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1 
INTRODUCTION 

T h i s  r e p o r t  has been p repared  b y  C leve land  S t a t e  U n i v e r s i t y  f o r  NASA Lewis  

Research Center  t o  r e c o r d  t h e  work done and t o  se rve  as documenta t ion  o f  t h e  

computer programs p repared  under c o n t r a c t  NCC3-17. 

Under suppor t  c o n t r a c t  C-44219-D, energy, mass, and e l e c t r o c h e m i c a l  

a n a l y s i s  i n  t h e  r e f o r m e r ,  t h e  s h i f t  c o n v e r t e r ,  and t h e  f u e l  c e l l  module were 

combined t o  deve lop a  mathemat ica l  model f o r  t h e  performance o f  t h e  phosphor i c  

a c i d  f u e l  c e l l  system wh ich  i s  d e p i c t e d  i n  F i g u r e  1. 

The p r i m a r y  o b j e c t i v e  of  t h e  work performed under c o n t r a c t  NCC3-17 was t o  

d e r i v e  t h e  mathemat ica l  model and t h e  a s s o c i a t e d  d i g i t a l  computer program f o r  

o p t i m i z i n g  c o s t  and e l e c t r i c  energy  o u t p u t  o f  t h e  phosphor i c  a c i d  f u e l  c e l l  

system. To ach ieve  t h i s  o b j e c t i v e ,  a l l  e q u a t i o n s  r e l a t i n g  t o  system per form-  

ance which  were d e r i v e d  under t h e  p r e v i o u s  c o n t r a c t ,  were i n t e g r a t e d  i n t o  a  

computer program t h a t  de te rm ines  e l e c t r i c  o u t p u t ,  h e a t  g e n e r a t i o n  r a t e ,  and 

t h e  e f f e c t s  on system per formance o f  such parameters as o p e r a t i n g  p r e s s u r e  and 

temperature ,  r e f o r m e r  h e a t  t r a n s f e r  area, and hydrogen f r a c t i o n a l  u t i l i z a t i o n , .  

I n  a d d i t i o n ,  t h e  ma themat i ca l  and a s s o c i a t e d  d i g i t a l  computer models were 

d e r i v e d  f o r  t h e  power processor ,  system components and o p e r a t i o n  c o s t s ,  and 

o p t m i z a t i o n  of f u e l  usage and c o s t  o f  e l e c t r i c  energy  o u t p u t .  

The p r e s e n t  r e p o r t  d e s c r i b e s  j u s t  t h e  b a s i c  per formance model o f  t h e  f u e l  

c e l l  system, and t h e  computer programs w r i t t e n  f o r  i t s  analyses.  Other  

r e p o r t s  a r e  b e i n g  p repared  f o r  t h e  c o s t  and o p t i m i z a t i o n  programs, wh ich  a r e  

hos ted  b y  t h e  b a s i c  per formance code, and f o r  more d e t a i l e d  s t u d i e s  of 

subsystems such as t h e  f u e l  c e l l  s tack ,  t h e  f u e l  re fo rmer ,  and t h e  h e a t  

exchanger network  o p t i m i z a t i o n .  



A l i s t i n g  o f  t h e  s teady  s t a t e  per fo rmance lumped model i s  i n c l u d e d  a t  t h e  

end o f  t h e  r e p o r t .  I t  b e g i n s  on page 81. 

I. SYSTEM DESCRIPTION 

As shown i n  F i g u r e  1, methane wh ich  i s  c i r c u l a t e 6  b y  compressor (C) i s  

p rehea tea  b y  h e a t  exchanger E-1  p r i o r  t o  m i x i n g  i t  w i t h  t h e  super hea ted  steam 

which  r e c e i v e s  i t s  h e a t  b y  p a s s i n g  t h r o u g h  n e a t  exchanger E-9. B e f o r e  e n t e r i n g  

t h e  r e f o r m e r ,  t h e  methane steam m i x t u r e  i s  hea ted  v i a  h e a t  exchangers E-2 and 

E-3. I n s i d e  t h e  r e f o r m e r ,  methane i s  c a t a l y t i c a l l y  re formed b y  r e a c t i o n  w i t h  

excess steam t o  proauce ca rbon  monoxide, ca rbon  d i o x i a e ,  and t h e  d e s i r e d  pro-  

duc t ,  hydrogen.  The e f f l u e n t  f r o m  t h e  r e f o r m e r  i s  c o o l e d  b y  f l o w i n g  t h r o u g h  

h e a t  exchanger E-2 b e f o r e  i t  e n t e r s  t h e  h i g h  tempera tu re  s h i f t  c o n v e r t e r  S-1. 

The f u n c t i o n  o f  t h e  h i g h  tempera tu re  s h i f t  c o n v e r t e r  i s  t o  i n c r e a s e  t h e  hydro-  

gen c o n c e n t r a t i o n  and t o  reduce  t h e  ca rbon  monoxide c o n c e n t r a t i o n  o f  t h e  

r e f o r m e r  gas e f f l u e n t .  The tempera tu re  o f  t h e  e f f l u e n t  f r o m  t h e  s h i f t  conver -  

t e r  S -1  i s  t h e n  reduced  by  p a s s i n g  t h r o u g h  h e a t  excangers E-1, E-9 and E-6 

b e f o r e  e n t e r i n g  t h e  low t e m p e r a t u r e  s h i f t  c o n v e r t e r  5-2. The l ow  t e m p e r a t u r e  

s h i f t  c o n v e r t e r  f u r t h e r  i n c r e a s e s  t h e  hydrogen c o n c e n t r a t i o n  by  p r o m o t i n g  t h e  

s h i f t  r e a c t i o n  a t  a l ower  o p e r a t i n g  tempera tu re .  The e f f l u e n t  f r o m  t h e  low 

tempera tu re  s h i f t  c o n v e r t e r  t h e n  e n t e r s  t h e  f u e l  c e l l  c o n t a i n i n g  H2, CG, CH4, 

C02 and H20. The f u e l  c e l l  c o n v e r t s  i n p u t s  o f  hydrogen ana oxygen t o  LC power, 

w a t e r  and hea t .  Oxygen i s  d e l i v e r e d  t o  t h e  f u e l  c e l l  b y  a i r  compressor k ,  

which  a l s o  p r o v i d e s  a i r  t o  t h e  re fo rmer  o u r n e r .  The spen t  f u e l  f r o m  t h e  f u e l  

c e l l  anode goes t o  t h e  b u r n e r  a f t e r  m i x i n g  w i t h  a i r  s u p p l i e d  b y  compressor A. 





B e f o r e  e n t e r i n g  t h e  bu rne r ,  t h e  m i x t u r e  i s  p rehea ted  b y  t h e  b u r n e r  

e f f l u e n t  v i a  h e a t  exchanger E-4 .  The spent  f u e l  i s  t h e n  burned w i t h  whatever  

a d d i t i o n a l  methane i s  needed t o  p r o v i a e  t h e  t h e r m a l  energy  necessa ry  f o r  t h e  

r e f o r m e r  r e a c t i o n .  

Heat  gene ra ted  i n  t h e  f u e l  c e l l  i s  removed b y  h e a t  exchangers E-7  and E-10. 

Heat  f r o m  h e a t  exchanger E-7 can t h e n  be  u t i l i z e d  i n  i n d u s t r i a l  h e a t  p r o c e s s i n g  

o r  space h e a t i n g  and c o o l i n g ,  w h i l e  exchanger E-10 i s  used t o  p r e h e a t  t h e  wa te r  

s u p p l i e d  b y  l i q u i d  s e p a r a t o r  Q t o  p r o v i d e  t h e  necessary  steam needed f o r  t h e  

r e f o r m i n g  process .  The e f f l u e n t s  f r o m  t h e  b u r n e r  and f u e l  c e l l  ca thode  w i l l  

have t h e i r  wa te r  removed and sepa ra ted  b y  condenser E-5 ana l i q u i d  s e p a r a t o r  Cj 

b e f o r e  a l l o w i n g  them t o  be exhausted t o  t h e  atmosphere. 



11. PERFORMANCE MATHEMATICAL MODEL 

The ma themat i ca l  model deve loped p r o v i d e s  t h e  b a s i s  f o r  d e t e r m i n i n g  f u e l  

c e l l  v o l t a g e ,  c u r r e n t ,  and h e a t  g e n e r a t i o n  r a t e  i n  te rms o f  such parameters  as 

f l o w  r a t e ,  f u e l  compos i t i on ,  o p e r a t i n g  tempera ture ,  o p e r a t i n g  p ressu re ,  

r e f o r m e r  h e a t  t r a n s f e r  parameters ,  and steam-methane r a t i o .  

I n  t h e  d e r i v a t i o n  o f  t h e  ma themat i ca l  model, s e v e r a l  s i m p l i f y i n g  assump- 

t i o n s  were made. These assumpt ions  i n c l u d e :  one-dimensional ,  s t e a d y  s t a t e  

f l o w  o f  a l l  gas st reams, i d e a l  gas b e h a v i o r  of a l l  gas components, and a 

" lumped parameter "  f u e l  c e l l  s t a c k  model. 

The f o l l o w i n g  s u b s e c t i o n  w i l l  c o n s i d e r  t h e  d e r i v a t i o n  o f  mass and energy  

b a l a n c e  e q u a t i o n s  f o r  t h e  gases and t h e  d e s c r i p t i o n  o f  t h e  g o v e r n i n g  e q u a t i o n s  

f o r  t h e  system o u t p u t  c h a r a c t e r i s t i c s  ( v o l t a g e ,  c u r r e n t ,  and h e a t  g e n e r a t i o n ) .  

2 .1  Mode l i ng  o f  F u e l  P r o c e s s i n g  Subsystem 

P r o d u c t i o n  of hydrogen,  wh ich  i s  t h e  ma jo r  f u n c t i o n  o f  t h e  f u e l  p r o c e s s i n g  

subsystem, o c c u r s  by r e a c t i o n  of t h e  f u e l  w i t h  steam. The ma jo r  components i n  

t h i s  subsystem a r e  t h e  re fo rmer ,  t h e  h i g h  tempera tu re  s h i f t  c o n v e r t e r ,  t h e  l ow  

tempera tu re  s h i f t  c o n v e r t e r ,  and s e v e r a l  h e a t  exchangers.  

2.1.1 Heat Exchanqer 

A z e r o  c a p a c i t a n c e  s e n s i b l e  h e a t  exchanger i s  modeled i n  t h e  doub le-p ipe  

c o u n t e r  mode. 



F o r  t h e  c o u n t e r  mode, g i v e n  t h e  h o t  and c o l d  s i d e  i n l e t  t e m p e r a t u r e  and 

f l o w  r a t e s ,  t h e  e f f e c t i v e n e s s  i s  c a l c u l a t e d  f o r  a  g i v e n  f i x e d  v a l u e  o f  t h e  

o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .  The ma themat i ca l  d e s c r i p t i o n  wh ich  f o l l o w s  

i s  cove red  i n  d e t a i l  i n  Re f .  1. 

where Cc: 

Ch: 

Cmin: 

Cpc: 

Cph: 

E : 

Flh: 

QT : 

T c i  : 

A mi n  
E = 1-e 

U A - -  ( l -Cmi  JCmax ) 

I c  ) e  
'mi n  

'-('mi" max 

c a p a c i t y  r a t e  o f  f l u i d  on c o l d  s i d e ,  McCpc, J/s-K 

c a p a c i t y  r a t e  o f  f l u i d  on  h o t  s i d e ,  MhCpc, J/s-K 

maximum c a p a c i t y  r a t e ,  J/s-K 

minimum c a p a c i t y  r a t e ,  J ls-K 

s p e c i f i c  h e a t  o f  c o l a  s i d e  f l u i d ,  Jlg-K 

s p e c i f i c  h e a t  o f  h o t  s i d e  f l u i d ,  Jlg-K 

h e a t  exchanger e f f e c t i v e n e s s  

f l u i d  mass f l o w  r a t e  on c o l a  s ide ,  g l s  

f l u i d  mass f l o w  r a t e  on h o t  s i d e ,  g / s  

t o t a l  h e a t  t r a n s f e r  r a t e  ac ross  h e a t  exchanger, J / s  

c o l d  s i d e  i n l e t  t empera tu re ,  K 



Tco: c o l d  s i d e  o u t l e t  tempera ture ,  K 

T h i :  h o t  s i d e  i n l e t  tempera ture ,  K 

Tho: h o t  s i d e  o u t l e t  tempera ture ,  K 

UA: Z 
o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of exchanger,  J l m  -s-K 

2.1.2 S h i f t  C o n v e r t e r s  

The f u n c t i o n  o f  b o t h  t y p e s  o f  s h i f t  c o n v e r t e r s  ( h i g h  tempera tu re  and l ow  

t e m p e r a t u r e )  i s  t o  f u r t h e r  i n c r e a s e  t h e  hydrogen c o n c e n t r a t i o n  and t o  reduce  

t h e  carbon monoxide c o n c e n t r a t i o n  of t h e  r e f o r m e r  gas e f f l u e n t .  The equa t i on ,  

CO + H20 = Hz + C02(water  s h i f t  r e a c t i o n ) ,  dominates t h e  m a t e r i a l  changes 

i n  t h e  s h i f t  c o n v e r t e r s .  The methanol  i n p u t  f u e l  does n o t  need t o  pass t h r o u g h  

s h i f t  c o n v e r t e r s  because t h e  carbon monoxide l e v e l  i s  low. 

I n  t h e  lumped model, t h e  wa te r  s h i f t  r e a c t i o n  i s  assumed t o  be  a t  e q u i l i b -  

r i u m  a t  t h e  i n p u t  t e m p e r a t u r e  ( i s o t h e r m a l  o p e r a t i o n )  o r  t h e  average tempera tu re  

( a d i a b a t i c  o p e r a t i o n ) .  The m a t e r i a l  ba lance  i s  

Pcoe pH2 ( F c o 2 +  x ) (FH2  + x )  
K = - - 

2  Pco PH20 (Fco - x ) ( F H ~ O  - x )  

where K2: e q u i l i b r i u m  c o n s t a n t  o f  s h i f t  r e a c t i o n  a t  ADT 

P: p a r t i a l  p r e s s u r e  o f  component, atm 

F: i n l e t  m o l a r  f l o w  r a t e  of component, g-mole ls 

x : r e a c t e d  amount r a t e ,  g -mole ls  

E q u a t i o n  2-1-5 can be s o l v e d  f o r  x. Newton 's  methoa was used i n  t h e  computer  

program. 
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The energy  ba lance  e q u a t i o n  f o r  t h e  gases i n  t h e  s h i f t  c o n v e r t e r  i n c l u d e s  

t h e  r e a c t i o n  and s e n s i b l e  e n t h a l p i e s .  F o r  a d i a b a t i c  t h e  process i n  t h e  s h i f t  

c o n v e r t e r  

where t h e  s u b s c r i p t s  PS, R S  co r respond  t o  t h e  p r o d u c t s  and r e a c t a n t s  i n  t h e  

s h i f t  c o n v e r t e r ,  r e s p e c t i v e l y .  Tf and T i  a r e  t h e  f i n a l  and i n t i a l  tempera- 

t u r e s  o f  t h e  gases, r e s p e c t i v e l y .  The o n l y  unknown i n  t h e  equa t ion ,  T f ,  i s  

de termined i t e r a c t i v e l y .  

The Ergun equa t ion ,  wh ich  e s t i m a t e s  p r e s s u r e  d rop  caused b y  t h e  f l o w  of 

gas t h r o u g h  d r y  pack ings,  i s  used t o  de te rm ine  t h e  p r e s s u r e  d r o p  i n  s h i f t  

c o n v e r t e r  and r e f o r m e r .  The e q u a t i o n  i s  (Ref .  2 ) :  

where E : v o i d  f r a c t i o n  i n  bed 

v :  v i s c o s i t y ,  Kglm-s 

dp: e f f e c t i v e  d iamete r  o f  pack ing  p a r t i c l e ,  m 

G: s u p e r f i c i a l  gas mass v e l o c i t y ,  Kgls-m 

h: packed h e i g h t ,  rn 

P :  d e n s i t y ,  ~ ~ l m '  

AP:  p r e s s u r e  drop,  atm 
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2.1.3 Reformer 

The key  component i n  t h e  f u e l  p r o c e s s i n g  subsystem i s  t h e  re fo rmer  wh ich  

c a t a l y t i c a l l y  r e f o r m s  methane (methano l  o r  naphtha)  b y  r e a c t i o n  w i t h  excess 

steam t o  produce ca rbon  monoxide, ca rbon  d i o x i d e ,  and t h e  a e s i r e d  p roduc t ,  

hydrogen.  The o v e r a l l  r e a c t i o n s  are :  

CnHm + 2nH20 = nC02 + ( 2 n  + m12) Hz 

f o r  naphtha and methane, and 

CH30H + H20 = C02 + 3H2 

f o r  methanol .  F o r  s i m p l i c i t y ,  methane w i l l  be  t h e  o n l y  i n p u t  f u e l  i n  t h e  

f o l l o w i n g  d i s c u s s i o n s .  

Two r e a c t i o n s  a r e  assumed t o  be  t h e  p r i n c i p l e  r e f o r m i n g  r e a c t i o n s  i n  t h e  

methane-reformer,  t h e y  a re :  

CH4 + H20 = CO + 3H2 

and 

(demethana t i on  r e a c t i o n )  

C O  + H20 = C02 + Hz ( w a t e r  s h i f t  r e a c t i o n ) .  

Re fe rence  11 l i s t s  a l l  o f  t h e  p o s s i b l e  r e a c t i o n s  and d i scusses  t h e  minimum 

steam t o  ca rbon  r a t i o  ( S I C )  r e q u i r e d  t o  a v o i d  ca rbon  f o r m a t i o n .  

2.1.3.1 Lumped Model 

I n  t h e  lumped model b o t h  o f  t h e  r e a c t i o n s ,  demethanat ion  and s h i f t  

r e a c t i o n ,  were assumed t o  be a t  e q u i l i b r i u m  b y  u t i l i z i n g  t h e  r e s p e c t i v e  ADT's 

o f  each. The e q u i l i b r i u m  c o n s t a n t s  were de te rm ined  f r o m  t h e  tempera tu re .  The 

e q u i l i b r i u m  e x p r e s s i o n  a r e  



(demethanat ion)  

( w a t e r  s h i f t )  

where K1 and K2 a r e  t h e  e q u i l i b r i u m  c o n s t a n t s  of demethanat ion and wa te r  s h i f t  

r e a c t i o n ,  r e s p e c t i v e l y .  Exp ress ing  t h e  mole f r a c t i o n s  as t h e  i n d i v i d u a l  mo la r  

f l o w s  d i v i d e d  by  t h e  t o t a l  mo la r  f l o w s  y i e l d s :  

and 

where y i s  t h e  c o n v e r s i o n  amount r a t e  i n  t h e  demethanat ion r e a c t i o n  and F i s  

t h e  t o t a l  i n l e t  f l o w  r a t e .  Equa t ions  (2-1-8) and (2-1-9) can b e  s o l v e d  f o r  x 

and y. Newton's method was used i n  t h e  computer program. 

The q u a n t i t i t e s  i n v o l v e d  i n  t h e  energy  ba lance  w i l l  be t h e  s e n s i b l e  

e n t h a l p i e s  o f  t h e  gases, t h e  r e a c t i o n  e n t h a l p i e s  o f  t h e  gases, and t h e  h e a t  

t r a n s f e r r e d  f r o m  t h e  combust ion  gases t o  t h e  r e f o r m e r  gases, QB - R.  The 

v a l u e  o f  QB - can be determined from 

QB-R = U A A T ~  = Hout - HIN ( 2-1-10) 

where, AT,,, i s  t h e  l o g  mean tempera tu re  d e f i n e d  as 



where, Tfc i s  t h e  tempera tu re  o f  t h e  combust ion gases a f t e r  l e a v i n g  t h e  

r e f o r m e r ;  TIR and TfR a r e  t h e  temperatures  of t h e  r e f o r m e r  gases b e f o r e  

e n t e r i n g  and a f t e r  l e a v i n g  t h e  re fo rmer ;  A i s  t h e  h e a t  t r a n s f e r  area; and U 

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

Thus, f r o m  t h e  f i r s t  law o f  thermodynamics and e q u a t i o n  (2-1-11), t h e  

energy  ba lance  f o r  t h e  r e f o r m e r  gases can.  be w r i t t e n  as, 

where t h e  s u b s c r i p t s  PR and r R  s tand  f o r  p r o d u c t s  and r e a c t a n t s  i n  t h e  

r e f o r m e r ,  r e s p e c t i v e l y .  

2.1.3.2 D i s t r i b u t e d  Model 

K i n e t i c a l  a n a l y s i s  was used f o r  s i m u l a t i o n  o f  t h e  performance o f  t h e  

r e f o r m e r .  The r e f o r m e r  i s  b a s i c a l l y  a  nonad iaba t i c ,  non iso the rma l  c a t a l y t i c  

r e a c t o r  t h a t  i s  hea ted  on t h e  s h e l l  s i d e  b y  combust ion  gases f rom bu rne r .  

Methane w i l l  be t h e  o n l y  i n p u t  f u e l  cons ide red  i n  t h i s  model. F i g u r e  2 shows 

i t s  s i m p l i f i e d  scheme. 



' Combustion 

Bed 

F i g u r e  2 S i m p l i f i e d  Reformer Diagram 

I n  d r i v i n g  t h e  mathemat ica l  model, t h e  f o l l o w i n g  assumptions were made: 

1. The dernethanation r e a c t i o n  i s  assumed t o  be k i n e t i c a l l y  c o n t r o l l e d  and, 

hence, occu rs  a t  a  f i n i t e  r a t e ,  w h i l e  t h e  wa te r  gas s h i f t  r e a c t i o n  i s  assumed 

t o  be e q u i l i b r i u m  c o n t r o l l e d .  The demethanat ion r e a c t i o n  used i n  t h i s  model 

i s  s l i g h t l y  m o d i f i e d  w i t h  l i n e a r  combinat ions o f  t h e  o r i g i n a l  demethanat ion 

r e a c t i o n  and s h i f t  r e a c t i o n ,  which r e s u l t s  i n  

CH4 + 2H20 = C02 + 4H2 (2-1-13) 

I n  t h e  e q u i l i b r i u m  c a l c u l a t i o n s ,  t h e  demethanat ion r e a c t i o n  c h o i c e  causes no 

changes i n  t h e  f i n a l  r e s u l t s .  However, t h e  k i n e t i c  c o n s i d e r a t i o n  w i l l  cause 

t h e  f i n a l  r e s u l t s  t o  v a r y  s l i g h t l y  w i t h  t h e  r e a c t i o n  cho ice.  
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2. A x i a l  d i s p e r s i o n  and r a d i a l  g r a d i e n t  a re  n e g l i g i b l e  - p l u g  f l o w  cond i -  

t i o n .  Genera l l y ,  i f  t h e  r a t i o  of t h e  l e n g t h  of t h e  r e a c t o r  t o  t h e  c a t a l y s t ' s  

d iamete r  i s  g r e a t e r  t h a n  100, t h e  a x i a l  d i s p e r s i o n  e f f e c t  i s  n e g l i g i b l e .  

3.  A  u n i f o r m  tempera tu re  e x i s t s  th roughou t  each c a t a l y s t  p a r t i c l e ,  and 

t h i s  temperature  i s  t h e  same as t h e  gas temperature  i n  t h a t  s e c t i o n  o f  c a t a -  

l y s t  bed. 

4. The k i n e t i c  e x p r e s s i o n  r e p r e s e n t s  a  g l o b a l  r a t e ,  and, t h e r e f o r e ,  

n e g l e c t s  r e a c t i v i t y  d i f f e r e n c e s  found between t h e  i n s i d e  ana o u t s i d e  of t h e  

c a t a l y s t  p a r t i c l e s .  

5. Ent rance e f f e c t s  a r e  n e g l i g i b l e .  

6. Heat t r a n s f e r  by  r a d i a t i o n  i s  n e g l i g i b l e .  

7. S ince t u b u l a r  r e a c t o r s  i n s i d e  a  furnace a r e  used commerc ia l ly ,  i t  w i l l  

be assumed t h a t  d i s t r i b u t i o n  o f  t h e  gas t o  v a r i o u s  p a r a l l e l  t ubes  i s  un i fo rm 

and, hence, a  s i n g l e  t u b e  i s  s u f f i c i e n t  f o r  t h e  purpose o f  t h e o r e t i c a l  i n v e s t i -  

g a t  i ons. 

8. I d e a l  gas b e h a v i o r  i s  assumed. 

9. The o u t s i d e  s h e l l  w a l l  i s  a d i a b a t i c .  



14 

A more d e t a i l e d  d i s c u s s i o n  o f  assumpt ions 3 and 4 i s  p r o v i d e d  i n  Ref .  11 b y  

examina t ion  o f  t h e  " i n t e r n a l "  and " e x t e r n a l "  e f f e c t i v e n e s s  f a c t o r s  o f  commer- 

c i a l  c a t a l y s t s  used i n  t h e  r e f o r m e r .  

Mass Balance:  From t h e  g e n e r a l i z e d  c o n t i n u i t y  and t h e  assumptions, t h e  

k i n e t i c  mass ba lance  i s  

v g = - y a e e  
€ 

where V :  average v e l o c i t y  of f l u i d  t h r o u g h  t h e  bed, m ls  

c:  g-mole o f  CH4 p e r  m3 f l u i d  

r a t :  r a c t i o n  r a t e ,  g-mole o f  CH4/s-kg c a t a l y s t  

ee: 3 d e n s i t y  of  c a t a l y s t ,  kg/m bed 

Var ious  k i n e t i c  e x p r e s s i o n s  f o r  t h e  r e f o r m i n g  of  methane w i t h  steam have been 

propose.d wh ich  c o u l d  p r o v i d e  t h e  r a t e  e q u a t i o n  (Refs.  3, 4, and 5 ) .  The 

s i m p l e s t  f o r m  among t h e  proposed exp ress ions  i s  t h e  f i r s t  o r d e r  r a t e  expres-  

s i o n ,  wh ich  i s  

i n  A r r h e n i u s  form, 

where KO: A r r h e n i u s  f requency  f a c t o r ,  g-molels-kg c a t  - atm 

EA:  a c t i v a t i o n  energy, J lg-mole 

R : gas c o n s t a n t  

T: temperature ,  K 
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Unfortunately, l i t t l e  agreement can be found f o r  the  values of the  k ine t i c  

parameters, some values may be th ree  orders  of magnitude d i f f e r e n t  from 

others .  The data from Ref. 5, using a commercial c a t a l y s t  (Gindler G-56B), i s  

used in t h i s  model. 

The water gas s h i f t  react ion i s  assumed t o  be a t  equilibrium. The 

conversion .quantity i s  based upon the  carbon dioxide mass balance. T h ~ s ,  when 

coupled with the  demethanation react ion ,  the  water gas s h i f t  react ion proceeds 

in reverse;  therefore ,  the  s h i f t  conversion i s  always negative. Using these 

two react ion schemes, a l l  of the  molar flows anywhere in  the  reformer can be 

wri t ten  in terms of the  feed quan t i t i e s  and the  conversions of the  two 

react ions.  

Energy Balance: Two energy balances are  required f o r  the  system: one f o r  the  

reformer gases and one f o r  the  combustion gases. The reformer gas balance 

includes i t s  own sens ib le  heat change, react ion enthalp ies ,  and heat t r ans fe r  

from the  ho t t e r  combustion gases. The combustion gas balance involves 

sens ib le  heat change and heat t r ans fe r .  This t r a n s l a t e s  quan t i t a t ive ly  i n t o  

equations (2-1-16) and (2-1-17) 

where  AH^: demethanation react ion  enthalpy, J/g-mole CH4 

bH2: water s h i f t  reac t ion  enthalpy, Jlg-mole CO 

Ai : inner tube cross  area, m 2 



h i :  2  w a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  o f  t u b e  s ide ,  J ls-m -K 

Tw: w a l l  temperature ,  K  

d i :  i n n e r  t u b e  d iameter ,  m  

T: combust ion gas temperature ,  K  

do: o u t e r  t u b e  d iamete r ,  m 

s u b s c r i p t  o  r e f e r s  t o  t h e  combust ion gas s i d e  

There i s  g r e a t e r  u n c e r t a i n t y  i n  e s t i m a t i n g  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  

w a l l  o f  t u b e  t h a n  t h e  r a t e  exp ress ion .  The s c a t t e r  i n  exper imen ta l  d a t a  i s  

v e r y  h i g h  (Refs .  2, 3, and 4 ) .  The s i t u a t i o n  w i l l  be even more c o m p l i c a t e d  b y  

c o n s i d e r i n g  t h e  unequal  s t o i c h i m e t r i c  r e a c t i o n  (Ref .  6 ) .  Due t o  Beek ' s  recom- 

mendat ion  (Re f .  7), t h e  m o d i f i e d  Thoenes-Kramers (Re f .  8 )  c o r r e l a t i o n  shou ld  

be used f o r  s p h e r e - l i k e  p a r t i c l e s  near  t h e  w a l l ,  wh ich  a r e  used i n  t h e  model: 

where dp: e q u i v a l e n t  p a r t i c l e  d iamete r ,  m  

kf  : the rma l  c o n d u c t i v i t y ,  J/s-m-K 

Pr  : P r a n d t l  number 

Re: p a r t i c a l  Reynolds number 

D i f f e r e n t i  a1 equa t ions ,  (2-1-5), (2-1-14), (2-1-16), and (2-1-17), were s o l v e d  

s i m u l t a n e o u s l y  w i t h  t h e  i n l e t  c o n d i t i o n s  as t h e  boundary c o n d i t i o n s .  The Ergun 

e q u a t i o n  (2-1-7) i s  used t o  e v a l u a t e  t h e  p r e s s u r e  drop.  



2.2 Model ing o f  F u e l  C e l l  Stack Subsystem 

I n  t h e  f u e l  c e l l  power s e c t i o n ,  a i r ,  i n  excess o f  t h e  s t o i c h i o m e t r i c  

m i x t u r e ,  e n t e r s  t h e  cathode s i d e  o f  t h e  c e l l ,  and e f f l u e n t s  f r o m  t h e  low 

tempera tu re  s h i f t  c o n v e r t e r  energy a t  t h e  anode. The anode i n p u t  c o n t a i n s  

CH4, H20, HZ, CO and C02. I n  t h i s  a n a l y s i s ,  i t  i s  assumed t h a t  a  f i x e d  

percentage o f  hydrogen i s  consumed a t  t h e  anode, and t h e  H20 b e i n g  formed 

e x i t s  t h e  f u e l  c e l l ,  w i t h  t h e  dep le tea  a i r ,  t h rough  t h e  cathode e x i t .  The 

o v e r a l l  r e a c t i o n  i n  t h e  f u e l  c e l l  power s e c t i o n  i s  

Hz + 112 O2 = H20 (2-2-1) 

2.2.1 Mass and Enerqy Balances 

The lumped model p r o v i d e s  a  r a p i d  ( i n  terms of computat ion t i m e )  means of 

c a l c u l a t i n g  t h e  f u e l  c e l l  module o u t p u t  c h a r a c t e r i s t i c s  ( v o l t a g e ,  c u r r e n t ,  and 

h e a t  g e n e r a t i a n  r a t e )  i n  terms o f  t h e  i n p u t s  f r o m  t h e  f u e l  p rocess ing  subsystem 

and t h e  g ross  f u e l  c e l l  des ign  parameters such as c a t a l y s t  l o a d i n g .  

The mass ba lances o f  hydrogen, oxygen and water  a r e  as f o l l o w s :  

NXH2 = NIH2 - (Imean A ) /  ( n 3  (2-2-2 ) 

NXO2 = NIO2 - (!mean A ) /  (2n3) (2-2-3) 

N X ~ 2 0  = N 1 ~ 2 0  + (Imean A ) / ( n X  ( 2-2-4) 

where NX:  e x i t  f l o w  r a t e  o f  hydrogen, oxygen, o r  steam, g-molelsec 

N I :  i n l e t  f l o w  r a t e  o f  hydrogen, oxygen, o r  steam, g-molelsec 

Imean: mean c u r r e n t  d e n s i t y ,  Alcm 
2  

A: e f f e c t i v e  area o f  c e l l  p l a t e ,  cm 
2  

n: number o f  Faraday e q u i v a l e n t s  t r a n s f e r r e d  

7: Faraday c o n s t a n t  
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The energy ba lance f o r  t h e  f u e l  c e l l  i s  

where t h e  s u b s c r i p t s  PF, r F  r e p r e s e n t  t h e  p r o d u c t s  and r e a c t a n t s  i n  t h e  f u e l  

c e l l ,  r e s p e c t i v e l y .  TfF i s  t h e  f i n a l  t empera tu re  o f  t h e  p r o d u c t s  and T i F  i s  

t h e  i n i t i a l  t empera tu re  o f  t h e  r e a c t a n t s  i n  t h e  f u e l  c e l l .  The n j  and n i  a r e  

t h e  spec ies  f l o w  r a t e s  o f  t h e  p roduc ts  and r e a c t a n t s ,  r e s p e c t i v e l y .  The terms 

Q and W a re  t h e  r a t e s  o f  hea t  and t h e  e l e c t r i c a l  energy g e n e r a t i o n  b y  t h e  f u e l  

c e l l ,  r e s p e c t i v e l y .  Q i s  p r o p o r t i o n a l  t o  t h e  s p e c i f i c  h e a t  g e n e r a t i o n  QF 

where: 

Q = N  X n Y n Q F  
P  

( 2-2-6) 

and QF = 
 AH^ - v )  1 

where Q: t o t a l  h e a t  generated, J / sec  

QF : hea t  generated p e r  u n i t  a rea of c e l l ,  J l s e c  cm 2 

Np: number of c e l l s  

Xn: w i d t h  o f  c e l l  p l a t e ,  cm 

Yn: l e n g t h  of  c e l l  p l a t e ,  cm 

I: f u e l  c e l l  c u r r e n t  d e n s i t y ,  Alcm 2 

A :  hea t  of  r e a c t i o n ,  J lg-mole o f  H2 

2.2.2 Vo l taqe-Current  C h a r a c t e r i s t i c s  

Because of t h e  i r r e v e r s i b i l i t y ,  t h e  v o l t a g e  V f o r  a  work ing f u e l  c e l l  i s  

t h e  d i f f e r e n c e  between t h e  open c i r c u i t  v o l t a g e  and t h e  c e l l  p o l a r i z a t i o n  

terms : 



V = E - n  (2-2-8) 

where E :  Nerns t  p o t e n t i a l  ( r e v e r s i b l e  open c i r c u i t  E.M.F .) 

n: o v e r p o t e n t i a l  o r  p o l a r i z a t i o n  

The r e v e r s i b l e  c e l l  p o t e n t i a l ,  E i s  g i v e n  by t h e  Nerns t  equat ion:  

Y H ~ ~ P ~ Y O ~  
E = E ( T )  + - R T 1 n  

YH20 nF 

w i t h  P t :  t o t a l  pressure,  atm 

Eo(T) :  s tandard E.M.F. o f  c e l l  a t  temperature  T, v o l t s  

Eo(T)  = 1.261-0.000-25 T, T, K (Ref.  9 )  

YH2: mean mole f r a c t i o n  of hydrogen a t  anode 

YO2: mean mole f r a c t i o n  of oxygen a t  cathode 

YH20: mean mole f r a c t i o n  of water vapor a t  cathode 

The p o l a r i z a t i o n  term n c o n s i s t s  of f o u r  components, 

where na: a c t i v a t i o n  p o p a r i z a t i o n  a t  cathode, v o l t s  

n r :  r e s i s t a n c e  p o l a r i z a t i o n ,  v o l t s  

nd: d i f f u s i o n  p o l a r i z a t i o n ,  v o l t s  

nco: a c t i v a t i o n  p o l a r i z a t i o n  a t  anode due t o  co p o i s o n i n g  of 

c a t a l y s t ,  v o l t s  

and 

na = - i 
~ o Z F  RT ln ( i o) ( 5 4 )  (CL) (CU) 



w i t h  d o :  t r a n s f e r  c o e f f i c i e n t  

i: c u r r e n t  d e n s i t y ,  d l c m  2  

i o :  exchange c u r r e n t  d e n s i t y  o f  cathode, d l c m  2  

SA: 2  
s p e c i f i c  c a t a l y s t  s u r f a c e  area, cm I g  

CL: c a t a l y s t  l o a d i n g  on cathode, g lcm 2  

CU: c a t a l y s t  u t i l i z a t i o n  f a c t o r  

The exchange c u r r e n t  i s  a  f u n c t i o n  of t h e  a c i d  c o n c e n t r a t i o n ,  temperature ,  and 

p a r t i a l  p ressure  o f  t h e  oxygen. The a c i d  c o n c e n t r a t i o n  i s  a  f u n c t i o n  o f  t h e  

wa te r  vapor p a r t i a l  p r e s s u r e  which p e r m i t s  c o r r e l a i o n  o f  i o  as a  f u n c t i o n  o f  

Y02, YH20, and T. An e m p i r i c a l  f i t  i s  

i o  = 232.7 ( P ~ Y O Z ) ~ ' ~  (PtYH2O) 0 * 4 3 7 7  exp (-6652lT) (2-2-12) 

The r e s i s t a n c e  p o l a r i z a t i o n  i s  

where r: 2  s p e c i f i c  c e l l  r e s i s t a n c e ,  ohm-cm . 

The express ion  of  nco was chosen t o  have s t r o n g  temperature  dependence, 

be d i r e c t l y  p r o p o r t i o n a l  t o  Yco, and have a  l o g a r i t h m i c  dependence on i, iao,  

and c a t a l y s t  e f f e c t i v e  area. The r e s u l t i n g  e x p r e s s i o n  (Ref.  9 )  i s  

i 
nco = 0.0782PtYco exp 9190 (T - - ) ) l n  CLa SA cu i a o  450 (2-2-13) 

where CLa: anode c a t a l y s t  l oad ing ,  mg 

iao :  anode exchange c u r r e n t ,  d l c m  2  

O i f f u s i o n  p o l a r i z a t i o n  has been n e g l e c t e d  h e r e  because i t  i s  s i g n i f i c a n t  

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



2.2.3 Stack E f f i c i e n c v  

The e f f i c i e n c y  o f  t h e  f u e l  c e l l  t o  c o n v e r t  chemical  energy t o  e l e c t r i c a l  

energy, EFC, can be w r i t e n  as (Ref .  10 ) :  

where t h e  v o l t a g e  e f f i c i e n c y  E V ,  t h e  c u r r e n t  e f f i c i e n c y  EI, t h e  thermo- 

dynamic e f f i c i e n c y  E l H y  and t h e  h e a t i n g  v a l u e  e f f i c i e n c y  E H ,  a r e  d e f i n e d  

as f o l l o w s :  

where V and I a r e  t h e  o p e r a t i n g  v o l t a g e  and c u r r e n t ,  r e s p e c t i v e l y ,  E i s  t h e  

f u e l  c e l l  e q u i l i b r i u m  p o t e n t i a l ,  IF i s  t h e  amount of c u r r e n t  produced b y  a 

r e a c t i o n ,  bGr i s  G i b b ' s  f r e e  energy change,  AH^ i s  lower  hea t  of combus- 

t i o n  o f  f u e l  c e l l  feed,  and bhr i s  t h e  e n t h a l p y  change a t  f u e l  c e l l  cond i -  

t i o n s  o f  H + l  o 3 H ~ O .  
2 7 2  



111. PERFORMANCE COMPUTER MODEL 

F i g u r e  3 represen ts  t h e  o v e r a l l  computer program h ie ra r chy .  The main 

program e s t a b l i s h e s  t h e  l i n k  between subrou t ine  (KREF), f o r  t h e  k i n e t i c  model 

o f  t h e  re former ,  and t h e  f o l l o w i n g  subrou t ines  which determine t h e  system 

performance and t h e  mass and energy ba lance a t  va r i ous  l oca t i ons :  BURN, CDPH, 

COMP, CON, CONV, D I V I D ,  D M I X ,  ENFU, ENRE, ENSH, EQUK, FLAME, FUCE, HEPD, HEXC, 

PDFU, PDSH, PUMP, PUP, REF, SNAE, SEPAR, and SHIFT. 

