  i ts p r e s e n t   v e r s i o n ,  SHIP predic ts  t h e  mass f r a c t i o n s  of 
t h e  p r o d u c t s  of combus t ion  .of h y d r o g e n   a n d   o x y g e n   b a s e d   o n  
t h e  a s s u m p t i o n  of chemical e q u i l i b r i u m .  

1 .2  C o n n e c t i o n s  w i t h  Preyious Work 

Under a p r e v i o u s   C o n t r a c t   ( N A S 1 - 1 3 2 3 9 )  a c o m p u t e r  program, 
HISS, was d e v e l o p e d  fo r  similar s i t u a t i o n s  t o  those c o n s i d e r e d  
here. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, The code h a s  b e e n   e x t e n d e d   a n d   e x t e n s i v e l y  modif ied t o  
become SHIP s o  t h a t  the fo l lowing f a c i l i t i e s ,  n o t   p r o v i d e d  
for  i n  HISS, are i n c l u d e d :  
( i )  Any of t h e  f o u r  l a te ra l  b o u n d a r i e s   c a n  be (1) a wal l ,  

(2) a s y m m e t r y   p l a n e ,  ( 3 )  a free s u r f a c e .  

( i i j  F o r  wal ls,  t h e  d i s t a n c e   o f  each wall from a r e f e r e n c e  
p l a n e  may be s p e c i f i e d  as a n   a r b i t r a r y  , b u t  smooth, 
f u n c t i o n   o f   d i s t a n c e   a l o n g  t h e  p r i n c i p a l   f l o w   d i r e c t i o n .  

(iii) A b i l i t y  t o  s p e c i f y  mass f l u x   t h r o u g h  t h e  top  and  
bottom wall is .provided. 

, ( i v )  Choice b e t w e e n   s p e c i f i c a t i o n  of an  adiabat ic wall or 
a c o n s t a n t   t e m p e r a t u r e   o n  each wall is p r o v i d e d .  

1.3 P u r p o s e  of t h e  ' P r e s e n t  Report 

The terms o f  t h e  NASA c o n t r a c t  ca l l  fo r  t h e  deve lopmen t   and  
$ r a n m i s s i o n  of t h e  SHIP code h a v i n g  t h e  g e n e r a l   f e a t u r e s  
described above. 



T h i s  report  marks t h e  completion of t h e  pro ject .  I t  p r o v i d e s  
a l l  t h e  n e c e s s a r y   i n f o r m a t i o n   c o n c e r n i n g  t h e  mathematical 
m o d e l l i n g   o f   t h e  flows u n d e r   c o n s i d e r a t i o n , .  i t  describes t h e  
n u m e r i c a l   a n a l y s i s   i n v o l v e d   i n   t h e   s o l u t i o n  of t h e   r e l e v a n t  
e q u a t i o n s   a n d  i t  d e f i n e s   t h e   u s e r - o r i e n t a t e d   p a r t s  of t h e  
code. 

I t  is t o  s e r v e  as both  a c o m p r e h e n s i v e   r e f e r e n c e  t o  t h e  
m a t h e m a t i c s   a n d   n u m e r i c a l   p r o c e d u r e   u s e d   i n   t h e  code a n d  as 
a n   o p e r a t i o n a l   m a n u a l   f o r   t h e   c o m p u t e r   p r o g r a m  SHIP. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.4 The P h y s i c a l  Problem C o n s i d e r e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NASA is a c t i v e   i n  research o n   s u p e r s o n i c   c o m b u s t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{ 2 - 4 ) .  
Of p a r t i c u l a r   i n t e r e s t  are methods  for i n j e c t i n g   h y d r o g e n   i n  
a s u p e r s o n i c  airstream i n  a manner   which optimizes t h e   d e s i g n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of s u p e r s o n i c   c o m b u s t o r s .  

T h r e e   a r r a n g e m e n t s  of i n t e r e s t  are shown i n  F i g u r e s  (l), ( 2 )  
a n d  (3). 

Due t o  i n t e r a c t i o n  of t h e  m a i n s t r e a m  w i t h  t h e  j e t ,  t h e  f low 
separates a h e a d  of t h e  j e t  a n d  reattaches b e h i n d  i t .  Also a 
bow s h o c k  is c a u s e d   b y  t h i s  i n t e r a c t i o n .  

T h e r e  is a n   i n t e r a c t i o n   b e t w e e n  t h e  j e t s  c a u s i n g   f l o w   i n  
d i r e c t i o n s   n o r m a l  t o  t h e  m a i n - s t r e a m   d i r e c t i o n .  T h i s  
is t h e  p h e n o m e n o n   w h i c h   m a k e s   t h r e e - d i m e n s i o n a l   c a l c u l a t i o n s  
necessary . .  

D o w n s t r e a m   o f   t h e  j e t  t h e  hydrogen  mixes w i t h  t h e  a i r  a n d  t h e  
r e g i o n   c o n t a i n i n g   h y d r o g e n   w i d e n s ,  

A S  t h e  flow moves   downs t ream,   t he   m ix ing ,  chemical r e a c t i o n ,  
a c c e l e r a t i o n ,   v i s c o u s   e f f e c t s  etc .  a l l  combine t o  p r o d u c e  a 
p r e s s u r e   v a r i a t i o n .  

Thus ,  i n  a d d i t i o n  t o  t h e  aero- and thermodynamic  character ist ics 
of these flow a r r a n g e m e n t s ,  knowledge of t h e  e x t e n t  of t h e  
region o f   h y d r o g e n , a n d  ,its d i s t r i b u t i o n   w i t h i n  i t ;  is n e c e s s a r y  
t o  assess t h e   e f f e c t i v e n e s s   a n d   u n i f o r m i t y  of air-hydrogen 
mix ing .  

1.5 Capabi l i t ies  a n d   L i m i t a t i o n s  of S I I I P  

SHIP is a general, f l e x i b l e   c o m p u t e r   p r o g r a m   c a p a b l e  of 
c a l c u l a t i n g   t h r e e - d i m e n s i o n a l ,   b o u n d a r y - l a y e r   f l o w s   w h i c h  are 
e i t h e r   e x t e r n a l  or i n t e r n a l .   F e a t u r e s   b u i l t   i n t o   t h i s  
program i n c l u d e :  
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, 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOQ6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35 ’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPLANE B 

I 

FIGURE 1: DEFINITION  OF GEOMETRY  AND PLANES OF PROFILES FOR  CASE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 



PLANE B 

HYDROGEN JET zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.p *ALL DIMENSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAARE 

I N  METERS 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP )  ' 

FIGURE 2:  DEFINITION OF GEOMETRY AND PLANES ~~ O F  PROFILES FOR CASE 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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NOTE: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 dimensions in meters 

0:4; h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

0.0762 - - 

L o 1  
,. - - 

0.0381 

X 

S E C T I O N  A-A 

NOTE: Calculations  are performed  between 
boundaries shown in  the view a t  the 
r i g h t .  

r-1 
+ i G = C L X  

Case 7 

FIGURE 3: D E F I P I I T I O N   O F   C A S E  7 TO  DEMONSTRATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE VALID ITY OF ' 

T H E   S H I P  CODE 
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Any of t h c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o u r  boundu'ies call zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe e i t h e r  a ~ n l l ,  a 
symmetry p lane,   o r 'a   f ree   sur face .  

For in ternal   f lows. the  d is tance of the  duct  walls from a 
reference  plane may be  specif ied  as a function of d istance 
along t h e  principal   f low  direct ion.  

Walls can be speci f ied as being either ad iabat ic   o r   a t  
constant  temperature. 

Tnjection  of hydrogen at  angles  ranging from  normal t o  
para l le l   to   the  main air-stream can be handled, 

Inject ion  through  arrays of holes i n  e i ther  or  both t h e  
top and bottom walls is provided  for. 

Free-boundary  conditions  resulting from asmall-disturbance 
theory and isentropic  considerations  are  appl ied  to 
supersonic  free  boundaries. 

Thermodynamic equil ibrium is supposed to   prevai l  between t h e  
species H2, 02, H20, 0, H and OH; and f o u r  equil ibrium 
react ions  are  a l lowed  for ,  

The upper surface of the domain of inteprat ion is taken  above 
the bow shock so tha t   the  edge  conditions may be  the same 
.as  the  free-stream  conditions. 

The l a t e r a l  and longitudinal  pressure  gradients  are  uncoupled 
i n  the  subsonic-flow i n  order  that  the  equations remain 
parabol ic,  and forward-marching in tegrat ion can be used; 
t h u s ,  the  calculat ion "jumps" the  separated  region  at  the 
j e t  e x i t .  

The pract ice used for t h i s  jump is as  follows: 

1. An.arbitrary  long  forward  step is taken  over  the 
j e t   e x i t   [ e . g . ,  10 je t  diameters]. T h i s  ef fec t i ve ly  
jumps the   e l l ip t i c reg ion   near   the  je t  ex i t .  

2. The source and s i n k  terms f o r  a l l  of the  dependent 
variables  are  modified  at  the  cell  immediately 
over  the j e t   e x i t ,  so  as t o  account fo r   the  
requi red  in f low  ra te  a t   the  je t  boundary of the 
var iable i n  question. The overall  conservation 
of mass, momentum, and energy, is t h u s  s a t i s f i e d  
for  the  region  over t h e  j e t .  

The flow is considered  to be turbulent and the   e f fec t i ve  
v iscosi ty is calculated by way of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"k--E" two equation 
turbul.ence model described i n  (5). Density is calculated 
via  the  ideal.-gas  law. 

The program predic ts   the  d is t r ibut ions of the  following 
var iables:  

( i> the  three  ve loc i ty  components; 
(ii) s ta t i c   p ressure ;  
(iii) total   enthalpy;  
( i v )  mass fract ion of each  species  present i n  the  f i ' e l d , ,  

i . e .  H2, H, 02, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, H20, OH, N2* 
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(VI  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' t u r b u l e n c e  e n e r g y  and d i s s i p a t i o n  ra te of tu rbu legce 
e n e r g y .  

T h e  program also predicts t h e  d i s t r i h u t i o n s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm s i l i n r y  
q u a n t i t i e s ;  namely, temperature and d e n s i t y  d i s t r i b u t i o n s ,  
and drag zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAancl h o a t  t ransfer  at t h o  walls. 

The  p rogram is w r i t t e n   i n   s t a n d a r d  FORTRAN I V  l anguage   and , '  
a l t h o u g h  i t  h a s  been d e v e l o p e d   o n  a CDC mach ine ,  i t  
w i l l  r e q u i r e   o n l y   m i n o r   m o d i P i c a t i o n s  t o  r u n   o n   o t h e r  
m a c h i n e s   w i t h  FORTRAN I V  compilers. 

1 . 6  O u t l i n e  of t h i s  Report 

The  remainder of t h i s  report is d i v i d e d  i n t o   t h e   f o l l o w i n g  
e l e v e n   C h a p t e r s :  

C h a p t e r  2 is c o n c e r n e d   w i t h   t h e   m a t h e m a t i c a l   f o r m u l a t i o n   a n d  
p h y s i c a l   m o d e l s   e m p l o y e d   i n   S H I P .  

C h a p t e r  3 t h e n  describes t h e   f i n i t e - d i f f e r e n c e   e q u a t i o n s   a n d  
o u t l i n e s   t h e   n u m e r i c a l   s o l u t i o n   a l g o r i t h m  f o r  s o l v i n g   t h e  
r e l e v a n t  e q u a t i o n s .  

C h a p t e r s  4 t o  8 are d e v o t e d  t o  prog ram t op i cs  a n d  are i n t e n d e d  
p r i m a r i l y  as t h e   o p e r a t i o n a l   m a n u a l   f o r   t h e   p r o g r a m .  

Emphas is  is t h e r e f o r e   p l a c e d   o n   t h e   d e s c r i p t i o n   o f   t h e   p r o g r a m  
s t r u c t u r e ,   t h e   f u n c t i o n   o f   t h e   s u b r o p t i n e s   a n d   o n   t h e   i n p u t /  
o u t p u t   f e a t u r e s .   T h e s e   s e c t i o n s   p r o v i d e  a l l  n e c e s s a r y  
i n s t r u c t i o n s  t o  permit f o r m u l a t i o n  of p r o b l e m s   w h i c h   f a l l  
w i t h i n   t h e  scope of SHIP. I t  a l s o  p r o v i d e s   i n f o r m a t i o n  t o  
a i d  i n t e r p r e t a t i o n  of t h e   p r e d i c t i o n s   o b t a i n e d   f r o m   t h e  
program. 

I n   C h a p t e r  9 ,  sample p r e d i c t i o n s  f o r  some t e s t  cases s p e c i f i e d  
b y  NASA Lang ley  are d i s c u s s e d .   S u g g e s t i o n s   f o r   f u r t h e r  
e x t e n s i o n s   a n d   r e f i n e m e n t s  of SHIP are i n c l u d e d   i n   C h a p t e r  1 0 .  

R e l e v a n t   l i t e r a t u r e   r e f e r e n c e s   ( C h a p t e r  11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) a n d   n o m e n c l a t u r e  
( C h a p t e r  1 2 )  close t h i s  repor t .  

Append ix  A d e s c r i b e s   i n  de ta i l  t h e   e q u i l i b r i u m   c h e m i s t r y  
m o d e l   u s e d   i n   c o n j u n c t i o n   w i t h   t h e   c o m p u t e r  program t o  p r e d i c t  
t h e  propert ies i n  a hydrogen-oxygen  f lame.  

Append ix  B describes t h e  Free Stream B o u n d a r y   C o n d i t i o n s   i n  
s u p e r s o n i c   f l o w s .  

F i n a l l y ,   A p p e n d i x  C g i v e s  a l ist o f  FORTRAN v a r i a b l e s   u s e d   i n  
SHIP and  a l i s t i n g  of t h e  SHIP program is prov ided i n   A p p e n d i x  
D.  

T h e   p r e s e n t  report s u p e r s e d e s  a p r e v i o u s  CHAM repor t  
p u b l i s h e d  as NASA CR-2655,  March 1976 (61. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE  MATHEMATICAL AND PHYSICAL ANALYSIS. 

2.1 I n t r o d u c t i o n  

T h i s   c h a p t e r  deta i ls  t h e  mathematical a n d   p h y s i c a l  bas is  of 
t h e  SHIP code. S e c t i o n  2.2 is c o n c e r n e d   w i t h   t h e   s y s t e m  of 
c o o r d i n a t e s   c h o s e n   ' f o r   u s e   i n  t h e  p r e s e n t  work. S e c t i o n  2.3 
is c o n c e r n e d   w i t h   g i v i n g .   t h e   d i f f e r e n t i a l   e q u a t i o n s  fo r  
c o n s e r v a t i o n  of momentum, s t a g n a t i o n   . e n t h a l p y  and chemical 
s p e c i e s .  
S e c t i o n  2.4 deicribes t h e  t u r b u l e n c e  model. F i n a l l y ,   S e c t i o n  
2 . 5  p r o v i d e s   t h e   a u x i l i a r y   i n f o r m a t i o n   n e c e s s a r y  t o  close t h e  
problem. 

2.2 T h e   C o o r d i n a t e   S y s t e m  

T h e   s y s t e m   o f   c o o r d i n a t e s   c h o s e n  f o r  u s e   i n  t h e  p r e s e n t   w o r k ,  
is q u a s i - o r t h o g o n a l .   T h e   r e a s o n  f o r  t h i s   c h o i c e  is t h a t   t h e  
r e p r e s e n t a t i o n  of flows w i t h i n   d o m a i n s  whose c r o s s - s e c t i o n s  
v a r y  w i t h  a x i a l   p o s i t i o n   c a n n o t   c o n v e n i e n t l y  be a c h i e v e d  
t h r o u g h   e q u a t i o n s   e x p r e s s e d   i n   o r t h o g o n a l   c o o r d i n a t e  s y s t e m s .  
I t  is s t i p u l a t e d  t h a t  whereas t w o  of t h e  c o o r d i n a t e  axes 
( x , y )   m a i n t a i n   m u t u a l   o r t h o g o n a l i t y   t h r o u g h o u t  t h e  f low-  
f ie ld ,  t h e  t h i r d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( z )  is permitted t o  depart from o r t h o g o n a l i t y  
w i t h  respect t o  t h e  other two, w i t h i n   s p e c i f i e d  limits. I t  is 
d e m o n s t r a t e d ,  below t h a t  these limits are c o n s i s t e n t   w i t h  t h e  
b o u n d a r y - l a y e r   a p p r o x i m a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 7 ) .  

The e l e m e n t s   o f   t h e   c u r v i l i n e a r   s y s t e m  ( c , ? ' l , C )  are d e f i n e d  
i n  terms of o r t h o g o n a l ,   C a r t e s i a n   c o o r d i n a t e s  ( x , Y , Z >  as 
f 01 lows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

(2.2-1) 

(2.2-2) 
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The a b o v e   d e f i n i t i o n s   c a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbest be a p p r e c i a t e d  w i t h  r e f e r e n c e  
t o  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ) .  The s u b s c r i p t s  N ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS, E and W ,  refer 
r e s p e c t i v e l y  t o  t h e  North,  S o u t h ,  E a s t  and West b o u n d a r i e s  of 
t h e  c a l c u l a t i o n  domazn i n  tEe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx-y p l a n e .  

- 

T h e   c o o r d i n a t e s  TI and  5 are m u t u a l l y   o r t h o g o n a l  for a l l  values 
of C-. F u r t h e r m o r e ,   p l a n e s  of c o n s t a p t  C a r e . a p p r o x i m a t e d  as 
p l a n e s  of c o n s t a n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
PFD 

\ 

CALCULATION  DOMAIN 

FIGLIFE 



T h e   a b o v e   d e f i n i t i o n s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl,E make possible t h e  use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOf 

c o o r d i n a t e s   t h a t   v a r y   b e t w e e n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 a n d  1 o n l y .  

The  components of v e l o c i t y  u ,  v a n d  w are now d e f i n e d  as 
follows: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII a n d  v' are n o r m a l  t o  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy - z  a n d  z-x p l a n e s  
r e s p e c t i v e l y ,  i .e .  are a l i g n e d  w i t h  t h e  5 a n d  rl c o o r d i n a t e  
d i r e c t i o n s .  w is n o r m a l  t o  c o n s t a n t  5 p l a n e s ,   b u t  is 
permitted t o  depart from a l i g n m e n t  w i t h  C b y  small a n g l e s ;  
t h e  limits of t h i s  i n c l i n a t i o n  are prescribed below. The 
f o l l o w i n g   m a t h e m a t i c a l   c o n s e q u e n c e s   r e s u l t  from t h e   a b o v e  
d e f i n i t i o n s .  

T h e   c o o r d i n a t e s  ( C , T - I , ~ )  s a t i s f y   t h e   g e n e r a l   r e l a t i o n s h i p s :  

a 
ax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 

which o n   a p p l i c a t i o n  
(2.2-2) reduce t o :  

of t h e   d e f i n i t i o n s  of (2.2-1) and  

(2.2-3) 

(2.2-4) 

I t  c a n  be d e d u c e d   t h a t ,  on a p p l y i n g   t h e  d e f i n i t i o n s  (2.2-1) 
t o  r e l a t i o n s h i p s  (2.2-3), t h e  effect of n o n - o r t h o g o n a l i t y  of 
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t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 c o o r d i n a t e  w i t h  respect t o  5 a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq is n e g l i g i b l e   o n l y  
if t h e   f o l l o w i n g   c o n d i t i o n s .  are. sat isf ied:  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

az 
(2.2-5) 

C o n d i t i o n s  ( b )  are similar t o  t h e   w e l l - k n o w n   b o u n d a r y - l a y e r  
a s s u m p t i o n s ;   t h u s  t h e  d e f i n i t i o n s   ( 2 . 2 - 1 )   a l o n g   w i t h  
c o n d i t i o n s   ( 2 . 2 - 5 )  permit t h e   t r a n s p o r t   e q u a t i o n s  t o  be 
e x p r e s s e d   i n   q u a s i - o r t h o g o n a l   c o o r d i n a t e s ,   w h i l s t   r e t a i n i n g  
the i r  b o u n d a r y - l a y e r   c h a r a c t e r .  

T h e   c o n d i t i o n s   ( 2 . 2 - 5 ( b ) )  are related t o  t h e  area-rat io 
v a r i a t i o n   a l o n g  t h e  ax is .  I t  is o b v i o u s  t h a t  t h i s  v a r i a t i o n  
mus t  be small t o  m a i n t a i n   t h e  desired u n s t a l l e d  f l o w  regime. 
S i n c e  s t a l l ,  or a x i a l  f l o w  r e c i r c u l a t i o n , v i o l a t e s  the 
c o n d i t i o n s   r e q u i r e d   f o r   b o u n d a r y - l a y e r  f lows ( i .  e.  f l o w s  
w i t h i n  t h e  r a n g e  of v a l i d i t y  of SHIP), t h e  a b o v e   c o n d i t i o n s  
are c o n s i s t e n t   w i t h  t h e  p h y s i c a l   n a t u r e  of t h e  flows u n d e r  
c o n s i d e r a t i o n .  

2.3 The  mean-f low ~ ~ C o n s e r v a t i o n   E q u a t i o n s  

T h e   d i f f e r e n t i a l   e q u a t i o n s  l i s ted  i n  t h i s  s e c t i o n  are t h e  o n e s  
w h i c h  e x p r e s s   , t h e   c o n s e r v a t i o n  of momentum, mass, e n e r g y   a n d  
c h e m i c a l   s p e c i e s   i n  a t h r e e - d i m e n s i o n a l   f l o w   w i t h   a x i a l  
v a r i a t i o n s   i n   c r o s s - s e c t i o n .  

The form of t h e s e   e q u a t i o n s  is r e s t r i c t e d  t o  flows wh ich  are 
classi f ied as p a r a b o l i c / h y p e r b o l i c .   T h e  term " p a r a b o l i c  
flows" impl ies t h a t  : 

( a )  there exists a p r e d o m i n a n t   d i r e c t i o n  of f low ( i . e .  
. t h e r e  is n o   r e v e r s e  f l ow  i n   t h a t   d i r e c t i o n )  ; 

( b )  t h e   d i f f u s i o n  of momentum, h e a t ,  mass etc.  is n e g l i g i b l e  
i n   t h a t   d i r e c t i o n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 

( c )  t h e   d o w n s t r e a m   p r e s s u r e  f i e l d  bas l - i t t l e  i n f1uenc .e  on 
t h e  u p s t r e a m   f l o w   c o n d i t i o n s .  

When t h e s e   c o n d i t i o n s  are s a t i s f i e d ,  t h e  c o o r d i n a t e   i n   t h e  
main-f low d i r e c t i o n  becomes a "one-way"   coord ina te :  i. e. t h e  
u p s t r e a m   c o n d i t i o n s   c a n   d e t e r m i n e   t h e   d o w n s t r e a m  f low 
propert ies, b u t  n o t  v i ce  versa. I t  is t h i s   c o n v e n i e n t  
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b e h a v i o u r  of t h e  parabolic flows t ha t  allows t h e   u s e  of a 
m a r c h i n g   i n t e g r a t i o n  from a n   u p s t r e a m   s t a t i o n  t o  a downst ream zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
one, for  t h e  s o l u t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e   f o l l o w i n g   e q u a t i o n s .  

a. C o n t i n u i t y  

b.. T r a n s p o r t   o f   f l u i d  property 6 

(2.3-1) 

(2.3-2) 

I n   t h e   a b o v e   e q u a t i o n ,  Cp is t a k e n  t o  r e p r e s e n t   a n y   f l u i d  
p r o p e r t y   t r a n s p o r t e d  b y  t h e  f low,  i n c l u d i n g  t h e  three components  
of m o m e n t a   p e r   u n i t  mass, u ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv a n d  w. The q u a n t i t i e s  w i t h i n  
s q u a r e   b r a c k e t s  are c o n s e q u e n c e s  of t h e   c u r v i l . i n e a r   n a t u r e  
of t h e  geometry c o n f i n i n g   t h e  f low. The terms S b  and r 
r e p r e s e n t .   r e s p e c t i v e l y   t h e   s o u r c e   ( a n d / o r   s i n k )   a n d   t h e  a 
d i f f u s i o n   c o e f f i c i e n t   f o r - t h e . t r a n s p o r t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 
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T h e   n a t u r e .  of t h e   d e p e n d e n t   v a r i a b l e s   a n d   t h e  associated forms 

d e f i n e d   i n  ect ion ( 1 2 ) .   T h e   T a b l e   s h o w s   t h a t   t h e  pa r t i cu la r  
v e r s i o n s  of (2 .3-2)  of i n t e r e s t   h e r e  are: t h e  momentum 
e q u a t i o n s  f o r  e a c h   c o o r d i n a t e   d i r e c t i o n ;   t h e   e n e r g y   e q u a t i o n ;  
a n   e q u a t i o n  expressing c o n s e r v a t i o n  of t o t a l  hydrogen ;   and  
t h e   d i f f e r e n t i a l   e q u a t i o n s  f o r  t u r b u l e n c e   p r o p e r t i e s .   T h e s e  
e q u a t i o n s   t o g e t h e r   w i t h   t h e   c o n t i n u i t y   e q u a t i o n   ( 2 . 3 - 1 )  
permit c a l c u l a t i o n  of e i g h t   d e p e n d e n t  var iables;  namely,  
u,v,w,p, f ,K,k  and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE .  

T h e   o m i s s i o n s   f r o m   t h e   e q u a t i o n s  are t h e   s h e a r  stresses and  
d i f f u s i o n  f l uxes  a c t i n g   i n   t h e   z - d i r e c t i o n .   T h e s e   o m i s s i o n s  
accord w i t h   t h e   d e f i n i t i o n  of parabolic f lows a n d   w i t h   t h e  
c o n s e q u e n t   n e c e s s i t y  t o  e n s u r e , t h a t   n o   i n f l u e n c e  from downstream 
c a n   p e n e t r a t e   u p s t r e ' a m .  

A f u r t h e r   p o i n t  t o  n o t e .  is t ha t  i n   s u b s o n ' i c   f l o w s   t h e   s y m b o l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
u s e d  f o r  t h e   p r e s s u r e   i n   t h e  z-momentum e q u a t i o n  is d i f f e r e n t  
from t h e   s y m b o l  p i n  t h e  t w o  o t h e r  momentum e q u a t i o n s .   T h i s  
is a r e m i n d e r   o f   t h e  fact  t h a t   i n   t h e   c a l c u l a t i o n   p r o c e d u r e  
a n   i n c o n s i s t e n c y  is d e l i b e r a t e l y   i n t r o d u c e d   i n t o   t h e   t r e a t m e n t  
o f   p r e s s u r e ,   a n d   t h a t   t h e   q u a n t i t i e s  f; and  p are c a l c u l a t e d  
d i f f e r e n t l y .   T h e   p r e s s u r e   c a n  be t h o u g h t   o f  as a f o rm  o f  
s p a c e - a v e r a g e d   p r e s s u r e   o v e r  a c r o s s - s e c t i o n ,   a n d   t h e   g r a d i e n t  
a p / a <  P s  s u p p o s e d  t o  be known ( o r  c a l c u l a t e d )  before 
c a l c u l a t i o n   o f   t h e  la tera l  g r a d i e n t s   a p / a q ,   a p / a g .   T h i s  
p r a c t i c e  is imp l ic i t  i n   t w o - d i m e n s i o n a l   b o u n d a r y - l a y e r   t h e o r i e s  
a lso .  I t  is the f i n a l   s t e p  t o  be made i n   p r e v e n t i n g   d o w n s t r e a m  
i n f l u e n c e s   f r o m   p r o p a g a t i n g   u p s t r e a m .  I f  t h i s  s t e p  is o m i t t e d  
t h e   s o l u t i o n  is o f t e n   w h o l l y   u n r e a l i s t i c   p h y s i c a l l y .   T h i s  
i n c o n s i s t e n c y   i n   t h e   t r e a t m e n t  of p r e s s u r e ,  it may be s a i d ,  
is o n e   p a r t  of t h e  p r i c e  t o  p a y   f o r   m a k i n g   t h e   e q u a t i o n s  
p a r a b o l i c ;   t h e   g a i n  is  t h e  freedom t o  employ   march ing  
i n t e g r a t i o n   a n d  t o  u s e   t w o - d i m e n s i o n a l   c o m p u t e r   s t o r a g e ,   e v e n  
t h o u g h   t h e   f l o w  is t h r e e - d i m e n s i o n a l   a n d   t h e   f u l l   e q u a t i o n s  are 
e l l i p t i c .   T h e r e  is h o w e v e r   n o   p e n a l t y   f o r   w h o l l y   s u p e r s o n i c  
f l o w s ,   f o r   w h i c h   t h e   t h r e e  momentum e q u a t i o n s   c a n   s h a r e   t h e  
same p r e s s u r e ,   w i t h o u t   i m p a i r i n g   t h e   m a r c h i n g - i n t e g r a t i o n  
f e a t u r e .  

Of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'8 are g i v e n   i n   T a b l e  (1); a n d   o t h e r  symbols are 

2 . 4   T h e   T u r b u l e n c e  Model 

T h e   e f f e c t i v e   t u r b u l e n t - t r a n s p o r t   c o e f f i c i e n t s  p e f f ,  r k ,  r E ,  
rh and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr f  are dete- rmined  by   means of a two -equa t ion  (k-c) 
model of t u r b u l e n c e  (51. A c c o r d i n g  t o  t h i s  model, t h e  
m a g n i t u d e  of t h e   v i s c o s i t y   d e p e n d s   o n l y   o n   t h e  local  v a l u e s  
of t h e   t u r b u l e n c e   k i n e t i c   e n e r g y ,   k ,   o n   t h e   d i s s i p a t i o n  ra te 
of t u r b u l e n c e   e n e r g y ,  E ,  a n d   o n   t h e   f l u i d   d e n s i t y  p .  

The  form of t h e  t w o  t r a n s p o r t   e q u a t i o n s  fo r  k a n d  E is i d e n t i c a l  
t o  ( 2 . 3 - 2 ) ;   t h e   t r a n s p o r t   c o e f f i c i e n t s   a n d   s o u r c e  terms are 
p r o v i d e d   i n   T a b l e  (1) 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ) ' 
I 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa p p r o p r i a t c   t r a n s p o r t   c o e f f i c i e n t s  a n d  s0urc.c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
terms for thc v a r i a b l e  (I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

f 

' rdJ 

U ' e f  f 

Uef f 

%J " 
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T a b l e  (a ) ,be lQw,  p r o v i d e s   V a l u e s  f o r  the l a m i n a r   P r a n d t l ,  
number,  a ,  and  f o r  t h e  t u r b u l e n t   P r a n d t l   n u m b e r  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$. 
Also g i v e n   i n   T a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3). are v a l u e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor t h e   c o n s t a n t s  
associated w i t h  t h e  t u r b u l e n c e  model: C1 and  C2 w h i c h  are 
r e q u i r e d  i n  t h e  s o u r c e  term of t h e  k a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE e q u a t i o n s ;  C 
which is u s e d  to o b t a i n  the t u r b u l e n t   v i s c o s i t y  as w i l l  ge 
described i n   S e c t i o n  (2.6) below, a n d  R a n d  E which are 
c o n s t a n t s   r e q u i r e d   i n  t h e  l a w - o f - t h e - w a l l   f o r m u l a t i o n  
described i n   S e c t i o n  (3.4-4) below. 

TABLE ((2 ) 

V a l u e s  of the l a m i n a r   a n d   t u r b u l e n t   P r a n d t l   n u m b e r s  

TABLE ( 3 )  

Values of t h e   c o n s t a n t s   i n   t h e   t u r b u l e n c e   m o d e l  

f o r m u l a t i o n  

. .  . ~. 

