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COBRA I I I C :  A  DIGITAL COMPUTER PROGRAM FOR STEADY 

STATE AND TRANSIENT THERMAL-HYDRAULIC 

ANALYSIS OF ROD BUNDLE NUCLEAR FUEL ELEMENTS 

D. S. Rowe 

INTRODUCTION 

Th i s  r e p o r t  presents  an expanded ve rs i on  o f  t h e  COBRA-I11 computer 

program f o r  per forming both s teady-s ta te  and t r a n s i e n t  subchannel ana l ys i s  

o f  rod  bundle nuc lear  f u e l  elements. COBRA-I I 1  computes t he  f l o w  and 

en tha lpy  i n  t he  subchannels o f  r od  bundles d u r i n g  bo th  b o i l i n g  and non- 

b o i l i n g  cond i t i ons  by i n c l u d i n g  t he  e f f e c t s  o f  c ross f l ow  mix ing.  

The subchannel ana l ys i s  approach has become recognized as a  more 

complete method t o  analyze t h e  s teady-s ta te  therma l -hydrau l i c  performance 

o f  nuc lea r  f u e l  bundles. As a  r e s u l t ,  t h e r e  has been cons iderable i n t e r e s t  

i n  us i ng  a  s i m i l a r  ana l ys i s  method f o r  t r a n s i e n t s .  Much o f  t h e  s a f e t y  

ana l ys i s  o f  nuc lear  r e a c t o r s  i s  r e l a t e d  t o  t h e  t r a n s i e n t  response o f  t he  

r e a c t o r  co re  and f u e l  f o l l o w i n g  normal ope ra t i ng  t r a n s i e n t s  and p o t e n t i a l  

acc iden t  s i t u a t i o n s .  The ana l ys i s  o f  these t r a n s i e n t s  w i t h  one-dimensional 

analyses method a re  n o t  e n t i r e l y  complete. More soph i s t i ca ted  m u l t i -  

d imensional  a n a l y s i s  techniques would p rov ide  a  more d e t a i l e d  understanding 

o f  t h e  therma l -hydrau l i c  performance o f  nuc lear  f u e l  bundles d u r i n g  

t r a n s i e n t s .  

The p r e v i o u s l y  pub l i shed  i n t e r i m  ve rs i on  o f  COBRA-I11 was an ex tens ion  

o f  t he  COBRA-I1 program t o  cons ider  t r ans ien t s ;  however, i t  had l i m i t e d  

c a p a b i l i t y .  Several  o f  the  more impo r tan t  computat ional  l i m i t a t i o n s  were: 

( 1 )  l a c k  o f  a  f u e l  heat t r a n s f e r  model; ( 2 )  no p r o v i s i o n  f o r  f o r ced  cross-  

f 1  ow mix ing;  (3 )  incomplete t ransverse  momentum equat ion; (4 )  i n a b i  1  i ty  t o  

cons ider  reverse  f l o w  and ( 5 )  l a c k  o f  a  pressure drop boundary c o n d i t i o n  

op t i on .  The p resen t  ve rs ion ,  COBRA-IIIC, removes t he  f i r s t  t h ree  l i m i t a t  

t i o n s .  Development work i s  con t i nu ing  on Items ( 4 )  and (5 ) .  



The COBRA-IIIC computer program computes t he  f l o w  and en tha lpy  i n  rod-  

bundle nuc lear  f u e l  element subchannels du r i ng  bo th  steady s t a t e  and t r a n -  

s i e n t  cond i t i ons .  I t  uses a  mathematical model t h a t  cons iders  bo th  tu rbu-  

1  e n t  and d i v e r s i o n  c r o s s f l  ow mix ing  between ad jacen t  subchannel s. Each 

subchannel i s  assumed t o  c o n t a i n  one-dimensional, two-phase, separated, 

s l i p - f l o w .  The two-phase f l o w  s t ru .c tu re  i s  assumed t o  be f i n e  enough t o  

d e f i n e  t h e  v o i d  f r a c t i o n  as f u n c t i o n  o f  entha lpy,  f l ow - ra te ,  hea t - f l ux ,  

pressure, p o s i t i o n  and t ime. A t  t he  p resen t  t ime, s teady-s ta te  two-phase 

f l o w  c o r r e l a t i o n s  ' a r e  assumed t o  apply  t o  t r a n s i e n t s .  The mathematical 

model neg lec ts  son ic  v e l o c i t y  propagat ion;  t he re fo re ,  i t  i s  1  i m i  t e d  t o  t r a n -  

s i e n t s  where t h e  t r a n s i e n t  t imes a r e  g r e a t e r  than t h e  t ime f o r  a  son ic  wave 

t o  pass through t h e  channel. The equat ions o f  t h e  mathematical model a re  

so lved  by us ing  a  s e m i - e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme. Th is  scheme a l s o  

g i ves  a  boundary-value f l o w  s o l u t i o n  f o r  bo th  steady s t a t e  and t r a n s i e n t s  

where t he  boundary c o n d i t i o n s  a r e  t h e  i n l e t  entha lpy,  i n l e t  mass v e l o c i t y ,  

and e x i t  pressure.  

The f ea tu res  o f  COBRA-IIIC can be summarized as f o l l o w s :  

I t  con ta ins  a l l  t h e  a n a l y s i s  c a p a b i l i t y  o f  t he  COBRA-I1 program. 

I t  can cons ider  t r a n s i e n t s  o f  f as t - t o - i n te rmed ia te  speed--no son ic  

ve l  o c i  t y  propagat ion e f f e c t s  a re  considered. 

The numerical  scheme performs a  boundary va lue s o l u t i o n  where t h e  

boundary cond i t i ons  a re  t h e  i n l e t  f l ow,  i n l e t  c ross f low,  i n l e t  

en tha l  py and e x i  t pressure. 

The numerical  s o l u t i o n  has no s t a b i l i t y  l i m i t a t i o n  on space o r  t ime 

s teps . 
A  more complete t ransverse  momentum equat ion now i nc l udes  temporal 

and s p a t i a l  a c c e l e r a t i o n  o f  t he  d i v e r s i o n  c ross f low.  

A  f u e l  p i n  model o p t i o n  a l l ows  c a l c u l a t i o n  o f  f u e l  and c l add ing  

temperatures d u r i n g  t r a n s i e n t s  by s p e c i f y i n g  power d e n s i t y  . 
Forced f l o w  mix ing  due t o  d i v e r t e r  vanes o r  w i r e  wraps i s  inc luded .  

Improved numerical  procedures a1 1  ow more complete ana l ys i s  o f  

bundles w i t h  p a r t i a l  f l o w  blockages. 



The i n c l u s i o n  o f  t h e  temporal and s p a t i a l  a c c e l e r a t i o n  o f  t h e  d i v e r -  

s i o n  c ross f l ow  prov ides  a  more complete phys i ca l  model w i t h  o n l y  a  smal l  

i nc rease  i n  t h e  complex i t y  o f  t h e  numerical  s o l u t i o n .  The importance of 

these a d d i t i o n a l  phenomena a r e  governed by t he  parameters u*, C, and ( S I R ) .  

These have o n l y  a  smal l  -to-moderate a f f e c t  on subchannel f l o w  s o l u t i o n s  

f o r  most r o d  bundle analyses. The e f f e c t  o f  t h e  parameters should be 

evaluated and j u s t i f i e d  exper-iniental l y  i f  they  have impor tan t  i n f l u e n c e  

on t he  f l o w  s o l u t i o n s .  

The use o f  a  f u e l  rod  hea t  t r a n s f e r  model coupled w i t h  t h e  subchannel 

ana l ys i s  method prov ides a  more complete way o f  per forming t r a n s i e n t  

therma l -hydrau l i c  a n a l y s i s  o f  r od  bundle nuc lea r  f u e l  elements. By 

s e l e c t i n g  app rop r i a te  hea t  t r a n s f e r  c o r r e l a t i o n s  t h e  f u e l  temperature 

response t o  se lec ted  t r a n s i e n t s  can now be analyzed i n  much g r e a t e r  d e t a i l .  

While t h e  use o f  an i n l e t  f l o w  boundary c o n d i t i o n  may be e n t i r e l y  

s a t i s f a c t o r y  f o r  a  wide range o f  problems, t h e r e  a r e  many analyses where 

t he  pressure a t  each end o f  t he  bundle cou ld  be de f i ned  w i t h  g r e a t e r  ease. 

