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F L O W N E T :  A C O B P U T E R  P R O G R A R  ?OR C A L C U L R T I H G  S t C O N D A R Y  

PLOW C O # D I T f O N S  I N  A WETWORK OF T U R B O f l A C H I N E R Y  

J a r e r  A .  Rore 

Le wir R e s e a r c h  C e n t e r  

A B S T R A C T  
4 

A c o o p u t e r  program t h a t  c a l c u l a t e 8  t h e  s e c o n d a r y  f l o w  
c o n d i t i o n 8  i n  a ne twork  of t u r b o n a c h i n e  c o r p o n e n t s  i s  
d e s c r i b e d .  The t y p e s  o f  f l o w  c o a p o n e n t s  t h a t  c a n  be t r e a t e d  
a r e  face ~ e a l s ,  na r row s lo t8 ,  and  p i p e r .  T h e  program i s  
w r i t t o n  i n  b o t h  s t r u c t u r e d  F O R T R A N  ( S P T R A N )  and  F O R T R A N  IV. 

* 0, The program n u r t  b e  r u n  i n  a n  i n t e r a c t i v e  ( c o n v e r s a t i o n a l )  
I mode. 

W 



FLOWNET: A COY PUTER PFOGPAU FOR CALCOLLTLIG StCQQDLPY 

J a m e s  R e  Rorn  

The  c o m p u t e r  progrlraa d b s c r i b a d  i n  t h i s  r e p o r t  c a l c u l a t . e a  t h e  
s e c o n d a r y  flow c o n d i t i o n s  i n  a n e t w o r k  of t u r b o m a c h i n e  
c o m p o n e n t s .  The  t y p e s  o f  c o m p o n e n t s  t h a t  c a n  b e  t r e a t e d  a r e  
f ace  seals, narrow s l o t s ,  a n d  p i p e a ,  The  p r o g r a m  c a n  t r e a t  
n e t w o r k s  c o n t a i n i n g  u p  t o  f i f t y  flow c o n p o n a n t s  a n d  
t w e n t y - f  i v e  unknown n e t w o r k  p r e s s u r e s .  

T h e  p rog ram r e q u i r e s  t h e  n e t w o r k  p a r a m e t s r s ,  t h r  f l a w  
c o m p o n e n t  p a r a m e t s r s ,  t h e  r e s e r v o i r  c o n d i t i o n s ,  a n d  +he gas 
p r o p e r t i e s  a s  i n p u t .  I t  w i l l  t h e n  c a l c u l a t e  a l l  unknown 
p r e s s u r e s  a n d  t h e  mass  f l o w  r a t e  i n  e a c h  f l o w  componen t  i n  
t h e  n e t w o r k .  

T h e  n e t w o r k  s o l u t i o n  i s  o b t a i n e d  u s i n s  a  l e a s t  s q u a r e s  
t e c h n i q u e ,  The n a t h e m 3 t i c a l  models o f  t h e  l e a s t  s q u a r e s  
t e c h n i q u e  a n d  t h a  f l u i d  flow a r e  n o t  c a n t a i n e 3  i n  t h i a  
r e p o r t .  T h e y  a r e  d ~ s c r i b e d  i n  p u b l i c a t i o n s  w h i c h  a r e  
r e f e r e n c e d  i n  t h i s  r e p o r t .  

A p o r t i o n  o f  t h e  c o m p u t e r  p r o g r a m  is w r i t t b n  i n  s t r u c t u r e d  
FORTRAN (SFTRAN). The r e s t  o f  t h e  p r o g r a m  is  w r i t t e n  i n  
FORTRAN IVa 

T h e  p r o g r a m  must ba r u n  i n  a n  i n t e r a c t i v e  ( c o n v a r s a t i o n a l )  
mode. A s a m p l e  p r o b l e m  is i n c l u d e d .  

I N T R O D U C T I O N  

T h e  c o m p u t e r  p r o g r a m  d e s c r i b e d  i n  t h i s  r e p o r t  c a l c u l a t e s  t h e  
s e c o n d a r y  f l o w  c o n d i t i o n s  i n  a  n e t w o r k  3f turbo ma chin^ 
c o m p o n e n t s .  The  t y p e s  a f  c o m p o n e n t s  t h a t  may b e  c o n s i d e r e d  
a r e  s h a f t  f a c e  s e a l s ,  n a r r o w  s l o t s ,  a n d  p i p e s .  The 
m a t h e m a t i c a l  model  f o r  t h e  f l o w  c o n d i t i o n s  i s  d e s c r i b e d  i n  
r e f e r e n c e  1. The  u s e r  may add o t h e r  f low m o q e l s  t o  t h o  
p r o g r a m .  The  way i n  wh ich  t h i s  i s  d o n e  i s  d e s c r i b e d  i n  t h i s  
r e p o r t .  



U r n D U I s n r m  OF THE 
ORIGINAL PAGE IF 1%' It )Ti, 

The approach une3 t o  obtain the  network so lu t ion  i~ an 
i t e r a t i v e  procedure which r e l i e s  on a l e a r t  squrraa search 
technique. The rr therrati ca1 modal8 emplayed by t h e  Icsst 
rguares  rearch technique a r e  preuented I n  t h i s  repor t  and i n  
reference 2. 

FLQWIET i r  comprised of an executive prograa, a flow model 
subroutine,  a  l e a r t  squarer  aearch eubrautin*, and an 
i n t e r p o l a t i o n  routine,  T h e  flow model subrout ine is  a 
modified verr ion of t h e  computer prograa described i n  
refereuce 1, The executive program is writ ten i n  S t r u c t u r e d  
FORTRAN ( S F T R I N ) ,  The r e s t  of t h e  program 8 wri t ten i n  
FORTRAN I V .  

PLOWNET has been r u n  on an IBfl 360167 time sharing syutom a t  
t h e  Lewir Research Center ( r e f *  3 ) .  T h i s  r epor t  i s  intende3 
t o  serve as  a  user ' s  guide f o r  t h e  computer proqram FLOWWET. 

SAMPLE FLOW NCTWOhK 

Figure 1  shows a  t e l a t i v 6 1 ~  simple flow network. There a r e  
two flow paths  i n  t h e  network, The two paths ara  connected 
i n  s e r i e a  between two pressure r e s e r v o i r s  (nodes). The 
assumed mass flow d i rec t ion  is indica ted  b y  the  arrows and, 
of course, + h i s  w i l l  be t h e  d i r ec t ion  of t h e  mass flow i f  
& > Q > P3, An in tege r  has been assigned t o  each n03e. 
T h i s  designate6 the  i n l e t  *;rd o u t l e t  nods numbers of both 
flow paths, 

As an example of t h e  appl ica t ion  of FLOWNET t o  t h i s  network 
assume t h a t  the  pressures  a t  nodes 2 and 7 a r e  known 
( f ixed) ,  Assume, a l so ,  t h a t  no mass i s  l o s t  from t h e  
network. T h i s  requi res  t h a t  the  mass flow i n t o  each node h e  
equal t o  t h e  mass flow out of t h a t  node, I n  t h i s  example, 
t h e  problem is t o  solve f o r  t h e  pressure Pi a t  node 1. T h e  
program FLOWWET solves  f o r  the  p a r t i c u l a r  pressure a t  node 1 
which causes  the n e t  mass flow a t  node 1 +o be zero. ~n 
obta in ing  t h i s  so lu t ion  the  t o t a l  mass flow i n  the system i s  
a l s o  learned. 

ASSUMPTIONS 

To f i n d  t h e  so lu t ion  f o r  a given flow network, several  
assumptions are  msde: 

1. Each node (a point  i n  a flow network where one or more 
flow paths  have an i n l e t  or  o u t l e t  connection) can h e  
t r ea ted  a s  a largz reservoi r  i n  w h i c h  flow v e l o c i t i e s  



a r e  neg l ig ib l r ,  There is, t h u s ,  no ambiguity I n  t h a  
moanings of node temperature and pressure. 

2, A unique, s t eady-s ta t e  ro lu t ion  exists, 
3, The f l u i d  teapmraturo a t  each nodo i s  known and the ta  f o  

no haat  t r a n r f e r  i n  t h e  network. 

The80 a s r u r p t i o n s  allaw tho problem t o  be raduced +o t h e  
s o l u t i o c  of a r o t  of s ~ r u l t a n a o u s  equations, w h i c h  express 
t h e  consorvation of mar8 flow a t  each node i n  t h e  nctwork, 
Tho method used i n  FLOWUET t o  solvo t h i s  s o t  of oquationa i n  
dercr ibed i n  t h e  next sec t ion .  

The rothod used i n  FLOWWGT t o  f i n d  network s o l u t i o n s  i a  
described i n  t h i s  aect ion.  For each flow path i n  the  
qetwork l e t  the  mass flow be givon by t h e  function 
f l i r k ( P t , P  , T ) .  The subsc r ip t  i r e f e r s  t o  the  f l o w p a t h l s  
i n l e t  n o d  and j r c f ~ r s  t o  i ts o u t l e t  nods, Tf a l l  t h e  
pressure3 T?, and temperatures T, a re  spec i f ied  then the  
funct ions  M i ,  say be ~ b t a i n e d  by use of a  flow module (a 
subroutine wh 2 ch c s l c u l % t e s  the  mass flow f o r  a s p e c i f i c  
typo of flow path) .  h t  any node K, which i s  ne i the r  a 
source nor a  s i n k ,  the mass flow equation i s  obtained by 
adding a l l  mass flow i n  flow paths  having the  K t h  node a s  
the  o u t l e t  node and subt rac t ing  a l l  mass flows i n  flow paths 
having t h e  K t h  node a s  t h e  i n l e t  node, t h a t  is, 

where RK i s  ca l led  t h e  r e s i d u a l  a t  t h e  K t h  node. 
Conservation of mass flow requi res  t h a t  = 0 f o r  a l l  K. 
PLOWNET obta ins  the  network so lu t ion  by solving l o r  t h e  s e t  
of pressures  which r e s u l t s  i n  Px = 0 f o r  a l l  K.  

The s t r a t e g y  use3 i n  FLOWNET t o  f i n d  + h i s  network solut ion 
is t h e  leas t -squares  method, I n  t h i s  method the  sum of the  
squares  res iduals ,  

C 
a11 K 

i s  ca lcula ted .  Then a  systematic  search i s  made i n  
parameter space, here t h e  unknown node pressurss ,  f o r  a 
minimum i n  the sum of the squares  r e s idua l s ,  t h a t  is, 

R E  C R: = 23 mtnimum 
all K 



T h e  f i r s t  ret of mags flow f u n c t i o n s  g e n e r a t e d  a n d  uacR t o  
s a t i s f y  e q u a t i o n  ( 2 )  v i a l d a  o n l y  t h e  f i r u t  r p p r o x i n a t l o n  t o  
t h e  correct v a l u e s  of t h e  unknown p r o a s u r e s  i n  t h e  flow 
n e t w o r k .  T h i s  f irst  s e t  of mass flow f u n c t i o n s  i s  g e n e r a t e 4  
u s i n g  u m r  s u p p l i e d  e s t i m a t e s  of the unknown p r e s a u r c s .  
T h u s ,  t h e y  arm n o t ,  i n  g c n e r a l ,  t h c  t r u e  f u n s t i o n s  for t h r  
b a l a n c e d  flow n e t w o r k .  T h u s ,  i t e r a t i o n s  mus t  be p e r f o r m s d  
u n t i l  t h e  v a l u e s  o f  t h e  unknown p r m s s u r o r  f o u n d  by  t h o  
l e a s t - s q u a r e s  s e s r c h  r b u t i n e  a r c  n e a r l y  e q u a l  t o  t h o s e  
v a l u e s  u s e d  t o  g e n e r a t e  t h e  maas flow f u n c t i o n s .  T h e  
i t e r a t i o n s  c o n t i n u e  u n t i l  t h i s  self c o n s i s t n n t  s o l u t i o n  i n  
f o u n d .  

Model  F u n c t i o n  fo r  R a r u  P low 

T h e  l e a s t  s q u a r e s  s t a r c h  r o u t i n e  u s e d  by ?LaWwCT r e q u i r e s  
t h e  p a r t i a l  d e t i v s t i v a s  of t h e  m a s s  f l o w  f u n c t i o n s .  T h e  
mass flow f u n c t i o n s  a r e  o b t a i n e d  from r a t h g r  c o m p l i c a t e d  
a l g o r i t h m s  a n d ,  t h u s ,  z a n n o t  be  B i f f e r e n t i a t e d  a n a l y t i c a l l v ,  
T h e  n u m e r i c a l  d i f f e r e n t i a t i o n  of t h e  n a s a  f l o w  f u n c t i o n s  i s  
s i m p l i f i e d  b y  i n t m d u c i n g  a s i m p l e  m o d a l  f u ? c + i o n  
PI,)(P JPj) d e f i n e d  a s  

w h e r e  t h e  p r e s s u r e  r a t i o  P, l a  e q u a l  t o  Pi /q. W i t h  t h i s  
m o d e l  f u n c t i o n  t h e  p a r t i a l  d e r i v a t i v e s  o f  t e mass  flow 
f u n c t i o n s  c a n  b e  w r i t t e n  i n  terms of o r d i n a r y  d e r i v a t i v e s  o f  
t h e  m o d e l  f u n c t i o n  w i t h  r e s p e c t  t o  t h e  p r e s s u r e  r a t i o  P, . 

G E N E R A L  COMMENTS ON THE PROGRAM 

T h e  e x e c u t i v e  p r o g r a n  is w r i t t e n  i n  S t r u c t u r e d  FORTPAN 
(SFTRAN) r e f e r e n c e  3. An SFTPaN p r e - c o l a p i l e r  i s  u s e d  t o  
g e n e r a t e  a  FORTRAN IV v e r s i o n  of t h e  e x e c u t i v e  p r o q r a m .  The 
test  of t h e  p r o g r a m  i s  w r i t t e n  i n  FOFTPhN I V .  T h e  e n t i r e  
p r o g r a m ,  PLOWNET, h a s  b e e n  r u n  o n  a n  IBM 360/67 time s h a r i n s  
s y s t e m  a t  t h e  Lewis R e s e a r c h  C e n t e r .  F l o w  n e t w o r k s  
c o n t a i n i n g  s e v e r a l  t y p a s  o f  flow p a t h s  c a n  b e  t r e a t e d  by 
FLOVNET. S u b r o u t i n e  QURSZ (ref. 1) i s  u s e d  t o  t r e a t  f l o w  
across face s e a l s ,  t h r o u g h  n a r r o w  s l o t s ,  4nd t h r o u g h  p i p e s ,  
T h e  u s e r  may a l s o  s u p p l y  h i s  own flow module ,  p r o v i d e 3  t h a t  
t h e  modu le  be made t o  c o n f o r m  t o  c e r t a i n  i n t e r f a c e  
r e q u i r e m e n t s  t h a t  a r e  d e l i n e a t e d  l a t e r  i n  t h i s  r e p o r t .  