3.1 Main Program 

The main program per forms t h e  f o l l o w i n g  f u n c t i o n s :  

A. I t  reads t h e  f o l l o w i n g  i n p u t  data:  t h e  thermophysical  p r o p e r t i e s  o f  

methane, methanol, naphtha, water, oxygen, hydrogen, carbon monoxide, carbon 

d i ox i de ,  and n i t r ogen ;  da ta  r e l a t e d  t o  va r i ous  components of t h e  f u e l  c e l l  

power p l a n t .  

B. For  a  g i ven  f u e l ,  i .e. ,  methane, methanol o r  naphtha, i t  c a r r i e s  ou t  

an i t t e r a t i v e  procedure t o  determine t h e  thermodynamic s t a t e  o f  t h e  gas streams 

a t  va r i ous  l o c a t i o n s  i n  t h e  system, and t o  c a l c u l a t e  t h e  system e f f i c i e n c y  and 

e l e c t r i c  and heat  energ ies  ou tpu t  and o t h e r  performance parameters. 

These c a l c u l a t i o n s  a re  c a r r i e d  ou t  f o r  two cases. I n  t h e  f i r s t  case, 

t h e  k i n e t i c  e f f ec t  on t h e  re fo rmer  performance i s  cons idered t o  be n e g l i g i b l e .  

I n  t h i s  case, t h e  main program c a r r i e s  ou t  these c a l c u l a t i o n s  w i t h o u t  c a l l i n g  

subrou t ine  (ENRE). I n  t h e  second case, t h e  k i n e t i c  e f f e c t  on t h e  re former  

performance i s  taken i n t o  cons idera t ion .  Fo r  t h i s  case, t h e  main program c a l l s  

subrou t ine  (KREF) and bypasses subrou t ines  (ENRE), (EQUK), (KEF), and (SNAE) . 



( BURN ) 

Figure 3. PERFORMANCE MODEL 
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C.  I t  c r e a t e s  a  p r i n t o u t  o f  t h e  i n p u t  data,  t h e  r e s u l t s  o f  thermodynamic 

s t a t e s  o f  t h e  gas streams, t h e  system performance parameters,  t h e  o u t p u t  h e a t  

and e l e c t r i c  energ ies .  

The nomenclature f o r  t h e  main program i s  shown i n  Tab le  1, and t h e  f l o w  

c h a r t  appears i n  F i g u r e  4. 

The equa t ions  con ta ined  i n  t h e  main program a r e  g i v e n  below: 

1. C a l c u l a t e  i n l e t  a i r  f l o w  r a t e  i n  the burner :  

DNSS(33,2) = (l+EXT*O.Ol)*(DNSS(14,3)+DNSS(14, 5))/2+CK*DNSS(14,1)) (3-1-1) 

where CK = s t o i c h i o m e t r i c  number o f  oxygen used t o  bu rn  t h e  f u e l :  

f o r  methane, CK = 2  

f o r  methanol, CK = 1.5 

f o r  naphtha, CK = 15 

2. C a l c u l a t e  t h e  s a t u r a t i o n  p r e s s u r e  o f  water  f o r  a  g i v e n  temperature :  

T (22 )  = -B/(ALOG((DNSS(~,~)*SMRA-D~sS(21,6) ) /  (DNSS(l,l)*SMRA- 

TKNSS(21) )*POPS)-A) (3-1-2) 

where A and B a r e  c o n s t a n t s  which have t h e  f o l l o w i n g  va lues  f o r  water:  

A  = 13.954316, atm 

B = 5204.9597, atm-K 

3. C a l c u l a t e  t h e  o u t p u t  AC power f o r  a  g i v e n  DC power 

AC = (-1.0148+SQRT(1.0148*2-4*0.056/108*(0.0472*108-K)) ) / 2 * 0 0 4 5 6 /  108) (3-1-3) 

4. C a l c u l a t e  t h e  f l o w  r a t e  o f  c o o l i n g  water  used i n  condenser 

~ ~ s S ( 3 6 , 6 )  = Q Q T ( 5 ) / 1 / 1 8 /  (355-TAT) (3-1-4) 



TABLE 1 

MAIN PROGRAM NOMENCLATURE 

A  : Constant  f o r  c a l c u l a t i n g  s a t u r a t e d  c o n d i t i o n  o f  water ,  atm 

AA1 : Thermal c o n d u c t i v i t y  c o e f f .  o f  gas I, B t u l h r - f t - R  

AA2 : V i s c o s i t y  c o e f f  o f  gas I ,  l b m l f t - h r  

AA3 : S p e c i f i c  h e a t  c a p a c i t y  c o e f f .  o f  gas I. BtuIR- lb-mole o f  t h e  fo rm:  

AA~(~)+AA~(~)*T+AA~(~)*T~+AA~(~) / T ~  

AHLU : Mole f r a c t i o n  o f  a v a i l a b l e  hydrogen 

AHRN : P e r c e n t  f r e e  gas space 

AIRL : Length  of a i r  channe l ,  f t  

APPD : T o t a l  s u r f a c e  a rea  o f  pack ing  Acc. t o  t h e  b a s i s  and oper.  temp., f t2  

ATMP : O u t l e t  t empera tu re  o f  gases, K 

B : Constant  f o r  c a l c u l a t i n g  s a t u r a t e d  c o n d i t i o n  o f  water ,  atm-K 

BPNA : B o i l i n g  p o i n t  o f  naphtha, C 

BSPAC : B a f f l e  space, f t  

CD : C u r r e n t  d e n s i t y ,  ~ / c m ~  

CLENH : Leng th  of t u b e  i n  h e a t  exchanger, f t  

CLEPD : Length  o f  s h i f t  c o n v e r t e r  ( J K = l ) ,  r e f o r m e r  (JK-2 f o r  methanol  and 
naphtha) ,  f t  

CLH : Clearance i n  h e a t  exchanger, f t  

C N : U*A/CMIN i n  h e a t  exchanger 

DG : Standard  f r e e  energy  change, Ca l lg -mole  

DHIN : E n t h a l p h y  change due t o  tempera tu re  change o f  i n l e t  f l u i d ,  Ca l lg -mole  

DHO : I n t e g r a t i o n  c o n s t a n t  t o  c a l c u l a t e  H 

D  P : C a t a l y s t  p e l l e t  d iameter ,  f t  



TABLE 1 

M A I N  PROGRAM NOMENCLATURE 
( con t  ' d )  

DPD : Diameter o f  s h i f t  conver te r  (JK= l ) ,  re fo rmer  (JK=2 f o r  methanol and 
naphtha), f t 

DSHO : Cathode i n l e t  water of f u e l  c e l l ,  g-molelhr 

DSN : Cathode i n l e t  n i t r o g e n  o f  f u e l  c e l l ,  g-molelhr 

DSO : Cathode i n l e t  oxygen of f u e l  c e l l ,  g-molelhr 

DTH : F r a c t i o n  of D e l t a  T over i n l e t  gas f i l m  i n  t h e  heat  exchanger 

D X 1  : Outs ide d iameter  of re former  cen te r  tube, f t  

DX2 : I n s i d e  d iameter  of o u t s i d e  re fo rmer  tube, f t  

DX3 : Outs ide  d iameter  of o u t s i d e  re former  tube, f t  

DZZ : Increment h e i g h t  o f  f i n i t e  d i f f e r e n c e  model i n  t h e  re former ,  f t  

E A : A c t i v a t i o n  enegy f o r  Ar rhen ius  expression, Callg-mole CH4 

EPS : Reactor v o i d  f r a c t i o n  

ERR : Convergence c r i t e r i a  

EXA : F r a c t i o n  o f  e x t r a  a i r  i n  f u e l  c e l l  

EXT : F r a c t i o n  o f  e x t r a  a i r  i n  burner  

FCO : Mole f r a c t i o n  o f  co con ta i n  

FLOAR : Flow area i n  heat  exchanger, f t2 

FULE : Length o f  f u e l  channel, f t  

HNA : S p e c i f i c  hea t  o f  naphtha, Btul lbm-R 

I : Gas number 

I = 1 Fue l  (methane, methanol, naphtha) 
1 = 2 Oxygen 
I = 3 Carbon Monoxide 
I = 4 Carbon D iox i de  
I = 5 Hydrogen 
I = 6 Water 
I = 7 N i t r ogen  



TABLE 1 

I SSH 

I DTH 

IFUEL 

N N 

NOR 

NPFU 

NPH 

NRH 

NTAA 

NTAF 

NTPD 

ODTH 

OU 

MAIN PROGRAM NOMENCLATURE 
( c o n t  I d )  

: I D  of s h e l l  i n  h e a t  exchanger, f t  

: I D  o f  t u b e  i n  h e a t  exchanger, f t  

: Fue l  Type 

1 = Methane CH4 
2 = Methanol  CH30H 
3  = Naphtha C7H16 

: Number o f  t r i a l - a n d - e r r o r  l oops  

: S t o i c h i o m e t r i c  number 

: Index  o f  o p e r a t i o n  c o n d i t i o n  i n  t h e  r e f o r m e r  and s h i f t  c o n v e r t e r s  

I P  = 1 A d i a b a t i c  Opera t ion  
I P  = 2 I s o t h e r m a l  O p e r a t i o n  

: Frequency f a c t o r  f o r  A r r h e n i u s  express ion,  lb-mole CH4/ lb 
cata.-hr-atm 

: Stream number o f  e x i t  o f  s h i f t  c o n v e r t e r  

: Scale  f a c t o r  i n  t h e  model o f  r e f o r m e r  

: Number o f  c e l l  p l a t e s  i n  t h e  f u e l  c e l l  s t a c k s  

: Number o f  t u b e  passes 

: Number of rows f o r  tubes 

: Number o f  dir f l o w  channel  i n  one c e l l  p l a t e  

: Number o f  f u e l  f l o w  channel  i n  one c e l l  p l a t e  

: Number o f  tubes i n  s h i f t  c o n v e r t e r  ( J K = l ) ,  Reformer (JK=2 f o r  
methanol and naphtha) 

: OD of tube, f t  

: 02 u t i l i z a t i o n  

PAT : Ambient pressure,  atm 



TABLE 1 

M A I N  PROGRAM NOMENCLATURE 
( con t  ' d )  

PIN : I n l e t  pressure,  atm 

PINFU : I n l e t  p ressure  of f u e l  c e l l  s tacks,  atm 

PITCH : P i t c h  o f  heat  exchanger, f t  

POP : 

POUT : 

RHOB : 

SKI : 

SMRA : 

SURFC : 

SV(1) : 

SVW : 

TACOA : 

TACOF : 

TAT : 

T C 

TCAS : 

TCBS : 

TCCS ; 

Opera t ion  pressure,  atm 

O u t l e t  pressure,  atm 

P la t inum c a t a l y s t  load ing,  m S ~ ~ / ~ ~ 2  

Bulk d e n s i t y  of cata. ,  l b s / f t 3  

Side l e n g t h  o f  an assumed square f l o w  duct  f o r  combustion gas, f t  

R a t i o  o f  t o t a l  i ns ide- tube  c ross -sec t iona l  area per  pass t o  header 
c ross -sec t iona l  area per  pass 

E q u i l i b r i u m  cons tan t  

E q u i l i b r i u m  cons tan t  w i t h  p ressure  d i f f e r e n t  f r om  1 atrn 

Steaml fue l  r a t i o  

Sur face pe r  l i n e ,  f t  

S p e c i f i c  volume o f  f u e l  1, f t311bm 

S p e c i f i c  volume o f  water, f t3/ 1 bm 

I n l e t  a i r  temperature o f  f u e l  c e l l  stack,  K 

I n l e t  f u e l  temperature o f  f u e l  c e l l  stack,  K 

Ambient temperature,  K 

C r i t i c a l  temperature,  K 

T o t a l  hea t  c a p a c i t y  cons tan t  A 

T o t a l  heat  c a p a c i t y  cons tan t  B 

T o t a l  hea t  c a p a c i t y  cons tan t  C 



TABLE 1 

MAIN PROGRAM NOMENCLATURE 
( c o n t  ' d )  

TDNS : t o t a l  amount o f  m a t e r i a l ,  g-mole 

TIN : I n l e t  f l u i d  temperature ,  K 

TOP : O p e r a t i o n  temperature ,  K 

TOVO : T o t a l  volume o f  i n l e t  f l o w ,  m3 

TOUT : O u t l e t  t empera tu re ,  K  

VHNA : Vapor i zed  h e a t  o f  naphtha, Ca l lg -mole  

WAT 

W I DAA 

W IDAF 

X 

ZH 

DINSC(1) -: 

DNS(1) : 

HA(J)  : 

HCAS(I), 

HCBS( I ) , 

HCCS(1) : 

R e l a t i v e  h u m i d i t y  o f  a i r ,  g  w a t e r l g  a i r  

W id th  o f  square  a i r  channel  i n  t h e  f u e l  c e l l  s tack ,  f t  

Wid th  o f  square f u e l  channel  i n  t h e  f u e l  c e l l  s tack ,  f t  

Necessary amount o f  oxygen i n  cathode, g-mole lhr  

Reformer l e n g t h ,  f t  

I n l e t  amount o f  gas I, 9-mole 

I n l e t  ( o u t l e t )  amount of gas I, g-mole 

Sur face  a rea  o f  h e a t  exchanger J, m 2  

Heat  c a p a c i t y  cons t .  o f  gas I ,  Callg-mole-K o f  t h e  fo rm:  

HCAS+HCBS*T+HCCS*T~ 

Heat  o f  f o r m a t i o n  o f  gas I a t  298 K,  1 atm, Ca l lg -mole  

S t o i c h i o m e t r i c  c o e f f i c i e n t  o f  gas I 

M o l e c u l a r  w e i g h t  o f  gas I ,  glg-mole 

F low r a t e  o f  gas J i n  s t ream I, g-mole lhr  



S T a T  

EIW d i v i d e r  
i n p u t  

d a t a  

Y t 

f u e l  compres ,  

CALL SOPP 

c a l c u l a t e  
composit ion , 
o f  5 3  

7 I f 

assume 
composi t ion 
o f  Ij* 

mixer 

CALL DWIX 

I I 

assume 

~ ( 3 1 )  

c a l c u l a t e  
i ~ 0 m p 0 S i t i 0 n S  
I o f  17 & 21 

I 
.mass bz lance  
of f u e l  c e l l  

c a l c u l a t e  
~(22),~(22) 
?(26),~(20) 

J 
composi t ion 

c a l c u l a t e  
composit ion 
of 2,3,4,5, 

7 

as sun-.e 

; 1(5), ~ i 5 )  

* s t ream number ( r e f e r  t o  F igure  1 )  
; ' i p e  4 Flow c h a r t  of e x e c u t i v e  program f o r  s i m l a t i n g  CSLJ'S F.iFS systsrr! 

s teady s t a t e  p e r f o r m c e  



assume 

i - 4  i 
C A L L  HZjiC 

I burner 

I C A L L  FLAP5 

1 reformer  
I I 

C A L L  EEXC I 

nigh temp. 
snif t conv . 

CALL '-r%XC 0 
C A L L  X i X C  1 

I mixer I 
C A L L  DFZX w 

low temp. 
s h i f t  conv. 

, C A L L  2'.s:-I 

Zigure 4 cont inued 



I -- ' energy balanc 
f u e l  c e l l   CALL z ~ m  i 

c a l c u l a t e  

hZ output 

mass balance 

n ixer  

CALL DI.TI% 

i 

i mass balance 1 

separa tor  

CALL sZ?:-, 

CALL PGIVP 

'viR ITE / the ,/ 
r e s u l t s  

I 

F i v e  4 continued 
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3.2 Subrou t ines  

BURN, CDPH, COMP, COND, CONV, D I V I D ,  D M I X ,  ENFU, ENRE, ENSH, EQUK, FLARE, 

FUCE, HEPD, HEXC, PDFU, PDSH, PUMP, PUP, REF, SNAE, SEPAR, and SHIFT. 

A. Subrou t ine  BURN: 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  mass ba lance across 

t h e  burner .  I t  i s  assumed t h a t  combust ion goes t o  comp le t ion  and t h a t  t h e  

anode exhaust  f u e l s  t h e  bu rner  w i t h  200 p e r c e n t  s t o i c h i o m e t r i c  a i r .  The 

i l l u s t r a t e d  equa t ions  c o n t a i n e s  i n  BURN f o r  methane i n p u t  f u e l  are:  

1. C a l c u l a t e  t h e  amount of oxygen reac ted :  

X = 0.5*DNS(3)+0.5*DNS(5)+2*DNS(l) 

2. C a l c u l a t e  t h e  amount o f  carbon d i o x i d e  produced 

X Y  = DNS(3)+DNS(l) 

3. C a l c u l a t e  t h e  amount of water  produced 

Y + D N S ( ~ ) + ~ * D N S ( ~ ) .  

4. C a l c u l a t e  t h e  e x i t  compos i t i on  

DNS(1) = 0  

DNS(3) = 0  

DNS(5) = 0  

DNS(2) = DNS(2)-X 

DNS(4) = DNS(4)+XY 

DNS(6) = DNS(6)+Y 



Calculate the amount of 
oxygen reacted under different 
fuel input 

I Calculate the amount of carbon 
dioxide and water produced 1 

I Calculate the exit composition I 

RETURN e 
Figure 5 Flow Chart o f  BbLQ: 
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B. Subrout ine CDPH: T h i s  subrou t ine  c a l c u l a t e s  t h e  hea t  t r a n s f e r  r a t e  i n  

t h e  evaporator  E-10 and i n  t h e  condenser E-7. The equat ions con ta ined  i n  CDPH 

are  : 

1. C a l c u l a t e  hea t  t r a n s f e r  r a t e  i n  heat  exchangers E-7 and E-10 

QT = ( (  I-TC1) /('I-0.577) )**0.38*9700 

*DNSC (6)+(TCB-TC1)*1*18*DNSC (6 ) .  ( 3-2-4) 

2. C a l c u l a t e  t h e  b o i l i n g  temperature o f  water a t  a  g iven  p ressure  

TCB = B/(A-ALOG(P)) 

where A and B are  cons tan ts  r e f e r r e d  t o  i n  Equat ion (3-1-2). 

C. Subrout ine COMP: T h i s  r o u t i n e  c a l c u l a t e  t h e  power requi rement  and 

s h a f t  work f o r  t h e  f u e l  compressor. The equat ions con ta ined  i n  COMP are:  

1. Ca l cu la te  t h e  compressor s h a f t  work assuming a d i a b a t i c  c o n d i t i o n s  

POUT 
WS = GAG*1.987*TIN*1.8*( (IN)**( (GAG-l)/GAG)-1)/ (GAG-1) ( 3-2-5) 

2 .  Ca lcu la te  t h e  compressor s h a f t  work assuming i so therma l  c o n d i t i o n s  

WS = 1.987*TIN*1.8*ALOG(POUT/PIN) (3-2-6) 

3 .  C a l c u l a t e  t h e  compressor power requi rements  

POW = WS*TDNS/641400 



Calculate the boiling point 
under the fixed pressure 

_L 

A 

Calculate the latent heat 
by Watson Correlation 

Calculate the heat duty in 
the condenser 

_i 

Figure 6 Flow Chart o f  CDPH 



RETURN 0 

Figure 7 Flow Chart of COPT 
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D. Subrou t ine  COND: 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  h e a t  t r a n s f e r  d u t y  i n  

t h e  condenser. The h o t  s i d e  s t ream i s  a  gas m i x t u r e  t h a t  c o n t a i n s  steam. 

COND c o n t a i n s  t h e  f o l l o w i n g  equat ions:  

1. C a l c u l a t e  t h e  condenser h e a t  t r a n s f e r  d u t y  ( s e n s i b l e  h e a t  o n l y )  

QT = QT+DNSH( I )*(HCAS( I )*(THI-THO)+HCBS( I )*(THI  **2-THO**2) 

+HCCS(I )*(THIf*3-THO**3). ( 3-2-8) 

2. C a l c u l a t e  t h e  condenser h e a t  t r a n s f e r  c a p a c i t y  w i t h  t h e  Watson 

c o r r e c t i o n  f o r  l a t e n t  h e a t  

QT=~T+((l-(TH0/647.1))/(1-0.577)**0.38*97OO*DNSH(6) (3-2-9) 

where Watson c o r r e c t i o n  i s  g i v e n  as, 

where hfgi: mo la r  h e a t  o f  v a p o r i z a t i o n  a t  c o n d i t i o n  i 

Tri: reduced tempera tu re  a t  c o n d i t i o n  i. 

E. Subrou t ine  CONV: T h i s  s u b r o u t i n e  f i n d s  t h e  r o o t s  o f  t h e  n o n l i n e a r  

e q u a t i o n  x = f ( x )  b y  t h e  Wegstein i t e r a t i o n  scheme which a c c e l e r a t e s  convergence 

t o  t h e  r o o t s  p r o v i d e d  f ( x )  has a  con t inuous  f i r s t  d e r i v a t i v e .  CONV c o n t a i n s  

t h e  f o l l o w i n g  equa t ion :  

1. C a l c u l a t e  t h e  r o o t s  o f  a  g i v e n  n o n l i n e a r  f u n c t i o n :  

XT = ( X A ( N R ) * Y V - Y A ( N R ) * X V ) / ( X A ( N R ) - X V + Y V - Y A ( N R ) )  (3-2-11) 

F. S u b r o u t i n e  DIVID: 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  m a t e r i a l  ba lance 

around t h e  d i v i d e r  w i t h  known d i v i d e r  f a c t o r .  I t  i s  assumed t h a t  t h e r e  i s  no 

temperature  change i n  t h e  streams and t h a t  s p e c i f i c  e n t h a l p y  remains c o n s t a n t .  



Calculate the mean 
temperature of 
hot side 

Calculate the heat 
capacity rate of hot 
side 

. 
Calculate the heat 
duty in the 
condenser 

3igure 8 ?low Chart o f  COhD 



I Calculate the total thermal 
constant I 
Assme the initial guess of 
outlet temperature 

Calculate the energy balance 
to obtain outlet temperature 

Calculate the composition 

( RETURN 1 

Figure 9 $low Chart of  DKE4 
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G. Subrout ine D M I X :  Th i s  subrou t ine  c a l c u l a t e s  mass and energy balances 

around t h e  mixer  through which two streams combine t o  produce a  s i n g l e  

stream. The f l o w  c h a r t  f o r  D M I X  i s  shown i n  F i g u r e  8. D M I X  con ta i ns  t h e  

f o l l o w i n g  equat ions:  

1. C a l c u l a t e  t h e  o u t l e t  temperature 

TOUTC = (TCASl*TINl+TCAS2*(TI N2-TOUT)+TCBS1/2." 

(T IN1**2-TOUT**2)+TCBS2/2 .*(TIN2**2-TOUT**2)+TCCSl* (3-2-12) 

( T I  N1**3-TOUTf*3) 13 .+TCCS2*(TIN2**3-TOUT**3) / 3. ) ITCASl 

2. C a l c u l a t e  t h e  o u t l e t  pressure 

POUT = ( T D N S ~ + T D N S ~ )  1 ( T D N s ~ * T I N I  /PINI+TDNS~*TIN~/PIN~)*TOUT (3-2-13) 

H. Subrout ine ENFU: T h i s  subrou t ine  uses mass and energy balances i n  t h e  

f u e l  c e l l  t o  c a l c u l a t e  t h e  f o l l o w i n g  performance parameters: ope ra t i ng  

vo l tage ,  open c i r c u i t  vo l tage ,  f r e e  energy change a t  f u e l  c e l l  ope ra t i ng  

cond i t i ons ,  heat  o f  r e a c t i o n  f o r  methane, heat  o f  r e a c t i o n  f o r  methanol, heat  

o f  r e a c t i o n  f o r  naphtha, f u e l  c e l l  o u t l e t  temperature and stream composi t ion,  

e l e c t r i c a l  work produced, heat  energy r e j ec ted ,  v o l t a g e  e f f i c i e n c y ,  thermo- 

dynamic e f f i c i e n c y ,  h e a t i n g  va lue  e f f i c i e n c y ,  and f u e l  c e l l  e f f i c i e n c y .  The 

f l o w  c h a r t  f o r  ENFU appears i n  F i g u r e  10. Subrout ine ENFU con ta i ns  t h e  

Equat ions (2-2-5) t o  (2-2-18). 

I. Subrout ine ENRE: T h i s  subrou t ine  i s  used t o  c a l c u l a t e  t h e  energy 

ba lance o f  re fo rmer  i n  lumped model. T h i s  model was based on t h e  assumption 

t h a t  a l l  chemical  r e a c t i o n s  reach e q u i l i b r i u m  a t  t h e  i n p u t  temperature 

( i so therma l  ope ra t i on )  o r  t h e  average temperature ( a d i a b a t i c  ope ra t i on ) .  Then 



I C-alculate the molar fraction 
of hydrogen I 

I Calculate the operating 
voltage of one cell 

Calculate the open-circuit 
potential 

Calculate the free energy 
change 

I Calculate the voltage and 
current efficiency I 

I Calculate the electrical work I 

I Calculate the thermodynamic 
efficiency I 

I Cakulab the heating value 
and total fuel cell efficiency I 

Figure 10 Flow Chart of DFU 



Calculate the material 
balance of fuel cell stack 
CALL FUCE 

Calculate the outlet 
composition 

Assume the outlet 
temperature 

Calculate the energy balance 
for obtaining outlet 
tern perature 

Calculate the rejected heat 

I RETURN 1 

Figure  10 continued 
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t h e  energy balance con ta i ns  t h e  sens ib l e  en tha lpy  change and t h e  en tha lpy  

change o f  r e a c t i o n s .  The mathematical  model was descr ibed  i n  t h e  Equat ions 

(2-1-10) t o  (2-1-12). The f l o w  c h a r t  o f  ENRE i s  shown i n  F i g u r e  11. 

J. Subrout ine ENSH: T h i s  subrou t ine  i s  used t o  c a l c u l a t e  t h e  energy 

balance o f  s h i f t  conver te rs  ( bo th  h i g h  temperature conver te r  and low 

temperature conve r t e r ) .  Since methanol f u e l  does n o t  ne'ed t h e  s h i f t  

conver te r ,  t h i s  subrou t ine  w i l l  be skipped when i n p u t  f u e l  i s  methanol. The 

mathematical  model and f l o w  c h a r t  o f  ENSH are  shown i n  t h e  Equat ion (2-1-6) 

and F i g u r e  1 2 , . r e s p e c t i v e l y .  

K. Subrout ine EQUK: T h i s  subrou t ine  c a l c u l a t e s  t h e  e q u i l i b r i u m  cons tan ts  

o f  t h e  process gases i n  t h e  demethanat ion-and water s h i f t  r eac t i ons .  The 

mathematical  model f o r  t h e  e q u i l i b r i u m  cons tan t  was based on t h e  Van ' t  H o f f  

equa t ion  

T h i s  equa t ion  can be i n t e g r a t e d  a f t e r  express ing AH' i n  terms o f  t h e  s p e c i f i c  

heats  o f  t h e  stream gases t o  y i e l d ,  

where A B  and A Y  are  t o t a l  hea t  c a p a c i t y  cons tan ts  i n  t h e  s p e c i f i c  r e a c t i o n ,  

DHO and A 1  a re  cons tan ts  o f  i n t e g r a t i o n  which can be eva luated f r om t h e  

s tandard en tha lpy  and s tandard f r e e  energy change. The f l o w  c h a r t  f o r  EQUK 

appears i n  F i g u r e  13. The equat ions con ta ined  i n  EQUK are: 



Cakulate the matenal 
balance of reformer 
(for methanol and naphtha) 
CALL REF 

Calculate the outlet 
composition 

I Cakulate the enthalphy 
change with temperature I 

I Cakulate the enthalphy 
change of reaction I 

I Calculate the total capacity 
constant I 
Calculate the energy balance 
for obtaining outlet 
temperature 

Figure 11 .Flow Char t  of  DJRE 



Calculate the matenal 
balance of shift converter 
CALL POSH 

I Calculate the outlet 
composition 

Calculate the enthalphy 
change with temperature 

Calculate the enthalphy 

Calculate the total capacity 
constant 

I I Calculate the outlet 
temperature 

1 YES 

Figure 12 Flow Chart o f  U S H  



Calculatw total heat capacity 

Calculate enthalpy change 
of the reaction at standard 

Calculate free energy change 
of the rxn at standard 

Calculate integration 
Constants DHO and Al 

Calculate equalibrium 

Figure 1 3  Plow Chart of EQUK 



1. C a l c u l a t e  hea t  c a p a c i t y  c o n s t a n t s  

TCAS = TCAS+NNS ( I ) *HCAS ( I ) 

TCBS = TCBS+NNS( I ) *HCBS( I ) 

TCCS = TCCS+NNS( I ) *HCCS( I ) 

2. C a l c u l a t e  e n t h a l p y  o f  r e a c t i o n  change 

DH = DH+NNS(I)*HS(I) 

3. C a l c u l a t e  f r e e  energy o f  r e a c t i o n  

DG = DG+NNS(I)*GS(I) 

4. C a l c u l a t e  c o n s t a n t  DHO 

DHO = DH-TCASfTST-TCBS*TST**2/2-TCCSfTST*3/3 (3-2-19) 

5. C a l c u l a t e  c o n s t a n t  A1 

A1 = (DHO-DG-TCAS*TST*ALOG(TST)-TCBS/2*TSTf*2 

-TCCS/6*TST**3) /TST/R ( 3-2-20 ) 

6. C a l c u l a t e  equ i  1  i b r i u m  c o n s t a n t  

SK = EXP (-DHO/R/TOP+TCAS/R*ALOG(TOP)+TCBS/2*TOP/R 

+TCCS/6/R*TOPf*2+AI ) (3-2-21) 

L. Subrou t ine  FLAME: 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  s e n s i b l e  en tha lpy ,  

t h e  e n t h a l p y  change o f  r e a c t i o n ,  and t h e  maximum f lame temperature  i n  t h e  

bu rner .  I n  t h e  d e r i v a t i o n  o f  t h e  mathemat ica l  model, i t  was assumed t h a t  t h e  
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combust ion process goes t o  comp le t ion  w i t h  n e g l i g i b l e  d i s s o c i a t i o n  o f  t h e  

p r o d u c t s  and 200 p e r c e n t  s t o i c h i o m e t r i c  a i r .  The f l o w  c h a r t  f o r  FLAME appears 

i n  F i g u r e  14. FLAME c o n t a i n s  t h e  f o l l o w i n g  equa t ions :  

1. C a l c u l a t e  t h e  e n t h a l p y  o f  r e a c t i o n  change a t  298 K 

DH = DH+DNS(I)*HS(I)-DINS(I)*HS(I) 

2. C a l c u l a t e  t h e  s e n s i b l e  e n t h a l p y  change 

DH = DH+DINS(I)*(HCAS(I)*(298-TIN)+HCBS(I ) / 2 * (  (298) 

**2-TIN**Z)+hCCS(I) /3*((298)**3-TIN**3))  ( 3-2-23) 

3. C a l c u l a t e  t o t a l  h e a t  c a p a c i t y  c o n s t a n t s  

TCAS = TCAS+DNS( I ) *HCAS(I ) 

TCBS = TCBS+DNS( I ) *HCBS( I ) 

TCCS = TCCS+DNS ( I ) *HCCS ( I ) 

4. C a l c u l a t e  t h e  a d i a b a t i c  FLAME temperature  

TFC = (-DH-TCBS/ 2*( (TF)**~-(298)**2)-TCCS/3* 

( (TF)**3-(298)**3) ) /TCAS+298 (3-2-25) 

M. Subrou t ine  FUCE: 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  mass ba lance i n  t h e  

f u e l  c e l l  s tack ,  wh ich i s  d e s c r i b e d  i n  Equat ions (2-2-2) t o  (2-2-4). F low 

c h a r t  o f  FUCE i s  shown i n  F i g u r e  15. 

N. Subrou t ine  HEPD: 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  p ressure  d rop  i n  t h e  

hea t  exchangers used i n  t h e  f u e l  c e l l  power p l a n t s .  I t  was assumed t h a t  BWG14 



Calwlate the material 
balance of burner 
CALL BURN 

I Calculate the enthdphy 
change of reaction 

I Calculate the enthalphy 
change with temperature 1 

I Calculate the total heat 
capacity constant 

Calculate the energy balance 
for obtaining d-te outlet 
temperature 

YES 

1 RETURN 1 

Figure 14 Flow Chart of FUJZ 



Calculate H, wmsuption 

Calculate cathode inlet molar 
rate 

. 
Calculate anode and cathode 
outlet mdar rate 

C 

Figure  15 Flow Chart o f  FliZZ 
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tubes w i t h  nominal  s i z e  o f  314 i n c h  were used i n  t h e  h e a t  exchangers. The f l o w  

c h a r t  f o r  HEPD appears i n  F i g u r e  16. HEPD c o n t a i n s  t h e  f o l l o w i n g  equa t ions :  

1. C a l c u l a t e  t h e  number of tubes 

NT = HA/0.3048**2/NP/CLEN/SURFC (3-2-26) 

2 .  C a l c u l a t e  number of b a f f l e s  

NB = CLENIBSPAC 

3. C a l c u l a t e  f r e e  area between b a f f l e s  

FAREA = I DS/ (ODT+CL )*CL*BSPAC 

4. C a l c u l a t e  r a t i o  o f  p i t c h ,  t r a n s v e r s e  t o  f l o w ,  t o  tube  d iamete r  

XT = PITCH/ODT (3-2-29) 

5 .  C a l c u l a t e  f r i c t i o n  f a c t o r  

FPRI = SBO*(ODT*GS/AMUI)**(-0.15) 

6. C a l c u l a t e  p r e s s u r e  drop 

DP = BO*2*FPRT*NR*%S**2/32.174/3600**2/RH0/2116.2 ( 3-2-31 ) 

0. S u b r o u t i n e  HEXC: 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  energy a n a l y s i s  i n  

t h e  p a r a l l e l ,  c o u n t e r  and c r o s s f l o w  h e a t  exchangers. From t h e  assumpt ion 

d e s c r i b e d  i n  S e c t i o n  2.1.1, t h e  coun te r  mode w i l l  be t h e  o n l y  o p t i o n  used f o r  

hea t  exchangers i n  t h e  system. Mathemat ica l  model was shown i n  t h e  Equa t ions  

(2-1-1) t o  (2-1-4). 



Calculate m s t a n o  and pressure 
drop of tube side 

L 

I 

Figure  16 Flow Chart of HEPD 
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P. Subrou t ine  PDFU: 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  p r e s s u r e  drops i n  t h e  

f u e l  channels  and a i r  channels.  Dimensions of t h e  f u e l - c e l l  s t a c k  a r e  based 

on Westinghouse Stock No. 522. The mean p r e s s u r e  d rop  i s  e v a l u a t e d  b y  t a k i n g  

average o f  c a l c u l a t i o n s  based on i n l e t  and o u t l e t  gas compos i t ions.  

Q. Subrou t ine  PDSH: 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  p r e s s u r e  d rop  i n  t h e  

packed r e a c t o r s  which a r e  re former  and s h i f t  c o n v e r t e r s  i n  ou r  system. Ergun 

e q u a t i o n  s t a t e d  i n  Equa t ion  (2-1-7) was used t o  c a l c u l a t e  p r e s s u r e  d rop  o f  

r e a c t i n g  f l u i d  caused by  f l o w i n g  th rough  t h e  pack ings.  

R. and S. Subrou t ines  PUMP and PUP: S u b r o u t i n e  PUMP c a l c u l a t e s  t h e  power 

r e q u i r e d  t o  pump wa te r  t o  a  g i v e n  p ressure .  PUP c a l c u l a t e s  t h e  power r e q u i r e d  

t o  pump naphtha o r  methanol t o  a  g i v e n  p ressure .  PUMP c o n t a i n s  t h e  f o l l o w i n g  

equa t ion :  

1. C a l c u l a t e  t h e  power r e q u i r e d  t o  pump water  

POW = SV~*144.*5.05051*0.0000001*WM(6)*14.7* 

(POUT-PI N)*DNS(6) 1453.6 ( 3-2-32 ) 

T. and U. Subrou t ines  REF and SNAE: N a t e r i a l  ba lance i n  t h e  re fo rmer  a t  

t h e  equ i  1  i b r i u m  s t a t e  ( lumped model) i s  ana lyzed i n  s u b r o u t i n e  REF. S u b r o u t i n e  

SNAE s o l v e s  two n o n l i n e a r  a l g e b r a i c  equa t ions  generated i n  REF. These two 

s u b r o u t i n e s  were more l i k e l y  f o r  t h e  system w i t h  methanol o r  naphtha i n p u t  

f u e l ,  whereas t h e  k i n e t i c  model ( S e c t i o n  2.1.3.2) was used f o r  t h e  system w i t h  

methane i n p u t  f u e l .  
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The m a t e r i a l  ba lances f o r  methanol o r  naphtha i n p u t  f u e l  i n  t h e  r e f o r m e r  

a r e  s i m i l a r  t o  t h e  d i s c u s s i o n  i n  t h e  S e c t i o n  2.1.3.1, where methane i n p u t  f u e l  

was i l l u s t r a t e d .  