Th i s  t ype  o f  boundary c o n d i t i o n  would a l l o w  the  i n l e t  f l o w  r a t e  t o  change 

as governed by t he  boundary pressure and t he  i n t e r n a l  d r i v i n g  fo rces .  

Work i s  c o n t i n u i n g  t o  p rov ide  t h i s  t ype  o f  boundary c o n d i t i o n .  Numerical 

methods a r e  concu r ren t l y  be ing developed t o  cons ider  t r a n s i e n t  f l o w  reve r -  

s a l  , coo l  a n t  expu ls ion  and c o ~ ~ n t e r c u r r e n t  subchannel f l o w  i n  t h e  presence 

o f  a  pressure boundary c o n d i t i o n .  

FLUID TRANSPORT MATHEMATICAL MODEL 

To develop a  method f o r  p r e d i c t i n g  t he  f l o w  and entha lpy i n  se lec ted  

reg ions  o f  a  r od  bundle, a  mathematical model i s  used t h a t  cons iders  

l a t e r a l  m i x i ng  processes. The approach used i s  t he  same as i n  e a r l i e r  

ve rs ions  o f  t he  COBRA program y 2 y 3 )  where t h e  cross s e c t i o n  o f  t h e  rod  

bundle i s  d i v i d e d  i n t o  d i s c r e t e  f l o w  subchannels as shown i n  F igure  1. 

By making su , i t ab le  assumptions concerning t he  f l o w  and c ross f l ow  i n  these 

subchannels, t h e  equat ions o f  c o n t i n u i t y ,  energy and momentum can be 

de r i ved  f o r  each subchannel. Th is  s e t  o f  equat ions can then be so lved 

numer i ca l l y  by us ing  a  d i g i t a l  computer. 
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FIGURE 1. Method o f  Subchannel S e l e c t i o n  

BASIC ASSUMPTIONS 

One-dimensional, two-phase, separated,  s l i p - f l o w  e x i s t s  i n  each sub- 

channel d u r i n g  b o i l i n g .  

The two-phase f l o w  s t r u c t u r e  i s  f i n e  enough t o  a l l o w  s p e c i f i c a t i o n  

o f  v o i d  f r a c t i o n  as a  f u n c t i o n  o f  en tha lpy ,  pressure,  f l o w  r a t e ,  

a x i a l  p o s i t i o n  and t ime.  

A  t u r b u l e n t  c r o s s f l o w  e x i s t s  between a d j a c e n t  subchannels t h a t  

causes no n e t  f l o w  r e d i s t r i b u t i o n .  
The t u r b u l e n t  c r o s s f l o w  may be superimposed upon a  d i v e r s i o n  

c r o s s f l o w  between subchannels t h a t  r e s u l t s  f rom f l o w  r e d i s t r i b u t i o n .  

T h i s  may occur  a r t i f i c i a l l y  f r o m  dev ices t h a t  f o r c e  d i v e r s i o n  

c r o s s f l o w .  

Sonic  v e l o c i t y  p ropaga t ion  e f f e c t s  a r e  ignored .  

The d i v e r s i o n  c r o s s f l o w  v e l o c i t y  i s  sma l l  compared t o  t h e  a x i a l  

v e l o c i t y  w i t h i n  a  subchannel . 



The f i r s t  f o u r  assumptions a r e  t h e  same as those used i n  e a r l i e r  ve r -  

s i ons  o f  COBRA where ~ e ~ e r ' s ' ~ )  two-phase f l o w  model i s  assumed t o  app l y  

t o  r o d  bundle subchannels. The separated s l i p  f l o w  assumption i s  v a l i d  

p rov ided  t h a t  t he  separated phases have un i f o rm  p r o p e r t i e s  and mass f l u x  

i n  t h e  reg ions  they  occupy i n  t h e  channel .  Th is  i s  n o t  always t h e  case, 

espec ia l  l y  f o r  annu la r  f l o w  (") where t h e  l i q u i d  a t  t h e  w a l l  i s  a t  

s i g n i f i c a n t l y  lower  v e l o c i t y  than t h e  en t ra i ned  1 i q u i d  drops. A1 though 

t h e  separated f l o w  assumption a l l o w s  cons iderab le  s i m p l i f i c a t i o n  o f  t h e  

momentum and energy equat ions,  t he  l i m i t a t i o n s  o f  t h e  assumption should  

be r e a l i z e d  by users  o f  t h e  COBRA program. More s o p h i s t i c a t e d  two-phase 

f l o w  model ing i s  t o  be performed as p a r t  o f  ongoing work. The l a s t  two 

assumptions g r e a t l y  s i m p l i f y  t h e  mathematical  model and t h e  numer ica l  

s o l u t i o n .  Neg lec t ing  son i c  v e l o c i t y  p ropaga t ion  i s  j u s t i f i e d  f o r  moderate 

speed t r a n s i e n t s .   eyer'^) j u s t i f i e s  t h i s  assumption f o r  t r a n s i e n t s  w i t h  

t imes t h a t  a r e  l onge r  than t h e  son i c  p ropaga t ion  t ime  through t h e  channel .  

The l a s t  assumption a l l ows  a t r ansve rse  momentum equa t ion  t o  be 

de r i ved  by o n l y  p rese rv i ng  t h e  v e c t o r  d i r e c t i o n  between an ad jacen t  p a i r  

o f  subchannels. I n  o t h e r  words, t h e  crossf low l oses  i t s  sense o f  d i r e c t i o n  

when i t  en te r s  a  subchannel. Th is  assurr~pt ion a l s o  a l l ows  t h e  d i f f e r e n c e  

between t ransverse  momentum f l u x e s  normal t o  t h e  gap t o  be neglected.  

C a l c u l a t i o n s  t o  be presented l a t e r  suppor t  t h i s  assumption even f o r  severe 

f l o w  d i v e r s i o n s .  

EQUATIONS OF THE MATHEMATICAL MODEL 

The equat ions o f  t h e  mathematical  model may be de r i ved  by us i ng  t h e  

p rev ious  assumptions and by app l y i ng  t h e  genera l  equat ions o f  c o n t i n u i t y ,  

energy and momentum t o  a  segment o f  an a r b i t r a r y  subchannel, as shown i n  

Appendix A. The d e v i a t i o n s  a r e  s i m i l a r  t o  those presented e a r l i e r  (1,233) 

and a r e  i nc l uded  here f o r  completeness. For  s i m p l i c i t y  t h e  equat ions a r e  

presented f o r  an a r b i t r a r y  Subchannel ( i )  which i s  connected t o  another  

Subchannel ( j ) .  The equat ions a r e  gene ra l i zed  l a t e r  t o  account f o r  an 

a r b i t r a r y  subchannel l a y o u t .  



The r i g h t  s i d e  o f  t h e  c o n t i n u i t y  equa t i on  

g i ves  t h e  n e t  r a t e  o f  change o f  subchannel f l o w  i n  terms o f  t h e  d i v e r s i o n  

c ross  f l o w  p e r  u n i t  l eng th .  By choice,  t h e  d i v e r s i o n  cross f l o w  i s  p o s i t i v e  

when f l o w  i s  d i v e r t e d  o u t  o f  Subchannel ( i )  . The t u r b u l e n t  c ross  f l o w  does 

n o t  appear because i t  does n o t  cause a  n e t  f l o w  change. The t ime  d e r i v a t i v e  

o f  d e n s i t y  g i ves  t h e  component o f  f l o w  change caused by t h e  f l u i d  expansion 

o r  c o n t r a c t i o n .  