Flow of P r o g r a m  L o g i c  

T h e  g e n e r a l  flow of t h e  p r o g r a m  l o g i c  is shown i n  f i q u r *  2. 
T h e  e x e c u t i v e  p r o g r a m  r a a d r  t h e  d a t a  r e q u i r e 4  t o  d e f i n e  t h n  
flow n e t w o r k .  T h i e  d a t a  is t h a n  u s e d  by t h e  s x r c u + i v a  
p r o g r a m  t o  m o d e l  the n e t w o r k  for t h e  rest o f  t h e  p r o q t a m ,  
T h e  e x e c u t i v e  p r o g r a m  t h a n  r a k e r  a  rerier a t  c a l l s  t o  t h e  
9 p p r o p r i a t a  flow m o d u l e  t o  c a l c u l a t e  t h e  m a s s  flow f u n c t i o n s  

,j (P i ,PJ ,T)  f o r  e a c h  flow p a t h  i n  t h e  f l o w  n e t w o r k .  To 
c a l c u l a t e  t h e s e  mass flow f u n c t i o n r ,  i n i t i a l  e s t i r m a t c a  of 
t h e  unknown p r e s s u r e s  m u s t  be u s e d .  T h e  u s e r  m u s t  s u p p l y  
t h e s e  estimates. When t h e  c a l c u l a t i o n  of a l t  mass  f l o w  
f u n c t i o n r r  i s  f i n i s h e 9  the  e x e c u t i v e  p roq ra ra  c a l l a  t h e  
n o n - l i n e a r ,  l e a s t - s q u a r e s  s e a r ~ h  r o u t i n e .  T h i s  r o u t i n e  u n c s  
t h e  m a s s  flow f u n c t i o n s  a n d  t h e i r  d e r i v a t i v e s  t o  s o l v e  f o r  
t h a t  set of unknown p r e s s u r e s  wh ich  m i n i m i z e r  t h e  sum o f  t h e  
s q u a r e s  r e s i d u a l s  ( s e e  e q u a t i o n  ( 2 ) ) .  T h i s  se t  of p r a f l a u r s s ,  
however ,  is o n l y  t h e  f irst  c o r r e c t i o n  t o  t h e  u s e r ' s  
e s t i m a t e s  o f  t h e  unknown pressures. To o b t a i n  a  s e l f  
c o n s i s t e n t  s o l u t i o n  t o  t h e  n e t w o r k  a n  i t e r 3 t i v e  scheme i a  
r e q u i r e d ,  T h i s  i t e r a t i v e  s c h e m e  i s  d e s c r i b e d  i n  the n e x t  
s e c t i o n ,  

I t e r a t i v e  S c h e m e s  Used By FLOWNET 

I n  t h e  p r e v i o u s  s e z t i o n ,  t h e  first p a s s  t h r o u q h  a n  i t e r a t i v ~  
l o o p  was d e s c r i b e b .  T h e  i t e r a t i o n s  c o n t i n u e  a s  f o l l o w s ,  see 
f i g u r e  2. T h e  f i r s t  s e t  o f  unknown p r e s s u r s s  c a l c u l a t e d  by 
t h e  l e a s t - s q u a r e s  s e a r c h  r o u t i n e  a r e  u s e d  t o  c a l c u l a t e  a new 
set o f  mass flow f u n c t i o n s .  Then  t h e  l e a s t - s q u a r e s  s e a r c h  
r o u t i n e  i s  c a l l e d  % g a i n  t o  c a l c u l a t e  a set o f  p r e s s u r e s  t h a t  
s a t i s f i e s  e q u a t i o n  (2)  f o r  t h i s  s e c o n d  s e t  o f  mass  f l o w  
f u n c t i o n s .  T h i s  p r o c e s s  c o n t i n u e s  u n t i l  a  p a r + i c u l a t  
b u i l t - i n  c o n v e r g e n c e  c r i t e r i o n  i s  s a t i s f i e d ,  n a m e l y ,  

where ,  
t h e  s u p e r s c r i p t  r e f e r s  t o  t h e  i t e r a t i o n  number,  t h e  
s u b s c r i p t  refers t o  t h e  n o d e  number  a n d  (bp),,,, i s  p r o s r a m  
i n p u t ,  When r e l a t i o n s h i p  (4 )  is s a t i s f i e d  f o r  e a c h  unk?own 
n e t w o r k  p r e s s u r e  t h e  s o l u t i o n  i s  c o n s i d e r e d  t o  be  c o n v e r a e d .  
Note i n  f i g u r e  2 t h a t  t h e  l e a s t - s q u a r e s  s e a r c h  r o u t i n e  i s  
i t e r a t i v e  a lso.  T h i s  i s  b e c a u s e  of t h e  n o n - l i n e a r  n a t u r e  o f  



t h e  unknownr, 



S r v @ r a l  f * a t u r r r  h a v e  b r a n  b u i l t  i n t o  PLoUU*? which  
(1) c a u s e  t h a  mass f l o w  f u n c t i o n s  t o  be moss a c c u r a t e  i n  

t h r  v i c i n i t y  of t h e  r o l u t l o n  after e a c h  o u t e r  i t e r a t i o n  
(2)  p r o v i 8 o  a u t o m a t i c  t r r a t ~ r n t  of flaw r a v b r r a l ,  a n d  
(3) p e r m i t  t h e  u 8 8 r  t o  t t a a t  c 8 e h e r  t y p e s  o f  f l o v  c o m p o n e n t 8  
by a d d i n g  h i s  own flow m o d u l e  t a  t h e  p r o q r a n .  

S o l u t i o n  a c c u r a c y  

r n  g e n e r a l ,  t h e  z o n v a r g a b  r o l u t i o n  w i l l  b e  a c c u r a t e  i f  a l l  
f i n a l  a a r r  flow f u n c t i o n .  arm a c c u r a t e  i n  t h e  v i c i n i t y  of 
t h e  r o l u t i o n ,  T h r  u r e r  c a n n o t  i n s u r e  t h i s  a c c u r a c y  w i t h  
i n p u t  d a t a  (o r  a n y  o t h e r  f e a s i b l e  way) b e c a u s e  t h i s  wau l?  
r e q u i r e  h a v d n g  a good k n o w l e d g e  of t h e  c o n v e r g r d  s o l u t i o n ,  a  
p r i o r i ,  T h a  f i rs t  ac t  of mas8 f l o v  f u n c t i o n s  a r e  g e n e r a t e d  
u r i n g  r ~ t i r a t r r  of t h a  unknown n e t w o r k  p r e s s u r e s  a n d  a  s e t  
of i n p u t  p r e a s u r s  r a t i o s .  T h e r e  p r a s r u r r  r a t i o s  may y i e l d  
mass flow f u n c t i o n s  wh ich  a r e  n o t  a c c u r a t e  i n  t h e  v i c i n i t y  
of the converged s o l u t i o n ,  This d i f f i c u l t y  i s  o v e r c o m e  a @  
follows, A f t e r  e s c h  i n n e r  i t e r a t i o n ,  u p d a t e d  v a l u e s  of t h e  
unknown n e t w o r k  p r r s s u t e 8  a r e  a v a i l a b l e .  These p r e t a u r e s  
are  u s e d  t o  c a l c u l a t e  a  new p r e s s u r e  r a t i o  f o r  each fXow 
p a t h  i n  t h e  n e t w o r k ,  Then  before g e n e r a t i n g  t h e  mass  flaw 
f u n c t i o n 8  f o r  the n e x t  o u t e r  i t e r a t i o n  t h i s  new p r e s s u r r  
r a t i o  is p l a c e d  i n t o  t h e  e x i s t i n g  p r e s s u r e  r a t i o  a r r a y  a n d  
a n  e x i s t i n g  p r e s s u r e  r a t i o  v a l u e  is d i s c a r d e d .  ,bus, a f t e r  
e a c h  o u t e r  i t e r a t i o n  t h e  maas  flow f u n c t i o n s  a r e  more 
a c c u r a t e  i n  t h e  v i c i n i t y  of t h e  s o l u t i o n .  

F low R e v e r s a l  

T h e  p r o g r a m  is a180 d e s i q n e d  t o  h a n d l e  s o - c a l l e d  f l o w  
r e v e r s a l .  T h i s  s i t u a t i o n  o c c u r s  when t h e  u s e r  i n a d v e r t e n t l y  
r e v e r s e s  t h e  d e f i n i t i o n  of i n l e t  a n d  o u t l e t  n o d e s  i n  t h e  
i n p u t  d a t a  so  t h a t  Pi < gut . T h i s  c a n  a l s o  o c c u r  i f  the 
u s e r  e x p e c t s  a p a r a c u l a r  n o d e ,  w h e r e  the p r e s s u r e  i s  
unknown, t o  be an i n l e t  n o d s  a n d  the  c a l c u l a t i o n  { c o n v e r g e ?  
s o l u t i o n )  s h o w s  i t  t o  be  a n  o u t l s t  node .  A q a i n  P1, < Pout 
is o b t a i n e d .  T h e  p r o g r a m  h a n d l e s  these s i t u a t i o n s  h y  
i n t e r c h a n g i n g  t h e  d e f i n i t i o n s  of t h e  inlet a n d  o u t l e t  n o d e s  
cl t h e  p a t h  or p a t h s  i n  q u e s t i o n .  T h e  u s e r  i s  i n f o r m e d  t h a t  
these  d e f i n i t i o n s  h a v e  b e e n  c h a n g e d .  

User S u p p l i e d  Flow Module 

FLOWNST h a s  a p r o v i s i o n  f o r  t h e  user t o  s u p p l y  a n  a d d i t i o n a l  



flow modulo. T h e  urer nay wakt to  conrfd*r flaw compancn*e 
having flow c h a r a c t o r i r t i c r  t h a t  a r e  not 4 @ 1 1 ~ ' t i b b 3  by OflRPC 
{ref .  1) .  A rubcoutino t h a t  dercr ibor  t h e  dosirad flaw 
c h a r a c t o r i r t i c r  ray then bo added b tho urer. T h l r  ursr 
ruppliad flow modulo muut  bo nado t o  I n ta r t acd  w i t h  F L O W W ~ T .  
T h i r  i n t e r f a c i n g  i r  achiovrd a8 folllowr, 

(1) Tho flow module n u u t  ba ca l l ed  SWbFOWTINt RDDFLO.  

(2) Tha f l o v  modulo murt not have an argursnt  vector,  

(3) The following l abe la?  COPlMOW r t a t enan t  n u s t  appear I n  
tho  rubrootine.  

Tho valuer ob a l l  guant i t fou  i n  c a n n o n / n o ~ a ~ ~ / ,  except ?Low, 
a r e  e r t ab l i rhod  by  t h @  oxocutivs program, The valuer of 
tho80 q u a n t i t i o r  dotermino: (1) The purpore of t h e  c a l l  t o  
tho  flow modulo by t h r  executive program ( t h e r e  a r e  thrca  
purporor) and (2 )  tha  v8!uos of t h e  i n l e t  prmsaurc PTNLET, 
t h o  prorsura r a t i o  ? ! t R W ~ 3 ,  and t h e  trmperatura TO, t o  be 
usad by thm flow a o d u l ~  t o  c a l c u l a t e  t h e  mass flow FLOW, 

On a  given c a l l  t o  t h e  flow modulo, the  purpose of the  c a l l  
is  detarninod by  t h e  valuer  of the  i n t e g e r  INPUT, and  t h e  
l o g i c a l  O I L Y I I I .  Uhmn INPUP equals  one and O # L t I #  i a  .TPUE. 
t h o  flow module must road t h e  flow path i n p u t  data and write 
t h i r  data  i n t o  the  high speed p r i n t e r  out,put datasct .  No 
ca lcu la t ion8  need be done on t h i u  call. ijhen INPUT equals  
ona and OHLYIN is  . FALSE. tho flow rnoduls mus t  read t h e  flow 
path i n p u t  da ta  and c a l c u l a t e  the  mars flow. When TWPUT 
equal6 t h r e e  abd O N L T I N  is .FALSE. t he ,  flow module 
c a l c u l a t o r  tho mars flow. The flow path i n p u t  data  m u s t  no t  
be  road on t h i s  c a l l .  The l o g i c a l  RDOWLY always has t h e  
value .TRUE.. The user ' s  flow nodule may do more than 
c a l c u l a t e  mass flow, It may, f o r  example, c a l c u l a t e  r a d i a l  
profiles. RDOULY may be used t o  akip unnecessary 
calculations and/or output. An example o f  hov t h e  
q u a n t i t i o s  i n  CO!¶@ON/?JI~DULE/ a r e  used i n  9 flow module i- 
shown below, 



SUbROUTIll! ADDPLO 

f l 

I? (IUPUT, g Q . 1 )  GO TO S 
I? (IWPUTaEQe3) QO TO 1 0  

5 RtAD THt PLOW PATH IIIPOT DATA 
10 I? (a10Te  01LYIN) GO TO PO 
15 URITL THE PLOW PATH LWPUT DATA 

a0 To 25 
20 COWTtIVt 

HASS PLOW P(POIP3 ,TtHP)  
PLOW u HASS ?L31 
I? (HDOILY) GO TO 23 

l 

(Other calculationr and/or output not derired lor flow 
sat  work usage) 

. 
25 CORTIWUE 

RETURN 
END 



T h e  i n p u t  d a t a  r q u i r o d  by ILOWNtT are  of twa q a n e r a l  t y p e s .  
T h e  f i r a t  t y p e  i r  t h e  tlaw network datr.  T h i s  d a t a  i r  read 
by  t h e  executive p r o q r a m .  W h e t  da ta  r e  re la ted  f o  
r p e c i f i c  flow p a t h 8  I n  t h e  n a t w o r k .  t k i r  flaw p a t h  d a t a  i n  
t e a 4  by r u b r o u t i n e  QU13C. 

n e t w o r k  Data 

T h e  n e t w o r k  i n p u t  d a t a  i 8  r e e d  by t h e  r a i n  p r o g r a n .  T h i s  
d a t r  r u r t  be t o 8 5  f r o m  u n i t  4. T h o  t i r r t  c a r d  i n  t h e  
n o t w o r k  d a t a  is a t i t l s  card. T h o  t i t l o  c a r d  i r  u s e d  t o  
i d o n t i f y  t h e  p a r t i c u l a r  n e t w o r k  t o  ba t r e a t r d .  C a r d  c a l u a n s  
1 t o  72 of o n 0  card may be u s e d  a n d  t h S a  c a r d  18 r e a d  by  
fogmat ( l B A @ ) .  T h e  r rat  of t h o  n e t w o r k  i n p u t  d a t a  is i n  
n a r a l i s t  t o r r a t .  T h e r e  a r a  t h r e e  n a m e l i s t r  w i t h  t h e  naaca 
PATHSP, N O D t S P ,  a n d  PARA!!. T h e  c a r d s  f o l l o w i n c ~  t h e  t i t l e  
card  h a v e  t h e  d a t a  i n  N&!YtLI3T/PATRSP/, T h i a  d a t a  f 6  listrstl 
i n  TABLE X. Tho n e x t  c a r d r  h a v a  t h e  d a t a  i n  
UArlELIST/UQDtSP/. T h i s  d a t a  i r  l i m t e d  i n  m e L C  rx. The 
Pas t  c a r d s  I n  the n e t w o r k  i n p u t  da ta ro t  h a v e  t h e  d a t a  i n  
# ~ M ~ L I S T / P A R A ! I / .  T h i e  d a t a  i~ l i s t e d  i n  T L B L ~  rrr.  

? l o u  P a t h  D a t a  

':,ha flow p c t h  d a t r  m u s t  be  r o a d  from u n i t  5 .  T h i s  d a t e  i s  
read by s u b r o u t i n r  QUASC. Tho  f i rs t  c a r d  r e q u i t e d  by 
s u b r o u t i n e  OUASC i r  a tit10 c a r d .  The  t f t l e  i d e n t i f i e r  t h e  
d a t a  f o r  t h e  g i v e n  flow p a t h .  T h e  t i t l e  c a r d  u a e s  c o l u m n s  1 
t o  72 of o n e  c a r d  a n d  is r e a d  by f o r m a t  (18RQ). The  n e x t  
c a r d s  r e q u i r e d  by  s u b r o u t i n e  QUASC c o n t a i n  t h a  p a r a m e t e r s  i n  
#AAtLIST/SDATA/. T h e a e  p a r a m e t e r 8  are l i s t a d  i n  TAPLE I V .  
Some of t h e  parameters i n  BAfltLI!1T/SDATA/ b i f  f a r  from t h o a e  
i n  t h e  v e r s i o n  of QUASC d e s c r i b e d  i n  r o f e r e n c o  1. 