K 
- 

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 c2 c1 
" ~~~~ . ". "" 

.42 1.92 1.44 .09  9.0 
"" - 

P r e v i o u s   e x p e r i e n c e  of a p p l y i n g  t h e  above e q u a t i o n s  t o  a 
large number of f low s i t u a t i o n s ,  h a s  r e v e a l e d  that these 
c o n s t a n t s   t e n d  t o  be n e a r l y   u n i v e r s a l   c o n s t a n t s .  However, 
a " f i n e - t u n i n g "   o f   t h e i r   v a l u e s  f o r  each p a r t i c u l a r  flow 
s i t u a t i o n  may be n e c e s s a r y  t o  optimise t h e   r e s u l t s .  
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2.5 A u x i l i a r y '   I n f o r m a t i o n  

1.n a d d i t i o n  t o  t h e  par t i a l  d i f f e r e n t i a l   e q u a t l o n s ,  t h e  
complete s p e c i f i c a t i o n  of the m a t h e m a t i c a l   p r o b l e m   r e q u i r e s  
p r o v i s i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a u x i l i a r y   i n f o r m a t i o n  of f o u r   t y p e s :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 I n l e t   c o n d i t i o n s ,  i . e .  i n i t i a l   v a l u e s  of d e p e n d e n t  

variables c o r r e s p o n d i n g  t o  t h e  p o s i t i o n  of t h e  c o o r d i n a t e  
a l o n g   t h e   p r e d o m i n a n t  'flow d i r e c t i o n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc ,  at  w h i c h   s o l u t i o n s  
t o  t h e  set  of e q u a t i o n s  are i n i t i a t e d ;  

0 B o u n d a r y   c o n d i t i o n s ,  i . e .  c o n d i t i o n s  of a l l  t h e  d e p e n d e n t  
v a r i a b l e s  a t  t h e  E ,  W ,  N a n d  S b o u n d a r i e s ,  as a f u n c t i o n  
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<; 

0 P h y s i c a l   h y p o t h e s e s  which  permit t h e  c a l c u l a t i o n  of 
d i f f u s i o n   c o e f f i c i e n t s  as well as s o u r c e s   a n d   s i n k s  of 
e a c h  var iable,  i n  terms of t h e   d e p e n d e n t  var iables of 
t h e s e   e q u a t i o n s ,   o v e r   t h e   e n t i r e  f low f ie ld ;  a n d  

0 C e r t a i n   r e l a t i o n s h i p s  among t h e  t he rmodynamic   and  
t r a n s p o r t  properties. 

2;5-1 I n l e t   c o n d i t i o n s  

I n f o r m a t i o n  t o  s t a r t  t h e  m a r c h i n g   i n t e g r a t i o n  is n e e d e d .  
T h i s   i n f o r m a t i o n   m u s t  be p r o v i d e d  as t h e  i n l e t   c o n d i t i o n s  
a l l  d e p e n d e n t   v a r i a b l e s ,   f l u i d  propert ies a n d   t h e  o ther  
a u x i l i a r y  var iables,  at  t h e  p l a n e  a t  w h i c h   s o l u t i o n  is 
i n i t i a t e d .   F o r  t h e  f lows u n d e r   c o n s i d e r a t i o n ,  t h i s  means 
s p e c i f y i n g  t h e  v e l o c i t i e s ,   p r e s s u r e s ,   e n t h a l p i e s ,   s p e c i e s  
mass f r a c t i o n s ,   t u r b u l e n c e   q u a n t i t i e s   a n d  t h e  p h y s i c a l  
propert ies,  d e n s i t y ,   v i s c o s i t y   a n d   s p e c i f i c  heat.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

of 

Any t y p e  of u n i f o r m  or n o n - u n i f o r m   d i s t r i b u t i o n s  a t  i n l e t  
may be speci f ied a n d   s u p p l i e d  t o  t h e  c a l c u l a t i o n   p r o c e d u r e  
i n  a simple manner .  For e x a m p l e ,  a d i s t r i b u t i o n   o f  
e x p e r i m e n t a l l y - d e t e r m i n e d   v e l o c i t i e s  may be s u p p l i e d  as a 
f u n c t i o n  of gr id  p o s i t i o n .  So also may t h e  stat ic-pressure 
a n d   t e m p e r a t u r e   d i s t r i b u t i o n s .  

2 . 5 - 2   B o u n d a r y   c o n d i t i o n s  

B o u n d a r y   c o n d i t i o n s   a l o n g  t h e  N ,  S ,  E a n d  W s u r f a c e s  
(see F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  m u s t  be speci f ied f o r  each v a r i a b l e .  Any o n e  
of t h e  a b o v e   b o u n d a r i e s  may be e i t h e r  (1) a symmet ry   p lane ,  
( 2  1 a wall o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  a f ree surf a c e ;  and,  as a consequerlce, 
d i f f e r e n t   b o u n d a r y   c o n d i t i o n s  may a p p l y   o n  the d l f f e r e n t  
faces o f .  t h e   d o m a i n .   T h e s e   b o u n d a r y   c o n d i t i o n s   c a n  be 
specif ied as t h e  v a l u e   o f  t h e  var iable 4 o r  t h e  f l u x  of I$ 

t h r o u g h   t h e  surface. A detai led d i s c u s s i o n  of b o u n d a r y  
condi t ions is g iven  i n  Section 3.4.3. 
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2.5-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP h y s i c a l   h y p o t h e s e s  

namely zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 T h e   g a s   d e n s i t y  is .calculated b y   t h e  ideal-gas l a w ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p = E  

RT ; (2..5-1) 

w h e r e   t h e  mixture m o l e c u l a r  weight W is c a l c u l a t e d  from: 

1 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- = x $  W 
j j  

; (2 .5 -2)  

wherethe summation is t a k e n   o v e r  a l l  t h e  chemical s p e c i e s  
j i n  t h e  f l o w   f i e l d .  Detai ls on t h e  c a l c u l a t i o n   a n d   u s e  
of d e n s i t y   i n  compressible-flow s i t u a t i o n s  are g i v e n   i n  
Sect i o n  3.5. 

0 T h e   l a m i n a r   v i s c o s i t y  is t a k e n   i n t o   a c c o u n t   o n l y   i n  t h e  
v i c i n i t y  of w a l l s ,   t h r o u g h  the " w a l l  f u n c t i o n s "  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{6 )  t o  be 
described i n   S e c t i o n   3 ; 4 - 3 .  I t s  v a l u e  is c o n s t a n t .  

T h e r e  is no  need f o r  i ts i n c l u s i o n  i n  t h e  core o f   s u c h  
h i g h l y   t u r b u l e n t  f lows as t h e  o n e s  u n d e r   s t u d y .  

0 T h e   t u r b u l e n t   v i s c o s i t y  is de te rm ined   by   means  of t h e  
k--E model. of t u r b u l e n c e   e m p l o y e d .   A c c o r d i n g  t o  t h i s  model, 
t h e  magn i tude  of t h e  v i s c o s i t y   d e p e n d s   o n l y   o n  t h e  local  
v a l u e s  o f ' t h e  t u r b u l e n c e  k i n e t i c  e n e r g y  k ,  on t h e  
d i s s i p a t i o n  ra te o f   t u r b u l e n c e   e n e r g y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE ,  a n d   o n  t h e  f l u i d  
d e n s i t y ,  p .  T h e   t u r b u l e n t   v i s c o s i t y  is t h e n   g i v e n  by: 

where CD is a c o n s t a n t ,   g i v e n   i n   T a b l e  3 .  

T h e   l e n g t h  scale i n  t h i s  model is o b t a i n e d   f r o m :  

, (2 .5 -4 )  

and may be u s e d  for p r i n t i n g   p u r p o s e s ,   s i n c e  its p h y s i c a l  
i n t e r p r e t a t i o n  is more r e a d i l y   u n d e r s t a n d a b l e   t h a n  that  
of €.  
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2.5-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT h e r m o d y n a m i c   a n d   t r a n s p o r t   r e l a t i o n s h i p s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . .  

I n  order t o  c a l c u l a t e  t h e  f l u i d   t e m p e r a t u r e   a n d   d e n s i t y ,  it 
is n e c e s s a r y  t o  know t h e  mass f r a c t i o n  of e a c h   c h e m i c a l  
species a t  a g i v e n   l o c a t i o n .  

T h e r m o d y n a m i c   e q u i l i b r i u m  is assumed so t h a t  t h e   s p e c i e s  
m a s s - f r a c t i o n   d i s t r i b u t i o n  is c a l c u l a t e d   f r o m   t h e  local 
t e m p e r a t u r e ' ,   p r e s s u r e ,   a n d   e l e m e n t   f r a c t i o n s .  Details o f  
t h i s   t e c h n i q u e  are g i v e n   i n   A p p e n d i x  A .  

Ano the r   impor tan t  r e l a t i o n s h i p  is b e t w e e n   t h e   s t a g n a t i o n  
e n t h a l p y   a n d  t h e  t e m p e r a t u r e .  T h i s   r e l a t i o n s h i p  is: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 2 2  
= C m.h + +v +w 

J J  2 P 
+ C (T - Tre f )  + k (2.5-3) 

j 

w h e r e C  is t h e  m i x t u r e   s p e c i f i c  heat and Tref is t h e  
r e f e r e n c e   t e m p e r a t u r e  fo r  which  t h e  species e n t h a l p y  of 
f o r m a t i o n ,  h is d e f i n e d .   S t r i c t l y   s p e a k i n g  t h e  r i g h t  h a n d  
side of e q u a l i o n  (2.5-3) s h o u l d   i n c l u d e  t h e  l oca l  k i n e t i c  
e n e r g y  of t u r b u l e n c e  as a n   a d d i t i o n a l  term. T h i s  term h a s  
b e e n   n e g l e c t e d  here b e c a u s e  i t  is many orders of magn i tude  
lower t h a n  t h e  other  three terms fo r  t h e  f lows c o n s i d e r e d .  
F o r   t h e   p r e s e n t  work, Tref is t a k e n  as OOK so t h a t  Cp is 
d e f i n e d   b y :  

P 

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c :  l J  C dT = h-hre f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P ' T-Tref T~~~ P T-Tref 

(2.5-4) 

where h is ' t h e  specif ic e n t h a l p y  a t  t a w " a t u r e  T. 
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3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE NUMERICAL,ANALYSIS 

3.1 I n t r o d u c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- .  . 

I n  t h i s  c h a p t e r ,   d e t a i l s  are p r o v i d e d  of a n u m e r i c a l  scheme 
r e p o r t e d   b y   P a t a n k a r   a n d   S p a l d i n g  I71 f o r  t h e  s o l u t i o n   o f  t h e  
mathematical prob lem described i n   C h a p t e r  2. T h e   l a y o u t  of 
t h e  rest o f  t h i s  c h a p t e r  is as fol1ow.s: S e c t i o n  2 describes 
t h e  p r o c e d u r e s  adopted i n  t h e  d i s c r e t i z a t i o n  of e q u a t i o n s  
(2.3-1) and  (2 .3-2) .  T h e   c o m p u t a t i o n a l   s t r u c t u r e  of t h e  
n u m e r i c a l  scheme employed is o u t l i n e d   i n   S e c t i o n  3. I n  
S e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  t h e  m a n n e r   o f   i n c o r p o r a t i o n  of a u x i l i a r y  
i n f o r m a t i o n   i n t o   t h e ' c o m p u t a t i o n a l   p r o c e d u r e ,  is b r i e f l y  
o u t l i n e d .   T h e   t r e a t m e n t  of c o m p r e s s i b i l i t y  is reported i n  
S e c t i o n  5 which closes t h e  chapter. 

3.2 The Discret izat ion P r o c e d u r e  

T h e   f i n i t e - d i f f e r e n c e   e q u i v a l e n t s  of t h e  d i f f e r e n t i a l  
e q u a t i o n s  are o b t a i n e d   b y   i n t e g r a t i n g  t h e  l a t t e r  o v e r  t h e  
c o n t r o l   v o l u m e s  wh ich  s u r r o u n d  t h e  nodes of a g r i d   s y s t e m .  

T h i s   p r o c e d u r e  is d e s c r i b e d   i n  t h e  f o l l o w i n g   s e c t i o n s .  

3.2-1 The Gr id  s y s t e m  

T h e   f i n i t e - d i f f e r e n c e  gr id  u s e d  cons is ts  o f :  

(a )  I n  t h e  n-s p l a n e s ,  a s y s t e m  of i n t e r s e c t i n g ,  
o r t h o g o n a l  g r i d  l i n e s  o f  c o n s t a n t  q a n d  5.  N o  
res t r i c t i ons  are placed upon t h e  s p a c i n g   b e t w e e n  t h e  
l i n e s  in a n y   g i v e n  d i rec t ion .  

(b) Planes of c o n s t a n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 a t  w h i c h   s o l u t i o n s  are o b t a i n e d  
are a r r i v e d  a t  b y   t a k i n g   s u c c e s i v e   i n c r e m e n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( i . e .  
forward s t e p s )   a l o n g   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc d i r e c t i o n   ( m a i n  flow 
d i r e c t i o n , ) .  

The limits on t h e  s ize of t h e  forward s tep ,  A 5 , a r e  
g o v e r n e d   b y   c o n s i d e r a t i o n s  of s t a b i l i t y   a n d   a c c u r a c y  
of t h e  numerical p r o c e d u r e .  

3.2-2 S t o r a g e   l o c a t i o n s  

T h e   i n t e r s e c t i o n s  of t h e  g r i d  l i n e s  m e n t i o n e d   a b o v e  are 
termed g r i d  n o d e s .  A l l  t h e  f l u i d  properties w i t h  the 
e x c e p t i o n  of  t h e  v e l o c i t y   c o m p o n e n t s  u and v ,  are stored a t  
t h e  gr id  n o d e s .   T h e   v e l o c i t y  v is located midway  between 
g r i d  nodes i n   t h e   n - d i r e c t i o n ,   a n d   v e l o c i t y  u s i m i l a r l y  
l o c a t e d   a l o n g  t h e  5 d i r e c t i o n .   F i g u r e  ( 5 )  i l l u s t r a t e s  t h i s  
"staggered" g r i d   s y s t e m   i n  t h e  q-5 p lane.   The  boomerang-  
s h a p e d  envelopes shown on t h e   f i g u r e   e n c l o s e  t h e  tr iads. of 
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BOUNDARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VARIABLE 

LOCATI'ON STORED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 w *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

t V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L) U 

FIGUEtE .5 :  STAGGERED  LOCATION OF VARIABLES 
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3.2-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p o i n t s   d e n o t e d   b y  t h e  s i n g l e  let ter ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN , S , E , W  or  P,  
which r e p r e s e n t  a un ia ,ue  computer storage l o c a t i o n . *  

I n   t h e  algebra c o n n e c t e d  w i t h  ' t h e  d i s c r e t i z a t i o n  procedure, 
when a variable is r e q u i r e d  a t  p o i n t s  o t h e r   t h a n  those at  
which  it is located, averages .of n e i g h b o u r i n g  values are 
u s e d  t o  arr ive at  t h e  value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  var iable a t  t h a t  poi 'nt .  

C o n t r o l   v o l u m e s  

T h e   c o n t r o l . v o l u m e   s u r r o u n d i n g  each gr id  n o d e  P, i n d i c a t e d  
i n   F i g u r e ' ( 6 )  h a s  t w o  faces t h a t  c o i n c i d e  w i t h  two c o n s t a n t -  
C p l a n e s .   O n e  of these, at  w h i c h   i n t e g r a t i o n s  of t h e  
p a r t i a l  d i f f e r e n t i a l   e q u a t i o n s  are t o  be performed, is 
d e s i g n a t e d  t h e  downstream ( D )  s t a t i o n .   T h e  other faces are 
midway  between t h e  n o d e s ,  so t h a t  t h e   v e l o c i t y   c o m p o n e n t s  
g i v i n g  rise t o  c o n v e c t i v e   f l u x e s   a l o n g  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArl and 5 
d i r e c t i o n s  are located on  t h e  faces t h e m s e l v e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . .. 

F i g u r e  {7), i l l u s t r a t e s  t h i s  p o i n t ,  w i t h  r e f e r e n c e  t o  a 
c r o s s - s e c t i o n  of t h e  c o n t r o l   v o l u m e   i n  t h e ' E - q  p l a n e .  I t  
is o v e r   s u c h   c o n t r o l   v o l u m e s ,  t h a t  b a l a n c e s  of w ,  @ and  
mass are made i n  t h e  c a l c u l a t i o n   p r o c e d u r e .  Similar 
control-volumes,resulting from t h e  " s t a g g e r i n g "  of l o c a t i o n s  
on  t h e  g r i d ,  are d e f i n e d  t o  s u r r o u n d  t h e  l o c a t i o n s   o f  t h e  
v and  u v e l o c i t y   c o m p o n e n t s .   T h r e e  sets of c o n t r o l  volumes 
are t h u s   i d e n t i f i a b l e   o v e r  t h e  e n t i r e   c a l c u l a t i o n   d o m a i n .  

A s l i g h t   m o d i f i c a t i o n  t o  t h e  v a r i a b l e   l o c a t i o n   a n d  
c o n t r o l - v o l u m e   d e f i n i t i o n s  is made i n  t h e  r e g i o n  of 
b o u n d a r i e s  of t h e  c a l c u l a t i o n   d o m a i n .   T h e   c o n t r o l  
v o l u m e s   c o r r e s p o n d i n g  t o  t h e  near -boundary  ve loc i t ies  v i n  
t h e  case of N and  S ,and u i n   t h e  case of E and W b o u n d a r i e s ,  
are a r r a n g e d  to  e x t e n d   r i g h t  up t o  t h e   b o u n d a r y .  Figure (8 )  
i l l u s t r a t e s  t h i s  p o i n t .  

* Note o n   c h a n g e   i n   n o t a t i o n .  N,S ,E ,W were u s e d   i n  
C h a p t e r  2 t o  d e n o t e   d o m a i n   b o u n d a r i e s .  From h e r e   o n t h e y  
w i l l  d e n o t e   n e i g h b o u r i n g  gr id  n o d e s .  
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FIGURE 6 FINITE-DIFFERENCE CONTROL VOLUME zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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U n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

grid lines zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- o b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

d l -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"" 
" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc - - -ti 

I f v  'I- k I  - - -  - -0p - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 4 -  

FIGURE 7: CONTROL VOLUME WHEN THE  GRID  EXPANDS  TO 
ACCOMMODATE EXACTLY THE DIFFUSER SHAPE. 
NOTE THE INCLINATION OF'THE w-VELOCITY 
- ARROW WITH GRID LINES 
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n e a r  
boundary  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcontrol 
, volume 

near - boundary  
v- c o n t r o l   v o l u m e  
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3.2-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Discret ized e q u a t i o n  

T h e   g e n e r a l   d i s c r e t i z e d   e q u a t i o n  is o b t a i n e d   b y  
i n t e g r a t i n g   e q u a t i o n  (2.3-2),  f o r  each v a r i a b l e ,   o v e r  
t h e  a p p r o p r i a t e  control v o l u m e .   I n   t h e   i n t e g r a t i o n ,  
t h e  f o l l o w i n g   a s s u m p t i o n s  are made a b o u t  t h e  m a n n e r   i n  
which the v a r i a b l e s   v a r y   b e t w e e n  g r i d  nodes .  

I n  t h e  z-direction, 4 v a r i , e s   i n  a stepwise manner ;  
i .e. t h e  d o w n s t r e a m   v a l u e s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@I are supposed  t o  p r e v a i l  
o v e r   t h e   i n t e r v a l  from t h e  u p s t r e a m   s t a t i o n  t o  t h e  
downstream o n e   e x c e p t  at  t h e  u p s t r e a m   s t a t i o n  i tsel f .  
T h i s  makes t h e  p r e s e n t   f i n i t e - d i f f e r e n c e  scheme a 
f u l l y - i m p l i c i t   o n e .  

F o r   t h e   c a l c u l a t i o n  of t h e  z - d i r e c t i o n   c o n v e c t i o n , a n d  
o f   s o u r c e  terms t h a t  may depend  on $ ,  t h e  v a r i a t i o n  
of I$ i n  t h e  xy-plane is also t a k e n  t o  be s t e p w i s e .  
Thus ,  i n  t h e  x y - p l a n e   t h e   v a l u e  of $ is assumed t o  
rema in  u n i f o r m   a n d   e q u a l  t o  $p o v e r   t h e . c o n t r o 1  volume 
s u r r o u n d i n g  t h e  p o i n t  P and t o  change s h a r p l y  t o  

I$,, or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$w o u t s i d e   t h i s  con t ro l  volume. 

F o r  t h e  cross-stream c o n v e c t i o n  from t h e  y z   a n d   x z  
faces of t h e  c o n t r o l   v o l u m e ,  t h e  v a l u e  of $ c o n v e c t e d  
is t a k e n  t o  be t h e  arithmetic mean of t h e  I$ v a l u e s  
o n  e i ther  s ide of t h a t  face, except   when t h i s  p r a c t i c e  
is altered by t h e  "high-lateral-f l u x "  modi f icat ion 
ment ioned  below. 

For d i f f u s i o n  across t h e  y z  and  xz faces of t h e  c o n t r o l  
volume, w e  assume t h a t  $ v a r i e s   l i n e a r l y  between gr id  
p o i n t s ,   e x c e p t  when t h e   h i g h - l a t e r a l - f l u x   m o d i f i c a t i o n  
d i c t a t e s   o t h e r w i s e .  

T h e   r e s u l t   o f  these o p e r a t i o n s  is a n   a l g e b r a i c   e q u a t i o n  
f o r  each g r i d   l o c a t i o n ,   r e p r e s e n t i n g  t h e  d i s c r e t i z e d  
fo rm of t h e  b a l a n c e  of t h e  v a r i a b l e ,  over t h e  control  
v o l u m e   c o r r e s p o n d i n g  t o  t h a t  location. F o r  a g e n e r a l  
dependen t  var iable 4 ,  . t h i s   e q u a t i o n  takes t h e  form: 

(3.2-1) 
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The factors  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfe, fw ,  f n ,  and  f s  are i n t e r p o l a t i o n  factors 
t o  a c c o u n t  f o r  t h e  staggered cel ls. For t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 cel ls, 
t h e y  are a l l  0.5. 

A t t e n t i o n  is d r a w n   h e r e  t o  t h e  manner  of d i s c r e t i z a t i o n  of 
t h e  c o n v e c t i v e  terms i n  t h e  n- a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE d i r e c t i o n s .   T h e  

m o d i f i c a t i . o n "   a n d  is d i s c u s s e d   i n  deta i l  i n  (81.  I t  
is b r i e f l y  desc.ribed l a te r .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' method u s e d  is d e s i g n a t e d  t h e  " h i g h - l a t e r a l - f l u x  

T h e   c o e f f i c i e n t s  of e q u a t i o n s  (3.2-1) are now d e f i n e d  as 
follows : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A's a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ' s  r e p r e s e n t  t h e  w i d t h s  of c o n t r o l - v o l u m e  faces 
a n d   i n t e r n o d a l   d i s t a n c e s  respective1 (see Figure O ) ,  
a n d  i a n d  j s t a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  l o c a t l o n s  ( e , w y  a n d   ( n , s ) ,   r e s p e c t i v e l y .  
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ ." . . 9 :  GRID NOMENCLATURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFOR DISCRI<TIZATION  PROCEDURE 
~ ~~ 



by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  forward  step  s ize,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS is t h e  integrated 
form of t h e  source  (and/or s i n k )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo!? 9 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalways expressed 
for  reasons of numerical s t a b i l i t y  i n  a l inear ised form 
as : 

Where Su and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASp are  calculated from values  already i n  
computer store  at  that  t ime.  Expressing  source  terms i n  
l inear ised form enhances t h e  s t a b i l i t y  of t he   f i n i t e -  
difference  equations, and is recommended as a useful  
p rac t ice   to  be applied  wherever  possible. F u r t h e r  
i t  is alsc  'necessary  that Sp be  negative  always if 
s t a b i l i t y  is t o  be ensured. 

On re-arranging  the terms of equation (3.2-1), one 
obtains: 

A "  1: 9i + s: .. (3 .2 -4)  

i = N,S,E,W,U i =. N, S,E, W 
where  the  coef f ic ients  A: are  defined  as  follows:- 

A; = g,u 

where the L I S  represent  convective  contributions, T ' s  
the  d i f fus ive and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS the  source  (and/or s i n k )  contr ibutions 
to  the  balance of 4 -  

The subscr ipts  are  associated w i t h  points o n  the g r i d  
system and superscr ip ts   to  t h e  co-ordinate  directions 
fo r  which the  coeff ic ient  is appropriate. The location 
of po in ts  e , w , n , s ,  E , W , N , S  is given i n  Figure ( 9 ) .  
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Note t h a t  i n   t h e   d e r i v a t i o n  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA I ,  a c c o u n t   h a s   b e e n   t a k e n  of 
t h e  fact  t h a t   t h e  faces of t h e   m a i n   c o n t r o l   v o l u m e s  pass 
midway  between gr id  n o d e s  SO t h a t   t h e   i n t e r p o l a t i o n  factors 
fo r  t h e   c a l c u l a t i o n  of v a r i a b . l e s   o n   t h e s e  faces are e q u a l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.5. T h i s  is n o t   t r u e  for  t h e   c o n t r o l   v o l u m e s   a p p r o p r i a t e  t o  
u- and  v- v e l o c i t y   c o m p o n e n t s   i n   t h e   g e n e r a l  case of   non-  
u n i f o r m   s p a c i n g   b e t w e e n  gr id  nodes .  Direct i n t e r p o l a t i o n  
is t h e n   n e c e s s a r y  so zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthat  t h e   v a l u e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof u a t  p o i n t  P is g i v e n  
b y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

fe  U~ + fw  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup 
a n d   s i m i l a r l y  f o r  V. Note also t h a t :  f w  = 1 - f e  

i 
I t  is poss ib le  for  t h e   c o n v e c t i v e   c o n t r i b u t i o n  L of t h e  
c o e f f i c i e n t  A '  t o  become large o n   o c c a s i o n ,   r e s u i t i n g   i n  
t h e  c o e f f i c i e n t   b e c o m i n g   n e g a t i v e   a n d   c a u s i n g   p h y s i c a l l y  
+ m p l a u s i b l e   r e s u l t s  when e q u a t i o n  (3.2-4) is s o I v e d  w i t h  
s u c h   c o e f f i c i e n t s .   T h e   h i g h - l a t e r a l - f l u x - m o d i f i c a t i o n ,  
m e n t i o n e d  above, is i n t r o d u c e d  t o  overcome t h i s  p o s s i b i l i t y .  
T h i s   s c h e m e   c o n s i s t s  of r e p l a c i n g  a l l  t h e   c o e f f i c i e n t s  of ' 

t h e  form T l b y  as f o l l o w s :  
J j 

(3.2-6) 

w h e r e  I A I  s i . g n i f i e s  t h e  modulus of A .  

3.2-5 E q u a t i o n s  " - f o r  v e l o c i t y   c o m p o n e n t s  

T h e   f i n i t e - d i f f e r e n c e   e q u a t i o n s  f o r  t h e   v e l o c i t y   c o m p o n e n t s  
are d e s c r i b e d   b y  t h e  same form as (3.2-4) b u t   c o n t a i n   a n  
a d d i t i o n a l   s o u r c e  term r e p r e s e n t i n g   t h e   p r e s s u r e - g r a d i e n t .  
S i n c e  w e  s h a l l  be u s i n g   t h e   v e l o c i t y   e q u a t i o n s  l a te r  i n  
d e r i v i n g   t h e   c o n t i n u i t y   b a l a n c e ,  i t  is n e c e s s a r y  t o  n o t e  
here t h e i r  form. 

$ - d i r e c t i o n  momentum e q u a t i o n  

wp = C A .  w. + Sp + Dp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas W W a6 
1 1 .  

i =E , W', N ,S 

n - d i r e c t i o n .  . .  momen Lum e q u a t i o n  

P = CATvi + S; + DP" ( P p  - PSI 

i=E,W,N,S 

(3.2-7) . 

(3.2-8) 
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5-direction momentum equation 

i=E,W,N,S 

where,  

Ai zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 denotes  again  coeff icients  of  the form: 

i=E,W,N,S,U 

where 4 now stands  for  u ,  v and w* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3.2-10) 

(3.2711) 

and, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Sp represents t h e  source  (and/or s i n k )  of each 4 

velocity  'excluding t h e  pressure-gradient terms. 

. T h e  pressure  term employed i n  the w-equation  depends on 
whether  the  local'  flow is subsonic o r  supersonic. When 
the flow is subsonic, i t  is necessary;" . { i ) ,  i n  order t o  
render  the  equations  parabolic,  to write the  source  term 
as a mean pressure  gradient,  i .e . ,  

(3.2-12) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 
Note that  these A i ' s  now r e l a t e  t o  the  staggered  Control 
volumes descr ibed  ear l ier .  
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r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.2-6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 d e n o t e s  . t h e  mean pressure which is d e t e r m i n e d  f o r  
a c o n f i n e d  f low from ‘ t h e - r e q u i r e m e n t s  - of overa l l  c o n t i n u i t y ;  
f o r  a n   u n c o n f i n e d  f l o w ,  p is s i m n l y  t h e  f r e e - s t r e a m   p r e s s u r e .  
For a s u p e r s o n i c  f l ow  i n   c o n t r a s t ,  i t  is p o s s i b l e ,   w i t h o u t  
d e s t r o y i n g  t h e  parabol ic  n a t u r e  of t h e  e q u a t i o n s ,  t o  employ’ 
t h e  local  p r e s s u r e  t o  c a l c u l a t e  t h e  pressure g r a d i e n t ,  i .e. ,  

( 3.2-13) 

T h i s  pract ice,  i t  s h o u l d  be o b s e r v e d ,  allows f u l l   a c c o u n t  
t o  be t a k e n  of p r e s s u r e  waves i n   s u p e r s o n i c  flow. 

T h e   c o n t i n u i t y   e q u a t i o n  

T h e  d e r i v a t i o n  of t h e  f i n i t e - d i f f e r e n c e  form of t h e  
c o n t i n u i t y   e q u a t i o n  is q u i t e  s imple.  I t  m e r e l y  s ta tes  
t h e  r e q u i r e m e n t  t h a t  t h e  i n f l o w s   a n d   o u t f l o w s  of mass 
are l oca l l y  i n   b a l a n c e  a t  a l l  t h e  g r i d  n o d e s   i n  t h e  f low 
domain .   In  t h e  p r e s e n t   s o l u t i o n   p r o c e d u r e ,  t h e  r e q u i r e m e n t  
of m a s s  c o n t i n u i t y  is sa t i s f i ed  b y   c o r r e c t i n g  t h e  p r e s s u r e  
f i e l d  v i a  a p r e s s u r e - c o r r e c t i o n   e q u a t i o n .  The d e t a i l s  of t h e  
l a t t e r  w i l l  be g i v e n   i n   S e c t i o n  3.3 below; here w e  s ta te 
m e r e l y  t h e  r e q u i r e m e n t  of c o n t i n u i t y  as follows: 

c o n t i n u i t y  

(3.2-14) 

where ,  

Gi j r e p r e s e n t s   t h e  mass v e l o c i t y   A l o n g   d i r e c t i o n  j a t l o c a t i o n  
i. For example: 

ATI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp ,  and  A F  p , u  r e p r e s e n t  t h e  upstream v a l u e s  of Anp and 

AS, r e s p e c t i v e l y .  
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I t  s h o u l d  be n o t e d   h e r e   t h a t  two d i s t i n c t   d e n s i t i e s  are 
computed a n d   u s e d ,  at e a c h  step. T h e   d o w n s t r e a m   d e n s i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(p,) is u s e d   o n l y  t o  c o m p u t e '   t h e  mass f l u x   i n   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 
d i s e c t i o n  a t  t h e   d o w n s t r e a m  face of t h e  cel l .  ( t h u s  it 

t h e   u p s t r e a m   & n s i t y  ( p p  u )  is used fo r  c a l c u l a t i n g  l a te ra l  
mass f l u x e s ,   a n d   t h e   u p s t r e a m  axia l  mass f l u x .   T h e  t w o  
d e n s i t i e s  are c a l c u l a t e d  as follows: 

. appears zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonly i n  t h e  l as t  term of equat ion  (3.2-14); 

- 
OP - 

PPWP, 

RTP, TJ 

- PP ,u WP ,uu ' 
RTP, wu PP ,u: 

(3.2-16) 

(3.2-17) 

where Wp is t h e  l oca l  m i x t u r e   m o l e c u l a r   w e i g h t ,  R is t h e  
u n i v e r s a l  gas c o n s t a n t ,   a n d   s u b s c r i p t  ' U U '  r e f e r s  t o  t h e  
p l a n e  two steps u p s t r e a m  of t h e   p l a n e   i n   q u e s t i o n .  

3.3 T h e   S o l u t i o n   P r o c e d u r e  

3.3-1 T h e   c o m p u t a t i o n a l   a l g o r i t h m  

The above set  of f i n i t e - d i f f e r e n c e   e q u a t i o n s  h a s  t o  be s o l v e d  
f o r  a l l  t h e   v a r i a b l e s   s i m u l t a n e o u s l y ,  a t  t h e   d o w n s t r e a m  
s t a t i o n .   A f ' t e r   c o m p l e t i o n  of t h e  s o l u t i o n  a t  t h e   d o w n s t r e a m  
s t a t i o n ,  a f o r w a r d  s t e p  i n   t h e   < - d i r e c t i o n  is t a k e n  
a n d   t h e   p r o c e d u r e   r e p e a t e d .  