The r i g h t  s i d e  o f  t h e  energy equa t ion  

con ta i ns  t h r e e  terms f o r  thermal energy t r a n s p o r t  i n  a  r o d  bundle  f u e l  e l e -  

ment. The f i r s t  te rm i s  t h e  power- to- f low r a t i o  o f  a  subchannel and g ives  

t h e  r a t e  o f  en tha l  py change i f  no thermal m i x i ng  occurs.  The second te rm 

accounts f o r  t h e  t u r b u l e n t  en tha lpy  t r a n s p o r t  between a l l  i n te rconnec ted  

subchannels. The t u r b u l e n t  thermal m i x i n g  w' i s  analogous t o  eddy d i f f u s i o n  

and i s  de f i ned  through e m p i r i c a l  c o r r e l a t i o n s .  The t h i r d  te rm accounts 

f o r  t h e  thermal conduc t ion  m ix ing .  The f o u r t h  ten11 accounts f o r  thermal  

energy c a r r i e d  by t h e  d i v e r s i o n  c ross f low.  Th is  i s  a  convec t i ve  term t h a t  

r e q u i r e s  a  s e l e c t i o n  o f  t h e  en tha lpy  h* t o  be c a r r i e d  by t h e  d i v e r s i o n  

c ross f low.  The f i r s t  term on t h e  l e f t  s i d e  o f  Equat ion ( 2 )  g i ves  t h e  t r a n -  

s i e n t  c o n t r i b u t i o n  t o  t h e  s p a t i a l  r a t e  o f  en tha lpy  change. These a r e  con- 

v e c t i v e  terms w i t h  a  t r a n s p o r t  v e l o c i t y  u" .  S ince u" represen ts  t h e  e f f e c -  

t i v e  v e l o c i t y  f o r  energy t r a n s p o r t ,  t h e  t ime  d u r a t i o n  o f  a  t r a n s i e n t  i s  

r e l a t e d  t o  t h i s  v e l o c i t y .  Note t h a t  son ic  v e l o c i t y  p ropaga t ion  e f f e c t s  a r e  

ignored  by t h e  absence o f  a  ap /a t  term. 

The r i g h t  s i d e  o f  t h e  a x i a l  momentum equa t ion  
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con ta i ns  severa l  terms t h a t  govern t h e  a x i a l  p ressure  g r a d i e n t  i n  a  sub- 

channel. Wi thout  t h e  crlossflow terms, these a r e  t h e  f r i c t i o n a l  , s p a t i a l  

a c c e l e r a t i o n  and e l e v a t i o n  components o f  pressure g rad ien t .  The tu rbu-  

l e n t  c r o s s f l o w  term tends t o  equal i z e  t h e  v e l o c i t i e s  o f  ad j acen t  sub- 

channels. Th is  i s  analogous t o  t u r b u l e n t  s t resses  i n  t u r b u l e n t  f l o w .  The 

f a c t o r  fT i s  i nc l uded  t o  h e l p  account f o r  t h e  impe r fec t  analogy between 

t h e  t u r b u l e n t  t r a n s p o r t  o f  en tha lpy  and momentum. The d i v e r s i o n  c ross f low 

term accounts f o r  t h e  momentum changes due t o  changes i n  subchannel ve loc -  

i t y .  The f i r s t  two terms on t h e  l e f t  s i d e  o f  Equat ion (3)  a r e  t he  t r a n s i e n t  

components o f  t he  a x i a l  pressure g rad ien t .  

Appendix A  presents  a  d e r i v a t i o n  o f  a  more complete t ransverse  momen- 

tume t h a t  more p r o p e r l y  accounts f o r  t he  c ross f l ow  momentum coup l ing .  For 

two ad jacen t  subchannels t h i s  equa t ion  can be w r i t t e n  as 

The f i r s t  two terms a r e  new t o  t h e  momentum equa t ion  used i n  t h e  p rev ious  

COBRA program f l o w  models. They rep resen t  t h e  temporal and s p a t i a l  acce l -  

e r a t i o n *  o f  t h e  c ross f low.  The remain ing two terms a r e  t h e  f r i c t i o n  and 

pressure terms used i n  an e a r l i e r  t r ansve rse  momentum equat ion.  (1,233) 

* A  term analogous t o  a(pvL)/ay has been ignored  i n  r e l a t i o n  t o  a  term 
analogous t o  a(puv)/ax by t he  assumption o f  smal l  c r o s s f l o w  v e l o c i t y .  
Th i s  can be j u s t i f i e d  by an o r d e r  o f  magnitude a n a l y s i s  

- v a ~  + & +  2  L a v a v 
ax ax " J U -  aV "J ax 



The new parameter ( S I R )  represen ts  t he  importance o f  f r i c t i o n  and pressure 

terms versus t h e  i n e r t i a l  terms. These i n e r t i a l  terms a l s o  represen t  t h e  

t r a n s p o r t  of t h e  c ross f l ow  a t  a x i a l  v e l o c i t y  u l j .  These terms cause t he  

c ross f lows  t o  p e r s i s t  as they  move down t h e  channel. Th is  i s  t h e  " a x i a l  

i n e r t i a "  e f f e c t  o f t e n  inc luded  i n  c ross f l ow  res i s tance  c o r r e l a t i o n s .  (2,6) 

The f r i c t i o n  term i s  l i n e a r i z e d  rep resen ta t i on  o f  f l u i d  f r i c t i o n ;  however, 

COBRA p r e s e n t l y  cons iders  Cij t o  be a  non l i nea r  f u n c t i o n  t h a t  depends on 

t h e  abso lu te  va lue o f  t h e  d i v e r s i o n  c ross f low.  

The p r imary  assumptions used t o  d e r i v e  Equat ion (4 )  i s  t h a t  t he  cross-  

f l o w  through a  rod  gap loses  i t s  sense of d i r e c t i o n  upon e n t e r i n g  o r  l e a v i n g  

a  subchannel and t h a t  t h e  d i f f e r e n c e  i n  l a t e r a l  momentum f l u x  i s  smal l .  The 

d i r e c t i o n  o f  t he  c ross f l ow  i s  o n l y  cons idered between t he  two i n te r connec t i ng  

subchannels o f  i n t e r e s t .  Th is  assumption i s  v a l i d  i f  t h e  c ross f l ow  v e l o c i t i e s  

a r e  smal l  compared t o  t h e  a x i a l  v e l o c i t i e s .  Th is  i s  u s u a l l y  t he  case f o r  

most computations i n  nuc lear  r e a c t o r  r od  bundles. 

An equat ion o f  s t a t e  o f  t he  form 

pi = @(hi, p*. mi, X, t )  

i s  used t o  d e f i n e  t he  two-phase f l u i d  dens i t y .  Th is  equa t ion  can be obta ined 

by us ing  an app rop r i a te  c o r r e l a t i o n  f o r  v o i d  f r a c t i o n .  

For a  l a r g e  rod  bundle t he  p rev ious  equat ions become unwieldy;  t he re fo re ,  

a  more compact form i s  ve ry  des i r ab le .  Reference 3 presents  a  v e c t o r  form o f  
T  t h e  equat ions by us ing  a  m a t r i x  t r ans fo rma t i on  [S]  and i t s  t ranspose [S ]  . 

Using t h e  [S ]  t r ans fo rma t i on  t he  p rev ious  equat ions may be w r i t t e n  as f o l l o w s :  

C o n t i n u i t y  

Energy 

T  {+$}+ %}= { q !  - [ s l  [Ah] { w !  - [ s l T  [ ~ t ] { ~ }  

+ [h] [ S ] '  iw }  - [ s l '  [h*] 



A x i a l  Momentum 

Transverse Momentum 

where 

The elements o f  t he  m a t r i x  [S] a r e  de f i ned  through two column vec to rs  

i ( k )  and j ( k )  where, f o r  each p a i r  o f  connected subchannels ( i ,  j ) ,  a  

unique connect ion number k  i s  assigned. The connect ions numbers a r e  

assigned i n  ascending o rde r  by cons ide r i ng  Subchannel ( i )  and then ass ign-  

i n g  a  unique connect ion number f o r  each success ive ly  connected Subchannel 

( j )  where j i s  g r e a t e r  than i. By us ing  t h i s  i d e n t i f i c a t i o n  procedure t h e  

c ross f lows  can be w r i t t e n  as wk where k  i m p l i e s  t he  subchannel p a i r  i ( k ) ,  

j ( k ) .  For wk>O the  c ross f l ow  i s  chosen t o  be f rom Subchannel ( i )  t o  Sub- 

channel ( j )  where i i s  l e s s  than j. The elements o f  t he  m a t r i x  [S] a re  

de f i ned  as: Ski=O; except,  Ski=l, i f  i i k ;  and Ski=-1, i f  i = j ( k ) .  