Also, soma of  t h e s a  q u a n t i t i e s  m u s t  a l w a y s  be  t h e  same v a l u *  
i n  t h e  m o d i f i e d  v e r s i o n  of QWASC u s e d  i n  t h i s  r e p o r t .  When 
t h i s  i s  t h e  c a s e ,  TABLE ?V s h o w s  t h e  v a l u e  t h a t  mus t  be 
u s e d .  The n e x t  c a r d  c o n t a i n s  t h e  i n t e g e r  N J ,  w h i c h  is t h e  
n u m b e r  o f  f i l m  t h i c k n o s s e a  t o  be  c o n s i d e r e d  f o r  a siven flow 
p a t h .  When s o l v i n g  flow n e t w o r k  p r o b l e m s ,  o n l y  one f i l m  
t h i c k n e s s  p r  flow p a t h  c a n  be c o n s i d e r e d .  T h u s  t h e  v a l u e  
of UJ is a l w a y s  1 a n d  is  read by format ( Y 3 ) .  The l a s t  c a r d  
i n  t h e  flow p a t h  d a t a  f o r  s u b r o u t i n e  gUASC h a s  t h e  v a l u e  of 
t h e  f i l m  t h i c k n e s s  antl i s  r e a d  b y  f o r n a t  (F12.6). T h p  

IAHELIST/PDATA/ u s 8 4  i n  p r o g r a m  QUASC (ref. 1) i s  not r~selt 
i n  s u b r o u t i n e  QUASC. 



ii sat  o f  t h e  d a t a  d e u c r l b e d  i n  t h i s  s e c t i o n  m u s t  b e  i n c l u d e d  
i n  t h e  flow p a t h  d a t a s e t  f o r  e a c h  flow p a t h  i n  t h e  flow 
n e t w o r k .  

r i g u r e  3  s h o u s  a  relatively s i m p l e  flow n e t w o r k .  T h e  a r r o w s  
i n d i c a t e  t h e  d i r e c t i o n  of t h e  mar# flow i n  t h e  n e t w o r k .  The 
c i r c l e 4  n u m b e r s  a r e  t h e  i n t e g e r s  a r b i t r a r i l y  a s s i q n c d  +o  
e a c h  f l o w  p a t h ,  N o t e  t h a t  t h e r e  is o n l y  o n e  n o d e  w h e r e  t h p  
p r e s s u r e  is  unknown a n 3  t h i s  mus t  be  numbervd  n o d e  'I .  i s  
t h e  p r e s s u r e  a t  t h e  J t h  n o d e ,  i s  t h e  t o t a l  t e m p e r a t u r e  
of t h e  g a s .  T h e  f i r s t  e s t i m a t e  of t h e  p r r s s u r e  a t  n o d e  1 
may be o b t a i n e d  by a s s u m i n g  a  l i n e a r  p r e s s u r e  d i s t r d h u t i o n  
across p a t h s  1 a n d  3, i f  a  b e t t e r  e s t i m a t e  i n  n o t  a v a i l a b l e .  

T a b l e  V is t h e  s e t  of n e t w o r k  d a t a  wh ich  would  be u s e 3  t o  
describe t h e  n e t w o r k  o f  f i g ,  3. 

FU##XNG THE PROGRAM 

In t h i s  - e c t i o n  it i s  a s s u m e d  t h a t  t h e  r e a 3 e r  is f a m i l i a r  
w i t h  t h e  IBM 3 6 0  time s h a r i n g  system (ref. I;). To i n i t i a t e  
r u n n i n g  FLOWNET it is n e c e s s a r y  t o  d a t a d e f  t h e  r e q u i r r n  
i n p u t  a n d  o u t p u t  d a t a s e t s  a n d  t h e  j o b l i b r a r y  t h a t  c o n t a i n s  
t h e  p r o g r a m  o b j e c t  m o 4 u l e s .  The  flow n e t w o r k  i n p u t  m u s t  b e  
read f rom l o g i c a l  u n i t  U .  T h e  flow modu le  i n p u t  mus t  b s  
read i r o n  l o g i c a l  u n i t  5. L o g i c a l  u n i t s  R a n d  9 a r e  u s e d  
f o r  k e y b o a r d  i n p u t  a n 3  o u t p u t ,  r e s p e c t i v e l y ,  t o  i n t e r a c t  
w i t h  t h e  p r o g r a m .  L o g i c a l  u n i t  6 is  u s e d  for p r o g r a m  o u t p u t  
o b t a i n e d  f r o m  t h e  h i g h  s p e e d  p r i n t e r .  A t y p i c a l  s e t  o f  d a t a  
d e f i n i t i o n s  a r e :  

d d e f  f t 0 4 f 0 0 1 , v s ,  a a t w o r k . i n p u t  
d d e f  f t 0 5 f 0 0 1  , v s ,  f l o w .  p a t h . i n p u t  
idef f t O 6 f  0 0 1 , v s , n e t w o r k .  s o l u t i o n  
d d e f  l i b r a r y ,  vp,ob ject. f l o w n e t , o p t i o n = j o b l i b  

L o g i c a l  u n i t s  8 and  9 a r e  d e f a u l t e d  t o  t h e  k e y b o a r d ,  After 
the a b o v e  d a t a  d e f i n i t i o n s  h a v e  b e e n  p e r f  armed, p r o q r a m  
e x e c u t i o n  is  i n i t i 9 t e 9  by  s i m p l y  a n t e r i n g  t h e  f o l l o w i n q  a t  
t h e  k e y b o a r d ,  

USER: CALL N A I N  (name o f  t h e  main p r o g r a m  o b j e c t  modu le )  

T h i s  command c a u s e s  t h e  f i r s t  se t  o f  m a s s  flow f u n c t i o n s  t o  
be  c a l c u l a + , e d ,  i .e . ,  t h e  f i r s t  o u t e r  t t e r a t i a n  i s  i n i t i a t e d .  
One mass flow f v n z t i o n  i s  c a l c u l a t e d  f o r  e a c h  flow p a t h  i n  
t h e  f l o w  n e t w o r k .  These f u n c t i o n s  a re  c a l c u l a t e 3  u s i n g  t h e  
known p r e s s u r e s  an3 t e m p e r a t u r e s  i n  t h e  f l o w  n e t w o r k ,  t h e  



uwr' . ) # t i m a t a r  of t h e  unknown p r e r r u r e s ,  a n d  t h o  i n p u t  
v a l u o r  of t h e  p r e r r u r e  ra t ios .  Aftor t h e s e  f u n c t i o n s  a re  
c a l c u l a t e d  t h e  f o l l o w i n g  p r o m p t  a p p e a r 8  a t  t h e  k e y b o a r d ,  

HAIU: OUTPUT ?LOW F U f f C T Z O l S  ?OR THIS ITtPATI ON? 

T h o  u r a r  t h a n  r ~ s p o n d r ,  

U S E R :  y (01 n)  

t o  o b t a i ~  {or s u p p r e r r )  t h e  o u t p u t  of t h e  n a s a  f l o w  
f u n c t i o n s  f o r  t h i s  i t e r a t i o n  o n  the  h i g h  s p e e d  p r i n t e r .  
A f t a r  t h i s ,  t h e  n o n - l i n e a r  l eas t  s q u a r e s  s e a r c h  r o u t i n e ,  
UOULIN is c a l l e d  b y  the main p rog ram.  T h i s  i n i t i a t e s  t h e  
i n n e r  i t e r a t i o n s .  T h e  u s e r  i s  p r o m p t e d  t o  i n t e r a c t  w i t h  
NORLIU a s  follows, 

NOULIN: tNTER ( 1 # 2 )  FOR (CO#VERSATTOW, BATCH) 

USER: 1 

~ o t e  t h a t  N O N L I N  i s  a g e n e r a l  p u r p o s e  p r o g r a m c  However ,  
when u s e d  w i t h  FLOUNET it c a n  be u s e d  i n  a  c o n v e r s a t i o n a l  
( i n t e r a c t i v e )  mode o n l y .  T h u s ,  t h e  u s e r  a l v a y s  r e p l i e s  w i t h  
t h e  numbcr  o n e  t o  t h i s  p rompt .  

NONLIN: NEW STARTING VALUES ONLY? 

U S E R :  n o  ( O r  Yes) 

T h e  u s e r  mus t  t e s p o n d  "now t h e  f i rs t  t i n e  t h i s  p rompt  i s  
g i v e n .  A "yesc*  r e s p o n s e  i n d i c a t e s  a d e s i r e  f o r  r e s t a r t  o r  
f a i l u r e - r e c o v e r y  p r o c e a  u s e s .  I n  t h i s  c a s e  NOWLTN would  
i m m e d i a t e l y  p r o m p t  for  a new set  o f  n o n - l i n e a r  p a r a m e t e r s :  
h e r e  t h e  unknown p r e s s u r e s  i n  t h e  flow n e t w o r k .  The  "non  
r e s p o n s e ,  however ,  c a u s e s  t h e  f o l l o w i n g  prompt .  

NONLIN:  ENTER NPt NP, N Q ,  N N t  OR QUIT 

( F o r  a p r o b l e m  h a v i n g  o n l y  n o n - l i n e a r  p a r a m e t e r s ,  t h e  
unknown n e t w o r k  p r e s s u r e s  i n  t h i s  case, NF a n d  NU are  t h e  
o n l y  q u n n t i t i e s  t h a t  h a v e  n o n - z e r o  v a l u e s .  N N  is t h e  number  
of datir, p o i n t s  t o  be  f i t .  NF is t h e  number  o f  n o n - l i n e a r  
p a r a m e t e r s  b e i n g  u s e d  t o  f i t  t h e  d a t a .  T h u s  NtJ a n d  NF h a v e  
t h e  same v a l u e s .  This v a l u e  is e q u a l  t o  t h e  number  o f  
unknown p r d s s u r e s  i n  t h e  f l o w  n e t w o r k . )  

USER: E d a t a  nn-2, n f = 2  Eend 

{ T h i s  r e s p o n s e  i s  f o r  a f l o w  n e t w o r k  w i t h  two unknown 
p r e s s u r e s .  Note t h e  use of NAHELIST/DATA/.  Had t h e  



r e r p o n r a  beon ( t d a t a  q u i t * .  truo. Cend) , t h e  inner i t e r a t i o n  
l o o p  would h a v e  b e e n  t e r m i n a t e d  a n d  a new r a t  of aara t low 
f u n c t i o n s  would h a v r  b a r n  c a l c u l a t a d . )  

The p r o n p t r  a n d  t y p i c a l  r r r p o n r o r  p r o c e a d  am f o l l o w a .  

u s t ~ :  t d a t a  p h i ( 1 )  =200.0, p h i  (2) -25.0 t e n d  

(The p h i r s  a r e  t h e  c u r r e n t  e s t f a a t e s  f o r  t h e  unknown 
p r s s s u r e s .  Aga in ,  note t h r  u s e  of NAMELIST/DATA/) 

IRONLTNt CNTEIR (1,2,3,4)  FOR (GRAD, LIN,SPIRAt, CONP2) 

USER: 3 (or 1 o r  2 of 4)  

(GRAD,LX~~,SPIRAL,  and C O M P ~  are f o u r  d i f f e r e n t  s e a r c h  
t a c h n i q o o s .  The  s e a r c h  t e h n i q u e s  a r e  d o e c r i h o d  i n  Appendix  
A a n d  r e f e r e n c a  2. The user nay  use a n y  o f  them, however ,  
t h e  SPIRAL method h a s  g e n e r a l l y  been  t h e  most s u c c e s s f u l  on 
t h o  p r o b l e m s  s o l v e d  w i t h  FLOWNET fit LeRC.) 

A t  t h i s  $ern+ NONLIN b e g i n s  s e a r c h  p r o c e d u r e s  a c c o r n i n g  t o  
t h o  method a e l a c t e d .  Each t i a e  NONLTN d e t e r m i n e s  a 8ew se t  
o f  PHI v a l u e s  (unknown p r e s s u r e s )  an i n t a r c h r r n q e  t a k e s  p l a c e  
of which  t h e  f o l l o w i n g  i s  t y p i c a l :  

PHI = 2.22054 E 0 2  1 .643043 0 1  

ANSWERS GOOD ENOUGH? 

USER: no (Or Yes) 

NONLINt ENTER (1 2 ,3 ,4)  FOR (GRADrLZN,SPfRALI COMP2) 

USYR: 2 (or 1 o r  3 o r  4 )  

T h i s  f n t e r c h a n g e  c o n t i n u e s  u n t i l  t h e  u s e r ' s  r e s p o n s e  i s  
i n  which case t h e  f i n a l  v a l u e s  of R a n d  PRI a r e  

d i s p l a y e d  a s  f o l l o u s ,  

FINAL RESULTS 

PHI = 2.19386 E 01  
1 .62569 E 01 



whoro R 1s t h o  v a l u e  of t h o  r u n  of t h o  s g u a r o r  r e s i d u a l  
(eqn.  2) a n d  t h o  P H I @ s  rro t h o  r o l o t r d  valuorb of t h o  unknown 
n o t w o t k  p r e s r s r o s .  ( T h e r e  are n o t  n e c a r s a r i l y  t h e  f i n a l  
r o s u l t s  f o r  t h o  c o n r o r g o b  n e t w o r k  r o l u t i o n .  They a r e  t h e  
r o r u l t s  a t  t h o  ond of t h o  c u r r e n t  i n n o r  i t u r a t i o n . )  The 
u r o r  i r  t h e n  prompted w i t h ,  

N O N L I N :  N t W  S T A R T X N G  V A L U t S  ONLY? 

NONLIN: ENTER WF, NP, UQ, N N ,  OR QUIT 

U S t R :  t i d a t a  q u i t  = . t r u e .  t e n d  

A t  t h i r  p o i n t ,  t h o  i n n e r  i t e r a t i o n  $8 s t o p p o d  a n d  p roqram 
c o n t r o l  r r t o r n r  to t h e  o x e c u t i v o  program.  A c h o c k  i r  a a d o  
t h e r e  t o  seo if t h e  c u r t e n t  va . lues  of t h o  unknown pressures 
a r e  s u c h  t h a t  t h e y  may c o n s i d e r o d  t h e  c o n v e r g e 3  s o l u t i o n .  
I f  80, t h i 8  s o l u t i o n  is p r i n t e d  o u t  a n d  t h e  p r o g r a m  c o n e s  t o  
a  t e r m i n a t e d  s t o p .  A l t e r n a t i v e l p ,  i f  t h e  c u r r e n t  v a l u e s  o f  
tho unknown p r e s s u r @ s  d o  n o t  s a t i s f y  t h e  c o n v e r g e n c e  
c r i t e r i o n ,  e q u a t i o n  (i), t h e n  t h e  n e x t  o u t e r  i t e r a t i o n  i s  
begun  by c a l c u l a t i n g  the n a x t  s o t  of mass  flow f u n c t i o n s .  
T h e s e  f u n c t i o n s  a r e  g e n o r a t o d  u s i n g  t h e  s e t  of v a l u e s  of 
unknown pressures j u s t  c a l c u l a t e d  by N O # L I #  ( t h e  l a s t  i n n e r  
i t e r a t i o n ) .  T h e  p r o c o d u r e  j u s t  d e s c r i b e d  c o n t i n u e s  u n t i l  
t h o  c o n v e r g e n c e  c r i t e r i o n  is  s a t i s f i e d .  