T h e   n u m e r i c a l   a l g o r i t h m   e m b o d i e d   i n  SHIP is t h e  SIMPLE 
( f o r   S e m i - I m p l i c i t   M e t h o d   f o r   P r e s s u r e - L i n k e d   E q u a t i o n s )  
s c h e m e   r e p o r t e d  ear i ier  i n .  ( 7 1 - b ~   P a t a n E a r   a n d - S p a l d i n g .  
C e n t r a l  t o  t h i s   s c h e m e  is t h e   i d e a   o f   s e e k i n g  a n o n - i t e r a t i v e  
m a r c h i n g - i n t e g r a t i o n   p r o c e d u r e   t h a t  takes f u l l   a d v a n t a g e  of 
t h e   b o u n d a r y - l a y e r   c h a r a c t e r  of t h e  flow f i e l d .  

A t  e a c h  ax ia l  l o c a t i o n   t h e   v a r i a b l e s  are  c o m p u t e d   s o l e l y  
from v a l u e s  a t  t h e   u p s t r e a m   l o c a t i o n ;   n o   r e f e r e n c e  is made 
t o  d o w n s t r e a m   p r o p e r t i e s .   F u r t h e r ,   t h e   c o e f f i c i e n t s  ( A ' s )  
u s e d  i.n t h e  e q u a t i o n s  are e v a l u a t e d  from t h e   v a l u e s   c u r r e n t l y  
i n   s t o r e ;   f o r   t h e   v e l o c i t i e s , t h i s   m e a n s   u s e  of t h e   u p s t r e a m  
v a l u e s .   T h e   s e q u e n c e  of c a l c u l a t i o n  steps t o  e v a l u a t e   t h e  
f low p r o p e r t i e s  a t  a n y  axia l  s t a t i o n  is as follows: 

F 
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1) F i r s t  t h e  p r e s s u r e  f i e l d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp a n d  t h e  mean p r e s s u r e  'p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
at  t h e  a x i a l  s ta t i on  c o n s i d e r e d  are a s s i g n e d  'guessed' 
v a l u e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe g e n e r a l  practice is t o  employ t h e  
c a l c u l a t e d   u p s t r e a m   p r e s s u r e s  as t h e  g u e s s e d   v a l u e s  
and  t o  estimate p u s i n g  t h e  u p s t r e a m   p r e s s u r e   g r a d i e n t  
dp/dz. 

2) The three momentum-equat ions are s o l v e d  t o  get a f i r s t  
a p p r o x i m a t i o n  t o  t h e   v e l o c i t y  f i e l d  at  t h e  l o n g i t u d i n a l  
s t a t i o n .  

3) T h e   r e , s u l t i n g  "starred" v e l o c i t y   f i e l d  is u s e d   i n  
c o n j u n c t i o n  w i t h  t h e  discret ized c o n t i n u i t y   e q u a t i o n  
t o  a r r i v e  a t  a d i s t r i b u t i o n  of " p r e s s u r e - c o r r e c t i o n s "  
p1  as fol lows. * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a )  F i r s t  t h e  p r e s s u r e   a n d   v e l o c i t y  f ie lds  are 

e x p r e s s e d  as : 

p = p* + P '  

u = u* + u '  (3.3-1) 

v = v* 4- v '  

where t h e  p r i m e d   q u a n t i t i e s   r e p r e s e n t  the 
c o r r e c t i o n s  t o  t h e  a p p r o x i m a t e  *starred* v a l u e s .  
The l a t t e r  w i l l  n o t ,   i n   g e n e r a l ,   s a t i s f y  t h e  
c o n t i n u i t y   e q u a t i o n ,   b u t  w i l l  g i v e  rise t o  a n e t  
mass s o u r c e  a t  P. 

(b) I t  is now r e q u i r e d  t o  o b t a i n  t h e  correct ions t o  
t h e  v e l o c i t i e s   a n d   p r e s s u r e s  so as t o  r e d u c e  t h i s  
mass s o u r c e  t o  zero. To t h i s  e n d ,   t h e   s u b s t i t u t i o n  
of e q u a t i o n  (3.3-1) i n t o  t h e  momentum e q u a t i o n s  
r e s u l t s   i n  t h e  f o l l o w i n g   e x p r e s s i o n s :  

U '  = CAiui U '  + Dp U (p$ - p i )  

VIS = CAivi v i  + Dp V (PIS - p$) 

P 
(3.3-2) 

where t h e  summation C is carried o u t   o v e r  t h e  g r i d   n o d e s  
n e i g h b o u r i n g  t h e  c o r r e s p o n d i n g   v e l o c i t y .  

*Readers  n o t  in terested immed ia te l y  in the d e t a i l s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe 
pressure-correction.equation may s k i p  t o  s tep  4 ,  b u t   s h o u l d  
n o t e  t h a t  t h e  p r e s s u r e - c o r r e c t i o n   e q u a t i o n  h a s  t h e  same 
g e n e r a l   s t r u c t u r e  as t h a t  of (3.2-4), a n d   t h a t  i t  is solved 
i n  t h e  same manner  as t h e  o t h e r s .  
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( c )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT h e   r e l a t i o n s   e x p r e s s e d  above are s u b s t i t u t e d  
i n  t h e  f i n i t e - d i f f e r e n c e  form of t h e   c o n t i n u i F y ,  
e q u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3.2-14); a n d   t h e   c o e f f i c i e n t s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApp 
are collected and  rearranged. T h e   p r e s s u r e  
c o r r e c t i o n   e q u a t i o n   h a s   t h e n   t h e   f o l l o w i n g  form: 

p;' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= C A f ' p j  + SF' 
(3.3-3) 

i=E,W,N,S 

w h e r e  p i ,  p ' ,  p; and  p$ are c o r r e c t i o n s  t o  t h e  
p r e s s u r e s  aT t h e  nodes E,W,N a n d  S ,  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA . ' s  
i n v o l v e  p ' s ,  D ' s  and  other geometric q u a n t i t i e s  
a p p e a r i n g   i n   e q u a t i o n  (3.2-14) , and  t h e  mass 
s o u r c e  ( o r  mass i m b a l a n c e )   h a s   b e e n   i n c o r p o r a t e d  
i n t o  Sp E3 
For compressible f l o w ,  a c c o u n t   m u s t  be t a k e n  of thc 
e f fec t  of a p r e s s u r e   c h a n g e  a t  P on t h e  mass f l u x  
a t  t h e  d o w n s t r e a m   f a c e  of t h e  ce l l .  Thus  f o r  
s u p e r s o n i c  f l o w  t h e  m a s s - f l u x   c h a n g e f ( p w ) ' p  is 
related t o  t h e   p r e s s u r e   c o r r e c t i o n  pp by: 

(PW);, = IP*pDpW + (-) W * l  P i  d p  
dp P P (3.3-4) 

where,  p i  2nd  w$ are computed from t h e  g u e s s e d  
p r e s s u r e   p p ;   ( d p / d p ) p  is, from e q u a t i o n  (3.2-16) 

(3.3-5) 

a n d  is d e d u c e d  from t h e  f i n i t e - d i f f e r e n c e  form of 
t h e  momentum e q u a t i o n s .  

For s u b s o n i c  f low, e q u a t i o n  (3.3-4) must  be m o d i f i e d  
t o  a c c o u n t  f o r  t h e  fact  t h a t  wp n o   l o n g e r   d e p e n d s  
on pp; t h e  modif ied e x p r e s s i o n  is: 

(3.3-7) 
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( d )  E q u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3.3-3), w i t h   t h e   c o e f f i c i e n t s   m o d i f i e d  
t o  a c c o u n t  f o r  t h e  a h o v e - d e s c r i b e d   i n f l u e n c e s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pp on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( P W ) : ~ ,  is s o l v e d   i n   t h e  same manner  as t h e  
momentum e q u a t i o n s .   T h e   r e s u l t i n g   p r e s s u r e -  
c o r r e c t i o n s  are t h e n   u s e d   i n   c o r r e c t i n g   t h e  
p r e s s u r e   a n d   v e l o c i t y  f ie lds s i m u l t a n e o u s l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

4)  T h e   e q u a t i o n s  for  t h e   r e m a i n i n g   v a r i a b l e s  ( i . e .  e n t h a l p y ,  
t u r b u l e n t   e n e r g y   a n d  i ts d i s s i p a t i o n  ra te,  and  mass 
f r a c t i o n  of h y d r o g e n   i n   a n y  form) are t h e n  so lved,  b y  
u s i n g   t h e  corrected v e l o c i t y   f i e l d s .  

S t e p s  1 - 4 c o m p l e t e   t h e   o p e r a t i o n s  a t  a g iven   downs t ream 
s t a t i o n .  A new s tep  is t h e n   t a k e n   a n d  t h e  process 
repeated, u n t i l   t h e   r e g i o n  of i n t e r e s t  is c o v e r e d .  

3.3-2 Th.e-solut.ion of t h e   e q u a t i o n s  

T h e   l i n e a r  algebraic e q u a t i o n s  are s o l v e d  by p e r f o r m i n g  
r e p e t i t i v e  sweetx of t h e  t r i - d i a g o n a l   m a t r i x  algorithm 
(TDMA) a l o n g  t h e  two cross-stream d i r e c t i o n s  and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 .  T h e   e q u a t i o n s  are s o l v e d   a l o n g   l i n e s  of c o n s t a n t  n and  
o f   c o n s t a n t  5 ,  a n d   i n   d o i n g  so,  t h e   v a r i a b l e s  located a t  
a d j a c e n t   l i n e s  are k e p t   c o n s t a n t .   T h u s  f o r  t h e   n - d i r e c t i o n  
sweep w e  h a v e :  

@P 
+ (3.3-8) 

where  t h e  terms e n c l o s e d   i n  t h e  p a r e n t h e s e s  are assumed to  
be f i xed .  S i m i l a r l y ,   f o r  t h e  5-sweep w e  h a v e :  

+ A$$s (3.3-9) 

where  now t h e   v a l u e s   o f  $N and 9, are k e p t   f i x e d .   T h e  
terms c o n t a i n e d   i n  S however ,  are a l w a y s   l . i k e  t h e  A coef- 
f i c i e n t s ,   e v a l u a t e d  4 rom var iab les i n   s t o k e  before t h e  TDMA sweep: 

The  number  o f  TDMA sweeps r e q u i r e d  t o  o b t a i n   a n   a c c u r a t e  
. s o l u t i o n  t o  t h e   e q u a t i o n s   d e p e n d s   o n   t h e   e q u a t i o n   b e i n g  
s o l v e d .  I t  h a s  b e e n   f o u n d   f r o m ' e x p e r i e n c e   t h a t  f o r  t h e  
p r e s s u r e - c o r r e c t i o n   e q u a t i o n  i t  is n e c e s s a r y  t o  p e r f o r m  
more s w e e p s   t h a n   f o r   t h e  rest. T h e   r e a s o n  f o r  t h i s  
i n c r e a s e  is as f o l l o w s .   T h e   e q u a t i o n  f o r  a g e n e r a l   v a r i a b l e  
4 is d o m i n a t e d   s t r o n g l y   b y  t h e  c o n t r i b u t i o n   f r o m   u p s t r e n m  
( i . e .  t h e  term LE5 p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"',,J i n   e q u a t i o n  (3.2-5 ( f ) ) .  T h e r e f o r e  
t h e  c o e f f i c i e n t s  d,,A etc.  are r e l a t i v e l y  small, a n d   u s e  
of somewhat   approx lm&e v a l u e s - f o r  $,, $s etc.  does n o t  
resu l t  i n   s i g n i f i c a n t  errors. For t h e   p r e s s u r e - c o r r e c t i o n  
equat ion h o w e v e r ,   t h e r e  is n o   c o n t r i b u t i o n  from u p s t r e a m ,  
and t h e  pressure c o r r e c t i o n  at P is related s t r o n g l y  t.0 
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t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN,S,E and  W values.. I t  is t h e r e f o r e   n e c e s s a r y  t o  
perform several .sweeps t o  o b t a i n   a c c u r a t e  values. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.4  B o u n d a r y   C o n d i t i o n s  

3.4-1 T h e   s o l u t i o n   ' d o m a i n  

SHIP is set u p  t o  make c a l c u l a t i o n s   i n  a r e c t a n g u l a r - s e c t i o n e d  
domain of any  aspect ra t i o .  T h e   b o u n d a r i e s   o f   t h i s   d o m a i n  may 
be either s o l i d  wal ls ,  s y m m e t r y   p l a n e s  o r  f ree b o l l n d a r i e s ;  
a n d   i n d e e d   a n y   c o m b i n a t i o n   o f  t h e  a b o v e   b o u n d a r i e s   c a n  be 
h a n d l e d .   F u r t h e r m o r e ,  fo r  walls, t h e  d i s t a n c e  of each wal l  
from a r e f e r e n c e   p l a n e   c a n  be s p e c i f i e d  as a n   a r b i t r a r y ,  
b u t  smooth, f u n c t i o n   o f . d i s t a n c e   a l o n g  t h e  p r i n c i p a l  f low 
d i r e c t i o n .  

I n   t h e   r e g i o n  of f r e e - b o u n d a r i e s   t h e  f low is u n c o n f i n e d   a n d  
exDands as i t  moceeds downstream. Two c o n s i d e r a t i o n s   m u s t ,  
therefore, be t a k e n   i n t o   a c c o u n t . h e r e ,   n a m e l y  t h e  p r e s c r i p t i o n  
of t h e  rate of e x p a n s i o n  of t h e  s o l u t i o n   d o m a i n   a n d  t h e  
s p e c i f i c a t i o n  of t h e  mass ve loc i t ies  a t  t h e  o u t e r  free- 
boundary .   The  l a t t e r  w i l l  be described i n   S e c t i o n  3.4-3 below. 

For t h e  former, a s l o p e  of t h e  b o u n d a r y  is p r e s c r i b e d ; a n d  if 
t h i s  leads t o  s o l u t i o n   s h o w i n g   e x c e s s i v e   v e l o c i t y   a n d  
t e m p e r a t u r e   g r a d i e n t s  t h e  c a l c u l a t i o n  is r e p e a t e d   b y   m o v i n g  
t h e  f r e e - b o u n d a r i e s   o u t w a r d s  o r  c h a n g i n g   t h e  s lope  of  t h e  
f ree s u r f a c e   i n   t h e  desired d i r e c t i o n  t o  d i m i n i s h   g r a d i e n t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.4-2  G e n e r a l   p o l i c y  of t r e a t i n g   b o u n d a r i e s  

The S H I P   p r o g r a m   r e q u i r e s   t h e   s p e c i f i c a t i o n  of b o u n d a r y  
c o n d i t i o n s   o n  t h e  N ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS ,  E and  W b o u n d a r i e s  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 - q p l a n e s  
of t h e   c a l c u l a t i o n   d o m a i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A clear d i s t i n c t i o n  is made, for a l l  d e p e n d e n t   v a r i a b l e s ,  
b e t w e e n   b o u n d a r y   v a l u e s   a n d   v a l u e s   i n t e r n a l  t o  t h e  domain.  
T h e   m a i n   m a c h i n e r y ' o f   t h e   p r o g r a m   l e a v e s   t h e   b o u n d a r y  
v a l u e s   u n c h a n g e d ,   a l t h o u g h  it u s e s  them i n   d e t e r m i n i n g  t h e  
i n t e r n a l   v a l u e s .   T h u s ,  t h e  p r o c e d u r e  is so s t r u c t u r e d  t h a t  
i t  n o m i n a l l y  solves t h e  f i x e d - b o u n d a r y - v a l u e   p r o b l e m .  When 
b o u n d a r y   v a l u e s  are n o t  known  however, appropr iate modi? 
f i c a t i o n s  are d e v i s e d   w h i c h   p e r m i t  t h e  s i n g l e   s t r u c t u r e  t o  
be u s e d .   T h e   f o l l o w i n g   s e c t i o n s  describe s u c h   m o d i f i c a t i o n s .  

I n   g e n e r a l ,   b o u n d a r y - c o n d i t i o n   i n f o r m a t i o n  c a n  be s u p p l i e d  
t o  t h e  n u m e r i c a l   c a l c u l a t i o n   p r o c e d u r e   i n  one of four ways. 
T h e   b o u n d a r y   v a l u e s  of t h e  d e p e n d e n t  var iab les t h e m s e l v e s  
c a n  be modif ied;  o r  t h e   v a l u e s  of I' at  t h e   b o u n d a r y   n o d e s  
c a n  be s u i t a b l y   a d j u s t e d .   A l t e r n a t i v e l y ,  t h e  source terms 
f o r  t h e   n e a r - b o u n d a r y   c o n t r o l  volumes o r  t h e   f i n i t e - d i f f e r e n c e  
c o e f f i c i e n t s   t h e m s e l v e s   c a n  be s u i t a b l y  modified., SHIP is 
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3.4-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAequipped w i t h  source-term m o d i f i c a t i o n  practices. 

Treatmen ' t  o,f the t y p e s '  of b o u n d a r i e s .  handled b y  SHIP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SHIP allows f o r  a n y  of t h e   f o u r   b o u n d a r i e s  t o  be (1) a 
s y m m e t r y   p l a n e  ( 2 )  a wal l ,  or  (3) a free s u r f a c e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . .  . . .  .. . 

. . .  . 

Trea'tmen't ' of ' symmetry   p ' lanes 

A t  s y m m e t r y   p l a n e s   a n d  a t  t h e  a x i s  of symmetry ,  t h e  
ve loc i t ies  norma l  t o  t h e   b o u n d a r y  are zero; a n d   t h e r e  
are n o   f l u x e s  across them of other f l o w  variables. I n  
t h e   p r e s e n t   s o l u t i o n .  scheme s u c h   b o u n d a r y   c o n d i t i o n s  
are i n c o r p o r a t e d  as follows. The  normal  ve loc i t ies 
at  t h e s e   b o u n d a r i e s  are p r e s c r i b e d  t o  be zero a pr io r i  
a n d   n o t ' a l t e r e d ;  for o t h e r  var iab les,  b e c a u s e   b o t h   t h e  
c o n v e c t i v e   a n d   d i f f u s i v e   f l u x e s  are zero,  t h e  
a p p r o p r i a t e   f i n i t e - d i f f e r e n c e   c o e f f i c i e n t s   c o n n e c t i n g  
t h e   b o u n d a r y   n o d e  t o  t h e   n e a r - b o u n d a r y   o n e  are set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 
zero, t h u s   b r e a k i n g   t h e i r   l i n k s .  

Tr-eatmen t of w a l l '  b o u n d a r i e s  

A t  s o l i d  w a l l s ,  a l l  t h e  three components of v e l o c i t y  
are zero and  are prescribed a p r i o r i .  For t u r b u l e n t  
k i n e t i c - e n e r g y ,  k ,  and  i ts d i s s i p a t i o n  ra te ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE ,  t h e  
b o u n d a r y - c o n d i t i o n s  are p r e s c r i b e d   t h r o u g h  wal l  
f u n c t i o n s   d e s c r i b e d  below; n o   r e f e r e n c e  is made t o  t h e  
v a l u e s  of k and  E on  t h e  w a l l  n o d e s .   T h e   v a l u e s  of k 
and  E on t h e  wall therefore,. ' are prescribed arb i t rar i lv  
t o  be zero,  a n d   h a v e   n o   i n f l u e n c e  on  t h e  s o l u t i o n   s c h e m e .  
For e n t h a l p y ,  t h e  SHIPcode p r o v i d e s   t h e  choice be tween  
s p e c i f i c a t i o n  of a n   a d i a b a t i c  w a l l  or a c o n s t a n t  
t e m D e r a t u r e   o n e ,  f o r  each wa l l .  I n  t h e  former case, 
( p r e s c r i b e d   z e r o - f l u x   b o u n d a r y   c o n d i t i o n ) ,   t h e  va lue  
s tored as wal l  t e m p e r a t u r e   d o e s   n o t   e n t e r   t h e  
c a l c u l a t i o n s .  

I n  t h e  r e g i o n  close t o  t h e  w a l l ,  t h e  correct f l u x e s  of 
momentum are calculated t h r o u g h  wall f u n c t i o n s   d e s c r i b e d  
below.  

Wall f u n c t ' i o n s  

T h e   e x p r e s s i o n s  for  I' a p p r o p r i a t e  t o  t u r b u l e n t  f l o w  
are n o t   s t r i c t l y   v a l i d   i n  t h e  v i c i n i t y  of w a l l  
b o u n d a r i e s  t o  % h e  f low, where  l a m i n a r   v i s c o s i t y   p l a y s  
a n   i m p o r t a n t  role. I f  t h e  near -boundary  g r i d  n o d e s  
are s u f f i c i e n t l y  f a r  away from walls, t h e   t u r b u l e n t  
v i s c o s i t y   c a n   c o n t i n u e  t o  be used for i n t e r n a l  g r i d  
nodes.   However ,   means  must  be p r o v i d e d  f o r  
c a l c u l a t i o n  of t h e  correct s h e a r  stresses as w e l l  as 
f l u x e s  of other d e p e n d e n t  variables a t  t h e  wall 
b o u n d a r i e s .  
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Provis ions  for  such calculat ions  are made i n  the program, 
and use  the  so-called  wall-function  concept. I n  t h i s  
concept, t h e  f lux  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa var iab le zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 a t  a wall  boundary, 
is expressed  as: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(3.4-1) 

where 6wall denotes  the normal distance from the  wall 
t o  the  near-wall  point.  Values of wal are  obtained 
from the  presumption  that i n  the  regtdn  aikjacent to 
wall  boundaries,  the  dependent  variables  obey, for 
turbulent f low,  a modified form of the  semi-logarithmic 
law-of-the-wall. The, formulae  used to   ca lcu la te  

'g ,wall are  provided i n  Table (4). 

TABLE 4 .  Diffusion  Coefficient Formulae 

@ .  

Velocity components 
normal to  the  wal l  

Velocity components 
pa ra l l e l  to  the  wal l  

I K 

I E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

11.5 : !J 

0 

" 
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T h e   d e f i n i t i o n  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy+, i n  t h e  table,  is a 
g e n e r a l i z a t i o n   d u e  t o  S p a l d i n g ' I 8 )  of t h e  c o n v e n t i o n a l  
form, i n   t h a t :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(3 4-2) 

w h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 d e n o t e s  t h e  d i s t a n c e  from t h e  wa l l ,  at  a 
' l o c a t i o n   w i t h  which t h e  va lues  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp and  k are 
associated. T h e   c o n s t a n t s  K and  E are o b t a i n e d  from 
t h e  c o n v e n t i o n a l  form of t h e  law-of-the-wall: 

u = - - ~ n  {EY+I 
+ 1 

K (3.4-3) 

a n d  are g i v e n   v a l u e s  of 0.42 a n d  9.0 r e s p e c t i v e l y .  

T h e  b o u n d a r y   c o n d i t i o n s  of k and  E are provided as 
fo l lows:  

The d i f f u s i o n  of k i n e t i c   e n e r g y  k ,  t o  t h e  w a l l  is known 
t o  be n e g l i g i b l e   a n d  is set t o  zero and a b a l a n c e  
e q u a t i o n  f o r  k ,  r e g u l a r   i n  other  r e s p e c t s , i s   s o l v e d  f o r  
c o n t r o l   v o l u m e s   a d j a c e n t  t o  wal l  b o u n d a r i e s .   T h e  
d i f f u s i o n  of d i s s i p a t i o n  ra te  E t o  s u c h   b o u n d a r i e s  is 
more d i f f i c u l t  t o  e x p r e s s .   I n s t e a d  of the attempt t o  
c a l c u l a t e  I'E 11, u s e  is made of t h e  know ledge  t h a t  
t h e  l e n g t h  s&%8e R v a r i e s   l i n e a r l y  w i t h  d i s t a n c e  from 
t h e  wa l l ,  i n  t h e  n e i g h b o u r h o o d  of t h e  wal l .  The 
d i s s i p a t i o n  rate is t h e n  calculated from t h i s  l e n g t h  
scale from: 

(3.4-4) 

T h e   p r a c t i c e   a d o p t e d  is t o  f i x  E t o  t h e  above 
v a l u e ,   w i t h o u t   d i s t u r b i n g  t h e  g e f i g @ h w & k l c u l a t i o n  
p r o c e d u r e ,  Yn t h e   f o l l o w i n g   m a n n e r :  

s' - - u ' n e a r  wal l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s; = -L 

(3.4-5) 

w h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt is a large n u m b e r ,   s a y  10 . 30 
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T h e   e x p r e s s i o n  f o r  ,r, wa f o r  a g e n e r a l   d e p e n d e n t  
v a r i a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt$ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  based 6n  .$&e' e x p r e s s i o n   i n d i c a t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin 
T a b l e  ( 4 ) ,  t h e  v a l u e   o f  P. b e i n g  calculated Tram: 

(P 

where  IJ denote t h e   l a m i n a r  and t u r b u l e n t  
v a l u e s  8fa::a:$t$/Sdhmidt n u m b e r   a p p r o p r i a t e  t o  t h e  
t r a n s p o r t  of $I. T h e   a b o v e   e q u a t i o n  is u s e d   i n  EFIP 
o n l y   f o r   h e a t   t r a n s f e r .  

3. T r e a t m e n t   o f   f r e e - s t r e a m   b o u n d a r i e s ' i n   s u p e r s o n i c   f l o w  

When t h e   f r e e - s t r e a m  is s u p e r s o n i c ,  t h e  ve loc i t ies  
normal  t o  a f r e e - s t r e a m   b o u n d a r y   c a n  be deduced  from t h e  
f o l l o w i n g   e q u a t i o n :  

2 where :  M, - - p, w, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/yp, 

(3.4-7) 

(3.4-8) 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACQ d . e n o t e s   u n d i s t u r b e d   f r e e - s t r e a m   c o n d i t i o n s .  

T h e   a b o v e   e q u a t i o n  is based on t h e  a s s u m p t i o n  t h a t  a l l  
changes t o  t h e  la tera l  v e l o c i t i e s ,   f r o m   t h e i r   f r e e - s t r e a m  
v a l u e   a l o n g   t h e   f r e e - b o u n d a r y ,   h a v e   b e e n   b r o u g h t   a b o u t   b y  
a s u c c e s s i o n   o f  small w a v e s   e m a n a t i n g   f r o m   t h e   v i s c o u s  
r e g i o n .  I t  h a s  been  programmed t o  compute t h e  l a te ra l  
boundary  ve loc i t ies ,  normal  t o  t h e   f r e e   b o u n d a r y   u n d e r  
c o n s i d e r a t i o n  (i..e. t h e  v-component f o r   t h e  North and 
S o u t h   b o u n d a r i e s ,   a n d   t h e   u - c o m p o n e n t  f o r  t h e   E a s t   a n d  

. West ones ;  

Note t h a t :  

1. T h e   f o r m u l a  is v a l i d   o n l y   f o r  1'lm > 1 

2. The fo rmula  assumes v, and u, e q u a l  to zero 

3. I n   t h e   c o m p u t e r   program,^ i n  (3.4-7) is a c t u a l l y ,  
Pnb,  where n b   d e n o t e s   v a l u e s  a t  t h e  near -boundary  
g r i d   p o i n t .  
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4 .   T h e   d e n s i t y  at t h e  boundary   node is c a l c u l a t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
from pnb, b u t  otherwise from c o n d i t i o n s  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-. 

The   fo rmu la  ho lds  t r u e  whether .  f l u i d  is c a u s e d   b y  t h e  
p r e s s u r e   c h a n g e s  t o  leave o r  e n t e r  t h e  free boundary .  
If f l u i d   e n t e r s ,  i ts s t a g n a t i o n   e n t h a l p y   s h o u l d  be t h a t  
of t h e  free stream. 

T h e   l o n g i t u d i n a l   b o u n d a r y  ve loc i ty  is c a l c u l a t e d   f r o m  t h e  
f o l l o w i n g   e q u a t i o n  derived from i s e n t r o p i c   c o n s i d e r a t i o n s :  

where t h e  s u b s c r i p t   h d e n o t e s   v a l u e s  at  t h e  boundary .  

The  d e r i v a t i o n  of e q u a t i o n s   ( 3 . 4 - 7 )  and  (3,4-9) is g i v e n  
i n  Appendix B. 



4.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA DESCRIPTION O F  THE  COMPUTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPROGRAM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.1 I n t r o d u c t i o n  

I n   t h i s   c h a p t e r   a n  overview of SHIP is g i v e n   w i t h  a 
d e s c r i p t i o n   o f   t h e  program f low a n d   c o n t r o l ,   a n d  
d e f i n i t i o n s  of i m p o r t a n t   v a r i a b l e s .  

4.2 G e n e r a l   S t r u c t u r e  

T h e   g e n e r a l   s t r u c t u r e  of t h e  SHIP c o m p u t e r   p r o g r a m  is 
s h o w n   i n . F i g u r e  (10). T h e   d i v i d e d ,  ver t i ca l  box o n   t h e -  
l e f t  i s  t h e   m a i n  program, M A I N ,  w h i c h   h a s   t h e  chief f u n c t i o n  
of c o n t r o l l i n g  t h e  c a l l i n g   s e q u e n c e  of t h e   s u b p r o g r a m s .  
T h e   s t a r t i n g   p o i n t  for  SHIP is at  t h e  top  of t h i s  box. 
P o i n t s   w h e r e  ca l l s  of s u b p r o g r a m s  are made in SHIP are 
d e n o t e d   b y   h o r i z o n t a l   l i n e s .  Arrows i n d i c a t e   t h e  "flow" 
of t h e   c o m p u t e r   p r o g r a m  t o  a n d  from t h e   s u b p r o g r a m s   w h i c h  
are shown i n  boxes. The  major c a l c u l a t i o n s   a n d  lopica1 
d e c i s i o n s   m a d e   b y  SHIP are i n d i c a t e d   i n   t h e  spaces be tween  
t h e   h o r i z o n t a l   l i n e s   m a r k i n g   c a l l i n g   p o i n t s   i n  SHIP. 

The   subprog rams  are c o n t a i n e d   i n   s u b r o u t i n e s  wh ich  are n o t  
i n d i v i d u a l l y   c a l l e d ;   a n d  a l l  s t a r t  w i t h   a n  ENTRY s t a t e m e n t .  
T h e   s u b r o u t i n e s  are t h e r e f o r e   n e v e r  "called" b y   t h e i r  
names ,   bu t   by   t he   name of t h e  appropriate member subprog ram.  
(Thus  CALL AUX is m e a n i n g l e s s ;   b u t  CALL SOURCE is a correct 
s t a t e m e n t ) .  N o  s u b p r o g r a m   h a s   a n y   a r g u m e n t ;   t h e   i n f o r m a t i o n  
is e v e r y w h e r e   t r a n s f e r r e d   t h r o u g h  COMMON. 

The SHIP p r o g r a m   c o n s i s t s  of 8 s u b r o u t i n e s ;   t h e y  are g i v e n  
the   names  BLOCK  DATA, M A I N ,  ALLMOD, AUX, PRINT, SOLVE,  STRIDA 
and STRIDB. T h e s e  subrou t ines  c a n  be classified i n   t h r e e  

'categories: p r o b l e m - d e p e n d e n t ,  physical-modelling-dependent 
a n d   i n v a r i a n t .  BLOCK  DATA and  ALLMOD are t h e   p r o b l e m - d e p e n d e n t  
r o u t i n e s ,  i . e .  t h e y   p r o v i d e   f o r   s p e c i f i c a t i o n   o f   i n l e t  
c o n d i t i o n s ,   b o u n d a r y   c o n d i t i o n s ,   g e o m e t r y ,   f l u i d   p r o p e r t i e s .  
etc. AUX forms t h e   p h y s i c a l - m o d e l l i n g   s e c t i o n  of t h e   p r o g r a m ;  
i n   t h i s   t h e   a u x i l i a r y   q u a n t i t i e s   s u c h  as d e n s i t y   a n d  
v i s c o s i t y  are c a l c u l a t e d   f r o m   p h y s i c a l  laws a n d  from t h e  
t u r b u l e n c e   m o d e l .  SOLVE, STRIDA,  STRIDB and  PRINT are t h e  
i n v a r i a n t   p o r t i o n s   o f   t h e  program; i n  SOLVE,  STRIDA and  
STRIDB, t h e   c a l c u l a t i o n  steps of s e c t i o n  3 are programmed, 
a n d   i n  PRINT, i n s t r u c t i o n s  are p r o v i d e d  t o  p r i n t  ou t  t h e  
d i s t r i b u t i o n s   o f  t h e  f low v a r i a b l e s .  
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FIGTJRE 10 : GENERAL  STRUCTURE O F  S H I P  COMPUTER PROGRAM 



The  subprogram MAIN does n o t  f i t  n e a t l y   i n t o   a n y  of t h e s e  
categories. I t  h a s  a g e n e r a l  ( i .e.  problem d e p e n d e n t )  
s t r u c t u r e ,  but care i s ' n e c e s s a r y  t o  e n s u r e  t h a t  its 
g e n e r a l   s t r u c t u r e  is kept i n t a c t .   T h e   r o u t i n e  MAIN first 
calls . : r o u t i n e s  BTRIDO,  STRIDl  and BEGIN. T h r o u g h   t h e s e  
cal ls ' ,  t h e   i n i t i a l   i n f o r m a t i o n  of g e o m e t r y ,  g r i d  a n d   i n l e t  
p ro f i les  is prescribed. A loop fo r  forward steps is t h e n  
started. I n   t h i s ,  ca l l s  are made i n   s e q u e n c e ,  t o  r o u t i n e s  
UPSTRM, DENSTY, VISCOS, GEOMOD, STRID3 and  STRID4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABy 
these ca l l s ,  t h e  var iables u , v , w , k , ~ :   a n d  h at o n e  down- 
stream l o c a t i o n  are c a l c u l a t e d .  STRID3  and  STRID4, i n   t u r n ,  
ca l l  r o u t i n e s   d e a l i n g   w i t h  t h e  p h y s i c a l   m o d e l l i n g   s e c t i o n  
AUX and  t h e  p r o b l e m - o r i e n t e d   s u b r o u t i n e s   i n  ALLMOD. When 
t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s  are assembled, t h r o u g h  c a l i s  
t o  AUX and  ALLMOD,  SOLVE is cal led t o  p,erform t h e  TDMA sweeps. 
STRID3 c o n t a i n s   f o u r   s e c t i o n s   e a c h   h a v i n g   i d e n t i c a l   c a l l i n g  
s e q u e n c e s   o f   r o u t i n e s   p l a c e d   u n d e r  AUX a n d  ALLMOD. STRID4 
cal ls t h e  same r o u t i n e s  as called b y   i n d i v i d u a l   s e c t i o n s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
STRID3; and solves t h e  e q u a t i o n s  for  t h e  scalar variables 
k, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE and  h .  