METHOD OF SOLUTION 

The prev ious equat ions a re  so lved as a  boundary-value problem by us ing  a  

s e m i e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme. The boundary cond i t i ons  se lec ted  

f o r  t he  problem a r e  t h e  i n l e t  entha lpy,  i n l e t  f low,  i n l e t  crossf low,  and 

e x i t  pressure. I n i t i a l  c o n d i t i o n s  f o r  entha lpy,  f l ow,  and c ross f l ow  

d i s t r i b u t i o n  a r e  es tab l i shed  f rom an i n i t i a l  s teady-s ta te  c a l c u l a t i o n .  

No i n l e t  c o n d i t i o n  f o r  pressure i s  r e q u i r e d  as i t  i s  determined from t h e  

o t h e r  boundary cond i t i ons  and r e s u l t i n g  s o l u t i o n .  So l v i ng  t he  problem 

t h i s  way i s  an improvement over  t he  i n i t i a l - v a l u e  s o l u t i o n s  t h a t  a re  used 

-in Illany subcharmel ana l ys i s  computer programs. Whi le t he  use o f  t he  



i n i t i a l  va l ue  s o l u t i o n  can be j u s t i f i e d  as an approx imat ion t o  t he  boundary- 

va lue  s o l u t i o n  i f  t h e  c r o s s f l o w  r e s i s t a n c e  i s  smal l ,  i t  r e s t r i c t s  t h e  so lu -  

t i o n s  t o  a  l i m i t e d  c l a s s  o f  problems. 

Equat ion (6 )  th rough  (9)  a r e  so lved  by us i ng  a  f i n i t e  d i f f e r e n c e  p ro -  

cedure. F i n i t e  d i f f e r e n c e  node i n t e r f a c e s  a r e  numbered s t a r t i n g  a t  t h e  

i n l e t  end o f  each node. The l o c a t i o n  a t  end o f  t h e  l a s t  node i s  N+ l  where 

N  i s  t he  number o f  nodes. Entha l  py, f l ow ,  pressure and c r o s s f l o w  a re  

de f i ned  a t  t he  node i n t e r f a c e s .  Boundary c o n d i t i o n s  f o r  en tha lpy ,  f l o w  

and c r o s s f l o w  a r e  s e t  a t  t he  channel i n l e t  ( J = l )  and t h e  e x i t  pressure 

boundary c o n d i t i o n  s e t  a t  t h e  channel o u t l e t  (J=N+l) .  The d i s t a n c e  x=o 

corresponds t o  J = l  and x=L corresponds t o  J=N+l. The f i n i t e  d i f f e r e n c e  

scheme i s  w r i t t e n  f o r  an i n t e r v a l  J-1 t o  J  cor responding t o  x ~ - ~  and xJ 

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

The f i n i t e  d i f f e r e n c e  analogs t o  Equat ion (6 )  through (9 )  a re :  

C o n t i n u i t y  

Energy 

*The overscore ba r  ( - )  i n d i c a t e s  p rev ious  t ime.  

10 



Axi a1 Momentum 

Transverse Momentum 

j"" a t  - 51 + { U ~ W J  ax - u'-lw~-l}+(t) f J  wJ}= ($1 [s] {PJ-l} 

Equation ( l l ) ,  (13) and (14) can be combined to eliminate {pJ-l l and 

{mJl. Let {a '  J l  in equation (13) be written as 

where KJ represents coefficient of the flow-squared terms and 

I f J}  are the remaining terms of {a '  1. Now l e t  
j 

Squaring m . gives 
J 



2 Norma l l y  Am would be d isca rded  as b e i n g  sma l l ,  however, f o r  f l o w  

b lockage a n a l y s i s  Am can be as l a r g e  as m. It can be r e t a i n e d  by u s i n g  

t h e  f o l  l o w i n g  f o r m  f o r  Equa t ion  (18) 

and upon s u b s t i t u t i n g  Equat ion (16)  i t  becomes 

The v a l u e  o f  mJ on t h e  r i g h t  s i d e  i s  unknown b u t  i t  can be i n i t i a l l y  

e s t i m a t e d  and updated th rough  i t e r a t i o n .  By u s i n g  Equat ions (13) ,  (15) ,  

and (19) t h e  p ressure  a t  J -1  can be w r i t t e n  as 

where 

and 
> J} = -c J m2 J-1J - + { " A J- A t  "J -.I} 



The pressure d i f f e r e n c e  between subchannels can now be w r i t t e n  as 

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  Equat ion (14) t o  e l i m i n a t e  [S ]  {pJ-l) 

g ives  a  s e t  of s imultaneous equat ions o f  t he  form 

where 

and 

The f i r s t  t h r e e  i tems on t h e  r i g h t  s i d e  o f  Equat ion (25) a r e  d iagonal  

mat r i ces .  The f i r s t  two o f  these come f rom t h e  added temporal and s p a t i a l  

a c c e l e r a t i o n  terms i n  t he  t ransverse  momentu~ii equat ion. They a re  a1 so very  

impo r tan t  as they p rov ide  a d d i t i o n a l  numerical  s t a b i  1  i ty. Reducing Ax and 

A t  adds more d iagonal  dominance and thus more s t a b i l i t y  t o  t h e  numerical  

s o l u t i o n .  As i n  e a r l i e r  d i f f e r e n c e  schemes ( '  9 2 9 3 )  t h e  l a s t  term on t he  

r i g h t  s i d e  o f  Equat ion (25) i nc l udes  a  m a t r i x  which i s  s i n g u l a r  f o r  any r o d  

bundle problem w i t h  a  l a t e r a l  t ransverse  f l o w  loop.  The a d d i t i o n a l  terms 

i n  Equat ion (25) remove t he  s i n g u l a r i t y  thus a l l o w  a  unique s o l u t i o n  f o r  t he  

c ross f low.  Th i s  l a s t  term a l s o  i nc l udes  some new terms as compared t o  t he  

p rev ious  COBRA-111 model. As shown i n  Equat ion (21 ) one i s  a  term t o  account 

f o r  t h e  a x i a l  f r i c t i o n  pressure l o s s  a t  x  Th is  i s  a  very  impor tan t  term 
j. 



f o r  f l o w  blockage a n a l y s i s  because i t  a l l ows  t h e  c a l c u l a t i o n  t o  l o o k  down- 

s t ream and account f o r  a  sudden l a r g e  change i n  t h e  f r i c t i o n  p ressure  g r a d i e n t .  

P rev i ous l y ,  COBRA-111 cou ld  n o t  cons ider  l a r g e  l o c a l  p ressure  l o s s  c o e f f i -  

c i e n t s  f o r  ve ry  nonuni form l a t e r a l  placement o f  b lockages. The o t h e r  new term 

A x l A t  i n  Equat ion (21 ) accounts f o r  r a p i d  changes i n  t h e  f l o w  mJ. The p re -  

v i ous  ( I 6 )  v e r s i o n  o f  COBRA-I11 cou ld  n o t  cons ider  t r a n s i e n t s  w i t h  t ime  s teps 

l e s s  than  t h e  t r a n s i t  t ime  through a  node. 

The m a t r i x  [ M I  c o n t r o l s  t h e  d i s t r i b u t i o n  o f  c ross f l ow ;  however, t h e  vec- 

t o r  {b)  con ta i ns  t h e  c r o s s f l o w  f o r c i n g  ten i is .  The f i r s t  two terms on t h e  

r i g h t  s i d e  o f  Equa.tion (26) t r y  t o  m a i n t a i n  t h e  c ross f l ow  t h a t  e x i s t e d  a t  

p rev ious  t i m e  o r  space. I f  o t h e r  f o r c e s  d i d  n o t  e x i s t ,  c ross f l ow  would tend  

t o  p e r s i s t .  The t h i r d  te rm i s  t he  pressure d i f f e r e n c e  a f f e c t i n g  t h e  c ross f l ow .  

Th i s  i s  a l s o  t h e  te rm t h a t  feeds downstream i n f o r m a t i o n  i n t o  t h e  c ross f l ow  

s o l u t i o n .  The f o u r t h  term p rov ides  t h e  b a s i c  d r i v i n g  f o r c e  f o r  c ross f l ow .  I f  

t h e  pressure g r a d i e n t s  due t o  f r i c t i o n ,  a c c e l e r a t i o n  and g r a v i t y  a r e  unbal -  

anced, c ross f l ows  occur  i n  an a t tempt  t o  equa l i ze  them. 