OUTPUT 

B e c a u s e  FLOWNET i s  r u n  i n  a n  i n t e r a c t i v e  mode t h e r e  is 
program o u t p u t  a t  t h e  c o m p u t e r  t e r a i n a l  i n  a d d i t i o n  t o  t,he 
h i g h  s p e e d  p r i n t e r  o u t p u t .  The  c o n p u t e r  t e r m i n a l  o u t p u t  a n d  
t h e  h i g h  s p e e d  p r i n t e r  o u t p u t  a r e  d e s c r i b e d  i n  t h e  n e x t  t w o  
s e c t i o n s .  

Computer  T e r m i n a l  O u t p u t  

The p u r p o s e  of t h e  c o m p u t e r  t e r m i n a l  o u t p u t  i s  t o  g i v e  t h e  
u s e r  i n f o r m a t i o n  a b o u t  t h e  s t a t u s  of t h e  s o l u t i o n  a t  t h e  e n d  
of e a c h  o u t e r  i t e r a t i o n .  T h e  first o u t p u t  a t  t h e  t e r m i n a l  
t e l l s  t h e  u s e r  how c l o s e l y  t h e  mass f l o w  c o n s e r v a t i o n  
e q u a t i o n s  a r e  s a t i s f i e d  f o r  t h e  c u r r e n t  se t  o f  mags f l o w  
f u n c t i o n s  a t  each n o d e  where t h e  p r e s s u r e  i s  unknown. T h i s  
o u t p u t  c o n s i s t s  of t h e  f o l l o w i n g  i n f o r m a t i o n  a t  e a c h  n o d e  
where t h e  p r e s s u r e  is unknown. 

1) ND (NET) - T h e  n e t  mass f l o w  (=O. when t h e  mass 



c o n r r r v a t i o n  e q u a t i o n  i r  m t i s f i e d  e x a c t l y . )  
2) Nb(Ir1U) - T h a  n a g n i t u 4 e  of Che s m a l l a s t  maaa f l o w  

cornponen t. 
3) BD(NET)/ND(Mx!t) - T h e  s c a l a d  n e t  mar8  f l o w .  

The  v a l u e r  of t h a  s c a l a d  net m a s s  flows a t e  p a r t i c u l a r l v  
h o l p f u l ,  T h e y  a r e  t h e  b a s t  m e a s u r e  o f  haw c l o a c b y  t h e  mass 
flow c o n r e r v a t f o n  e q u a t i o n 8  are satisfied. T h e  a u n  of t h e  
s q u a r e 8  r s a i d u a l  R ,  a n 3  t h e  v a l u e s  of t h e  n a t  mass f l o w  c a n  
a c t u a l l y  be m i s l e a d i n g  if u a e d  t o  decide how qood thr 
s o l u t i o n  is  b e c a u s e  f hsy are  d i m e n s i o n a l  guan  t i t i r n ,  

Tho n e x t  o u t p u t  a t  t h e  t e r m i n a l  i m  t h e  s c a l a d  v a l u e s  of t h *  
p r e r r u r e  c h a n g e s  from t h e  b e g i n n i n g  of o n e  o u t e r  i t c r a t i o n  
t o  t h o  e n d  of the c o r r e s p o n d i n g  i n n e r  i t e r a t i o n ,  T h i s  
q u a n t i t i y  i s  c a l l e d  D G L T A P P  a n d  is  e q u a l  t o  t h e  l e f t  h a n d  
s i d e  of e q u a t i o n  ( 6 ) .  I t s  v a l u e  a t  e a c h  n o d e  w h c r ~  + h a  
p r e r s u r e  is unknown i s  d i s p l a y e d  a t  t h e  t s r m i n a l .  

H igh  S p e e d  P r i n t e r  o u t p u t  

T h e  h i g h  s p e e d  p r i n t e r  o u t p u t ,  hereafter c 8 l l e d  t h e  c o m p u t e r  
o u t p u t ,  c o n s i s t s  o f  t h s  i n p u t  d a t a ,  c a l c u l a t e d  p a r a m e t e r s ,  
i n t e r m e d i a t e  n e t w o r k  s o l u t i o n s ,  a n d  t h e  c o n v e r u e d  n e t w o r k  
r o l u t i o n .  

The  f irst  p a q e  of c o m p u t e r  o u t p u t  is t h e  i n p u t  r e f e r r o l  t o  
p r e v i o u s l y  a s  t h e  n e t w o r k  i n p u t  (See TABLES T, 11, a n 4  'IrT .) 
The n e x t  o u t p u t  i s  t h e  i n p u t  a n d  c a l c u l a t e 4  p a r a m e t e r s  f a r  
t h e  flow p a t h s .  T h e r e  is  o n e  p a g e  of flow p a t h  o u t p u t  f o r  
e a c h  f l o w  p a t h  i n  t h e  flow n e t w o r k .  P h i s  o u t p u t  is 
described i n  d e t a i l  2n r e f e r e n c e  1. 

T h e  c o m p u t e r  o u t p u t  i n m e d i a t e l y  f o l l o w i n q  t h e  flow p a t h  
o u t p u t  is  p r i n t a f  a a e h  i t c r a t i o n .  T h i g  is t h e  o u t p u t  f o r  
t h e  i n t e r m e d i a t e  n e t w o r k  s o l u t i o n s .  It c o n s i s t s  ~ f ,  

(1) Mass flow f u n c t i o n  i n f o r m a t i o n  and:  
(2 )  Mass flow b a l a n c e  i n f o r m a t i o n .  

The mass flow f u n c t i o n  i n f o r m a t i o n  is p r i n t e d  each i t e r a t f o n  
( i f  t h e  u s e r  asks  f o r  i t ) .  T h e  first l i n e  o f  t h i s  o u t p u t  is 
t h e  p a t h  n u m b e r ,  t h e  i n l e t  p r e s s u r e  u s e d  t o  c a l c u l a t e  t h e  
p a t h ' s  c u r r e n t  mass flow f u n c t i o n s  P ( f N L P r T ) ,  a n d  the  p a t h * -  
c u r r e n t  o u t l e t  p r e s s u r e  P(0UTLET)  . P o l l o w i n q  t h i s  line o f  
o u t p u t  a r e  t h e  c u r r e n t  v a l u e s  of the mass f low f u n c t i o n  
MASS FLOW, a n d  t h 3  v a l u ~ s  of t h e  p r e s s u r e  r a t i o  u s e d  +a  
g e n e r a t e  t h e  mass flow f u n c t i o n s  P F R T I O .  T h i s  mass  f law 
f u n c t i o n  i n f o r m a t i o n  i s  o u t p u t  f o r  each flaw p a t h  !n t h e  
flow n e t w o r k .  



T h e  nara flow balanca information appears noxt i n  t h e  
corputer  output. T h i r  ootput  $6 pr intad a t  t h r  co rp lc t ion  
o f  arch inner  i t e r a t i o n  and i r ,  also,  p a r t  of t h e  corputcr  
t r r r i n r l  output. T h i r  ootput  c o n a i r t a  of the  not r a r r  flow 
a t  rack nodo n D ( N t T ) ,  t h e  rmall8mt narr  flow eonponont a t  
t h e  node RD ( l I l ) ,  and tha  r ca l rd  aaar  flow a t  the  nod@ 
HD ( N E T )  /HD (HZU)  

The f i n a l  computer output  i s  t ho  convrrgrb s o l u t i o n  f o r  the  
flow nrtuork. T h i s  c o n r i s t r  of t h e  following f o r  each flow 
path: i n  the flow netwo~k;  the path number, t h e  i n l e t  node 
nunber I N N O D E ,  tho o u t l e t  nodo number OOT#ODt, the i n l e t  
p ra r ru r r  P ( 1  ULtT) , t h e  o u t l e t  prermuro P(0OTLET)  , and the 
a a r r  f l o r  through t h e  flow path MASS FLOW. L sample problem 
is givon i n  Appendix 8. 



T h i r  a p p e n d i x  c u n t a i n s  a d e r c r i p t i o n  of e a c h  of t h e  t o u r  
p r o g r a m r  t h a t  c o m p r i s e  FLOWNET. A b r i e f ,  q s n s r a l  
U e r c r i p t i o n  is g i v e n  f o r  t h e  flow m o d u l e  oUASC (rrf.  7 )  th.  
n o n - l i n e a r ,  l e a s t  s q u a r e s  s e a r c h  r o u t i n e  U O H t I U ,  a n d  t h e  
i n t e r p o l a t i o n  r o u t i n e  INTERPOL u s e d  b y  FLQWNET. A more  
d e t a i l e d  d e s c r i p t i o n  of t h e  e x e c u t i v e  p r o q r a m  i s  g i v e n .  

T h e  e x e c u t i v e  p rog ram i s  w r i t t e n  i n  S t r u c t u r e d  POPTRAN 
(SPTRIR) . It c o n s i s t s  o f  a  ma in  p r o g r a m  a n d  7 a u b p r c g r a m s .  

T h i s  s e c t i o n  c o n t a i n 8  a f u n c t i o n a l  d e s c r i p t i o n  of e a c h  
s u b p a r t  of t h e  e x r c u t i v e  p rog ram.  

Main Program 

The  m a i n  p r o g r a m  first reads  i n  t h e  flow n e t w o r k  d a t a ,  T t  
t h e n  u s e s  t h i s  3a t a  t o  c o n s t r u c t  a r r a y s  t h a t  p r o v i n e  a  
p r o g r a m  d e s c r i p t i o n  of 4;he n e t w o r k  g e o m e t r y .  After t h i s ,  
t h e  ma in  p r o g r a m  p r o v i d e s  t h e  c o n t r o l l i n g  l o g i c  for  t h e  
i n n e r  a n d  o u t e r  i t e r a t i o n  l o o p a  a n d  checks f o r  c o n v e r g e n c e  
o f  t h e  n e t w o r k  s o l u t i o n  a t  t h e  e n d  o f  each o u t e r  i t e r a t i o n .  

S u b r o u t i n e  MDFUNC 

T h i s  s u b r o u t i n e  is c a l l e d  by  t h e  main  program.  I t  c o n t a i n s  
t h e  c o n t r o l l i n g  loq iz  f o r  c a l c u l a t i n g  t h e  m a s s  flow 
f u n c t i o n s  f o r  a l l  flow p a t h s  i n  t h e  flow n e t w o r k .  After t h e  
mass f l o w  f u n c t i o n s  h a v e  b e e n  c a l c u l a t e d  t h e  u s e r  is 
p r o m p t e d  t o  e n t e r  Y (YES) o r  ??(NO) t o  o b t a i n  o r  s u p p r e s s  t h e  
p r i n t  o u t  of t h e  mass  flow f u n c t i o n s  a s  p a r t  o f  t h e  h i g h  
s p e e d  p r i n t e r  o u t p u t .  T h e  s u b r o u t i n e  i s  c a l l e d  o n c e  p e r  
o u t e r  i t e r a t i o n *  

S u b r o u t i n e  FPRDPR 

T h i s  s u b r o u t i n e  i s  c a l l e d  by  t h e  main p roq ram.  It 
c a l c u l a t e s  a n  a r r a y  of o r d i n a r y  d e r i v a t i v e s  of t h e  a u x i l i a r v  
f u n c t i o n s  Pilj (P,) f o r  each flow p a t h  i n  t he  flow n e t w o r k .  
The a u x i l i a r y  f u n c t i o n  Pi, j (Pr) i s  R e f i n e d  by t h e  model mass 
f l o w  f u n c t i o n ,  



Tb0.0 d e r i v a t i v a s  a r e  obtained by a  nunerf c a l  
d i f f o r o n t i a t i o n  rchare contained i n  the in te rpo la t ion  
r o u t i n e  INTERPOL. Tho ordinary der iva t iveu  of Fi, 3 (P ) a r e  
~ a l c u l a t o 4  a t  oach value of tha prerrura~ r a t i o  currentfy i n  
t h e  prorsurs  r a t i o  array.  Tho p a r t i a l  do r iva t lves  of the 
mass flow funct ion8 are raquirod by t h e  non-linear,  l e a s t  
rquaros search routinm R O N L I N .  They a r e  obtained fron t h e  
nod01 mas8 flow function and t h e  ordinary 4 e r i v a t i v e s  of t h e  
aux i l i a ry  function. T h i s  subroutine i s  c a l l e d  once per 
ou te r  i t e r a t i o n u  

Subroutine YVALUt 

T h i s  subrout ine is ca l l ed  by t h e  non-linear, l e a s t  squares 
soarch tont ine.  I t  i s  used a s  a  means of comaunication 
between t h r  exeeutiva program and t h e  genera l  purpose 
l o a s t ~ s g u a r e s  search rou t ine  NO#LIW. The subrout ine passes 
t h e  following information t o  t h e  search routfne for a l l  
non-fixed nodes i n  t h e  network: 

(1)  The input  values of the  net mass flow, 
(2) The ca lcula ted  value of the  net mass  flow f o r  values of 

the unknown pressures se lec ted  by the  search routine.  
These values a r e  obtained by  i n t e r p o l a t i o n  on t h e  
ar rays  of mass flow functions.  

(3) The p a r t i a l  d e r i v a t i v e s  of the  mass flow function8 f o r  
values of the  unknown preasures se lec ted  by the  search 
rout ine,  These values a r e  obtained by i n t e r p o l a t i o n  on 
t h e  a r rays  of t h e  p a r t i a l  de r iva t ivas  of the mass flow 
functions.  

Subroutine CLOSER 

This subrout ine is ca l l ed  by t h e  main program. I t  i s  ca l l en  
a f t e r  each ou te r  i t e r a t i o n .  A t  t h e  end of each outer  
i t e r a t i o n  new i t e r a t e s  f o r  the unknown pressures  a r e  
avai lab le .  These new i t e r a t e s  a r e  used i n  t h i s  subroutine 
t o  c a l c u l a t e  updated pressure r a t i o s  f o r  a l l  flow paths i n  
t h e  network. These updated pressure r a t i o s  a r e  then 
i n s e r t e d  i n t o  t h e  e x i s t i n g  pressure r a t i o  arrays.  An 
e x i s t i n g  pressure r a t i o  value i s  discarded from t h e  array.  
The  pressure r a t i o  values f o r  each flow path remain 
monotonic increas ing  i n  t h e  array.  

Subroutine FLOWS 

T h i s  subroutine is ca l l ed  b y  SUBROU?' INE Y V A L U E ,  It computes 
a component of mass flow a t  a p a r t i c u l a r  node each time it  
is ca l led .  I t  a l s o  ass igns  t h e  co r rec t  algebraic siqn t o  



t h a  marr flow, The  m a g n i t u d e  of t h e  flow i n  a g i v e n  flow 
p a t h  $8 d e t e r r i n o d  by i n t e r p o l a t i o n  i n  t h e  c o r r r r p o n 4 i n s  
mar8 flow f u n c t i o n  a r r a y .  The  s u b r o u t i n e  i e r  c a l l e d  IT timca 
for  e a c h  n o n - f i x e d  nodo ,  w h e r e  A $8 t h e  number  of flow p a t h s  
w i t h  i n l e t  or  o u t l e t  a t  t h e  n o d e ,  T h e r e  rams flow 
c o r p o n e n t r  a r e  u r e d  b y  SUbROUTIlt YVALUE t o  c a l c u l a t ~  t h e  
n e t  mar8 flow a t  e a c h  n o d e  for t h e  n e t  of p r e r r u r e r  
c u r r e n t l y  b e i n g  u u r d  b y  t h e  l a a r t - a q u a r m s  s e a r c h  r o u t i n e  
BOnLIn,  

S u b r o u t i n e  PDtRIV 

T h i r  s u b r o u t i n e  is called by S U B R O U T I N E  YVALUE, A t  a  g i v e n  
n o n - f i x e d  n o d e  it c a l c u l a t e 8  a l l  r e q u i r e 4  p a r t l a l  
d e r i r a t i v a s  of t h e  m a r s  flaw f u n c t i o n s .  One  p a r t i a l  
d e r i v a t i v e  is c a l c u l a t e d  p e r  c a l l  t o  9 U B R O O T I W C  P D ~ F I V ,  T h e  
a l g e b r a i c  BUR of t h e s e  p a r t i  a1  d e r i v a t i v e s  is t h e  d e s i r e d  
p a r t i a l  d e r i v a t i v e  of t h e  net mars flow f u n c t i o n  a t  a  q i v e n  
node .  