Newton-Kaphson method f o r  s o l u t i o n  of n o n l i n e a r  a l g e b r a i c  e q u a t i o n s  i s  

used i n  SNAE r e p e a t e d l y  t o  approach t h e  e q u i l i b r i u m  convers ions  of two 

p a r a l l e l  r e a c t i o n s  (demethanat ion and wa te r  s h i f t  r e a c t i o n s ) .  The genera l  

d e s c r i p t i o n  o f  Newton-Raphson method i s  as f o l l o w s  (Ref.  12 ) ,  f o r  two equa- 

t i o n s  fl(X1, X2) = O and f 2  (XI, X2) = 0 :  

X1 NEW = X1 o l d  +  AX^ 
X 2  NEW = X 2  o l d  +  AX^ 

where 

a f 2  f - -  a f l  f -  
1 ax, 2  ax1  AX^ = D 

and D i s  t h e  de te rm inan t  o f  c o e f f i c i e n t  m a t r i x  ( t h e  Jocob ian) ,  wh ich equa ls  t o  

a f l  a f 2  afl a f 2  - - - - -  
ax1 ax2 ax2 ax, 

V .  S u b r o u t i n e  SEPAR: 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  o u t l e t  compos i t i ons  

i n  t h e  l i q u i d - v a p o r  separa to r .  The l i q u i d - v a p o r  e q u i l i b r i u m  c o n s t a n t  a t  g i v e n  

tempera tu re  i s  determined by  R a o u l t ' s  law which s t a t e s  

XW = (TONS-DNS(6) 1 (OK-1) (3-2-35) 



Calculate equilibrium 
constants of yxn 1 

and yn 2 
CALL EQUK 

Change the equilibrium I 

constants to molar fraction basis 

Solve the material 
bal ance equations 

CALL SNAE 
I 

Figure 17: Flow Chart of Subroutine REF 



where XW: amount o f  wa te r  i n  l i q u i d  phase 

DK : e q u i l i b r i u m  c o n s t a n t  o f  l i q u i d - v a p o r  system, which equa ls  t o  

(PSATIPOP) 

W. S u b r o u t i n e  SHIFT: SHIFT c a l c u l a t e s  t h e  m a t e r i a l  ba lance i n  t h e  

s h i f t  c o n v e r t e r .  As d i scussed  i n  S e c t i o n  2.1.2, one r e a c t i o n ,  wa te r  s h i f t  

r e a c t i o n ,  dominates t h e  m a t e r i a l  change i n  t h e  s h i f t  c o n v e r t e r .  The 

mathemat ica l  model d e s c r i b e d  i n  t h e  Equa t ion  (2-1-5) w i l l  be so lved  by  

Newton's method (Ref. 1 2 )  i n  t h i s  subrou t ine .  

X .  Subrou t ine  VINEW: 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  c h a r a c t e r i s t i c  o f  

c u r r e n t  d e n s i t y  and o p e r a t i n g  v o l t a g e  i n  t h e  PAFC s tack.  The c e l l  v o l t a g e  can 

be expressed as an e x p l i c i t  f u n c t i o n  o f  r e a c t i o n s ,  p roduc ts ,  and c u r r e n t  

d e n s i t y  ( S e c t i o n  2.2.2), whi l e  t h e  c a l c u l a t i o n  o f  t h e  c u r r e n t  d e n s i t y  i n v o l v e s  

a  t r i a l  and e r r o r  procedure.  The mathemat ica l  model i s  shown i n  Equat ions 

(2-2-8) and (2-2-13). 

3.3 Subrou t ine  KREF 

The mathemat ica l  model developed i n  S e c t i o n  2.1.3.2 was used t o  deve lop 

a  F o r t r a n  computer code, wh ich c o n s i s t s  o f  an e x e c u t i v e  program (KREF), t h r e e  

s u b r o u t i n e s  and e l e v e n  f u n c t i o n s .  F i n i t e  d i f f e r e n c e  method w i l l  be a p p l i e d  

t o  s o l v e  these  s imul taneous d i f f e r e n t i a l  equa t ions  (Equa t ions  (2-1-14) t o  

(2-1-17)), w i t h  t h e  i n l e t  c o n d i t i o n s  as t h e  boundary c o n d i t i o n s .  The d e f i n i -  

t i o n  o f  f i n i t e  d i f f e r e n c e  s e c t i o n  i s  expressed i n  F i g u r e  18  and t h e  summary of 

t h e  b a s i c  d i f f e r e n c e  e q u a t i o n s  i s  shown i n  Tab le  2, where t h e  nomenc la ture  of  
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v a r i a b l e s  and f u n c t i o n s  i n  t h e  program i s  l i s t e d  i n  Table  3. F i g u r e  19 shows 

t h e  f l o w  c h a r t  o f  t h i s  program. 

KREF i s  s i m i  1  a r  t o  REPENT developed by Westi nghouse (80-9E6-PAMEC-RI ) . 
A  more d e t a i l e d  d i s c u s s i n  o f  t h e  subrou t ines  and f u n c t i o n s  i s  g i v e n  i n  Ref. 3 

and w i l l  n o t  be repea ted  here.  



TABLE 2 

SUMMARY OF THE BASIC EQUATIONS 
USED fN THE KINETIC MODEL OF THE REFORMER 

1. Demethanation R e a c t i o n  K i n e t i c  Mass Balance 

2. Water Gas S h i f t  E q u i l i b r i u m  

2 
X2 = 

-B-. B -4CA 
2A 

w i t h  A = [ ~ 2 ( i + l ) - l ] [ F 3 + X l ( i + l )  ~ 1 1 2  

3. Reforming Gas Energy Balance 

[AM+MH CHI - TC( i ) [AM-MH CHI + AM T C ( i + l )  = AM 

w i t h  AM = ( U I  n D2 b Z ) / 2  

4 .  Combustion Gas Energy Balance 

AN+2 LFACP) - TC(  ) 
T H ( i + l )  = T H ( i )  Ai 2(rFACP)-& 

AN AN 

whereTFACP: sum o f  t h e  component's h e a t  c a p a c i t y  i n  t h e  r e f o r m i n g  gas 

AL = F1  ( - D H l ) [ ~ l ( i + l ) - ~ l ( i )  ]+ [F3+Xl ( i+ l )  Fl](-~~2)[~2(i+l)-X2(i)] 

AN = MH CH ( I F A C P )  - L FACP+MH CH 
AN 

5. Pressure Drop o f  Reforming Gas 

P ( i + l )  = P ( i ) - A P  

where AP can be c a l c u l a t e d  f r o m  Ergun e q u a t i o n  (Equa t ion  (2-1-7)). 



TABLE 3 

NOMENCLATURE OF VARIABLES AND FUNCTIONS I h  SUBROUTINE KREF 

V a r i a b l e  D e f i n i t i o n  

FL f o r  3 = 0 t o  7 T o t a l  r e f o r m e r  gas feed f l o w  r a t e  and component 
f e e d  f l o w  r a t e s  f o r  components 1 t h o r u g h  7 
(mo la r  b a s i s )  

M H T o t a l  combust ion gas f l o w  r a t e  (mo la r  b a s i s )  

CGCOM f o r  J = 1 t o  7 Combustion gas component f l o w  r a t e s  f o r  compo- 
nents  1 t o  7 (mo la r  b a s i s )  

K 1 E q u i l i b r i u m  c o n s t a n t  f o r  demethanat ion r e a c t i o n  

K 2 E q u i l i b r i u m  c o n s t a n t  f o r  water  s h i f t  r e a c t i o n  

Frequency f a c t o r  f o r  A r r h e n i u s  exp ress ion  
k + ko exp(-Eact IRT) 

W M Mo lecu la r  we igh t  

E A A c t i v a t i o n  energy f o r  demethanat ion r e a c t i o n  

RHOB C a t a l y s t  b u l k  d e n s i t y  

EPS Reactor  v o i d  volume 

D 1 Reformer c e n t e r  tube  o u t s i d e  d iameter  

D2 Reformer o u t e r  tube  i n s i d e  d iameter  

D 3 Reformer o u t e r  t u b e  o u t s i d e  d iamete r  

C h a r a c t e r i s t i c  d imension o f  t h e  combust ion gas 
f l o w  d u c t  (geometry i s  square) 

D P C a t a l y s t  p a r t i c l e  d iameter  

P P ressure  



TABLE 3 

NOMENCLATURE OF VARIABLES AND FUNCTIONS I N  SUBROUTINE KREF 
( c o n t  ' d )  

V a r i a b l e  

TCO 

D e f i n i t i o n  

Reformer gas f e e d  temperature  

THZ Combustion gas f e e d  temperature  

Length o f  re former  tube  

K i n e t i c  convers ion  by demethanation r e a c t i o n  i n  
Increment I 

A c t u a l  convers ion  by water  s h i f t  r e a c t i o n  i n  
Increment I 

I n i t i a l  methane c o n c e n t r a t i o n  i n  r e f o r m e r  gas 

I n i t i a l  re fo rmer  gas l i n e a r  v e l o c i t y  

Temperature 

E q u i l i b r i u m  cons tan t  f o r  demethanation r e a c t i o n  
a t  temperature  T 

E q u i l i b r i u m  convers ion  f o r  water s h i f t  r e a c t i o n  
a t  temperature  T 

TDHl Heat o f  r e a c t i o n  f o r  demethanation r e a c t i o n  a t  
temperature  T 

Heat o f  r e a c t i o n  f o r  water  s h i f t  r e a c t i o n  a t  
temperature  T 

E q u i l i b r i u m  convers ion  f o r  water s h i f t  r e a c t i o n  

Heat o f  r e a c t i o n  f o r  demethanation r e a c t i o n  

Heat o f  r e a c t i o n  f o r  water  s h i f t  r e a c t i o n  

T o t a l  moles o f  r e f o r m e r  gas 

TV I S 

VIS 

V i s c o s i t y  a t  temperature  T 

V i s c o s i t y  

THC Thermal c o n d u c t i v i t y  



TABLE 3 

NOMENCLATURE OF VARIABLES AND FUNCTIONS I N  SUBROUTINE KREF 
( c o n t  ' d )  

V a r i a b l e  D e f i n i t i o n  

TTHC Thermal c o n d u c t i v i t y  a t  temperature  T  

I n s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  
r e f o r m e r  o u t e r  tube  

THI Same as H I  e v a l u a t e d  a t  temperature  T  

HO 

THO 

Outs ide  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  
r e f o r m e r  gas o u t e r  tube  

HO eva lua ted  a t  temperature  T  

O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  r e f o r m e r  
o u t e r  t u b e  

U I  eva lua ted  a t  temperature  T  

F CP Reformer gas h e a t  c a p a c i t y  

TFCP Reformer gas hea t  c a p a c i t y  a t  temperature  T  

THO Combustion gas o u t l e t  temperature  

DZZ Inc rementa l  l e n g t h  

T A ( I  Average temperature  i n  Increment  I 

I Increment  c o u n t e r  

TAK 1 Kl eva lua ted  a t  T A ( 1 ,  K)  

TAK2 K2 eva lua ted  a t  TA(1, K) 

Conversion X2 f o r  wa te r  s h i f t  r e a c t i o n  assuming 
t o t a l  system e q u i l i b r i u m  

X F T o t a l  number of moles i n  t h e  re fo rmer  gas 

XU I O v e r a l l  hea t  t r a n s f e r  i n  Incrememt I 

XCOMP(1, J )  Moles o f  component J  i n  Increment  I 

COM(J) Feed moles o f  component J  



TABLE 3 

NOMENCLATURE OF VARIABLES AND FUNCTIONS IN SUBROUTINE KREF 
(cont 'd) 

Variable 

XMCOMP(1, J) 

TC( 1) 

TH(I) 

TP(I) 

XDHl 

XDH2 

XVI s 
XTHC 

XH I 

XCGV I S 

XCGTHC 

XHO 

RE 

Error 

Definition 

Mole fraction components 3 ,  Increment I 

Reformer gas temperature in Increment I 

Combustion gas temperature in Increment I 

Iteractive variable for TC(1) 

Value of DH1 in Increment I 

Value of DH2 in Increment I 

Value of VIS in Increment I 

Value of THC in Increment I 

Value of HI in Increment I 

Combustion gas viscosity in Increment I 

Combustion gas thermal conductivity in 
Increment I 

Value of HO in Increment I 

Reynolds number 

Convergence criterion on methane conversion 



Combustion 
Gases 

Combustion 
Gases 

Figure 18 Single Wbe Kinetic Reformer Yodel 
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3.4 Program Opera t ion  

The program i n p u t - o n l y  c o n s i s t s  o f  a  NAMELIST d a t a  deck which must be i n  a  

s p e c i f i e d  o rde r .  The f i r s t  NAMELIST s e t  i s  c a l l e d  OPFC and c o n t a i n s  t h e  t h r e e  

va lues  o f  t h e  o p e r a t i n g  c o n d i t i o n s  i n  t h e  f u e l  c e l l  s tack .  The o r d e r  o f  i n p u t  

d a t a  i n s i d e  one NAMELIST need n o t  be f i x e d .  

The second s e t  ( I N I T )  c o n t a i n s  t h e  11 va lues of t h e  amount o f  t h e  i n p u t  

f u e l  and ambient temperature  and pressure.  The dimension o r d e r s  i n  t h e  

v a r i a b l e s  f o r  t h e  p r o p e r t i e s  o f  gas m i x t u r e  a r e  f i x e d ,  wh ich a r e  ( 1 )  methane, 

( 2 )  oxygen, ( 3 )  carbon monoxide, ( 4 )  carbon d i o x i d e ,  ( 5 )  hydrogen, ( 6 )  water,  

and ( 7 )  n i t r o g e n .  

The t h i r d  s e t  (CONDT) c a r r i e s  t h e  i n f o r m a t i o n  f o r  t h e  system o p e r a t i o n ,  

wh ich i n c l u d e s  t h e  k i n d  o f  i n p u t  f u e l ,  t r i a l  and e r r o r  c r i t e r i o n ,  r e l a t i v e  

humid i t y ,  and e x t r a  percentage o f  needed a i r  i n  t h e  bu rner  and t h e  f u e l  c e l l  

s tack .  

The f o u r t h  s e t  (REPEN) c o n t a i n s  t h e  i n f o r m a t i o n  f o r  t h e  k i n e t i c  model o f  

re fo rmer .  These a r e  t h e  dimensions o f  r e f o r m e r  and t h e  c a t a l y s t  k i n e t i c  d a t a  

used i n  t h e  re fo rmer .  

The f i f t h  s e t  (HEATX) c o n t a i n s  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  a l l  t h e  h e a t  

exchangers i n  t h e  system and t h e  t r a n s f e r  areas designed i n  t h e  condenser and 

c o o l e r .  
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The s i x t h ,  seventh, and e i g h t h  s e t s  (HEPDC, PDSHH, and PDFUH) c o n t a i n  t h e  

dimensions o f  t h e  h e a t  exchanger, t h e  s h i f t  conver te rs ,  and t h e  f u e l  c e l l  

s tack ,  r e s p e c t i v e l y .  These d a t a  w i l l  be used t o  c a l c u l a t e  t h e  p r e s s u r e  drops 

i n  these t h r e e  components. 

The l a s t  NAMELIST s e t  (CATAI) s p e c i f i e s  t h e  k i n e t i c  d a t a  of t h e  c a t a l y s t  

used i n  t h e  f u e l  c e l l  s tack .  
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TABLE 4 ( c o n t ' d )  

INPUT DATA FOR SIMULATION OF CSU PAFC SYSTEM STEADY STATE PERFORMANCE 

(SAMPLE RUN) 

NAMELIST VARIABLE SAMPLE 
LIST NAME DIMENSION VALUE UNIT DEFINITION 

CONDT 

CONDT 

CONDT 

CONDT 

CONDT 

REPEN 

REPEN 

REPEN 

REPEN 

KEPEN 

REPEN 

REPEN 

REPEN 

REPEN 

REPEN 

REPEN 

HEATX 

EXT 

WAT 

E XA 

Z H 

DX 1 

DX 2 

DX 3 

K 0 

E A 

RHO0 

EPS 

S 

D P 

DZ Z 

CN 

g w a t e r l g  a i r  

lb-moleCH41 
l b  cata-hr-atm 

= 1 a d i a b a t i c  ope ra t i on  i n  s h i f t  conver te rs  

= 2 i so therma l  ope ra t i on  i n  s h i f t  conver te rs  

Number o f  components i n  whole system 

E x t r a  percentage- of needed a i r  i n  burner  

R e l a t i v e  hum id i t y  o f  a i r  

E x t r a  percentage o f  a i r  i n  f u e l  c e l l  s tack 

He igh t  of reformer 

Outs ide diam,eter o f  r egene ra t i ve  tube  

I n s i d e  diameter o f  re forming tube 

Outs ide diameter o f  re forming tube  

Rate cons tan t  o f  demethanation r e a c t i o n  

A c t i v i t y  energy of demethanation r e a c t i o n  

Dens i t y ,  of p.acki ng i n refomer 

Void  f r a c t i o n  i n  re former  

Width o f  combustion gas square duc t  

Diameter of c a t a l y s t  i n  reformer 

He igh t  o f  f i n i t e - d i f f e r e n c e  s e c t i o n  

QxAIC min i n  heat  exchanger 



TABLE 4 ( c o n t ' d )  

INPUT DATA FOR SIMULATION OF CSU PHFC SYSTEM STEADY STATE PERFORMANCE 

(SAMPLE RUN) 

NAMEL I ST VARIABLE SAMPLE 
LIST NAME DIMENSION VALUE UNIT DEFINITION 

HEATX 

HEATX 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

HEPDC 

NPH 

NRH 

BASPC 

ODTH 

PITCH 

CL H 

I DSH 

I DTH 

FLOAK 

SURFC 

CLENH 

SITSZ 

c a l  lm2-hr-K O v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  i n  heat  
exchanger 

T rans fe r  area i n  E-7 

T rans fe r  area i n  E-10 

Number o f  tube passes 

Number of tube  rows 

B u f f l e  space 

O.D. o f  tube  

P i t c h  o f  heat  exchanger 

Clearance i n  heat  exchanger 

I.D. o f  s h e l l  

I.D. o f  tube  

Flow area i n  heat  exchanger 

Surface area per  l i n e  

Length o f  tube 

R a t i o  o f  t o t a l  i n s i d e  tube  c ross -sec t iona l  
area per  pass t o  header c ross -sec t iona l  area 
per  pass 

F r a c t i o n  of AT over  i n l e t  gas f i l m  i n  heat  
exchanger 



TABLE 4 ( c o n t ' d )  

INPUT DATA FOR SIMULATION OF CSU PAFC SYSTEM STEADY STATE PERFORMANCE 

(SAMPLE RUN) 

NAMELIST VARIABLE SAMPLE 
LIST NAME DIMENSION VALUE UNIT DEFINITION 

PDSHH 

PDSHH 

PDSHH 

PDSHH 

PDSHH 

PDFUH 

PDFUH 

PDFUH 

PDFUH 

PDFUH 

PDFUH 

PDFUH 

CATA I 

CATA I 

CATAI 

CATA I 

CATA I 

CATA I 

CATA I 

CATA I 

DP D 

AHRN 

APPD 

CLEPD 

NTPD 

NTAF 

FULE 

W I DAF 

NPFU 

N TAA 

AIRL 

W I DAA 

SRO 

S A 

CU 

C L  

ALFA 

SN 

FCONST 

DK C 

f t  

f t  

fi-cm 
2 

cm Img 

g-equiva lent  

Clg-equiva lent  

A 1  atm 

Diameter of s h i f t  conver te rs  

Void f r a c t i o n  i n  s h i f t  conver te rs  

To ta l  surface area o f  pack ing 

Length o f  s h i f t  conver te rs  

Number o f  tubes i n  s h i f t  conver te rs  

Number o f  f u e l  f l o w  channels i n  s tack 

Length of f u e l  channel 

Width o f  square. fue1 channel 

Number of c e l l  p l a t e s  

Number o f  process a i r  f l o w  channels 

Length of a i r  channel 

Width o f  square process a i r  channel 

C e l l  r e s i s t a n c e  a t  450' K 

Surface area o f  c a t a l y s t  

U t i l i z a t i o n  of c a t a l y s t  

Ca ta l ys t  l oad ing  

Trans fe r  c o e f f i c i e n t  

Number o f  Faraday equ i va l en t s  t r a n s f e r r e d  

Faraday cons tan t  4 
I-' 

Constant t o  c a l c u l a t e  l i m i t i n g  c u r r e n t  
dens i t y  
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A l l  o f  t h e  i n p u t  v a r i a b l e s  a r e  l i s t e d  i n  Tab le  4, a long  w i t h  t h e i r  u n i t s  

and numer i ca l  va lues  i n  t h e  sample run,  wh ich w i l l  be d iscussed i n  t h e  

f o l l o w i n g  s e c t i o n .  

3.5 Sample Problem 

The computer codes developed i n  p r e v i o u s  s e c t i o n s  were combined t o  

s i m u l a t e  t h e  PAFC system performance. The lumped model o f  each component was 

used t o  s i m u l a t e  t h e  C S U  des ign  ( F i g u r e  I ) ,  except  i n  t h e  re fo rmer  where t h e  

d i s t r i b u t e d  model was used f o r  t h e  methane i n p u t  f u e l .  

T h i s  sample prob lem was t o  s i m u l a t e  t h e  110 kW AC PAFC system w i t h  methane 

i n p u t  f u e l .  The i n p u t  data ,  'wh ich i s  d iscussed i n  t h e  p r e v i o u s  s e c t i o n ,  i s  

d i s p l a y e d  i n  F i g u r e  20. F i g u r e  2 1  c o n t a i n s  t h e  o u t p u t  generated b y  t h e  sample 

d a t a  i n p u t .  F i r s t ,  t h e  program r e p r i n t s  a l l  o f  t h e  i n p u t  data.  Next, t h e  

program p r i n t s  o u t  t h e  o p e r a t i n g  c o n d i t i o n s  ( tempera tu re  and p r e s s u r e )  o f  

re fo rmer ,  s h i f t  c o n v e r t e r s ,  and l i q u i d  separa to r .  For  t h e  f u e l  c e l l  s tack ,  

t h e  p r i n t o u t  w i l l  c o n t a i n  t h e  o p e r a t i n g  temperature ,  o p e r a t i n g  pressure,  open 

c i r c u i t  p o t e n t i a l ,  o p e r a t i n g  p o t e n t i a l ,  c u r r e n t  d e n s i t y ,  c a t a l y s t  l oad ing ,  

f u e l  and o x i d e n t  u t i l i z a t i o n s ,  t h e  d i f f e r e n t  k i n d s  of e f f i c i e n c y ,  DC and AC 

e l e c t r i c a l  work, and h e a t  r e l e a s e d  f r o m  t h e  s tack .  

Next, t h e  P-T-V (V as a  f l o w  r a t e )  s t a t u s  of each s t ream numbered i n  

F i g u r e  1 w i l l  be l i s t e d  on a  new p r i n t o u t  page. The l a s t  p i e c e  o f  i n f o r m a t i o n  

p r i n t e d  i s  t h e  duty ,  t r a n s f e r  area, and e f f i c i e n c y  o f  each hea t  exchanger 

numbered on f l o w  diagram, and power spent  i n  t h e  a i r  and f u e l  compressors and 

Pump 



BOPFC T O P F C = 4 4 3 . , U T = 0 . 8 p C D = 3 2 5 . v  
L E N D  
& I N I T  D H S M = 1 2 1 6 . p 0 . p 1 . 3 6 0 ~ 2 1 . 8 , 1 6 6 . , 0 . , O . ~ T A T = 2 9 8 . ~ P A T ~ l . ~ S M R A ~ 3 . ~ P O P R ~ 5 . 0  
& E N D  
BCOHDT I F U E L = 1 , E R R = O . O 1 , I P = 2 r I = 7 , E X T = 1 0 0 . , W A T ~ O . O l 5 , E X A ~ l O O . p  
L E N D  
LREPEN ZH=6.,DX1=0.,DX2=0.15,DX3=0.1667,K0=1.040E+04,EA~20000.,RH0B~80. 
,EPS=0.487,S=0.25rDP=0.00328,DZZ=0.25, 

L E N D  
BHEATX CH=1.3,U=48825.1,HA(7)=0.2,HA(10~=0.2p 
LEHD 
LHEPDC N P H = 2 ~ N R H = 5 ~ B S P A C = l . ~ O D T H = . 0 6 2 5 ~ P I T C H = . 0 8 3 3 ~ C L H ~ . O 2 0 8 ~ I D S H ~ . 8 3 S ~  
I D T H = . ~ ~ ~ ~ ~ ~ F L O A R = . ~ ~ ~ ~ ~ ~ ~ S U R F C = . ~ ~ ~ ~ ~ C L E N H ~ ~ . ~ S ~ T S ~ ~ O . ~ ~ D T H ~ O ~ ~ I  
LEN D  
LPDSHH DPD=l.18,O.,AHRN=0.66,.O,APPD=69.,O.~CLEPD=5.91,0.~ 
NTPD=l, 0. 

L E H D  
LCATAI S R O = . 4 4 p S A = 4 0 0 . r C U = . 1 5 ~ C L = . 7 5 ~ A L F A = . 5 ~ S N = 2 . , F C 0 N S T = 9 6 5 O O - ~  
DKC=2.4E5, 
2 END 

Figure 20 Sarple Inpu t  Data 
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THE STEAM/METHANE RATIO I N  THE REFORMER I S  3 . 0 0  

THE REFORHER I S  OPERATING UNDER THESE CONDITIONS 
INLET PRESSURE 4.90ATM OUTLET PRESSURE 6.72ATM 

INLET TEMP. z1035 .87  K  OUTLET TEMP. : 9 2 0 . 6 3  K  

THE HIGH TEMP. SHIFT  CONVERTER I S  OPERATING UNDER THESE CONDITIONS 
OPERATING TEMP.: 7 5 5 . 2 6  K 
OPERATING PRESSURE- 4 . 7 2 A T N  
I N L E T  TEMP.: 7 5 5 . 2 6  K  
OUTLET TEMP. : 7 5 5 . 2 6  K  

THE LOW TEMP. SHIFT  CONVERTER I S  OPERATING UNDER THESE CONDITIONS 
OPERATING TEMP.: 3 9 9 . 6 8  K 
OPERATING PRESSURE: 4 .72ATM 
INLET TEMP.: 3 9 9 . 6 8  K 
OUTLET TEMP.: 3 9 9 . 6 8  K  

THE L I Q U I D  SEPERATER I S  OPERATING UNDER THESE CONDITIONS 
OPERATING TEMP.: 3 5 7 . 3 4  K 
OPERATING PRESSURE: 4 .42ATM 

THE FRACTION OF CO I N  THE FEED I S  0 . 0 0 0 2 9  

THE FUEL CELL I S  OPERATING UNDER THESE CONDITIONS 
THE OPERATING TEMPERATURE : 4 4 3 . 0 0 K  
THE OPERATING PRESSURE: 4.79ATPl 
THE OPEN C I R C U I T  POTENTIAL:  1 . 1 7 1  V  
THE OPERATING POTENTIAL:  0 . 6 5 8  V  
THE CURRENT DENSITY:  0.325A/CMM*2 
THE CATALYST LOADING: 0 . 7 5 0 P T / C N ~ * 2  
THE FUEL U T I L I Z A T I O N : 0 . 8 0 0  
THE OXYGEN U T I L I Z A T I O N : 0 . 5 0 0  
THE ANODE S I D E  I N L E T  TEMP. I S  3 9 9 . 6 8  K  
THE CATHODE S I D E  I N L E T  TEMP. I S  3 8 6 . 4 1  K 
THE THERMODYNAMIC EFFICIENCY OF FUEL CELL I S  0 . 9 2 8 6 7 E  OOTHE CURRENT EFFICIENCY I S  0 . 8 0 0 0 0 E  0 0  
THE VOLTAGE EFFICIENCY I S  0 .56251E OOTHE HEATING VALUE EFFIC IENCY I S  0 . 9 0 4 7 0 E  0 0  
THE FUEL CELL EFFIC IENCY I S 0 . 3 7 8 0  
THE ELECTRICAL WORK I S  0 . 1 2 6 0 1 E  03KW 
THE TOTAL HEAT RELEASE I S  0 .53266E O8CAL 

THE AC OUTPUT I S  113.77KW 

Figure 21 continued 
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THE DUTY OF HEAT EXCHANGER [CAL.  ( 0  MEANS NO T H I S  NO. HEAT 'EXCHANGER) 
E- 1 E-2  E - 3  E-4 E-5 E-6 E-7 E-8 E- 9  E- 1 0  

0 . 4 5 3 1 6 E  0 7  0 . 9 9 7 8 7 E  07 0 . 1 4 1 2 3 E  0 8  0 . 3 3 1 5 6 E  0 8  0 .1091OE 0 9  0 . 1 0 7 7 7 E  0 8  0 . 5 3 2 6 6 E  0 8  0 . 0 0 0 0 0  0 . 5 1 0 6 0 E  07 0 . 3 7 0 7 0 E  0 8  

THE EFFIC IENCY OF HEAT EXCHANGER ( 0  MEANS NO T H I S  NO. HEAT EXCHANGER OR I S  CONDENSER) 
E  - 1 E - 2  E- 3 E-4 E- 5  E- 6  E-7 E-8 E-9 E-10 

0 . 6 8 8 8 1 E  0 0  0 . 5 9 n 5 6 E  00  0 . 6 3 1 8 1 E  0 0  0 . 5 7 4 1 2 E  00  0 . 0 0 0 0 0  0 . 6 5 3 0 2 E  0 0  0 . 0 0 0 0 0  0 . 0 0 0 0 0  0 . 6 4 1 5 3 E  0 0  0 . 0 0 0 0 0  

THE POWER OF A I R  COMPRESSOR: 64 .04HP 
THE POWER OF METHANE COMPRESSOR: 3 .80HP 
THE POWER OF Pump : 0 . 0 0 1 4 6 ~ ~  

Figure 21 continued 



3.6 Discussion 

There has been much i n t e r e s t  in  the  e f f e c t  of a l t e r n a t e  commercial f u e l s  

on the  performance and cos t s  of PAFC power p lant .  The computer program 

developed can allow f o r  methanol o r  naphtha as input f u e l .  The system with 

methanol input fue l  obtains the  highest e f f i c i ency  among the  th ree  f u e l s ,  

where 40-45 percent of the  PAFC stack compared t o  35-40 percent of methane 

input f u e l .  More de ta i l ed  discussion on t h i s  topic  i s  presented in Ref. 14. 

Since there  are  a  l o t  of t r ial-and-error  procedures in the  program, the  

in feas ib le  i n i t i a l  guesses wi l l  cause the  ca lcula t ions  looping or overflowing. 

For the  naphtha input f u e l ,  because of computation problem (overflow) in 

the  subroutine S N A E ,  the  conversion wil l  be assumed in the  reformer. The 

problem wi l l  be amended as  required.  

3.7 Further Developments 

This PAFC system steady s t a t e  simulation program can be modified t o  allow 

d i f f e r e n t  flow diagram. For example, i t  has been used t o  simulate the  

Westinghouse 7.5 MW PAFC power plant  (Ref. 1 3 ) ,  and the  r e s u l t s  were shown in 

Ref. 11. 

Further developments have been completed, which include 3-D temperature 

and current  dens i ty  d i s t r i b u t i o n s  (d i s t r ibu ted  model) of fuel  ce l  stack (Refs. 

11, 1 5 ) ,  k ine t i c  model f o r  regenerated-type reformer, d i s t r ibu ted  simulation 

of PAFC system steady s t a t e  performance (Ref. l l ) ,  and the  simulation of PAFC 

power p lant  system t r a n s i e n t  responses in the load changing period (Ref. 11). 
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L i s t i n g  o f  t h e  Steady  S t a t e  Per fo rmance Lumped Model 

0 0 0 0 0 2 0 C  BLOCK DATA 
00C0040CC 
0 0 0 0 C 6 0  C******BLOCK DATA FOR CSU P R O M  FUEL C E L L  POWER PLANT PERFCRilANCE 
OOC0103C D I n E N S I O N  GS(7l,HS(7l,HCAS(71,HC6S[7) ,HCCS[71 1bl?l(7),SV( 3 1 ,  
0 0 3 0 1 2 0 C  lHLH'f(7l,A1[2,71,A2(2,7),A3I4171 
O O X 1 4 0 C  CCX::C?I /ETHDA/ GS ,HS ,HEAS ,HCGS ,HCCS 
0 0 0 0 1 6 o c  co::nntr /TC/ ~ c / c c t c s /  A ,  B 
0 0 0 0 1 3 C C  COZI:3!4 /GAS/ GAG3 ,GAGA 
003020CC CCXKON /t:AFH/H:lA ,BP!lA r UXNA I VHNA 
O ~ O O Z Z O C  CC::!:OII /CI:V wn 
O000240C CCM::C:I/SV/ SV, SVW 
OC00260C CO>:?!T?!l/HLHVl/ HLHV 
5 0 0 0 2 3 0 C  COKHON/THCC/Al/vIi:C/ir2/KTCPC/A3 
000030CCC 
0 0 0 0 3 2 G t C  STANDARD VALUE OF FREE ENERGY, ENTHALPHY AND HEAT CAPACITY COb!STAttT 
0 0 0 0 3 4 0 C  DATA GS/-12140.~0.r-3?781.~94253.~0.,-5~535.~0./ 
0 0 9 0 3 5 C C  DATA H5/-l7~89.~0.~-26416.,-9'tO51.,0.,-57798.,0./ 
OC00380C DATA HCAS/3 ,381,6 .148r6 .42 ,6 .214,6 .947,7 .256,6 .524/  
0 0 0 0 4 0 0  DATA HCES/.018044~.OJ3102~.001665~.010396r-.0CO2~.002298~.00125/ 
OCCC420 DATA HCCS/-4.3E-06~-9.23E-071-1~96E-07~-3.545E-06~4.81E-07~2.&3E-07~1.E-09/ 
00G0440CC THE MOL. W5II;HT OF GASES 
0 0 3 0 4 6 0 C  DATA KY/16.,32.,28.,40.12.,18.,28./ 
0 0 0 0 4 3 0 C C  THE THERKAL DATA OF KAPHTHA 
OCO35OCC DATA H!!A/O .58/ ,EFt lA/103.4/ ,~NA/7680./  
C00052CCC THE CG!IST. FOR CAL.  S iTURATED PRESSURE I E X P ( A - B A I )  
C 0 0 0 5 4 0 C  DATA A,B /13 .954316 ,5204 .9597 /  
0 0 0 0 5 5 0 C C  C R I T I C A L  TEHPERATURE OF WATER 
000058CC DATA T C / 6 4 6 . 4 4 7 /  
OC03603CC INSERT R A T I O  CF HEAT CAPASITY  
C 0 0 0 t 2 0 C  DATA GLG3/1 .3 / ,GASA/1.4 /  
300C6GCCC INSERT THE S P E C I F I C  VOLUZE OF FUEL AND WATER 
0 0 0 0 6 6 0  DATA SV/0.,.02034,.021/~SVU/.0162/ 
00CC6E3CC I t l S E R T  THE HEAT1Y:S VALUE 
OOCO7COC DATA HLHV/-191762.,0.,-67636.,0.,-57798.4.,0./ 
0 0 0 0 7 2 0 C C  I N S E R T  THE S P E C I F I C  HEAT C A P A C I T I E S ,  BTU/R-LB-ROLE 
OC3C740C DATA A3/5.3~,6.39E-03~0.,0.~6.60~6.67E-C4~0.~0.~10.34~1.5~E~O3~0.~ 
0 0 0 3 7 6 0 C  1 -6 .334?CE+C5 ,8 .22 ,  8.3E-05,4.136E-07,0.,6.62,4.5E-04,0.,0.,6.5, 
00C07EOC 25.56E-05,0 . ,0 . ,6 .732,8 .36E-O3r5 .53E-09,0 . /  
G000800CC INSERT V I S C C S I T Y ,  LBi l /FT-HR 
0 0 0 0 8 2 0 C  DATA A2/3.4373E-05,2.5&51E-0213.8185E-O514.8688E-O2,5.036&E-O5~ 
0 0 0 0 9 4 0 C  13.363SE~02r5.221E-05~1.7532E~02~1.8789E~O5~2.312E~O2~4.23l&E~O5~ 
00OOe60C 24.6721E-02,2.45-30E-0515.5613E-02/ 
C000030CC INSERT TilER?lAL CC!:DUtTIVITY, BTU/HR-FT-F 
00309COC DATA A1/6.6539E-05~7.4614E-03~1.5349E-05~1.658lE~O2~2.045lE~O5~ 
OC00920C 11.1726E-0214.C46E-05~1.8765E-03~1.1899E~04~1.0126E~01~1.6774E~05~ 
0 0 0 0 9 4 0 C  21.5182E-02~1.792E-05,1.67E-O2/ 
0 0 0 0 9 6 0 C  END - COO0930 C 
0 c 0 1 0 0 0  C *#* l f * * * *X* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * l * * * * * * * * * * * * * * * * * * *~* * * *  

0 0 0 1 0 2 0  C T H I S  PRCSRAM I S  USIFlG FORTRAN TO S I K U L A T E  THE PHOSPt!CRIC A C I D  FUE-L 
0 0 0 1 C 4 0  C C E L L  SYSTEH 
COC:O60 C ***r*~*+*t*ftttit*ti*tftti***~*~fi******~*****%******************* 

COO1080 C 
0 0 0 1 1 0 0  C D E F I N I T I O N :  



A : CONSTANT FOR CAL. SATURATED C O h D I T I O N  OF WATER 
AA1: THERMAL COI lDUCTIV ITY  COEFF. OF GAS I, BTU/HR-FT-F 
AA2: V I S C O S I T Y  COEFF. OF GAS I, LBll /FT-HR 
AA3: S P E C I F I C  HEAT CAPACITY COEFF. OF GAS I, BTU/R-LB-ROLE 

OF THE FCRtl :AA31 1 I t A A 3 1  2 ) *T+AA3(  3 ) fT**PtAA3(4) /T**2  
AHLU: HOLE F R A t T I C N  OF AVAILABLE  HYDROSEN 
AHEN: PERCENT FREE-GAS SFACE 
A I R L :  LEHSTH OF A I R  CHAt:t4ELv F T  
ALFA:  TRANSFER CCEFF. 
APFD: TOTAL SURFACE AREA OF PACKING ACC. TO THE B A S I S  AND OPER. 
TEKFERATURE , FT**Z 
ATRP: OUTLET TEMP. OF GASES, K 
B : COI:STAIiT FCR CAL.  SATURATED CONDIT ION OF WATER 
BPtiA: E 0 I L I t : S  F O I t I T  OF NAPHTHA, C 
BSPAC: BAFFLE SPACE, F T  
CD : CUEREF4T DE t IS ITY  , MAMP/CM**2 
CL: CATALYST LOADItG,E;/CH**2 
C L E W :  LEt jSTH OF TUSE I N  HEAT EXCHANGER, F T  
CLEFD: LEF:tTH OF S H I F T  COI4'JERTER1JK=11~REFORMER(JK=Z FOR METHANOL 

NLFHTHA)  F T  
CLH:  CLEA!?Ct:CE I N  HEAT EXCHANGER, F T  
Ct4: Q*A/Ct l IN I N  HEAT EXCHAtGER 
CU: CATALYST U T I L I Z A T I 0 : I  
DG: STAHDAED FREE EIiERGY CHAt:GE,CAL/G-ROLE 
DH: STA!:DLRD ENTHALFHY CHAt;CJE AT REACTIO?I,CAL/G-MOLE 
D H I N :  ENTHALPHY CHAI4SE DUE TO TEMPERATURE CHAIGE CF I N L E T  F L U I D  
CAL./G-KOLE 
DKC : CO145T. TO CALC . L L M I T I I t G  CURRENT DENSITY  
DHO: I t4TECRATION COI4STANT I N  CALCULATE H 
DP: CATALYST PELLET  DIAHETER,  F T  
DPD: D I A .  OF S H I F T  CCNVERTER(JK=l),REFORnER(JK=2 FOR RETHAE:OL AND 