T h e   r e m a i n i n g   p a r t  of t h i s  chapter g i v e s  a g e n e r a l   o v e r v i e w  
of t h e  compu te r  program w h i l e  s u c c e e d i n g  chapters detai.1 . t h e  
o p e r a t i o n  of each s u b r o u t i n e .  

4 . 3  Some Programming   Conven t ions   and  FORTRAN E q u i v a l e n t s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' Main Variables 

A few of t h e  FORTRAN n a m e s   u s e d   i n  SHIP,which w i l l  be r e a , u i r e d  
i n  t h e  f o l l o w i n g   s e c t i o n s ,  are i n t r o d u c e d  here. The d e n e n d e n t  
variables 4 are stored i n   a n  array F, wh ich  i t  'is c o n v e n i e n t  

. t o  c o n s i d e r  as a t h r e e - d i m e n s i o n a l   a r r a y  F ( I , J , N V ) .  Here I 
and J d e n o t e   t h e   l o c a t i o n   ( r e s p e c t i v e l y  along t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 and  r) 

d i r e c t i o n s )   a n d  NV i d e n t i f i e s  a p a r t i c u l a r   v a r i a b l e .   T h e  
three v e l o c i t y   c o m p o n e n t s   a n d   t h e   p r e s s u r e - c o r r e c t i o n  are 
i n c l u d e d   i n   t h e  F a r r a y ;   h o w e v e r ,  f o r  ease i n   u n d e r s t a n d i n g ,  
separate a r r a y s  U , V , W  a n d  PP are also u s e d   a n d  made e q u i v a l e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
to par ts  of F as follows: 

(4.3-1) 

The  i d e n t i f i e r s  NVU, N V V ,  NVW a n d  NPP, also u s e d  t o  i d e n t i f y  
U,V,W a n d  PP elsewhere i n   t h e  program, are a s s i g n e d  va lues  
2 , 3 , 4  and 1. The largest v a l u e s  of I , J  and  NV f o r  wh ich  
storage is p r o v i d e d   i n   t h e  program are d e n o t e d   b y  IMAX, JMAX 
a n d  NNV r e s p e c t i v e l y   a n d   a s s i g n e d  values 12,  20 a n d  9. . 
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Although twd- and three-  dimensional  arrays  have been 
mentioned  above, t h e  computer  program formally u s e s  one- 
dimensional arrays,  whose subscripts  are  calculated  each 
time t h e y  are  required. Thus,  F(I,J,NV) is re fe r red   to  
as F(IJNV),  where: 

I J N V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= I + JM(J) + NFM(NV) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4.3-2) 

the  arrays J M  and NFM being  calculated  once and f o r   a l l  
from : 

JM(J) = ( J  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) * IMAX 
( 4.3-3) 

NFM(NV) = ( N V  - I )  * IMAX*JMAX 

Also W( I ,  J)  is referred to' as W( I J) where 

I J  = I + JF I (J )  (4 .3 -4)  

The four  neiphbouring  points of the  location  IJ,  corresponding 
to  the  points of the compass are  re fer red  to   as IJN, IJs, 
I J E  - and IJW. - These are  calculated  as: 

IJN = I J  + IMAX 

IJS = IJ - IMAX 

IJE = I J  + 1 

IJW = I J  - 1 

I I t  is easy  to  see  that   points  fur ther removed  become: 

IJNE = I J N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 1 - 
IJSW = IJS - 1 et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc. - 

(4 .3 -5)  

(4 .3 -6)  

For a given  problem, a l l  members of the F array  for  which 
provision is avai lable,  may not be required  to be solved 
for.  Furthermoreisome of these  variables may be obtained 
from algebraic  equations and not from solut ions of the 
par t ia l   d i f ferent ia l   equat j -ons.  To provide for these 
a l te rna t ives ,  u s e  is made of an array ISOLVE(NV). For 
ISOLVE(NV) equal  to  zero, t h e  dif ferent ia l   equat ion is 
not  solved;  solution is obtained  for  values of ISOLVE(NV) 
greater  than  zero. I t  is le f t   t o   t he   use r   t o  make f u r t h e r  
use of t h i s  f a c i l i t y .  

Other  arrays  d i rect ly  re lated  to members df the F array  are: 
IPRINT(NV), TITLE(K,NV),  FLUXN(I,NV),  FLUXS(I,NV),  FLUXE(J,NV), 
FLUXW(J,NV). Values of F ( 1 J N V )  are  printed  out i f  IPRINT(NV) 
is equal  to 1; otherwise a pr intout is not  obtained. 
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FLUXN(I,NV), stores t h e   f l u x e s  of t h e   v a r i a b l e  N V ,  on 
t h e   g o r t h   b o u n d a r y ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe o t h e r s   c o r r e s p o n d   r e s p e c t i v e l y  
t o  t h e   S o u t h , '  East and  West b o u n d a r i e s .  TITLE(K,NV) w i t h  
t h e   i n t e g e r  K t a k i n g   v a i u e s  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 9 ,  stores a 36 c h a r a c t e r  
a l p h a n u m e r i c  t i t l e  of t h e   c o r r e s p o n d i n g  var iab le  NV. T h i s  
is u s e d  t o  i d e n t i f y   t . h e   v a l u e s  of t h e   v a r i a b l e s   i n   t h e  
p r i n t o u t .  

T h e   q . u a n t i ' t i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk, E ,  h ,   f ,   a n d  T f o r m  the r e m a i n i n g  
var iab les of t h e  F f a m i l y .   T h e y  are i d e n t i f i e d  by t h e  
i n d i c e s  NVK, NVD, NVH,  NVF and  NVT r e s p e c t i v e l y   a n d   o c c u p y  
NV l o c a t i o n s  5 ,  6 ,  7 ,  8 and 9 i n  t h e  a r r a y  F ( I J , N V ) .  No 
e q u a t i o n  is  s o l v e d   f o r   T ;   h o w e v e r ,  i t  is c o n v e n i e n t  t o  
s t o r e  i t  a t  F ( I J , 9 ) .   Q u a n t i t i e s  p ,  p and  r are stored as 
P(IJ), R H O ( I J )  and  GAM(1J).  They are n o t  members of t h e  
F a r r a y ,  but  are i n c l u d e d   a l o n g   w i t h  F i n  a COMMON 
statement, a n d   i m m e d i a t e l y   f o l l o w i n g  i t .  T h e y   c a n   t h e r e f o r e  
be referred t o  as t h e  (NNV + l ) t h ,  (NNV + 2 ) t h   a n d  (NNV + 3 ) t h  
members of the F a r r a y ,  as i n d e e d  t h e y  are i n   s u b r o u t i n e  
PRINT.  The i n t e g e r s  N V P ,  NRO and  NBKJ are u s e d  t o  i d e n t i f y  
them. 

- 

A l t h o u g h ,   i n   g e n e r a l ,  t h e  v a l u e s  of r are d i f f e r e n t   f o r  
e a c h   d e p e n d e n t   v a r i a b l e ,  s torage p r o v i s i o n  f o r  o n l y   o n e  
set  o f  r ' s  is r e t a i n e d .   H e n c e ,  a t  a g i v e n   s t a g e   i n   t h e  
p r o g r a m ,   t h e  GAM a r r a y   c o n t a i n s   t h e   v a l u e s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI', a p p r o p r i a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t o  t h e   d e p e n d e n t  var iable u n d e r   c o n s i d e r a t i o n .  

S i m i l a r l y ,   p r o v i s i o n  is made, for  t h e   r e t e n t i o n  of o n e  
Set Of c o e f f i c i e n t s   o f   t h e   f i n i t e - d i f f e r e n c e   e q u a t i o n  a t  a 
g i v e n   s t a g e . .   T h u s ,  AXP( IJ ) ,  AXM(IJ), A Y P ( 1 J )  AYM(1.J) and  
AZ71J)  r e s p e c t i v e l y   r e p r e s e n t   t h e   c o e f f i c i e n t s  A i ,  A W ,  A i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A i  ' a n d A b   i n  equat ion (3 .2 -4) .  

S i m i l a r l y ,  SU(IJ) a n d  SP(1J) r e p r e s e n t  Su and  Sp r e s p e c t i v e l y  
i n   e q u a t i o n  (3.2-3). T h e   q u a n t i t i e s   l i k e  DU i n   e q u a t i o n  
(3.2-9) are stored as D U ( I J ) ,   t h e r e  being s h i l a r  a r r a y s  
DV(IJ)   and DW(1J) for t h e   c o r r e s p o n d i n g   q u a n t i t i e s  
associated w i t h   t h e  v- a n d  w- momentum e q u a t . i o n s .  

4.4 Program C o n t r o l  

Program C o n t r o l ,   i n c l u d i n g  star t ,  i n t e r n a l   m o n i t o r i n g   a n d  
stoD f u n c t i o n s ,  is a c h i e v e d   t h r o u g h   s u b r o u t i n e  MAIN.  

U s i n g   t h e   i n f o r m a t i o n   s u p p l i e d   t h r o u g h  BLOCK DATA, t h e  first 
par t  o f  MAIN c a l c u l a t e s   a n d  assembles a l l  t h e  geometrical 
i n f o r m a t i o n  about t h e   g r i d   s y s t e m   t h r o u g h  ca l l s  t o  STRIDO 
and  STRIDI. F o l l o w i n g   t h i s ,   i n   t h e   s a m e  p a r t ,  a ca l l  t o  
BEGIN supp l i es  t h e   i n i t i a l   c o n d i t i o n s  f o r  a l l  t h e  
dependent vmiables.  Having provided t h e  s t a r t i n g  c o n d i t i o n s ,  
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MAIN t h e n   e n t e r s   t h e   m a r c h i n r i n t e g r n t i o n  loop. 

T h i s  p a r t  b e g i n s  w i t h  t h e   s t a t e m e n t :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGjQl  CONTINUE. 
N e x t ,  mass s o u r c e s  ( S U M ) ,  s t e p  l e n g t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(DZ) 
a n d   t h e  locat ion of t h e  stat i .on for t h e  new c a l c u l a t i o n  
( Z D ) ,  are  d e t e r m i n e d .   T h i s  is followed by ca l l s  t o  SPECIE, 
DENSTY and UPSTRM. SPECIE c a . l c u 1 a t c s   t h e   c h e m i c a l  specie 
c o m p o s i t i o n  from e l e m e n t   c o m p o s i t i o n s ,  temperature and 
pressure. DENSTY is a n o - t h e r  m e m b e r  of t h e   p h y s i c a l - m o d e l l i n g  
s u b r o u t i n e  AUX,  w h e r e i n   t h e  f l u i d  d e n s i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp ,  is  c a l c u l a t e d .  
UPSTRM stores t h e  upstream v a l u e s  of t h e  a x i a l  mass-flow- 
ra te  ( G Z ( I J ) ) ,  of t h e   p r e s s u r e   ( P U ( 1 J ) )   a n d  of t h e   h e i g h t  
a n d   w i d t h   o f   t h e   c a l c u l a t i o n   d o m a i n  (BYNU a n d  BXEU) r e q u i r e d  
b y   t h e   c a l c u l a t i o n  nrocedure. . 

After c a l c u l a t i n g   a n d   p r i n t i n g   t h e   f l u x e s   o f   t h e  m.ajor F 
a r r a y s  t o  c h e c k   t h e i r  overa l l  b a l a n c e s ,  a c a l l  is made t o  
VISCOS w h i c h   c a l c u l a t e s   t h e   d i f f u s i o n   c o e f f i c i e n t s  for 
momentum a n d   m o d i f i e s   t h e m   p r o p e r l y  t o  a c c o u n t  for  t h e  
p r e s e n c e  of s o l i d  walls i f   n e c e s s a r y .  

If I S T E P   e q u a l s  NPJUMP, p r o f i l e s  of v a r i a b l e s  spec i f ied  
by  IPRINT(NV)= lw i l l  be p r i n t e d   o u t   t h r o u g h  a c a l l  t o  n r i n t .  
O t h e r w i s e ,   o n l y   o v e r a l l   b a l a n c e   i n f o r m a t i o n   a n d   s t a t i o n  
l o c a t i o n  w i l l  be p r i n t e d  o u t .  

T h e   n e x t   s e c t i o n  is for t h e   c a l c u l a t i o n  of t h e   v e l o c i t y   a n d  
p r e s s u r e  f i e l d s .  Fj . rs t  a c h e c k  is made t o  see w h e t h e r  
i n j e c t i o n   t h r o u g h   e i t h e r  o r  b o t h   N o r t h   a n d   S o u t h   b o u n d a r i e s  
o c c u r s .  I f  t h i s  t es t  is p o s i t i v e ,  a c a l l  is made t o  INJMOD 
(for t h e   S o u t h   b o u n d a r y )   a n d / o r  INJMOT ( f o r  t h e  N o r t h  
b o u n d a r y )   w h i c h   p r o v i d e   t h e   a p p r o p r i a t e   b o u n d a r y   c o n d i t i o n s  
t h r o u g h  source terms. I t  s h o u l d  be m e n t i o n e d   h e r e   t h a t  
no r e s t r i c t i o n  is p l a c e d   u p o n  t h e  re la t i ve  s i m u l t a n e o u s  
s p a c i n g  of t h e   N o r t h   a n d   S o u t h   i n i j e c t o r s .   N e x t  a c h e c k  is  
made t o  d e t e r m i n e   w h e t h e r   t h e   s t a t i o n  f o r  c a l c u l a t i o n  is 
i m m e d i a t e l y   d o w n s t r e a m  of i n . j e c t i o n .  If t h i s  t es t  is 
pos i t i ve  t h e   n u m b e r  of sweeps o n   t h e  pressure correct ion 
e q u a t i o n   a n d   t h e : s t e p   l e n g t h  are m o d i f i e d  t o  i n c r e a s e  
a c c u r a c y   a n d   s t a b i l i t y  of t h e  program. T h e   c a l c u l a t i o n  is 
s t o p p e d  a t  t h i s   p o i n t  i f  ISTEP > LASTEP. 

Nex t  a c h e c k  is made t o  d e t e r m i n e   w h e t h e r   t h e   f l o w   d o m a i n  
u n d e r   c o n s i d e r a t i o n   p r e s e n t s   v a r y i n g   g e o m e t r y   w i t h   a x i a l  
d i s t a n c e  o r  n o t .  I:€ t h i s  i s  t r u e  (IAHCH=2), a ca l l  is macle 
t o  s u b r o u t i n e  GEOhlOD and  STRID1, i n   o r d e r  for the geometrical 
c h a n g e s  t o  be t a k e n   p r o p e r l y   i n t o   a c c o u n t .  If t h e   d o m a i n  
of interest r e t a i n s   ' c o n s t a n t   c r o s s - s e c t i o n   a l o n g   t h e  axia l  
d i s t a n c e ,   t h e  above two s u b r o u t i n e 8  need n o t  be cal led. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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After t h i s ,  test ,  a n o t h e r  is n e r f o r m e d  t o  d e t e r m i n e  
w h e t h e r   a n y  of t h e   f o u r  boundaries ( N o r t h ,   S o u t h ,   E a s t  
a n d  West) is a f r e e - b o u n d a r y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h i s  tes t  is positive, 
t h e   f r e e - b o u n d a r v   c o n d i t i o n s  are i n c o r p o r a t e d .  
Na.mely; t h e  program c a l c u l a t e s   h e r e ,  f o r  
a n y   f r e e - b o u n d a r y ,   t h e  proper d e n s i t i e s   a n d  ve loc i t ies  
as d i c t a t e d  from t h e  s m a l l - w a v e   t h e o r y  ( f o r  t h e  
l a te ra l  v e l o c i t y   c o m p o n e n t s )   a n d   f r o m  t h e  i s e n t r o p i c  
f o r m u l a  ( f o r  t h e   a x i a l   v e l o c i t y   c o m p o n e n t ) .   T h e s e   f o r m u l a s  
h a v e   b e e n   d i s c u s s e d   i n  de ta i l  i n   S e c t i o n  3. 

Next a check  is made t o  d e t e r m i n e  i f  ISTEP=O  which, i f  
p o s i t i v e ,   r e s u l t s   i n  a n   i t e r a t i - o n   o n   t h e   h y d r o d y n a m i c   a n d  
t u r b u l e n c e   e q u a t i o n s  t o  i m p r o v e   t h e   s t a r t i n g  p ro f i l e .  

After t h i s  series of tes ts ,  a ca l l  is made t o  STRID3  which 
y i e l d s   t h e   v e l o c i t y   a n d   p r e s s u r e  f ie lds.  A ca l l  t o  STRID4 
.performs similar c a l c u l a t i o n s  f o r  a l l  other d e p e n d e n t  
v a r i a b l e s .  

T h e n   t h e  program c a l c u l a t e s   a n d  p r i n t s  o u t  t h e  local  v a l u e s  
of wal l  f l u x e s  a t  e v e r y   e x i s t i n g  w a l l  and  t h e i r  a v e r a g e s .  
U s e f u l   q u a n t i t i e s   c a l c u l a Q e d   h e r e   i n c l u d e  mean v e l o c i t y   a n d  
d y n a m i c   h e a d ,  t o t a l  areas, w a l l  s h e a r  stresses, drag 
c o e f f i c i e n t s   a n d   S t a n t o n   n u m b e r s .  

F i n a l l y  t h e  v a l u e  of ISTEP is i n c r e r n e n t e d   a n d ,   d e p e n d i n g  
upon a p r e - d e t e r m i n e d   c r i t e r i o n ,   c a l c u l a t i o n s  are c o n t i n u e d  
for  t h e   n e x t   s t a t i o n  or  t e r m i n a t e d .   T h i s   c r i t e r i o n  is t h e  
l i m i t i n g   v a l u e  of t h e   f o r w a r d   d i s t a n c e .  If ZU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< ZLAST, 
c o n t r o l  is r e t u r n e d  t o  a p o i n t   i n  M A I N  j u s t  af te r  t h e  CALL 
BEGIN s t a t e m e n t ,   a n d   t h e  process r e p e a t e d  f o r  t h e   n e x t  
s ta t i on .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.5 Detailed L i s t  of Program Variables 

A l l  var iab les u s e d   i n  common statements are d e f i n e d   i n  
Appendix  %. Variables w h i c h   a p p e a r   l o c a l l y  are d e f i n e d  
b y   t h e i r   u s e   i n   t h e  computer program and  are n o t   d e f i n e d  
i n  t h i s  report. 
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5. THE INVARIANT  PORTION' OF SHIP 

5.1 I n t r o d u c t i o n  

Many of t h e   c a l c u l a t i o n s  do n o t  need c h a n g i n g  f o r  d i f f e r e n t  
b o u n d a r y   c o n d i t i o n s ,  etc. I n  t h i s   c h a p t e r  the f u n c t i o n  of 
t h e  i n v a r i a n t   P o r t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOf SHIP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI s  g iven,  Again,  'Important 
variables are def ined. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.2 STRIDA 

STRIDA c o n s i s t s  of t h r e e   s e p a r a t e   s e c t i o n s   w h i c h  are called 
- t h r o u g h  ENTRY s t a t e m e n t s .  STRIDO and STRIDI, t h e  first t w o ,  
c a l c u l a t e   q u a n t i t i e s  related t o  t h e   g r i d   a r r a n g e m e n t .   T h e  
i n f o r m a t i o n   s u p p l i e d  t o  STRIDA t h r o u g h  BLOCK  DATA is LCV, 
MCV and  ZETA(I ) ,   ETA(J) .   The former r e p r e s e n t   t h e   n u m b e r  of 
@ - c o n t r o l   v o l u m e s   a l o n g   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 a n d  rl d i r e c t i o n s ;  and t h e  la t ter  
d e n o t e   t h e  g r i d  d i s p o s i t i o n   i n   n o n - d i m e n s i o n a l   c o o r d i n a t e s .  

G i v e n   t h e   a b o v e   i n f o r m a t i o n ,  STRIDO , t h e   f i r s t  member 
s u b r o u t i n e   o f  STRIDA, c o m p u t e s   t h e  maximum number of gr id  
n o d e s   i n   t h e  I and J d i r e c t i o n s .   T h i s  is d o n e  i n  t h e  
f o l l o w i n g   s e q u e n c e :  

L = LCV + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

. M  = MCV + 1 

LP1 = L + 1 

MPI = M + 1 

(5.2-1) 

I t  is e m p h a s i z e d   h e r e   t h a t  u s e r s  m u s t   e n s u r e   t h a t   L P 1   a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mp1 are a l w a y s  less t h a n  or equal t o  IMAX and  JMAX 
r e s p e c t i v e l y .   T h e  l a t t e r  r e p r e s e n t   t h e  maximum dimensions 
of a l l  v a r i a b l e s   i n   t h e  respective d i r e c t i o n s   a n d  are given 
v a l u e s   a c c o r d i n g l y   i n  BLOCK  DATA. F o l l o w i n g   t h e   a b o v e  
s e q u e n c e ,   t h e   i n t e g e r   a r r a y s  J M  and  NFM are f i l l e d   i n  
a c c o r d a n c e   w i t h   e q u a t i o n  (4.3-3). 

The   second  member of STRIDA is STRID1.  STRIDI is cal led 
o n c e  a t  t h e   b e g i n n i n g  from M A I N  a n d   n e v e r   a g a i n   i f   t h e  
c a l c u l a t i o n   d o m a i n  cross-section r e m a i n s   u n c h a n g e d .  For 
domains of a x i a l l y - v a r y i n g   c r o s s - s e c t i o n s  i t  is ,  however ,  
c a l l e d  a t  e v e r y  step from MAIN.  I t  is  i n  STRIDI t h a t   t h e  
p h y s i c a l   c o o r d i n a t e s  x and y are c o m p u t e d   f r o m   t h e   v a l u e s  
of AGEOM,  ETA and  ZETA, as follows: 

X ( 1 )  = ZETA( I)*BXE 

Y ( J )  = ETA(J)*BYN 
(5.2-2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ETA(J) is i n i t i a l l y   c a l c u l a t e d  as: 

ETA( J> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ETA( J-1) + AGEOM**( J-2.)*DELY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.2-3) 

where  : 

Here, BXE and BYN r e p r e s e n t   t h e   w i d t h   a n d   h e i g h t   o f  the 
c a l c u l a t i o n   d o m a i n   r e s D e c t i v e l y  ( ( X E  - Xw) a n d ' ( Y  - Ys) 
r e s p e c t i v e l y ) ;  as s u c h ,   t h e y  are t o  be s p e c i f i e d  fJy t h e  
u s e r   i n  BLOCK DATA. I t  s h o u . l d   b e   m e n t i o n e d   t h a t   a n y  ETA 
d i s t r i b u t i o n   c a n   b e   u s e d ;   t h e   d i s t r i b u t i o n  (5.2-3) i s  j u s t  
an   example ;  i t  m a k e s   u s e   o f  a geometric series f o r   s p e c i f y i n g  
s u c c e s s i v e   i n t e r v a l s   b e t w e e n  ETA'S. L a r g e r   v a l u e s   o f  AGEOM 
r e s u l t   i n   t h e   g r i d   b e i n g   " c r o w d e d "  closer t o  t h e  y = 0 
s u r f  ace. 

T h e   w i d t h   a n d   h e i g h t  of t h e   c a l c u l a t i o n   d o m a i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAam a l l o w e d ,  
i n  SHIP, t o  be v a r i e d   w i t h   a x i a l   d i s t a n c e ;   t h e i r  new v a l u e s  
b e i n g   c a l c u l a t e d   b y   t h e   e x p r e s s i o n s :  

RXE = BXEU + DBXET)Z*DZ 

BYN = BYNU + DBYNDZ*DZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.2-5) 

where  BXEU, BYNU r e p r e s e n t   t h e   u p s t r e a m  ( i . e .  o f   p r e v i o u s  
s t a t i o n )   v a l u e s   o f  BXE, RYN a n d   t h e   q u a n t i t i e s  DBXEDZ, DBYNDZ 
( i . e .   t h e   s l o p e s   o f  BXE and BYN r e s p e c t i v e l y )  are s p e c i f i e d  
b y   t h e   u s e r .  

The r a t i o  of ce l l  areas i n   t h e  5-1) p l a n e   b e t w e e n   u p s t r e a m  
a n d   d o w n s t r e a m   s t a t i o n s  is  a lso  c a l c u l a t e d  i n  STRIDl ,   and 
s t o r e d  as ARAT; t h e   e x p r e s s i o n  for t h i s  ra t i o  is: 

ARAT = (BYNU*BXEU)/(BYN*BXE) (5.2-6) 

T h e   s u b s e q u e n t   o p e r a t i o n s   i n   S T R I D l   d e a l   w i t h   c a l c u l a t i o n  of 
v a r i o u s   i n t e r - g r i d   d i s t a n c e s   r e q u i r e d  l a t e r  i n  t h e  
c a l c u l $ , t i o n  of t h e   c o e f f i c i e n t s .   T h e s e   d i s t a n c e s  are 
shown i n   F i g u r e ( 1 1 ) ,   w h i c h   i l l u s t r a t e s   t h e   g r i d   i n   t h e  
n-s p l a n e   a n d   t h e   n o m e n c l a t u r e   d e s c r i b e d   b e l o w .  
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.FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-5" 11: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - -~ GRID  SHOWING  NUMBERING, ~~ ~ "_ MAIN CONTROL 
VOLUMES  AND  FORTRAN  DEFINITION OF GRID 

QUANTITIES.  (CARTESIAN  COORDINATES) 
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52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The  dashed l i n e s   i n  f igUre ' (11)  j o i n  t h e  c o n t r o l - v o l u m e  
faces norma l  t o  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and  y d i r e c t i o n s .   T h e s e  are t h e  
c o n t r o l   v o l u m e s  for' a l l  d e p e n d e n t   v a r i a b l e s   e x c e p t  t h e  u 
and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV v e l o c i t y   c o m p o n e n t s .  The' c o n t r o l - v o l u m e  f m e s  p a s s  
mid-way be tween  t h e  g r i d  n o d e s '   e x c e p t   n e a r  the boundar ies  
w h e r e   t h e y   p a s s   t h r o u g h   t h e   b o u n d a r y  g r i d  n o d e s .   T h u s ,  
t h e   c o n t r o l - v o l u m e  faces a l w a y s  pass t h r o u g h   p o i n t s  where 
t h e   v e l o c i t y   c o m p o n e n t   n o r m a l  t o  t h e  faces are stored.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
n o r m a l   v e l o c i t y   c o m p o n e n t  a t  a c o n t r o l - v o l u m e  face is 
presumed  t o  p r e v a i l  over t h a t   w h o l e  face. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

T h e   c o n t r o l - v o l u m e s  fo r  each of t h e  v e l o c i t y   c o m p o n e n t s  
u and v are disp laced a l o n g  t h e  d i r e c t i o n s  of these 
v e l o c i t i e s .   T h e   c o n t r o l - v o l u m e  faces n o r m a l  t o  e a c h  of 
t h e s e   d i r e c t i o n s  pass t h r o u g h  gr id  n o d e s   o n  e i ther  s ide  of 
t h e   v e l o c i t y   c o m p o n e n t   i n   q u e s t i o n .   F i g u r e '  (12) i l l u s t r a t e :  
t h i s   p o i n t .  

- 

I- I I r + t  

FIGURE 12: U-. AND V- VELOCITY' CONTROL VOLUhlES 



T h e   i n d e p e n d e n t  var iables x ,  y are stored as t h e   c o o r d i n a t e s  
x(1) and  Y( ,J )  of t h e .  gr id  l i n e s .   C e r t a i n  related q u a n t i t i e s  
are n e c e s s a r y   a n d  are c a l c u l a t e d   a n d   s t o r e d   h e r e ,   e i t h e r  
o n c e - f o r - a l l  i f  t h e  d o m a i n   c r o s s - s e c t i o n   r e m a i n s   u n c h a n g e d ,  or  
at  e v e r y   s t a t i o n  i f  i t  c h a n g e s .  Among these zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXS(I),. X D I F ( 1 )  
and  X S U ( 1 )  are d e r i v e d  from t h e   v a l u e s  of X ( 1 )  s u c h   t h a t :  
X S ( 1 )   d e n o t e s   t h e   x - d i r e c t i o n   l e n g t h  of a. m a i n   c o n t r o l -  
v o l u m e   a r o u n d   t h e   n o d e  (1,J); X S l J ( 1 )  is t h e   x - d i r e c t i o n  
l e n g t h   o f   t h e   c o n t r o l - v o l u m e  f o r  U ( 1 , J ) .  (Note t h a t  X S U ( 1 )  
is t h e  same as X D I F ( 1 )  except n e a r   t h e   b o u n d a r i e s  of t h e  
c a l c d l a t i o n   d o m a i n ) .   I n c i d e n t a l l y  X S ( 1 )  is a l s o  t h e  
d i s t a n c e   b e t w e e n   t h e   l o c a t i o n s  of U ( 1 , J )  and  U ( I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 1,J) a n d  
p e r f o r m s -  t h e  work of X D I F ( 1 )  fo r  t h e   e q u a t i o n  f o r  u.   The 
mean ings  of YS(J),  Y D I F ( J ) ,  and  Y S V ( J )  s h o u l d  now be 
o b v i o u s .   T h e  geometric q u a n t i t i e s  associated w i t h  t h e  g r i d  
s y s t e m  are d e f i n e d   i n   T a b l e  5. 

B e c a u s e   t h e   f a c e s   o f   t h e   m a i n   c o n t r o l - v o l u m e  are d e f i n e d  
t o  pass   m idway   be tween  t h e  g r i d   n o d e s ,   i n t e r p o l a t i o n  factors  
f o r  t h e  c a l c u l a t i o n  of var iables o n   t h e s e  faces are e q u a l  
t o  0.5 ,  e x c e p t   n e a r   b o u n d a r i e s  w h e r e  t h e y  are e i the r  0 or 1. 
For t h e  c o n t r o l - v o l u m e s  appropr iate t o  U- and  V- v e l o c i t y  
components however, t h e  i n t e r p o l a t i o n  factors  c a n   d i f f e r  
from 0.5  i f  t h e  s p a c i n g   b e t w e e n   g r i d   n o d e s  is c h o s e n  t o  be 
non-uni form. For t h i s   r e a s o n ,   i n t e r p o l a t i o n  f ac to rs  are 
c a l c u l a t e d   i n  STRIDl  and stored as FXP(I),  FXM(I), FYP(J) 
and  F Y M ( J ) .  T h e   s u b s c r i p t  refers t o  a g r i d  n o d e .   T h e   v a l u e  
of U f o r  examp le  a t  a g r i d   n o d e  (1,J) is g i v e n   b y :  

Fm(I) * T J ( I  + 1,J) + FXM(1) * U ( 1 , J )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5.2-7) 

I t  is o b v i o u s  from t h e  above t h a t  F X M ( 1 )  is s i m p l y  . 
1.0 - FXP(1). T h e   e x p r e s s i o n s  for  FYP and  FYM are similar. 
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NC 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

3 

4 '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

6 

7 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE 5. D e f i n ' i t i o n  of Grid Geometric Q u a n t i t i e s  

YS( J) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. I  

YSV( 3) 

. .. 
. . . .  