S u b r o u t i n e  BRLARS 

T h i s  s u b r o u t i n e  i s  ca l l ed  by t h e  ma in  p r o g r a m ,  T h e  
s u b r o u t i n e  c a l c u l r t s s  a n d  p r i n t s  mass flow b a l a n c e  
i n f o r m a t i o n  a t  e a c h  n o d e  where t h e  p r e r r u r s  i r  unknown, P o r  
e a c h  s u c h  n o d e  t h e  s c a l e d  a n d  u n s c a l e d  n e t  aass  flow i s  
c a l c u l a t e d  a n d  p r i n t e d  o u t .  T h e  scaled n e t  m a s s  flow a t  a 
n o d e  is a q u a 1  t o  t h e  n e t  mass flow d i v i d e d  by t h e  smallest  
c o m p o n e n t  of t h e  mars flow a t  t h e  n o d e ,  

D E S C R I P T I O N  OF S U B R O U T I N E  O U A S C  

A br ie f ,  g e n e r a l  d e s c r i p t i o n  of t h e  f l o w  m o d u l e  QUASC i s  
g i v e n  i n  t h i s  s e c t i o n .  R e f e r e n c e  1 c o n t l i n s  a c o m p l e t r !  
d e s c r i p t i o n  of t h e  p r o g r a m ,  

S u b r o u t i n e  Q U A S C  i s  a  m o d i f i e d  v e r s i o n  o f  t h e  c o m p u t e r  
p r o g r a m  d e s c r i b e d  i n  r e f e r e n c e  1. I t  i s  c a l l e d  by t h e  
e x e c u t i v e  program.  I t  c a l c u l a t e s  t h e  aass  flow of a v i s c o u s  
f l u i d  t h r o u g h  n a r r o w  p a s s a g e s  w i t h  p a r a l l e l  w a l l s .  However ,  
if on@ a s s u m e s  t h a t  t h e  e q u i v a l e n t  h y d r a u l i c  d i a m e t e r  of a 
n a r r o v  s l o t  e q u a l s  twice t h e  d i s t a n c e  b e t w e e n  w a l l s ,  t h e n  
QUASC c a n  a l s o  b e  u s s d  t o  c a l c u l a t e  flow i n  o t h e r  t y p o s  of 
d u c t s  w i t h  c o n s t a n t  c r o s s - s e c t i o n a l  area. F o r  e x a m p l e ,  a 
p i p e  ( c i r c u l a r  c r o s s - s e c t i o n )  w i t h  r a d i u s  r may be a s s u m e d  
e q u i v a l e n t  t o  a  s l o t  w i t h  a  g a p  e q u a l  t o  r a n 3  a w i d t h  e q u a l  
t o  ~r (so a s  t o  h a v e  t he  same flow srea). 

T h e  m a t h e m a t i c a l  model u s e d  t o  c a l c u l a t e  t h e  mass flow i n  
s u b r o u t i n e  QUASC i s  d e v e l o p e d  i n  r e f e r e n c e  4 a n d  summarize? 

RBPRODUCIBILITY OF T a  
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i n  r e t e r o n c e  1. The  a n a l y r i r  i n c l u d e s  f l u i d  i n ~ r t i a ,  
v i m c o u r  f r i c t i o n ,  a n d  e n t r a n c o  lormor, The modal  i r  v a l i d  
f o r  b o t h  c o m p l e t e l y  r u b r o n i c  tlow a n d  c h o k e d  flow. r t  $8 
a180 v a l i d  for  b o t h  l a m i n a r  a n d  t u r b u l o n t  flow r o g i m s s ,  

It i r  a r r u r o d  t h a t  t h e  flow i n  t h o  real l e a k a g e  flow r e g i o n  
b a h a v e r  a s  a c o n r t a n t - r t e a  a d i a b a t i c  flow w i t h  f r i c t i o n .  R 
q u a r i - o n o - d i m e n r i o a a l  a p p r o x i m a t i o n  is  made w h e r e i n  i t  i r  
a r r u m o d  t h a t  t h e  tlow p r o p e r t i e s  c a n  be d e s c r i b e d  i n  t a r n w  
of t h o i r  crorr-rect i o n a l  a r e r a g e m ,  

Tho f o l l o w i n g  a s s u m p t i o n s  were  mad^ i n  the a n a l y s i s :  

1. T h e  area e x p a n r i o n  d u e  t o  r a d i u m  i n c r e a a e  is n e g l a c t e d ,  

2. The  flow is a d i a b a t i c .  

3. No s h a f t  work is  d o n a  o n  o r  by t h e  r y r t e n .  

4. No p o t e n t i a l  e n e r g y  d i f f e r e n c e  i r  p r e r e n t  s u c h  a8 c a u r e d  
by e l e v a t i o n  d i  f f a c e n c e s .  

5. The  f l u i d  b e h a v e s  a s  a p e r f e c t  q a s .  

6. T h e  s e a l i n g  s u r f a c e s  a r e  p a r a l l e l .  

With  t h e s e  a s s u m p t i o n s ,  t h e  flow is commonly knovn a s  Fanna 
l i n e  flow. 

The se t  of equations i n  t h e  m a t h e m a t i c a l  modal c a n n o t  be 
s o l v e d  e x p l i c i t l y .  Thur ,  b t e r a t i  v e  proccadures  a r e  u s e d ,  

T h e r e  a r e  t h r e e  t y p e s  o f  tlow c o n s i d e r a d :  (1) c r i t i c a l  
flow, when t h e  e x i t  Mach number  i s  1 a n d  t h e  e x i t  p r e s s u r e  
e q u a l s  t h e  a m b i e n t  p r e s s u r e ;  (2) m u p e r c r i t i c a l  flow, when 
t h e  e x i t  Mach number i s  1 a n d  t h e  e x i t  p r e s s u r e  i s  g r e a t e r  
t h a n  t h e  a m b i e n t  p r e s s u r e ;  a n d  (3) s u b c r i t i c a l  flow, when 
t h e  e x i t  Mach number i s  l e s s  t h a n  1 a n d  t h e  e x i t  p r e s s u r s  i s  
e q u a l  t o  t h e  a m b i e n t  p r e r s u r e  ( f l o w  i s  e n t i r o l y  s u b s o n i c )  . 
B e c a u s e  t h e  b o u n d a r y  c o n d i t i o n s  on t h e  m a t h e m a t i c a l  model 
are s l i g h t l y  d i f f e r e n t  f o r  e a c h  t y p e  o f  f l o w ,  t h e  s o l u t i o n  
o f  t h e  e q u a t i o n s  i s  s l i g h t l y  d i f f e r e n t  f o r  e a c h  t y p e .  

N O N L I N  i s  a g e n e r a l  p u r p o s e ,  l e a s t  s q u a r e s  s e a r c h  r a a t i n e .  
I n  t h e  p rogram FLOWNET, t h i s  r o u t i n e  is  c a l l e d  by  t h e  
e x e c u t i v e  program t o  p e r f o r m  t h e  i n n e r  i t e r a t i o n s  (see 
f i g u r e  2 ) .  The  u s e r  i s  first prb.,lptad f a r  i n p u t  d a t a ,  



i n c l u d i n g  i n i t i a l  v a l u ~ r  f o r  t h e  8 t  n o n - l i n m a r  o a r a n ~ t s t r ,  
T h e r e  n o n - l i n e a r  p r r a n a t r r u  are c a l l e d  PHI i n  83ALrB, T h c  
u r 8 r  ir  t h e n  i n v i t e d  t o  c h o o r e  o n e  of f o u r  p a r l r i b L e  t e a r e h  
t e c h n i g u e ~ e  T h e 8 0  r @ t h o b s  a t 8  c a l l e d  G R A D  for t h e  q r a d l r n t  
~ e t k o d ,  L I N  for  t h e  l i n e a r  n o t h o d ,  SPIRAL, ( r a f e r a n c s  2) a 
c o l p t o m i a 0  method a n 3  CONP2 for t h e  r e c o n d  c o m p t o m i s c  
ra t  hod 

NoNLIn firr t  d e t e r m i n e s  t h o  lowort p o r r i b l b  aum o t  s q u a r e s  
r e s i d u a l  A u r i n g  t h r  i n i t i a l  p r r a n a t e t s  PHZ, a n d  than 
a e a r c h e s  f o r  a  st i l l  l o w e r  v a l u e  by m o d i f y i n g  the PRX v a l u a e  
a c c o r d i n g  t o  t h e  s e a r c h  t e c h n i q u e  salacted, 

I f  t h e  me thod  G R A D  is ~ ~ e l e c t e d ,  BONLlR c a l c u l a t r r  a v e c t o r  
w h i c h  p o i n t s  i n  t h e  d i r a c t i o n  of s t r e p e r t  d e s c e n t  from t h e  
c u r r e n t  p o i n t  P i n  n o n - l i n ~ a r  p a r a m e t e r  a p a c e .  An i n i t i a l  
u t e p  i r  t a k e n  i n  t h i s  d i r e c t i o n :  i f  F d e c r @ a a s s ,  a n o t h e r  
s t e p  i r  t a k e n ;  i f  R i n s r e a s e s ,  t h e  d i s t a n c e  is h a l v e d  a n d  R 
c a l c u l u c e d  a g a i n .  T h i s  ?roceaa c o n t i n u e s  u n t i l u  I n  the 
f i r r t  care, R b e g i n s  t o  i n c r e a s e ,  o r ,  i n  t h a  s a c o n d  c a m ,  a 
v a l u e  is f o u n d  w h i c h  l a  lower t h a n  a t  t h e  i n i t i a l  p o i n t  P, 

X f  t h e  method GIN i s  selected,  WBRLIW c a l c u l a t a s  a v e c t o r  
w h i c h ,  when a d d e d  t o  P, g i v e s  t h e  p o i n t  L w h i c h  wou ld  y i e l 4  
a minimum R i f  t h e  l i n e a r  a p p r o x i m a t i o n  were v a l i d .  I f  t h e  
v a l u e  is h i g h e r  thrrn a t  t h e  p o i n t  P, however ,  b a c k w a r d  q t e p s  
a l o n g  t h e  l i n e  LP a r e  t a k e n  u n t i l  e i ther  a lower v a l u e  i a  
f o u n d  or t h e  method is  j u d g e d  t o  be f r u i t l a s s ,  i n  which  c a s e  
t h e  me thod  G R A D  is i n v o k e d .  

Two c o a p r o n i s e  m e t h o d s  a r e  a l s o  a v a i l a b l e ,  I f  9PLPAL i s  
selected, p o i n t s  a t e  s x a a i n a d  a l o n g  a c u r v e  i n  p a r a m e t e r  
space w h i c h  b e g i n s  a t  L a n d  s w i n g s  o u t  sa t h a t  i t  z p p r o a c h e s  
P a l o n g  t h o  d i r e c t i o n  o f  s t e e p e s t  d e s c e n t .  ( A t  the same 
time N O N L I N  e x a m i n e s  a s e c o n d  c u r v e ,  which  i .3  the mirror 
image of t h e  f i r s t  w i t h  r e s p e c t  t o  a l i n e  b i s e c t i n s  t h e  
a n g l e  b e t w e e n  t h e  steepest d e s c e n t  v e c t o r  a n d  the l i n e a r  
v e c t o r , ,  T h e  s e c o n d  c u r v e  i s  e x a m i n e d  u n t i l  the  two 
i n t e r s e c t . )  T h i s  method i s  u s e f u l  when t h e  p a t h  of t h e  
minima l e a d i n g  f ro8  t h e  p o i n t  P t o  t h e  a c t u a l  minimum p o i n t  
c u r v e s  and crosses t h e  l i n e  PL. Tf t h e  f i rs t  a t t e m p t  f a i l s ,  
t h e  s t a r t i n g  p o i n t  (merrsured from P) is t a k e n  t o  b e  h a l f  t h e  
o r i g i n a l  d i s t a n c e ,  a n d  s o  o n  u n t i l  f o u r  s p i r a l s  a r e  
e x a n i n e d .  I f  a l l  f o u r  a t t e m p t s  f a i l ,  t h e  me thod  CPAD i s  
i n v o k e d .  

The  s e c o n d  c o m p r o m i s e  m e t h o d ,  CQflP2, b e g i n s  by f i n d i n q  a 
lower v a l u e  of R a l o n g  t h e  l i n e  of s t e e p e s t  d e s c e n t *  Then  a 
second lower v a l u e  i s  s o u g h t ,  t h i s  time a l o n g  t h e  l i n e  PL, 
I f  b o t h  a t tempts  sre successful, t h e  l i n e  j o i n i n q  the two 
p o i n t s  is  e x a m i n e d  t o  d e t e r m i n e  a s t i l l  l o w e r  v a l u e ;  i f  n o t ,  



i m p r o r a r a n t  a l o n g  t h e  l i n e  of r t e e p o r t  d a r c e n t  I8 u o u q h t  hy 
maanm of RtPZNE, A 1 1  f o u r  a e t h o d r  a v e n t u a l l y  ra te  u s +  of 
I t ? X l t ,  w h i c h  i r  d a r i q n e 8  t o  e x a r i n a  t h c  sum of m q u s r r s  
a l o n g  a g i v a n  l i n e  PP' t o  d e t a r r i n a  a * b a r t f l  v a l u e ,  Tn t h e  
c a r e  of GRAD, LTN, a n 3  SPIRAL, t h ~  p o i n t  P is t h o  c u r r a n t  
p o i n t  a n d  t h e  p o i n t  P9 h a 8  b e a n  d a t e r m i n e d  b y  t h e  s ( b l + c t a d  
n a t h o d g  i n  t h e  c a u a  of CONP2? P b 8 8  t h e  h i g h e r  a n d  Pc t h r  
lowor v a l u e  o f  R for  t h e  tuo p o i n t 8  f o u n 4 .  F i r s t  t h e  
m i d p o i n t  of! PP* i r  a x a r i n e d :  i f  i t 8  r u n  of s q u a r e s  is lawar 
t h a n  a t  Pt, a p a r a b o l i c  i n t e r p o l a t i o n  $8 p e t t o r m e d f  i f  
h i g h a r "  a  p o i n t  r q u a l l y  d f  a t a n t  on t h e  other aicle 01" P t  is 
e x a r i n @ d .  T h i s  p r o c e s s  c o n t i n u e s  u n t i l  a p a r 8  boric 
i n t o r p o l a t i o n  c a n  be  p a r t o r r o d .  T h u  u r a r  i r  t h a n  i n f o r m a 4  
o f  t h a  b e s t  v a l u e  of R f o u n d ,  toget!ier w i t h  t h e  a r r o c i a t e d  
n o n - l i n e a r  p a r a m e t e r  v a l u a r ,  a n 6  i n v i t e d  t o  c o n t i n u a ,  from 
t h i r  p o i n t ?  if d a s i r e d ,  by a g a i n  c h o o n l n g  a r e s r c t i  
t a c h n i q u e ,  I f  t h a  u s e r  i r  r a t i r t i e d ,  h o w e v a r ,  h a  i a  
i n f o r m e d  of t h o  b e a t  v a l u a r  fawn& for  a l l  p a r a m e t e r s ,  a n d  
t h e  f i n a l  rum of s q u a r e s .  