HAFHTHA F T  
DSHO: CATHODE I N L E T  WATER OF FUEL CELL ,  G-MOLE/k'R. 
DJN: CATHODE I t j L E T  NITRC'JEI i  OF FUEL CELL,  G-KOLE/HR. 
DS0:  CATHODE I N L E T  OXYGEN OF FUEL CELL ,  G-ROLE/tiR. 
DTH: FRACTION OF DELTA T OVER I N L E T  GAS F I L M  I N  THE HEAT EXCHANSER 
DX1:  OUTSIDE DIf ,EETER OF REFOR!lER CENTER T E E ,  F T  
DX2:  I >4S IDE  DIAKETEI? OF OUTSIDE REFCRKER T U X ,  F T  
DX3 :  OUTSIDE DIA!:ETER OF OUTSIDE REFOcXER TUBE, F T  
DZZ:  I!:CREKEtIT H E I E 5 T  OF F I N I T E  DIFFEEEI4CE P:CDEL I N  THE REFO3IER.  
EA: ACTIVAT1C:j E!:ECGY FOR ASRHENIUS EXFRESSICN, CAL/G!lOLE CH4 
EPS: REACTC? VOID  FRACTIGN 
EER: C0:iVER'JE C R I T E D I A  
EXA: FRLCT ION OF EXTRA A I R  I N  FUEL C E L L  
EXT:  FRACTICLi CF EXTRA A I R  I N  BU?IiER 
FCO: K 3 L E  FRACTIOI4 OF CO CO!ITAIN 
FCCt:ST: FADPDAY CONSTANT,23061 CAL/VOLT-GM EQUIV .  
FLOLR : F L C i I  AREA 114 HEAT EYCHA!:GER , FT* *2  
FULE:  LEt;STH Or' FUEL CHAt:::EL, F T  
HNA: S P E C I F I C  HEAT CF NAFYTHA, BTU/LBM-R 
I : GAS t!LJt!EIER 
1-1 FUEL1 HETHAt4E ,RETHAtlDL,NAPHTHA 
I = 2  OXYGEN OR CP.EE;C:.I KCNOXIDE( I N  SUB. KREF AND 

RELATED SUCROUTIt4ES I 



I = 3  CARBON tlO:(OXIDE OR CARBON D I O X I D E (  " I 
1 - 4  CARBON D I O X I D E  OR WATER( " I 
1 - 5  HYDROGEN 
1 - 6  HATER OR NITROSEN( " 1 
I = 7  t l ITPOGEN OR OXYGEN( " I 

IDSH:  I D  OF SHELL  I N  HEAT EXCHAt:SER, F T  
I D T H :  I D  OF TUDJE I N  HEAT EXCHE,t!SER, F T  
I F U E L :  FUEL TYPE 

1: HETHANE CH4 
2 :  ~ETHAt :OL  CH3OH 
3 :  NAPHTHA C7H16 

I D N 3 :  NO. OF REDO 
I H U I :  STOICHI0:IETRIC NUNBER 
I P :  I N D E X  OF OPERATICN C0t;OITION I N  THE REFORMERINOT FOR RETHAl4EI 

S H I F T  CONVERTCR 
I P - 1  A D I F E A T I C  OPERATION 
I P - 2  ISOTHERKAL OFERATION 

KO: FREQUENCY FACTOR FOR ARRHENIUS EXPRESSIONI LB  HOLE CH4/LB 
CATA.-H4-ATM 
t4t.l: STREAH NU-BER OF E X I T  OF S H I F T  CONVERTER 
NCR: SCALE UP FACTOR I N  THE KCDEL OF REFC'KER 
NPFU: N3. OF C E L L  PLATE I N  THE FUEL CELL  STACK 
NPH: NO. OF TCDE PCSSES 
NZH: NO. OF RCXS FOP TUBES 
NTAA: t : ~ .  OF AIR FLCU cnrr::rEL IN ONE CELL PLATE 
NTAF:  KO. OF FUEL FLOW CHANt;EL I N  O:.lE C E L L  PLATE 
NTPD: HO. OF TUSES I N  S H I F T  CONVERTER(JK=l),PEFORHER(JK=2 FOR 
HETHAKOL At4D t IAFHTHA1 
ODTH: OD OF TU3E,  F T  
CU: 0 2  U T I L I Z A T I C N  
PAT: A t l a I E N T  PAESS'J?E, l A T M  
P I I l :  1t :LET P2ESS?;?E, ATH 
P I t i F U :  I t l L E T  FRESSURE OF FUEL C E L L  STACK, ATM 
P ITCH:  P I T C H  OF HEAT EXCHAt:GERt F T  
PO?: OPERATIO:( P2ESSUREp ATH 
FOUT: OUTLET FPESSC?E, ATPl 
RHOB: BULK DENSITY  OF CATA., LBS/FT**3  
S: S I D E  LENSTH OF I N  A S S E E D  SSUCPE FLOW DUCT FOR COYBUSTION GAS, 
S l T S Z :  R A T I O  OF TOTAL I t l S I D E - T C 3 E  CROSS-SECTIONAL AREA PER PASS TO 

HEADER CROSS-5ECTIOt:A.L AREA PER PASS 
SA: CATALYST SU?FACE,CR*+2/KS 
SK: E G U & L l B ~ I U f l  CONSTAIlT 
S K l :  E4'JALIBRIL'tA COt;STAI(T WITH  PRESSURE D IFFERENT FROM 1 ATR 
S::?A: S T E A W F U E L  
~:i: ~ ~ U - E R  OF FARADAY EQUIVALE~TTSTRA~ISFERED 
S?O: C E L L  RES1STAt;ZE AT 480 K,OHY-CPl**2 
SURFC: SUPFCCE PER L I t l E ,  F T  
S V ( 1 ) :  S P E C I F I C  VOLUIlE OF FUEL I* FT**3 /LBn  
S 'U :  S P E C I F I C  VOLUXE OF HATER, FT+*3/LC,fl 
TACOA: I H L E T  A I R  TEPIP. OF FUEL CELL  STACK, K 
TACOF: I I i L E T  FUEL TEl lP .  OF FUEL  C E L L  STACK, K 
TAT:  AMSIEI IT  TEHPERATUREm 2 9 3  K 
TC: C R I T I C A L  TEllPERATURE, K 
TCAS: TOTAL HEAT CAPACITY CO!lSTA:IT A 



TCBS: TOTAL HEAT CAPACITY CONSTANT B 
TCCS: TOTAL HEAT CAPACITY CONSTAt4T C 
TDIIS: TOTAL AtTC'JNT OF RATERIAL ,  G-MOLE 
T I N :  I H L E T  F L U I D  TEflPEI?ATU'E, K 
TOP: OPERATICN TEK?ERATU?E, K 
TOVO: TOTAL VOLUXE OF I N L E T  FLOW, V*+3 
TOUT: OUTLET TEt:PERATU!?E, K 
V%:;A: VAFORIZED HEAT OF I iAFHTHA? CAL/G-VOLE 
L!AT: R E L A T I V E  H L V I D I T Y  OF A I R ,  G L.IATER/G A I R  
U IOAA:  L I IDTH OF SQULDE A I R  CHAt:!:EL I N  THE FUEL CELL  STACK, F T  
U I D A F :  WIDTH OF SG'JARE FUEL CHA::!:EL I t l  THE FUEL CELL  ST>.CK, F T  
X : THE t:ECESSARY AI1CU:lT OF OXYGEN I N  CATHCDE? G-H3LE/H!?. 
ZH: REFO?t:ER LEt:STH? F T  
D I t I S (  I ) :  I N L E T  AI:OL'NT OF GAS I? G-VOLE 
O:iS( I )  : I t l L E T  (OUTLET 1 AMO'JXT OF GAS I, G-V3LE 
H A I J ) :  SURFACE AREA OF HEAT EXC%tiSER J 
HCAS( I 1  rHCBS( I )  ?HCCS( I )  : HEAT CAPACITY COtIST. OF GAS I? CAL/G-ROLE 

OF THE FCRX:HCAS*HCBS*T+HCCS*T**Z 
H S ( 1 ) :  HEAT OF FORMATICN OF GAS I AT 2 9 3  K t  1ATX 
Nt lS(  I ) :  STOICHI0::ETRIC COEFFICIEt4T OF GAS I 
b!! l (  I ) :  MOLECULAR WEIGYT OF GAS I, G/G-K3LE 
D!iSS( I ,J  1 :  FLOW RATE OF GASJ I N  STREAM I, G-VOLES/HR ' 

REAL KO, IDSH, IDTH 
D IMENSION t 5 1 7 l y  H S I  71 ,  H C A S ( 7 ) p  HCBS(71 ,  HCCS(71,  UMI 7 )  
D1XEI;SION OtISL( 7 )  Dt lSV(  7 1  HLHV( 7 )  
DIYE! ISION Dt I5S(  3 9 9 7  r T I  3 9 1 ,  P I  3 9 1 ,  TDNSS( 3 9 )  
0IYE::SICtl D: lSl(  7 )  , Dt iS2 (  7 1 ,  Di.IS( 7 )  B DtIS:I( 7 )  r DNSAN(71,  DIISCA( 7 1 ,  D -  

l I i C A I (  7 l, DtISC( 7 )  DNti:i( 7 
DI1:E::SIOtl 9 3 T (  10  1 p HA( 1 0  1 ,  EFF(  1 0  1 ,  NT(  1 0  1 
DIRE>!SIO:I D!l5'?( 7 1 D!ISF( 7 1 
D I R E N S I C N  DPDI  2 l p AH1t I I  2 1 ,  APPDI 2 1 ? CLEPD( 2 l? NTPDI  2 1 ,  S V I 3 )  . 

D1KEtiSIO: l  A A 1 ( 2 , 7 l r  A A 2 ( 2 ~ 7 ) ?  A A 3 ( 4 1 7 )  
N A V E L I S T  /REPEtI/ ZH,DXltDXZ,DX3,KO,EA,RHOB?EPS,SrDPrDZZ 
N A t l E L I S T  /t!EATX/ CI ( IU?HA 
!I?sMELIST /OPFC/ TOPFC#UT,CD 
I I A Y E L I S T  / I N I T /  D!:S!l, T A T ?  PATBSKIA,  POPR 
t4XKELIST /CC:!DT/ IFUEL,EF!R,IP,I?EXTrUAT?EXA 
N!.tlELIST /HEFEE/ ~IPHI~:RH,BSPAC~ODTH,PITCH,CLH,IDSH?IDTH,FLOAR,SURF- 

l C , C L E K H ? S l T S 2 , D T H  
t :AKELIST /PDSHH/ DPD ,AH?N, APPD ,CLEPD tNTPD 
NAt:ELIST /PDFL1:l/ t ITAF p FULE ,bI IDAF , I . IPFU,NTAA?AIRL,NIDAA 
NA1:ELIST /TR/ TCPR 
t4Af lELIST /CATA I /  SROVSAPCU?CL,RLFA,S~~PFCONST,DKC 

COXflON /TC/ TC/CONS/A,B/GAG/GAGH,GAC;A 
cozr:c:I /CONST/ I 
CC::::?:I /EXA/ EXA 
CCt:72!4 /ETH3A/ GS ,HS ,HCAS,HCES BHCCS 
CO!:XCIl /HU!II/ MAT 
COI!:.ICtl /EXT/ EXT 
cORx'IG:l /U1/  U 
CC::riON /CO!4FC/ E , ETH , E I  , EV, EC, EFC 
CCt:IlON /HE/ HE 



0 0 3 4 3 6 0  COKXON /CN l /  CN 
OC04380 COHMON /NAFH/ HNA ,BPNA , WKNA pVHt4A 
01304400 COS;:ON /KM/ LlX 
0 0 0 4 4 2 0  CC::!iO:d /HEPOT/ NPH,NRH,BSPAC,ODTH?PITCH,CLH,IDSH,IDTH,FLOAR ,SURFC,- 
G004440 1CLENH I S I T S 2  ,DTH 
0 0 0 4 4 6 0  CO:!il3?4 /PDSYT/ DFD ,AHRN,APPD ICLEPO ,NTFD 
0 3 0 4 4 8 0  CG:<;:ON /FJFUT/ NTAF ,tITAA,FULE ,AIRLrWIDAF ,WIDAA,NPFU 
0 0 0 4 5 0 0  CO::;:ON /REP/ KO PEAPRHOBIEPS,DZZ 
0 3 0 4 5 2 0  ccnno:r /sv/ sv, sv;~ 
OOCJ4540 CO!-:::3N /HLHVl /  H LHV 
0 3 0 4 5 6 0  COZ5CN /THCC/ AAl /VIPt /AA2/HTCPC/AA3 
OOO(i560 C0i:IlON /CATAL/ SF;O,SAICU,CL,ALFA,SN,FCO:~ST 9hREAF ,DKC 
0 0 0 4 6 0 0  C 
13004620 DATA DNSS/273*0./  
0 0 0 4 5 4 0  C READ THE OPERATION CONDITION OF FUEL CELL 
0 0 0 4 6 6 0  READ (5,OPFC) 
OOOG660 K X T E  ( 6  s0FFC 1 
0 0 0 4 7 0 0  C READ THE I N L E T  AMOUNT AND COtKl ITION 
0 0 0 4 7 2 0  READ ( S P I N I T  1 
0 3 0 4 7 4 0  WXITE ( 6  1 1 t l I T )  
0 0 0 4 7 6 0  C READ O?ERATION COI iDITION 
0 0 0 4 7 6 0  RECO (5pCCt l3T)  
00348CO W7ITE ( 6  ,COKDT 1 
0 0 0 4 6 2 0  C READ OPERATIIiG COEFFICIENT I N  THE REFORtlER(METHAt4E FUEL ONLY 1 
0 0 0 4 8 4 0  I F  ( IFUEL.EQ.1)  READ (5 rREPEN)  
0 0 0 4 8 6 0  I F  ( I F U E L . E Q . 1 )  WYITE (6,REPEN) 
0 0 0 4 8 8 0  C READ CC:IDITIO:d OF HEAT EXCHAt<GER 
COO4900 READ ( 5  ,PELTX ) 

0 0 0 4 9 2 0  K I T E  (6,HEATX) 
0 0 0 4 9 4 0  C KEAD. THE CCt;STAUCTION OF HEAT EXCHAIIGER FOR CAL. PRESSURE DROP 
0 0 0 4 9 6 0  READ (5,HEFDC) 
COO4960 WRITE (6,HEFDC) 
0 0 0 5 0 0 0  C REA5 CO!IFIGURATION COEFF. OF S H I F T  CONVERTER FOR CAL. PRESSURE DRO 
0 0 3 5 0 2 0  READ (5,PDSHH) 
0 0 0 5 0 4 0  WRITE ( 6  ,FDSHH 1 
0 0 0 5 0 6 0  C READ CO!4FIC-U?ATION COEFF. OF FUEL CELL FOR CAL. PRESSURE D 2 C P .  
0 0 0 5 0 6 0  READ ( 5,PCFUti 1 
0 0 0 5 1 0 0  K E I T E  ( 6  ,FDFUH ) 

0 0 0 5 1 2 0  C READ THE OPERATING TEMP. OF REFORMER FOR FUEL NAPHTHA AND METHANOL 
0 0 0 5 1 4 0  I F  ( I F U E L . K E . 1 )  READ ( 5 , T R )  
0 0 0 5 1 6 0  I F  ( I F U E L . t ! E . l )  M I T E  ( 6 r T R )  
0 0 0 5 1 8 0  C REAE CATALYST CO!;STANTS 
0 0 0 5 2 0 0  READ ( 5 r C A T A I )  
0 0 0 5 2 2 0  K ? I T E ( 6  ,CATAI  ) 
0 0 0 5 2 4 0  C 
0 0 0 5 2 6 0  C 
0 0 0 5 2 6 0  C CHANSE THE THERMAL DATA FOR DIFFERENT FUEL INPUT - 0 0 0 5 3 0 0  I F  ( I F U E L . E Q . 2 )  GO TO 1 
0 0 0 5 3 2 0  I F  ( I F U E L . E Q . 3 1  GO TO 2 
0 0 3 5 3 4 0  GO TO 3 
0 0 0 5 3 6 0  1 GS( 1 I = - 3 8 8 1 0 .  
0 0 0 5 3 8 0  HS( 1 I=-4C350.  
0 0 0 5 4 0 0  HCAS( 1 1 - 4 . 3 9 4  
0 0 0 5 4 2 0  H C B 5 ( 1 ) = 0 . 0 2 4 2 7 4  



0005440 HCCS( 1 I=-0.0000069 
0005460 WM( l )=32.  
0005480 HLHV( 1 I=-159258. 
0005500 AA3( 1 9 1  l z4 .394 
0005520 AA3( 2 ,1)=0.013486 
0005540 AA3( 3 ~ 1  I=-2.1157E-06 
0005560 AA3(4,1)=0.  
0005580 A A l ( l , l ) = 3 . E - 0 5  
0005600 AA1(2,1)=1.5E-02 
0005620 A A 2 ( l r l ) = l . B E - 0 5  
0005640 AA2(2,1)=0.0092 
0005660 GO TO 3 
0005680 2 GS( 1 )=6520. 
0005700 HS( 1 I=-42275. 
OOC5720 HCAS(1)=7.094 
0005740 HCBS( 1)=0 .123447 
0005763 HCCS( l )= -0 .0000387 
0005780 WM( 1 ) = l o o .  
0005800 HLHVC 1 I=-1099580. 
0005820 AA3(1,1)=7.488 
0005840 AA3( 2 ~ 1 ) = 0  -062467 
0005860 AA3( 3 r l  I=-1.0945E-05 
0005880 AA3(4,1)=0.  
0005900 AA2(1,11=2.66E-05 
0005920 AA2(2,1)=0.0157 
0005940 AA l (  1 9 1  )=2.5E-05 
0005960 AAl(2,1)=0.7E-02 
0005980 3 COt4TIHUE 
0006000 IDNO=l 
0006020 C FUEL INPUT COtlPRESSOR(PUMPI*** 
0006040 P( 1 )=POPR*l. 02 
0006060 I F  (IFUEL.EQ.1) CALL COMP ( D N S H , T A T , T O U T , P A T , P ~ l ) ~ P O W , G A G M ~ I , I P )  
0006080 I F  ( IFUEL.NE.1) CALL PUP ( D H S M , T A T , T O U T , P A T ~ P ( ~ ) I P O W N , I F U E L )  
OOC6100 DO 3 0 1  I A = l , I  
0006120 3 0 1  DNSS( 1 , IA  )=DNSM( I A )  
0006140 T(  1 )=TOUT 
0006160 C ASSUllE THE COMP. OF 13TH FLOW 
0006180 DNSS(13p2 )=Om 
0006200 DNSS(13r7)=0.  
0006220 I F  (IFUEL.EQ.2) GO TO 4 
0006240 I F  ( IFUEL.EQ.3) GO TO 5 
0006260 DNSS(13,1)=0.147*DNSS(1,1)  
0006280 DNSS( 13,3)=0.0018*Dt4SS( 1 ~ 1  )tDNSS( 1 ~ 3 1  
0006300 DNSS(13~4)=0.85*DNSS(l,l)tDNSS(1,4) 
0006320 DNSS(13,5)=3.4*DNSS[I ,1)+DNSS(1,5)  
0006340 DNSS( 13,6 )=SMRA*DNSS~ 1,1)-1.7*DNSS( 1 ~ 1 )  
0006360 GO TO 6 - OO(36380 4 DNSS( 1 3 9 1  )=0.000863487*DNSS( 1 ~ 1 )  
0006400 DNSS(13,3)=0.01 
0006420 DtiSS( 13r4)=0.999128*DNSS( 1 ~ 1 )  
0006440 DNSS(l3,5)=2.9974+DNSS(l,l) 
0006460 DNSS[l3,61=0.60087*DNSS(l~l) 
0006480 GO TO 6 
0006500 5 ONSS(13,1)=0. 



DNSS(13~31=0.0221*DNSS(1~1) 
DNSSI 1 3 3 4  )=6.971*DNSS( 1 rl) 
DNSS( 1 3 , 5  )=21.956*DNSS( 1 ~ 1 )  
DNSS( 1 3 1 6  )=S?!RA*DEiSS( 1 r l  1 -13 .9645*DNSS111)  
ASSURE THE PRESSURE OF 13TH FLOW 

6 P(  1 3  )=POPR*O . 9 5 8  
ASSUVE THE PRESSURE OF 31ST FLOU 

7 I F  ( IDNO.GT.11 GO TO 8 
P ( 3 1 ) = P ( 1 3 )  
T (  3 1  )=TAT 

8 P I N F = P ( 1 3 1  
PINA=P( 3 1  I 
POPFC=P( 3 1  1 
DO 9 I B = l , I  

9 DNS( IB )=DNSS(  1 3 r I B )  
FUEL CELL HASS BALANCE*** 

CALL FUCE(DNS~TOPFC~POPFC~DNSAN~DtiSCA,DSO~DSN~DSHO~UT~I~PINF~PINA - 
1 , I F U E L )  

P( 1 4  )=P INF 
P( 32  IZPINA 
DO 1 0  1c=1,1 
DNSS( 32,  I C  )=DNSCA( I C  1 

1 0  DNSS( 14, IC)=Dt4SAN(IC)  
T(  32  )=TOPFC 
T (  14)=TDPFC 
I F  ( IFUEL.EQ.21  CK-1.5 
I F  ( IFUEL.EQ.1 )  CK=2. 
I F  ( IFUEL.EQ.31 CK=15. 
CAL. THE DIVIDER FACTOR FOR THE ASSUflPTION OF DEFINED EXTRA A IR I N  
NER 
GARM~1./~((1.+EXT*0.01)*((DNSS~14~3)+Dl4SS(14~5))/2.tCK*DNSS~14~1))- 

1 I / D S O t l .  
DO 11 1 0 = 1 , 1  

11 DNSS( 28,  I D  )=O. 
DNSS( 2892  I=DSO/GARH 
DNSS( 2 8  $ 6  )=DSHO/GARH 
DNSS ( 2 8 ~ 7  )=DSN/GAR?l 
P( 2 8  )=PAT 
DO 1 2  I E = l , I  

1 2  DNSAI(  I E  )=DNSS( 2 8 , I E  
AIR CCP?PRESSOR*** 
T (  2 8  )=TAT 
POUT=POPFC*1.005 
CALL CGi.17 ( DNSAI ,T( 2 8  ,TOUT,P( 28 1,  POUT, POWA ,GAGA,I , I P  
P(  2 9  )=POUT 
DO 1 3  1 8 - 1 3 1  

1 3  DNSS( ~ ~ , I ~ I = D N S A I ~  18 
DO 1 4  I G = l p I  

1 4  DtJS( IG)=Dt ISS( 2 9 , I G )  
T (  2 9  )=TOUT 
DIVIDER*** 
CALL D I V I D  (T(29)rT(30),T(33),DNSrDtiS1,DNS2rGARfl,Il 
DO 1 5  I H = l , I  
D N S S  3 3 ,  I H  )=Dt4S21 I H  



0 0 0 7 6 0 0  DNSS( 30, I H  )=DNSl (  I H  
0007620  1 5  DtJSS( 3 1 , I H  )=DNSS( 3 0 , I H  I 
0007640  PC 3 0  )=P( 2 9 )  
0007660  P(  3 3  )=P( 2 9 1  
0 0 0 7 6 8 0  C CCL. THE 33RD FLOW COHP. UNDER THESE ASSUPIPTION: 
0 0 0 7 7 0 0  C ( 1 ) .  COMPLETE COKBUSTION 
0 0 3 7 7 2 0  Dt{SS( 3 3 r 2 ) = (  l .+EXT*O.Ol  I * (  (DNSS( 14,3)+DNSS( 1 4 ~ 5 )  )/2.+CK*DNSS(14,1)- 
0 0 0 7 7 4 0  1) 
0 0 0 7 7 6 0  DNSS( 33,7)=DNSS( 3 3 ~ 2  ) * 3 - 7 6  
0 0 0 7 7 8 0  DNSS(33 ,6 )= (  (DNSS(33,2)+DNSS(33,7)  )*28,8)*WAT/18. 
0007800  T (  3 3  )=TAT 
0 0 0 7 8 2 0  DO 1 6  II=l,I 
0007840  DNSl (  I1 )=DNSS( 1 4 9 1 1  I 
0 0 0 7 a 5 0  1 6  D N S 2 ( I I ) = D N S S ( 3 3 , 1 1 )  
01107880 C MIXER*** 
0007900  CALL DMIX (Dt4Sl,DNS2,DNS,T(14l,T(33),T(15),I,P(14),P(33l,POUT) 
0007920  P(  1 5  )=POUT 
0 0 0 7 9 4 0  DO 1 7  I J = l , I  
0007960  DNSS( 1 5 ,  I J  I=DNS( I J  1 
0007980  17DNSS(l6~IJl~DNSS(15,1Jl 
0000000  C CAL. THE COIIP. OF 17TH FLOW UNDER THE SAME ASSUMPTION AS BEFORE 
0008020  I F  ( IFUEL.NE.31  Dt4SS(17r4)=DNSS(15~3)*DNSS(15r4I+DNSS(15,11 
0008C40 I F  ( IFUEL.EQ.31 D ~ ~ S S ( 1 7 ~ 4 ) ~ D N 5 S ( 1 5 , 3 ) + 0 t 4 S S ~ 1 5 ~ 4 ) + 7 . * D N S S ~ 1 5 ~ 1 ~  
0008060  I F  ( IFCEL.NE.3 )  D t . I S S ( 1 7 , 6 ) ~ D N S S ( 1 5 ~ 5 l + D N S S ( 1 5 ~ 6 ) + 2 . + D t 4 S S ( 1 5 ~ 1 )  
0006080  I F  ( IFUEL.EQ.3)  D t l S S ( 1 7 , 6 ) = D N S S ( 1 5 , 5 ) + D t i S S I 1 5 , 6  )+8.*Dt4SS(15,1) 
0 0 0 8 1 0 0  DNSS(17,2)=DNSS(15r2)-0.5*(DNSS(15,3)+DNSS(l5p5))-CK*(Dt4SS(l5,1)) 
0 0 0 8 1 2 0  Dt.ISS(17,7l=D?lSS( 1 5 ~ 7 1  
0008140  DO 1 8  I K = l r I  
0008160  DNSS(18 , IK l=DNSS(17 , IK I  
0008180  DtlSS( 1 9 , I K  )=DNSS( l 8 , I K  
0008200  DNSS( 2 0  , I K  )=DNSS( 1 9 ~ 1 K  
0 0 0 8 2 2 0  18 CONTINUE 
0008240  C CAL. THE COMP. OF 21ST FLOW 
0008260  DO 1 9  I L = l , I  
0008280  1 9  DtISS(21,ILl=DNSS(20,IL)+DNSS(32,IL) 
0 0 0 8 3 0 0  TDtjSS( 2 1  1=0. 
0006320  DO 20 I f l=l, I  
0008340  2 0  TONSS( 2 1  )=TDNSS ( 2 1  l+DNSS( 2 1  , I M )  
0008360  C CAL. TEMP. OF 26TH FLOW 
0008380  C ASSUtlPTIOI4: 
0008400  C (1). SATURATED PRESSURE I S  ESTIMATED BY ( E X P ( A - B / T ) )  
0008420  C ( 2  1 .  UtIDER SATURATED CONDITION 
0 0 0 8 4 4 0  C ASSUME THE PRESSURE OF 26TH FLOW I S  IDENTICAL TO 25TH FLOW (THE PRESS. 
0 0 0 8 4 6 0  C DROP I S  SMALL1 
0008480  P(  2 5  )=POPR*1.0005 
0008500  P(  26 )=P( 2 5  
0 0 0 8 5 2 0  T(  2 6  )=B/( A-ALOG( P(  2 6  1 )  I - 0 0 0 8 5 4 0  DNSS(2696 l=DNSS( 1 9 1  l*StlRA 
0008560  DO 2 1  I N = l , I  
0008560  2 1  DtlSS( 25,IN)=DNSS( 2 6  P I M I  
0008600  DO 2 2  I O = 1 , 1  
0 0 0 8 6 2 0  I F  ( IFUEL.NE.2  I DNSS( 27, IOl=DNSS( 26,101 
0008640  2 2  DNSS( 2 ,  IO)=DNSS( 1 ~ 1 0 )  
0008660  DO 2 3  1 9 ~ 1 ~ 1  



0008680 I F  ( IFUEL.NE.2 I DNSS( 3,19I=DNSS( 2p19l+DNSS( 27- 
0008700  I F  ( IFUEL.EQ.21 Dt45S(3 ,191~Dt iSS(2 ,191+DNSS(26 ,191  
0008720 I F  ( IFUEL.NE.21 DNSS(4r I9 )=DNSS(3 ,191  
0008740  I F  ( IFUEL.EQ.21 Dt4SS(5,19I=Dt lSS(3,19)  
OGO6760 I F  ( IFUEL.NE.2)  Dt4SS(5~191=DNSS(4,19)  
0006780  2 3  CONTIHUE 
0006800  C ASSU!iE THE TEMP. AND PRESSURE OF 5TH FLOW 
0009820 I F  ( IDIIO. GT. 1) GO TO 2 4  
0008640  I F  ( IFUEL.EQ.11 T ( 5 1 = 1 1 1 0 . 8 8  
0 0 0 6 ~ 6 0  I F  ( IFUEL.EQ.2)  T ( 5 1 - 6 6 1 . 5 9  
0008880  I F  ( IFUEL.EQ.31  T(51=1052.  
0008900  P( 5 I=POFR 
0008920 2 4  COI4TIt:UE 
0008940  I F  ( ID ! iO .GT. l l  GO TO 25 
0006860  C ASSUHE THE TEMP. OF 18TH FLOW 
0008960 I F  ( IFUEL.EQ.11 T(181=1222.  
0 ~ 0 9 0 0 0  I F  ( IFUEL.EQ.21  T(181=863.&9 
0009020  I F  ( IFUEL.EQ.31 T ( 1 8 ) - 1 3 9 8 . 9 4  - 

0009040  C ASSUIlE P(  1 6 )  
0009060 P( 16 )=P(  1 5  l * O .  9 9  
0009080  C DESIGN THE TUBE TO LET PRESSURE DROP THROUGH BURNER BE 6% 
0009100 6C4 F (  171=P(16  1+(1.-0.06 I 
0009120 C ASSU3E PRESSURE DROP OF COHBUSTIAN GAS THROGH REFORHER TO BE 5% 
0009140 P( 1 8  l = P (  1 7  l * O .  95  
0009160  2 5  CONTINUE 
0009180  C E-  3 x x r  
0009200  DO 26  I Q = l , I  
0009220  DNSH( IQ)=DNSS( 1 7 , 1 9 1  
0009240  26  DNSC( IQl=Dt4SS(5,  I Q  I 
0009260 P T = P ( 5 )  
0009280  PS=P( 18 I 
0009300 I F  ( IFUEL.NE.2 I CALL HEXC (T(l&),DNSH,DNSC,T(4),T(l9),T(5),PT,lpHA- 
0009320 1(31,3,2,I,PT,PS,NT(3),IFUELI 
0009340 I F  I IFUEL.EQ.21 CALL HEXC ( T ( 1 8 ) , D N S H , D N S C , T ( 3 ) , T O , T ( 5 ) r 9 T , l r H A -  
0009360 1(31,3,2~I,PT,PS~NT(31,1FUELl 
0009380 I F  ( I F U E L . N E . 2 )  P ( 4 ) z P T  
0009400  I F  ( IFUEL.EQ.21 P [ 3 l = P T  
0009420  P( 1 9  )=FS 
0009440  EFF( 3)=HE 
0009460  QQT( 3 l=QT 
0009460  C ~ - 4 r * +  
000$500 DO 2 7  I R = l , I  
0009520  DNSH( IR l=DNSS(19p IR)  
0009540  DNSC( I R  I=DNSS( 15 , IR  I 
0009560 27 CCt4TINUE 
0009580  PT=P( 1 5  I 
0009600 PS=P( 1 9  I 

- 0009620 CALL HEXC ~ T ( ~ ~ ~ ~ D N S H ~ D N S C ~ T ( ~ ~ ~ ~ T ( ~ ~ ) ~ T ( ~ ~ I ~ Q T ~ ~ I H A ~ ~ I ~ ~ ~ ~ ~ I ~ P T ~ P ~  
0009640 l S p N T ( 4 1  I F U E L )  
0009660  I F ( A B S (  (PT-P(  1 6  I l / (PT+P(  1 6  1 )  I. LT.ERR I GO TO 6 0 5  
0609580  P( 1 6  I = (  PT+P( 1 6  I ) /2 .  
0009700  GO TO 6 0 4  
0009720  6 0 5  P( 1 6  l = P T  
0009740  P( 20  l=PS 



EFF(4)=HE 
QQT( 4 )=QT 
BURNER EIIERGY BALANCE*** 
DO 2 8  I S = l , I  

2 8  DNS( I S  )=DNSS( 1 6  , I S  1 
CALL FLAME (DNS IT( 1 6  1 I T ( ~ ~ ) , I I I F U E L )  
DO 2 9  I T = l , I  

2 9  DNSS( 1 7 s I T I = D N S (  I T )  
I F  ( I F U E L . N E . 1 )  GO TO 3 3  
REFORIIER( HETHANE I++* 
NOR=DtISS( 1 ,1 ) /60 .  
DO 3 0  I U = l , I  
DNSR ( I U  )=DNSS( 5 I U  )/453.6/NOR 

3 0  DNSF( I U  )=DNSS( 171IU)/453.6/I:OR 
CALL K R E F ( D N S R , D N S F I D X ~ I D X Z I D X ~ ~ P ( ~ ) I T ( ~ ) I T ( ~ ~ ) I Z H ~ P ( ~ )   IT(^) - 

l ,TTEST,S,DPpl)  
TEST THE ASSUMPTION OF l 8 T H  FLOW 
I F  ( ABSC ( TTEST-T( 18 1 I / (  TTESTtT(  18 1 1 1. LT.  ERR 1 GO TO 3 1  
T (  18)=TTEST 
GO TO 2 5  

3 1  DO 32  I V = l , I  
DNSS( 7, IV)=DNSR( IV1*453.6+NOR 

3 2  DE:SS( 1 8 , I V  )=DNSF( IV)+453.6*t.IOR 
T (  1 8  1-TTEST 
GO TO 3 9  
E-8(  METHANOL AND NAPHTHA I*** 

3 3  GO 3 4  1 w = 1 , 1  
DNSH( I W  )=DNSS( 1711W)  

3 4  DI4SC( I W  ) = D N S S ( ~ I I W )  
PTEST=P( 1 7  
PS=P( 5 
CALL HEXC ( T (  ~~)IDNSH,DNSCIT(~),TTEST,T(~)IQT,~,HA(~)I~,~,I,PTESTI- 

l FS ,NT(81 , IFUEL)  
TEST THE ASSU:IPTICN OF 18TH FLOW 
I F  ( (ABS( ( TTEST-T( 1 8 )  ) / (TTESTtT(  1 8 )  1 ) .  LT. ERR 1 .AND. (ABS( (PTEST-P( 1 0 -  

1 )  I / (  PTEST+P( 1 8  1 )  1 .  LT.ERR 1 )  GO TO 3 5  
T (  1 0 ) = ( T T E S T t T (  1 8 )  1/2. 
P ( 1 8 ) = ( P ( 1 8 ) + P T E S T I / 2 .  
GO TO 2 5  

3 5  QQT(8 )=QT 
T (  1 8  )=TTEST 
P( 1 8  I=PTEST 
P ( 6 ) = P S  
EFF(8 )=HE 
DO 36  I X = l , I  
DNSS( 6 , I X  )=DNSC( I X  1 

3 6  DNSS( 18, IX)=DNSH( I X  1 
REFORP!ER(METHANOL AND NAPHTHA I*** 
DO 3 7  1 Y = 1 , I  

3 7  DNS l I Y  )=Dt ISS(6p IY  1 
CALL ENRE ~DNS,TOPRIPOPRIT(~),T(~),I,IPIIFUEL) 
DC) 3 8  I Z = l , I  

3 8  DNSS( 7 1  I Z  l=DNS( I Z  1 
CAL. PRESSURE DROP 



CALL POSH (DNS,P(6l,P(7l,TOPR,2,IFUELl 
IF (IFUEL.EQ.21 GO TO 56 

39 DO 40 IAA=l,I 
DNSH( IAAl=DNSS( 7,IAAI 

40 DNSC( IAA l=DNSS( 3,IAA I 
E-2*** 
PT=P(4) 
PS=P( 71 
IF(IFUEL.EQ.1) CALL H E X C I T ( ~ ) P D N S H , D N S C , T ( ~ ) , T ~ ~ ) , T ~ ~ ~ P Q T , ~ , H A ~ ~ ~ , -  

12,2,I,PT,FS,NT(2),IFUELI 
IF(IFUEL.EQ.31 CALL HEXC(T(71 ~ D N S H ~ O N S C ~ T ( 3 l ~ T ~ 9 l , T ~ 4 1 ~ Q T p l ~ H A ~ 2  1,- 

12,2,I,PT,FS,NT(2l,IFUELl 
P(31=PT 
IF [IFUEL.EQ.lI P(8)=PS 
IF (IFUEL.EQ.31 P(9)=PS 
EFF( 2 )=HE 
QQT( 2 )=QT 
DO 41 IBB=l,I 
IF (IFUEL.EQ.11 DNSS(BpIBBl=DNSH(IBB) 
IF (IFUEL.EQ.3) DNSS(9,IBBl=DNSH[IBBl 

41 DNSSI 49 IBBl=DNSC( IBBI 
IF (IFUEL.EQ.31 GO TO 46 
HIGH TEtlP. SHIFT CONVERTER*** 
TOFHS=T( 8 I 

42 CONT1t:UE 
FOFHS=P( 8 I 
DO 43 1cc=1,1 

43 DNS( ICC )=DNSS( 8, ICC I 
CALL ENSH (DNS~T(8l~T~9l~TOPHS~POPHS~I,IP~IFUEL) 
P( 9 )=FOPHS 
Tfl=(T(9ltT(81)/2. 
IF ((IP.EQ.2l.OR.(ABS( (TM-TOPHS)/(TMtTOPHSl L T E R R  I GO TO 44 
TOPHS=TM 
GO TO 42 

44 COIJTINUE 
DO 45 IDD=lrI 

45 DNSS[ 9,100 l=ONS(IDD I 
46 CO!iTIt4UE 

DO 47 IEE=l,I 
DNSH( IEE )=DNSS( 9,IEE I 

47 DNSC( IEE )=DNSS( 1,IEE 1 
IF (IFUEL.EQ.31 GO TO 48 
E-1( METHANE AND NAPHTHA I*** 
PT=P( 1 I 
PS=Pf 9) 
CALL HEXd (T~9l~DNSHIDNSC~T~1l,TH9,TC0~QT,lrHA~1),1~lsI,PT~PS,NT~1- 
11,IFUELl 
P( 10 1=PS 
P( 2 )=PT 
EFF( 1 )=HE 
QQT( 1 l=QT 
T( 2 )=TCO 
T( 10 )=THO 
GO TO 52 



48 CONTINUE 
DESIGN THE HEAT EXCHANGER 1 TO VAPORIZE NAPHTHA AND RISE THE TEMP. 
TO 4 0 0  
K FO2 NAPHTHA FUEL 
T ( 2 ) - 4 0 0 .  
QQT(1 )=Ht4A*252./453.6*1OOO*1.8*DNSS(1,l ) * (BPNA+273 . -T (1 )  ) + D N S S ( l p l -  

l ) * V H t 4 A + H C A S ( l ) * ( T ( 2  ) - T ( l )  I tHCBS ( l ) * ( T ( 2  )**2-T(11**2 )/2.+HCCS( l ) * ( T -  
2 (  2 )**3-T( 1 )**3 ) /3 .  