DISCUSSION OF PARAMETERS 

S o l u t i o n s  t o  t h e  p rev ious  s e t  of equat ions r e q u i r e  a  c e r t a i n  amount o f  

e m p i r i c a l  i n f o rma t i on .  Because of t h e  i ncompl e t e  know1 edge o f  s teady s t a t e  and 

t r a n s i e n t  two-phase f low i n  bundles some o f  t h i s  i n f o r m a t i o n  must be supp l i ed  

by assumption. For  example, h* and u* a r e  commonly assumed t o  be t h e i r  respec- 

t i v e  va lues from t h e  donor subchannels. Other  s e l e c t i o n s  o f  u* and h* may be 

made(8) t o  account f o r  t h e  nonuni form en tha lpy  d i s t r i b u t i o n  i n  a  subchannel. 

T h i s  u s u a l l y  r e q u i r e s  i n f o rma t i on  about t h e  l iqu id-and-vapor-phase d i s t r i b u -  

t i o n .  The f a c t o r  fT used t o  account f o r  t h e  i m p e r f e c t  analogy between eddy 

d i f f u s i v i t y  o f  hea t  and momentum i s  a l s o  unknown b u t  i t s  e f f e c t  i s  weak. For  

many problems fT can be s a f e l y  s e t  equal t o  zero.  ) The c o r r e l  a t i  ons r e q u i  r e d  

f o r  c a l c u l a t i n g  t h e  p ressure  g r a d i e n t  a r e  o f  ma jo r  importance. Th i s  i nc l udes  

t h e  c o r r e l a t i o n s  f o r  f r i c t i o n  f a c t o r ,  subcooled v o i d  f r a c t i o n ,  b u l k  v o i d  

f r a c t i o n  and two-phase f r i c t i o n  m u l t i p l i e r .  Fo r t una te l y ,  c o r r e l a t i o n s  o f  these  

e f f e c t s  developed f o r  s imple channels ('-12) may be a p p l i e d  t o  r o d  bundle  sub- 

channel s  f o r  s teady s t a t e  w i t h  reasonably  good r e s u l t s .  (13-15) S ince t h e i r  



accuracy i s  q u e s t i o n a b l e  f o r  h i g h  speed t r a n s i e n t s ,  a d d i t i o n a l  exper imen ta l  

work i s  needed i n  t h i s  area.  T u r b u l e n t  m i x i n g  must a l s o  be s p e c i f i e d  f r o m  

e m p i r i c a l  c o r r e l a t i o n s  o r  da ta .  A t  t h e  p r e s e n t  t i m e  a  d e f i n i t i v e  c o r r e l a -  

t i o n  f o r  m i x i v g  does n o t  e x i s t  f o r  a l l  bund le  geometr ies  and a l l  f l o w  con- 

d i t i o n s .  Some progress has been made t o  d e s c r i b e  m i x i n g  f o r  s i n g l e  (5,16917) 

and two-phase f l o w ;  (831431  5, however, v e r y  1  i t t l e  i s  known about  two-phase 

m i x i n g  processes d u r i n g  t r a n s i e n t s .  

The t r a n s v e r s e  momentum e q u a t i o n  and f u e l  h e a t  t r a n s f e r  model add s t i l l  

more parameters t o  t h e  subchannel a n a l y s i s  method. These parameters and 

t h e i r  e f f e c t  on t y p i c a l  r o d  bund le  c a l c u l a t i o n s  a r e  d i scussed  i n  t h e  suc- 

ceed iug s e c t i o n s .  

Transverse Monientum Eaua t i  on Para~ i ie te rs  

The more complete t r a n s v e r s e  ~iiomentum e q u a t i o n  i n t r o d u c e s  a  new param- 

e t e r  ( S I R )  and a l s o  suggests p o s s i b l e  new impor tance f o r  t h e  terms u* and C. 

Some i n s i g h t  concern ing  t h e  impor tance o f  these  parameters can be found by 

i n s p e c t i n g  t h e  f i n i t e  d i f f e r e n c e  form o f  t h e  combined t r a n s v e r s e  momentum 

equa t ion ,  Equa t ion  (24 ) .  Fo r  d i s c u s s i o n  purposes, c o n s i d e r  , t h e  m a t r i x  [MI 

f o r  two i n t e r c o n n e c t e d  subchannels o f  equal  area.* The m a t r i x  has o n l y  one 

e lement  g i v e n  by 

where u* i s  t h e  average o f  t h e  two subchannel v e l o c i t i e s .  The r e l a t i v e  

impor tance o f  t h e  terms can be c o n t r o l l e d  by a r b i t r a r i l y  s e l e c t i n g  Ax. The 

second and f o u r t h  terms can be made o f  comparable magni tude by s e l e c t i n g  

s / k  = 112 and Ax2 = A which u s u a l l y  r e q u i r e s  Ax < 0.5 i n c h  f o r  t y p i c a l  

n u c l e a r  r e a c t o r  r o d  bund le  problems. A l a r g e r  v a l u e  o f  Ax i s  n o r m a l l y  used 

as i t  reduces computat ion t i m e  f o r  l o n g  bundles.  I n  those  cases t h e  l a s t  

te rm i s  t h e  l a r g e s t  one. The s m a l l e s t  te rm i s  u s u a l l y  t h e  t r a n s v e r s e  

f r i c t i o n  term, C. I t  c o n t a i n s  t h e  f r i c t i o n  c o e f f i c i e n t  Kij wh ich c o u l d  

* A '  s i m i l a r  e q u a t i o n  f o r  unequal areas shows t h a t  a  s i g n  change l e a d i n g  t o  
i n s t a b i l i t i e s  can occur  depending upon t h e  subchannel v e l o c i t i e s  and f l o w  
areas.  T h i s  i s  a  source o f . c o m p u t a t i o n  f a i l u r e  o f  COBRA-when subchannel 
areas a r e  h i g h l y  nonuni form.  



be expected t o  be on t he  o rde r  o f  u n i t y  o r  l ess .  Th is  f r i c t i o n  c o e f f i c i e n t  

does n o t  i n c l u d e  an " a x i a l  i n e r t i a "  te rm conta ined i n  some prev ious  c ross f l ow  

r e s i s t a n c e  c o r r e l a t i o n s .  ( 5 y 6 )  It i s  improper t o  use those c o r r e l a t i o n s  here 

because t he  " a x i a l  i n e r t i a "  e f f e c t  i s  conta ined i n  t h e  t ransverse  momentum 

term u*/Ax. Th is  can be seen by w r i t i n g  t he  pressure d i f f e r e n c e  pi-p = 
j 

u*dw/dx. I f  dw i s  approximated by w  and i f  dx i s  approximated by an appro- 
2  p r i a t e  leng th ,  then, p.-p a (u*/v)  v  and t he  res i s tance  c o e f f i c i e n t  due 

1 j 
t o  a x i a l  i n e r t i a  i s  p r o p o r t i o n a l  t o  u*/v. Th is  r a t i o  i s  l a r g e  f o r  smal l  

c ross f l ow  v e l o c i t y .  'The same r e s u l t  i s  r epo r ted  i n  a  combined momentum and 

f r i c t i o n  c ross f l ow  c o r r e l a t i o n  by ~ h a n ( ~ )  a t  l a r g e  values o f  u * l v .  A t  smal l  

va lues o f  u*/v Khan's c o r r e l a t i o n ,  e t . a l  , reduces t o  Ki a 0.25 which would 

presumably be an es t imate  o f  t h e  f r i c t i o n  c o e f f i c i e n t  f o r  pure c ross f low.  

Th is  d i scuss ion  p o i n t s  o u t  t he  usual  dominance of u*/Ax over  (s/k)C. The 

values o f  C a r e  t h e r e f o r e  r e l a t i v e l y  un impor tant  f o r  most problems. Th is  

conc lus ion  may n o t  be t r ue ,  however, f o r  ve ry  c l o s e l y  spaced r o d  bundles 

s i nce  C i s  be l i eved  t o  be n e a r l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square o f  t he  

gap spacing. 