MEANXNG 

Physical  c o o r d i n a t e   i n  t h e '  5 - d i r e c t i o n  
r e p r e s e n t s  x i n   C a r t e s i a n   c o o r d i n a t e s .  

T h e   d i f f e r e n c e   b e t w e e n  X( I )  and. X( 1-1) ; 
u s e d  as t h e  d i s t a n c e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 i n   c a l c u l a t i n g  
5 - d i r e c t i o n   d i f f u s i o n  f l u x  of 9 :  
r$Ao/6 

T h e   < - d i r e c t i o n   w i d t h  of a ' m d i n   c o n t r o l  
volume. 

T h e   c - d i r e c t i o n   w i d t h  of a U - v e l o c i t y  
c o n t r o l  volume. 

Physical c o o r d i n a t e   i n  t h e  n - d i r e c t i o n ;  
' , r e p r e s e n t s  y i n   C a r t e s i a n   c o o r d i n a t e s .  

T h e   d i f f e r e n c e   b e t w e e n  Y(J) a n d - Y ( J - 1 ) ;  
u s e d  as t h e  d i s t a n c e s   i n   c a l c u l a t i n g  
0 - d i r e c t i o n   d i f f u s i o n  f l u x  of 9. 

T h e   n - d i r e c t i o n  wid th  of a main  
c o n t r o l   v o l u m e . .  

, T h e   r p d i r e c t i o n   w i d t h  of a v ' - v e l o c i t y  
, c o n t r o l   v o l u m e .  

, .  
, .  ' ,# ' 
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C a l c u l a t i o n  of t h e  q u a n t i t i e s   t a b u l a t e d  above c o m p l e t e s  
t he  tasks  p e r f o r m e d   b y  S T R I D I .   S T R I D l  is cal led o n c e  
from MAIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto c a l c u l a t e  t h e  , i n i t i a l  g r i d   q u a n t i t i e s ;  
therea f te r ,  i f  IARCH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2, i.c. v a r i a b l e  areas of t h e  
i n t e g r a t i o n   p l a n e  are t o  be a c c o u n t e d  f o r ,  S T R I D l  is cal led 
from MAIN a t  e v e r y  s tep ,  a f te r  a ca l l  t o  GEOMOD h a s  
p r o v i d e d  t h e  n e c e s s a r y   i n f o r m a t i o n  f o r  t h e .   c r o s s - s e c t i o n  
c h a n g e  . 
The t h i r d  s e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof STRIDA,  namely STRID2 ,  a ids  p a r t l y   i n  
t h e  c a l c u l a t i o n  of t h e   c o e f f i c i e n t s   i n  t h e  f i n i t e - d i f f e r e n c e  
e q u a t i o n s .  S T R I D 2  is u s e d  t o  c a l c u l a t e   a n d  store t h e  
c o n v e c t i v e  mass v e l o c i t i e s  ( i . e .  t h e  terms i n  square 
b r a c k e t s   i n   e q u a t i o n  (2.3-2) c r o s s i n g   t h e   c o n t r o l  volume 
faces a l o n g  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE -  a n d   q - d i r e c t i o n s .  

T h e   a r r a y s  GX and GY are u s e d ,   r e s p e c t i v e l y  t o  store these 
v a l u e s .  S T R I D 2  is called f o r  each i n t e g r a t i o n   p l a n e ,   o n c e  
a t  t h e  b e g i n n i n g  of S T R I D 3 ,  t h e n   a g a i n  from S T R I D 3  af ter  
t h e  g r i d  has b e e n   a d j u s t e d  t o  f i t  t h e  downstream geometric 
c o n f i g u r a t i o n .   F i n a l l v  S T R I D 2  is cal led from S T R I D 4 ,  af te r  
t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu and  v ve loc i t ies  h a v e   b e e n  corrected. 

5.3 . S T R I D B  

STRIDB is t h e  largest and  perhaps t h e  'most i m p o r t a n t  
subprog ram.  S T R I D B  'is t h e  main   mach ine ry  of t h e  S H I P  
p r o g r a m   a n d   c o n t a i n s   i n s t r u c t i o n s  t o  c a l c u l a t e  t h e  ' A '  
c o e f f i c i e n t s   i n  t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s  (3 .2 -4)  
and (3.2-7) t o  (3 .2 -9) .  T h e   c o e f f i c i e n t s  are  assembled 
i n  STRIDR based on t h e  c o n v e c t i o n   a n d   d i f f u s i o n   f l u x e s  
i n  t h e  th ree  c o o r d i n a t e   d i r e c t i o n s .  S T R I D B  c o n t a i n s  
two member s u b r o u t i n e s :  S T R I D 3  and  S T R I D 4 .  

I t  is i n  S T R I D 3 ,  t h a t  t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s  
a g p r o p r i a t e  t o  U ,  V ,  W and  PP are assembled, i n  t h a t  
order; w h i l e  S T R I D 4  assembles t h e  c o e f f i c i e n t s  f o r  a l l  
other  e q u a t i o n s   s u c h  as f o r  k i n e t i c   e n e r g y  of t u r b u l e n c e ,  k, 
etc.  The first e n t r y   s t a t e m e n t  to S T R I D B  is STP. ID3.  
S T R I D 3  cal ls first STRID2 t o  assemble t h e  mass f l u x e s  GX, 
GY and  GZ c r o s s i n g   t h e   r e s p e c t i v e  ce l l  areas. T h e s e  va lues  
are computed a t  a n y   s e c t i o n ,   f r o m  t h e  upstream d i s t r i b u t i o n s  
of u ,  v and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw .  . 

The f irst e q u a t i o n  assembled b y  S T R I D 3  is the u-momentum 
e q u a t i o n .   L a t e r ,   i n   s e q u e n c e ,   t h e  v ,  w a n d   p r e s s u r e -  
c o r r e c t i o n   e q u a t i o n s  are solved. S i n c e  t h e  s t r u c t u r e  of 
FORTRAN i n s t r u c t i o n s .  is similar for  a l l  e q u a t i o n s ,  it is 
s u f f i c i e n t  h e r e  t o  explain t h a t  for o n e  of t h e m   o n l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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For t h e  u-momentum e q u a t i o n ,   t h e  deta i l s  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas follows: 
T h e   s t a t e m e n t s .   d e f i n i n g  ISTR and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJSTR specify the 
s t a r t i n g  I v a l u e   a n d  J v a l u e  for  t h e   e q u a t i o n .  For the 
u - v e l o c i t y   e q u a t i o n ,  ISTR.is 3 and JSTR is 2 ;  for the 
v - v e l o c i t y ,  ISTR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2 a n d  JSTR = 3; f o r  o t h e r s  
ISTR = JSTR = 2 .  The n e x t   i m n o r t a n t  i n s t r u c t i o n  
is a ca l l  t o  GAMMA; GAMMA c a l c u l a t e s   t h e   d i f f u s i o n  
c o e f f i c i e n t s  t h a t  enter  t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GAMMA i n   t u r n ,  makes a ca l l  t o  GAMOD w h e r e b y   a c c o u n t  is 
t a k e n  of t h e  m o d i f i c a t i o n s -  for  t h e s b o u n d a r i e s .   I n   t h e  
present v e r s i o n  of SHIP, t h e  c a l l  t o  GAMOD is r e d u n d a n t .  
A s u b s e q u e n t  cal l  t o  SOURCE c o m p u t e s   t h e  source terms i n  
t h e   e q u a t i o n s .  I t  s h o u l d  be n o t e d   t h a t   t h e  SU a n d  SP are 
such t h a t :  

s = su 4- SP*QP 

where  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS is  t h e   s o u r c e  term of t h e  e q u a t i o n s .   T h i s   s o u r c e  
term is t h e n   i n t e g r a t e d   i n  STRID3 over t h e  c o n t r o l  
volume. 

T h e   c a l c u l a t i o n   o f  t h e  A c o e f f i c i e n t s  starts f irst w i t h   t h e  . 

c a l c u l a t i o n   o f  t h e  u p s t r e a m   c o n v e c t i o n   c o e f f i c i e n t s ,   d e n o t e d  
by A L Z (  IJ)  . T h e s e  are m e r e l y   t h e  mass f l u x e s   o v e r  t h e  cel l  
areas normal t o  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz d i r e c t i o n ,   I n   t h e   c r o s s - s t r e 2 m   t h e  
c o e f f i c i e n t s  are c a l c u l a t e d  f irst fo r  t h e   n e a r - b o u n d a r y  
nodes .  

T h e   f i r s t  statements c a l c u l a t e  coef f i c ien ts  a r i s i n g  from 
t h e  J = 1 boundary  ( i .e .  p e r t a i n i n g  t o  AYM f o r  J = 2); 
and t h e  n e x t  statements c a l c u l a t e  those for  t h e  I = 1 
b o u n d a r y .   T h e n   i n  a DO loop, t h e  coeff icients f o r  t h e  
o t h e r  i n t e r i o r  n o d e s  are c a l c u l a t e d ,  The  AL-s r e p r e s e n t  
t h e   c o n v e c t i o n   p a r t   ( t h e  L's i n  e q u a t i o n   ( 3 . 2 - S ) ) ,   a n d   t h e  
T-s r e p r e s e n t  t h e  d i f f u s i o n  ,part ( t h e   h y p h e n  s t a n d s  f o r  
X or  Y d e p e n d i n g   o n  t h e  d i r e c t i o n   c o n s i d e r e d ) .   T h e   h i g h -  
l a t e r a l - f l u x   m o d i f i c a t i o n  is t h e n   i n t r o d u c e d .   T h e n ,   t h e  
p r e s s u r e   g r a d i e n t  term is c a l c u l a t e d ;  DU is t h e  area o v e r  
w h i c h  t h e   p r e s s u r e   f o r c e s  act ;  and  SU is t h e  s o u r c e  term 
summed up along w i t h  t h e   c o n t r i b u t i o n  of others. \Yhen a l l  
t h e   c o e f f i c i e n t s  are assembled, a cal l  t o  SOMOD is made t o  
d e t e r m i n e   w h e t h e r   a n y   o f  t h e  earl ier  c o m p u t e d   c o e f f i c i e n t s  
and s o u r c e  terms' r e q u i r e   m o d i f i c a t i o n ,  t o  a c c o u n t  f o r  t h e  
p a r t i c u l a r   f l o w - g e o m e t r y .  O n c e  this is a c h i e v e d ,  o ca l l  
t o  SOLVE permits s o l u t i o n  of t h e  l i nea r  a l . g e b r a i c  
e q u a t i o n s  t o  be o b t a i n e d   b y  sweeps of TDMA. 

T h e   o t h e r   s u b s e c t i o n s  of STRIDS p e r f o r m   i d e n t i c a l   o p e r a t i o n s .  
First the v and w equations are solved i n  a manner  Similar 
t o  t h a t  for U. After this is done, the requirements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
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overa l l  mass c o n t i n u i t y  are e x a m i n e d .   T . h e n ,   t h e   c o e f f i c i e n t s  
for  t h e   p r e s s u r e - c o r r e c t i o n   e q u a t i o n  are assembled. The 
c a l c u l a t i o n  of t h e s e  Coeff icients zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  similar t o  t h a t  f o r  
o t h e r   e q u a t i o n s ;   b u t  i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis t o  be' n o t e d   t h a t ,  f o r  t h e   p r e s s u r e -  
c o r r e c t i o n   e q u a t i o n , A Z  is i d e n t i c a l l y  zero; a n d   t h e  term zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTJ 
is  t h e  mass s o u r c e .  I t  is i m p o r t a n t  to n o t e   h e r e   t h a t .  
t h e  mass f l u x  from t h e  downstream face ( i . .e. pw*) is 
c a l c u l a t e d  from an' u p d a t e d   d e n s i t y  at t h e   d o w n s t r e a m  face. 
The pressures and  veloci t ies are s u b s e q u e n t l y  corrected 
a n d   t h i s   c o n c l u d e s  STRID3. 

T h e   a s s e m b l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ n . r l  s o l u t i o n  of t h e   f i n i t e - d i f f e r e n c e  
e q u a t i o n s  0.f o t h e r   d e p e n d e n t  var iables is d o n e   i n  STRID4. 
B e f o r e  STRID4 is star ted,  a ca l l  is made t o  STRID2; t h i s  is t o  
c a l c u l a t e   t h e  new v a l u e s   o f  GX, GY based o n   t h e  new1.y 
calculated u and  v v e l o c i t i e s .   T h e   o p e r a t i o n s   i n  STRID4 
are similar t o  t h o s e   e x D l a i n e d   i n  STRID3. 

A t  t h e  e n d  of STRIDB, t h e   d i r e c t i o n s  t o  perform t h e  TDMA 
s w e e p s  are g i v e n .   T h e   i n d i c e s  I X Y ,  ISWP and  JSWP are 
changed  through t h e   s t a t e m e n t s  

IXY=2-IXY 

I SWP=3- I SWP 

JSWP=3-JSWP 

(5.3-1) 

The   comp le t i on  of STRID3  and  STRID4 y i e l d s  n e w  d i s t r i b u t i o n s  
of a l l  v a r i . a b l e s   a n d   t h e   p r e s s u r e  6 a t  a downstream 
l o c a t i o n .   T h e   r e p e t i t i o n  of STRID3 and  STRID4 a t  
s e v e r a l  forward steps is  c o n t r o l l e d   b y   t h e   m a i n   p r o g r a m  
SHIP. 

5 . 4   S o l u t i o n  . .  P r o c e d u r e  . "~ f o r  Algebraic E q u a t i o n s  

The  Subprogram SOLVE 

T h e   f u n c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e   s u b p r o g r a m  SOLVE is t o  a r r a n g e  f o r  t h e  
s o l u t i o n   o f  t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s ,  for e a c h  
d e p e n d e n t  var iab le zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANV, t o  be o b t a i n e d .   T h e   s o l u t i o n  
procedure u s e d  is t h e   a p p l i c a t i o n  of a pa i r  of TDMA 
traverses, o n e   i n   e a c h  of t h e  5 - a n d   n - d i r e c t i o n s .  

SOLVE h a s  three major s u b - d i v i s i o n s ,   T h e  f i rst e n d s   w i t h  
t h e   s t a t e m e n t :  10 CONTINUE. I t  is i n  this p a r t  tha t  t h e  
f i n i t e - d i f f e r e n c e   c o e f f i c i e n t s  are a s s e m b l e d   i n   r e a d i n e s s  
f o r  t h e   s u b s e a , u e n t   o p e r a t i o n s .  I t  is h e r e   t h a t   o u r   f u l l y -  
impl ic i t  d i f f e r e n c e   s c h e m e  is i m p l e m e n t e d   d u r i n g   t h e  
c o e f f i c i e n t - a s s e m b l y  process; i n c o r p o r a t i o n  of o t h e r  
schemes  w i l l  require some, m o d i f i c a t i o n  of t h i s  part of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOLVE. 
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T h e   s e c o n d   p a r t  of SOLVE is c o n c e r n e d   w i t h  TDMA t r a v e r s e s  
i n   t h e   5 - d i r e c t i o n ' a n d   e n d s   w i t h  statement: 21 CONTINUE 

The t h i r d   a n d   f i n a l   p a r t  of SOLVE starts w i t h   t h i s   s t a t e m e n t  
a n d   c o n c e r n s   t h e  TDMA t r a v e r s e s   i n   t h e   n - d i r e c t i o n .  

A c a l l   t o  SOLVE is made  from  STRID3  and  STRID4, once for  
e a c h   d e p e n d e n t   v a r i a b l e  NV. T h i s  c a l l  a c h i e v e s  TDMA 
t r a v e r s e s  i n .  b o t h   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5- a n d   n - d i r e c t i o n s ;   h o w e v e r ,  
w h i c h   t r a v e r s e  is made f i r s t   d e p e n d s   u p o n   t h e   v a l u e   o f   t h e  
i n d e x  IXY. The f irst t r a v e r s e   d i r e c t i o n  w i l l  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE if 
IXy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1, and n i f  I X Y  = 2 .  I X Y  is set a l t e r n a t e l y  t o  1 O r  
2 b y   t h e  statement:  I X Y  = 3 - IXY w h i c h   c o n c l u d e s  both 
STRID3  and  STRID4. 

A l o n g   e a c h   t r a v e r s e   d i r e c t i o n ,   t h e   d i r e c t i o n   o f   s w e e p  i .e .  
whethe r   f rom t h e  f i r s t   g r i d   n o d e  t o  t h e  l as t  o r  v ice  v e r s a ,  
d e p e n d s   u p o n   t h e   v a l u e   o f   a n   i n d e x ,  ISWP i n   t h e   < - d i r e c t i o n  
and  JSWP i n  t h e   n - d i r e c t i o n .   E a c h   o f  these i n d i c e s  takes 
on a v a l u e  1 or  2 b y   s t a t e m e n t s   w h i c h   f o l l o w   t h e   e n d   o f  
p a r t s  2 and 3 o f  SOLVE. F o r   e x a m p l e ,   t h e  statement 
f o l l o w i n g :  2 1  CONTINUE, r e a d s  JSWP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 - JSWP. A v a l u e  
1 i m p l i e s  t h a t  t h e  s w e e p   d i r e c t i o n  is f r o m   f i r s t  t o  las t  
g r i d   n o d e   a n d  2 i m p l i e s   v i c e   v e r s a .  

On o c c a s i o n ,  i t  may b e   r e q u i r e d  t o  p e r f o r m   m o r e   t h a n   o n e  
p a i r   o f  TDMA t r a v e r s e s   i n  a 5 - n p l a n e ,   f o r   a n y   g i v e n  
d e p e n d e n t   v a r i a b l e .   T h e   n u m b e r   o f   p a i r s   o f  TDMA t r a v e r s e s  
is set b y   v a l u e s   a s s i g n e d  t o  a n   i n d e x   a r r a y  NSWP(NV). The 
program is set u p   w i t h  NSWP v a l u e s   e q u a l  t o  u n i t y   e x c e p t  
f o r  t h e  p r e s s u r e - c o r r e c t i o n   e q u a t i o n   f o r   w h i c h  NSWP(NPP) = 3. 
For l o c a t i o n s  near i n j e c t i o n   p o i n t s   t h e  NSWP values are 
i n c r e a s e d  t o  ensure  s t a b i l i t y   a n d   a c c u r a c y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 . 5  ' P r i n t o u t   o f   F i e l d   V a l u e s  of Dependent .  V,a.ria,ble-s 

PRINT(  ISKIP,  JSKIP) 

I t  is f r e q u e n t l y   r e q u i r e d  t o  p r i n t   o u t   t h e   c o n t e n t s   o f   t h e  
F - a r r a y .   T h i s   t a s k  is p e r f o r m e d   b y   s u b r o u t i n e  PRINT. . 

P R I N T ( I S K I P ,   J S K I P )   p r o v i d e s   f o r   t h e   p r i n t o u t   o f   F ( I , J , N V )  
where  NV can a t t a i n  a maximum v a l u e  of NFPMAX, which  is set 
as : 

NFPMAX = NNV + 3 (5.5-1) 

T h e   t h r e e   e x t r a   v a l u e s   r e p r e s e n t i n g  N V P ,  NRO and NMIJ, i .e. 
p r e s s u r e ,   d e n s i t y   a n d   e f f e c t i v e   v i s c o s i t y   r e s p e c t i v e l y .  
T h e   d e c i s i o n  as t o  w h e t h e r  a p a r t i c u l a r  var iab le NV is 
p r i n t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAout or  n o t ,   d e p e n d s   u p o n   w h e t h e r   t h e   c o r r e s p o n d i n g  
IPRINT(NV) is equal to  uni ty  or not .  
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T h e   p r i n t o u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof each d e p e n d e n t  va r iab le  NV is g i v e n  a 
h e a d i n g   s t o r e d  i n  TITLE( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA..., N.V). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe formal parameters 
ISKIP  and  JSKIP permit t h e ' s e l e c t i v e   s k i p p i n g  of co lumns 
(I) and rows (J) ,  when i t  is n o t  r e q u i r e d ,  for any reason, 
t o  p r i n t o u t  t h e  c o m p l e t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarray of v a l u e s  of e a c h  variable. 

59 



6 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE PHYSICAL MODELLING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASECTION OF SHIP 

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 1 I n t r o d u c t i o n  

T h i s   c h a p t e r  describes t h e   p o r t i o n  of SHIP wh ich  calculates 
t h e   p h y s i c a l  propert ies r e q u i r e d   i n   t h e   s o l u t i o n   p r o c e d u r e .  

T h e   g e n e r a l   p o l i c y  is t o  c o n f i n e  a l l  tasks associated w i t h  
p h y s i c a l   m o d e l l i n g  t o  subprog ram zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAUX. T h u s   t h e   c a l c u l a t i o n  
of d e n s i t y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp ,  e f f e c t i v e   d i f f u s i o n   c o e f f i e i e n t  r ,  a n d   s o u r c e s  
a n d   s i n k s  S o f  t h e  d e p e n d e n t   v a r i a b l e s  are p e r f o r m e d   i n  
s e p a r a t e  member s u b r o u t i n e s   i n  AUX,  namely ,  DENSTY, GAMMA, 
SOURCE, VISCOS and  SPECIE. 

AUX t o  a large e x t e n t ,  is a n   i n v a r i a n t   s u b r o u t i n e ;  i t  ' need  
n o t  be c h a n g e d   u n l e s s   d i f f e r e n t   p h y s i c a l  laws a n d   t u r b u l e n c e  
model need  t o  be i n c o r p o r a t e d .  AUX is n o t  cal led as s u c h  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
from a n y   s u b r o u t i n e ;   i n s t e a d  t h e  v a r i o u s  par t s  me'nt ioned 
above  are r e f e r e n c e d  t o  w h e n   n e c e s s a r y .  

6.2-1 DENSTY 

T h i s   s u b r o u t i n e   c a l c u l a t e s  t h e  d e n s i t i e s  {RHO(I,J)) 
and p p '  {RHOD( IJ)) i n   a c c o r d a n c e  wi th  t h e  d i s c u s s i o n  of 
S e c t i o n  3.2-6.. A t  each forward s t e p  new RHOD(1,J) are 
c a l c u l a t e d   f r o m   g u e s s e d   v a l u e s - o f   p r e s s u r e .   A f t e r  
c a l c u l a t i n g   t h e  starred v e l o c i t y  f i e l d s ,  RHOD(I,J) are 
changed t o  c o r r e s p o n d  t o  t h e  new v e l o c i t y   d i s t r i b u t i o n .  

6 :2-2 VISCOS 

T h e   f u n c t i o n   o f  VISCOS is t o  c a l c u l a t e   t h e   v i s c o s i t y ,  
b o t h   l a m i n a r   ( i f   n e c e s s a r y )   a n d   t u r b u l e n t .   I n  i ts p r e s e n t  
f o r m ,   t h e   l a m i n a r   c o n t r i b u t i o n   h a s   b e e n   n e g l ' e c t e d ,   s i n c e  
t h e  flows u n d e r   c o n s i d e r a t i o n  are h i g h l y   t u r b u l e n t .   H e n c e ,  
t h e  major f u n c t i o n   o f  VISCOS is t o  store t h e  t u r b u l e n t  
v i s c o s i t i e s .   i n  t h e  a r r a y  AMUT( I ,J) . 
VISCOS also performs t h e   f u n c t i o n   o f   c a l c u l a t i n g   f o r  t h e  
N , S , E  and W b o u n d a r i e s ,   t h e   e f f e c t i v e   b o u n d a r y   d i f f u s i o n  
based u p o n   t h e  semi-logarithmic law-o f - the -wa l l .  These 
d i f f u s i o n   c o e f f i c i e n t s  are stored r e s p e c t i v e l y  i n  t h e  
arrays GAMN( I), GAMS( I ) ,  G A M E ( J ) ,  and GAMW( J), w h i c h  are 
l a te r  s u b s t i t u t e d   i n  appropriate GAM l o c a t i o n s   b y  GAMOD. 
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6.2-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGAMMA 

T h i s  par t  of AUX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  u s e d  t o  set  v a l u e s  t o  t h e   e x c h a n g e  
c o e f f i c i e n t s   a r r a y   G A M ( 1 , J ) .   T h e s e  are c a l c u l a t e d   s i m p l y  
as: 

G A M ( 1 , J )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= AMUT(IJ)/PR(NV) (6.2-1) 

A cal l  t o  GAMOD is t h e n   m a d e   i n   o r d e r  t o  permit a n y  
m o d i f i c a t i o n s  t o  be made t o  t h e  GAM a r r a y .  

6.2-4 SOURCE 

The, s e c t i o n ' h e a d e d   b y  SOURCE is c o n c e r n e d  w i t h  t h e  
c a l c u l a t i o n   o f   t h e   f i n i t e - d i f f e r e n c e   f o r m   o f   t h e   s o u r c e  
terms i n   t h e   e q u a t i o n s   s t a t e d   i n  Table 1. The  
s o u r c e  terms f o r   e a c h   v a r i a b l e  are programmed u n d e r  
separate s u b s e c t i o n s ;   a n d   c h o i c e  is m a d e   t h r o u g h   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANV 
i n d i c e s  (e.g. NVU, N W  e tc , ) .  T h e   s o u r c e  terms c a l c u l a t e d  
i n  SOURCE are for  u n i t   v o l u m e   a n d   r e p r e s e n t   v o l u m e   a v e r a g e s ;  
t h e y  are m u l t i p l i e d   i n  STRIDE by t h e  v o l u m e   o f   t h e   a p p r o p r i a t e  
c o n t r o l   v o l u m e .   T h e   p r o d u c t i o n  term for t h e   k i n e t i c - e n e r g y  
of t u r b u l e n c e ,  k is c a l c u l a t e d  a lso i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAATJX, and is s t o r e d  
i n  t h e  a r r a y  G E N R ( 1 J ) .  

I t  may be n o t e d   t h a t  a l l  s o u r c e  terms c o n t a i n  two components  
SU and  SP. SU is t h a t  p a r t  o f   s o u r c e  terms which is 
c a l c u l a t e d   c o m p l e t e l y  from u p s t r e a m   v a l u e s   o f  t h e  v a r i a b l e ;  
SP is t h e  l i n e a r i s e d   p a r t .   I n  t o t a l  t h e y   e x p r e s s   c o m b i n e d l y  
t h e  re la t ioh 

so = S U ( 1 , J )  + S P ( I , J ) * F ( I , J , N V )  (6.2-2) 

I t  is n e c e s s a r y  t o  e n s u r e   t h a t  SP is a l w a y s   n e g a t i v e .  

6.2-5 SPECIE 

S u b r o u t i n e  SPECIE is u s e d  t o  c a l c u l a t e  t h e  species mass 
f r a c t i o n   f r o m   k n o w l e d g e  of t h e   e l e m e n t  mass f r a c t i o n s ,  
p r e s s u r e   a n d   t e m p e r a t u r e .   A p p e n d i x  A g i v e s  a f u l l  
deve lopmen t  of t h e   t e c h n i q u e   e m p l o y e d .  
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7 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'PROBLEM-DEPENDENT SECTIONS OF SHIP 

7.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' I n t r o d u c t i o n  

T h i s   c h a p t e r  completes t h e   d e t a i l e d   d e s c r i p t i o n ,  of t h e  
f u n c t i o n s  of t h e   v a r i o u s   p o r t i o n s  of SHIP b y   d i s c u s s i n g  
t h e   s u b r o u t i n e s   w h i c h   m u s t  be c h a n g e d   i n  order t o  s p e c i f y  
a p a r t i c u l a r  problem. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7.2 ' G e n e r a l   P o l i c y  

A s  m e n t i o n e d   b r i e f l y  ea r l i e r ,  t h e   m a i n   m a c h i n e r y  of t h e  
n u m e r i c a l   c a l c u l a t i o n   p r o c e d u r e  is  d e v o i d  o f  a n y  problem- 
s p e c i f i c a t i o n   i n f o r m a t i o n ;   t h e  l a t t e r  is p r o v i d e d   t h r o u g h  
s u b r o u t i n e s  BLOCK  DATA a n d  ALLMOD. I t  is e n v i s a g e d  
t h e r e f o r e ,   t h a t  detai led modif icat ions t o  t h e  above- 
m e n t i o n e d   r o u t i n e s ,  may r e q u i r e  t o  be made f o r  each  new 
problem a n d   s h o u l d  be d o n e  so w i t h  care. 

7.3 BLOCK  DATA 

BLOCK  DATA s e r v e s  t o  p r o v i d e   v a l u e s  t o  f l u i d   p r o p e r t i e s ,  
gr id  d i s t r i b u t i o n s ,  program c o n t r o l   p a r a m e t e r s   a n d  other  
i n f o r m a t i o n   s p e c i f i c  t o  e a c h  new problem, v i a  DATA 
s t a t e m e n t s .   T h e   u s e  of BLOCK  DATA permits t h e  n r o g r a m  t o  
be r u n   w i t h   c o m p i l e r s  common t o  b o t h  CDC a n d  IBM m a c h i n e s .  

I n   t h e   p r e s e n t   v e r s i o n   o f  SHIP t h e  above i n f o r m a t i o n  is 
g i v e n   i n   c h a p t e r s .   T h u s ,   C h a p t e r  1 deals w i t h  n r e l i m i n a r y  
i n f o r m a t i o n   s u c h  as SMALL,  GREAT etc.  C h a p t e r  2 p r o v i d e s  
t h e   i n f o r m a t i o n   n e c e s s a r y  t o  s n e c i f y   t h e  g r i d  a n d   g e o m e t r y .  
C h a p t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 is c o n c e r n e d   w i t h   t h e   d e p e n d e n t  var iab les 
i n f o r m a t i o n  and C h a p t e r  4 w i t h   t h e   p h y s i c a l  proper t ies data. 

. C h a p t e r  5 p r o v i d e s  some s t a r t i n g  v a l u e s   w h i l s t   C h a p t e r  6 
is c o n c e r n e d   w i t h   s t e p   c o n t r o l .   C h a p t e r  7 p r o v i d e s   t h e  
f i x e d   b o u n d a r y   c o n d i t i o n s   a n d   i n d i c e s ;   f i n a l l y   C h a p t e r  8 
p r o v i d e s   t h e   i n d i c e s   r e q u i r e d  f o r  p r i n t i n g - o u t .  

7.4 ALLMOD 

S u b r o u t i n e  ALLMOD c o n t a i n s   i n s t r u c t i o n s  f o r  i n c o r p o r a t i n g  
s p e c i f i c   i n f o r m a t i o n   r e g a r d i n g   t h e  f low g e o m e t r y ,   a n d  f o r  
any speci f ic  c h a n g e s  t o  t h e   c o e f f i c i e n t s   i n   t h e   f i n i t e -  
d i f f e r e n c e   e q u a t i o n s ,  or  t o  t h e   v a . r i a b l e s   t h e m s e l v e s .  
ALLMOD j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs d i v i d e d   i n t o   s e v e r a l   " M O D i f i . c n t i . o n "  - r o u t i n e s  
which w i l l  be d e s c r i b e d  below. More s D e c i f i c a l l y ,  i t  is 
composed of s e v e n  member s u b r o u t i n e s  BEGIN, GAMOD, GEOMOD, 
SOMOD, UPSTRM, INJMOD and  INJMOT. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7.4-1 

7.4-2 

7.4-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

BEGIN 

T h e   p r i m a r y   p u r p o s e  of t h i s  s u b r o u t i n e  is t o  prov ide  
i n i t i a l   v a l u e s  t o  a l l  t h e  d e p e n d e n t  var iable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarrays, 
f l u i d - p r o p e r t y   a r r a y s   a n d  other  a u x i l i a r y   a r r a y s ,  s o  
t h a t   t h e  m a r c h i n g   i n t e g r a t i o n   c a n  s ta r t .  T h e   ' i n l e t   v a l u e s  
of v e l o c i t i e s ,   t e m p e r a t u r e s   a n d   t u r b u l e n c e   q u a n t i t i e s  are 
s p e c i f i e d .  here. Also here, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoE, t h e  t u r b u l e n t   P r a n d t l  
number f o r  d i s s i p a t i o n  of k i n e t i c - e n e r g y  of t u r b u l e n c e  
is calculated from t h e  r e l a t i o n :  

- 

K2 
(7.4-1) 

E x p e r i e n c e   w i t h  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk--E model of t u r b u l e n c e  has shown t h a t  t h e  
above r e l a t i o n ,   t h o u g h  i t  appl ies s t r i c t l y  t o  t h e  wall r e g i o n ,  
p r o d u c e s   s a t i s f a c t o r y   r e s u l t s  f o r  r e g i o n s  f a r  from the w a l l .  
T h i s   r e l a t i o n  is derived b y  e l i m i n a t i n g  t h e  c o n v e c t i o n  terms 
from t h e  c o n s e r v a t i o n   e q u a t i o n  of E and by evaluating the 
production terms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE from the logarithmic law of the wall. 