ASSUXE EFFICIEt4CY OF H-E 1 I S  0 . 7  
E F F ( 1 1 = 0 . 7  
HA( 1 )=Ct<*QQT( 1 )/EFF( 1 ) / ( I (  9 ) - T (  1 )  IN 
ASSUME AVERAGE TEMP. OF HOT SIDE 
TAVG=T( 91-50.  

4 9  CHH-0. 
DO 5 0  I B = l , I  

5 0  CHH=CHH+DNSS( 9 , I B  )*(HCAS( I B  )+HC6S( I B  )*TAVG+HCCS( IB)*TAVG**2 1 
T ( l O ) = T (  9 ) -QQT( l I /CHH 
TEST THE ASSUtiPTION OF AVERAGE TEMP. 
I F  (ABS( ( T (  1 0 ) + T ( 9 )  1/2.-TAVG).LT.ABS( (T(lO)tT(9))/2.tTAVG)*0.001) - 

1GO TO 5 1  
T k V G = ( T ( 9 ) + T ( 1 0 ) ) / 2 .  
GO TO 4 9  

5 1  CONTINUE 
ASSUIIE PRESSURE DROP I S  NEGLECTABLE 
P ( 2 ) = P ( 1 )  
P l l O  )=P(  9 )  

5 2  CO 53 I F F = l , I  
I F  ( IFUEL.EQ.3 )  DNSS(10, IFF I=DNSS( 9 , I F F  1 

5 3  I F  ( IFUEL.EQ.1 )  DtlSS( 1 0 , I F F  )=DNSH( I F F  
DO 5 4  I G G = l , I  
DNSH( IGG )=Dt.ISS( 1 0  IGG 

5 4  DEISC( IGG )=DNSS( 2 6  IGG ) 
E-9*** 
PT=P( 26 1 
PS=P( 1 0  
CALL HEXC ( T ~ l O l r D N S H , D N S C ~ T ( 2 6 ) ~ T ( l l ) ~ T ( 2 7 ) ~ Q T ~ l ~ H A ~ 9 1 ~ 9 ~ l ~ I ~ P T ~ P -  

l S j t 4 T ( 9 ) , I F U E L )  
P (  11 )=PS 
P I  27)=PT 
EFF( 9 )=HE 
QQT( 9 )=QT 
DO 5 5  I H H = l , I  
DIiSS( 11, I H H  I=DNSH( I H H  J 
DNSS( 279 I H H  )=DNSC( I H H  1 
D t l S l (  I H H  l=DNSS( 2 r I H H  
Dt4S2( I H H  )=DNSS( 27, IHH 1 

5 5  CONTINUE 
GO TO 6 0  

- 
E-l(HETHANOL)*** 

5 6  DO 5 7  III=l,I 
DNSH( I11 l=DNSS( 79 111 1 

5 7  DtiSC( I11 )=DNSS( 1 9  I11 
PT=P( 1 )  
Ps=P( 7 



CALL HEXC ( T (  ~ ) ~ D N S H , D N S C , T ( ~ ) , T H O ~ T C O , Q T B ~ ~ H A ( ~ ) ~ ~ , ~ , I , P T , P S ~ K T ( ~ -  
 PIFU FUEL) 

PTEZPS 
P( 2  )=PT 
EFF( 1 )=HE 
9QT( 1 )=QT 
DO 5 8  I J J = l , I  

5 8  D N S S ( 2 , I J J ) = D N S C ( I J J )  
T (  2  )=TCO 
T(13)=THO 
DO 59 I J J = l , I  
D t (S l (  I JJ  )=DNSS( 2  ,IJJ 
D t i S 2 ( I J J ) = D N S S ( 2 6 , I J J )  

59 CONTINUE 
MIXER**% 
CALL OMIX ( D N S ~ ~ D N S ~ , D N S , T ( ~ ) , T ( ~ ~ ) P T E S ~ , I , P ( ~ ) , P ( ~ ~ ) , P T E S T )  
GO TO 6 1  

60 CALL DMIX (DNS~,D~~S~,DNS,T(~),T(~~),TESTT,IPP(~)~P(~~),PTEST) 
TEST TEKP. OF 3RD FLOW 

6 1  I F  ( ( A B S ( ( T E 5 T T - T ( 3 )  ) / (TESTT+T(3)  ).LT.ERR).AND.(ABS( (PTEST-PC31 I / -  
l ( P T E S T + P ( 3 ) ) ) . L T . E R R ) )  GO TO 7 0  

I F  ( IFUEL.EQ.21 GO TO 6 6  
E-2**x 
DO 6 2  I K K = l * I  
Dt:SS( 3 ,  I K K  )=DNS( I K K  
Dt(SH( I K K  )=DNSS( 7, I K K  

6 2  Dt4SC( I K K  )=ONSS( 3, IKK 1 
P ( 3 ) = ( P ( 3 ) t P T E S T ) / 2 .  
T (  3 ) = ( T E S T T t T ( 3 1 ) / 2 .  
PT=P(,3) 
PS=P( 7 )  
I F  ( IFUEL.EQ.3)  GO TO 6 3  
CALL HEXC [ T ( ~ ) ~ D N S H ~ D N S C ~ T ( ~ ) , T ( ~ ) , T ( ~ ) ~ Q T , ~ , H A ( ~ ) , ~ ~ ~ , I B P T P P S ~ N T -  

1 (  2  ) , I F U E L )  
P ( 4 ) = P T  
P( 8 ) = P S  
G 3  TO 6 4  

6 3  CALL HEXC [ T ( ~ ) , D N S H ~ D H S C , T ( ~ ) , T [ ~ ) , T ( ~ ) , ~ T , ~ , H A ( ~ ) D ~ ~ ~ ~ I , P T ~ P S ~ N T -  
1 ( 2 ) , 1 F U E L )  

P ( 4 ) = P T  
P( 9 )=PS 
~ - 3 r w r  

6 4  DO 6 5  I L L = l v I  
DNSS(4, ILL)=DNSC( I L L )  
C t 4 S H ( I L L ) = D t ~ S S ( 1 8 , I L L )  

6 5  DNSC( I L L ) = D N S S ( 4 , I L L )  
PT=P( 4  
PS=P( 1 8 )  - 
CALL HEXC ( T ( 1 8 )  ,DNSH,DNSCvT(4) ,T (19) ,T [5 ) ,QT, l ,HA(3 l  ,3s l , IpPT,PSs-  

1NT( 3 )  , IFUEL)  
P ( S ) = P T  
P( 19 )=PS 
GO TO 6 8  

6 6  DO 6 7  I H t l = l r I  



DNSS( 3,IMH)=DNS( I M M I  
DNSH( IMH)=DNSS( 1 8 , I M H l  

6 7  DNSC( IM?l)=DNSS( 3,IMM) 
T (  31=(T(  3)+TESTT)/2.  
PT=P( 1 8 )  
PS=( P( 3 l+PTEST) /2 .  
CALL HEXC ( T ( ~ ~ ) , D N S H J D N S C , T ( ~ ) ~ T ( ~ ~ ) , T ( ~ ) , Q T ~ ~ , H A ( ~ ) , ~ , ~ , I , P T , P S P -  

1NT( 3 )  J I F U E L )  
P(  19)=PT 
P( 5 I'PS 
EFF( 3)=HE 
GQT( 3 =QT 

6 8  DO 6 9  I N N - 1 , I  
6 9  Dt4SS(5,INNl=DNSC(INHl 

IDNO=IDNO+l 
GO TO 2 4  

7 0  CONTINUE 
I F  ( IFUEL.EQ.2)  GO TO 7 7  
DO 7 1  I P P = l , I  
DNSH( IPP)=DNSS( 11 P I P P I  

7 1  DtJSC( I P P  )=DNSS( 30 I P P  
E-6*** 
PT=P( 3 0  I 
PS=P( 11 1 
CALL HEXC ( T ( ~ ~ ) ~ D N S H J D H S C ~ T ~ ~ O ) , T ( ~ ~ ) , T ( ~ ~ ~ ~ Q T ~ ~ , H A ~ ~ ~ ~ ~ ~ ~ ~ I ~ P T ~ P ~  

1S,NT(6 I J I F U E L )  
P( 1 2  1=ps 
PTEST-PT 
TEST THE PRESSURE OF 31ST FLOW 
I F  (ABS( (PTEST-P( 3 1  I / (  PTESTtPc 3 1  I I I .LT.ERR I GO TO 7 2  
P(  3 1  I = (  PTEST+P( 3 1  ) /2.  
GO TO 8 

7 2  EFF(6)zHE 
QQT( 6 )=QT 
DO 7 3  I Q Q = l , I  
DNSS( 12 ,199  l=DNSH( I Q Q I  

7 3  DNSS( 31,199 )=DNSC( IQQ 
LOW TEMP. SHIFT CONVERTER**+ 
TOPLS=T( 1 2  1 
PoPLS=P( 1 2  

7 4  COtiTItWE 
DO 7 5  I R R - 1 , I  

75 DNS( IRR )=DNSS( 12 ,  IRR 1 
CALL ENSH (DNS,T(12l~T(13),TOPLS~POPLS~I~IP~IFUELl 
T M = ( T ( 1 2 l + T ( 1 3 )  1/2. 
I F  ( ( IP .EQ.2) .0R. (ABS(  (TH-TDPLS)/(THtTOPLS) L T E R R  1 GO TO 76 
TOPLS=TM 
GO TO 74 

7 6  CONTINUE 
TEST THE ASSUKPTION OF 13TH FLOW 

7 7  DO 7 8  I S S = l , I  
I F  ~(IFUEL.NE.2).AM).~DNS~ISS).LT.0.50I.AND.~DNSS~13~ISS~.LTTO.5O~~ 

1 )  GO TO 78 
I F  ((IFUEL.EQ.Z).AND.(DNSH(ISS).LT.0.50).AND.(Dt4SS(l3,ISS).LT.O.50- 



0015160 1 ) )  GO TO 7 8  
0015180 I F  ((IFUEL.NE.2).AND.(ABS( (DHS1SS)-DNSS(13, ISS) ) / ( D N S ( I S S I t D N S S ( l -  
0015200 ~ ~ I I S S ) ) ) . L T . E R R ) )  GO TO 7 8  
0015220 I F  ((IFUEL.EQ.2).AND.(ABS( (DNSH(ISS1-DNSS(~~IISS))/(DNSH(ISS)+DNSS- 
0015240 l ( l 3 v I S S ) ) ) . L T . E R R ) )  GO TO 7 8  
0015260 GO TO 7 9  
0015280 7 8  CONTINUE 
0015300 I F  ( IFUEL.EQ.2)  POPLS-PTE 
0015320 I F  (ABS( (POPLS-P( 1 3 )  I / (  POPLS+P(13 1 )  1 .  LT. ERR 1 GO TO 8 1  
0015340 7 9  DO 8 0  I T T = 1 1 I  
0015360 I F  (IFUEL.EQ.2) DtiSS( ~ ~ I I T T ) = ( D N S S (  13, ITTI+ONSH( I T )  ) /2.  
0015380 8 0  I F  (IFUEL.NE.2 DNSS( ~ ~ I I T T ) = ( D N S S (  13 , ITT) tDNS(  I T T )  ) /2.  
0015400 P ( 1 3 ) = ( P O P L S t P ( 1 3 )  ) /2.  
0015420 GO TO 7 
0015440 8 1  COKTINUE 
0015460 DO 8 2  I U u = 1 1 1  
0015480 I F  ( IFUEL.EQ.2)  DNSS(13pIUU)=DNSH(IUU) 
0015500 8 2  I F  ( IFUEL.NE.2)  DNSS(13,IUU)=DKS(IUU) 
0015520 TD!413=0. 
0015540 DO 8 3  I V V = l  PI 
0015560 83TDN13=TDN13*DNSS(13, IW)  
0015580 FCO=DNSS( 1 3 ~ 3  )/TON13 
0015600 DO 8 4  I W W = l , I  
0015620 DNSAN( IW'A )=DNSS( 13 ,  I W W  
0015640 8 4  DNSCAC IW!4)=DKSS( 3 1 1 1 W  
0015660 C FUEL CELL ENERGY BALANCE*** 
0015680 AREAF=FULE*AIRL*30.48**2 
0015700 CD=CD/1000. 
0015720 OU=l . / (EXA*O.Ol+l . )  
0015740 CALL E N F U ~ D N S A N ~ D N S C A ~ T ( ~ ~ ) I T ( ~ ~ ) ~ T O ~ ~ T O P F C ~ P O P F C I V O P I U T I ~ ~ I ~ Q Y I  - 
0015760 ~WKIOUICD,CL,IFUEL) 
0015780 Q?T=QY 
0015800 C CALCULATE THE OUTPUT OF AC POWER 
0015820 AC=( -1.0148+SQ~T(1.0148**2-4.*0.0456/108.*~0.0472*108.-WK~1~ - 
0015840 1 / (  2.*0.0456/108.)  
0015860 GO 86  1YY=111 
0015380 8 6  DNSC( I Y Y  )=DNSS( 25, IYY 
0015900 DO 87 I Z Z = l , I  
0015920 Dt4S1( IZZ)=DNSS( 2011ZZ)  
0015940 8 7  DNS2( IZZ)=Dt iSS( 3 2 , I Z Z )  
0015960 C MIXER*** 
0015980 CALL DHIX ( D N S ~ I D N S ~ I D N S I T ( ~ O )  I T ( ~ ~ ) I T O C T T , I I P ( ~ O ) I P ( ~ ~ ) I P O U T )  
0016000 P( 2 1  )=POUT 
0016020 DO 8 8  I1=111 
0016040 Dt:SS( 2 1 , I l  l=dNS( I 1  1 
0016060 8 8  DEISH( I1 )=DNS5( 2 1 1 Z l )  
0016080 T(  2 1  )=TOUT 
0016100 C ASSUME P ( 2 2 )  

-0016120 P( 22 )=P[ 2 1  ) *1 .001  
0016140 6 0 2  T(  22 I=-B/(ALOG( (DNSS( 111 )*SflRA-DNSSf 2 1  96 1 )/(DNSS( 111 )*SXRA- - 
0016160 lTD!ISS( 2 1  ) *P(  2 2 )  ) -A1  
0016190 C € - l o * * *  
0016200 T( 2 5 ) = T (  22 
0016220 CALL CDPH ( Q R T , T ( ~ ~ ) I T ( ~ ~ ) I D N S C , P ( ~ ~ ) I I I Q Q T ( ~ ~ )  1 



0016240 QQT( 7 )=QRT 
0016260 C ASSUYE HOT WATER I S  FEEDING I N  AT 3330K AND FEEDINS OUT AT 355  K 
0016280 Dt4SSL 3496 )=QQT( 7 ) / (  355.-333. ) / 1  . / la .  
0016300 DNSS( 3596 )=DNSS( 3 4 1 6  
0016320 T (  34)=333.  
0016340 T( 3 5 ) = 3 5 5 .  
0016360 P( 3 4  )=PAT 
0016380 P( 35 )=PAT 
0016400 c E-5*+* 
0016420 CALL COND (T(21),T(22),DNSH,QT,HCH,I) 
0016440 G1T(5  )=QT 
0016460 C ASSUIIE HOT WATER I S  FEEDING I N  AT TAT AND FEEDING OUT AT 3550K 
C016480 DTL=( ( T ( 2 1 ) - 3 5 5 .  ) - ( T ( 2 2 ) - T A T )  )/ALOG( ( T ( 2 1 ) - 3 5 5 .  ) / ( T ( 2 2 ) - T A T )  
0016500 T( 36  )=TAT 
0016520 T ( 3 7 ) = 3 5 5 .  
0016540 P( 36 )=PAT 
0016560 P( 371=PAT 
0016580 DNSS( 3636 )=QQT(5)/1./18./(355.-TAT) 
0016600 DNSS( 37,6)=DNSS(36,6)  
0016620 C ASSUME E-5 I S  THE TYPE OF COUNTERFLOW 
0016640 HA(5)=QQT( 5 ) /U / l . /DTL 
0016660 T H H = ( T ( 3 6 ) + T ( 3 7 )  ) /2 .  
0016680 T C t l = ( T ( 2 2 ) + T ( 2 1 )  ) /2 .  
0016700 CALL H E P D ( D ~ ~ S , D ~ ~ S H , T H M , T C H ~ H A ( ~ ) , P ( ~ ~ ) , P ( ~ ~ ) , ~ , D P J , D P , N T P T ( ~ ~ ) ,  
0016720 1T(  2 1  1,4 
0016740 P22TE=P( 2 1  )-DPJ 
0016760 I F (  ASS( (P22TE-P( 22 I / (  P22TE+P( 22 1 )  1 .  LT-ERR 1 GO TO 6 0 3  
0016780 P( 22 I = (  P( 22 ) iP22TE) /2 .  
0016800 GO TO 6 0 2  
0016820 6 0 3  DO 8 9  1 2 - 1 9 1  
0316840 DtiSS( 22912 )=DNSH( I 2  
0016860 8 9  DNS( I 2  )=DHSS( 22 912 1 
0016880 C SEPARATER*** 
0016900 POPS=Pl 22 
0016920 CALL SEPAR ( T ( ~ ~ ) , P O P S , T ( ~ ~ ) P T ( ~ ~ ) , D N S , D N S L , D N S V , I )  
0016940 DO 90 1 3 - 1 9 1  
0016950 DNSS( 24,13)=DNSL( 1 3 1  
0016980 90  DNSS( 23,13)=DNSV(13) 
0017000 P( 2 4  )=POPS 
0017020 P( 2 3  )=POPS 
0017040 C PUXP+** 
0017060 DO 9 0 1  I 4 = 1 , I  
0017080 9 0 1  DNS( I 4  )=Dt:SS( 24.14 1 
0017100 CALL FUXP ( D N S , T ( Z 4 ) , T ( 2 5 1 j P ( 2 4 ) # ( 2 5 ) , P O W S j I )  
0017120 DO 92  I B - 1 ~ 3 9  
0017140 TDNSS( I B ) = O .  
0017160 DO 9 1  I A = l , I  - 0017180 TDNSS( IB)=TDNSS( IB)+DNSS( I B s I A )  
0017200 9 1  CONTINUE 
0017220 92  COtiTItNE 
0017240 C HRITE THE RESULT 
0017260 I F  (IFUEL.EQ.1) WRITE ( 6 , 1 0 8 )  SHRA 
0017280 I F  ( IFUEL.EQ.2)  WRITE ( 6 , 1 0 9 )  SHRA 
0017300 I F  ( IFUEL.EQ.3)  WRITE ( 6 , 1 1 0 )  SHRA 



WRITE ( 6 , 1 0 3 1  P ( 5 l , P ( 7 l , T ( 5 1 , T ( 7 1  
I F  ( I F U E L . E Q . 1 )  WRITE ( 6 , 1 0 4 )  TOPHS,P(81,T(&) ,TI91 
I F  ( IFUEL.NE.21  K ? I T E  ( 6 , 1 0 5 1  T O P L S , P ~ 1 3 1 r T ( 1 2 1 , T ( 1 3 1  
URITE ( 6 , 1 0 6 )  T(221,POPS 
KRITE ( 6 , 9 9 1  FCO 
WAITE ( 6 , 1 1 8 1  TO?FC,POPFC,E,VOP,CD,CL,UT,OU 
WRITE ( 6 , 1 0 2 1  T ( 1 3 1 , T ( 3 1 1  
WRITE ( 6 , 1 0 0 1  ETH,EI,EV,EC 
WRITE ( 6 , 1 0 7 1  EFC 
KRITE ( 6 , 1 0 1 )  WXpqRT 
WRITE ( 6 , 1 1 7 )  AC 
WRITE THE MATERIAL I N  JTH FLOW 

8 0  kY? ITE(6 ,1191  
I F  ( IFUEL.EQ.11  WRITE ( 6 , 9 4 1  
I F  ( IFUEL.EQ.2 )  KRITE ( 6 , 9 5 1  
I F  I IFUEL.EQ.3 )  LIRITE ( 6 , 9 6 1  
I F  ( IFUEL.EQ.11  b!S!ITE ( 6 , 9 3 1  ~ ~ ~ J ~ ( D N S S ( J ~ I A l ~ I A ~ l ~ I I ~ T D N S S ( J 1 ~ T ~ J -  

l ~ ~ P ~ J l l ~ J ~ l ~ 5 l ~ ~ ~ I I ~ ~ D N S S ~ I I ~ I A l ~ I A ~ l ~ I l ~ T D N S S ~ I I l ~ T ~ I I l ~ P ~ I I ~ ~ ~ I I ~  
2 = 7 ~ 3 7 ) 1  

I F  ( IFUEL.EQ.21  WRITE ( 6 , 9 3 1  (((J,(DNSS(J~IAI,IA=l~Il,TONSS(JI,T(J- 
~ ~ ~ P ~ J ~ ~ ~ J ~ ~ P ~ ~ ~ ~ I I I ~ ~ D N S S ~ I I P I A ~ ~ I A ~ ~ ~ I ~ ~ T D N S S ~ I I ~ ~ T ~ I I ~ ~ P ~ I I ~ ~ ~ ~ I I ~  
2 - 5 ~ 7 1  I 

I F  ( I F U E L . E Q . 3 1  WgITE ( 6 . 9 3 1  (((J,~DNSS(J~IAl~IA~1~Il~TDNSS(J)rT(J- 
l ~ ~ P ~ J l l ~ J ~ l ~ 7 ~ ~ ~ ~ I I ~ ~ D N S S ~ I I ~ I A ~ ~ I A ~ l ~ I l ~ T D ~ 4 S S ~ I I l ~ T ~ I I l ~ P ~ I I l l ~ I I ~  
2 ~ 9 , 3 7 1  I 

C:RITE DUTY OF HEAT EXCHANSER OR COEIOENSER 
W R I T E ( 6 v 1 1 9 )  
WRITE ( 6 , 1 1 1 1  
WRITE ( 6 , 9 7 1  
WRITE ( 6 , 9 8 1  ( Q Q T ( I A I I I A = ~ ~ ~ O )  
WRITE SURFACE AREA OF HEAT EXCHANGER 
WZITE ( 6 , 1 1 2  I 
KRITE ( 6 , 9 7 1  
WRITE ( 6 , 9 8 1  ( H A ( I A l r I A = l , l O I  
W2ITE THE EFFICIENCY OF HEAT EXCHANGER 
WqITE ( 6 , 1 1 3 )  
W2ITE ( 6 , 9 7 1  
KRITE ( 6 , 9 8 1  [EFF(  I A I  , I A = 1 , 1 0 1  
I F  ( IFUEL.EQ.1 )  WRITE ( 6 , 1 1 4 1  POWA,POXI,POWS 
I F  ( I F U E L .  € 9 . 2  I WRITE ( 6 , 1 1 5 1  POWA,PO'i:N,POLiS 
I F  I I F U E L . E Q . 3 )  M I T E  ( 6 , 1 1 6 1  POWA,FO!T'N,PCI-:S 
STOP 

9 3  FORMAT ( 1 X ~ 2 X ~ I Z ~ 2 X ~ F 8 . 2 ~ 1 X , F 8 . 2 ~ 1 X ~ 3 X , F 8 ~ 2 ~ 6 X ~ F 8 . 2 5 X F 8 . 2 F l O . 2 ~  
llX,F8.2,3X,F10.2,4X,F7.2,2X~F6.4) 

94 FORMAT I l X s ' S T R E A M  RETHANE OXYGEN CAR. -MONOXIDE CAR. D IOXIDE - 
lHYDROGEN WATER NITROGEN FLOW RATE TEMP. ( K  PRE. ( ATM ) ' 

9 5  FORMAT ( lX, 'STREAPl  METHANOL OXYGEN CAR. K0:IOXIDE CAR. D IOXIDE - 
lHYDROGEN WATER NITROSEN FLOX RATE TEMP. ( K I FRE. ( ATM ) ' I 

9 6  FORMAT ( lXB ISTREAM NAPHTHA OXYGEN CAR. KONOXIDE CAR. D IOXIDE - 
lHYDRCGEN WATER NITROGEN FLOW RATE TEHP. ( K  PRE. ( ATM) ' 

9 7  FORMAT ( l X ,  ' E- 1 E-2 E- 3 E - 4  - 
1 E - 5  E-6 E - 7  E -8  E - 9  - 
2 E - 1 0 '  I 



0018400 9 8 F O R M A T ( l X , l O ( E 1 2 . 5 r l X ) / )  
0018420 9 9  FORMAT ( l X , ' T H E  FRACTION OF CO I N  THE FEED I S ' , F 8 . 5 / )  
0018440 1 0 0  FORMAT (1Xs'THE THERKODYNAMIC EFFICIENCY OF FUEL CELL I S ' j E 1 3 . 5 , ' T -  
0018460 1HE CURRENT EFFICIEKCY I S ' , E 1 3 . 5 / '  THE VOLTAGE EFFICIENCY I S ' s E 1 3 . 5 -  
0018480 2, 'THE HEATINS VALUE EFFICIEHCY I S ' s E 1 3 . 5 )  
0018500 1 0 1  FO??lAT (1Xp'THE ELECTRICAL RORK IS' ,E13.5s 'KGI ' / '  THE TOTAL HEAT R- 
0018520 1ELEASE I S ' , E 1 3 . 5 , ' C A L 1 / / )  
0018540 1 0 2  FORHAT ( I X p ' T H E  ANODE SIDE INLET TEMP. IS ' ,F7 .2 , '  K ' / '  THE CAMODE- 
0018550 1 SIDE INLET TEMP. I S ' r F 7 . 2 , '  K ' )  
0018580 1 0 3  FORNAT ( '  THE REFORMER I S  OPERATING UNDER THESE COhDITIONS ' j 6 X , / ' -  
0018605 1 INLET PRESSUXE',F7.2,'ATM',' OUTLET PRESSLTE'sF7.2, 'ATMm/ I - 
0018620 2 INLET TEMP. : ' ,F7.2, '  K ' , '  OUTLET TEKP. t 'BF7.2 , '  K ' / )  
0018640 1 0 4  FORPIAT ( '  THE HIGH TEMP. SHIFT CONVERTER I S  OPERATING UIJDER THESE - 
0018660 lCOl13ITIONS ' ,6X,/ - 
0018680 2 ' OPERATING TEMP.: ' ,F7.2r '  K ' / '  OPERATING PRESSURE:',F7.2,'ATM- 
0018700 3 ' / '  INLET TEMP.:',F7.2,' K ' / '  OUTLET TEMP.:',F7.2,' K ' / )  
0018720 1 0 5  FOZHAT I l X s ' T H E  LOX TEMP. SHIFT CONVERTER I S  CPERATING UNDER MESE-  
0018740 1 CONDITIONS ',6X,/ - 
0018760 2 ' OPERATING TEMP.:',F7.2,' Km/' OPERATIItG FRESSL'RE:',F7.2,'ATM- 
0018780 3 ' / '  INLET TEMP.: 'sF7.2s' K ' / '  OUTLET TEPlP.:',F7.2p1 K ' / )  
0318800 1 0 6  FORMAT [ '  THE L I Q U I D  SEPERATER I S  OPERATING UNDER THESE COt4DITIOtlS- 
0018820 1 ' s 6 X 1 / '  OPERATING TEMP.: ' ,F7-2, '  K ' / '  CPERATING FRESSURE:',F7.2,'- 
0018840 2 A m ' /  ) 

001es60 1 0 7  FORMAT ( ~ X , ' T H E  FUEL CELL EFFICIENCY IS' ,F~.~)  
OC18880 1 0 8  FCR:lAT ( ' 1 ' s l X s ' T H E  STEAM/METHANE RATIO It4 THE REFORMER I S 1 s F 7 . 2 / 1  
0018900 1 0 9  FORXAT ( '1'. ' THE STEAH/METHAI:OL RATIO I N  THE REFORMER I S '  , F 7 . 2 / )  
0018920 1 1 0  FCRPIAT ( ' 1 ' s '  THE STEAM/NAPHTHA RATIO I N  THE REFCRKER I S 1 r F 7 . 2 / )  
0018940 111 FCRMAT (1Xs'THE DUTY OF HEAT EXCHAJGER (CAL. )  ( 0  H E M S  NO THIS NO.- 
0018960 1 HEAT EXCHANGER ) ' ) 
0018980 1 1 2  FCZMAT (1Xs'THE SURFACE AREA OF HEAT EXCHANGER (M**2) ( 0  MEANS NO - 
0319000 1 THIS NO. HEAT EXCHANSER 1 '  1 
0019020 1 1 3  FORIIAT ( l X , ' T H E  EFFICIENCY OF HEAT EXCHAClGER ( 0  MEANS NO THIS NO. - 
0019040 1 HEAT EXCHANGER OR I S  COtlDENSER 1 '  
0019060 1 1 4  FORFAT (1Xs 'THE POGlER OF AIR COMPRESSOR:',FlO.Z,'HP'/lX,'TKE PCWER- 
0019080 1 OF METHANE COP1PRESSOR:'rFlO.Z,'HP'/lX,'THE POWER OF PUMP : ' ,F10 .5 -  
0019100 2, 'HP'  
0019120 1 1 5  FORMAT (1Xp'THE POXER OF AIR COMPRESSOR:',Fl0.2s'HP'/lX,'THE POKER- 
0019140 1 OF METHANOL COHF?ESSOR:',FlO.5,'HP'/lX,'THE POAEZ OF PUXP : ' s F 1 0 . -  
0019160 25,  'HP' 1 
0019180 1 1 6  FORMAT (1Xv'THE POWER OF AIR COMPRESSOR:'sFlO.Z,'HP'/lXp'THE PO!dER- 
0019200 1 OF NAFHTHA PUMP:',F10.5,'HP'/lX,'THE FOUER OF PUMP : ' , F 1 0 . 5 , ' H P ' )  
0019220 1 1 7  FORMAT ( / / lXp lTHE AC OUTPUT I S  'sF7.2, 'KW'/ / )  
0019240 1 1 8  FCRMAT(' THE FUEL CELL I S  OPERATING WDER THESE COIIDITIONS '16X,/ ' -  
0019260 1 THE OPERATINS TEKPERATURE : ' , F 7 . 2 , ' K 1 / '  THE 0PERATIt:G F2ESSURE:'s- 
0019280 2F5.2s 'ATM'/ '  THE OPEN CIRCUIT POTENTIAL:',F8.3,' V ' /  - 
0019300 3 '  THE OPERATING POTENTIAL:' ,F8.3s1 V ' / '  THE CURRENT OENSITY:',F8.3- 
0019320 4p1A/CM**2' / '  THE CATALYST LOADIt:rJ:'sF8.3,'PT/CM**2'/ - - - 3019340 5 ' THE FUEL UTILIZATIO:.I: ' ,F5.3/ 
0319360 6 '  M E  OXYGEN UTIL IZATION: ' ,F5 .3 )  
0319380 1 1 9  FOZIIAT( '1' 
3019400 EtlD 
0019800 SUSKOUTINE BU?NIONS,I , I J  1 
0019930 C******+********************X.*%********t%**********t***~**%************* 
0020000 C THIS SUSROUTINE I S  TO CALCULATE THE MASS BALANCE OF BURtlER 



0020100 C*********************************************************************** 
0020200 C ASSIMPTION: 
0020300 C ( 1 1  THE COMBUSTION I S  CONPLETE 
0020400 C X : THE AMOUNT OF 0 2  REACTED 
0020500 C XY : THE AKOUNT OF C02 PRCDUCED 
0020600 C Y : THE AMOLWT OF HZ0 PRCOUCED 
0020700 C IJ: 1 =MATHAt(E AS INPUT GAS 
0020800 C 2 =METHAtiOL AS INPUT GAS 
0020900 C 3 =NAPHTHA AS INPUT GAS 
0021000 DIMENSION Otis( I I 
0021100 C CALCULATE THE NECESSARY AMOUNT OF 0 2  
0021200 I F ( I J . E Q . 3 )  GO TO 4 
0021300 I F ( I J . E Q . 2 1  GO TO 2 
0021400 X=l./2.*DNS(3)+1./2.*DNS(5)+2.*DNS(ll 
0021500 GO TO 3 
0021600 2 x = . ~ * D N s ( ~ I + . ~ * D N s ~ ~ I ~ ~ . ~ * D N s ~ ~ I  
OC21700 GO TO 3 
0021800 4 X=O.5*DNS(31+0.5*DNS(5)+15.*DNS(ll 
0021900 XY=DNS(31+7.*DtiS(l I 
0022000 Y=DNS(51+8.*DNS(l I  
C022100 GO TO 5 
0022200 3 COtlTIN'JE 
0022300 XY=DNS( 3)+DNS( 1 1  
0022400 Y=Dt:S(5 I+2.*Dt45(1) 
0C22500 C CALCULATE THE EXIT  C0:IPOSITION 
0022600 5 D N S ( l l = O .  
0022700 ONS( 3 1=0. 
OCZiBOO Dt4S(5)=0. 
0322900 D t E (  2 I=DNS( 2 I -X  
0023000 Dt:S( 4 )=DIE(  4 )+XY 
0023100 Dt iS(6 1 -DNS(6 l tY  
0023200 RETURN 
0023300 END 
0023400 SU3ROUTINE CDPH(QTI,TCI,TCO,DNSC,P,I,9TS) 
0023500 C*** * *~*++**%**+*++** *X** * * * * * * * * * * *~* * * * * * * * * * * * * * * * * * * * * * * * * * *+* * *~* * *  

0023600 C T H I S  SUSROUTIIiE I S  TO CAL. THE ENERGY ANALYSIS FOR E-7 AND E-10 
0023700 C**++***+*n**+******************t~f**t**~*t*******%**********~**%******* 
0023900 C OEFINITICN: 
0024000 C QTI:  TOTAL HEAT TRANSFER FROM FUEL CELL 
0024100 C TCB: BOILING FOINT OF FIXED P?ESSURE 
0024200 DIKEIISIOI< GS(71,HS(71 sHCAS(71 ,HCBS(7l,HCCS(7) 
0024300 DIr:EtiSIO!i Dt:SC( I )  
0024400 cor :mt i  /ETHDA/ GS ,HS ,HCAS ,HCBS,HCCS 
0024500 CO:l: IO!i/TC/TC/CONS/A r B 
oozrr600 ccn::on/ul/ u .  
0024700 C ASSUYE THE SATURATED,PRESSURE I S  EXP(A-B/T l  
C024300 TCB=B/( A-ALCS( P 1 )  - 0024900 C ASSUYE THE SATURATED STEAM OUTPUT 
OC25000 TCO=TCB 
0325100 C ASSU::E THE LATENT HEAT CAL. BY WATSON CORRELATION 
0025200 TCl=TtE/TC 
0025300 C ASSUYE THE AVERAGE HEAT CAPACITY OF WATER I S  1 CAVG-K 
0025400 QT=( ( 1 . - T C l ) / ( l . - 0 . 5 7 7 )  )**0.38+9700.0*D~iSC(6 l t (TCB-TCI ) *1 . *18 .  - 
0025500 l*DtiSC( 6 



0025600 IFIQT.GE.QTI1 GO TO 1 
0025700 QTIZQTI-QT 
0025800 QTSZQT 
0025930 GO TO 2 
OC26000 1 TCO=TCB 
0026100 2 CONTINUE 
0026200 RETU?N 
0026300 EtlD 
0026302 SUEROUTINE COMP(DNS,TIN,TOUT~PIN~POUT~PO'rl~GAG,I,IP) 
0026304 C****rn*x+*w*ru+**+*********x**x**************************************** 
0026306 C THIS SU3RCUTIEE CALCULATES THE BALAt:CE OF COKFRESSOR 
6026338 C++*+*+********+*+**tt***%**R**%*******************************U******** 
0026310 C ASSUYPTION: 
0026312 C 1 1 ) .  IDEAL GAS BEHAVIOR 
0026314 C GAG: RATIO OF HEAT CAPACITY 
0026316 C US: SHIFT WCRK 
0026318 C POU: POKER REQUIRED; HP 
0026320 C YO: SPECIFIC VOLUME OF GAS AT APPLIED CONDITION; M**3/G-MOLE 
0026322 DIHENSION DNS( I )  
0026324 TDNS=O. 
0326326 DO 1 I A - I s 1  
0026328 IF (DKS( IA) .EQ.O. l  GO TO 1 
0026330 TDtdS=TDNStDNS( I A  
0026332 1 COKT1t;UE 
0026334 I F ( I P . E Q . 2 )  GO TO 2 
0025336 TOUT=TIN*( POUT/PIN I**( I GAG-1. )/GAG I 
0026338 WS~GAG*1.987*TIN*1.8*~~POUT/PINl**l~GAG-l.~/GAG~-l.l/lGAG-l.~ 
0026340 FOW=WS*TDtiS/641400. 
0026342 RETURN 
0026344 2 TOUTZTIN 
0026346 k'S=1.987*TIN*l.8*ALOG( POUT/PIN) 
0026348 FOW=US*TDt.IS/641400. 
0026350 RETURN 
0026352 Et:O 
0026400 SUBROUTINE CONDI THI,THO~DNSH;QT,CH ,I 
0026500 C**+*%***+%*+**+***t**~****~%*********~*******************%************* 
0026520 C THIS SUEROUTINE ESTIMATES THE HEAT DUTY I N  THE CCIEIENSER 
CO:6700 C*****+*****%i*++++*t*******%********t***************************%t**%** 
00268CO C DEFINIT ION I S  THE SAME AS HEXC 
0026900 DIMENSI0t.I GS( 7 1  ,HS( 7 1  ,HCAS( 7 1  ,HCBS( 7 )  ,HCCS171 - 

0027000 DIKEI4SION DtISHl I 
0027100 C0H::CN /ETHDA/ GS,HS,HCAS,HCBS,HCCS 
0027120 COI::1ON/TC/TC 
0027200 C CAL. THE MEAN TEMP. OF HOT SIDE 
00273CO THM=( THItTHO ) /2.  
0027430 C CAL. THE CAPACITY RATE OF FLUID OF HOT SIDE 
0027500 CH-0. - 0027600 GO 1 I A = 1 1 I  
0027700 IF (DNSH( IA I .EQ.0 .  I GO TO 1 
0027800 CH=CH*Dt.ISH( I A ) * (  HCAS( I A  l+HCBS( I A  )*THMtHCCSl I A  )*THM**2 
0027930 1 CCNTINUE 
0028000 QTZO. 
0028100 DO 2 I A = l , I  
0028200 QT=QT+DNSH( I A  )*I HCAS( I A  I * (  THI-THOl+HCBS( I A I * (  THI*THI-THO+THO) - 



0 0 2 8 3 0 0  l t H C C S (  I A l * ( T H I * * 3 - T H 0 * * 3 1  I 
0 0 2 8 4 0 0  2  CONTIhUE 
0 0 2 8 4 2 0  Q T L ~ ~ ( 1 . - ~ T H O A C l ) / ~ 1 . - 0 . 5 7 7 ) 1 * * 0 . 3 8 * 9 7 0 0 . * C N S H ~ 6 1  
0 0 2 8 4 4 0  GT=QTtQTL  
OC28500  R E T W N  
0 0 2 8 5 0 0  EtiD 
0 0 2 8 7 0 0  SUGROUTINE CONV( XV,YV,NR ,NC I 
0 0 2 8 8 0 0  C**%**x*************X******I-**i*********************************%******* 