The ( s / k )  parameter appears i n  a l l  b u t  t he  t ransverse  momentum terms; 

t he re fo re ,  as l ong  as u*/Ax and l / A t  a re  smal l  components of [MI, ( s / k )  i s  

a  weak parameter. Since t h i s  i s  u s u a l l y  t he  case f o r  t h e  va lue o f  Ax used 

i n  r od  bundle ana l ys i s  ( S I R )  need n o t  be s p e c i f i e d  t o  h i gh  accuracy. For 

core-wide a n a l y s i s  o f  p ressur ized  water r e a c t o r s  t h i s  conc lus ion  may n o t  be 
2 v a l i d  because Ax may be smal l  compared t o  A. 

The v e l o c i t y  u* appears i n  t h e  t ransverse  and a x i a l  momentum terms. 

Since these a r e  u s u a l l y  t he  l a r g e s t  components o f  [MI, u* cou ld  have a  

s t r onge r  e f f e c t  on c ross f l ow  s o l u t i o n s  than t he  p r e v i o u s l y  discussed param- 

e te r s .  The cho ice  o f  u* must p r e s e n t l y  be made by assumption because o f  

i n s u f f i c i e n t  da ta  t o  de f ine  i t  accu ra te l y .  For tuna te ly ,  a  v a r i e t y  o f  assump- 

t i o n s  can be made t h a t  g i v e  comparable va lues o f  u*. This i s  because most 

bundles have r a t h e r  un i f o rm  subchannel v e l o c i t y  d i s t r i b u t i o n s  . The most 

se r i ous  e r r o r s  i n  u* cou ld  occur where l a r g e  subchannel v e l o c i t y  d i f f e r e n c e s  

occur.  I n  those cases t he  e f f e c t  of t he  u* assumption should be checked. 
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The p rev ious  comments concerning t he  u s u a l l y  smal l  magnitude o f  

u*/Ax and C does n o t  mean t h a t  they can be dropped from t h e  c a l c u l a t i o n s .  

They p l a y  a v i t a l  r o l e  i n  t h e  numerical  s t a b i l i t y .  As discussed p rev ious ly ,  

p a r t  o f  t h e  m a t r i x  [ M I  i s  a  s i n g u l a r  m a t r i x  f o r  any problem where one o r  

more t ransverse  f l o w  loops e x i s t  such as around a  f u e l  rod. I n  those cases 

t he  c ross f l ow  around t h e  l oop  i s  n o t  unique. I n c l u d i n g  u*/Ax and C remove 

t h e  s i n g u l a r i t y  by imposing t h e  f r i c t i o n  and momentum c o n s t r a i n t  t h a t  t he  

sum o f  t he  pressure drop around may t ransverse  l oop  i s  equal t o  zero.  

Mathemat ica l l y  these terms add diagonal dominance t o  [ M I ,  thus, improve 

t he  c o n d i t i o n  o f  [ M I .  The diagonal dominance can be improved by decreas ing 

Ax. 

FORCED CROSS FLOW MIXING 

The p rev ious  f i n i t e  d i f f e r e n c e  scheme a l lows  f o r ced  d i v e r s i o n  cross-  

f l ows  t o  be s p e c i f i e d .  Th is  f e a t u r e  a l lows  t he  e f f e c t s  o f  fo rced  f l o w  

d i v e r t e r  vanes and fo rced  c ross f l ow  m ix i ng  f rom w i r e  wrapped bundles t o  

be considered. 

COBRA-I1 I C  i nc ludes  a  f o r ced  c ross f l ow  m i x i n g  model which was o r i g i -  

na l  l y  developed f o r  t h e  COBRA-I I program(Z) b u t  n o t  pub1 ished.  I n i t i a l  ' 

c a l c u l a t i o n s  w i t h  COBRA-I1 were n o t  e n t i r e l y  s a t i s f a c t o r y  because t he  

numerical s o l u t i o n  was n o t  a  boundary-value f l o w  s o l u t i o n .  The absence 

o f  t he  boundary-value s o l u t i o n  a l lowed c ross f lows  t o  inc rease  f i c t i t i o u s l y  

around t he  per iphery  o f  a  bundle as t he  bundle s i z e  was increased. The 

method o f  s o l u t i o n  d i d  n o t  a l l o w  t h e  f o r ced  f l o w  d i ve rs i ons  t o  r e d i s t r i b u t e  

f l o w  a x i a l l y .  The boundary-value s o l u t i o n  used i n  COBRA-IIIC a l lows  these 

c a l c u l a t i o n s  t o  be inc luded  on a  more r e a l i s t i c  bas is .  The f o l l o w i n g  

t e n t a t i v e  model i s  t he  one conta ined i n  COBRA-IIIC. Consider t h e  w i r e  

wrap as i t  passes f rom one subchannel t o  another  as shown i n  t he  sketch. 



Where t h e  wrap crosses t h e  min-imum p a r t  o f  t h e  gap t h e  s lope  o f  t h e  wrap 

imposes a  t ransverse  v e l o c i t y  g i ven  by 

I f  t h i s  i s  m u l t i p l i e d  by t h e  f l u i d  d e n s i t y  and gap spac ing t h e  c ross f l ow  

pe r  u n i t  l e n g t h  becomes 

Th i s  equa t ion  appl ' ied a t  t h e  gap o n l y .  When t h e  wrap i s  s u f f i c i e n t l y  f a r  ' I  

away f rom the  gap i t  probably  has l i t t l e  o r  no e f f e c t  on f o r c i n g  f l o w  through 

t h e  gap i n  ques t ion .  I t  i s  now pos tu l a ted  t h a t  t h e r e  i s  some f u n c t i o n  

f (x/P) t h a t  p e r i o d i c a l  l y  de f i nes  t h e  'importance o f  Equat ion (29) f o r  

d e f i n i n g  t h e  f o r ced  c ross f l ow  through a  chosen gap. Th i s  f u n c t i o n  may 

l o o k  something l i k e  t h e  one i n  t h e  f o l l o w i n g  ske tch  

The r i s e  i n  t h e  f u n c t i o n  represen ts  t h e  approach o f  t h e  w i r e  toward t h e  gap. 

The f u n c t i o n  peaks a t  1.0 accord ing  t o  Equat ion (29)  and then  decays as t h e  

wrap moves away f rom t h e  gap. The area under t h e  curve represen ts  t h e  f r a c -  

t i o n  o f  f l o w  d i v e r t e d  through t h e  gap as compared t o  t h e  t o t a l  p o s s i b l e  f l o w  

t h a t  cou ld  be c a r r i e d  by a  wrap over  an e n t i r e  p i t c h  l e n g t h .  S ince t h e  

shape o f  t h i s  f u n c t i o n  i s  n o t  known, t h e  pu lse  i s  assumed t o  be a  r e c t a n g u l a r  

pu lse  w i t h  w i d t h  6. The f o r c i n g  f u n c t i o n  i s  then f ( x / p )  = 0, except  f o r  b 



For computations i n  COBRA i t  i s  p r e s e n t l y  assumed t h a t  t h e  f l o w  car -  

r i e d  through a  gap by a  wrap occurs over one node l eng th ,  Ax. The t o t a l  

f l o w  d i v e r t e d  i s ;  t he re fo re ,  

D i v i d i n g  t h i s  by Ax g i ves  t h e  c ross f l ow  pe r  u n i t  l e n g t h  over one node 

1  eng t h  

W - 'ij - = .rr ( ~ + t )  (q) ($-) mi ; X-AX<X <x f o r ced  Ax c 

Th is  equat ion shows t h a t  a  f r a c t i o n  o f  t h e  subchannel f l o w  mi i s  d i v e r t e d  

f rom one subchannel t o  another  when a  wrap crosses a  gap a t  a x i a l  p o s i t i o n  

x  when %-Ax< x  <x. 
C - C 

The c a l c u l a t i o n s  a l s o  c o r r e c t  t he  subchannel f l o w  area and wet ted 

pe r ime te r  f o r  t he  number a  wraps i n  a  subchannel a t  each a x i a l  p o s i t i o n .  

The s p e c i f i e d  va lue o f  f o r ced  c ross f l ow  i s  i nc l uded  by s imply  modify- 

i n g  Equat ion (24).  Suppose the  c ross f l ow  i n  gap R i s  t o  be s p e c i f i e d .  