T h e  s e c o n d a r y   p u r p o s e s   i n c l u d e   p r o v i s i o n  of ' f i x e d '   b o u n d a r y  
c o n d i t i o n s   o n  t h e  f o u r   b o u n d a r i e s  of t h e  c a l c u l a t i o n   d o m a i n ,  
a n d   c a l c u l a t i o n  of some a u x i l i a r y   i n f o r m a t i o n   r e q u i r e d   i n  
t h e  i n i t i a l i s i n g  process. 

T h e   p r e l i m i n a r y   c a l c u l a t i o n s  f o r  i n c o r p o r a t i n g  t h e  free- 
b o u n d a r y   c o n d i t i o n s  are also made here, dppendin,p on the 
v a l u e s  of t h , e  i n d i c e s  KBCE, KRCW, KBCN, KDCS. A f ree  b o u n d a r y  
is i m p l i e d  when t h e  v a l u e  of t h e  above c o e f f i c i e n t s  is 3 .  

I t  s h o u l d  be n o t e d   t h a t  t h e  q u a n t i t y  MW/RT u s e d   i n  t h e  above 
c a l c u l a t i o n s  for  t h e  free-stream, assumed MW = 28.93. T h i s  
s h o u l d   c h a n g e  i f  t h e  free-stream is n o t   p u r e  a i r .  T h e   u s e r  
w i l l  be rewired t o  g i v e  carefu l  a t t e n t i o n  t o  t h i s  s e c t i o n .  

GAMOD 

GAMOD is provided t o  allow t h e  e x c h a n g e .   c o e f f i c i e n t s  GAh!( 1,J) 
computed i n  AUX t o  be modif ied,  as n e c e s s a r y ,  t o  incorporate 
t h e  required b o u n d a r y   c o n d i t i o n s .  

A s  a matter of f a c t ,  t h e  c o n t e n t s  of.GAMOD i n  the p r e s e n t  
v e r s i o n  of SHIP are r e d u n d a n t .  The requi.rc?d m o d i f i c a t i o n s  
are made d i r e c t l y  t o  t h e  ' A '  c o e f f i c i e n t s   i n  SOMOD. 

GEOMOD 

'GEOMOD is t h e   s u b r o u t i n e  where m o d i f i c a t i o n s  t o  t h e  geometric 
c o n f i g u r a t i o n  of t h e  c a l c u l a t i o n   d o m a i n   c a n  be prescribed. 
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To act ivate GEOMOD, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIARCH is set  equal t o  t w o ;  o t h e r w i s e ,   t h e  
g e o m e t r y  w i l l  be a r e c t a n g u l a r  s o l i d  set b y   t h e   i n i t i a l   c o n d i -  
t i o n s .   T h e  code c a n   h a n d l e   a n y   g e o m e t r y   i n   w h i c h   t h e r e  are no  
s u d d e n  or  d i s c o n t i n u o u s   c h a n g e s   i n   d o m a i n  s ize a n d   t h e  cross 
s e c t i o n  of t h e  domain  normal t o  t h e   m a i n  f l o w  d i r e c t i o n  is 
r e c t a n g u l a r .   T h e   g e o m e t r y  is d e t e r m i n e d   b y   f o u r   c o n s t a n t s  
whose   magn i tudes  are  set i n  GEOMOD. T h e s e   c o n s t a n t s   ( w i t h  
d e f i n i t i o n )  are: 

DXWDZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ra te of change  of d i s t a n c e   b e t w e e n   r e f e r e n c e   p l a n e   a n d  
w e s t  b o u n d a r y   w i t h  respect t o  d i s t a n c e   i n   t h e   m a i n  f low 
d i r e c t   i o n .  

DYSDZ = ra te of change  of d i s t a n c e   b e t w e e n   r e f e r e n c e   p l a n e   a n d  
s o u t h   b o u n d a r y   w i t h   r e s p e c t  t o  d i s t a n c e   i n  t h e  main  
f l o w  direct  i o n .  

DBXEDZ = ra te of change  of w i d t h  of d o m a i n   w i t h   r e s p e c t  t o  

DBYNDZ = rate of change  of h e i g h t  of domain w i t h  r e s p e c t  t o  

d i s t a n c e   i n   t h e   m a i n  f l o w  d i r e c t i o n .  

d i s t a n c e   i n   t h e   m a i n  f low d i r e c t i o n  

T h e   v a l u e s  of t h e s e   f o u r   q u a n t i t i e s  are d e t e r m i n e d   b y  t h e  g i v e n  
d o m a i n   a n d   c a n   e i t h e r  be c o n s t a n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor f u n c t i o n s  of d i s t a n c e   i n  
t h e  main f l o w  d i r e c t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7.4-4 SOMOD 

T h e   p u r p o s e   o f  SOMOD is t o  f a c i l i t a t e   m o d i f i c a t i o n s  t o  t h e  
s o u r c e  terms SU(1,J) a n d   S P ( 1 , J )   a n d   t h e   c o e f f i c i e n t s   i n  
t h e  f i n i t e - d i f f e r e n c e   e q u a t i o n s ,  A X M ( I , , J ) ,  A X P ( 1 , J )  etc.  
SOMOD, t o g e t h e r   w i t h  GAMOD,achieves t h e  f i n a l   f o r m  of t h e  
f i n i t e - d i f f e r e n c e   e q u a t i o n s  before t h e y  are s o l v e d .  A t  
p r e s e n t ,   t h e   f u n c t i o n  of SOMOD is t o  i n c o r p o r a t e  t h e  wall 
f u n c t i o n s   a n d  t h e  s y m m e t r y   b o u n d a r y   c o n d i t i o n s ;   b u t  ;I 

greater a u n t  of  nodification, s u c h  as c r e r t t  ing i n t e r n a l  
obstacles e t c . ,  c a n  be a c h i e v e d   t h r o u g h  SOMOD. SOMOD is 
d i v i d e d   i n t o   s e v e r a l   s e c t i o n s   e a c h   d e a l i n g  w i t h  a separate 
var iab le.  . F o r   t h e   e q u a t i o n   f o r   p r e s s u r e - c o r r e c t i o n s   n o  
m o d i f i c a t i o n ' s  are made. 

As m e n t i o n e d  ear l ier ,  t h e   p r o v i s i o n  of w a l l - f u n c t i o n s  is made 
t h r o u g h  SOMOD. T h i s  is a c h i e v e d  as f o l l o w s :  f i rst,  
c o e f f i c i e n t s   l i n k i n g   b o u n d a r y   g r i d   n o d e s   w i t h   t h e i r   i m m e d i a t e  
n e i g h b o u r s   i n s i d e  t h e  c a l c u l a t i o n   d o m a i n  are set  t o  zero f o r  
e a c h  var iab le.  T h i s  is d o n e   b e c a u s e ,   b y   i n c o r p o r a t i n g   t h e  
wall f u n c t i o n s ,  w e  'are p r e s c r i b i n g   t h e   v a l u e s  o f  t h e   f l u x e s  
d i r e c t l y ;   a n d   h e n c e   w h a t e v e r   v a l u e s  are c a l c u l a t e d  ear l ie r  
i n  STRIDE fo r  t h e   c o e f f i c i e n t s   m u s t  be set t o  zero. Then i f  
a n   i n d e x ,  f o r  e x a m n l e ,  KBCS f o r  t h e  S o u t h   b o u n d a r y ,  is set 
e q u a l  t o  u n i t y ,   t h e  appropriate w a l l - f l u x  is c a l c u l a t e d   a n d  
fed  i n   t h r o u g h  SU a n d  SP. T h i s   c a l c u l a t i o n   u s e s   t h e   v a l u e  
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7.4-5 

7.4-6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

of GAMS(1) ( c a l c u l a t e d  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAUX, a n d   h r o u g h t  here t h r o u g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 
COMMON s t a t e m e n t ) ;  and t h e  c o r r e s p o n d i n g   f l u x ,  FLUXS(1,NV) 
of t h e  d e p e n d e n t   v a r i a b l e  is stored f o r   p u r p o s e s   o f   D r i n t -  
o u t .  If t h e  i n d e x  is other t h a n   u n i t y ,   n o   c h a n g e  is made 
t o  t h e   c o e f f i c i e n t s .  Similar i n d i c e s  KBCN, KBCE and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKRCW 
are u s e d   f o r  t h e  N o r t h ,  E a s t  and West walls. Note t h a t  
f o r '  t h e  v - v e l o c i t y ,   f o r   c x n m p l e ,  there are no  m o d i f i c a , t i o n s  
f o r  t h e  N o r t h  and S o u t h  walls s i n c e  they are normn.1 t o  - t h a t  
ve loc i ty :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor the-w-ve loc i ty  t h e  wall f u n c t i o n s   f o r   t h e  
above  wall boundaries are similar t o  t h a t  fo r  u .  ,Such 
c h e c k s  and modifications are made for t h e  Variables u, v ,  
w ,  k, E, h and f. 

T h e   m o d i f i c a t i o n s  t o  t h e   s o u r c e  term for  k c o n s i s t  of 
a l t e r i n g   t h e   g e n e r a t i o n   a n d   d i s s i p a t i o n  based on shear-stress 
f rom t h e  wall f u n c t i o n s .   F o r  t h e  d i s s i p a t i o n   e q u a t i o n ,  
t h e  v a l u e  of d i s s i p a t i o n  is f i x e d   a c c o r d i n g  t o  e q u a t i o n  
( 3 . 4 - 4 ) ,  b y   m o d i f y i n g  SU and SP. Sett ing SP to a l a rge  

n e g a t i .   v e   v a l u e  (-10 3'o) a n d  su t o  n l a r g e   p o s i t i v e   v a l u e  
m u l t i p l i e d  by t h e  r e q u i r e d   v a l u e  t o  be f i x e d  (1030, 
w e  n u l l i f y   t h e   e f f e c t   o f   o t h e r   c o e f f i c i e n . t s   ( s i n c e  
t h e y  w i l l  be d i v i d e d   b y  SP) ,  and o b t a i n  E equal t o  t h e  
desired v a l u e   T h i s  pract ice is adopted i n   g e n e r a l  
fo r  f i x i n g   a n y   v a r i a b l e  a t  a des-ired v a l u e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 

f i x )  

T h e   u s e r  of c o u r s e  may be r e q u i r e d  t o  p r o v i d e  other  types 
of boundary  c o n d i t i o n s  h i m s e l f ,  a g a i n   t h r o u g h  SU and  SP. 
I n  t h i s  respect, choices of t h e  i n d e x   v a l u e s  other t h a n  
u n i t y   c a n ,  be p r o f i t a b l y   p u t  t o  u s e .  

IJPSTRM 

T h e  s u b r o u t i n e  IJPSTRM makes p r o v i s i o n  t o  s t o r e  u p s t r e a m  
( i . e .  p r e v i o u s   i n t e g r a t i o a   p l a n e )   v a l u e s  of p r e s s u r e  which 
are n e c e s s a r y  i n  c a l c u l a t i n g  t h e  s o u r c e  term of t h e  a x i a l  
v e l o c i t y   c o m p o n e n t .   T h e   u p s t r e a m   v a l u e s  of t h e   w i d t h  
and h e i g h t  of t h e  i n t e g r a t i o n   d o m a i n  are a l s o  s tored  here, 
f o r  v a r i a b l e  geometrical c o n f i g u r a t i o n s .  IJPSTRM is also 
a c o n v e n i e n t  place t o  c a l c u l a t e  t h e  
f low rate. I t  s h o u l d  be n o t e d  t h a t  
other  variables apart  from p r e s s u r e  
be stored. T h i s   s h o u l d  be t h e  case 
were n e c e s s a r y .  

I N  JMOD 

a x i a l   d i r e c t i o n  mass 
u p s t r e a m   v a l u e s  of any  
are n o t   r e q u i r e d  t o  
o n l y   i f   i t e r a t i o n s  

T h i s   s u b r o u t i n e  is p r i m a r i l y   u s e d  t o  s p e c i f y  t h e  correct 
f l u x  of a g i v e n   v a r i a b l e   t h r o u g h  t h e  a r r a y   F I N J ( N V ) .   T h i s  
a r r a y  is u s e d  t o  mod i f y  t h e  s o u r c e  term i n  SOMOD when 
i n j e c t i o n   o c c u r s   t h r o u g h   t h e   s o u t h  wall.  
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7.4-7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINJMOT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T h i s   s u b r o u t i n e   h a s  a f u n c t i o n   i d e n t i c a l .  t o  t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINcTMOD 
a b o v e ,  bu t  for i n j e c t i o n  occuring through t h e  N o r t h  wa1.1. 
INJMOT a n d  INJMOD may he c a l l e d   e i t h e r  s imu l ta l leous ly  or 
s e p a r a t e l y  from MAIN; t h i s   d e p e n d s   o n   w h e t h e r   i n j e c t i o n  
o c c u r s   t h r o u g h   b o t h  wal ls  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor t h r o u g h   e i t h e r  wal l  and  is 
also decided i n  MAIN.  
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8. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOME USER'S GUIDANCE I N  ADAPTING SHIP FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA GIVEN  PROBLEM 

8.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Genera l   Remarks  

T h e   f o l l o w i n g  steps are n e c e s s a r y   i n   a d a p t i n g  SHIP f o r  a 
g i v e n  problem. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a. P r o v i d e   t h e   f o l l o w i n g   i n f o r m a t i o n   i n  BLOCK  DATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 Program c o n t r o l  parameters 

0 Grid a n d  geometric s p e c i f i c a t i o n s  

0 P r i n t o u t   c o n t r o l  parameters 

0 S o l u t i o n   p r o c e d u r e  parameters 

0 F l u i d   p r o p e r t y   v a l u e s  

0 Thermodynamic  and  hydrodynamic data a p p r o p r i a t e  
t o  t h e  problem 

0 F i n e - t u n i n g  of t h e   t u r b u l e n c e  model c o n s t a n t s  
t o  optimise t h e   r e s u l t s .  

b. P r o v i d e   a d e q u a t e   i n i t i a l   v a l u e s  t o  variables i n  BEGIN. 
I t  may be r e q u i r e d ,  for  examp le ,  t o  chose a g r i d  
d i s p o s i t i o n  (ZETA ( I )  and  ETA (J)) t o  s u i t  known i n i t i a l  
d i s t r i b u t i o n s  of d e p e n d e n t  var iables.  

c. Check i f .  known b o u n d a r y   c o n d i t i o n s  are c o r r e c t l y  set 
a n d   u n k n o w n   v a l u e s   c o r r e c t l y   c a l c u l a t e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

d. I n c o r p o r a t e   t h e  exact geometric c o n f i g u r a t i o n s  of t h e  
problem i n t o   t h e  appropriate s e c t i o n s  of ALLBlIOn. 

e. A r r a n g e   i n  PRINT, f o r  r e q u i s i t e   p r i n t o u t  

8.2 L i s t  of I n p u t  Vari'ables 

F o l l o w i n g  is a l ist of i ' n p u t  var iables t o  be s u p p l i e d  t o  
t h e  SHIP program; t h e y   c o r r e s p o n d  t o  t h e  var iables d e f i n e d  
i n   t h e  BLOCK  DATA r o u t i n e  a t  t h e   b e g i n n i n g  of t h e  program. 
T h e   f o l l o w i n g   i n f o r m a t i o n  is g i v e n  for e a c h  var iable.  

( i >  t h e  FORTRAN symbol  
(ii) t h e   m e a n i n g  

(iii) for  some var iables,  t h e  recommended value 
is g i v e n   i n   t h e  l as t  column.  
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SYMBOI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I MAX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J M A X  

NNV 

Npp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# 

NVU , 
etc. 

ISTEP 

IARCH 

FRA 

PRAM 

EX 

SMALL, 
GREAT 

LCV 

MCV 

ZETA 

ETA 

MEANING 

1. ' For Program' Control  

T h e y   c o r r e s p o n d  t o  t h e . d i m e n s i o n s  of t h e  
major a r r a y s .  

The  number of v a r i a b l e s  ( N V )  f o r   w h i c h   t h e  
F a r r a y  is d imens ioned .  

They are v a r i a b l e   n u m b e r s   h a v i n g   v a l u e s  
r a n g i n g  from 1 t o  10. 

T h e   s t e p   n u m b e r ;  i t  is i n i t i a l i s e d , i n  BLOCK DATA 

Specifies w h e t h e r   t h e   f l o w  is t o  be treated as: 
one of c o n s t a n t   g e o m e t r y ,  
or  v a r y i n g  w i t h  a x i a l   d i r e c t i o n .  

The i n i t i a l  s tep  l e n g t h .  

The maximum s tep  l e n g t h .  

E x n a n s i o n   f a c t o r   f o r  ster, l e n g t h .  FRA at s t e n  n .  
(FRAn) , is e q u a l  t o  FRAn- l*EX' or FRAM w h i c h e v e r  ' 

is smaller. 
- 

S m a l l   a n d  large numbers  u 'sed a t  v a r i o u s  places 
i n   t h e   p r o g r a m .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  Grid and  Geometry  Va'riables 

T o t a l   n u m b e r  of c o n t r o l   v o l u m e s   i n   t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5: 
d i r e c t i o n .  

T o t a l   n u m b e r  of c o n t r o l   v o l u m e s   i n   t h e  rl 
direct i o n .  

T h e   d i s p o s i t i o n   o f  gr id  n o d e s   i n   t h e  5 
d i rec t ion .  ZETA r a n g e s  from 0 t o  1 a l w a y s  
an$ is  g i v e n ,   i n   g e n e r a l ,   b y  

T h e   l o c a t i o n s  of t h e ' g r i d  n o d e s   i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 d i r e c t i o n  

3EC 
lALUE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

1 
2 

10 
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SYMBOL 

KBCN 
KBCS 
KBCE 
KBCW 

BYN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
BXE 

zu, zn 

DZ 

DY SDZ 

DBYNDZ 

ZLAST 

Z RE 

LASTEP 

NP JUMP 

ICJUMP 

IPRINT 
(NV) 

MBANING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

S p e c i f y  t h e  n a t u r e  of t h e  N o r t h ,   S o u t h ,  E a s t  
and West B o u n d a r i e s .   T h u s   f o r :  
Wall boundary  
Symmetry a x i s  
F r e e   b o u n d a r y  

H e i g h t  of t h e   d o m a i n .  BYN must  be 
i n i t i a l i s e d  t o  t h e   v a l u e  at t h e   i n l e t   p l a n e .  

The e x t e n t   o f   s o l u t i o n   d o m a i n   i n   t h e  
x - d i r e c t i o n .  

A x i a l   l o c a t i o n s  of upstream and  downstream 
c o m n u t a t i o n a l   p l a n e s  - must be i n i t i a l i s e d  
h e r e .  

A x i a l   s t e p   l e n g t h .  The v a l u e  set  h e r e  is 
o v e r w r i t t e n  by t h a t  c a l c u l a t e d  from FRA 
s p e c i f i c a t i o n .  

dys /dz  - i n i t i a l i s e d   h e r e  t o  z e r o .  

dCBYN)/dz - i n i t i a l i s e d   h e r e   t o  zero. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz l o c a t i o n  a t  w h i c h   s o l u t i o n  is t e r m i n a t e d .  

3. ~- C o n t r o l  ". Variables for P r i n t o u t  

T h e  '2' l oca t ions  of t h e   a x i a l   s t a t i o n s  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
which t h e   d i s t r i b u t i o n s  of t h e   v a r i a b l e s  
are p r i n t e d  o u t .  

T h e   t o t a l   n u m b e r  of a x i a l   s t e p s  a t  w h i c h   t h e  
v a r i a b l e s  are t o  b e   c a l c u l a t e d .  A t  p r e s e n t  i t  
s h o u l d  be set t o  a l a r g e   v a l u e  so t h a t   t h e  
s o l u t i o n  is  t e r m i n a t e d   b y  ZLAST. 

The  number of s t e y s   b e t w e e n   s u c c e s s i v e  
p r i n t o u t s  of t h e   v a r i a b l e s .  

H a s  t h e  same mean ing  as NPJUMP; b u t  i t  c o n t r o l s  
p r i n t o u t   o f  wall f l u x e s .  

S p e c i f i e s   w h e t h e r . t h e   d i s t r i b u t i o n  of t h e  NV 
v a r i a b l e   s h o u l d  be : 
P r i n t e d  
Not p r i n t e d  

. .  

RE C 
VALUE 

i 
2 
3 

0 .o 

0 .o 

0.0 

1 

0 
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SYMBO 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOLVE 
(NV) 

NSWP 
(NV) 

IXY 
ISWP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
JSWP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

' c1 

c2 

CD 

AK 

I EE 

PR( NV) 

AKFAC 

P JAY 

PRLAM 
(NV) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

70 

MEANING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. ' S o l u t i o n   P r o c e d u r e '  Parameters 

T h e   v a l u e   o f  ISOLVE(NV), s p e c i f i e s   w h e t h e r  
o r  n o t   v a r i a b l e   n u m b e r  NV is t o  b e   s o l v e d  
f o r .  

ISOLVE = 0 d o e s   n o t   s o l v e  f o r  t h e   v a r i a b l e  
ISOLVE = 1 s o l v e s  fo r  t h e  v a r i a b l e .  

Number o f  TDMA sweeps performed o n   v a r i a b l e  
NV at  e a c h  step. 

T h e s e   v a r i a b l e s   c o n t r o l   t h e  order of 
TDMA sweeps a t  e a c h   s t e p .  Recommended 
s t a r t i n g   v a l u e s  are u n i t y  f o r  a l l .  

5. T u r b u l e n c e - m o d e l   C o n s t a n t s  

K i n   t h e  log l a w .  

E i n   t h e  l o g  l a w .  

T u r b u l e n t   P r a n d t l   n u m b e r s   f o r   t h e   v a r i a b l e s .  
T h e i r   v a l u e s  are set  i n i t i a l l y  t o  u n i t y .  
However f o r   t h e   d i s s i p a t i o n   o f  E, PR is la ter  
c a l c u l a t e d   f r o m   t h e   e x p r e s s i o n  
PR(NV) = K2/((C2-C1) C D ~ ) ;  f u r t h e r ,  PR f o r  
e n t h a l p y  is somewhat less t h a n   u n i t y ,   e q u a l  
a p p r o x i m a t e l y  t o  0.90. 

Factor r e l a t i n g   t u r b u l e n c e   e n e r g y  t o  mean 
mot ion   ene rgy .  

The P f u n c t i o n  i n  t h e  "wall  f u n c t i o n s "  
( r e s i s t a n c e  of l a m i n a r   s u b l a y e r ) .  

3 .  F l u i d  Propert ies 

L a m i n a r   P r a n d t l  number f o r  variable NV 

REC 
VALUE .. 

6 f o r  NV=1 
and 3 f o r  
a l l  o t h e r s  

l,l,l. 

1.44 

1.92 

0.09 

0.42 

9 .oo 

0.004 



~ ~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SYMBOL 

WM 
GAS CON 

- - ~ _ _ _  

AMUREF 

DEN 

CP 

CPDCV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
HO 

U I N  
V I N  
WIN 

PIN 

TIN 

RETRAN 

I I N J  
i I N  J T  

INJSTP 
I N  JTOP 

Z I N J  
Z I N  J T  

TINJ 
TINJT 

FLOINJ 
FLO INT 

I AD1 AN 
! I A D I A S  
' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

IADIAE 
iADIAW 

- . .~ ~ .. 

MEANING 

M o l e c u l a r - w e i g h t   a n d   u n i v e r s a l  gas c o n s t a n t  
for t h e  gases considered,. A t  p resen t  GASCON 
is t a k e n  t o  be 8314 m2/sec2nK 

R e f e r e n c e  l a m i n a r  v i s c o s i t y .  

R e f e r e n c e   d e n s i t y .  

Speci f ic  h e a t .  

S p e c i f i c   h e a t  a t  c o n s t a n t   p r e s s u r e  d iv ided  b y  
specif ic h e a t  a t  c o n s t a n t  volume. 

E n t h a l p y  of f o r m a t i o n .  

7. S t a r t i n g  V a l u e s  

-~ 

I n l e t  X-, y- and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz- d i r e c t i o n  ve loc i t ies .  

i n l e t   p r e s s u r e ,  

I n l e t  f ree stream temperature. 

T r a n s i t i o n   R e y n o l d s   n u m b e r ,  . 

8. ~ Boundary " C o n d i t i o n s  

I n d i c e s  t o  c o n t r o l   e n t r y  t o  INJMOD and  INJMOT, 
r e s p e c t i v e l y .  

Values of ISTEP a t  i n j e c t i o n   l o c a t i o n s  on 
t h e   S o u t h   a n d   N o r t h  walls, r e s p e c t i v e l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z l o c a t i o n s   o f   i n j e c t i o n ,  for t h e   S o u t h  , 

a n d   N o r t h  wal ls ,  r e s p e c t i v e l y .  

Jet t e m p e r a t u r e s ,  fo r  t h e   S o u t h  and N o r t h  
wal ls ,  r e s p e c t i v e l y .  

Mass flow rates i n j e c t e d   b y  a j e t  t h r o u g h  
t h e   S o u t h   a n d   N o r t h  wal ls,  r e s p e c t i v - e l y .  

Ind ices s p e c i f y i n g   w h e t h e r   t h e   N o r t h ,  
S o u t h ,  West a n d   E a s t  wal ls ,  r e s p e c t i v e l y  
are adiabat ic (=I) or  under  c o n s t a n t  . 

temperature (=O). 

REC 
VALUE , 

1.4 



- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SYMBOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMEANING 

.~ ___ - 

TWALLN 
TWALLS 
TWALLW N o r t h ,   S o u t h ,  West and East zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwal l  

TWALLE temperature , r e s p e c t i v e l y .  

7 2  



T h e   u n i t s  used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby t h e  program are: K g ,  m y  sec. . I t  may be 
c o n v e n i e n t ,   h o w e v e r ,  f o r  a number of i n p u t   q u a n t i t i e s  t o  be 
speci f ied i n  other  u n i t s ;  t h i s  c a n  be d o n e  provided t h a t  
t h e  c o n v e r s i o n  t o  Kg, m y  sec is t h e n   e g f e c t e d   i n t e r n a l l y .  

A comolete list of FORTRAN variables is g i v e n   i n  
Append ix  C. 

8.3 The' Grid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 The  axia l  g r i d  is specif ied v i a  t h e  variables FRA, FRAM 

and  EX, d e f i n e d   i n  t h e  list above. 

0 TO c h a n g e  t h e  gr id  d i s t r i b u t i o n   i n  X and  Y ,  w h i l e  
r e t a i n i n g  t h e  same t o t a l  number of n o d e s   i n  each di rect ion,  
s i m p l y  reset t h e  ZETA (I) a n d  ETA (J) a r r a y s .  

0 If t h e  number of gr id  n o d e s  is t o  be c h a n g e d ,  t h e n  LCV 
and  MCV must  be reset, and  ZETA and  ETA must  be 
respecif ied. Note t h a t  t h e  number of ZETA v a l u e s  provided 
must  be LCV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 2 ,  and  t h e  number of ETA v a l u e s   m u s t  be 
MCV + 2. 

0 When t h e  number of gri.d n o d e s  is i n c r e a s e d  it may be 
n e c e s s a r y  t o  r e d i m e n s i o n  some of t h e  a r r a y s ,  as i t  is 
described below. 

0 Note t h a t ,  whenever  t h e  gr id  d i s t r i b u t i o n  is c h a n g e d ,  
i t  w i l l  be n e c e s s a r y  t o  reset t h e  i n l e t   c o n d i t i o n s  
a c c o r d i n g l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 .4  Dimension  Changes 

T h e   q u a n t i t i e s  IMAX, JMAX a n d  NNV must  be set t o  c o r r e s p o n d  
t o  t h e   r e a u i r e d   d i m m s i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  a r r a y s   i n  I ,  J and  NV 
( t h u s  IMAX 2 LCV + 2, a n d  JMAX 3 MCV + 2). T h e   a r r a y s   m u s t  
t h e n  be d i m e n s i o n e d  as g i v e n   i n  t h e  table below, and  
t h e  EQUIVALENCE s t a t e m e n t   m u s t  be modif ied t o  read: 
EQTJIVALENCE (F(l),PP(l)), (F(IMAX*JMAX + l), U(I)), 
(F(2*IMAX*JMAX + l), V ( l ) ) ,  (F(3*IMAX*JMAX + l), 
W ( l ) ) ,  (F(4*IMAX*JMAX + l), AKE(l)), (F(5*IMAX*JMAX + l), 
ADS( 1)). 
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A r r a y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. G e n e ' r a l  

F 

M u s t  be d i m e n s i o n e d  

P, RHO, GAM, S U ,  SP, DU 
DV, DW, AXP,  AXM, AYP,  
AYM, AZ,   GX;  GY,   GZ 

CY 

CYU 

DRHODP, P U ,  RHOD 

PP, U, V ,  W ,  AKE,  ADS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

NFM 

ZETA,  X ,  X S ,   X D I F ,  XSU 

Y S R ,   E T A ,   Y ,   Y S ,  YDIF, YSV 

FXP, FXH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FyM 

JM 

I SOLVE 

EELAX 

NSWP 

I P R I N T  

TITLE 

Z RE 

AMUT , CPMN 

PRLAM, PR 

FLUXN , FLUX9 

FLUXW, FLUXE 
.'> 
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(IMAX*JMAX*NNV) 

(IMAX*JMAX) 

A t  least  ( L C V  + 2)  

A t  least t h e  greater of 
' ( L C V  + 2 )  and (MCV + 2 )  

A t  l eas t  ( L C V  + 2)  

( IMAX* JMAX) 

( IMAX* JMAX) 

A t  least  (NNV + 7 )  

A t  least  ( L C V  + 2 )  

A t  least  ( M C V  + 2 )  

A t  least  ( L C V  + 2 )  

A t  least (MCV + 2 )  

A t  least  (MCV + 2 )  

A t  least  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( N N V )  

A t  l eas t  (NNV + 3) 

A t  least  (NNV)  

A t  least  (NNV + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7)  

( 6 ,  a t  leas t  NNV + 7) 

A t  least  (no .  of p r i n t o u t  
s t a t i o n s  requ i red )  

A t  least  (IMAX*JMAX) 

A t  l eas t  ( N N V )  

A t  least ( L C V  + 2 , N N v )  

A t  least  (MCV + 2,NNV) 



A r r a y  

GAMS, GAMN. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GAME, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGAMW 

2. S u b r o u t i n e  PRINT 
x1 

M u s t  be d i m e n s i o n e d  

A t  least  (LCV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 2) 
A t  l eas t  (MCV + 2) 

x2  

3. S u b r o u t i n e  AUX - 
DUIDXJ  

GEN R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. S u b r o u t i n e  ALLMOD 

FINJ,  FINJT 

A t  least .(LCV + 2)  

A t  least (MCV + 2 )  

(3,3) 

A t  least (LCV + 2 ,  MCV + 2)  

A t  least  LCV 

8 . 5  - In te rpre ta t ion  of O u t p u t  

( a )  P r e l i m i n a r y   o u t p u t  

T h i s  is p r o v i d e d   b y   t h e   p r o g r a m   b e f o r e  t h e  m a r c h i n g  
i n t e g r a t i o n   c o m m e n c e s .  I t  c o m p r i s e s   t h e   c o n d i t i o n s  a t  
i n l e t ,   p r i n t e d   o u t  as d e s c r i b e d  below. 

T h e   v a r i a b l e s   p r i n t e d  are as fol lows:* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 t h e   x - d i r e c t i o n   v e l o c i t y   c o m p o n e n t  (m/sec) 

0 t h e   y - d i r e c t i o n   v e l o c i t y   c o m p o n e n t  (m/sec) 

0 t h e   z - d i r e c t i o n   v e l o c i t y   c o m p o n e n t   ( m / s e c )  

6 t h e   t u r b u l e n t   k i n e t i c   e n e r g y  ( m  /sec ) 
2 2 

0 t h e   d i s s i p a t i o n  rate of t u r b u l e n c e   e n e r g y  ( m  /sec ) 
2 3 

0 t h e   s t a g n a t i o n   e n t h a l p y   ( K c a l / K g )  

0 t h e   h y d r o g e n  mass f r a c t i o n  i n  a n y  form 

0 t h e   t h e r m o d y n a m i c   t e m p e r a t u r e  (OK.> 

0 t h e  s ta t i c  p r e s s u r e  ( N / m  ) 
2 

*Note t h a t   t h e  u s e r  is free t o  s u p p r e s s   p r i n t o u t  of 
any zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e s e  variables by u s e  of t h e  IPRINT a r r a y .  
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t h e   d e n s i t y  (Kg /m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 t h e   d i f f u s i o n   c o e f 2 i c i e n t  fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj?(gg/ni sec> 

0 t h e  mass f r a c t i o n  of H2 

0 the m a s s  f r a c t i o n  of O2 

0 t h e  mass f r a c t i o n  of OH 

0 t h e  mass f r a c t i o n  of H20 

0 t h e  mass f r a c t i o n   o f  H 

0 t h e  mass f r a c t i o n  of 0 

0 t h e  mass f r a c t i o n  of N2 

0 t h e  mass s o u r c e s   i n   t h e   f i e l d  

T h e   p r i n t o u t  is of t h e  same format i n  each case. F i r s t  is 
p r i n t e d   t h e   h e a d i n g  ( i . e .  TITLE ( 6 , N V ) )  f o r  t h e  var iab le i n  
q u e s t i o n .   T h e n  t h e  c o m p l e t e  t w o  d i m e n s i o n a l  f i e l d  is 
p r i n t e d ,  w i t h  I a r r a n g e d   h o r i z o n t a l l y ,   a n d  J v e r t i c a l l y .  
Also shown are, a t  t h e  far  r i g h t   h a n d  s ide ,  t h e   Y - d i r e c t i o n  
gr id  locat ions f o r  e a c h  J, n o r m a l i s e d   b y   t h e   h e , i g h t  of 
t h e  domain, and below t h e   a r r a y ,   t h e   X - d i r e c t i o n  gr id  
l o c a t i o n s   f o r   e a c h  I ,  i n  ( m ) .  