0 0 2 8 9 2 0  C T H I S  SUEROUTINE USES W E S T E I N  METHCD FOR ALGESRAIC CCI4VERGEt;CE 
0 0 2 9 1 0 0  C*~*%~+**S*++++**+***SI~*********X**~**~C**********************+********** 
0 0 2 9 2 0 0  C D E F I t 4 I T I O N :  
0 0 2 9 3 0 0  C XV:  T R I A L  VALUE 
0 0 2 9 4 0 0  C YV: CALCULATED VALUE 
00295CO C IJC: CQIl'V'ERSE 1t:DEX 
OC29500  C NC=1  C0:IVERGE 
0 0 ? 9 7 0 0  C NC=2 F:O?!CO:!VERGE 
0 3 2 9 3 0 0  D1;lENSION XA(  2 I B Y & (  2  I 
0 0 2 9 9 0 0  I F ( & B S (  ( X V - Y V l / ! X V t Y V )  1 . LT .0 .001  I GO TO 2 
0 0 3 0 0 0 0  I F ( t i C . L E . 1 1  GO TO 1 
0 0 3 0 1 0 0  XT= (XA(ER l *YV-YA(N2  I * X V ) / ( X A [ N R  I - X V t Y V - Y A ( N R 1  I 
C 0 3 0 2 0 0  XA(  NR )=XV 
0 0 3 0 3 0 0  YA( NR l = Y V  
OC30400  XV=XT 
0 0 3 3 5 0 0  RETURN 
0 0 3 C 5 0 0  1 XA(  NR 1-XV 
0 0 3 0 7 0 0  YA( t!4 I - Y V  
0 0 3 0 8 0 0  XV=YV 
C 0 3 0 9 0 0  t:C=2 
0 0 3 1 0 0 0  RETURN 
0 0 3 1 1 0 0  2 X'JZYV 
0 0 3 1 2 0 0  N C = l  
0 0 3 1 3 0 0  RETURN 
C 0 3 1 4 0 0  E I!D 
0 0 3 1 5 0 0  S'JSROUTINE D I V I D ~ T I N ~ T O U T 1 ~ T O U T 2 ~ D N S ~ D N S 1 ~ D N S Z ~ G A R M ~ I l  
0 0 3 1 6 0 0  C*******r***x*****+***t**********x*****~**********+********************* 
0 0 3 1 7 0 3  C T H I S  SU2RGUTIt:E CALCULATES THE BALAtiCE AROI;:i3 THE D I V I D E R  
0 0 3 1 8 0 0  C**+****+*******%*i*+**********X******************~*********************  

0 0 3 1 9 0 0  C GARH: D I V I D E R  FACT02  OF STREAY 3 2  
C 0 3 2 0 0 0  D I K E t I S I C N  Dt lS(  I I ,DNS l (  I I pGNS2( I I 
0 0 3 2 1 0 0  C CAL. THE OUTLET C 0 : i D I T I C N  
0 0 3 2 2 0 0  DO 1 I A = l , I  
0 0 3 2 3 0 0  D N S l c  I A  I=GARM*DNS( I A I  
0 0 3 2 4 0 0  1 COt4TIt:'JE 
0 3 3 2 5 0 0  DO 2 I A = l , I  
GO32600 D!(S2( I A I = ( l . - G A R f l l * D N S ( I A l  
C 0 3 2 7 0 0  2  C0I;TItlLJE 
0 0 3 2 8 0 0  T O U T l = T I N  - 0 0 3 2 9 0 0  TOUTZ=T IN  
0033COO RETURN 
0 0 3 3 1 0 0  E m  
0 0 3 3 2 0 0  SU3ROUTINE DMIX~DNS1~DNS2~DNS~TIN1~TIN2~TOUT,I~PINl~PIN2,POUTl 
0 0 3 3 3 0 0  C*+r* * *x+** *~x** * * i * * * * * * * * * * * * * * * * * *x* * * * * *~+** * * * *~* * * * *x* * * *+* * * * * * * *  
0 0 3 3 4 0 0  C T H I S  SUEROUTINE CALCULATES THE BALANCE AROUtiD THE E I X E R  
0 0 3 3 5 0 0  C**%**++*****%+~****++x*************%*********%**************%************* 



0033600 DIMENSION GS(71,HS( 7l,HCAS(7l,HCBS~7l,HCCS~7) 
0033700 D1MEt:SION Dt.ISl( I )  ,DHS2( I I PONS( I I 
0033800 CC?lK3N /ETHDA/ GSIHSBHCAS~HCBS,HCCS 
0033900 C CAL. THE TOTAL THERMAL CONST. 
0034000 TCASlZO. 
0034100 TCBS1-0. 
0034200 TCCS1=0. 
0034300 TCASZ=O. 
0034400 TCBS2=O. 
0034500 TCCS2=0. 
0034600 DO 1 I A = l r I  
0034700 TCASl=TCAS1+DNSl(IAI*HCAS~IA) 
0034800 TCASZ=TCAS2+DNS2( I A  IfHCASI I A  I 
0034900 TC651=TCBSl+DNSl( I A  l*HCBS( I A  I 
0035000 TCBSZ=TCBS2*DNSZ(IAl*HCBS(IA) 
0035100 TCCSl=TCCSl+DNSl( IAI*HCCS( I A  
0035200 TCCS2=TCCS2+DNS2( I A  )*HCCS[ I A  1 
0035300 1 CONT1t:UE 
0C35400 C ASSUKE THE I N I T I A L  VALUE 
0035500 TOUT=( T I N l + T I N 2  ) /2 .  
0035600 C CAL. THE ENERGY BALANCE 
0035700 2 TOUTC~lTCASl*TINl+TCAS2*(TINZ-TOUT)+TCBS1/2.*~TIN1**2-TOUT**2l - 
C035800 1tTCBS2/2.*~TIN2**2-TOUT**2ltTCCS1*(TIN1**3-TOUT**31/3.tTCCS2 - 
0035900 2*[TIt42**3-TOUT**31/3.I/TCASl 
0036000 CALL CONV( TOUT, TOUTC ,l, NC 
0036100 GO TO (3,21,NC 
0036200 C CAL. At:D URITE THE OUTLET COMPOSITION 
0035300 3 DO 4 I A = l * I  
C036400 DNS( I A ) = D N S l ( I A ) + D N S Z ( I A )  
0036500 4 CONTIt!UE 
0036600 TDNSl=O. 
0036700 TDHS2=O. 
0036800 DO 5 I A = 1 , 7  
0035900 TONSl=TDtiSl+DNSl( I A )  
0037000 TDHSZ=TDl.IS2+Dt.IS2( I A )  
0037100 5 CCtlTINUE 
0037200 C ASSUXE PRESSURE DROP TO BE 3% AT MIXER 
0037300 PGUT=~TDtlS1+TDNSZl/~TDNSl*TIN1/PINl+~NS2*TIN2/PINZl*TOUT*O.97 
0037400 RETURN 
0337500 EtlD 
0037600 SUBROUTIt4E E t l F U ( D N S A r D N S C ~ T I t 4 C , T I N A ~ T O ~ ~ T O P ~ P O P ~ V O P ~ U T ~ H ~ I ~ Q T ~ W E ~ -  
0037700 lOU,CD,PT,IJ) 
0337300 C*+***+**+x*+*+****t******i******)( .***X********%*~**************~******%* 
0037900 C THIS SL5ROUTItiE I S  TO CAL. EKERGY BALPKCE OF FUEL CELL 
00380CO C*+*x*++***********%It**t********i***Z*********************************** 

C038100 C DEFINITION: 
0038200 C DGR: FREE ENERGY CHANGE AT FUEL CELL CONDITIOti - C038300 C E: FUEL CELL EQU. POTENTIAL 
0038400 C EC: HEATING VALUE EFFICIENCY 
0038500 C EFC: FUEL CELL EFFICIEt4CY 
0038500 C €1:  CGRENT EFFICIEIlCY 
0038700 C EO: FUEL CELL STAt;'3ARD EQU. POTENTIAL 
0038800 C EV: VOLTAGE EFFICIENCY 
0038900 C FCH4: FRACTION OF METHAt:E 



0 0 3 9 0 0 0  C FME: FRACTION OF METHANOL 
0 0 3 9 1 0 0  C FNAP: FRACTION OF NAPHTHA 
0 0 3 9 2 0 0  C M: I t iDEX OF OUTLET CCt . ' IT IOH 
0 0 3 9 3 0 0  C M=1  OUTLET TEMP. I S  F IXED TO TOPFC 
0 0 3 9 4 0 0  C M=2 OUTLET TERP. I S  NOT F IXED 
0 0 3 9 5 0 0  C PCO: HOL. FRACTIO:4 OF CO 
0 0 3 9 6 0 0  C Q: TOTAL HEAT RELEASE PER HR. 
0 0 3 9 7 0 0  C S I S :  INTEGRATION CO::ST. I N  CALCULATING S 
0 0 3 9 e o o  c TAUHO: MOL. FRACTIO:~ OF AVAILABLE HZO 
0 0 3 9 9 0 0  C UT: FUEL U T I L I Z A T I O N  
0 0 4 0 0 0 0  C VOP: ACTUAL FUEL CELL POTENTIAL 
0 0 4 0 1 0 0  C LE:  ELECTRICAL WORK 
0 0 4 0 2 0 0  C H L H V ( 1  ):LOWER HEATIt4G VALUE OF GAS I 
0 0 4 0 3 0 0  DIHENSIOt4 G S ( 7 l , H S ( 7 1  ,HCAS(7l,HCBS(71,HCCS(71 
0 0 4 0 4 0 0  DIHEKSION HLHVI7l,DNSA(71~DtlSC(71 pDNS(71 I O N S C I [ ~ I , D N S A O [ ~ I ,  - 
0 0 4 0 5 0 0  l C t l S A I (  7 I 
0 0 4 0 6 0 0  COKXON /ETHDA/ GS,HS,HCAS,HCBS,HCCS 
0 0 4 0 7 0 0  COK!lON/COt4FC/ E, ETH, € 1  I EVI ECVEFC 
0 0 4 0 9 0 0  COKH3N/HLHVl/ HLHV 
0 0 4 1 0 0 0  C CAL. THE KOL. FRACTION OF AVAILABLE HYDROGEN 
0 0 4 1 1 0 0  TDtiS=O. 
OD41200 TDNSCZO. 
0 0 4 1 3 0 0  DO 1 I A = l , I  
0 0 4 1 4 0 0  I F ( D t l S A ( I A l . E Q . 0 .  I GO TO 1 
0 0 4 1 5 0 0  TD!4S=TDtIStONSA( I A  I 
C041500  I F ( D t ~ S C ( I A l . E Q . 0 .  I GO TO 1 
0 0 4 1 7 0 0  TDNSC=TDNSC+D!4SC( I A  I 
0 0 4 1 e o o  1 CO:ITII<UE 
0 0 4 1 9 3 0  I F (  I J .  EQ. 1 I FCH4=DNSA( 1 )/TONS 
0 0 4 2 0 0 0  I F (  I J . E Q .  2 I FKE-DNSA(1 l/TDNS 
OC42100 I F (  I J .  EQ. 3) FtIAP=DNSA( 1 )/TONS 
0 0 4 2 2 0 0  AHLU=DtiSA(5 )/TDIlS 
0 0 4 2 3 0 0  TAUH3=DNSA( 6 l /TDNS 
0 0 4 2 4 0 0  PCO=D:4SA( 3 l /TOtlS 
0 0 4 2 5 0 0  PPH2=SCRT(Dt4SA( 5 )/TDNS*DNSA( 5 I*( 1-LJT I / (  TONS-DNSAI 5 ) * U T l  I 
0 0 4 2 6 0 0  PPCO=SGOT(DNSA( 3l/TDt4S*Dt4SA( 3 l /(TDNS-DNSAf 5 l *UT l  I 
00427CO PFO2=+3RT(DNSC( 2 I/TDI.ISC*C:~SC( 2 I * (  I -OU I / (  TDt:St+Dh'SC( 2 ) * O U l l  
0 0 4 2 8 0 0  PFH20=SCi?T( Dt4SC[ 6 )/TDt;SC*DliSC( 6 I / (  TDtSC+DNSC( 2 )SOU I 
0 0 4 2 9 3 0  CALL V I t i E W ( 1 ~ V O P ~ C D ~ T O P , P O P ~ P F H 2 ~ P P 0 2 ~ P P H 2 O ~ P P C O ~  - 
0 0 4 3 0 0 0  1 x 0  I 
0 0 4 3 1 0 0  C CAL.THE OPEN-CIRCUIT POTENTIAL 
0 0 4 3 2 0 0  DHCAS=HCAS( 6 1 - 1  . / 2 .  *HCAS( 2 I-HCAS( 5 I 
0 0 4 3 3 0 0  DHCBS=HCBS( 6 1-1  . /2  .*HC6S( 2 I-HCES( 5 I 
0 0 4 3 4 0 0  DHCCS=HCCS(6)-1./2.*HCCSIZI-HCCS[51 
0 0 4 3 5 0 0  DHO~HS(6~-1./2.*HS(2)-HS~5l-DHCAS*298.-1./2.*DHCBS*298.**2-1./3.* - 
OC43500 lDHCCS*298.**3 
0 0 4 3 7 0 0  SIS~DH0/298.+DHCCS-(GS~6)-1./2.*~S~2l-GS~5ll/298.-DHCAS*ALOG~296.l- - 0 0 4 3 8 0 0  1-EHCGS*2?8./2.-CHCCS*298.**2/6. 
0 0 4 3 9 0 0  OG=CHOt(C~iCAS-SISl+TOP-DHCAS*ALOG~TOPl*TOP-DHCBS/2.*TOP**2 - 
OOG4000 1-@HCCS/6.*TOP**3 
00441CO I F ( T O P . E Q . 4 6 3 . 1  DG=-52798. 
0 0 4 4 2 0 0  EO=-Et /2 . /23060.  
0 3 4 4 3 0 0  E=EOt1.9a7*TOP/2./23060.*ALOG(AHLU*O.21**O.5/TAUHO*POP**O.5l 
0 0 4 4 4 0 0  C CAL. FREE ENERGY CHANSE AT FUEL CELL C O t S I T I O N  



0044500 DGR=-2.*23060.*E*AHLU*TONS 
0044600 C CAL. THE EFFICIEtiCY 
0044700 EV=VOP/E 
0044800 EI=UT 
0044900 C CAL. THE ELECTRICAL WCRK 
0045000 KE=-EV*EI*DSR 
0045100 C CAL. THE THERH9DYNAMIC EFFICIENCY 
0045200 DH=(-577S8.+DHCAS*(TOP-298.~tDHCBS/2.*[TOP**2-298.**2ltOHCCS* - 
0045300 l(TOP**3-298.**3)/3. )*AHLU 
0045400 IF(TOP.EQ.463) OH=-58186.*AHLU 
C045500 ETH=DGR/DH/TDIiS 
0045600 IF (IJ.EQ.1) - 
0045709 lDHC=FCH4*(HLHV(l)+~HCAS~4)+2.*HCAS(6)-HCAS(l)-2.*HCAS(2)1 - 
00(;5800 1*(TOP-298.)+(HCBS(4)+PP*HCBS(6)-KCBS(1)-2.*HCBS(2))/2. - 
0045900 2*(TOP**Z-298.**2 )t(HCCSl4)+2.*HCCS(6 1-HCCSI 1 1-Z.*HCCS( 2 1 )/3. - 
OO46OOO 3*( TOP*+3-298.**3) 
0046100 IF (IJ.EQ.21 - 
0046200 lD!iC=FflE*(HLHV(l lt(HCAS(4 )+2.*HCAS(6 1-HCAS( 1)-1.5*HCAS( 2 1 )  - 
0546300 l*(TCP-298. )t(HCBS(4)+2.*!iCBS(6)-HCBS( 1 )-1.5*3CBS(2) )/2. - 
0046400 2*(TOP**2-298.**2)+(HCCS(4)+22*HCCS~6)-HCCS(l)-l.5*HCCSl2l)/3. - 
0046500 3*[TOP*+3-298.**3)) 
00466CO IF (IJ.EQ.3) - 
0046700 lDHC=FNAP*(HLHV(l I + (  7.*HCAS(4)+8.*HCAS(6 1-HCAS(1 I-15.*HCAS(Z 1 )  - 
0046800 2*[TOP-298.) - 
C046900 1+(8.*HCBS(6 ) + 7 . * H C B S ( 4 l - H C B S ( 1 ) - 1 5 . * H C B S 2  1 )  (TOP**2-298.**2 )/2. - 
OC47000 3+(8.*HCCS(6)+7.*HCCS(4)-HCCS(l)-15.*HCCS(2))/3. - 
0047100 3*(TOP**3-298.**333 
0047200 DHC=DHC+FCO*l HLHV( 3 )+(HCAS(4 1-HCAS( 3 1-0.5*HCAS( 2 1 )  - 
0047300 4*[ TOP-298. I + (  HCBS(4 1-HCBS( 3)-1./2 .*HCBS( 2 1 )/2. - 
0047400 5*lTOP**2-298.**2l+(HCCS(4)-HCCS(3)-1./2.*HCCS(2))/3.*(TOP**3-293. - 
0047500 6**3) l+AHLU*(HLHV(5)t(HCAS(6 l-tiCAS(5)-1./2.~HCAS(2) )*(TOP-298.) - 
0047500 7+(FCES(6 1-HCBS(5)-1./2.*tICBS( 2 1 )/Z.*(TOP**2-298. **2 )t(HtCS(6 I - 
0347700 8-HCCS(5)-1./2.*HCCS(2))/3.*(TOP**3-298.**3)) 
0047800 EC=DH/DHC 
0047930 EFC=ETH*EV*EI*EC 
0048COO DO 2 IA=l ,I 
0048100 DtiSCI( IA )=ONSC( IA 1 
0048200 2 DNSAI( IA)=DNSA( IA 
0048300 CALL F U C E ( D N S A I ~ T O P ~ P O P ~ D N S A , D N S C ~ D S O ~ D S N ~ D S H O ~ U T ~ I ~ P I N F ~ P I N A ~ I J I  
0048400 DHIN=O. 
0048500 DO 3 IA=lrI 
OC48500 DHIN=CHItitDt4SAI(IA)*~HCAS(IA)+(298.-TINA~tHCBS~IA~/2.~~298.**2 - 
0048703 1-TINA**2 )+HCCS( IA ) /3 .* (  298.**3-TINA**3) J+DtlSCI( IA)*(HCAS( IA)* - 
0048800 2( 298. -TItiC )+HCBS( IA )/2 .*( 298. **2-TIt4C**2 )+HCCS( IA )/3.* - 
0043900 3(298.**3-TIKC**3)) 
0049000 3 COt4TINUE 
0049100 DH=-57973.* (Ot4SAI[5) -DNSA(5 I) - C049200 C CAL. THE OUTLET COHPOSITION 
0049300 DO 4 IA=l,I 
0049400 4 DNS( IA )=D!.ISA( IA)tDNSC( IA 1 
0049500 TCAS=O . 
0049600 TCBS=O. 
0049700 TCCS-0. 
0049800 DO 5 IA=ls I 



0049900 TCCS=TCAS+DNS( I A  )*HCAS( I A  1 
0050000 TCBS=TCBS+Dt4S( I A  )*HtBS( I A  
0050100 TCCS=TCCS+DNS( I A  l*HCCS( I A  
0050200 5 CC:lTINUE 
GO50300 TOUT=TO? 
0050400 IF (M.EQ.1)  GO TO 7 
0050500 C CAL. THE O'JTLET TEMP. 
0050600 6 TOUTC=(-DHIN-DH-WE -TCBS/2.+((TOUTl*+2-(298.)**2)-TCCS/3. - 
0050700 l*~(TOUT1**3-(29a.J**3)1/TCASt298. 
0050800 CALL CCt;V( TOUT ,TOUTC I 1 ,NC I 
0053930 EO TO (8,61,NC 
OC51000 C CAL. TEE TOTAL HEAT REJECTED PER HR. 
OC51100 7 QT=-0:-IIN-DH-WE -TCAS*(TOUT-298.)-TCBS/2.*(TOUT**2-298.**2J - 
0051200 1-TCCS/3.*(TOUT**3-298.**3) 
0351300 8 C0NTI:I'JE 
0051400 C 1 KK:iRz86C076CAL 
C051500 WE=KE/860076. 
0051600 RETURN 
00517CO E>:D 
CC51800 SUBROUTINE ENRE(CNS,TOP,POP,TIN,TOUT~I,IP,IJ) 
0051900 C+*xx*s*a**w~x+*s**x*+Y**'cx***************************+******s********** 
00520CO C THIS SU?EOUTItlE CALCULATES THE Et!ERGY BALAKCE OF REFORPIER 
0352100 Cr+++*+*r*+*+wx*r*wtt**t**+*t****x*******~****~*s**********~************ 
C052200 DIMEt<SION GS( 7 1  ,HS( 7 )  ,HCAS( 7 I ,HCBS( 7 )  ,HCCS( 7 )  
C052300 DIEENSICN C!:S( 7 )  ,DINS( 7 )  ,X( 2 I 
GO52400 CCY::C:I/ETHDA/ GS HS ,HCAS,HCBS,HCCS 
0052500 C STORE THE I t l L E T  COXPOSITION 
0052600 DO 1 I A = l , I  
0052760 DINS( I A  )=Ct iS(  I A I  
OC52SOO 1 CCXT1t:UE 
0352900 C CALCULATE THE OUTLET COMP. 
0353000 CALL REF(Df4S,TOP,POP,X,I,IJ) 
0053100 I F ( I P . E Q . 1 )  GO TO 2 
0053200 TOUT=TIN 
GO53300 GO TO 6 
0053400 2 C0:ITIt:UE 
0053500 C CALCULATE THE ENTHALPY CHANGE WITH TEHP. OF INLET GAS 
0053600 DHIN=O. 
OC53700 DO 3 I A Z l r I  
00538CO IF(DI!:S(IA).EQ.O. I GO TO 3 
0053900 CHILI=DHIN+DIt4S( IA) * (HCAS(  I A l * t  298.-TIN)+HCBS(IAl /2.*(  ( 298.1**2 - 
0054000 1-TIN+*Z I+HCCS( I A 1 / 3 . * (  ( 2 9 8 .  J * * 3 - ( T I N W 3 1  J 
0054100 3 COSTItIUE 
0054200 C CALCULATE THE ENTHALPY CHCNSE OF REACTION 
C054300 I F  t I J . E Q . 1 1  - 
0054400 lDHl=(HS(3)+3.*HS(5)-HS(lI-HS(6) ) * X ( l I  
3054500 I F  t I J . E Q . 2 )  - - 0054530 lDHl=(HS(4)+3.+HS(5)-HS(l)-HS(6))*X(l) 
0054700 I F  ( I J . E Q . 3 1  - 
0054330 lDHl=(7.+HS(3)+15.+HS(5)-HSll- 7 . * H S ( 6 ) ) * X ( l )  
C054900 I F ( I J . E Q . 2 )  - 
0055000 lDH2=(HS(3)+2.*HS(SI-HS(l) ) * X ( 2 )  
0055100 I F  ((IJ.EQ.l).OR.(IJ.EQ.3)1 - 
0355200 lDHZ=(HS(41+HS(5) -HS(  3 ) - H S ( 6 )  ) * X ( 2 )  



0055300 DH=DHl+DH2 
0055400 C CALCULATE THE TOTAL HEAT CAP. CONSTANT OF OUTLET GAS 
0055500 TCASZO. 
0055600 TCGSZO . 
0055700 TCCS=O. 
0055800 DO 4 I A Z 1 1 I  
0055900 IF [DNS( IA I .EQ.O.  I GO TO 4 
0056000 TCAS=TCCStDNS( I A  I*HCAS( I A I  
0056100 TCBS=TCBStDtlS( I A  I*HCBS( I A I  
0055200 TCCS=TCCS+DNS( I A  )*HCCS( I A  I 
0056300 4 CCNTINUE 
0056400 C CALCULATE THE MAX. TEMP. OF OUTLET GAS 
C056500 TOUTZTOP-500. 
0056600 5 TOUTC=~-DH-DHIN-TCBS/2.*~~TOUTl**2-(298.1**2)-TCCS/3.*~~TOUTl**3 - 
0056700 1-(298.1**3) l /TCAS*298.  
0055800 CALL CO:lV( TOUT ITOUTC, 1 , NC 1 
0056900 GO TO (6,51,NC 
0057000 6 CONTINUE 
0057100 RETURN 
0057200 EIID 
0057300 SUBROUTINE ENSH~DNS~TIN,TOUT,TOPsPIN~I~IP~IJI 
0057400 C*********+*************%********X*****Y**************~*****~***********  

0057500 C THIS SUEROUTINE CALCULATES THE ENERGY BALANCE OF SHIFT CCNVERTER 
0057600 .......................................................................... 

0057700 DIMEIiSIOtl GS( 7 I sHS( 7 )  BHCAS( 7 1  ,HCBSS 7 I pHCCS( 7 1 
OC57&00 DIHEI l f  ION DtlS( 7 )  ,DINS( 7 1  
0057900 CC:lKON/ETHDA/ GS,HSrHCASrHCBSsHCCS 
0058000 C STORE THE I N I T I A L  C0:IPOSITION 
0053100 DO 1 I A = l , I  
0056200 1 DINS( IA)=DIIS(  I A )  
C058300 CALL PDSH(DINS,PIN,POUT,TOP,1,IJI 
C053400 FOP=( PINtPOUT 1/2. 
0058500 C CALCULATE THE OUTLET COMPOSITION 
005e600 CALL SHIFT(CNS,TOP,POP~X,II 
0058700 I F ( I P . E Q . 1 )  GO TO 2 
005&800 TOUT=TIN 
0058900 GO TO 6 
0059000 2 CCNTItJJE 
0059100 C CCLCULATE THE EWHALPY CHANGE WITH TEMP. OF INLET GAS 
0059200 DHIH=O. 
0059300 DO 3 I A = l , I  
0059400 IF (Dt (S( IA) .EQ.O.  GO TO 3 
0059500 D H I N ~ D H I N t D I N S ~ I A l * ~ H C A S ~ I A l * ~ 2 9 8 . - T I W H C S  I A Z *  2 9 8 . 1 * * 2 -  - 
0359600 llTIN)**21tHCCS(IAI/3.*~ ( 2 9 8 .  W 3 - ( T I N ) * * 3 1  I 
0059700 3 CCNTI!;UE 
0059800 C CALCULATE THE ENTHALPY CHANGE OF REACTION 
0059900 DH=(HS(4)+HS(5)-HS( 31-HSI61 l *X - 0060000 TCAS=O. 
OC60100 TCaS=O. 
0060200 TCCS -0. 
0050300 DO 4 I A = l r I  
0060400 IF (DNS[ IA I .EQ.O.  I GO TO 4 
006C500 TCAS=TCAS*DtlS ( I A  )*HCAS( I A  I 
0060600 TCBS=TCBStDt:S( I A  l*HCBS( I A  I 



0060700 TCCS=TCCStDNS( I A  )*HCCS( I A  I 
0060800 4 CONTINUE 
0060900 C CALCULATE THE NAX. TENPERATURE OF OUTLET GAS 
0061000 TOUT-TOPtlO. 
0061100 5 TOUTC=(-DH-DHIN-TCBS/2.*~lTOUT)**2-1298.1**2)-TCCS/3.*((TO~l**3 - 
0061200 1- (298 .1**3 ) I /TCASt298.  
0061300 CALL CONV( TOUT,TOUTC,l rNC1 
0061400 GO TO (6,51,t.lC 
0061500 6 CONTINUE 
0061600 RETURN 
0061700 EtID 
0061800 SUSROUTINE EPUK(NNS,TOP,SK,II 
0061900 C*+***x***++*r********************t*t****************************~****** 
0062000 C THIS SUBROUTIt4E CALCULATES THE EQUALIBRILJN CONSTAhTT 
0062100 C**+#** * * * * * i+*+%+*C%~* I *~f * * * * * * * * * * * * f * * * * *%*** * * * * * * * * *%*** * * * * * * * * * *  

0062200 C R: GAS COtISTANTiG-CAVG-KOLE-K 
GO62300 C TST: STAt:DARD TEflPERATUREi K 
0062400 C 
3062500 DIKENSION GS( 7 1  ,HS( 7 1  ,HCAS( 7 1  ,HCBS( 7 )  pHCCS( 7 1  
0062500 DIflEt4SION K I S (  I 
0062700 COWON /ETHDA/ GS,HStHCAS,HCBS,HCCS 
0062800 DATA R/1.987/  
0062900 DATA TST/298./ 
0063000 C CAL. THE TOTAL HEAT CAPACITY COtlSTANT 
0063100 TCASZO. 
0063200 TCBS=O. 
0063300 TCCS=O. 
0063400 DO 1 I A = l r I  
0063500 IF!K:IS(IA).EQ.OI GO TO 1 
0063600 TCAS=TCAS+NtIS( I A  I*HCAS( I A  1 
0063700 TCBS=TCBS+NNS( I A  I *HCBS I A  I 
00638CO TCCS=TCCS*t4!4S( I A  l*HCCS( I A  I 
0063900 1 COhTII4UE 
0064000 C CAL. HEAT CHANGE OF REACTION 
OC64100 DHZO. 
0054200 DO 2 I A z 1 , I  
0054300 I F ( t ~ N S ( I A l . E Q . 0 1  GO TO 2 
0064400 DH=DHtti::S( I A  l*HS( I A )  
0054500 2 CO:ITIK?IE 
0064600 C CAL. FREE EEERGY OF REACTION 
0064700 DGZO. 
0064800 DO 3 I A = l r I  
0064900 IF( t :NS(IAI .EQ.O) GO TO 3 
0065000 OG=DGtN:lS I A  l*GS( I A  I 
0065100 3 CCI4TIt:UE 
0065200 C CAL. HEAT COFIST. 
0055300 DHQ-DH-TCAS*TST-TCBS*TST**2/2.-TCCS*TST**3/3. - CC165400 C CAL. CO!!ST. A 1  
0055500 AI=(DHO-~G-TCAS*TST*ALOG(TSTl-TCBS/2.*TST**2-TCCS/6.*TST**3l/TST/R 
0065500 C CAL. EGU. CCNST. 
OC65700 SK~EXPI-DHO/R/TOP+TCAS/R~ALOG~TOPltTCBS/2.*TOP/R+TCCS/6./R*TOP**2 - 
OC55300 1 t A I  I 
0255900 RETLFN 
0056000 E E;D 



0066100 SUBROUTINE FLAME(DNS,TIN,TF,I,IJI 
0066200 C******+*+*Y%**************%******%***********************%************* 

0066300 C THIS SU3ROUTIt:E CALCULATES THE MAX. ADIABATIC FLAME TEHPERATURE 
0356400 C FOR 203% THECDETICAL AIR 
0056500 C***r**n*****x**u+****it*********+***************+*********~*x**x*****~* 
0056600 C ASSU5PTICN: 
0056700 C ( 1 ) .  THE COY3USTION PROCESS GOES TO COYPLETION 
0066e00 c ( 2  I. HEAT LOSSES ARE tlEPJLIGIELE 
0066900 C ( 3 ) .  NEGLIGIBLE DISSOCIATICII OF THE PRODUCTS OF COVBUSTION 
0067000 C (4). PRESSU?.E I S  LOU AROUI:D lATM 
0067100 C TF: MAX. TEMPERATURE OF ADIABATIC FLAHE 
0067200 DIMENSION GS( 7 1  ,HS( 7 1  ,HCAS( 7 1  ,HCBS( 7 1 H C C S  7 )  
0067300 DIKEtISIOtI D!:S( 7 ,DI t lS(  7 I 
0067400 CCYt:OtI/ETHDA/ C-S,HS,HCAS,HCBS,HCCS 
0067500 COt:"@N /EXT/EXT 
0057600 C STORE THE INLET FLUID 
0067700 DO 1 I A = l r I  
0067800 DINS( IA I=DNS(  I A  I 
0067900 1 CC>ITI!I'JE 
0058000 C CALCULATE THE EXIT  FLUID 
0068100 CALL BURt4(Dt{S, I , IJ l  
0068200 C CALCULATE THE HEAT CHANGE OF REACTION AT 2 9 8  K 
0068300 DH=O. 
0068400 DO 2 I A = l , I  
0068500 I F ( D t l S ( I A l . E Q . 0 .  I GO TO 2 
0068600 DH=D4+DNS( I A  l*HS( I A  I 
0068700 2 COIlTINUE 
c06e300 DO 3 IA=~,I 
0068900 IF (DI I4S( IA I .EQ.O. I  GO TO 3 
C0493CO DHZDH-OItlS( I A  l*HS( I A  I 
0069100 3 CONTINUE 
0069200 C CALCULATE THE ENTHALPY WITH TEMP. CHANGE 
0069300 DO 4 I A = l , I  
0059400 IF (DI t4S( IA l .EQ.O.  ) GO TO 4 
0069500 DH=DH+DINS( I A  I * (  HCAS( I A l * (  298.  - T I N  l+HCBS( I A ) / 2 . * (  (298.1**2-TIt4**2 1- 
OC69500 l+HCCS( I A ) / 3 . * (  (2S8.1**3-TIN**31 I 
OC69700 4 COtlT1t:UE 
0 69800 C CALCULATE THE TOTAL HEAT CAPACITY COtlSTANT 
0869930 TCAS=O . 
0070000 TCES=O. 
0070100 TCCS=O . 
0070200 DO 5 I A = l , I  
0070300 I F ( D t I S ( I A l . E Q . 0 .  I GO TO 5 
0070400 TCAS=TCAS+DtlS( I A  )*HCAS( I A I  
007C500 TCES=TCBS+DNS(IA)*HCES(IAl 
C070600 TCCS=TCCS+DNS( I A  )+HCCS( I A I  
0070700 5 C0NTIt:UE - 0070800 C CALCULATE THE MAX. TEMPERATURE 
0970900 TF=TINt500 .  
0071000 6 TFC=( -DH-TCBS/2.*( ( T F  )**2-( 290.1**2 I-TCCS/3.*( ( T F  1**3-( 298.1**31) - 
0071100 l /TCAS+298.  
0071200 CALL CO!N(TF,TFC,l,NC) 
0071300 GO TO ( 7 , 6 l r N C  
0071400 7 COtiTINUE 



~ 0 7 1 9 0 0  C*****ar**********x**********x*x***3c*t******************************s+** 
007ZC30 C THIS S'J3EOUTIt:E CALCULATES THE HASS BALANCE OF FUEL CELL 
0072100 C***+***** * *~x*r*x***%)t* i * * * * * * * *x**** * * * * * * * * * * * * *%******~~****#**** * * * *  
0072200 C X : CC3SUXPTICI.4 OF H2 I N  THE FUEL CELL UNDER UT UTILIZATIGEI 
0072300 D1tIEt:SION GS[ 7 )  ,HS( 7 ,HCAS( 7 )  ,HC9S[ 7 )  ,HCCS( 7 
0072400 DIKEKSION DtiS( 7 I ,CNSA( 7 1 ,DtlSC( 7 ,Nt:S( 7 
0372500 CO::?CN /EXA/ EXA 
0072600 COKYO!~ /HU:II/ WAT 
C072700 X=UT*DN5 ( 5 
0072830 C CAL. At49 WqITE THE INLET CCAPOSITION OF AIR 
0072900 1 DSO=t 1. + E X A / 1 0 0 . 1 * ~ 1 . / 2 . * X - D t 4 S ~  2 1 )  
0073000 D5N=DSC*3.76 
00731CO DSHO=( (DSO+DSNl*28.8 I* l IAT/18. 
0073200 C CAL. At:D K ? I T E  THE OUTLET C0:iPOSITION 
0073300 DO 2 I A = l , I  
0073400 DtJSA( IA)=DNSt I A )  
0073500 2 CC:4TIt;UE 
0073500 D!4SA( 51=DtISt 5 ) - X  
0073700 DO 3 I A = l , I  
0073809 C:~SC( IA)=O. 
0373900 3 CO!4TIt?'JE 
0074000 Dt4SC(2 )=EXA/lOO.*(l./Z.*X-D>4S[2I I 
GO74100 DNSC( 6 )=DSH3+X 
C074200 DNSC( 7 )-DS:I 
0074330 CALL FCFU(DI . ISA,DNSC~DNS,DSO~DS~~IDSHO,POP,TOP,PINF ,P INA, IJ  I 
CC74400 RETU'N 
0074500 Et:D 
0074500 SL'SROUTIEIE HEPD(DNSA,D!ISC,THPl,TCM,HA,PINT,PINS,N,DPJ ,DP, NTrTC0,TCI- 
0374709 1,IJI 
0074710 C***********+****************X***************+****************~******+** 

0074740 C THIS SUE=OUTINE CALCLILATES PRESSU?E DROP I N  THE HEAT EXCHANGER 
0074760 c*******x*********~*r*+**+*****+***********************~~~*****~******** 
0074765 C DP : PRESSURE DROP C>I THE SHELL SIDE 
0074770 C DPJ : PRESS'JRE DROP 011 THE TUSE SIDE 
0374775 C REJ : REYt:OLDS KUI:SEF! OF TUBE SIDE 
0074780 C GS : SHELL SIDE MASS VELOCITY 
0074765 C FPRI  : FRICT1C:I FACTOR . 
0074SCO REAL IDT,IOS,EtiS2.( 7 )  ,DI4SC( 7 )  
0074900 DIHENSIOtI F L I ( 7 )  , C [ 7 )  ,CH( 7 ) , W l t 7 )  I F L J [ ~ I , C M J [ ~ I , C J [ ~ )  
0075030 C@rl::3N A!?/ \:M 
0075100 CO:1;:3t.( /HEFDT/ NP,NR ,BSPACrODT,PITCH ,CL, IDS,IDT,FLOAR,SURFC - 
GO75200 1 I C L E N I S ~ T S ~  ,DTH 
0075300 C*%**** *+~** * * *+** *#** * * * * * * *%*** * * * * * * * * * * * * * * * * *~** * * * * * * * * * * * * * *~** * *  - 0375400 C HEAT EXCHAI:SER BASIS:  3/4 I N  TU3E OD At19 E:.:S 1 4  
C0755CO C****~+*****+**)t*+r*+*r********~**+***~*r*~**~********x***~********~**** 
0075600 C CALCULATE !to. OF TUaES 
0075700 NT- HA /0.3048**2/NP/CLEN/SURFC 
0075800 C CAL. 1 3 .  OF BAFFLES 
6075900 ti3=CLEN/ESFAC 
0076000 C CAL. FREE AREA BETWEEN BAFFLES 