T b e r a  a  two n o r m a r  f a i l u r e  conditions wh+ch I O N L I N  may 
e n c o u n t e r ;  the u s r r  i s  i n f o r m a d  o f  t h a w  by t h e  mcasaqcs 
S I N G U L A R  H A T R I X  o r  STtPG FAILED, a n d  the p r o g r a m  FtOWWFT 
h a l t s .  S i n g u l a t  o r  n e a r - s i n g u l a r  matrices a r e  n o t  uncommon 
i n  l e a s t  s q u a r e r  r e a r c b i n g ,  o f t e n ,  howavar ,  t h i s  f a i l u r e  
c o n d i t i o n  h a s  r e r u l t e d  f tom erroneous n e t u o r k  i n p u t  d a t a  
(sea TABLES I, 11, a n d  111). T h e  Re88aqe  STFPG ? h T L E D  
i n d i c a t e s  C h a t  WONLXI was s e a r c h i n g  t o r  a  minimum i n  t h e  
d i r a c t i o n  of s t a r p a s t  d ~ r c a n t  ( G R A D )  , b u t  was u n s u c c e r s f  u l .  
T h i s  f a i l u r e  s a y  r b s u l t  from g r a n u l a r i t y  i n  t h e  h v p a r s u r f a c o  
w h i c h  #OILIN i r  e x a m i n i n g ,  I t  may b e  t h a t  tha  d i f f i c u l t y  i s  
c o n f i n e d  t o  a s m a l l  r e g i o n  a b o u t  t h e  c u r r a n t  p o i n t  P i n  
p a r a n a t a r  s p a c e ,  a n d  w i l l  n o t  r e c u r  i f  t h e  s e a r c h  i s  r e s u m e d  
a t  a d i f f e r c t  p o i n t .  To d e t e r m i n e  t h i s ,  a f t e r  a  f a i l u r e  
massage is r e c e i v e d ,  t h e  u s e r  n u s t  c h a n g e  h i s  t r i a l  v a l u e s  
o f  t h e  unknown p r e s s u r e s  i n  t h e  flow n e t w o r k ,  T h e  u s e r  i s  
on  h i s  own i f  h e  o b t a i n s  e i t h e r  of thcac f a i l u r e  c o n f l i t i o n s .  

DESCRfPTfON OF INTERPOL 

INTERPOL c o n t a i n s  t h e  i n t e r p o l a t i o n  a n d  n u m e r i c a l  
d i f f e r e n t i a t i o n  r o u t i n e s  u s e d  by PLOWNET. D o u b l e  3 - p o i n t  
L a g r a n g i a n  i n t e r p o l a t i o n  i s  u s e d .  I n  t h i s  method, two 
p a r a b o l a s  are f i t t e d  t o  t h e  g i v e n  d a t a ;  o n e  t o  ths 7 p a i n t s  
c e n t e r e d  below t h e  a r g u m e n t  v a l u e  c u d  o n e  t o  t h e  three 
p o i n t s  c e n t e r e d  a b o v e  the a r g u m e n t .  A w e i g h t e d  average  of  
t h e s e  t w o  v a l u e s  i s  t h e  r e s u l t i n g  i n t e r p o l a t i o n  v a l u e ,  T h i s  
d o u b l e ,  3 - p o i n t  me thod  p r o v i d e s  smoother behavior b e t w e e n  
t a b u l a r  v a l u e s  t h a n  c a n  be  o b t a i n e d  w i t h  s i n g l o ,  3% p a i n t  



L rg r rng i rn  in terpo la t ion ,  Llro,  Chi8 rathod arov2drn a 
funct ion t h a t  h r r  a coatinuoor tlrrt der i v r t i ve ,  

l o l l o w i n g  I# r l irt of robproqrrmr contrAnrd i n  IHTtRPOL, 
Arnurr t h r  t 

L ir an r rgunrnt  t r b l *  arm. 
t i r  r funct ion t r b l o  nanr 

NA ir the length  o f  A 
X i m  the argurant valur  f o r  which the int@rpaTntad 

v r l uc  i a  bar i red 

Then 
?#TRP(C(,?,X,NA) providmr tha value of r r e a l  tunction, 
DNTAP (A ,? ,X , IA)  ptoviden t ha d r r i v r t i v e  of r roe1 function. 

Thara funct ion8 make use o f  f v  othar tonc t ion r  i n  
I l T t R P O L ,  The nnror of thare  o t h ~ r  I u n ~ t i o n r  are: I I T R P A ,  
FNIRPC, DNTRPC, L I B I T ,  and TLU, 



An ex rmple  oi! t h o  u r e  o t  t h o  c o n p u t ~ r  p t o g r r n  FLOWIBT i a  
g i v e n  i n  t h i r  rppmnbix,  Snc luded  rro t h e  flaw network  Ilate, 
t h e  t lo r  p a t h  d a t ~ ,  t h r  c o m p u t e r  t a r m i n r l  o u t p u t ,  and the 
h i g h  r p o e 6  p r i n t e r  o u t p u t  ( compu te r  o u t p u t )  re18 tad t o  t h c  
r r r p t o  p rab lon .  l i g u t r  4 i r  8 rchemrtic r e p r a m e n t a t i o n  af 
t h e  flow natwork  u r o d  to r  the rrmpXo p r o b l ~ n .  Thm unknown 
p r e 8 r u r e r  rra a t  nodor  9 t h r o u g h  6, h r y r t o ~ n  l n l a t  
p r a r r u r o  i r  300 p r i a  and t h e  g a r  u r a d  $8 s ir .  



Network Data  f o r  Sample  Problem 

SAHPLE PROBLCR - U.S. CU!3TORAPY U#rT9 
GPATBSP 1NLET=8,lr 1, 2,2,3, 3e604,SI  

OUT~tT=l~U,2,6,3,9,9~10,5,7, 
PLPTTPrlO*l, SA!IE(1,2) -40 3 A W t  ( 2 , 0 ) = 2 ,  SARE(3r7)=6,  
#TPATH=lOf SAfltPRsT t t # D  

CNODtSP NTNODt=10, FIXCD~b*?, 19*T, HD#CT~25*O 0, T0125*70.Q, 
PRESS-10mOf 25.0, 15.0, 25.0, 2Om0, 15.0, 

14.7, 3O0.Ot 14.70 14.7 tEUD 
GPABAH NPRAT (1) = l O * B  , DGLPHXsO. OS, 

PFAT(I , I )= leO,  1.01, loO9, 1.1, I oS ,  2.0, 3.0, 
4.0 tEND 



Flow P a t h  Data ?or Saapla  ~ r o b l a n  

PIRST QUASC SEAL ( PATH ONE ) 
ESDATA RIIN=2.7, R211=O*Ov RDIF11~0e8 ,  WTDTH=O.O, flOLWT~29 W C ) ,  

CPm0o 24, G l f l H A ~ ' l .  4, !YOSO. 0, SPGGD=Oo O r  CAPV=O. 0, XLARrl .O,  
XTURB=O. 25, C0t?LA!l=24. O r  CONTRB~0.079r RtLAfl=2300 .O, RETOPB=3000.0, 

t PWRSKPsT, PRSSKPmTe NRMSKP+T. PLTSKPPB*T, NOSImT8 $KPHPF, LOSS*f'. ', 
IPATH=l G E N D  

1 
I 0.01 

PIRST VENT - Q PIPES, I D o  SO. S I#., H s O .  25 I N .  ( PATH TWO ) 
ESDATA Rl INs1  w 0, R2IU~O.0,  RDXFIN=41.01 WIDTH=O.785, UOtIT+29.6, 
CP=0.24, GAfl!lAz1.4, ?!0=0.0, SPEtDs0.0, CAPV=6,0, XLAfl~7.0, 
XTCRB=Oo2S, CONLAfl~24o0, C Q N T R B P O ~ O ~ ~ ~  PELAfl~2300 .Q~ RETUPBr3003w3, 
PWRSKP=T, PRSSKPtl, WRASKPsT, PLTSKP+8*T, aOSI=T, SKPHPF, LOSStO. 5 ,  
IP!TH=2 CEUD 

1 
0.250 

SECOND QUASC SEAL ( PATH THREE ) 
ESDATA R I I N = Z c  5, R 2TltO. O f  PDI FIN=O.9, WIDTH=O~O, NOLRT=29m0, 
CP-0.24, GAVflA=I.4, V U ~ O m O t  SPEED=O.O, CAPV=O.O, XLAM=l.Ot 
X T U R B = O .  25, CONthfl=24.0, CONTRB=O.079, RBLRR=23OO 00, RETUFB=3000.0, 
PWRSKP=T, PRSSKP=T, NRMSKPzT, PLTSKP+B*T, UOSI=T, SKPHrF, LOSS=O. 5 ,  
IPATHz3 & E N D  

1 
0.01 

SECOND VEWT - 2 PIPES, I. Ow ~ 0 . 5  I#. , H=0.25TIO. ( PATH POUR ) 
ESDATA R1IN=1.0, R2IN=O*O, RDTFIN=41.01 UIDTH=0.785, MOLaT=29.08 
CPs0.24, G A H f l A = l w 4 ,  M U t O w  O t  SPEED=O.O, CAPV=OoO, XLAM=l.O, 
X T U R B = O .  25, CONLAM=24. 0 ,  CONTRB=O.O79, RELAfl=230O.O, RFTU~B=3000.0, 
PWRSKP=Tt PRSSKP=T, NRHSKPPT, PLTSKP=B*T, NOSI=T, SKPH=P, LOSS=O. 5 ,  
TPATH=4 & E N D  

1 
0.250 

THIRD QUASC SEAL ( PATH PXVE ) 
ESDATA RlfN=2.375, PZIW~O.0, PDTFIW=Ow8, WIDTH=O.O, VOLWT=29.0, 
CP=0.24, G A N N A = l . U ,  flU=0.0, SPEED=O.O, CAPV=O.O, XLAfl=1.0, 
XTURB-0.15, CONtAM=24.0, CO??TRB=O. 079, RELAM=2300.0, RFTUFB=3003.0, 
PWRSKP=T, PRSSKP=T, NRMSKP=T, PLTSKP=S*T, NOSI=T, SKPH=F, LOSS=O. 5, 
IPATH=5 & E N D  

1 
0.01 . 



FIVE EZGBTS PIPEr  I .Da+Oa625 X I * ,  HmOe313 ( PATH J I X  ) 
6SDATA R11#*1 w 0 ,  R211=3.0v RDI?I l+60.0v  lTDrH=0.9b2v !4bLWT~29.0t 
CPe0. 29, GAflMA5S. 4, f l U t O , O ,  S P t t D ~ O . O r  CRPV=o.O, XLARrl . O ,  
XTURB=O. 2 5 ,  c O U L A H ~ ~ ~ .  3, COITRB=Oe079v RtLA!lm2300.0t R!!TftPB+7onflw 0, 
PWRSKPrTI PRSSKPtT, lA!¶SKP+TI PLTSKP=B*T, U O S I E T ~  SKPAoPv LOSStDrnS~ 
IPATH=6 tEWD 

1 
0.313 

SXX - HALP I#CB VSUTS LT EXIT, I.b.+O.S I l a v  H10.25 I#. ( PLTH 5EVCU ) 
tSDATA P l f N = l . O ,  R21#=0.0v RDI?fN=29.O, Y f D l ' H ~ O ~ ~ 8 T v  MOLRT=2Q*Ov 
CP=Oe 24. GAMM A s  1.4 M U = O e O v  SPBED*Oa08 CLPV=O.O, X L I V = I  w O v  
XTURBEO~. 2 5 ,  CONLhM=24w O v  COWTBB=Oo 079 ,  BELANz2300 w O r  FFTUPRt70flOw 0, 
PWRSKP=T, PFSSKPsT, UPNSKPtT, PLTSKPtB*T, l!OSI=T, SKPH=Pv LOSSaO.Sv 
IPATH=7 EEND 

INCH A N D  A HALP L f # E v  1 o D m ~ I e S  I N . ,  H=0.75 IN, ( PATH EIGHT ) 
GSDATA R I I N ~ l w O v  R2II=OmO, RDf? I I= l85 .67 ,  WIDTH~2.36, NOLW?=2~w0, 
CPsOw24, OAMnAtIw4, H U ~ O w O v  SPEEDPO~O, CIPV=OwO, XLAMs1.6, 
XTURB=0.25, CDWLCLR=24.0, C0NTRB=Oe079, RFLA!l=2300.0, RCTUFB=3003.0, 
PWRSKP*Tv PRSSKP=Tw WRNSKPsT, PLTSKP=B*T, NOST=Tv SRPH=F8 LOSS=OwSi, 
IPATH=B SEND 

1 
0.75 

TWO INCH VENT PIPE,  I. Dws2 I W .  Hz1 T I  ( PATA NINE ) 
GSDATA R l I N = l . O ,  R21N=Ob0, RDIFTN=8.O, WTbTHs3.14, 10LWT=2QW6, 
C P ~ 0 . 2 4 ,  G A M N A = I w  4 ,  MUSO. 0 ,  SPEED=O.O, CAPV=O.O, X L A M = 1 . O V  
XTURB=0,25, CONLAM=24.0, CONTRB=0.079, RELAW=2300w0, RFTOPB=3000w0, 
PWRSKP=T, PRSSKP=T, NRP!SKP=T, PLTSKP=B*T, NOST=T, SKPH=F, LOSS=O.5, 
XPATHr9 &END 

1 
1.00 

THREE INCH VENT PIPE,  I. D*=3  I W w  , H=1*5 I N m  ( PATH TEN ) 
ESDATL R l X N = l . O ,  R2fN=O.O, FDfPIN=309.0,  UIDTH=4.71, MOLWT=29w0, 
CP10.24, G A M H A = q .  4 ,  flU=0.0, SPEED=O.O, CRPV=O.O, XLAM=l , O ,  
XTURB=O. 25, CONLAH=24.0, CONTRB=0.079, RELAM=2300 , O ,  FFTUFB=3nnOw 0 ,  
PWRSKP=T8 PRSSKP=T8 NRMSKP=Tv PLTSKP=B*T, NOSI=T, SKPH=F, LOSS=0.5v 
IPATH=lO & E N D  

1 
1.50 



Sample Problom Computer Ta rmina l  O u t p u t  

OUTPUT ?LOU ?UICTIOlS ?OR TUX3 ITtRATIOl? 
Y 
ENTER (1.2) FOR (CO1VtRSATIOIAL~BATCR) 
1 
N t W  STARTING VALUtS ONLY? 
N B ~ ~ ~ ~ ~ I T y  OF THE 
ENTER wF,nPvgQ,~n,  OF QUIT 

O ~ l ~ m ~  PAGE 1s Pnf"' 

t t D 1 T A  UN16, N F s 6  G t N D  
ENTER INITIAL IOU-LINEAR PARAAtTtRS 

EDIT4 PHI+70.Q1 25.0, 15.0, 25.0, 26.0, 15.0 6tUD 
ENTER (1,2,3,4) ?OR (GRAD, L I l ,  SP'IRAL, COAPZ) 
3 

R =  8.4SBt-02 
P H I ~ 6 . 8 1 2 3  01 2,4933 01  logB5E 01 2,5923 01 1 , 7 4 9 3 0 1  1o514 t  01  
ANSWERS GOOD EWOOGH? 
N 
ENTER (112#3,4)  ?OF (GRADvLTUISPIRALICONP2) 
3 