(b )  Main  Output  

T h e   o u t p u t   p r o v i d e d   d u r i n g  t h e  m a r c h i n g   i n t e p a t i o n  is 
of f o u r   k i n d s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas follows: 

( i )  A t  e v e r . y   s t e p ,  a s i n g l e   l i n e  of i n f o r m a t i o n  
is p r i n t e d   o u t .  Variables are p r o v i d e d ,   w h i c h . h a v e  
t h e   f o l l o w i n g   m e a n i n g s :  

ISTEP - step number 

ENTRN - t h e  e n t r a i n m e n t   i n  t h e  Y - d i r e c t i o n  
t h r o u g h   t h e   N o r t h   b o u n d a r y  

TOTM - t h e  t o t a l  mass f l u x   i n   t h e  axial  
direct i o n  

TOTW - t h e  t o t a l  momentum f l u x   i n   t h e  axial  
d i r e c t   i o n  

TOTH - t h e  t o ta l  c o n v e c t i v e   e n t h a l p y   f l u x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TOTNS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the  to ta l  c o n v e c t i v e  f l u x  of N i t r o g e n  

TOTF - t h e  t o ta l  c o n v e d t i v e   f . l u x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Hydrogen 
i n  any, form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FLOBOT - t h e  j e t  mass f l u x   t h r o u g h   t h e   S o u t h  wall 

3FTOP - t h e  t o t a l  Hydrogen i n   a n y  form mass f l u x  

The  head ing .s  provided for  t h e   a b o v e  var iab les  are: 
ISTEP, E ,  AI, MO, H ,  N2, F, B a n d  RT r e s p e c t i v e l y .  

a t  t h e  N o r t h   b o u n d a r y  

(ii) A t  e v e r y  s tep  a n o t h e r .   s i n g l e   l i n e  of i n f o r m a t i o n  
i s  p r i n t e d   o u t .  Variables are provided w h i c h   h a v e  
t h e   f o l l o w i n g   m e a n i n g s :  

ISTEP - step number 

zu - ax ia l  l o c a t i o n ,  2 ( m )  ' 

Y(MP1) - t h e  l o c a t i o n  of t h e  n o r t h   b o u n d a r y  
( u s e f u l   i n   c h e c k i n g   t h e   a x i a l   v a r i a t i o n  
o f  t h e  d o m a i n ' s   h e i g h t ) .  

t h e   i m b a l a n c e s   i n   t h e  f i e l d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASUM - t h e  sum of mass s o u r c e s ,   i n d i c a t i n g  

T h e   h e a d i n g s   p r o v i d e d  for  t h e   a b o v e  var iables are: 
ISTEP, ZU, DEL a n d  MASS IMBALANCE. 

(iii) E v e r y  ICJUMP steps,  a x i a l l y   d i r e c t e d  wal l  s h e a r  
stresses are p r i n t e d   o u t ;  drag c o e f f i c i e n t s   a n d  
S t a n t o n   n u m b e r s  are also p r i n t e d   o u t .  What is 
p r i n t e d  out  is, f o r  I f rom 2 t o  LCV + 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 AREAS AREAN, AREAW and  AREAE - t h e  areas 

( i n  m 2 )  of t h e   S o u t h ,  N o r t h ,  West a n d   E a s t  
wal ls a d j o i n i n g - t h e   n e a r - w a l l - c o n t r o l   v o l u m e s  
for  t h e  .I i n   q u e s t i o n  

0 TATJS,  TAUN,  TAUW and  TATJE - the loca l  wal l  s h e a r  
stresses at  t h e   S o u t h ,   N o r t h ,  West a n d   E a s t  wal ls.  

0 CFS, CFN, CFW a n d  CFE - t h e  local  w a l l  shear 
stresses a t  t h e  S o u t h ,   N o r t h ,  West a n d   E a s t  
wa l l s ,  d i v i d e d   b y   t h e  mean  dynamic  head ( i p w 2 )  
a t  t h e   s t a t i o n   u n d e r   c o n s i d e r a t i o n  

0 STANS, STANN, STANW,ahd STANE - the S t a n t o n   n u m b e r s  
a t  t h e   S o u t h ,   N o r t h ,  West a n d   E a s t  walls 

Apart from t h e  above local q u a n t i t i e s ,  are also 
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p r i n t e d  out mean q u a n t i t i e s  as f o l l o w s :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 WBAR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- t h e  'mean v a l u e  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw across e a c h  

p l a n e  of c a l c u l a t i o n  

0 DHEDTD - t h e  mean  dynamic  head at e a c h   p l a n e  
of c a l c u l a t i o n  

0 CFSAV, 
CFNAV , 
CFWAV , 
CFEAV 

- t h e  mean v a l u e s  of CFS, CFN  CFW 
and CFE d e f i n e d  above, r e s . p e c t i v e l y .  

a STASAV, 
STANAV, - t h e  mean v a l u e s   o f  STANS, STANN, STANW 
STAWAV, and  STANE d e f i n e d   a b o v e ,   r e s p e c t i v e l y .  
STAEAV 

I t  is also i n  t h i s  c o n t e x t  t h a t  t h e  following 
q u a n t i t i e s  are p r i n t e d   o u t  f o r   t e s t i n g   p u r p o s e s :  

0 FLOWT - t h e  mass f l o w  ra te across e a c h   p l a n e   o f  
c a l c u l a t i o n  

0 DHED - t h e  t o t a l  momentum across e a c h  p lane 
of c a l c u l a t i o n .  

( i v )   E v e r y  NPJUMP steps, a n d / o r  as s p e c i f i e d   v i a  ZRE,  
c o m p l e t e   v a r i a b l e   p r i n t o u t  is p r o v i d e d  as des .c r i bed  
i n   S e c t i o n  8.5 ( a )   a b o v e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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9. RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND DISCUSSION 

9. .1 Introduction 

Sample resul ts  for   three  typical   cases of interest   are  presented 
i n  t h i s  chapter. I t  should  be  noted  that  only  the t h i r d  case is 
the  novelty of t h i s  sect ion which has,  otherwise, been  taken 
from a previous  report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(61  of t h e  HISS program. T h i s  case  concerns 
para l le l  hydrogen in ject ion i n  a domain  whose North  boundary wall 
expands w i t h  axial   d istance. The resul ts   for   the  o ther  two cases 
have been taken from (61  and have  been obtained by u s i n g  HISS ra ther  
than SHIP. However, test   runs  for   ident ical   cases,  using t h e  l a t t e r  
program'proved  that t h e  results  thus  obtained  are  very  similar  to 
the  ones  reported  here. 

9.2  Presentation  of  Typical  Results 

9.2-1 Introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" 

Results f o r  ten  cases were calculated  for  t h e  contract IS) 
by the  technique  described i n  the f i r s t  eight  chapters. 
For each  case  prof i les of 19 Variables  described  earl ier 
were computed fo r  a g r i d  of 13, g r i d  l ines  t ransverse  to   the 
flow and 20 g r i d  l i nes  normal to   the  flow fo r  a t o t a l  of 
240 po in ts   a t  each s ta t i on  i n  the main f low  direct ion. 
Computations  were made for  several hundred s ta t ions .  Thus ,  
the  to ta l  number of var iables computed approaches  nearly 
one-million  for  each  case. In t h i s  sect ion  resul ts   for  two 
typical  cases w i l l  be presented. These resu l ts   cons is t  
of hydrogen concentration,  temperature and pressure 
d is t r ibut ions  a t   three  ax ia l   locat ions and a t  two locations 
transverse  to  the main flow d i rect ion.  

9.2-2  Definition of cases 

One case for normal injection  (Case 1) and two cases for 
paral le l   in ject ion  (Cases 9 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 )  are  described i n  t h i s  
chapter. The geometrical  configuration  of  these  cases 
are  shown i n  Figures 1, 2 and 3 respectively.  Table 6 
d e f i n e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt he  flow and thermal  properties. 

79 



TABLE’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADEFINITION OF PROPERTIES 

- 
Location 

Main Stream 
conditions 

Jet  
conditions 

3oundary 

~ ~~~ ~ ~~ ~ ~~ 

Property ( u n i t s )  

Flow speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(m/s) 

TemDerature ( O K )  

Mass f ract ion N2 

Mass f ract ion O2 

Mass f ract ion H20 

Pressure ( N / m  ) 2 

Flow speed ( m / s )  

Temperature (OK) 

Mass f ract ion H2 

Pressure N/m 

Mass flow Kg/sec 

2 

Case 1 

675 

70 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.ci 

.76  76 

.2325 

0 .o 

8720.0 

1210 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“ 0  

250 .O 

1.0 

212000 .o 

.OOO 165 

Ducted* 

Case 9 

1585.2 

1178.6 . 

.487 

.263 

.25 

179300. C 

2039.4 

150.3 

1 .o 

179300 .O 

.o 109 

Free 

- 

Case 7 

1585.2 

1178.6 

0.487 

0.263 ’ 

0.250 

179300.0 

2039.4 . 

150.3 

1.0 

179300 .O 

0.0109 

Ducted* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
01. 

*Duct dimensions are  .0381 x ,177 meters 
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9.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGraphs  of R e s u l t s  

A l l  data are p r e s e n t e d   f o r   p l a n e s   n o r m a l  t o  t h e  wal l  a n d  
paral lel w i t h   t h e   m a i n   f l o w   d i r e c t i o n .  One of t h e s e   p l a n e s  
is located i n  t h e  t r a n s v e r s e   d i r e c t i o n   d i r e c t l y  a t  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
hydrogen  j e t  c e n t e r l i n e   a n d  t h e  other is located be tween  
jets (see F i g u r e s  1 a n d   2 ) .   T h e   c o m p a r i s o n   o f  prof i les  a t  
a g i v e n   p l a n e  at v a r i o u s   m a i n  flow s t a t i o n s   i n d i c a t e s   t h e  
rate of movement   o f   hydro 'gen  in  a d i r e c t i o n   n o r m a l  t o  t h e  
flow. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb 

F i g u r e s  13 t h r o u g h 1 5  are f o r   n o r m a l   i n j e c t i o n  (Case 1). 
F i g u r e  13 shows t h e  d i s t r i b u t i o n  of h y d r o g e n   i n   a n y  form at  
t h r e e   a x i a l   l o c a t i o n s  ( . 1 1 8 m ,  .216m  and  .246m).  The f i r s t  
p r o f i l e  is before t h e  i n j e c t i o n   p o i n t   ( . 1 8 6 m )   a n d   t h e r e f o r e  
no  hydrogen is p r e s e n t .  A t  t h e  .216m l o c a t i o n ,   t h e  
h y d r o g e n   c o n c e n t r a t i o n . l e v e l s  (less t h a n  .Ol) i n d i c a t e   t h a t  
s u b s t a n t i a l   m i x i n g  is pr imar i ly  i n  t h e  y d i r e c t i o n .  (The 
close s p a c i n g  of t h e  a d j a c e n t   i n j e c t o r s  l i m i t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx d i r e c t i o n  
m i x i n g ) .   E x a m i n a t i o n  of t h e  r e s u l t s  a t  t h e  .246m s t a t i o n  
shows c o n t i n u i n g  movement of hydrogen  upward w i t h  a n  
a t t e n d a n t   s m o o t h i n g  of t h e  pro f i le ,  as would be e x p e c t e d .  

T h e   t e m p e r a t u r e   p r o f i l e s   o f   F i g u r e   1 4   i n d i c a t e  t h a t  a f t e r  
i n j e c t i o n   a n d   c o m b u s t i o n  t ha t  l i t t l e  t r a n s v e r s e   t h e r m a l  
g r a d i e n t   e x i s t s .  T h i s  is p a r t l y   d u e  t o  t h e  fact  t h a t  t h e  
flame f r o n t  is at  t h e  o u t e r  layer of t h e  hydrogen   zone  
which t e n d s  .to d i f f u s e  t h e  t e m p e r a t u r e   i n  t h e  t r a n s v e r s e  
d i r e c t i o n .  Also i t  is s e e n  t ha t  t h e  r e a c t i o n  of hydrogen  
moves t h e  thermal boundary  layer ou tward   f rom t h e  p l a t e  
w i t h  movement' i n  t h e  main f l ow  d i r e c t i o n .  

\ 

The p r e s s u r e   d i s t r i b u t i o n   f o r  Case 1 is shown i n   F i g u r e  15 
I t  e x h i b i t s  t h e  q u a l i t a t i v e   b e h a v i o u r   o n e  would e x p e c t .  
T h e r e  is l i t t l e  t r a n s v e r s e   p r e s s u r e   d i f f e r e n c e   d u e  t o  low 
v e l o c i t i e s   i n  that  d i r e c t i o n .  A p r e s s u r e   s p i k e   c a n  be 
s e e n   d o w n s t r e a m  of t h e  j e t  i n d i c a t i n g  a s h o c k .  The 
p r e s s u r e  below t h e  s h o c k  is e s s e n t i a l l y   u n i f o r m  a t  a 
h i g h e r   v a l u e   t h a n  t h e  free stream. I t  must be emphas ized  
that  the p r e s s u r e   d i s t r i b u t i o n   i n  t h e  j e t  r e g i o n  is s u b j e c t  
t o  error d u e  t o  t h e  fact tha t  t h e  f l o w  w a s  forced t o  be 
parabolic when i n   a c t u a l i t y  there is some u p s t r e a m   e f f e c t  
caused   by  t h e  je t .  

F igu res  1.6 ~ . h r o u g h  1.8 are r e s u l t s  for Case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 w h i c h  is 
para l le l  i n j e c t i o n .  .The diameter of the jets and  je t  
s p a c i n g  are much larger t h a n   f o r  Case 1. T h e   p r o f i l e s  a t  
i n j e c t i o n  (z=O) show t h a t   t h e r e  is l i t t l e  m i x i n g  of 
hydrogen   be tween  jets. However,  as t h e   f l o w   m o v e s  forward 
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9.3-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t h e   m i x i n g   i n c r e a s e s   s u c h   t h a t  t h e  c o n c e n t r a t i o n   o f   h y d r o g e n  
be tween jets is r o u g h l y  50% o f   t h e   h y d r o g e n   c o n c e n t r a t i o n   i n  
l i n e   w i t h  t h e  je t  at. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz,=.36 meter. H o w e v e r ,   t h e s e   f i g u r e s  
show that  i n   t h e   n o r m a l   d i r e c t i o n   t h e  movement  of   hydrogen 
upward  between jets is n o t   v e r y   e f f e c t i v e .  T h i s  is d u e  t o  
t h e  low normal  v e l o c i t i e s   f o r  t h e  p a r a l l e l   i n j e c t i o n  case. 
T h e   t e m p e r a t u r e   d i s t r i b u t i o n   i n   F i g u r e  17 i n d i c a t e s  a h i g h e r  
t e m p e r a t u r e   b e t w e e n  j e t s  e v e n   t h o u g h   t h e   h y d r o g e n  
c o n c e n t r a t i o n  is l o w e r .   T h i s  is b e c a u s e   t h e   c o m b u s t i o n  
o c c u r s  a t  t h e   f r i n g e   o f   t h e   h y d r o g e n   z o n e .   T h e   c o m b u s t i o n .  
z o n e   u p p e r   s u r f a c e  is i n d i c a t e d  by t h e  "spikes" i n  t h e  
t e m p e r a t u r e   p r o f i l e .  T h i s  combus t ion  is s e e n  t o  g r o w   w i t h  
movement  downstream. The p r e s s u r e   d i s t r i b u t i o n  shown i n  
F i g u r e  18 d o e s   n o t   i n d i c a t e   a n y  shocks.  A t  t h e  i n j e c t i o n  
s t a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(z=O), t h e  f low e x p a n d s   i n  t h e  1,ow d e n s i t y   r e g i o n .  
However, a t  d o w n s t r e a m   l o c a t i o n s   t h e   p r e s s u r e  becomes 
u n i f o r m  a t  a p p r o x i m a t e l y   t h e   f r e e  stream v a l u e .  

P a r a l l e l   i n j e c t i o n   i n t o  a d u c t   w i t h   e x p a n d i n g   t o p  wall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This is t h e  case chosen  to d e m o n s t r a t e   t h e   v a l i d i t y  of t h e  
SHIP program.  

P r o f i l e s   o f   1 9   v a r i a b l e s  described earl ier  were c o m p u t e d   f o r  
a g r i d   o f  12 g r i d  l i n e s  t r a n s v e r s e  t o  t h e  f l o w  and 12  g r i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
l i n e s  n o r m a l   t o  t h e  f l o w   f o r  a to ta l  of 144 p o i n ' t s  a t  each 
s t a t i o n  i n  t h e  m a i n   f l o w   d i r e c t i o n .   C o m p u t a t i o n s  were made 
u p   t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz=o. 50m (see F i g u r e  3) f o r  150 s t a t i o n s .   I n   t h i s  
s e c t i o n   t h e   r e s u l t s   t h u s   a c h i e v e d  w i l l  be p r e s e n t e d .   T h e y  
c o n s i s t   a g a i n   o f   h y d r o g e n   c o n c e n t r a t i o n ,   t e m p e r a t u r e   a n d  
p r e s s u r e   d i s t r i b u t i o n  a t  f o u r   a x i a l   l o c a t i o n s   a n d  a t  two 
l o c a t i o n s   t r a n s v e r s e  t o  t h e  m a i n   f l o w   d i r e c t i o n .   ( F i g u r e s 1 9 ,  
20 and  2L). 

T h e   c o n c e n t r a t i o n   p r o f i l e s  a t  i n j e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( P O )  ( F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19) 
show  aga in  t h a t  there is l i t t l e  mix ing   o f   hyd rogen   be tween  
j e ts .  Downstream t h e  same a r g u m e n t s  as f o r  Case 9 above  
st i l l  h o l d   t r u e .   T h e   t e m p e r a t u r e   d i s t r i b u t i o n  i n  F i g u r e 2 0 . .  
i n d i c a t e s   a g a i n  a h i g h e r   t e m p e r a t u r e  between j e t s  e v e n   t h o u g h  
t h e  h y d r o g e n   c o n c e n t r a t i o n  is l o w e r .   T h e   p r e s s u r e   d i s t r i b u t i o n  
( F i g u r e  21) does n o t  ind icate a n y   s h o c k s .  A t  t h e   i n j e c t i o n  
s t a t i o n  ( z - 0 ) ,  t h e   f l o w   e x p a n d s   i n  t h e  l o w  d e n s i t y   r e g i o n .  
A t  d o w n s t r e a m   l o c a t i o n s  t h e  p r e s s u r e   b e c o m e s   u n i f o r m  at  
a p p r o x i m a t e l y  t h e  f r e e  stream v a l u e   u p   t o  t h e  p o i n t  where 
e x p a n s i o n   o f  t h e  domain starts. Downstream that p o i n t   t h e  
p r e s s u r e  is a g a i n   u n i f o r m ,   b u t  at  l o w e r   v a l u e s  as w e  p r o c e e d  
f u r t h e r   d o w n s t r e a m .  
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10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. CONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND RECOMMENDATIONS 

Qual i tat ively  the results obtained by  the  method developed 
herein  appear t o  be  correct.  Further, comparison w i t h .  cold 
flow data  a lso show excellent  agreement. The computational 
time fo r   these  resu l ts  is a lso  ve ry  good. 

The assumption  of  parabolic  flow i n  the  inject ion  region 
needs improvement because  both  data and calculat ions made 
i n  t h i s  work ind icate  that  t h e  pressure  d is t r ibut ion is 
affected  upstream by the  je t .   Reci rcu lat ion,  however, is 
probably  not  important. What is needed is a technique 
to  a l low  the  pressure  to be ca lcu lated  v ia  an e l l i n t i c  
procedure and khe veloci ty by a parabolic  one. Such a 
technique is advantageous  over  ful ly  el l ipt ic  procedure 
because  storage and computation time are  much lower. 

The SHIP code  has  considerable  potential  for  further 
development and exploi tat ion.  The suggestions made here 
are by  no means exhaustive, b u t  are  merely  intended  to 
be pointers.  Two d i s t i n c t  ( b u t  re la ted )   poss ib i l i t i es  
ex is t .  

F i r s t l y ,  the code  can be  extended t o  handle  other, more 
complicated  si tuations by suitable  modif icat ions. 
Secondly, i t  can be  varied  to  produce new codes  canable 
of solving new problems. A t  the  present  t ime  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
following suggestions seem worth  recording. More 
improvements may be introduced  into  the SHIP code to  increase 
i ts ef f ic iency.  A s  a matter of fac t  a number of l a t e s t  
advances are  now avai lable and may be t ransferred t o  the SHIP 
code. They include major  reprogramming fo r  improving the 
numerical  algorithm  (e.g. u s e  of a di f ferent  d i f ferencing 
scheme) and making the code more readily  understandable. 

A disadvantage  of  the  present  version of the code is tha t  
both ve loc i t ies  a,nd pressures  are  stored  at   the same ax ia l  
posit ion  ( i .e.  they  are  not  staggered i n  t h e  predominant 
flow direct ion).   Stagger ing  the  veloci ty  locat ions even 
i n  that   d i rect ion and using  di f ferent  densi ty  interpolat ion 
formulae, w i l l  have several  advantages;  apart from others 
t h i s  prac t ice   has   a lso   the   d is t inc t  merit tha t  i t  blends 
smoothly w i t h  t h e  e l l i p t i c  and part ial ly-parabolic  ones. 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The Chemica l  E q u i l i b r i u m  Mo'del 

T h e   m a i n   f e a t u r e s   o f   t h e   e q u i l i b r i u m   c h e m i s t r y .  model used 
t o  pred ic t  t h e  propert ies i n  a hydrogen  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- a i r  flame are 
described below. 

F o u r   e q u i l i b r i u m   r e a c t i o n s  are assumed as follows: 

k: 
I + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H + H  H2 
ka 

H + OH 2 H 2 0  

k; 
O + H  + OH 

-f 

The s i x   s p e c i e s   i n v o l v e d   i n  these r e a c t i o n s  are c o n s i d e r e d  
t o  be p r e s e n t  w i t h  n i t r o g e n  which  is i n e r t .   I n   d e v e l o p i n g  
t h e  e q u a t i o n s  t o  predic t  t h e   e q u i l i b r i u m   c o n c e n t r a t i o n   o f  
t h e  species, t w o  q u a n t i t i e s  are d e f i n e d ,   n a m e l y :  

\vO + -  lVO 
= + mO WHn0 mH20 WoH mOH + -  

O2 
( A - 5 )  

where F is t h e  t o t a l  mass f r a c t i o n  of o x y g e n   i n   a n y   f o r m  
and f is t h e  t o t a l  mass f r a c t i o n   o f   h y d r o g e n   i n   a n y  form. 
S i n c e  t h e  m o l e c u l a r  weight o f   t h e   v a r i o u s   o x y g e n  species 
is a p p r o x i m a t e l y   e q u a l  t o  t h a t  of n i t r o g e n ,  i t  is assumed 
t h a t  t h e   c o e f f i c i e n t   o f   t u r b u l e n t   d i f f u s i o n  of t h e  chemical 
species are e q u a l  t o  e a c h  other  at  e v e r y   p o i n t   i n  t h e  f low. 
A w e l l  known c o n s e q u e n c e  is t h a t  f is l i n e a r l y  related t o  

a n d   t h e   c o n s t a n t s   i n  t h e  r e l a t i o n   c a n  be d e t e r m i n e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmNz 
from t h e  b o u n d a r y   c o n d i t i o n s :  

94 

.. . ..... 



+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA?Nz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ ' f  = 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l s o ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F = q  (1 - f )  
w i t h  q = mo = 0 . 2 3 2  

2 , a i r  

( A - 9 )  

T h e r e f o r e ,  i f  f is known, F c a n  be d e t e r m i n e d   b y   e q u a t i o n ( A - 9 ) .  

From t h e r m o d y n a m i c   c o n s i d e r a t i o n s  t h e  e q u i l i b r i u m   c o n s t a n t  

KP , for  t h e  r e a c t i o n :  

K 
P 

aA + bB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 CC is d e f i n e d   b y ,  

.c" p ~ - a - b  
b ( A - 1 0 )  

where x s t a n d s  for c o n c e n t r a t i o n   a n d  t h e  p r e s s u r e  p is i n  
a t m o s p h e r e s .  For e a c h  of t h e  f o u r   r e a c t i o n s ( A - 1 )  t o  (A-4) in 
t h e  p r e s e n t  model c-a-b = -1. E x p r e s s i n g  t h e  c o n c e n t r a t i o n s  
i n  terms of mass f r a c t i o n s   b y   n o t i n g  t h a t ,  

( A - 1 1 )  

where  W is  t h e  m o l e c u l a r   w e i g h t  of t h e   m i x t u r e  w e  get :  

( A - 1 2 )  

Thus t h e  e q u i l i b r i u m   e q u a t i o n s  f o r  t h e  r e a c t i o n s  ( A - 1 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 
( A - 4 )  c a n  be w r i t t e n :  

1 

K1 - - . mH2 - 
n 

( A - 1 3 )  
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9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH,O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K3 - - - L 

m ~ m ~ ~  

1 m OH K4 = - 
O H  r n m  

(A-14) 

(A-15) 

(A-16) 

T h e   c o n d i t i o n  of e q u i l i b r i u m  is  expressed u s i n g   f o u r  
e q u i l i b r i u m   c o n s t a n t s  for  t h e  f o u r  chemical r e a c t i o n s .  If 
t h e r m o d y n a m i c   e q u i l i b r i u m   p r e v a i l s , t h e  K's take v a l u e s  
w h i c h   d e p e n d   u p o n   t e m p e r a t u r e   a l o n e .   I n  t h e  above  set of - 
e q u a t i o n s  there are seven  unknowns (mH , m , mH, mo, mOH, 

2 O2 

mH20 and F; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf b e i n g   g i v e n )   a n d   s e v e n   e q u a t i o n s  ( A - 5 ,   A - 6 ,   A - 8 ,  

A-13,  A-14, A - 1 5 ,   A - 1 6 ) .  The -problem i s  therefore s o l u b l e .  

T h e   r e m a i n i n g   d i s c u s s i o n   d e f i n e s  t h e  s o l u t i o n   p r o c e d u r e .  

D e r i v a t i o n  of S o l u t i o n   P r o c e d u r e  

T h e   p r e s e n t   p r o c e d u r e  is based o n   t h e   r e d u c t i o n  of t h e  
number of v a r i a b l e s   u n d e r   c o n s i d e r a t i o n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA!Jho e q u a t i o n s  
are d e r i v e d  as follows: 

E q u a t i o n s  (A-13 - A - 1 6 )  are solved t o  give t h e   r e l a t i o n s h i p s :  

1' rno = - hi-- 
T O2 
K2 

1' rno = - hi-- 
T O2 
K2 
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%,O 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mH2 

(A-19) 

(A-20) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I t  is c o n v e n i e n t  t o  d e f i n e   t h e   f o l l o w i n g  parameters*: 

*These  depend 
be t a b u l a t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( A-21) 

, (A-22j 

(A-23) 

(A-24) 

u p o n   t e m p e r a t u r e   a l o n e ;   t h e r e f o r e ,   t h e y   c a n  
r i g h t  at t h e  start. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

U s i n g   e q u a t i o n s ( A - 1 7  t o  A-20) t o  e l i m i n a t e  mo, % o, % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 
2 

mOH from e q u a t i o n s  ( A - 6 )  and ,(-A-6) g i v e s :  

+ fi- (is + - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 + -  D T )  16 

O2 9 '?i2 . 17 
(A-25) 

2 

Where t h e   d e f i n i t i o n s   g i v e n   b y   e q u a t i o n s ( A - 2 1   t o  A-24) h a v e  been 
u s e d .  

T h e s e   e q u a t i o n s   h a v e  t h e  fo rm of a q u a d r a t i c   e q u a t i o n :  

au2 + i5u + c = 0 
- 

w i t h   s o l u t i o n  

u =  -2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 
(A-27) 

Note t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa and 5 are a l w a y s   p o s i t i v e   a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE is a lways  
n e g a t i v e .   S i n c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu 0 ,  t h e   p h y s i c a l l y   m e a n i n g f u l   r o o t  is 
t h e  one w i t h  t h e  p o s i t i v e   s i g n .   T h i s   p a r t i c u l a r  form of 
q u a d r a t i c   e x p r e s s i o n  is c h o s e n   s i n c e  i t  d o e s  n o t  r e q u i r e  
s u b t r a c t i o n  and  g i v e s  greater p r e c i s i o n .  Using e u a t i o n  
(A-27) t o  e x p r e s s  t h e  s o l u t i o n  of e q u a t i o n s  (A-257  and  (A-26) 
g i v e s :  

F . ,  

r + "Hz 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI" + E mH2 - -+. 5 r  + F  

l I . .  

17 

2 

(A-28) 
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Equa t ions   (A -28 )and(A-29 )con ta in  the unknowns m and  mH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
B e f o r e   d e t a i l i n g  t h e  s o l u t i o n   p r o c e d u r e  several properties of 
these e q y a t i o n s  y i l l  be d i s c u s s e d . T a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-1 gives t h e  v a l u e s  
of K ' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK B ,  K i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK4, A,  i3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe and  f o r  t h e  t e m p e r a t u r e s  from 
100 $0 6 O O K  a t  a c o n s t a n t  Pw p r o d u c t  of 2 .5  ( c o r r e s p o n d i n g  
a p p r o x i m a t e l y  t o  1/10 atmosphere). Note t h a t  w i l e  t h e  
i n d i v i d u a l   c o n s t a n t s v a r y  from less. t h a n  1 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o p o 0 ,  t h e  
g r o u p s   a p p e a r i n g   i n  equations(A-28)and(A-29)vary much less 
a n d   c a n  be e a s i l y  processed on  a d i g i t a l  c o m p u t e r .   S e c o n d  
i t  is t o  be observed t h a t  t h e  e q u a t i o n s  have b e e n  der ived  
so t h a t  a ' p h y s i c a l '  r e l a t i o n s h i p  h a s  b e e n  establ ished 
be tween  mo a n d  F,  and  mH and f ,  i. e. as F + 0 ,  mo + 0 , 
and  as f -+ 0 ,  mH -+ 0 .  I? s h o u l d  also be observed ? h a t  mo 

a n d  mH can  neve? be less t h a n  zero or greater t h a n  1. 