0076100 FAREA=IDS/(ODT+CLl*CL*BSPAC 
0076200 C CAL. CCPRECTION FACTOR 
0076300 BO-KSt1. 
0076400 C CAL. RATIO OF PITCH TRANSVERSE TO FLOW.TO TUBE DIA.  
0076500 XT=PITCH/OD T 
0076600 I F  ( I J . G T . 3 )  GO TO 2 
0076700 C INSERT FLClJ RATE OF EACH GAS 
0076800 C SHELLSIDE CALCULATIONS 
C076900 F L I (  1 )=Dt:SA( 1 1 4 5 3 . 6  
0077000 F L I (  Z)=DNSA( 3) /453.6  
0377100 FLI(3)=D::SA(4)/453.6 
0077200 F L I ( 4  )=DtiSA(6 ) /453 .6  
0077300 FL I (5 )=DNSA(5 ) / 453 .6  
0077400 F L I ( 6  )=DtiSA( 7 1 4 5 3 . 6  
0077500 FL I (7 l=DNSAI2 ) / 453 .6  
0077600 F I = F L I (  l I t F L I ( 2  ) + F L I ( 3 ) + F L I ( 4 ) + F L I ( 5 ) + F L 1 ~ 6 ~ + F L I ~ 7 1  
0077700 DO 1 I = 1 , 7  
0077800 CM( I ) = F L I (  I ) / F I  
0077900 1 CONTItlUE 
0078000 A:lW=CM(l I*b!tl(l l + C M ~ 2 ~ * W ~ ~ 3 ~ t C M ~ 3 ~ * W ~ ~ 4 l + C H ~ 4 ~ * ~ M ~ 6 l t C H ~ 5 ) + h 7 1 ~ 5 l  - 
C078100 l t C M ( 6  )*I:fl( 7)+CM( 7)*WM( 2 I 
0078200 TF=(THtl -273 .16  1*1.8+32. 
0078300 CALL CRASS(CIFLI,FI 
0078400 AMUI=VIS( CpTF , I J  I 
C078500 R~O=~AM~*PINSl/(0.7302*~TFt460.11 
0078500 C CAL. S3ELL SIDE MASS VELOCITY ACROSS TUBES 
0078700 GS=FI*AKA/FAREA 
007asc0 c CAL. CCNST. SBO (FCR STAGGERED TUBES) 
0078900 SB0=0.23+0.11/(  XT-1. )**1.08 
0079000 C CAL. FRICTION FACTOR 
0079100 FFF?I=SSO*(ODT*GS/A~UI)**l-0.151 
0079200 C CAL. PRESSURE DROP OF SHELL SIDE FLOW 
0073300 DP= B0*2.*FPRI*NR*GS**2/32.174/3600.*~2/RH0/2116.2 
0079400 2 CONTI:;!JE 
0079500 C TUBESIDE CALCULATIOYS 
0079500 FLJ (  1 )=DNSC( 1 )/453.6 
0079700 FLJ (  2 )=DtiSZ( 3 1 A 5 3 . 6  
0079800 FLJ (3 )=D t iS t ( 41 /453 .6  
0079900 FLJ(4 l=DNSC(6) /453.6  
0090000 FLJ(  5)=DNSC( 5 1 A 5 3 . 6  
0080100 F L J ( 6  )=DNSC(7)/453.6 
0080200 FLJ(7)=Dl lSClZ1/453.6  
0080390 FJ=FLJ( 1 I t F L J I  2 l t F L J o + F L J ( 4 l t F L J ~ 5 l t F L J ~ 6  l t F L J (  7 )  
OC&C400 DO 3 J J = l , 7  
0030500 CMJ( JJ )=FLJ(  JJ I / F J  
OOE0600 3 COtlTItjUE 
00807CO AL:n=CtIJ( 1 )*RM( 1 I tCMJI  2~*WM~3l+CMJ(3~*Wn~4)tCMJl41*WM(61 - - C060800 l t C M J ( 5  l*L!f l(5)+CMJ(6 )*EM( 7)+CMJ( 7)*Uf l (  2 I 
C080900 DT=DTH+(THPl-TCM) 
OC31000 TU-OTtTCM 
0081100 TWF-ITW-273.16)*1.8+32. 
0081200 TCF=(TCM-273 .16) *1 .8+32 .  
6581300 CALL CflASS(CJ,FLJ,FJ) 
0081400 At lUJ=VIS(CJ,TCFsIJ)  



0 0 8 1 5 0 0  A l l U M = V I S ( C J j T W F j I J l  
0 0 8 1 6 0 0  IF((AHUJ.LE.O.I.OR.(AMkl.LE.O.)I GO TO 1 0  
0 0 8 1 7 0 0  TKC=THC(CJ,TCF, IJ I  
0 0 8 1 8 0 0  CP=HTCP(CJ j T C F , I J l  
0 0 3 1 9 0 0  AROH=(AWM*PINT I / (  0 . 7 3 0 2 * ( T C F t 4 6 0 . ) )  
COB2000 GJ=FJ*AUM /FLOAR/NT 
0 0 8 2 1 0 0  REJ=GJ*IDT/RP!UJ 
0 0 8 2 2 0 0  I F ( R E J . L E . 2 1 0 0 .  )GO TO 4 
00.52300 SF=0.046/REJ**O.2 
0 0 3 2 4 0 0  '20 TO 5 
0 0 8 2 5 0 3  4 SF=16./REJ 
0 0 3 2 6 0 0  5 CONT1t:UE 
0 0 8 2 7 0 0  I F ( S l T S 2 . G T . 0 . 7 1 5 1  GO TO 6 
0 0 8 2 8 0 0  C K C = 0 . 4 * ( 1 . 2 5 - S 2 T S l I  
0 0 8 2 9 0 0  GO TO 7 
0 0 3 3 0 0 0  6 CKC=0.75* (1 . -S2TS l I  
0 0 8 3 1 0 0  7 CCNTItlUE 
0 0 8 3 2 0 0  CK1~(1.-SZTS1~**2tCKC+0.5*(NP-1.l/NP 
0 0 8 3 3 0 0  I F ( R E J . G T . 2 1 0 0 . )  GO TO 8 
0 0 8 3 4 0 0  P H I = 1 . l * l A t I U J / A M U ' ~ l * ~ 0 . 2 5  
0 0 8 3 5 0 0  BI=l.+CKl*IDT*FH1/4./SF/CLEN 
0 0 8 3 6 0 0  GO TO 9 
0 0 3 3 7 0 0  8 PHI~1.02*lAMUJ/AMU~l*~O.14 
0 0 8 3 8 0 0  B I= l . tO .5 l *C I ( l *NP* (TW -TCMl*(AMUJ/AMWl**0.28/(TCO-TCI)  - 
00830CO l/( CP*AKUJ/TKC/AKH )**0.6667 
0 0 8 4 0 3 0  C CAL. TUSESIDE DP 
OC84100 9 DPJ: BI*2.*SF*GJ+*2*CLEN*NP/32.17/36OO.**2/ARDH/IDT/PHI/2ll6.2 
00E4200  GO TO 1 2  
0 0 3 4 3 0 0  1 0  DPJZO. 
OC84400 L T I T E ( 6 , l l I  
0 0 5 4 5 9 0  11 FORHATt'THE TRYING TEMP. I S  BELOW THE L I M I T  OF CAL. VISCCiSITY' )  
0 0 8 4 5 0 0  1 2  CONTIEUE 
0 0 8 4 7 0 0  RETURIi 
OC64800 Et:D 
0 0 2 4 9 0 0  SU540UTINE HEXC(THI~D~~SHIDNSC,TCI,THO,TCO~QT,KO~,HA~N,M~I,PT~PS,KT- 
0 0 0 5 0 0 0  1 j I J I  
0 0 3 5 1 0 0  C**~************+*****************i*****************~*******~*****%***** 
OC185200 C T H I S  SUEROUT1t:E I S  TO CAL. THE EtlERGY At iALYSIS FOR HAET EXCHAtlGER 
0 0 8 5 3 0 0  C * * * * * + * * + + * * * * X * * * * * * * * ) t * * * * % * i * * * * * X * * * * ~ * * * ~ * * * ~ * * * ~ ~ * * * * X * % * * * * E * & * *  

0C35400 C CC: CAPACITY RATE GF FLUID ON COLD S I D E  jD:!SC*CPC 
0 0 8 5 5 0 0  C CH: CAPACITY RATE OF FLUID Otl HOT SIDE,  Dt<SH*CPH 
0 0 8 5 6 0 0  C CMAX: MAX. CAPACITY RATE 
00257CD C CHIN:  KIN. CAPACITY RATE 
0 3 6 5 8 9 0  C CPC: SPECIF IC  HEAT OF COLD S I D E  F L U I D  
0 0 8 5 9 0 0  C CPH: S F E C I F I C  HEAT OF HOT S IDE FLUID 
0 0 8 6 0 0 0  C HE: HEAT EXCHA~:SER ,EFFECTIVENESS 
0 0 8 6 1 0 0  C GT: TOTAL HEAT TRANSFER RATE ACROSS HEAT EXCHANGER - 0 0 8 6 2 0 0  C FMAX: THE MAX. HEAT TRAtlSFER RATE ACROSS HEAT EXCHAVGER 
C086300 C T C I :  COLD S IDE I N L E T  TEMPERATCRE 
0 3 8 6 4 0 0  C TCO: COLD S IDE OUTLET TEHPERATURE 
0 0 3 5 5 0 0  C T H I :  HOT S I D E  I N L E T  TEtlFERATL'RE 
0 0 6 5 6 0 0  C TKO: HOT S IDE OUTLET TEWERATCFE 
0C85700 C UA: OVERALL HEAT TRAtiSFER CCEFFICIENT OF EXCHANGER 
9 0 8 6 3 0 0  C MOD: TYPE OF HEAT EXCHAt:GER 



0 0 8 6 9 0 0  C MOD.1 COUNTERFLOW 
0 3 8 7 0 0 0  C MOD=2 CROSS FLOA 
0 3 8 7 1 0 0  C KOD-3 COt;DEt4SE? 
0 3 8 7 2 0 0  C THM: 1:EAI.i TEMP. OF HOT S I D E  
0 0 8 7 3 0 0  C TCM: MEAN TEKP.  OF COLD S I D E  
0 0 3 7 4 0 0  C N: THE NUX3ER OF HEAT EXCHANGER 
0 0 8 7 5 0 0  C fl: THE 1t:DEX OF I H I T I A L  C@?:DITION 
0 0 8 7 6 0 3  C H z 1  TEHP. OF BOTH S I D E S  ARE KtK!>.V 
0 0 8 7 7 0 0  C t l - 2  TEMP. OF HOT S I D E  I N L E T  kt:D COLD S I D E  OUTLET ARE KNCWN 
0 0 8 7 8 0 0  D I f l E N S I O N  GS( 7 )  ,HS( 7 1  ,HCAS( 7 1  ,HCBS( 7 1  ,HCCS( 7 1  
0 0 8 7 9 0 0  D I f l E N S I O N  Dt4SH( 7  1 ,DtiSC( 7 
0 3 8 8 0 0 0  COtl::3t4 /ETHOA/ GS s HS, HCAS , HCBS ,HCCS 
o c e 3 1 0 0  C O : - ; ~ O : ~ / U ~ /  u 
o o e 8 2 0 0  COX:~N/CII~/ CN 
o o e 8 3 0 0  CO:?FON/HE/ HE 
0 0 8 8 4 9 0  C ASSURE THE MEAN TEMP. AT COLD AND HOT S I D E  
0 0 8 8 5 0 0  I F ( l l . E Q . 2 )  GO TO 1 
0 0 8 8 6 0 0  T H M = ( T H I * l O . + T C I ) / 2 .  
0 0 6 6 7 0 0  T C M = ( T H I - l O . + T C I ) / 2 .  
OCe8300 GO TO 2 
0 0 8 E 9 0 0  1 TH+( T H I t T C O - 5 0 .  1/2.  
0 0 8 0 0 0 0  TCM=(TCO*Z .-LOO. 1/2.  
0 0 8 9 1 0 0  C CAL.  CC At:D CH 
0 0 8 9 2 0 0  2 CC=O. 
0 0 8 9 3 0 0  CH-0. 
0 0 8 9 4 0 0  DO 4 I A = l , I  
0 0 8 9 5 0 0  I F ( D N S C ( I A I . E Q . 0 .  I GO TO 3 
0 0 8 9 6 0 0  CC=CC+DNSC( I A I * ( H C A S (  1 A ) t H C B S t  IA ) *TCHtHCCS(  I A  I*TCw**2 I 
3 0 3 9 7 0 0  3 I F ( D t I + H ( I A ) . E Q . O . )  GO TO 4 
0 0 8 9 8 0 0  CH=CH+Dt:SH( I A  ) * (HCAS(  I A  l+HCBS(  I A  l*THM+HCCSt I A  I*THM**E I 
0 9 9 9 9 0 0  4 CONTINUE 
0 0 9 0 0 0 0  C CHOOSE THE CRAX. ,Cf l IN.  
0 0 9 0 1 0 0  I F ( C C . G T . C H )  GO TO 5 
C 0 9 0 2 0 0  CMAX=CH 
0 0 9 0 3 0 0  Cf l IN-CC 
00 '70400  GO TO 6 
GO90500 5 CtIAX=CC 
0 0 9 0 6 0 0  CMIN=CH 
0 0 9 0 7 0 0  6 CO?(TIt!UE 
0 0 9 0 8 0 0  HA=Ct:*CrlIN/U 
0 0 9 0 9 0 0  UA=HA*U 
0 0 9 1 0 0 0  C CAL.  THE HEAT EXCHAIIGER EFFECTIVENESS 
0 3 9 1 1 0 0  I F t K O O . G E . 2 1  GO TO 8 
0 0 9 1 2 0 0  I F I ( C M I N / C M A X ) . G T . O . O l )  GO TO 7 
0 0 9 1 3 0 0  HE=1 . -EXP l -UA /CMIN l  
0 0 9 1 4 0 0  GO TO 1 2  
0 0 9 1 5 0 0  7 HE=(  1. -EXP( ( -UA/CPI IN)* (  1. -Cf l IN/Ct lAX)  I / (  1 .- (Cf l IN/CMAX)*EXP(  [ -UA - 
0 0 9 1 6 0 0  l / C M I N  I * (  1. -CMIN/CMAX I l l  
C 9 9 1 7 0 0  GO TO 1 2  
0 0 9 1 6 0 0  8 I F ( K O D . G T . 2 1  GO TO 11 
0 0 9 1 9 0 0  IF(ABS(CflIN/CMAX-l.).GE.O.Ol) GO TO 9 
0 0 9 2 0 0 0  HE=(UA/CPIIt.O/( U A / C M I N + l .  I 
0 0 9 2 1 0 0  GO TO 1 2  
0 0 9 2 2 0 0  9  IFt~CHIN/CIlAX).GT.O.Ol) GO TO 1 0  



0 0 9 2 3 0 0  HE=l . -EXP[-UA/CMIN) 
0 0 9 2 4 0 0  GO TO 1 2  
0 0 9 2 5 0 0  1 0  IF(Cf lAX.EQ.CH) HE-1.-EXP( 1-CMAX/CHIN)*[l.-EXP(-UA/CHAX) 1 )  
0 0 9 2 6 0 0  1FICMIN.EQ.CH 1 HE=(CMAX/CHIEI)*I 1 . -EXP( [  -CNIH/Ct lAX)* I  1.-EXP( -UA/ - 
0 0 9 2 7 0 0  1 C f l I N  1 
C092800  GO TO 1 2  
C092900 11 H E = l .  -EXP( -UA/CHIN 
0 0 9 3 0 0 0  C CAL. THE O?ITLET C0:;DITION A I D  TOTAL HEAT TRANSFER RATE 
0 0 9 3 1 0 0  1 2  I F ( H . E Q . 2 )  GO TO 1 3  
0 0 3 3 2 0 0  TH3zTHI-HE*(CHIN/CH ) * ( T H I - T C I  1 
0 0 9 3 3 0 0  TCO=HE*(CMIN/CC )* l : 'THI-TCI  ) t T C I  
0 0 9 3 4 0 0  QT=HEZCHIK*( T H I - T C I  
0 0 9 3 5 0 0  GO TO 1 4  
3 0 9 3 6 0 0  1 3  TCI~(HE*(CHIN/CC)*THI-TCO)/(HE*(CHIN/CC)-1.) 
C093700  THDzTHI-HE*( CHIl l /CH ) * ( T H I - T C I  
0 0 9 3 8 0 0  QT=HE*CHII4*( T H I - T C I  
0 0 3 3 9 0 0  1 4  IF~~A3S~~THO+THI)/2.-THH).LT.~ABS~(THO+THI)/2.+THN)*0.005) - 
OC94COO 1) .AI:TJ. (1!3S( ( TCOtTCI  ) /2 . -TCf l l .  LT. I ABS( ITCO+TC.I ) /2 .  t T C N ) * 0 . 0 0 5 )  1 )  - 
0 0 9 4 1 0 0  2 GO TO 1 5  
0 6 9 4 2 0 0  THM=(THOtTHI  ) / 2 .  
0 0 9 4 3 0 0  TCM=[TCI+TC0)/2.  
0 0 9 4 4 0 0  GO TO 2 
C094500 15 THM=(THOtTHI ) /Z .  
3 0 $ 4 6 0 0  TCM=( TCOtTCI  ) / 2 .  
0 0 9 4 7 0 0  CALL HEFD(D:4SH,DNSCrTHH,TCH,HA,PT,PS,NrDPJ,DP,KT,TCO,TCI,IJ) 
0 0 9 4 8 0 0  I F ( f l . E Q . 2 )  GO TO 1 6  
0 0 9 4 9 0 0  PTZPT-DPJ 
C095000 PS=PS-DP 
0 3 9 5 1 0 0  GO TO 1 7  
0 0 9 5 2 0 0  1 6  PT=P.T+DPJ 
0 0 9 5 3 0 0  PS-PS-DP 
00754C0 1 7  CGNTINUE 
0 0 9 5 5 0 0  RETURII 
0 0 9 5 5 0 0  E I:D 
0 0 9 5 7 0 0  SUJROUTINE PDFU~DNSA,DNSC~DNS,DSO,DSN~DSHO~POP~ATHP~PII4F~PINA~IJ~ 
0 0 9 5 7 1 0  C*********+*+*****+*****t***X*+*+****X**%**************%*X*+*******%****  

0 0 7 5 7 2 0  C T H I S  SUSROUTINE CALCULATES PRESSURE DROP I N  THE FUEL CELL STACK 
0 0 9 5 7 3 0  C*+**************+**************+***~******%*********+******~***~******~ 
0 0 9 5 8 0 0  REAL L (  2 )  BDP(4)  
0 0 9 5 9 0 0  DII<Et:SION FLI(7),C[7),CM(7),k71(7),DNSA(7),DNSC(7),DNS(7),Dl4SII7) 
0 0 9 6 0 0 0  DIHEt4SION NTA( 2 1, U I D A ( 2 ) 3 0 ( 2 )  
0 0 9 6 1 0 0  C3KICN/FDFUT/ NTASLIWIDAINP 
0 0 9 6 2 0 0  CO:X3fI /KM/ WM 
0 0 9 6 3 0 0  C******n***u*+*+**************************%***************************** 
0 0 9 6 4 0 0  C BASIS:  113. 5 2 2  STACK 
0 0 9 6 5 0 0  C***x**x*****+r*x************************************************~*~**** 
C096500 I T = 1  - 0 0 9 6 7 0 0  DO 1 I A = 1 , 7  
0 0 9 6 8 0 0  1 Dt IS I (  I A  )=O. 
0 0 9 6 9 0 0  D t IS I (4 )=OSHO 
0 0 9 7 0 0 0  C t IS I (  6  )=DSY 
0 0 9 7 1 0 0  0::s I( 7 )=DSO 
3 0 9 7 2 0 0  C CAL. THE PRESSURE DROP OF FUEL S I D E  
0 0 9 7 3 0 0  JJ=1 



0097400 D( 1 )=UIDA( 1 )  
0097500 F L I (  1 l=DNS( 1 )/453.6 
0097600 F L I ( 2  )=DNS(3)/453.6 
0097700 FL I (3 l=D t4S (4 )  /453.6 
0097900 FL I (4 )=D t4S (6 )  /453.6 
0097900 F L I ( 5 ) = D N S l 5 )  /453.6 
o o ~ a o o o  FLI(~ )=DNS( 7 ) / 453 .6  
00901CO F L I I  7)=Dt4S(2)/453.6 
C09C200 GO TO 3 
C093300 2 F L I I  1 l=CtlSA( 1 )/453.6 
0098400 F L I (  2)=Dt4SA( 3 ) /453.6  
0095530 F L I (  3 )=DNSA(4)/453.6 
0392500 FL I (4 ) -DNSA(6 ) / 453 .6  
0093700 FLI(5)=D!4SA(5)/453.6 
OO9SeCO FLI (6 )=DNSA(7) /453.6  
0096900 FLI(7)=Dt iSA121/453.6 
0079000 3 CO:4TIt:UE 
0099100 TK-ATI:? 
0099?00 F I - F L I I  1 ) + F L I ( 2 ) + F L I ( 3 ) t F L I ( 4 ~ t F L I ( 5 ) + F L 1 ~ 6 ~ + F L I ~ 7 ~  
C099300 DO 4 I = 1 , 7  
0099400 CHI I ) = F L I (  I ) / F I  
0099500 4 COt4TIFIUE 
0309500 AW=C?l(l ) W H (  l)+CH(2)*WH(3)tCH(3~*WH(4)+CH(4)*WH(6)tCN(5)*~M(5) - 
0099700 1+CH( 6 )*X:l( 7)tCHl7)*K::( 2 1 
0099800 G=FI*LP!!4/WIDA( I T  )**2/NP/NTA( I T  1 
0099900 TF=(TK-273.16)*1.8+32. 
0100000 CALL CMASS(C,FLI,FI 
0100100 APlUI=VIS(C,TF,IJ)  
0100200 RHC=( APl:!*POP I / (  O.7302*(TF+460.))  
01C03CO I?E=D( I T  )+G/ACUI 
0100400 CO!:S=57.2 
0100500 FRIC=CCt:S/RE 
OlOObOO DP( J J  )=RSO*(G/RHO)*s2/2.*( 0.5+1. +0 .6 tFRIC*L( IT) /D(  I T )  ) /2116.2 - 
0100700 1/3600.**2/32.174 
01006CO J J = J J + l  
0103900 IF ( JJ .EQ.2 )  GO TO 2 
0101000 I F ( J J . E Q . 3 )  GO TO 5 
O l O l l C O  I F ( J J . E Q . 4 )  GO TO 6 
0101200 I F ( J J . E Q . 5 )  GO TO 8 
01013CO C CAL. THE PRESSURE DROP OF AIR SIDE 
0101400 C INSERT THE FLCW RATE OF EACH GAS 
0101500 5 F L I (  1)=0:4SC(l ) /453.6 
0101600 F L I (  2 )=Ct4SC( 3 ) /453.6  
OlC1700 F L I (  3 )=DNSC( 4) /453.6  
0 l c l e 0 0  FLI (4 )=Dt43C(6  1/453.6 
0101900 FLI (5 )=Dt4SC(5) /453.6  
OlC20CO F L I ( 6  )=DNSC(7)/453.6 - 0102100 FLI (7 )=DNSC(Z) /453.6  
01022CO I T = I T + l  
3102300 D( 2 )=CiIDA( 2 
0102400 G3 TO 3 
0102500 6 CO 7 I A = 1 , 7  
C102600 7 F L I ( I A ) = D N S I ( I A ) / 4 5 3 . 6  
0102700 GO TO 3 



0102800 8 CDKTINUE 
0102900 PINFZPINF-(DP[ 1 l tDP(  2 )1/2. 
0103000 PINA-PINA-(DP( 3 l t D P (  4 ) / 2 .  
0103100 RETL'TN 
0103200 EKD 
0103300 SUEROUTINE PDSH[DNS,PIN,POUT,TK,JK,IJ) 
0103400 ........................................................................ 
0103500 C THIS SUBROUTINE CALCULATES PRESSURE DROP I N  THE SHIFT CONVERTER 
0103600 ........................................................................ 
0103700 DIXEt4SION D[ 2 I pAHRN( 2 ,AP( 2 l ,CLEN[ 2 ,NT( 2 I 
0103900 DIMEtiSIGtl FLI(7l,C(7l,CM(71,KHt7),Dt.lS( 7 )  
0103930 CCil3Ot4/PDSHT/ D j AHRN, AP I CLEN , NT 
C104000 COtl::2N /KH/ WM 
0104100 C JK=1 SHIFT COtlVERTER 
0104200 C JK=2 REFORMER FOR tlETHANOL AND NAPHTHA FUEL 
0104300 TFZITK-273.16 )*1.8+32. 
0104400 DP=6 .*( 1 .-AHRti( JK I/AP( JK I 
0104500 F L I ( 1  )=DI4S( 1 ) /453.6 /NT(  J K )  
0104600 F L I ( 2  )=DNS( 31/453.6/NT( J K )  
0104700 FL1(3)=DNS(4) /453 ,6 /NT(JK)  
0104800 FLI(41=DNS(61/453,6/NT( J K I  
0104930 FL1(5)=DNS(5)/453,6/NT(JK) 
0105000 FLI(6I=DN5(71/453.6/NT[JK) 
0105100 F L I (  71=DNS( 2 )/453.6/NT( J K )  
0105200 F I = F L I I l  l+FLI~2)tFLI[3)+FLI~4ltFLI(5)+FLI~6~tFLI~7~ 
01C5300 DO 1 I = 1 , 7  
0105400 CR( I I = F L I (  I ) / F I  
01C5500 1 CCt4TIt{UE 
0105600 Ar!X'=Cfl( 1 )*WR( 1 I tCM(2  )*kll( 3) tCM(  3)*WMI4)+CM(4l*h'M(6 ltCtl(51*h?l[51 - 
0105700 l t C M ( 6  )*EM( 7)+CM( 7)*KM( 2 
0195800 G=FI*AM:4*4./( 3.14159*D( JK )**2 1 
0105900 CALL CMASS(C,FLI,FI 
0106000 R?lUI=VIS(C,TFjIJ 
0106100 RHO=(At:>:*PIN)/( 0 .7302* (TFt460. )  I 
0106200 DELP=CLEN( JK I * (  1. -AHRN( JK I/AHRN[ JK )**3*Ci**2/DP/4.18Et08 - 
01063CO 1/RH0*(150.*~l.-AHRN~JK~~*AHUI/DP/Gt1.751/2116.2 
0106400 POLlT=PIN-DELP 
01C6500 RETURt4 
0106600 E t a  
0106700 SV3ROUTINE PUMP(DNS,TIN,TOUT,PINjPOUT,POW,I) 
0106800 C***++X~****++++******************XfX***%***********%***********N*******  

0106900 C THIS SU340UTIt4E I S  TO CAL. THE BALAtiCE OF PUMP FOR WATER 
0107000 C**++*******x*******X*) i+**~* .X***V* i I I * ***********************************  

0107100 C ASSUtlPT1O:I A t 3  DEFINITICN I S  THE SAtlE AS COKPR 
0107200 DIMEtISIOJI' DNS( 7 )  
0107300 D1MEt:SION SV( 3 )  ,YY (  7 1  
0107400 CCPMON/WY/ L:M - 0107500 CO;lYO:I/SV/ SV , SVM 
01076GO TOUT-TIN 
0107700 C CAL. THE K04K 
0107800 C ASSUflE AVERASE SPECIFIC VOLUME OF WATER I S  0.0162 FT**3/LBM 
0107900 PCW~SVU*144.*5.05051+0.0000001*X316 1*14.7*( POUT-PI14 )*D?4S( 6 I - 
O I O ~ O O O  1 /453.6  
0108100 RETURN 



0108200 EID 
0108300 SUBROUTINE PUP(Dt1S~TIN~TOUT,PIN~POUT,POW~I~IJl 
010&400 C+*+*+++**+********i**f+******t*E************~*********~**************** 

0108500 C THIS 5USROUTIt:E CALCULATES PCXER t4EEDED I N  THE FUEL PUf?P 
0 1 0 ~ 6 0 0  Cr++*x+*xwx+**++**+x**r* ix**~*+**~**************************************  
31X7CO DIt1Et~SICt.I Dt4S( 7 l ,Wf l (71 ,SV(31  
o l o e 8 0 0  CCKXON/SV/ SV,SVW 
01C8903 CC:<M9N/M/ W f l  
0109COO TOUT=TIN ' 

0107100 POX=SV(IJl*144.*5.05051*0.OOOOOO1*~~IJ)*14.7*(POLIT-PINl - 
010Y200 l*CNS( 1 )/453.6 
0103300 RETU2N 
01C9400 E t:D 
C1095CO SUS2OUTIt4E REF(DNS,TOP,FOP,XPI , I J  I 
0?09500 C*+*+*+***+*****+****jc**t*S*******X~*Y********************************** 

0109700 C THIS SUEROUTINE I S  TO CALCULATE THE MASS EALANCE OF REFORKE4 
0109803 C******+********+***** i**************************************~**********  
0109900 DIHEt4SION N:4S1( 7 1  ,ti!.IS2( 7 ,DNS( 7 1  , S K l (  2 I P X ( Z I  
0110000 C CALCULATE THE EQU. COt4STANT OF REACTIOH 1 
0110100 DO 1 I A = l r I  
0110200 1 ti!lSL( I A  ) = O  
0110300 I F  ( I J .EQ.31  GO TO 2 
0110400 I F ( I J . E Q . 1 1  t1t451(31=1 
O l l C 5 0 0  I F  ( I J . E Q . 2 )  EI!(Sl(41=1 
0110600 t4!!Sl( 1 ) = - I  
0110700 t.1!451(6 I=-1 
0110800 N::S1(5)=3 
0110900 GO TO 3 
0111030 2 tR151( 1 I=-1 
0111100 t lNS1(61=-7 
0111200 Nt4S1( 3 1-7 
0111300 E:tJSl( 51=15 
0111400 3 CALL EQUK(NNSl,TOP,SK,I) 
0111500 IHUIZO 
0111600 DO 4 I A = l , I  
0111700 4 IHUI=IHUI+t I t451( I A  I 
0111800 S K I (  1 )=SK*POP**[ -1HUI I 
0111930 C CALCULATE THE EQU. C0t:STANT OF REACTION 2 
0112000 DO 5 I A Z 1 , I  
0112100 5 N:JSZ(IAl=O 
0112200 I F  ( I J . E Q . 2 )  GO TO 6 
0112300 t4tiS2( 4 1=1 
0112400 NtlS2( 5 1 = 1  
0112500 N!452( 31=-1  
0112600 N.L:S2(6 ) = - I  
0112700 GO TO 7 
0112800 6 NHS2(31=1 - 0112900 Ht152(51=2 
0113CCO N?152( 1 I=-1 
0113100 7 CALL EQUK(NNS~,TOPISK,I 



0113600 C CALCULATE THE E X I T  AKOUtTT OF GAS I 
0113700 C I N I T I A L  C0l;DITION 
0113600 I F  ( I J . E Q . 2 )  GO TO 1 0  
0113990 I F  ( I J . E I . 1 1  GO TO 9 
0114000 C BECAUSE CF C3!:?UTATICY PRCBLEH( OVERFLOW I NAPHTHA INPUT FUEL USINS THE 
01141CO C RECC,C!4ABLE ASSUXPTIO:.I OF CC::VEF;SIOH 
0114203 X( 1 l=0.$93sDNS1 1 I 
0114300 X ( 2  1=2.9+Dt lS( l  I 
0114400 D:IS( 1 l=C>!S( 1 I -X(  1 I 
0114500 DN5(31=D!:S( 3 )+7 . *X(  1 I -X(  2 I 
0114500 DNS( 4 I=DIIS( 4 l + X (  2 
,C114700 D t . i S ~ 5 l = D F 4 S ~ 5 1 + X ~ 2 ) + 1 5 . * X 1 1 1  
0114E00 DttS(6 )=CNS(6 1-X( 2 1-7.*X( 1 I 
0114900 5 0  TO 11 
0115300 9 X[ lI=O.B*D!(S( 1 I 
0115100 X ( 2  1=0.35*DHS( l l  
C1152CO CALL St;AE(X,2rDt.IS,SY,lrI,IJ) 
01153CO DtIS( 11=DIlS( 1 ) - X (  1 I 
0115400 DtIS(3l=D::S(3 )+X( 1 ) - X (  2 1  
0115500 DtIS(41=0:15(4)+X( 2 
0115500 DtIS( 5)=Dt:S(5)+X( 2 )+3.*X( 1 1  
0115700 Dt4S(6l=C!4S(6l -X(2l -X(  1 1  
0115830 GO TO 11 
0115900 1 0  X( 11=0.96*DNS( 1 I 
0116030 X ( 2  1=0.04*D:4S( 1 )  
0116100 CALL SCAE(X,2,CKS,SKl , I , IJ)  
0116200 DtiSI 1 I=CtIS( 1 ) - X I  1 I -X(  2 I 
0116300 DtJS(3)-DI:S( 3 ) t X (  2 I 
0116400 Dt lS(4 )=Dt4S(4 l tX(  1 I 
0116530 D N S ( 5 ) = D t 4 S ( 5 1 + 2 . * X ( 2 1 + 3 . * X ( l I  

0116800 RETWN 
0116900 END 
0116920 SUPJROUTINE SEPAR~TIN,POPPTOUTV,TOUL,D:JS,DNSL,DNSV~I) 
0116940 C*+*+** * * * * * * * * * * *+* t * *~** * * * t%%** ) t * *Y** * * * *+**~** * * * *~**~** * * *+** * * * * *% 

0116960 C THIS SSERO'JT1E:E I S  TO CAL. THE N l S S  BALAtlCE AR0Ut:D THE LIG'JID SEPARATO 
0116930 C**+%*+++*x*i++++i+****%t**t**** t** f***********~******************~*%***  
0117000 C ASSUIIPTION: 
0117020 C 1 1  I. ONLY WATER EXIST I t 4  L IQUID PHASE 
0117040 C PSAT: SATURATE FRESSURE AT T;  EXPIA-B/T) F04 WATER 
0117060 C DK: EQU. CONST. OF LIPEID-VAFOR 
0117060 C XW: AKOL'NT OF WATER I t4 LIQUID FHASE 
0117100 DINEIISION DNS( I ) ,C:lSV( I) ,DNSL( I I 
0117120 C0::::0:4 /PS/ PS 3 TC/CO;IS/ A ,B 
0117140 C CAL. THE EQU. CCHST. OF LIQUID-VAPO2 
0117163 PSAT=EXP( A-B/TIN 1 
0117180 DK=PSAT/POP 

-0117200 C CAL. THE E3U. AMOWIT OF LIQUID-VAPOR WATER 
0117220 TDtIS=O. 
0117240 DO 1 I A = l , I  
0117260 TDt4S =TDNS+DNS( I A  I 
0117280 1 COtITItUE 
0117300 XW=( TD::S*DK-DNS(6 I )/(OK-1. I 



0117320 DO 2 I A = l , I  
0117340 DNSL( I A ) - 0 .  
0117360 2 COHTIKUE 
0117380 DNSL(6 )=XW 
0117400 DO 3 I A = l , I  
0117420 Dt.ISV( I A  I=DNS[ I A  1 
0117440 3 CC:4TIhUE 
0117460 DNSV(6)=DNS(6)-DNSL(6) 
0117480 TCUTL=TIN 
0117500 TOUTV=TIN 
0117520 RETURN 
0117540 EtID 
0117560 SUBPOUTTIE SHIFT(DNSrTOPsPOP,X,I) 
0117580 Cr+*+*r++*w+r+x+*******x*t**i**************~**************************** 
0117600 C THIS SUBRO'JTINE I S  CALCULATE THE MASS BALAIdCE OF SHIFT CONVERTER 
0117620 C+w++*u*r*n++xrx+***tz**)c**t*~***********~*****w******~*********~z****** 
0117640 C ASSUCPTION: 
0117660 C ( 1 ) .  ONLY ONE REACTION (CO+H2O-H2+C02) DOMINATE 
0117680 DIMENSION NNS( 7 )  ,Dt{S( 7 )  
0117700 F ( X ) = ( D 4 + X ) * ( D 5 t X ) - S K * ( D 3 - X ) * ( D 6 - X )  
0117720 D F ( X ) = ( D 4 + X ) + ( D 5 + X ) t S K * (  [D3 -X )+ (Db -X ) )  
0117740 Dl=DNS( 1) 
0117760 D2=DNS( 2 1 
0117730 D3=DNS( 3 1 
0117800 D4=DNS( 4 I 
0117820 D5=D!:S( 5 
0117840 06=D!.IS(6 1 
0117860 D7=DtIS( 7 1 
0117880 C CALCULATE EQUALIBRIUN CONSTANT 
0117900 DO 1 I A = l , I  
0117920 1 Nt iS( IA)=O 
0117940 NNS(4 ) = 1  
0117960 N:.(S(5)=1 
0117930 K!;S(31=-1 
0118000 h?:S(6 I=-1 
0113020 CALL ECUK(NNS,TOPISKII) 
0118040 C NEWTON-RAFHSON HETHOD TO SOLVE NONLINEAR ALGEBRAIC EQUATIO!J 
0118060 X=3.5*Dt4S( 3 )  
0118080 DO 2 IA=1,500 
0118100 DX=kBS(F(X)/DF(X) 1 
0118120 X-X-F(X)/DF(X 1 
0118140 IF(DX.LT.O.011 GO TO 3 
0118160 2 CC!4TItlUE 
0118180 3 CONTItWE 
0118200 C CALCULATE THE EXIT AROUNT OF GAS I 
0118220 0:4S(4 1=014S(4 )+X 
0118240 DNS(5)=DNS(5) tX  - 0118260 Dt:S( 3 )=DNS( 3 1-X 
0118280 DNS( 6 )=D::S( 6 1-X 
0118300 RETURN 
0118320 EI:D 
0118340 SUSROUTINE S N A E ( X Y , I X I D N S , S K ~ ~ I ~ I J )  
0118360 C%+%*++*+**+**~*++***~*******#*************%**************S************* 
0116380 C THIS SUBROUTINE I S  USING NEUTON-RAFHSON ITERATION TO SOLVE TKO NONLIHi 