R =  3.5693-02 
PHI= 6.172E 01 2e380F 01 1.4858 01 2.0453 01 1o659E 01 1.528E 01 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1 , 283v4)  FOR ( G R A D ,  LIU,SPXFALtCONP2) 
3 

R =  5.0863-03 
PHI= 6,0693 01 20279t 01  1.4858 01 2.0023 01 1o594P 01  1052bE 01  
ANSWERS GOOD ENOUGH? 
N 
ENTER ( I  ,2#3 ,4)  FOR (GRAD,LZ#,SPIRAL,COHP2) 
3 

R =  1,6313-03 
PHX=6.0933 01 2,274E 01 1,4813 01 1,9363 01 1,586 01 1.522E 01 
ANSWERS GOOD E N O U G H ?  
N 
ENTER ( l V 2 , 3 , 4 )  FOR (GRAD,LXNmSPIRALrCOMP2) 
3 

R =  1,410E-03 
PHI= 6,0543 01 2.267E 01  1.482E 01 1.9143 01 1.581E 01 1.514E 01 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1 ,2#384)  FOR ( G R A D I  Lf N,SPIRAL,COHP2) 
3 

R =  3.0053-04 
' PHI= 6.004E 01 2.2C3E 01 1,4833 01 1,907E 01 1,570E 0 1  1.514E 0 1  

ANSWERS GOOD ENOUGH? 
N 
ENTER (1 ,2#3 ,4)  FOR (GRADILf N,SPTRALvCOHP2) 



REPRODUCIBnm OF THE 
ORIGINAL PAGE: IS POOB 

3 
R* 1,0843-04 

PHI* 6eO133 01 202QBE 0 1  1 ,4623  0 1  1,892Ll 01  1 ,5651  31  1 , C 7 9 E  01 
ANSltRS GOOD ENOUGR? 
N 
ENTER (1 # 2,3,4) 13R (GRAD* & I N ,  SPIRALICONP2) 
3 

R =  6,9323-06 
PHIS 5m991E 01 20 232E 01  l e 4 0 3 t  0 1  1 r e 8 3 t  01 1e563E 0 1  1m'ORR 0 7  
ANSWERS GOOD ENOUGH? 
W 
ENTER (1,2# 3#4 )  P9R (GRADILI#e SPIRALrCC)4P2) 
3 

R =  3.7003-06 
PHI= S .994 t  01 2.2323 01 1.402E 0 1  1,682E 0 1  1.563E 3 1  l , c07E  01 
ANSWERS GOOD ENOUGH? 
N 
ENTtR (1 ,2#  3# 4) FOR (GRID* LINe SFrXRALeCOflP2) 
3 

R P  2.432E-07 
PHI= 5.9973 01 2.2333 0 1  1.4823 0 1  1eb823  01 1,51533 01  1.507E 07 
ANSUCRS GOOD ENOUGR? 
N 
ENTER (1 2,3,4) F3R ( G R R D ,  L I N ,  SPIRALeCOWP2) 
3 

R =  1.2953-07 
PHI= 5.9973 01 2 ,2336  01 1.4823 0 1  1.8823 01  1.563E 0 1  1 ,506E 01 
ANSWERS GOOD ENOUGH? 
N 
ENTER ( 1 t 2 , 3 e 4 )  ?3R (GRADeLIN~SPIFAL,CObP2) 
3 

R P  5.373E-08 
P H I s 5 . 9 9 7 E 0 1  2.2333 01 1m482EOl  I e $ 8 2 ~ 0 1  l m S 6 3 ~ O l  1mSOEiEdl 
ANSWERS GOOD ENOUGR? 
Y 

FINAL RESULTS 

PHI= 5.9967093 01 
2.2326323 01 
1.4821043 01  
1.8817503 01 
1,5631853 01 
1.5063963 01 

FEW STARTING VALUES ONLY? 
N 
ENTER NFINPINQINNI OP DUTT 



WASS FLOW BALANCt IN?OlNATIOW AT NODES 1 TO 6 ............................................. 
N O D E  116, H D ( N  tT) ******** **a**+*  

f 

1 -3 .3263-05 
2 -4.101E-03 

a 3 1 .9923-05  
4 5 ,6623-06  
5 -6 .0263-65 
6 -2,164E-04 

ITERATIOW 1 
#ODt NO, DILTAP/P 

1 1 . 6 7 3 t - 0 1  

SOLUTION N O T  C O N V E R G E D  

B E G I N  O U T E R  I T E R A T I O N  NO. 2 

O U T P U T  FLOW F U N C T I O N S  P 3 R  T H T S  I T E R A T T O N ?  
Y 
B E G I N  NEXT I N N E R  I T E P A T I O N  
E N T E R  (1 , 2 )  F O R  ( C O N V E R S A T L O N A L , B A T C H )  
1 
NEW S T A R T I N G  V A L U E S  O N L Y ?  
Y 

* E N T E R  I N I T I A L  N O N - L I N E A R  P A R A M E T E R S  
C D A T A  P R I = 6 0 , 0 ,  2 2 . 3 ,  14 .6 ,  18 .8 ,  15.6, 1 5 . 0  E E N D  

E N T E R  (1 ,2,3 ,4) F O R  ( G R A D , L I N , S P I R A L ~ C O N P ~ )  
" 3 

R =  1.786E-04 
P H I =  5 ,9993  01 2 .2303 01 1 .4833  01 1 .8943  01 1.563P 01  1 .520E 01 
A N S W E R S  GOOD ENOUGH? 



ENTER (1,2' 3,4) MR (GRAD#LIN, SPIRAL#CO!IPZ) 
3 
Rs 7.277t-05 

PHIS 5.9993 01 20231t  01 1.981E 0 1  l a 8 9 8 3  01 1a562E 0 1  1a ' ; IRt  01 
ANSWERS GOOD ENOUGH? . 
N 
ENTER (1,2, 3,4) FOR (GRAD,Lf#,SPfRAL,CORP2) 
3 

b R =  3.7873-05 
PAT- 5,9993 01 2.2343 01 1,481E 01 1.9043 01 1,563F 61  1 , T l F t  01 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1,2,3,4) ?3R (GRLD,LIN, SOIRAL,CONP2) 
3 

H= 8.3943-06 
PHI= 6.0116 01 2.232E 01 1 . 4 8 l t  01  1 .906t  01  1.565E 01  1.415E 01 
ANSWERS GOOD ENOUGH? 
N 
ENTER ( 1  2@ 3# 4) P3R ( G R A D ,  LIN, SPIRALrCOMP2) 
3 

R =  Ic051E-06 
PHI= 6.007E OI 2.2343 01 1.481E 01  1.9093 01  1 ,5663 01  1oS lS t  01 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1,2s 3"4)  F3R (GRAD,LIN, SPIRAL,COMP2) 
3 

R =  2.3903-07 
P H I =  6,000E 01 2 . 2 3 4 ~  01 1 . 4 8 1 ~  01 1,9096 :1 1 . 5 6 6 ~  01 1 . 5 w e  01 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1,2,3,4) FOR ( G R A D , L I N q  SPIRRL,CONP2) 
3 

R =  8,7513-08 
P H I =  6.007E 01 2.2343 01 1.481E 01 1.9108 01  1.566E 01 1.515E 61 
ANSWERS GOOD ENOUGH? 
N 
ENTER (1,2#3,74) F3F (GRADILIN,SPfRAL,C0flP2) 
3 

R T  l s 8 0 0 E ~ 0 8  
PHI= 6a008E 01 2.2343 01 1,4813 01 1o91OE O l  1.566E 01 lo516E 01 
ANSWERS GOOD E N O U G H ?  
Y' 

FINAL RESULTS 
L 



2,2341193 01 
1,480833E 01 
1.9097813 01 
1.566609t  01 
1.3155203 01 

IEU STARTING V A L D ~ S  o n ~ t ?  
I4 
ENTER U?,NP,NQ*#IV OR QUIT 

EDATA OUIT=T t t # D  * 

NASS FLOU C A L L I C E  ?#?ORRATXON AT N O D t S  1 TO 6 
++*++***+**+*********r**~***************e**** 

NODE UOa MD ( R t T )  
)I******* ******* 

1 -1.2818-05 
2 1,194E-05 
3 -5.7293-06 
4 1,3183-04 
5 1.591E-05 
6 -6,497E-06 



Sanple Probler Fricttr C ~ t p c t  

S.IEPLI? PZOZLEG - U. S. CSCTOEXFf lJ?iTTF 
Pksa  ED. T O D E I I ~ )  rscr: (cur) ?LnlyF ~ Q U ~ W .  ?ATF' 
I*.-*.+* *+*****I ****.*HI I****) ******I***** 

1C2Z YO. FZXED ef;c~u: r * ?,f' qLq5 W L F 3  
* I L L * +  *.t.l.l=+s *w**R**>=rD *w**&~*~ . * *m-  

1 F F.'?C'35 ;2 ~ , - r -0 (1=  r z  C. ?C<" 
2 F "-2535' P'! r , ? ? ~ ~ t  n 2  r 
- P J - 1 L C C f  ri r.*---nf P; C.f?r', 
S f C.2Ef'Z':? C . o a Q S ~  02 r,rn~- - - F ~ . 2 3 c r , z  6: n.-r-c:- ' 2  r,ccntT 
c F ( r . l E C Z 5  52 *,f ~ 0 . j ~  PZ r - r r e r r  
7 'i 2.187CI C f  3,:r>"z ~2 ' . CnOC 
E T C,3?3?5 :3 .̂"YC3 C2 r . yy- 
5 7 c . 1 ~ ~ :  ~2 . - . -sc~f  r~ C, 7-4- 

1 lr T ~ . l @ ? r <  f 2  r .-a n n r  p2  .. ,tcr , 
G F I Z F ?  
!l'fif= lG*&, IC*O 
p;p,;= 1.C. l , c Z f ? C C ,  1.3JCS"$, *.<$FJs', *,=", Z.f, 3.c- i .7 ,  ?*c.*, 2.5 ,  *,rfoc=c 
1,3*:f-;?, l , C S c 2 S G w  1.EC, 2.:. J.Q, B." 2*:,3, 1 - F ,  l . i Y C ~ ' ,  1.?Srrc; - 0  l,ficci=' 

i.ES, 2.c. 3.C. c.?, 2.3.93, 1.3, i . t C = ' T ~ ,  l.Pa'CCF, l.G~=c', 1.50, 2." 3.3 
4.c. 2-0.t. 1.c. ~ .oFc?s~ ,  1, tr";5e, %.c=:cr?, ¶ , ? c 2  2.n. 2.3, 6-2 ,  2*?.Pw 1.p 
1.zo5ic3, t . C l C S I S 5 ,  l.CCC"GL, 1 . tC.  3.*. Y.C. 2*'.C, 1.q- 1.-r'fc3, l - ' y c c = c  
1 , C 3 c $ f G w  1.5C. i.C, 3.C- 2 r C . 3 ,  2.2 ,  l . p f = c c c ,  l , C S * C ~ ~ ,  l."cc*c?. V.f: 
2.2, 3.0, 4.0, 2-0.c. i , ~ ,  ~.C.CLS=C, i , r u s c - ,  i.;coc~s, I.:?, 2 , ~ .  3 , ~ .  c.* 
2-C.4, l.C, 1.FCS'SS. l .P- ;+c? ,  l , V = = ? L ,  l,:", 2.C. : . re  a,', L03*rIm 
DcLV!J=  C.5CE-O1 
6?1= t 
tFnr 



QUASI-OWE DllEDSIOIAL COBPBCSSIBLE ?tOU SEAL ?!!OGSAU 

ISPOT DATA - 

LOSS COB?. 
9.50 

nor rzorn, lrcms 
19.4779 

LOSS COO?, 
0.50 



QUhSI-OIL DI!lEESIOX&L COIPFESSIFLE FLOW SEAL PSbSFlY 

El, ISCBES 
1 .Ol?OO 

62.1 ICBES 
42. CCCO 

LOSS C@EF. 
0.5C 



P?. PSZL 
0.QCC 

FLtil PIDIR. I!liCBBS 
0. GCCC 

?'MU LiBGIi?,IPCEES 
F. ecoo 



OUTPUT DATA - 



ltlPBP DATA - 

FLOW PXD19. IICRES T 0 . 3 5 G  F 
c. ccac 7n.c 

f LOP UIDTB. ISIbS835 
l'i.135t3 



Q U A S I - O N E  PIREISION1L CQ!9P5255iELE FLO3 S5E.L PEOGFX" F I V E - F T G H T C  CIL CPRZ'i. -. D. = 0 . 6 2 c 8  ?=n. 173 (PX?? 

R2. IFCHES 
0 , P O O C  

CF. FTU/L2T-nS; ' 
C.ZC? 

PLOY L S N G T H ,  I N C H M  
6 0 , C O C O  

F13Y WIDTH.  IJCBZS 
n- 5420 

LOSS COEY. 
c,=n 

OUTPUF DATE - 

E 2 .  I N C H E S  
6 1 , C O O O  

LOSS COEF. 
c. 5c 



QUASI-OIE DIPIENSIOIRL COIPKSSSIBLE 

ItiPUT DATA - 
P 1, INCHES 

1.0000 

F2,lRCffES 
c.0000 

PLOY LEIGTH.IRCHES 
24.0000 

FLOW E1DTB.IUCPES 
G."850 

Cf, EO"/Li?l-3fS F 
n.ec9 

PLOW LEIGTB,IICBES 
29. CCOO 

TO.S56 F l I S C O S i ~ ~ . t % - S 3 C f I ! l 2  FLP- 
7C.CGO C.2F83E-CF + n n n e o ~ . r * * o r ~ * o o m m  

S??ED,?FT 

88 
GhS C3LSTABT,LB-FT/LBS-f 

5 3 . 3 F 2 2 2  C , O C C P  a 
LOSS C O F F .  l.?/S=C 

Fs 
C.50 P.bC -68 $F 

****************************** 
* 

m3 t;j 
* 

* - CROKITG FILE THICUEESS 
+ - TFLESIT'DV REGf@* * 
' / - TDPPOLTF:lrr OLOO a: M 
***********.t**********t*l**t* 

FLOW WIDTH* INCBES 
o. iesc  



QUASI-ONE DIIEISIOXAL COBPFESSIBLZ PLOY S EP.L PROGPAH IWCH M C  A BRLP LTWE, I.D.=1.5 TS. FsC.7' fl (W'* V?GBv) 

INPUT DATA - 

E2, IRCEES 
C.OOG@ 

LC55 COBF. 
c.50 

OUTPUT DATA - 

G P S  AREA. I12 
109467.55@0 



IIPUT DATA - 

32, INCHES 
0.0000 

CP. 2'3.l/LE~-DF; ? 
*.2lfi 

PO, ='S I1 
2F.OCC 

RZ.IJCRE5 
9 .COO0 

% FLOP LEGGTB.IICHES 
8 .COO0 

FLCP PIDTR. IICHES 
3 . 1 4 O G  

LOSS COEF. 
0.50 

***.r*****************#******* 
* 

- CROITIG FIL3  VIXCIEFJZ 
* + - TRAKSITTO* F96ICW 

/ - TBFBUt,FK? FLOW a 
D 

*+**~*18r*~****+**i*******e*++ 



QUASI-ORE DIHELSIOl!L CO9PPESSIBLE PLOP ZEAL P P O G F A F  TSEEE I I C A  1FXT PIPE. f . D . = 3  fS. 9=1.5 TJ f?l?Ti FFX) 