F i n a l l y ,   n e i t h e r   e q u a t i o n  becomes i n d e f i n i t e  as mH or mo 

aDproach zero. T h u s ,  t h e  e q u a t i o n s . a r e  well-behaved and  
can  be r e a d i l y  solved f o r  wide v a r i a t i o n s   i n   t e m p e r a t u r e  
a n d   p r e s s u r e .   T h e   s o l u t i o n   p r o c e d u r e  is described n e x t .  A 
v a l u e  of mH is guessed i n  the f o l l o w i n g  way. I f  t h e  v a l u e  

a t  t h e  e q u i v a l e n t   u p s t r e a m   s t a t i o n  is known,  t h e n  t h a t  v a l u e  
is u s e d ;  otherwise, a v a l u e  of zero w i l l  a l w a y s  lead t o  
a c o n v e r g e d   s o l u t i o n .   T h i s  assumed va lue  of mH is s u b s t i t u t e d  

i n t o   e q u a t i o n   ( A - 2 8 ) w h i c h   y i e l d s  mo . T h e n   t h e   c o m p u t e d  

v a l u e  of mo is s u b s t i t u t e d   i n t o   e q u a t i o n ( A - 2 9 ) w h i c h  allows 

c a l c u l a t i o n  of a new v a l u e  of mH . The  assumed a n d   c a l c u l a t e d  

values of mH .are compared. If f h e s e   v a l u e s  d i f f e r  b y  more 

t h a n  a s p e c i g i e d   c o n v e r g e n c e   c r i t e r i o n , '  t h e  c a l c u l a t e d   v a l u e  
of mH is t a k e n  as t h e  assumed va lue  a n d  t h e  process described 

above is  repeated u n t i l   c o n v e r g e n c e  is o b t a i n e d .  T h e  
b e h a v i o u r  of t h i s  s o l u t i o n   t e c h n i q u e  is shown i n  F i g u r e  A - 1 .  
T h i s   f i g u r e  shows w i t h  t h e  b r o k e n   l i n e  a p lo t  of mH 

O2 2 

2 

2 

2 

2 2 

2 

2 

2 

2 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 
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1.0 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACalculated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MH2 

Assumed M H ~  1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE A - 1  : GIIAPHICAI, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPLOT O F  TRIAL-AND-EHIIOH SOLU'l'ION 
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calculated  versus mH assumed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The correct  value is achieved 

when t h e  two v a l u e s  are  equal. The ' l 'ocus  of  points  for t h i s  
s i tua t ion  is a s t ra igh t   l i ne  w i t h  a sl'ope of u n i t y .  I f  

assumed is less than t h e  correct  value, t h e  f igure shows 

?. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
%2 
that  the  calculated  value w i l l  always  be larger .  T h u s ,  
when t h i s  calculated  value of m is taken as t h e  assumed 

value, t h e  r e s u l t i n g  newly calculated  value w i l l  be c loser  
to  the  correct  one. - The same argument 
show tha t  i f  t h e   i n i t i a l  assumed value 

the  i terat ion  process w i l l  again  cause 
correct  o n e .  Great  precision can be 
method. The convergence c r i t e r i on   f o r  

calculated - assumedl f 0.001 
%2 

can be made t o  

of mHi 
is too  large, 

convergence to   the 
obtained w i t h  t h i s  
t h e  calculat ion is: 

m calculated 
H2 

Greater  precision can be  easily  achieved b y  a s t r i c t e r  
convergence c r i t e r i on .  However, the  present one is 
su f f i c i en t   f o r  most pract ica l   ca lcu lat ions.  

I t  may be  concluded tha t  t h e  method o f fe rs  a re l i ab le ,  
simple and .extremely  fast  technique  for  solving  the 
equil ibrium  equations  arising from t h e  chemical model 
considered i n  t h i s  work. 
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.. .. . - .. ... .. . - .. . - .. . . ..... " .. . " .. . . . . - - __ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Temp - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2 800 

3000 

3200 

3400 

3600 

3800 

4000 

4200 

4400 

4600 

4800 

5000 

5200 

5400 

5600 

5 800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6000 

5.0+100 

2.8E+52 

2.3Et33 

5.9E+23 

9.7E+17 

1.2E+14 

2.1E+11 

1.7E+09 

3.9E+07 

1.9E+06 

1.5E+05 

1.9E+04 . 

3.4E+03 

7.5E+02 

2.OE+02 

6.3E+01 

2.3E+O 1 

9.3E+01 

4.1E+00 

1.9E+00 

l.OE+OO 

5.5E-01 

3.2E-01 

1.9E-01 

1.2E-01 

7.9E-02 

5.31~-02 

3.6E-02 

2.6E-02 

1.8E-02 

3.1E+99 

2.7E+58 

4.3E+  36 

4.9E+25 

1.2E+19 

5.OE+14 

3.5E+ll 

1.1E+09 

2.1E+07 

7.OE+05 

4.3E+04 

4.2E+03 

5.8E+02 

1 OE+02 

2.4E+O 1 

6.8E+00 

2.lE+OO 

7.9E-01 

3.2E-01 

1.4E-01 

6.8E-02 

3.5E-02 

1.8E-02 

1.OE-02 

6.4E-03 

4 OE-03 

2 ., 5E-0 3 

1.7E-03 

1 1E-03 

8.1E-04 

2.6+100 

3.2.E+5 1 

5.8E+32 

2.2E+23 

4.5E+17 

7.0E+13 

1.2E+ll 

1.1E+O9 

2.7E+07 

1.4E+06 

1.2E+05 

1.6E+04 

2 e 8E+03 

6 4E+02 

1.74+02 

5.7E+01 

2.1E+01 

8.6E+OO 

3.8E+00 

1.8E+00 

9.8E-01 

5.4E-01 

3.1E-01 

1.9E-01 

1 2E-01 

7,8E-02 

5.3E-02 

3.6E-02 

2.6E-02 

1.8E-02 

3.9E+00 

1.7E+00 

8.3E-01 

4.2E-01 

2.2E-01 

1.3E-01 

7.7E-02 

4.8E-02 

3.1E-02 

2 OE-02 

1.4E-02 

9.8E-03 

4.4E-51 

5.9E-27 

2 .OE-17 

1.2E-12 

1 .OE-09 

8.7E-OR 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 1E-06 

2.4E-05 

1.5E-04 

7.2E-04 

2.5E-03 

7.OE-03 

1.7E-0 2 

3 6E-02 

7.OE-02 

1.2E-01 

2.OE-01 

3.2E-01 

4.9E-01 

7.OE-01 

9.8E-01 

1.3E+00 

1.7E+00 

2.2E+00 

2.8E+00 

3 e 5E+01 

4.3E+00 

5.2E+00 

6.1E+00 

7.2E+00 

1.7E-50 

6.OE-30 

4.7E-19 

1.4E-13 

2.7E-10 

4.4E-08 

1.6E-06 

2.5E-05 

2.1E-04 

1.1E-03 

4.8E-03 

1.5E-02 

4 I 1E-02 

9.6E-02 

2.OE-01 

3.8E-01 

6.7E-01 

1.1E+00 

1.7E+00 

2.6E+00 

3.8E+00 

5.3E+OO 

7.2E+00 

9.6E+00 

1.2E+01 

1 5E+01 

1.9E+01, 

2 4E+01 

2.9E+01 

3.5E+01 

6.38E+OO 

4.30E+00 

3.12E+00 

2.2OE+OO 

1.59E+OO 

1.30E+00 

9.62E-01 

7.49E-01 

G. 20E-01 

4.85E-01 

4.22E-01 

3.44E-01 

1.95E+00 

2.19E+04 

8.46E+02 

1.56E+02 

5.94E+01 

3.14E+01 

1.81E+O1 

1.32E+01 

9.4  5E+OO 

7.76E+OO 

6.96E+00 

5.77E+OO 

5.3OE+OO 

4.49E+00 

4.34E+r)0 

3.87E+00 

3.62E+OO 

3.45E+OO 

3.25E+00 

3.09E+00 

3.09E+OO 

2.89E+00 

2.69E+00 

2.74E+00 

2.59E+OO 

2.52E+00 

2.53E+00 

2.49E+OO 

2.4  7E+OO 

2.4  7E+00 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 

F r e e - S t r e a m   B o u n d a r y   C o n d i t i o n s   i n  

S u p e r s o n i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFl'ows 

(a) Consider t h e  effect of a pressure wave of a n g l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 on 
a stream of v e l o c i t y  ww (supposing t h a t  voo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 0 and 
uoo = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ) .  

The v-momentum e q u a t i o n  f o r  t h e  domain ABCD ( w h e r e  
AB and  CD are stream surfaces) is: 

W pa, ( V w  - = (Pw - P )  / t a n 8  

t a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = ( w . ~  - w,)/(v, - v,) 

' -  The wave a n g l e   c a n  be related t o  t h e  Mach number  by:  

t a n 8  = 

so t h a t :  

v =  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" - d G  
Ow 

(b) T h e   e n e r g y   e q u a t i o n  f o r  a perfect gas gives: 
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where  ub :denotes the resultant. velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa . t  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
boundary, For an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAisentropic flow, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. .  

4 

. .  

. ’ Pb 1 / Y  
whence: pb ;L ( ”> 

so that: 

PC0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ (B-6) pcn 

Substitution of (B-7) into (B-4) gives: 

and of course 
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' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAPPENDIX C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L i s t .  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFORTRAN. Var'iables 
. .  

' Notes 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2. 

3. 

Star   ra t ing  

T h i s  list c lass i f ies   var iab les  -as having  general 
importance o r  being  merely  of  local  sign.ificance. 
The l a t t e r   v a r i e t y  is marked w i t h  a dash (-). In 
t h e  former  variety,  each  variable is given a s t a r  
ra t ing  of one ( * ) ,  t w o  (**)  or   th ree  ( *** )  s t a r s .  
T h i s  ind icates  that   the  var iab le is appropr iate  to 
t h e  problem-dependent (*) ,  physical-modelling (**) ,  
o r  the main-machinery (***) par t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the program. 

Subscripted  variables 

Subscripts  to  variables  are shown only.when  necessary, 
i n  order  to  explain  the meaning of the  variable. I n  
general  therefore, t h e  subscr ip t   s ta tus of each 
variable  should be understood from the column headed . 

NATURE. 

Symbols 

Wherever possible,   the symbols  corresponding t o  
FORTRAN var iables,  which are  used i n  the   tex t ,   a re  
a lso   l i s ted .  

" 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
JO , - 

1 

2 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

30 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VARIABLE 

A ( I )  

ADIN 

ADS(  IJ) 

AGEOM 

AK 

Am( IJ) 

AKFAC 

A K I N  

ALX,ALXM, 
ALXP, ALY 
ALYM,  ALYP 
ALZ , ALZl 

AMUREF 

AMUT( I J)  

ARAT 

AREA 

AXM, A X P  , 
AYM, AYP, ' 

A 2  

B 

BXE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
BXEU 

BYN 

BYNU , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CD 

NATURE 

RRAL, ARRAY 

RE  AL , 
REAL,ARRAY 

REAL, 

REAL, 

REAL,ARRAY 

REAL, 

REAL, 

REAL, 

REAL, 

REAL, ARRAY 

REAL, 

REAL,, 

REAL,ARRAY 

REAL,ARRAY 

REAL , 

REAL, 

REAL 

REAL, 

mAL 

STAR 
' RATIN( 

*** 

* 
*** 
* 
** 
*** 
- 

* 
- 

* 

** 
* 

- 

*** 

*** 

** 

* 
** 

* 
** 

~ 

SYMBOL E'IEANING 

T r a n s f o r m e d   c o e f f i c i e n t  
i n  TDMA o p e r a t i o n  

D iss ipa t i on  ra te a t  i n l e '  

D i s s i p a t i o n  ra te  

Factor i n  g r i d  e x p a n s i o n  

M i x i n g - l e n g t h   c o n s t a n t  

T u r b u l e n c e   e n e r g y  

Factor r e l a t i n g  k t o  
mean motion e n e r g y  

I n l e t   k i n e t i c   e n e r g y  

Q u a n t i t i e s   r e p r e s e n t i n g  
t h e  c o n v e c t i v e  
c o e f f i c i e n t s   i n   t h e  
f i n i t e - d i f f e r e n c e  
e q u a t i o n s  

R e f e r e n c e  laminar 
v i s c o s i t y  

T u r b u l e n t '   v i s c o s i t y  

Ratio of u p s t r e a m  t o  
downstream'  areas 

Area of c o n t r o l - v o l u m e  
face 

C o e f f i c i e n t  of f i n i t e -  
difference e q u a t i o n s  

T r a n s f o r m e d  
c o e f f i c i e n t   i n  TDMA 
o p e r a t i o n  

Width of . i n t e g r a t i o n  
p l a n e   i n   t h e   < - d i r e c t i o n  

Upstream value of RXE 

Width of i n t e g r a t i o n  
p l a n e   i n   t h e  n- 
d i r e c t i o n  

Upstream v a l u e  of BYN 

C o n s t a n t  i n  tu rbu lence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rno d e'l 



~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VARIABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
%DQR , CDRT 
CDTQ . 

C P  

CPDCV 

cx,cxP, 
CY,CYP, 
cz , CZP 

c1 ,c2 

CFS e t c  

CFSAV, etc 

DBXEDZ , 
DBYNDZ 

DEN ' 

DHED 

DHED IN 

DPDZ . 

DPDZU 

DU,DV,DW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DXWDZ , 
DY SDZ 

DZ 

NATURE 

REAL, 

REAL, 

REAL 

REAL, CY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonlJ 
as ARRAY 

REAL, 

REAL, 

REAL, 

REAL, 

mAL, 

REAL, 

REAL, 

REAL, 

REAL, 

REAL, ARRAY 

REAL 

REAL, 

. ". 

STAR 
RATINC 

** 

* 
* 

- 

* 
* 

* 

** 

** 

* 
* 
*** 

* 

*** 

** 

*** 

.E 

MEAN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXNG 
" J 

Roots  of CD 

Specif ic  heat 

Speci f ic   heat  at  
constant  pressure 
divided by spec i f i c  
heat  at  constant . 
volume 

Temporary storage  for  
f in i te-d i f ference 
coef f ic ients  

Constants i n  
turbulence model 
Local  shear s t r e s s  
a t  South  wall 

Local  normalised 
shear stress a t  South 
wall 

Rates of growths of 
BXE, BYN w i t h  respect 
to  dz 

3eference  density  of 
f l u i d  

lynamic Head 

Jalue of DHED a t  i n l e t  

?ressure-gradient i n  
the <-direct ion 

Jpstream  value  of 
IPDZ 

?ressure-difference 
zoeff ic ients f o r  t h e  
J,V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8t W ve loc i t ies  

Slopes of W & S 
Ioundaries 

?orward step-size 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 



- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NO 

37 

38 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
39 

40 

41 

42 

43 

44 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$5 

16 

17 

18 

L9 

- 

T 

” 

i 

-~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VARIABLE 

DZU 

EE 

ETA 

E X  

F 

FLOWIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FLOINJ 
n O I N T  

FLUXE , 
FLUXW, 
FLUXN, 
FLUXS 

FRA , 
FRAM 

FXM , FXP , 
FYM , FYP 

GAM 

GAMA 

GAME, 
GAMW, 
GAMS, 
GAMN 

NATURE 

~~ 

REAL,  

REAL,  

REAL,ARRAY 

REAL,  

REAL,  ARRAY 

I 

REAL,  ARRAY 

REAL,  ARRAY 

REAL, 

IEAL, ARRAY 

IEAL , ARRAY 

GAL, 

IEAL,  ARRAY 

STAR 
R A T I N  
* 
* 

*** 

* 

*** ’ 

* 

* 

* 

- 

*** 

*** 

- 

* 

SYMBOL 
- 

MEANING 

Upstream v a l u e  of DZ 

C o n s t a n t   . i n   t h e  l a w -  
o f - t h e - w a l l  

Non-d imens iona l  Y . 
c o o r d i n a t e  

F a c t o r   b y   w h i c h  
forward step s ize  is 
i n c r e m e n t e d  

S t o r e  f o r  d e p e n d e n t -  
v a r i a b l e   v a l u e s  

Rate of mass i n f l o w  
i n t o   t h e   c a l c u l a t i o n  
domain 

Mass f low ra te 
in jected by a jet  
t h r o u g h  t h e  s o u t h   a n d  
n o r t h  wall r e s p e c t i v e l y  

F l u x e s  of d e p e n d e n t  
v a r i a b l e s   o n   E , W I N , S  
b o u n d a r i e s  

F r a c t i o n   o f   b o u n d a r y -  
l a y e r   w i d t h   u s e d   i n  
c a l c u l a t i n g   f o r w a r d  
s t e p   ‘ s i z e .  FRAhl is t h e  
maximum v a l u e  of FRA 

I n t e r p o l a t i o n   f a c t o r s  
t o  i nd i ca te  d i s t a n c e  
o f  a p r e s s u r e   n o d e  
f r o m   t h e   n e i g h b o u r i n g .  
v e l o c i t y   l o c a t i o n s  

S t o r e   f o r   d i f f u s i o n  
c o e f f i c i e n t s  

Local v a l u e  of GAM a t  
l o c a t i o n s  where  i t  is 
not stored 

Boundary   va lues  of GAhI 
to c o m p u t e   c o r r e s p o n d i n g  
FLUX s 
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50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5i 

52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
53 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
54 

55 

56 

57 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
58 

59 

60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 1  

62 

GASCON 

GREAT 

GX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, GY 
GZ 

HO 

I 

I C JUMP 

I I N J  , 
I I N J T  

I J ,  I J E  
I J N , I J N W  
I J S ,  I J S E  
I J W  

I JREF 

I J T  

I MAX 

I N J S T R  , 
I N J T O P  

I P R I N T  
(NV 1 

. - 

NATURE 
.. . 

REAL, 

REAL, 

REAL, ARRAY 

REAL,  ARRAY 

INTEGER , 

INTEGER, 

INTEGER, 

[NTE.GER, 

iNTEGER, 

INTEGER, 

:NTEGER, 

LNTEGER, ARRAY 

* 
- 

** 

* 
*** 

* 

* 

*** 

** 

*** 

* 

*** 

I ' .' 
U n i J r e r s a l  gas c o n s t a n t  

.. . . .  I 
Large   number ,  u.sed t o  
f i x  values t o  desired 
l e v e l s   a n d   i n   l i m i t i n g  
o v e r f l o w s ;  1030 

Mass v e l o c i t i e s   i n  t h e  
5 ,  n a n d   < - d i r e c t i o n s  

~ 

, E n t h a l p y  of f o r m a t i o n  

: I n d e x   i n d i c a t i n g  
p o s i t i o n  i n  t h e  
5 - d i r e c t i o n  

I n d e x ,   c o n t r o l l i n g  
c a l c u l a t i o n  of w a l l  ' 

f l u x e s  f o r  p u r p o s e s  
of p r i n t o u t   o n l y  

I n d i c e s  t o  c o n t r o l .  
e n t r y  t o  INJMOD and  
INJMOT , r e s p e c t i v e l y  

C o m p u t e d   s u b s c r i p t s  
to r e p l a c e  ( I , J ) , ( I + l , J )  
(1,J+1),(1-1,J+1),(1-1, 
J ) , , ( I+ l , J - l ) , ( I - l JJ )  

L o c a t i o n  of g r i d  node  
t h a t  is u s e d  as t h e  
r e f e r e n c e  f o r  relat ive 
p r e s s u r e  

C a l c u l a b l e   s u b s c r i p t  
f o r  T (= IJ+NFM(NVT) )  

Maximum v a l u e  of I ,  j 
fo r  which ' storage , 

l o c a t i o n s  are p,ro.vided,.\, 
i n  the-program . ' 

. .  

Va lue  of 1 S T E P . a t -  , 
j n j e c t i o n  . l o c a t i o n , ,  
fo l '  South n.nd Nor th :  
wal l ,  r e s b e c t i v e l y  

V a l u e s .  o f .  a vari.able zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANV, 
p r i n t e d  o n l y  i f  t h e  
c o r r e s p o n d i n g  I P R I N T  
is u n i t y  

' 

. .... 
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NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I '  

63 

6 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 5  

66 

67  

6 8  

69 

70 

71 

72 

73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VARIABL: 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOLVE 
(NV) 

ISTEP 

I STR 

1SWP 

r xy 

J .  

JM( J> 

JMAX 

JSMAX 

JSTR 

JSWP 

NATURE 

INTEC;ER,ARRA1 

INTEGER, 

I NTE GER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

INTEGER 

[NTE GER , 

[ NTE GER , 

iNTEGER, ARRAY 

;NTE GER , 

INTEGER, 

: NTE GER 

:NTEGER 

. 110 

STAR 
RATINC 

*** 

*** 

* f *  

*** 

*** 

*** 

*** 

*** 

* 
*** 

*** '  

SYMBOL MEANING 

I n d e x   d e n o t i n g   w h e t h e r  
t h e  f i n i t e - d i f f e r e n c e  
e q u a t i o n s  of v a r i a b l e  
NV are s o l v e d  
(ISOLVE(NV) = 1) or n o t  
( ISOLVE(NV) = 0) 

C o u n t e r  f o r  forward 
s t e p s  

V a l u e   o f  I f o r   t h e  
f i r s t   i n t e r n a l  storage 
l o c a t i o n  f o r  a g i v e n  
v a r i a b l e  

Index d e n o t i n g  t h e  
d i r e c t i o n  of sweep 
w h i l e  p e r f o r m i n g  t h e  
TDMA t r a v e r s e   i n  t h e  
6 - d i r e c t i o n  

I n t e g e r   d e n o t i n g  
whether  t h e  
E - d i r e c t i o n  or  t h e  
n - d i r e c t i . o n  TDMA 
t r a v e r s e  is p e r f o r m e d  
f i r s t  

I n d e x   d e n o t i n g  t h e  
p o s i t i o n   i n   t h e  
r p d i r e c t i o n  

(J-l)*IMAX ; u s e d   f o r  
s u b s c r i p t   c a l c u l a t i o n  

Maximum v a l u e  of J ,  
f o r   w h i c h  storage 
locat ions are 
p r o v i d e d  

J - 1 o c a t . i o n   o f  $MAX 

V a l u e   o f  J d e n o t i n g  
t h e  f i r s t  i n t e r n a l  
location for a g i v e n  
v a r i a t h l e  

I n d e x   d e n o t i n g  t h e  
d i r e c t i o n  of sweep 
w h i l e   p e r f o r m i n g   t h e  
Tp.MA traverse in t h e  
n - d i r e c t i o n  



~~ -. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NO 
"" 
"~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

74 

75 

76 

7? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
78 

80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
81 

82 

8 3  

84 

85 

86 

87  

__ - " . ~~ 

VARIARLI 
~~~ 

~ . .. 

KBCE , 
KBCW, 
.KBCN, 
KBCS 

L 

LASTEP 

LCV 

LP 1 

M 

MCV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MPl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NFM( NV) 

NFPMAX 

NITERF 

NITERM 

NM7 

NATlJRE 

INTEGER , 

I NTE  GER , 

INTEGER, 

INTEGER, 

INTEGER, 

INTEGER , 

INTEGER, 

INTEGER, 

INTERGER, ARRA' 

E NTE  GER , 

I NTE  GER , 

INTEGER, 

INTEGER , 

STAR 
RATS N 

*** 

*** 

* 

*** zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c * *  

c * *  

c * *  

t * *  

t * *  

c 

t *  

c *  

c * *  

SYMBOL 

I 

I 

MEANING 

I n d i c e s ,   d e n o t i n g   t h e  
" n a t u r e  of the E,W,N 
and S b o u n d a r i e s ;  
= I Tor wal l  
b o u n d a r i e s ;  = 2 for  
symmetry planes;  = 3 
f o r  ' f ree '  b o u n d a r i e s  

Number of g r i d  l i n e s  
minus one i n  t h e  
E-direct ion; 

The  LAST STEP i . e .  
t h e   K x i m u m   n u m b e r  
t h a t  ISTEP  can a t t a i n  

The  number of main 
c o n t r o l  volumes i n  t he  
5 - d i r e c t i o n  

Number of g r i d  p o i n t s  
i n   t h e  E - d i r e c t i o n  
Number of gr id  l i n e s  
m i n u s   o n e  i n  t h e  
n-d i rect ion 

Number of c o n t r o l  
vo lumes  i n  t h e  
n - d i r e c t i o n  

Number of g r i d  p o i n t s  
i n   t h e  n - d i r e c t i o n  
(NV-l)*IMAX*JMAX; used 
f o r  subsc r ip t  
c a l c u l a t i o n  

Maximum number of 
v a r i a b l e s  I?, f o r  w h i c h  
arrangement f o r  
P r i n t o u t  - is avai lable 

Number of i t e r a t i o n s  
o n  variables $I ( i .e .  
- F) o t h e r   t h a n  
ve loc i t ies  

Number of i t e ra t i ons  
on  v e l o c i t y  components 

I n d e x  i d e n t i f y i n g  GAM. 
t h e  effect ive- d i f f u s i o n  
coeff icient 
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88 

89 

90 

91 

92 

93 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
94 

95 

96 

97 

98 

99 

100 

- 

VARIABL 

NNV 

NH 

NH2 

NH2 0 

N N 2  

NO 

NOH 

NO2 

NP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJUMP 

NPP 

NRHO 

NSWP 
( N V )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Nv 

NATURE 

INTEGER, 

INTEGER, 

INTEGER, 

INTEGER, 

INTEGER, 

INTEGER, 

INTEGER , 

INTEGER, 

[NTEGER, 

[NTEGER , 

INTEGER, 

[NTEGER, ARRAJ 

:NTEGER, 

STAR 
RATIN 

*** 

*** 

*** 

*** 

* ** 

*** 

*** 

*** 

* 

*** 

*** 

*** 

*** 

. 

- 
SYMBOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL _ _ _ ~  

MEANING 

Number of var iables 
for  wh ich  storage i n  
t h e  F array is providec 

I d e n t i f i e r  of atomic 
h y d r o g e n   c o n c e n t r a t i o n  

I d e n t i f i e r  of m o l e c u l a :  
h y d r o g e n   c o n c e n t r a t i o n  

I d e n t i f i e r   o f  water 
vapor c o n c e n t r a t i o n  

Ident i f ier  of m o l e c u l a ~  
n i t r o g e n   c o n c e n t r a t i o n  

I d e n t i f i e r  of atomic 
o x y g e n   c o n c e n t r a t i o n  

I d e n t i f i e r  of OH 
c o n c e n t r a t i o n  

I d e n t i f i e r   o f  
m o l e c u l a r   o x y g e n  
c o n c e n t r a t i o n  

I n t e r v a l s  of ISTEP 
a f t e r  which a 
p r i n t o u t  of m a i n  
var iables is o b t a i n e d  

I n d e x   i d e n t i f y i n g  p' 
i n   t h e   F - a r r a y  

I n d e x   i d e n t i f y i n g  p 
( d e n s i t y )  

Number of p a i r s  of 
TDMA s w e e p s  f o r  
v a r i a b l e  ( N V )  

Ser ia l  number of a n y  
v a r i a b l e  @ stored i n  
t h e   F - a r r a y  

- ~~~ 
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NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 1 

102 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 3 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

105 

'106 

10 7 

10 8 

109 

110 

111 

112 

113 

114 

115 

.~ 

VARIABL 

* N V F  , NVD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NVK , NVH 

NVP , NVT 
NVU , NVV 
NVW 

P 

PI 

PIN 

P J A Y  

PP 

P R (  NV) 

PREF 

P RLAW 
( N V )  

RE  LAX 
(NV) 

RETRAN 

RHO( IJ) 

ROAR 

SMALL 

~" ~ ~____ 

NATURE 
.. 

INTEGER, 

INTEGER 

REALJARRAY 

REAL , 
REAL , 
REAL , 

REAL, ARRAY 

RFAL, ARRAY 

REAL , 

REAL ,.ARRAY 

REALJARRAY 

REAL, 

REAL, ARRAY 

REAL , 

REAL , 

. . -. . - - 

.. 

STAR 
RATIN1 

*** 

*** 

*** 
* 

, *  
* 

*** ' 
*** 

** . 

*** 

*** 

* 

*** 
* 

- 

P 
7F 

P 
4 

P '  

I 

MEANING 
- 

I d e n t i f i e r s  fo r  hydrogen  
c o n c e n t r a t i o n ,   ( i n   a n y  
f o r m ) , d i s s i p a t i o n  rate . 
E ,  t u r b u l e n c e   e n e r g y  
k ,  a n d   e n t h a l p y  
K, i n  F 

I d e n t i f i e r s  f o r  pressure 
p ,  temperature T ,  and 
v e l o c i t y   c o m p o n e n t s  U,- 

v and w ,  r e s p e c t i v e l y  

Sta t ic  pressure p . 

C o n s t a n t  

I n l e t   v a l u e .  of P 

R e s i s t a n c e  of l a m i n a r  
s u b l a y e r  

P r e s s u r e   c o r r e c t i o n  

E f f e c t i v e   P r a n d t l /  
Schmid t   number  

P r e s s u r e  a t  . r e f e r e n c e  
g r i d  node  

L a m i n a r   P r a n d t l / S c h m i d t  
number 

Relaxat ion factor f o r  
NV 

T r a n s i t i o n  
Reynolds  number 

D e n s i t y  

D e n s i t y   a n d   c o n t r o l  . 

volume face area 
product 

Slna.11 number used t o  
t rap t h e   p o s s i b i l i t y  
of d i v i s i o n s  b y  zero;  
10-30 used 
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NO 

- 
116 

117 

118 

119 

120 

12 1 

122 

12 2 

124 

125 

126 

127 

128 

129 

130 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VARIABLI 

SP 

STANS 
etc  

STANSM 
etc 

su 

TIN 

TITLE 
( N V )  

TINJ,  
TINJT . 

TWAL 

TX,TY 

U ( I J )  

IJI N 

V ( I J )  

V I  N 

V I N J ,  
V I  N J T  

VOL 

"- 

E 

" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I 

1 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

NATURE 

~ ~~ 

REAL, ARRAY 

REAL 

REAL 

REAL, ARRAY 

REAL 

REAL,ARRAY 

mAL 

REAL, 

REAL, 

REAL ARRAY 

REAL 

REAL, ARRAY 

REAL, 

REAL, 

REA IJ 

STAR 
RATIN 

*** 

* 

* 

*** 

* 

*** 

* 

* 

- 
*** 

*. 

*** 

* 
* 

- 

~~ 

f 

G 
" 

- 

SYMBOL 

sP 

sU 

T $ T ~  

U 

V 

~ 

. . 

MEANING 

One par t  of t h e  
l i n e a r i s e d  source 
term 

L o c a l   S t a n t o n   n u m b e r s  
- a t  S o u t h  wal l ,  etc.  

Mean S t a n t o n  
number a t  S o u t h  w a l l ,  etc 

A p a r t  of t h e  
l i n e a r i s e d  source 
term 

I n l e t  va lue  of 
T e m p e r a t u r e  T 

A r r a y   s t o r i n g  

numer ic   names of 
members of F 
I n l e t  j e t  temperature 
a t  S o u t h   a n d   N o r t h  
walls r e s p e c t i v e l y  

T e m p e r a t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof wal l  
b o u n d a r i e s '  

Temporary store f o r  
t h e   d i f f u s i v e   c o e f f i c i e n t  
V e l o c i t y   c o m p o n e n t   i n  
t h e   S - d i r e c t i o n  

I n l e t  va lue  of u 

V e l o c i t y   c o m p o n e n t  
i n   t h e   q - d i r e c t i o n  

I n l e t   v a l u e  of v 

V e l o c i t y  of j e t  
injection a t  S o u t h  
and, North wa l ls ,  
r e s p e c t i v e l y  

V o l u m e  of control 
v o l u m e ,   s u r r o u n d i n g  
a grid n o d e  

. 3 6 - c h a r a c t e r   a l p h a -  

" ~. .  - . ~ 

114 



NO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" - 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

"i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVARIABLE  NATURE 

WBAR 

WIN 

WM 

ZD 

ZLAST 

zu 
ZETA 

Z I N J ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z I N J T  

ZRE 

ZEAL ,ARRAY 

iEAL ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3EAL, 

XEAL, ARRAY 

3EAL , 

XEAL, 

3EAL , 
EAL , ARRAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I . -  

STAR 
RATIN1 

. . .  ~ . .  

** * 

* 

* 
** 
* *A 

* 

*** 
*** 

* 

* 

SYMBOL 

W 

5 

MEANING 

V e l o c i t y   c o m p o n e n t s  
i n  t h e   < - d i r e c t i o n  

M ~ & I  v a l u e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof w' across 
ea .ch   p lane  of 
c a l c u l a t i o n  

I n l e t  v a l u e  of w 

M o l e c u l a r   w e i g h t  

Downstream v a l u e  of < 
a t  wh ich  c a l c u l a t i o n s  
are c u r r e n t l y   b e i n g  
performed 

L a s t   v a l u e  of < at  
w h i c h  c a l c u l a t i o n s  are 
t o  be  performed 

Upstream v a l u e  of < 
Non-d imensional  x 
c o o r d i n a t e  

Z - l o c a t i o n  of 
i n j e c t i o n  a t  S o u t h  
and Nor th  walls, 
r e s p e c t i v e l y  

V a l u e s  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz for which 
p r i n t o u t  is  desired 
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APPENDIX D 

L i s t i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof S H I P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

T h e   s u b r o u t i n e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand t h e i r   e n t r y   p o i n t s  are l is ted i n  t h e  
f o l l o w i n g  order. 

1. BLOCK 

2. MAIN 

3. ALLMOD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 BEGIN 

0 GAMOD 

0 GEOMOD 

o UPSTRM 

0 SOMOD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o INJMOD 

0 INJMOT 

4 .  AUX - 
0 DENSTY 

. 0 GAMMA 

0 SOURCE 

0 VISCOS 

e S P E C I E  

5. P R I N T  

6 .  SOLVE 

7 .  STRIDA 

e STRIDO 

0 S T R I D l  

0 S T R I D 2  

8 .  STRIDB 

0 S T R I D 3  

0 S T R I D 4  
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