0118400 C ALGEBRAIC EQUATIONS IN REFORMER 
0118420 C+********************%************************************************* 
0118440 D1KEt:SICN XY(IX) IONS( I )  rSK1lIX) 
0118460 Fl(X,Y )=ID3+Y-X)*(05+X+3.*Y )**3-SKA*(TDNS+Z.*Y )**2*(Dl-Y )*(D6-X-Y 
0116480 F2(X,Y )=lD4+X)*(D5+Xt3.*Y 1-SKB*(D6-X-Y )*(D3-XtY 1 
0118500 DFXl(X,Y)=-(D5+X+3.*Y)**3+3.*(D3tY-X )*(D5+X+3.*Y)**2+SKA*(TDNS+Z.- 
OllE520 l*Y )**2*(D1-Y 
0118540 DFYl(X,Y)=(D5+Xt3.*Y )++3+9.*~D3tY-X~*lD5tXt3.*Y~**2-SKA*~-lTDNSt2.- 
0118560 l*Y 1**2*(D1-Y 1-(TDttS+2.*Y )+*2*(D6-X-Y )+4.*(TDt4S+2.*Y )*(Dl-Y )*(D6-X - 
0118580 2-Y 1 )  
0118500 DFX2(X,Y )=(D5+X+3.*Y )+(D4tX)tSKB*( (03-X+Y It(D6-X-Y 1 )  
0118620 DFYZ(X,Y )=3.*(D4+X)-SKB*( (06-X-Y 1-(03-XtY 1 )  
0118649 F3lX,Y)=(D4+X)*(D5+3.*Xt2.*Y)**3-SKA*(TD!iSt2.*X+2.*Y)**Z*(Dl-X-Y - 
0118660 1 )*(D6-X) 
0118680 F4( XmY )=ID3+Y )*ID5+3.*Xt2.*Y )**2-SKB*(TDNSt2.*Xt2.*Y )%(Dl-X-Y 1 
0118700 DFX3(X,Y )=(D5+3.*X+2.*Y l**3+9.*(D5+3.*Xt2.*Y )**2*(D4tX)-2.*SKA - 
0118720 l*(TDtIS+Z.*X+2.*Y )*(Dl-X-Y l * (D6 -X )+2 .+SKA* lTDt iS+2 . *X+2 . *Y  - 
0118740 2**2*(D6-X)+SKA*(TC!~S+2.*X+2.*Y )**2*(Dl-X-Y 1 
0118760 DFY3(X~Y)=(D4+X)+6.*(D5+3.*Xt2.*Yl**2-4.*SKA*(TDNS+2.*Xt2.*Y)* - 
0118780 l(D1-X-Y )*(D6-X)+SKA*(TDt.IS+2 .*X+2 .*Y )**Z*(Db-XI 
0118300 DFX4(X,Y)=(D3+Y)*6.*~D5+3.*Xt2.*Y)+SKB*(TDNS+2.*X+Z.*Y) - 
0116820 1-2.*'KB*(Dl-X-Y) 
0118840 DFY4(X,Y)=4.*(D5t3.*XtZ2*Y)*(D3+Y)t(D5+3.*Xt2.*Y)**2+SKB - 
Olle860 1*(TD!IS+2.*X+2.*Y 1-2.+SKB*(Dl-X-Y 
G11E88O F5(X,Y)~((D3+7.*Y-X)**7/10000.*~05+X+15.*Y~**15-SKA/100~0. - 
0118930 l*(TCt!S+14.*Y )**I4 - 
0118920 1*(D1-Y )*(D6-X-7.*Y )/10000. )/l.E10 
0118940 F6(X,Y )=(04tX)*(D5tX+15.*Y )-SKB*(D5-X-7.*Y )*(D3+7.*Y-X) 
0118950 DFX5( X,Y )=(-(D5tX+15.*Y ~**15/10300.*77*1 D3+7.*Y-X)**6/100. - 
0118780 1+(D3+7 . *Y-X) * *7 /10000 . *15 . * (D5+X+15 . *Y~* *14 /100 .+SKA/100000 . *  - 
0119000 4ITDNSt - 
0119020 214.*Y)**14*(Dl-Y)I/l.E08 
0119040 DFY5(X~Y)=(7.*(D3+7.*Y-X)**6/10000. *7.*(05+X+l5.*Y)**15 - 
0119060 l+15./1000O.*(D5+X+15.*Y)**14 - 
0119060 1 + 1 5 . * ( D 3 + 7 . * Y - X ) * * 7 + S K A / 1 0 0 0 0 . * ~ T 0 t i S + 1 4 . * Y * * 1 4 * D 6 - X - 7 . * Y - S K A  - 
0119100 2/10000.*14.*( - 
0119120 2TD~~S+14.*Y)**13*14.*~D1-Y)*(D6-X-7.*Y)-SKA/10C00.*(TDNS+14.*Y)**14- 
0119140 4*(01-Y I*(-7.) )/l.ElO 
0119160 DFX6(X,Y I=(D5+X+lS.*Y )t(D4+X)tSKB*( (D3+7.*Y-X)+(D6-X-7.*Y 1 )  
C1191EO DFY6lX,Y)=15.*(D4+X)-7.*SRBr((D6-X-7.*Y)-(D3+7.*Y-X)) 
0119200 C CAL. THE TOTAL AHOUt;T 
0119220 IF ((IJ.EQ.2I.O?.(IJ.E9.3)) GO TO 51 
0119240 DO 5 IA=1,7 
0119360 Dt!S( IA)=D::S( IA )/1000. 
c1192e.o 5 CCI~TII:UE 
0119300 51 TDt!S=O. 
0119320 DO 1 IA=l,I 



D6=DNS( 6  
D7=DNSI  7 )  
SKA=SK l (  1 I 
SKB=SK l (  2  
I F  ( I J . E Q . 1 1  GO TO 6 1  
I F  ( I J . E Q . 2 1  GO TO 62 
X=XY[21 /1000 .  
Y = x Y ~ 1 ) / 1 0 0 0 .  
DO 2  I A = 1 , 5 0 0  
D=DFX5(XBY )*DFY6(X,Yl-DFX6[X,Yl*DFY5[XpY 1 
DX=[F6 (X ,Y  l+DFY5(X,Y b F 5 ( X , Y l * D F Y 6 [ X ~ Y l l / D  
DY=(F5 (X ,Y  ) *DFX6(X ,Y ) -F6 (X ,Y  ) * D F X 5 ( X , Y )  )/D 
XZX tDX 
Y=YtDY 
AX=ABS( DX 
&Y=ASS(DY I 
IF((AX.LT.0.001I.AND.~AY.LT.0.0011) GO TO 9  

2 CC!4TINUE 
W ? I T E ( 6 r l O l )  

1 0 1  FCRKAT[ IX I 'SOLVE THE EQU. EQUATION F A I L  AFTER 5 0 0  I T E R A T I O N S ' )  
RETU?N 

9 XY( 1 I=Y*1000 .  
X Y ( 2  l =X*1ooo .  

6 1  X = X Y ( 2 )  
Y=XY( 1 
DO 3 I A = 1 , 5 0 0  
D = D F X l ( X , Y  I*DFYZ[X,Y I -DFX2[X,Y ) * D F Y ~ ( X I Y )  
DX=(F2 (X ,Y  ) + D F Y l [ X , Y  I - F l ( X , Y  ) *DFY2(XpY  )1 /D  
DY=[Fl(X,Y)*DFXZ(X,YI-F2(XpY)*DFXl(X,Y) l /D  
X=X+DX 
Y=YtDY 
AX=ABS(DX)  
AY=A6S[ DY 1 
IFl(AX.LT.O.OOl~.AND.(AY.LT.0.001)) GO TO 91 

3 CO:4TIt4UE 
K R I T E ( 6 , l O l )  
RETURN 

9 1  X Y ( l l = Y  
X Y ( Z I = X  
RETURt4 

62 X = X Y ( l I  
Y = x Y ( 2 1  
DO 4  I A = 1 , 5 0 0  
D=DFX3(XpY l *DFY4 IX ,Y  ) -DFX4[X,Y)*DFY3(X,Y 1 
D X = ( F 4 ( X ~ Y l * O F Y 3 ( X , Y l - F 3 [ X , Y  ) * D F Y ~ [ X I Y I  )/D 
D Y = ( F ~ ( X , Y ) * D F X ~ ( X I Y ) - F ~ [ X B Y ~ * D F X ~ [ X I Y ) ) / D  
X=X+DX 
Y=YtDY 
AX=ABS( OX 1 
AY=LBS(DY 1 
XF([AX.LT.0.0011.A.(.~AY.LT.0.00111 GO TO 9 2  

4 CONTICNE 
W R I T E ( 6 , l O l )  
RETURN 



0120560 92  X Y ( l ) = X  
0120580 XY[Z)=Y 
C120600 RETURN 
C120620 Et4D 
012C640 SUEROUTINE VINEW ~ll~VpZ~TK~POPpPPH2~PFO2~PFH2OjPPCOjXO) 
0120650 CCY?~!! /CATAL/SROISA~CU,CL~ALFA,SN,FCO!~ST,AREAF BDKC 
0120680 1 Rz8.314 
0120700 EER=O. 005 
0120720 CLA=CL 
0120740 €2-1.261-.00025*TK 
01Z0760 SR=S?C*EXP(365O.*Il./TK-1./450.)) 
6120780 SIO~.2327+~PPC2*FOPl*~.8*lPPH20+POP)*+.4377*EXP~-6652.~) 
012Ce30 C=SIO*SA*CUmCL 
0120820 EX~11.85+.0066*PPCO*POP*EXP~9190.*~1./rK-l./450.~~ 
0120340 AZALCSI PPHZ/PFH20*( PFOZ*POP )**O . 5  ) 
0120860 Cl=CLA*SA*tU*.000053 
0120380 D=R*TK/S:4/FCO:4ST 
0120900 E=EZ+D+A 
C12C920 DA=D/ALFA 
0120940 CDL=C::C/AREAF*( PP02*POP 1 
0120950 I F  ( t l .EQ.2)  GO TO 2 
0120990 V-B-DA*ALCG( Z/C 1-Z*SR-EX+ALOG[Z/Cl)-D*ALOG( C D V (  COL-Z 1 )  
0121000 CO TO 6 
0121020 2 z=xo 
0121040 3 CCNTIKUE 
0121060 DO 5 I = l r 5 0  
0 1 2 1 0 ~ 0  FZ'Z*+RtDA*ALOS( U C  )+V-B+EX*ALOGlUCl )+O*ALOGlCDL/~CDL-Z) 1 
0121100 DFZ=S?+DA/Z+EX/ZtD/(CDL-Z)  
0121120 DZ=FZ/DFZ 
C121140 212-DZ 
C121150 4 I F  ( Z . L E . 0 . )  GO TO 7 
0121180 I F  IABS(DZ) .LT .EERI  GO TO 6 
01212CO 5 C0NTIt:UE 
0121220 7 z=xo 
0121240 DO 8 I = l p 5 0  
0121260 GFZ=(DA*ALOG(Z /C ) tV -B tEX*ALGS(Z /C1 ) tD*ALOG(CDV(CDL-Z )  I / ( - S R )  
0121260 GZ=Z 
0121330 Z-SFZ 
C121320 I F  (Z.LE.O.1 GO TO 1 9  
0121340 I F  (ABS((GZ-Z)/lZ*GZ)).LT.ERR) GO TO 6 
0121360 8 CONTIMJE 
0121380 K X I T E ( 6 j 2 0 1 )  
0121400 2 0 1  F@Ri.lATIlX,'CURRENT DENSITY LOOPING') 
0121420 G3 TO 6 
0121440 1 9  ER2=ER2+0.001 
0121460 GO TO 2 
0121480 6 CCNTINUE - 0121500 RETU7N 
0121520 E t a  
0121540 SUEIROUTINE K R E F I D N S R ~ D N S F ~ D X I D Y , D Q ~ P X , T C O , T H Z ~ Z , P O ~ , T C O ~ ~ T  
0121563 l r T H C U T , Z l ~ D P l p I F U E L )  
0121580 REAL K0, t lH1Kl ,K2 
0121600 COt:!:ON F O ~ F ~ , F ~ B F ~ ~ F ~ ~ F ~ S F ~ ~ M H , C G ~ S C G ~ , C G ~ ~ C G ~ , C G ~ , C G ~  
0121620 COi!YO!4/REP/ KO rEA,RHOBmEPS,DZZ 



0 1 2 1 6 4 0  COMMON/ADDRE/ Dl,DZ,D3,S,DPsP 
0121660  COXHON /wn/ wn 
0121680  C0:lHON /FCG/ F7,  CG7 
0121700  DIMENSION X1(  5 0 l s T A X 2 (  5 0 ) s X E 2 (  5 0 ) s T C (  5 0 ) s  - 
0121720  1TH( SOIsXE( 5 0 l , T A ( 5 0 1 s T & K l (  50 l ,TAK2(  501s  - 
0121740  2XF( 50l,XCOflP( 50s7)sXntO!lP( 5 0 ~ 7 ) s X C (  5 0 s 7 ) ~  - 
0121760  3XUl.I 5 0 1  pTP( 50l,FL(7)~C~7)sGM(7lsC0~(7l,CGCOXP~7l~TCGC(7) 
0 1 2 1 7 8 0  DIHEI4SIOt.I REN( 5 0  I 
0 1 2 1 8 0 0  DIMENSION P( 5 0 )  
0 1 2 1 8 2 0  D IMEI~SION DI4SR( 7 )  ,ONSF( 7 1  
0121840  DATA EFROR/O.Ol/ 
0 1 2 1 8 6 0  DATA XCOHP/ 350*0./ 
0121880  IDEBUS=O 
0121900  D l = D X  
0121920  D2=DY 
0121940  D3=DP 
0121960  DP=DPl  
0121980  S=S1 
0122000  P(  1 )=PX 
0122020  Fl=DNSR( 1 I 
0 1 2 2 0 4 0  F 2=DNSR ( 3 I 
0122060  F3=DtiS4( 4 ) 
0122080  F4=Dt:SR( 6 I 
0122100  F5=DtJSR( 5 I 
0122120  F6=Df:55?( 7 I 
0122140  F7=DN5R( 2 1 
0122160  FO=F l+F2+F3+F4+F5+F6tF7  
0122180  C G l = D N S F ( l )  
01222CO CG2=Dt:SF( 3 1 
0122220  CG3=DtdsF(4 I 
0 1 2 2 2 4 0  CG4=Dt4SF ( 6  1 
0 1 2 2 2 6 0  CG5=DNSF( 5 1 
0122230  CG6=DtISF( 7 I 
0122300  CG7=D:4SF ( 2  I 
0122320  K~=CGl+CG2+CG3+CG4+CG5+CG6+CG7 
0122240  X 1 ( 1 ) = 0 .  
0122360  X E 2 ( 1 ) = 0 .  
0122330  TCC=(TCO-273.16)*9. /5.+32.  
0122400  THZ=(THZ-273.161*9. /5.+32.  
0 1 2 2 4 2 0  KINS=O 
0 1 2 2 4 4 0  C O = ( F l * ( l . - X l (  1 1  ) * P ( l I  I / (  .7302*~FO+22*X1~ll*Fll*~TCOt460. I I 
0 1 2 2 4 6 0  U3=(4.*.7302+(FO+Z.*Xl(ll*F1 I * (TC0+460 .  ) 1 / ( 3 . 1 4 1 5 9 2 7 * P ( l )  - 
0 1 2 2 4 8 0  l * (  D2**2-D1**2 )*EPS I 
0 1 2 2 5 0 0  C F I R S T  ASSUHPTION -- TtiO 



F L (  2 l =F2 -TX2* (  F 3 t X * F 1  I 
F L (  3 ) = F 3 t X * F l + T X 2 * (  F 3 + X  S F 1 1  
F L l 4 l = F 4 - 2 . * X * F l - T X 2 * ( F 3 + X  * F 1 1  
F L I 5 ) = F 5 + 4 . * X * F l t T X 2 * [  F 3 t X  * F 1  I 
F L (  6 1=F6 
F L ( 7 1 Z F 7  
T F = F ( X )  
C A L L  CMASS(C,FL,TF) 
T V I S = V I S (  C,T, IFUEL I 
TTHC=THC(C ,T , IFUEL I  
T H I = H I (  TV IS ,TTHC)  
CGCOXP( 1 )  =CG1 
CGCOK712 1=CG2 
CGCOtlP( 3 )=CG3 
CGCOflP( 4 )=CG4 
CGCO;lP( 5 l=CG5  
CGCOXP( 6 ) = C t 6  
CGCOZPI 7 =CG7 
CALL  CMASS[TCGC,CGCOMP,RHI 
CGVIS=VIS(TCGC,THZ,IFUELI 
CGTHC=THC(TCGC,THZ,IFUEL) 
CGHTCP=HTCP(TCGC,THZ) 
THO=HO(CGVISICGTHC,CGHTCP~ZSTHZ,REI 
T U I = U I ( T H I ~ T H O , T I  
AZ=3.1415727*TUI*Z*D2/2. 
C A L L  C O X P I N ( C O t l , X l ( l )  r X E 2 ( 1 )  I 
TFCP=FCP(T,COI I I  
AW=(R!i~CSHTCP*TFCPI/AZ+MH*CGHTCP-TFCP 
THO=(AW*THZ+2.*TFCP*TCO+AY)/(AW+2.*TFCP) 
I F (  THO. LT .TC0  I THO=TC0+250.  
I D E A = l  
I H D P E Z l  

7 5  1=1 
T A K l [ l I = O .  
TAK2(  1 )=0 .  
X u l ( 1 1 = 0 .  
T A (  1 l=TCO 
T A X 2 ( 1 ) = 0 .  
X F I  1 l = F O + 2 . * F 1 * X 1 ( 1 1  
DO 8 0  J = 1 , 7  
XCO:1?( 1, J l=COf l (  J I 
XtlCOPIP( 1,J )=XCOMP( l , J ) / X F (  1) 

8 0  CONTIt4UE 
K x : l l = o .  
DO 8 1  J = l , 7  
K K f l 1 = W ~ H l t ( X C O M P (  1,J l*WM( J l / X F (  1) 

81 CO:4TIti'JE 
DO 8 2  J - 1 9 7  
X C ( l , J ) = ( X C O ~ P I l , J l * b M (  J ) ) / ( X F ( l I * W R f l l l  

8 2  COFITItXJE 
T C I  1 )=TCO 
TH( 1 )=THC) 

SECO?ID ASSUMPTION --TC( I t  1 
7 2  TC( I t1 l = T C (  I )  



0123800 70 TA(It1 1=(TC(I1tTC(It111/2. 
0123820 T~K1(Itll=K1(TA(It1 l l  
0123340 TAK2(Itl)=K2(TA(Itl)) 
0123950 Bl=DZZ*RHOExKO*P( I I/( UO*CO I 
0123530 BZ=EXP( -.?045*EA/( TA( It1 lt460. l l  
0123900 Xl( It1 l=Xl( I )tEl*E2*XPlCOMP( 191 I 
0123920 XE2( It1 )~X2lX1(Itll~TAK2~ It11 I 
0123940 XDHl=-DHl(TA(It1) I 
0123960 XDH2=-D32( TA( It1 1 )  
0123950 ALl=Fl*XDHl*(Xl( Itl)-XZ(I) 1 
0124000 ALZ=( F3tX1( It1 l*F1 )*XOH2*(XE2( It1 1-XE2( I I I 
0124020 ALzALltAL2 
C124040 FL(l)=Fl*(l.-X1(ItlIl 
0124050 FL( 2 )=F2-XE2( It1 I * (  F3tX1( It1 l*F1 I 
0124030 FL(31=F3tXl( It1 )*FltXEZ(I+l l*~F3tX1~I+1)*Fll 
0124100 FL(4)=F4-2.*Xl(I+l )*Fl-XE2(1+1 l*(F3+X1[I+l l*Fl J 
0124120 FL(5)=F5+4.+XlI It1 I*FltXE2(1+1 I*(F3tXl(Itl l*Fll 
0124140 FL(6 )=F6 
0124160 FL( 7 )=F7 
012Gle3 XF(It1 )=F(Xl(I+lI I 
0124200 CALL CI?ASSIC,FL,XF(I+ll I 
0124220 DO 10 J=1,7 
0124240 XCOMP( It1, J )=FL( J I 
0124260 XKtO?lP( It1, J I=XCOPlP( It1,J l/XF(Itl) 
C124280 XC(Itl,Jl=C(Jl 
C120300 10 CC::TINUE 
0124320 XVIS=VIS(C,TA( I+l),IFUEL) 
0124340 XTHC=THC(CITA(I+~I,IFUELI 
0124360 V=:::l( I l*Fl+k'?l( 3l*F2tUH(4l*F3tWM(6 l*F4tk'M(5 l*F5tWll( 7)*Fb+WnC 2)*F7 
0124580 tlIV=( V*4. I / (  3.1415927*( D2**2-Dl**Z I )  
0124400 AKGV/FO 
0124420 RHO=(ARY*P( I I I / (  0.7302*(T+460.) I 
0124440 DELP~~1.-EPSl/EPS**3*GPlV**2/DP/4.18EtO8/RHO*(150.*(1.-EPSl*XVIS/DP- 
0124460 1/GHVt1.75l*OZZ/2116.8 
0124480 P( ItlI=P( I)-DELP 
0124530 XHI=HI(XVIS,XTHC) 
0124520 XCGVIS=VIS( TCEC,TH( I LIFUEL I 
3124540 XCGTt!C=THC( TCGC,TH( I LIFUELI 
0124560 XGHTCP=HTCP( TCtC,TH( I) 
0124580 XHO~HO(XCGVIS~XCGTHC,XCHTCPrZ,TH(Il~REl 
0124600 REtU It1 )=RE 
0124620 X U l ( I t l ) ~ U I ( X H I ~ X H O p T A ~ I + l l ~  
0124640 AM=( 3.1415927*XUl( It1 I*DZZ*D2 1/2. 
0124660 XFCP=FCP(TA( I I ,FL I 
0124680 All=( RH*XGHTCP*XFCP )/AM-XFCPtHH*XGHTCP 
0124700 TH(Itl)=TH( I)*(ANt2.*XFCPI/AN-2.*XFCP*TC(II/AN-AVAN 
0124720 TP(It1~~TH(Itl)*lAM-nHwXGHTCPl/AMtTH(I)*~AMtKH*XGHTCPl/AM-TC~I~ - 0124740 C TEST 5ECOt;D ASSURPTI0:I 
0124760 EE=ZBS( (TP( It1 I-TC( It1 I l/TC( It1 I) 
0124780 IF( 1DEEUG.lIE. 0 I - 
0124800 1K4ITE( 6,2020 TP( It1 I ,TC( It1 1, EE 
0124820 2020 FO~~AT('OTP=',lPE15.7,5X,'TC=',E15.7,5X,'EE=',El5~71 
0124840 1FIEE.LE.ERROR GO TO 71 
0124860 IF(KICG.LE.15) TC(It1l=~TC(It1ltTPIIt1ll/2. 



0124880 TCZ=TC[ It1 I 
0124900 E E T C 2 ~ T H I I + 1 l * ~ A N - ~ * X G H T C P l / A ~ t T H ~ I l * ( A N t N H * X G H T C P l / A M -  - 
0124920 1TC( I)-TC2 
0124940 IF(KIEG.LE.151 GO TO 97 
0124960 IF(EETCl.NE.EETC21 TC3=TC2-(EETC2/(EETC2-EETClI)*(TC2-TCl) 
0124980 IF( EETCl.EQ.EETC2 1 TC3=(TC2tTP( It1 11/2 
0125000 TCI It1 I=TC3 
0125020 97 KIKS-KIPGt1 
0125040 TCl=TC2 
0125060 EETClZEETC2 
0125060 IF(KIt!C.GE.401 GO TO 959 
0125100 GO TO 70 
0125120 71 CCbdTItNE 
0125140 TClItlI=TP(Itl) 
0125160 AA=I 
0125180 AAA=AA*DZZ 
0125200 IF(AAA.GE.ZI GO TO 73 
0125220 I=I+l 
0125240 KItlt=O 
0125260 GO TO 72 
0125280 73 N=I+l 
0125300 C TEST FIRST ASSUMPTICN 
0125320 AB=ABS( (THI It1 1-THZl/mZl 
0125340 IF(A9.LE.0.0011 GO TO 74 
0125360 THOZ-THO 
01253e0 THZZ=TH(N) 
0125430 IF(IDEA.LT.21 THO3=THOtTHZ-THZ2 
0125420 IF( IDEA-EQ. 2 TH03=( THO1-THO2 1/(THZ1-THZ2 I*( THZ-THZ2 )+THO2 
0125440 IDEAZ2 
0125460 THZl=TH(Nl 
0125480 THOl-THO 
0125500 THOzTH33 
0125520 IF(THO.LT.TCO1 IHOPE=IHOPE+l 
0125540 IFITH3.LT.TCOl THO=TC0+50. 
0125550 IF(IH3PE.EQ.51 GO TO 975 
0125580 GO TO 75 
0125600 74 CCNTIbIUE 
0125620 IF(K.EQ.11 L=N 
0125540 GO TO 954 
0125560 975 CONTIKUE 
0125580 URITE(6s9761 THO 
0125700 976 FCSt:AT(lHl,'+**INSUFFICIENT COMB. GAS HEAT CAPACITY1/ - 
0125720 l'CTHO='sF17.3,'THIS IS LESS THAN TCO1/'CRAISE THZ AND/OR COMB. - 
0125740 2G'.S FLOLJ RATES' I 
0125760 GO TO 954 
0125780 959 )!RITE( 6 s95al KIt:G, I 
0125800 958 FORYAT(1Hlr'LOOPING ON TC FOR 'pI4r'ITERATICNS IN INCRN'sI41 - 0125820 954 CONTINUE 
0125640 TCO=(TCO-32.1*5./9.+273.16 
0125360 THZ=(THZ-32.1*5./9.+273.16 
0125880 FC?IT=P( ti I 
0125900 TCGUT=(TC(N)-32.)*5./9.+273.16 
0125920 TKOUT=(TH( 11-32. )+5./9.+273.16 
0125940 D N S R ( ~ ~ = X C O M P ( N I ~ I  



DNSR( 3  )=XCOMP(N t2  I 
DNSR(4)=XCOMPIN,31 
DNSR( 5I=XCO:IP( t4,5 
Dt:SR[6 )=XCOMP( N,4  1 
DElSR( 7)=XCO:IP(I4,6 I 
RETURN 
EIID 
SUBRCUTINE CHASS( C, F L t F  1 
D I f l E t l S I O N  C(  7 )  tWM( 7 ) , F L ( 7 1  
CO:TKON /KH/ WM 
h ~ M = ~ F L l 1 l * W M ( l ) + F L ~ 2 ~ * 1 ; M ( 3 ) t F L ~ 3 ) * ~ ~ 4 ~ + ~ ~ 6 ~ * F L ~ 4 ~ t F L ~ 5 ~ * ~ ~ 5 ~ +  - 

l F L ( 6 ) * K t f ( 7 1 + F L ( 7 ) * : . l M ( 2 1  l / F  
C I  1 ) = F L (  1 )*WM( 1 I / (  F*C:?lH 
C ( 2 l = F L ( 2  )*U?I( 3 ) / (F*WCM) 
C (  3 ) = F L (  3 ) * K H ( 4 1 / (  F*Wt:Ml 
C(4)=FL(4)rk '?l(6 I / (  F*I:t:fl) 
C(5)=FL(5)*WYCI[5)/(F*k'::H) 
C ( 6  ) = F L ( 6 ) * W 1 1 ( 7 ) / ( F * W I . I H I  
C(  7 1 = F L ( 7 ) * U M 1 2 1 / ( F * ~ ! ~ M )  
RETURN 
E l m  
SUEROUTINE COt lP IN (COM,X l tX2 )  
REAL  t lH  
CO.'ltION F O , F ~ , F ~ P F ~ ~ F ~ , F ~ ~ F ~ ~ M H , C G ~ ~ C G ~ ~ C G ~ , C G ~ ~ C G ~ ~ C G ~  
COtltiON/ACDRE/ D l  3 0 2  r D 3 t S t D P s P  
COMXON /FCG/F7?CG7 
DIrEtdSIO:.I CCY( 7  1 
DO 8 J = 1 , 7  
I F (  J . E Q . 1 )  C o n (  J l = F 1 * ( 1 . - X I )  
I F (  J.EQ.2 CO?l( J )=FZ-X2*1 F 3 t X l * F l )  
I F (  J .EQ.3 )  COM( J l - F 3 t X l * F 1 + X 2 * 1  F 3 t X l * F l )  
I F (  J .EQ.4  COK( J ) = F 4 - 2 . * X l * F l - X 2 * [  F 3 + X l * F 1 )  
I F ( J . E Q . 5 )  CO~(J)=F5+4.*Xl*F1+X2*~F3tXl*FlI 
I F ( J . E Q . 6 1  C O H ( J ) = F 6  
I F ( J . E Q . 7 )  C O M [ J ) = F 7  

8 COI4TIt:UE 
RETUJN 
E!lD 
FUFlCTION DH1c.T) 
BH1=-2.7285E-03*(T**2~+12.698*T+7.002E+O4 
R  ETUR t i  
E t:D 
FUt lCT ION DH2(  T  1 
DH2=2 .3280*T -18111 .4  
RETURN 
Et:D 
FU!lCTION F (  X 1 )  
REAL RH 
C3XMON F O ~ F ~ ~ F ~ ~ F ~ ~ F ~ , F ~ ~ F ~ ~ ~ . R I C G ~ S C G ~ ~ C G ~ ~ C G ~ ~ C G ~ P C G ~  
CO:I::GN/ADDRE/ D l t D 2 , D 3 t S , D P t P  
CCHil0:4 /FCG/F7, CG7 
F = F O + 2 . + X l * F l  
RETUZN 
E  t:D 



0167800 FUNCTION FCP( TpCOtl) 
0167900 DINENSION COM( 71 pA[4,7) 
0168000 DATA A ~ 5 ~ 3 4 ~ 6 . 3 9 E - 0 3 ~ 0 . ~ 0 . ~ 6 . 6 0 ~ 6 . 6 7 E ~ 0 4 ~ 0 . ~ 0 . ~ 1 0 . 3 4 ~ 1 . 5 2 E - 0 3 ~ 0 . ~  - 
0168100 1-6.33420E+05,8.221 8.3E-0514.136E-07~0.16.62,4.5E-04,0.,0.,6.5 - 
0168200 25 .56E-0410 . , 0 . , 6 . 732 ,8 .36E-03 ,5 .53E-09~0 .0 /  
0168300 TP=T+460. 
0168400 FCPIO. 
0168500 DO 9 I=117 
0168600 FCP=FCP+COPl( I I * (  A( 131 ItA(2pI )*TP+A[3,I)+TP**2+A(4,1 )/(TP**2 1 )  
6168700 9 CONTINUE 
0168800 RETURN 
0168900 Et4O 
0169000 FUNCTION HI(VIS,THC) 
0169100 REAL KH 
0169200 DIMEtlSION KM( 7 )  
0169300 C0iI:lON F O , F ~ ~ F ~ , F ~ , F ~ ~ F ~ , F ~ , M H , C G ~ , C G ~ , C G ~ I C G ~ I C G ~ , C G ~  
0169400 COKYCN/ADDRE/ DlrD2pD3,SpDP,P 
0169500 COXt:ON/UM/ KV 
0169600 COt1:ION /FCG/F7 ,CG7 
0169700 HIZO. 
0169800 V=(!+:fl( 1 I*Fl+W3( 3l*F2tWH(4 )*F3+UM(6 )*F4tW?l( 5)*F5+WH( 7)*F6 
0169900 1+LM( 2 1*F7) 
0170000 GMV=[V*4. I / (  3.1415927*(D2**2. -D1**2.)) 
C1701CO HID=( .813*(G:lV+DP/VIS)**.9)*EXP( -6.+DP/(D2-Dl)) 
0170200 HI=(HID*THC I / (  D2-Dl) 
0170300 RETURN 
0170400 E t:D 
0170503 FUIICTION HO(VISpTHC,HTCP,ZrTrRE) 
0170600 REAL KH 
0170700 DINENSIO:.( EN( 7 1 
0170500 COHXON F O , F ~ , F ~ , F ~ , F ~ , F ~ I F ~ B H H , C G ~ , C G ~ , C G ~ , C G ~ , C G ~ ~ C G ~  
0170900 CO:;I:Ctl/ADD?E/ DlpD2,D3pSpDPjP 
0171000 COi:;13:4 /FCG/F7 ,CG7 
0171100 con:;c?rnn/ ~n 
0171200 Ai::I=(CGl*::X( 1 )*CGP*k?l[ 31+CG3*k?l[ 4 )+CG4*WM( 6 )+CG5*WMI5 )tCG6*k'N( 7 - 
0171300 1+CG7+XN( 2 1 )/MH 
0171400 HO=O. 
0171500 G=t;H/(S**2-( 3.1415927*03**2 1/4.1 
0171600 DE=4.*(S**2-3.1415927*D3~*22/4.)/~331415927*D3t4.*Sl 
0171700 RE=[ Di*G*AFlW )/VIS 
01718CO PR=( HTCP*VIS)/( THC*AMW 
0171900 RHO=(AM*P)/( 0.7302*(Tt460.)1 
0172000 GR=(Z**31*(RHO**2)*4.18E08*lOO./~VIS**2) 
0172100 IF(RE.GE.10000.) GO TO 300 
0172200 IF(RE.LE.2100.) GO TO 200 
0172300 C 210~<RE<10000 
0172400 H021=( l.*THC/DE 1*(2100.**.45 )*SCiRT[ PR )*(OE/Zl** .4*(S/[)3)** .8 - - 0172500 IXGRE*. 05 
0172600 H010=( .02*THC/DE I*[  l0000.**.8)*(PR**.333~*(S/D3)**.53 
0172700 SLOPE=( H010-H021 I / (  10000. -2100.) 
0172BCO HO=EO?l+SLOFE*(RE-2100.) 
3172900 RETLi2N 
0173030 C RE<=2100 
0173100 200 HO=(l.O2*THC/DE)*(RE**.45)*SQRT~PR)*~DE/Z)**.4*(S/O31**.8 - 



l*GR**. 0 5  
RETLTN 

RE>=10000 
300 Ha=( .02*THC/DE )*(RE**.81*( PR**.333)*(S/D3)**.53 

RETURN 
E tlD 
FU:KTION HTCP(CM,T I 
DIKENSION CM(7 l ,C (7 ) ,A (4 ,7 ) , hY (7 )  
DATA A / 5 . 3 4 ~ 6 . 3 9 E - 0 3 ~ 0 ~ ~ 0 ~ ~ 6 ~ 6 0 ~ 6 . 6 7 E - 0 4 ~ 0 . , 0 ~ ~ 1 0 . 3 4 ~ 1 . 5 2 E ~ 0 3 ~ 0 ~ ~  

1 -6 .3342E+05 ,8 .22~  8 .3E -0514 .136E-07 ,0 . , 6 . 62s4 .5E -04r0 . , 0 . r6 .5~  
25 .55E-04 ,0 . , 0 . , 6 . 732 ,8 .36E-03 ,5 .53E-09 ,0 . /  

DATA K 3 / 1 6 . , 2 8 . 1 4 4 . , 1 8 . , 2 . , 2 8 . , 3 2 . /  
TC=CM(l l/L?lin(l l+CM~2)/Ki1(2l+Cn(3)/KH(3)+CM(4)/Wn(4)+CH(5)~.lnl5) - 

l+C t l ( 6 ) /K3 (6 )+CM(  71/Kt f (7)  
C( 1 )=CM[ 1 )/WX( 1 )/TC 
C I  2 )=Ct![ 2 l f i : H (  2 l/TC 
C (  3 1-cnc 3 I / I : ~  3 )/TC 
C(4)=Ct1(4) /6Ml4 )/TC 
C( 5)-CM(5)/WH( 5) /TC 
C ( 6  l=CM(6 ) f i f l ( 6  )/TC 
C(7)=CZ17)/KM(7)/TC 
TP=T+460. 
HTCP=O. 
DO 1 I - 1 , 7  

1 HTCP=HTCP+C(I ) * (A ( l , I ) +A [2 ,1 l *TP+A [  3 v I ) * T P * * 2 + A [ 4 ~ 1  )/TP**2 I 
RETURN 
END 
REAL FUNCTION K l ( T 1  
TP=T+460. 
B=-8 .7153Et08/ (TP**3)+5.2409E+06/ ITP**2 . ) -4 .6299E+04/TP+27.849 
Kl=EXPI B 1 
RETURN 
E t:o 
REAL FUCCTION K2(  T I 
TP=T+460. 
B=-9.0283E+08/(TP**3)+3.5603E+06/ITP**2)+4.3662EtO3/TP-3.0526 
K2=EXP( B I 
R ETU2N 
EtlD 
FUtlCTION THC( C,T, I J  I 
DII:Et!SION C( 7 )  ,A( 2 9 7 )  
CCK;:ON/THCC/ A 
THCZO. 
DO 5 I = 1 , 7  
THC=THC+C(I)*(A(l,I)*T+A(2pI)) 

5 CONTItiUE 
RETURN 
EN9 
FUNCTION UI(HI,HO,T) 
REAL f l H  
COX!O:4/ADDRE/ D l  ,DZ,D3,S,DP,P 
CCXt:O:i /FCG/F7 ,CG7 
DLM=(O3-02 I/ALOG(D3/02 
R=0.005 



THt'iET=4.659€-03STt6.248 
UI=l./( l./HI+D2/(D3*HOI+( (D3-02 )*D2 l/(THMET*DUI)+R) 
RETURtl 
E::T) 
FUSCTION VIS(C,T,IJ I 
DItlENSION A( 2,71,C( 71 
COX;lC!l/VIFC/ A 
v1s-0. 

5 DO 4 I=1,7 
VIS=VIS+C( I l*(A(llI I*T+A( 2,I I )  

4 CCNT1t:UE 
RETURt4 
Et:D 
FUSCTIOt4 X2( XsK2 I 
REAL RH 
REAL K2 
COt::!ON FO,F1~F2,F3,F4,F5,F6,NH,CG1,CG2,CG3,CG4,CG5,CG6 
CO::ilGN/ADDRE/ DlrD2,D3,StDP,P 
CO?;nC!I /FCG/F7 ,CG7 
AZ(K2-1. I*( i3tX*F11**2 
B=(F3+X*Fll*(2.*X*Fl*KZ-K2*F2-K2*F4-5.*X*Fl-F3-F5) 
C=K2*F2*F4-2.*Fl*F2*KP*X-(F3tX*Fl)*(F5+4.*Fl*Xl 
X2=( -3-SGRT(B**2-4.*A*C) I/( 2 . * A 1  
IF(X2.LT.-l..OR.X2.GT.O.I X2=(-B+SCRT(B**2-4.*A*Cll/~2.*Al 
RETURN 
E t:o 

80PFC TOPFC=443.,UT=O.8,CD=325., 
&END 
BINIT D N S M ~ 1 2 1 6 . ~ 0 . ~ 1 . 3 6 0 ~ 2 1 . 8 ~ 1 6 6 . ~ 0 ~ ~ 0 ~ r T A T = 2 9 3 . ~ P A T ~ l ~ ~ S ~ R A ~ 3 ~ ~ P O F R ~ 5 ~ 0  
8E!:D 
&Cc::DT I F U E L = ~ ~ E R R ~ O . O ~ , I P = ~ , ~ = ~ ~ E X T = ~ ~ ~ . ~ W A T ~ ~ . ~ ~ ~ S E X A = ~ ~ ~ . ~  
8Et:D 
&REFEN ZH~6.~DX1=O.~DX2=O.15~DX3~0.1667,KO=1.040E+04~EA~20000~~RHOa~80~ 
,EPS=0.487,S=0.25,DP=OOO0328~DZZ=O025r 

&END 
BHEATX C N ~ 1 ~ 3 ~ U = 4 8 8 2 5 ~ 1 ~ H A ( 7 1 ~ 0 ~ 2 ~ H A ~ 1 0 1 = 0 ~ 2 ~  
&Eta 
8HEFOC N F H = 2 ~ N R H ~ 5 ~ B S P A C = 1 . ~ O D T H ~ . O 6 2 5 ~ P I T C H ~ . O 8 3 3 ~ C L H ~ ~ O 2 0 6 ~ I D S H ~ . 8 3 3 ~  
IDTH~.04667~FLOAR=.001716~SURFC~.l~66~CLENH~2.~SlTS2~0.5~DTH~O.7~ 
&Et:D 
8FDSHH DPD=1.18,0.,AHEtl=O.66~.O,APPD=69.,O.,CLEPD=5.91~0.~ 
NTPD=l, 0, 
& EtdD 
BFDFUH NlAF=140,FULE~1.42~WIDAF=.009744~NPFU~3365~ 
NTAC=40,AIRL=l.,WIDAA=.00515 
8Et:D 
8CATAI SRO=.44,SA=400.,CU=.15,CL=.75~ALFA=.5,SN=2.,FCONST=96500.~ 
DKCz2.4E5, 
LEND 
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