I N P U T  DATA - 
R I ,  INCHES 

1. COO0 
PO* P S I I  
25.CGO 

CP. STU/LEl-DFG I 
0,283 

LOSS COEF. 
6-56 

OUTPUT DATA - 

C?. EZUfiB9-DEG 
@.CIJD 

GAS COFSi116T,LB-Ff A E R - F  
53.39222 

LOSS COEF. 
c. 50 



PRATIO 
1. OCC 
1.01C 
1.05C 
1,100 
1.50C 
2.000 
3. OOG 
4. 00C 

PFATIO 
1.eoc 
1.0lC 
1.OSC 
l.lOC. 
1.550 
2.000 
3.000 
4.000 

BASS PLOP 
O.COQ0 
0.1215 
0.2668 
0.363E 
0.6132 
G.6681 
0.6736 
G.Ef07 

PETU UO. 2 P (rwaz~) =to.e 

BASS FLOP 
0. OObC 
C. 1099 
C.2131 
C. 3323 
0.5661 
0.6215 
0.63eE 
0.6344 

PATH ID. 3 ?(IWLET) ='O.O 

HASS FLOP 
C.000C 
C. 2530E-01 
0.55EOE-01 
0.7639E-01 
0.13@6 
0.1639 
0.1673 
C. 1179 



OF AT10 
1. OOC 
1.010 
1.05C 
1, l O C  
1. EOC 
2. OOC 
3.CQO 

%: l..@OC 

BASS PLOW 
c. GOCO 
0,1C5 1E-C1 
C.23e3E-Cl 
0.3513E-01 
C. S533E-C 1 
@.?513?\E-Cl 
0.531tE-Q1 
0.633OE-G1 



PEATLG 
1.000 
1.01G 
1.05C 
1.106 
1.500 
2.00C 
3,000 
4.000 

PEhTIO 
1.000 
1.01C 
1.05s 
1.100 
1.5M 
2. COP 
3.000 S 4. OGC 

FEAT10 
1. QCf. 
1. @*C 
1. Of 0 
l.1OC 
l.fOC 
2. OOC 
3.C0C 
4 .  CQC 

F (OUTLET) =18,7 



PF 9TIO 
1.000 
1.010 
1. OSC 
1.1CO 
1.50C 
2.000 
3.00G 
4. qoc 



YASS FLOP BALLICE IJFCSSiTTO* iT JODES 1 f0 L 
~ . F * I L ~ * * U ~ ~ C ~ ~ C ~ ~ * * * W I . N * ~ * . I C C ~ & * * O ~ U * * * * * *  

SD (EET) 
+nr**r 

-3.326E-C_E 
-a. 161'C-C5 

1.9421-C5 
5.f €22-C E 

-6 -0263-05 
-2. ltUE-Ga 



Z FAT10 
1 . t O C  
1.CSC 
S. 1cn 
1, SGG 
2.POC: 
3.000 
it. DOC 
5.003 

FEET10 
l.COC 
1 , C50 
1. lOC 
l.CO0 
2.Cc'C 
2.6% 
-1. OOC 
a. eoc 

OATH 10, 3 I (IXLZf) =€ C.C 



3ASS PLOP 
0.OPCC 
G.l673!?-01 
G. 3526E-01 
C.Slld5-G1 
C. 673BE-01 
0. BbG7f-C 1 
CI. 9763%-G 1 
C. 1ce7 



P PATIO 
1. @OC 
1. GO8 
1, C1C 
1.CSC 
1.lOC 
1. 5@C 
2. COC 
3. CCC 

PF AT16 
1.L'CC 
1.FlF 
1.025 
1. OSC 
1. 1CC 
1. ECC 
2. OOC 
3, om 





!'T'(XZZ) 
*u*-** 

1.ZEIF-PI 
3. E 37E-02 
$,.7667-C? 
5.4US?-Pl 
f .4lrS I-C 1 
F .'12P-P2 
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5. IBH Syrtarnr Rrferrnoa Library - IDY Tima Sharing Oyrtrm- 
Coanabd Syatrm Urar'r Guide, QC28-2001-9, 10th a d e r  
Aug. 1976. Intarnational Burinarr Yrchinar Corp.0 1976. 



Variable 
nnms 

IWLGT I n t e q e r  a r r a y . ,  X n t e g n r r  q r a o c i r + r 4  v i t h  t h r  i n l e t  
n o 0 a s .  ?WLP?(,T) ! n t h e  in.fi4.t a e s o c l i r r t c d  v i t h  
the i n l e t  n o d e  o f  t h e  J t h  p l + h ,  

OUTLtT f n t e l r o r  a F r a v ,  fn+naara cranacirted v i t h  +h? 
ou+ls  t n 3 d ~ s ,  O f f T L P T  ( J )  is *he lntcarr a r s a e i r l * e d  
v i t h  t h e  b u t l s t  n o d s  of t h e  a t h  a a t h ,  

YLOTYP X n t e n c e r  r r r % y .  I n+aq+ta  ar?@w?!.rfed v i t h  t h l r  tvbw 
of flow t h r o u g h  each p a t h ,  1f PLOrVP (')=?, + h e  
flow t h r o u q h  p a t h  f is deocribrl hv r u h r 3 u t i n a  
oUASC. I!? PLb*YP(I).2,  thcn  +he flaw tktauqh 
p a t h  I i s  ¶ e ¶ c r i h r d  b y  a US@? s u p p l i ~ d  flaw m o d u l e ,  

NTPITH I n t e q c r .  T o t a l  n u m b e r  of f l o w  ~ 4 t h ~  4.n t b a  
n ~ t w n r k ,  (I?er+icsl p a t h -  a t  a n o d e  ?to cnun+@tl 
as one p l + h r )  

SANE TWO 1 ? . ~ ~ n s i a n ? :  t n L r f r c -  a c r ? v .  C 0 r ! ~ a 4  9s * h e  
r u r n h ~ r  3f * q u : v a l e n b  ~ a t h q  s t  b h s  F:?pi n o t e  o* 
these  ~ ~ t h - ,  P ~ Y P ( J , I ) = L  ~ ~ ~ i p s  t h a t  a a + h  n u m h e t  
I cons!s*s of I c q u i v r l l o n t  o r t h s  a n 1  their  in le t  
nod* n u n b s r  LI; d .  ( C t Z c F  ~ O * Q  r 3 t  h a v e  t o  
s p e c i f i e l  i f  the-* n r c  ~o e ? u ! v a l r e t  a ~ t h p . 1  

SAXEPR Loq!,c?l, I f  a c t  .m"I fF . ,  * k e n  3 n l y  nr:Rsu?a 
rati3c f3r t 5 ~  f i r s*  f low o * + h  n u s *  ha i ~ n u +  q n d  
t h e $ +  v a l u e ?  3-6 ~ ~ 0 3  f o r  11: f l o w  u a t h s  i n  C t s  

n e t u s c k .  If s*+ .?ALPE.,  +ban 9 oeb of pressure 
r a t i o s  f3r e q c h  flow m t h  FR t h e  n e t w o r k  m u s t  be i n o u t .  

REPWDUCIBILI OF THE I 

ORIGINAT, PAGP TQ Dnnn 



Vrrir ble 
lrrr 

N T N O D t  Integer. Total  nunhar a t  nodea i n  the nhtv3rC. 

T 0 Peal arrry ,  *a*nl trnpetab~ire t h r  aas  a* cqch 
nod@. TO (,I) f s  +he tsnpernturc rlt nod* 4 7 .  

PIXED Logical rrrav. 16 .?XPD (3) r .  TPL??. , the prraour- 
s t  nadc J in snac5fLcR. T f  F tX fb  (J )= .?Rt@?. ,  + h +  
p r e b s u r *  % t  none ,? i a  an unkrnun ,  

H DtttT Peal a r r sy ,  V-? macra f l o v  at: not8 J. T* 'Jbh'*T(J) V n . ,  
thsn nene ,7 $ 9  a rourcc or a rink. f REwFm(.7)  an,, 
thsn no nqsa !.s 'sken from the ndhwark s* naqe J. 

muqt ha ~ o s l t i v r !  i f  lnaas i s  +akcn from *he 
network 3 t  n04e  and n q q a t i v d  i f  mars I s  a d d e d  + a  
t h e  n@+w3r4  4 $  n348 J.) 

PRESS Fed1 atr sy ,  C o ~ t a i n e  + t e  v z l u a s  of +he ~ t ~ s s e r e a  
a t  eacb n34e t a  t k f i  n c t ~ o : b .  I f  +heye a t e  Y V  
unknowc (nsn-fixs~) p r w s u r s s  t h e n  + h e  first  KQ 
values i n  t h e  o?sss arr4y $352 be t h ~  user SUPPLICS, 
i n i t i a l  t!8timstes of chase NU u3known prreaurer. 



lPRLT Integer r r r r v .  can+a l ra  thc  n u ? b r t  a t  p r r s a u r ~  f9f i I  
r a t i o s  bo h e  tasrl, a+ a qlvcn i n l e t  ptcrsurr ,  t e  
qencrate t h *  mans flow lunc t i a sa  for 06ch f lov ~ q b h ,  
I f  N P P P T ( ! ) m V ,  then tbe ds*cte*r  maar f lov iunctfcn 
for path I ?.a qen@tntrd from w v l lu*r  af t h s  
prossuro r a t l a .  

PRAT Two dfean*?onll r e e l  n r r~v .  C o n t a i n *  the valara  
of the  prosnut. rat508 + h a h  w!ll he u s 9 9  +o 
c a l ~ u l n t e  +he  maRs Claw functjbno f o r  each flew 
path. P ~ ~ T ( L , ; I )  j ? ~  tho t t h  valttm of the prarsur* 
r a t i o  f ~ r  the J t h  path, For each flow pqth, t h e  
f i r a t  value i n  *hc prcrsur* rst9.0 e t r a v  nust he 
1.0, and +ha nrossurc r a t i o  valubs must be 
monotonic inareasinq.  

DtLPNX llne3 a r  a oonvcrgcnce c r i t s r i o q .  ? ?  t h .  scalod 
pressue a t  each non-ffwrd no4c chang*n hy l e r ~  
t h a n  t F 6  value of D E L P W  from one ou te r  
i t e r a t i o n  t:, the next *.hen t h r  rolution I r  con- 
eidaretl cbnveros4. 

NPX Integer .  ?he numhs~ o f  unknown aremsurer fn t h e  
flow networl. ( T h i s  i s  ca lcula ted  by F L O W V T )  

REeRoDUCIBILrn OF m 
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SKPH 

LOSS 

XPATH 

Loqiea l .  v a r i a h l ~ .  . F @ f t r * ,  
calculations i n v o l v i n o  p a v w  
are nk! ppcd 

L a q i ~ a l  v a t i a h l r .  f f  ,Tnl tp , ,  
n e r m r l i z m 4  v a l u e s  oe s r a l i n q  O q m  
farce a n d  center of p r s r r l t r c  arr 
s k i p p a d  

Loqlcrl v a r i a h l r .  f t  a r t  .TPflP. 
p r i n t o u +  b r  4 i l r t r i h n t i . a n n ,  ~ 7 t a s q  
face of r . 8 1  w l l !  ha amit++3. 

Arrry aC 8 i g h t  l a l i c a l  v a r i a b l * r .  
I f  a l l  c i q h +  arc r e t  no 
p l o t s  e r a  ma4e. 

L o q i c a l  v a r l a b l r .  ? t  .TPlld. n o  
f j l m  t h l c k n c e n  d a t a  w i l l  h* t e a ? ,  

t o q i c a l  v q r l a b l e .  T t  set  . T e l J F . ,  
i n p u t ,  f n t e r n a l  c a l c u l a t i o n n  i n 4  
o u t p u t  arm i n  U.S. un5 ta .  I* e a t  
.PALPE., i n p u t ,  i n + r r e a l  
c a l c u l a t i a n l r ,  a n 4  o u t p u t  ore !n' 5f 
u n i t s .  

Eattancc v e l o c l f y  ?asc coef c i e i e n t  

I n t e q r r  a a s i s n c d  t o  t h *  f l a w  p a t h .  
(Usrd o n l y  t o  i d e n + i f y  * h e  f la ts )  



'TABLE IV - VrrLsbleu i n  W~!l*tI$T/Sbl?R/ 

Variable 
nrrr 

RIIW tnnrr raSiur of sea l  

RDIfIW flow l *nqth  

WIDTH Yean flaw wfl+h 

HOLWT nolreular weight 

N U  s r r e r v ~ j  r vf qchai$v.  *be p r ? g r ¶ a  
will c a l s u ? e * . n  M' l  *or 8j.t h a t  n o t  
for  0 t b ~ t  q144h 

CAPV Fzal face tared 

XLAN E x p o n @ t t  I n  f r i c ' l a n  f a c t o r  - 
Reynold9  number t a l a t i ' o n  for 
laminar flow ( e q ,  1 n  a ?  I" 1) 

CONLAM constar+ !,> *r!c-io?. " + r c e r  - 
P e y n a l f i ~  numhgr r c l 3 t i a n  f o r  
laminar flow 

X T U R B  Exponer+ i n  *r j . cb io~  factor  - 
?cyn61?$ nuf lbsr  relntf  on f o r  
turhulert ?!ow 

CONTRI!  Cor,sL~+r-,  4 r, f z t  6-* (:t ' 9 c t g ~  - 
Feycold: re l r  b u r  r~???+io? ,  # o r  
turbulent flaw 

RELAH Waxisur bavnold~ number for 
laminar flow 

RETURB minimum Qeynolds nunhcr for 
turbulent flow 

BEPRODUCIBILITY OF THR 
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Sample Flow Network 

FIGLIRE 1 

Node 2 I 
FLOW 

0 PATH 
1 

Pa (Fixed) P 1 (Unknown) P 8 (Fixed) 
T2 (Known) T 1 (Known) T I (Known) 

FLOW 
PATH 

2 

NOR 1 - 
w - 

Node 3 



o f  t h e  Unknown Pressures  and 

IOUTER~IOUTER+l 

C a l l  ADDFLO to1 
Calculft te  M ~ s s ~  

flow func t ion  t h i s  Plow Path Flow Function 
f o r  t h i s  Path f o r  t h i s  Path 

! 
I 

4 
I--- 

Path No, 
Path No.+l I 

IINNBR*1 
ruse Least -Sauares 

I Search ~ e c h n i q u e  t o  
Minimize t h e  Sum of  * 
Squares Residuals 1 
I s  t h e  Sum of 
Squares Residuals 
Minimized? 

P re s su re s  Nearly 
Equal t o  Values of 
Old Pressures?  

Yes 

I Output Network 
Solution I 

Funct ional  Flow Chart for t h e  Program Flownet 

FIGURE 2 



Node 2 Pace Seal 

= 100 
250' 

--1--- 

-vent ~ i r e . 1  
(Identica ) 

Face Seal - *..). 

P, - Unknown 
T, = 2 5 0 . ~  

Node 4 --- 0 
R, 1 4 . 7  psi:% 
To 2 5 0 ~ 1 :  

Example Flow Network 

FIGURE 3 



= 14.7 ps ia  

P,= 14.7 psia 

P 

BATH 6 

N w 1- Pipe 
,, g .l).=Oofi.2S" 

PAni 1 PATH 3 - 

@ 
J 

300 psia 6-Pipes 
, l - D *  = 8-5" 

L = 25'" 

Flow Network for Sample Problem 

FIGURE 4 
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