F i r s t  t h e  r i g h t  s i d e  {b) must be mod i f ied .  For  each k  f R 

b  - - bk -MkR w 

kmod 'forced 

and f o r  k  = R 

b  - - 
kmod "forced 

The m a t r i x  [MI i s  mod i f i ed  by s e t t i n g  row R and column R equal t o  zero 

except  MRR = 1. As an example i f  !?, = 3 t he  m a t r i x  m o d i f i c a t i o n  would be 



- 
M1 1 

M2 1 

0  

M4 1 

- 
- 
- 

Mnl 
- 

W 

3f orced 

The same procedure a p p l i e s  i f  more t h a n  one c r o s s f l o w  i s  b e i n g  f o r c e d .  

Forced c r o s s f l o w  m i x i n g  due t o  d i v e r t e r  vanes i s  cons idered i n  much t h e  

same way. When subchannel g r i d  spacer losses  a r e  s p e c i f i e d  f o r  i n p u t  t o  

COBRA-IIIC, a  f l o w  d i v e r s i o n  f r a c t i o n  i s  s p e c i f i e d  where t h e  f r a c t i o n  i s  

d e f i n e d  by t h e  r a t i o  wij Ax/mi i f  w..>o and w Ax/m. i f  w..<o. 
1 J  i j  J 1J 

The p r e v i o u s  method o f  c o n s i d e r i n g  f o r c e d  c r o s s f l o w  should  be cons id-  

e r e d  t e n t a t i v e  u n t i l  exper imen ta l  d a t a  a r e  a v a i l a b l e  t o  check t h e  v a l i d i t y .  

COMPUTATION PROCEDURE 

Steady-s ta te  computat ions a r e  performed f i r s t  t o  o b t a i n  i n i t i a l  cond i -  

t i o n s  f o r  t h e  t r a n s i e n t .  S ince t h e  p r e v i o u s l y  presented f i n i t e  d i f f e r e n c e  

equa t ions  a r e  s t a b l e  f o r  l a r g e  t i m e  s teps,  those same equa t ions  a r e  used f o r  

t h e  s teady  s t a t e  c a l c u l a t i o n s  by s e t t i n g  A t  equal  t o  some a r b i t r a r i l y  l a r g e  

va lue .  An i t e r a t i o n  i s  performed u n t i l  convergence o f  t h e  f l o w  s o l u t i o n  i s  

ob ta ined .  Convergence i s  ach ieved when t h e  change i n  any subchannel f l o w  i s  

l e s s  than  a  u s e r  s e l e c t e d  f r a c t i o n  o f  t h e  f l o w  f r o m  t h e  p rev ious  i t e r a t i o n .  



For each i t e r a t i o n  t h e  computat ion sweeps f rom t h e  i n l e t  t o  t h e  e x i t  

o f  t he  channel. With - i n l e t  boundary i n f o r m a t i o n  on f low,  c ross f l ow  and 

en tha lpy  given, t he  en tha lpy  can be advanced one space s tep  by us ing  

Equat ion (11) .  For  t h e  f i r s t  i t e r a t i o n  t he  f l o w  { m J I  i s  s e t  equal t o  {mJ 

o therw ise  t h e  p rev ious  i t e r a t e  i s  used. The c ross f l ow  s o l u t i o n  i s  performed 

by s o l v i n g  Equat ion (24)  where t h e  prev ious i t e r a t e  va lue o f  t h e  subchannel 

pressure d i f f e rence  [S]{p31. A f t e r  t h e  c ross f l ow  { w J I  i s  c a l c u l a t e d  {mJJ 

i s  c a l c u l a t e d  from Equat ion (11) and [ S ] { P ~ - ~ I  i s  c a l c u l a t e d  f rom Equat ion (23)  

and saved f o r  use d u r i n g  t he  n e x t  i t e r a t i o n .  Note t h a t  [S]{pJI  i s  down- 

stream o f  [ S ] { P ~ - ~  I ; therefore,  i t e r a t i o n  a1 lows t he  downstream pressure 

d i f ferences t o  be f e l t  a t  upstream l o c a t i o n s .  A t  t he  end o f  t he  channel t h e  

boundary c o n d i t i o n  i s  [S ] {p I  = 0. I n  t h i s  way a boundary va lue s o l u t i o n  i s  

obta ined.  Only a  few i t e r a t i o n s  a r e  s u f f i c i e n t  f o r  convergence because t h e  

pressure d i f f e r e n c e  [S] {p I  o n l y  propagates a  few nodes most problems. 

The above equat ions do n o t  r e q u i r e  ac tua l  pressure s ince  pressure d i f -  

fe rence  i s  o n l y  used i n  t h e  combined momentum equat ion.  The c a l c u l a t i o n  of 

pressure i s ,  t he re fo re ,  o n l y  a  back c a l c u l a t i o n .  It i s  c a l c u l a t e d  f rom 

Equat ion (13)  i n  a  forward d i r e c t i o n .  When the  e x i t  i s  reached t h e  pressures 

a r e  s e t  equal t o  t he  e x i t  pressure. 

T rans ien t  c a l c u l a t i o n s  a re  performed i n  t he  same way b u t  f o r  a  

se lec ted  t ime s tep  A t .  Boundary cond i t i ons  and o t h e r  f o r c i n g  f u n c t i o n s  

a r e  s e t  t o  t h e i r  des i r ed  values a t  new t ime; then, t he  c a l c u l a t i o n  sweeps 

through t he  channel f o r  t he  number o f  i t e r a t i o n s  requ i red  t o  achieve con- 

vergence on t he  c ross f low.  The converged s o l u t i o n  i s  used f o r  the  new 

i n i t i a l  c o n d i t i o n  and t he  procedure cont inues f o r  a l l  t ime  s teps.  

FUEL ROD HEAT TRANSPORT 

I n  a  p r e v i o u s l y  pub l i shed  ve rs i on  o f  COBRA-I11 t he  f u e l  hea t  f l u x  was 

assumed t o  be known from i n p u t  data.  Th is  was r a t h e r  u n s a t i s f a c t o r y  f o r  

some computations s i nce  i t  r e q u i r e d  a  p r i o r  knowledge o f  t he  f u e l  hea t  



t r a n s f e r .  A  more s a t i s f a c t o r y  approach i s  t o  l e t  t h e  h e a t  f l u x  occur  

n a t u r a l l y  by changing t h e  hea t  genera t ion ,  h e a t  t r a n s f e r  c o e f f i c i e n t  o r  

f l u i d  temperature .  

The f u e l  h e a t  t r a n s f e r  model i n c l u d e d  i n  COBRA-IIIC c o n s i d e r s  r a d i a l  

conduc t ion  w i t h i n  t h e  f u e l  by d i v i d i n g  t h e  f u e l  i n t o  e q u a l l y  spaced con- 

c e n t r i c  r i n g s  as shown i n  F i g u r e  2. A x i a l  and c i r c u m f e r e n t i a l  h e a t  conduc- 

t i o n  a r e  p r e s e n t l y  i gnored .  A x i a l  h e a t  conduc t ion  can be i g n o r e d  because 

a x i a l  temperature  g r a d i e n t s  a r e  u s u a l l y  s m a l l .  C i r c u m f e r e n t i a l  hea t  con- 

d u c t i o n  i s  i g n o r e d  t o  m a i n t a i n  a  reasonable  l i m i t  on t h e  number o f  f u e l  

nodes. T h i s  assumpt ion can be j u s t i f i e d  i f  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 s  

and f l u i d  temperatures a r e  r a t h e r  u n i f o r m  around a  f u e l  rod .  For  b o i l i n g  

f l o w  t h e  f l u i d  temperature  i s  u s u a l l y  q u i t e  un i fo rm.  The v a l i d i t y  o f  

assuming a  u n i f o r m  h e a t  t r a n s f e r  c o e f f i c i e n t  must be e v a l u a t e d  f o r  each 

p r o b l  em. 

F i g u r e  2 shows t h e  node l a y o u t  used t o  c o n s t r u c t  t h e  conduc t ion  model. 

The f u e l  i s  d i v i d e d  i n t o  equal  r a d i a l  nodes p l u s  a  node f o r  t h e  c ladd ing .  

For N  nodes t h i s  g i v e s  N+1 temperatures where t h e  temperature  a t  i = N+l 

FIGURE 2. Fuel Model Node D e s i g n a t i o n  



i s  a t  t he  o u t e r  su r face  o f  t h e  c ladd ing .  An e f f e c t i v e  gap conduc- 

tance c o e f f i c i e n t  i s  used a t  t h e  f u e l - c l a d  i n t e r f a c e  t o  corr~bine t he  

conductance o f  t he  c l add ing  and t he  gap. The sur face  heat  t r a n s f e r  coe f -  

f i c i e n t  i s  a r b i t r a r i l y  s p e c i f i e d  through heat  t r a n s f e r  c o r r e l a t i o n s .  An 

average heat  t r a n s f e r  c o e f f i c i e n t  i s  determined f rom a  c i r c u m f e r e n t i a l  l y  

weighted average o f  the  heat  t r a n s f e r  c o e f f i c i e n t s  i n  t he  subchannels 

surrounding a  f u e l  rod.  A  s i m i l a r  c a l c u l a t i o n  i s  performed t o  o b t a i n  

an average f 1  u i d  temperature. 

The numerical s o l u t i o n  developed i n  Appendix B uses an i m p l i c i t  f i n i t e  

d i f f e r e n c e  scheme (18'19) t h a t  i s  s t a b l e  f o r  a l l  t ime  s teps.  The equat ions 

used f o r  the  numerical s o l u t i o n  a re  as f o l l o w s :  

i = 1, temperature a t  f u e l  cen te r  - 

1  < i I N-1 , temperature i n  fue l  r eg ion  

i =N. f u e l  temuerature a t  f u e l - c l a d  i n t e r f a c e  

i = N +1, c l add ing  temperature 



These equations are  arranged as a  s e t  of simultaneous equations where the 

temperature coeff ic ient  matrix i s  tr idiagonal.  This system of equations i s  

solved by us-i ng a  corr~pact Gaussian el imi nation routine for  tridiagonal 

matrices. 

The fuel heat t ransfer  niodel i s  used only once per time s tep to  calcu- 
l a t e  the fuel rod heat f lux.  By using data a t  time t the fuel temperature 

i s  advanced t o  t + A t  during the f i r s t  flow solution i t e ra t ion .  That tem- 

perature and result ing heat f lux calculation i s  held constant during the 

flow solution i t e ra t ion .  

COMPUTER PROGRAM DESCRIPTION 

COBRA-I11 should be thought of as an automated solution t o  the basic 

s e t  of d i f fe ren t ia l  equations of the mathematical model. To actual ly  

perform t h i s  solution,  the user must provide input. This input not only 
includes the geometric parameters and operating conditions, b u t  a1 so the 

various required empirical or semiempirical correlations.  Any s e t  of 

correlations can give a  solution,  b u t  some correlations will give be t te r  

solutions.  A t  the present time, guidelines have not been established for  

complete selection of these correla t ions;  therefore,  the COBRA-I11 program 

does not contain a  pre-selected s e t  of input correlations.  Several cor- 

re la t ions  are  provided fo r  examples, b u t  the f ina l  selection must be made 

by the user. Considerable work i s  required t o  define correla t ions  and 

flow modelling applicable to  rod bundle t ransients .  The appl icabi l i ty  

of the two-phase flow model should always be evaluated by the user. Users 
should a l so  j u s t i fy  use of COBRA fo r  any analysis outside the range experi- 

mental ver i f icat ion.  Experiments may be required in some cases to  verify 

application of COBRA.  

The following sections present the general features of the COBRA-111 

program, an i l l u s t r a t ed  description of the program organization and a  

description of the program's subroutines. 



GENERAL FEATURES 

The significant features of COBRA-I11 include the following: 

I t  considers both steady-state and transient flow in rod bundle 

fuel elements. 

I t  performs a boundary-value flow solution that  permits the 

influence of downstream flow disturbances to  be f e l t  upstream. 

I t  can consider both single- and two-phase flow. 

I t  considers the effects  of turbulent and thermal conduction mix- 

ing throughout the bundle by using empirically determined mixing 

coefficients.  
I t  includes mixing which resul ts  from the convective transport of 

enthalpy by diversion crossflow. 
I t  includes the momentum transport-between adjacent subchannels 

which resul ts  from both turbulent and diversion crossflow. 

I t  includes the effect  of temporal and spatial acceleration in 

the transverse momentum equation. 

I t  includes the effect  of transverse resistance to  diversion 

crossf 1 ow. 
I t  can consider an arbitrary layout of fuel rods and flow sub- 

channels for analysis of most any rod bundle configuration. A 
single subchannel may interact  with u p  t o  four adjacent subchannels, 

and a fuel rod may transfer heat to a maximum of s ix  adjacent 

subchannels. 

I t  can include arbi t rary heat flux distribution by specifying 
the axial flux dis t r ibut ion,  re lat ive rod power, and the fraction 

of rod power to each of the s ix  adjacent subchannels. (The l a t t e r  

feature allows variation in circumferential rod heat f lux.)  

I t  can consider time varying fuel rod temperatures. 
I t  can consider variable subchannel area and gap spacing. 

I t  can consider nonuniform hydraulic behavior by assigning d i f fe r -  

ent single-phase f r ic t ion  factors to selected subchannels. 

I t s  subroutines are designed to allow the user to  s e t  u p  empirical 

correlations of his choice and then select  these correlations 

through input options. 



It inc ludes  op t i ons  t o  s e l e c t  a r b i t r a r y  subchannel i n l e t  f l o w  and 

en tha l  py. 

It can cons ider  f o r c e d  c r o s s f  low m ix i ng  due t o  d i v e r t e r  vanes o r  

w i r e  wrap spacers. 

The numerical  s o l u t i o n  a l l ows  a n a l y s i s  o f  p a r t i a l  f l o w  blockages 

i n r o d  bundl es . 

PROGRAM ORGANIZATION 

The o r g a n i z a t i o n  o f  t h e  COBRA-IIIC program i s  s i m i l a r  t o  t h a t  o f  t h e  

COBRA-I11 program; however, severa l  new subrou t ines  have been added and t h e  

o l d  subrou t ines  have been reorganized t o  pe rm i t  t he  expanded program capa- 

b i l i t y .  The c a l c u l a t i o n a l  procedure has been rev i sed  t o  use t h e  p r e v i o u s l y  

descr ibed  numer i ca l  s o l u t i o n s  f o r  bo th  steady s t a t e  and t r a n s i e n t  cond i t i ons .  

The o r g a n i z a t i o n  o f  t he  main COBRA-IIIC program can bes t  be descr ibed  by 

f o l l o w i n g  t h e  f l o w  c h a r t  o f  F i gu re  3. The f i r s t  f u n c t i o n  o f  t h e  program i s  

t o  read i n  t h e  i n p u t  data.  Th is  i s  accomplished by success ive ly  r ead ing  i n  

t h e  12 groups o f  i n p u t  da ta  t h a t  a r e  r e q u i r e d  f o r  t he  c a l c u l a t i o n s .  Some 

o f  these groups a r e  o p t i o n a l  and a r e  n o t  needed f o r  c e r t a i n  problems. New 

cases, a f t e r  t h e  f i r s t ,  r e q u i r e  i n p u t  o f  o n l y  t he  card  groups t h a t  w i l l  

change t h e  i n p u t  o f  t he  prev ious case. The new i n p u t  data f o r  each case 

may be p r i n t e d  o u t  p r i o r  t o  s t a r t i n g  t h e  c a l c u l a t i o n s .  The user  can a l s o  

o m i t  t h i s  o r  can p r i n t  o u t  t he  e n t i r e  s e t  o f  i n p u t  f o r  each case. 

Boundary c o n d i t i o n s  a re  es tab1 i shed f o r  t h e  s  teady-s ta te  s o l u t i o n  by 

r e c a l l i n g  p r e v i o u s l y  s t o r e d  values o f  i n l e t  f l o w  r a t e  and en tha lpy  estab- 

l i s h e d  f r om t h e  i n p u t  data.  Sub'routine SPLIT i s  used t o  c a l c u l a t e  subchan- 

n e l  f l ows  t o  g i v e  equal subchannel pressure g rad ien ts ,  i f  i t  i s  requested 

by an i n p u t  op t ion .  A l l  c ross f lows  and t h e  m a t r i x  [S] {p) a re  s e t  equal t o  

zero  t o  e s t a b l i s h  t h e  i n l e t  c ross f l ow  and e x i t  pressure boundary c o n d i t i o n  

and t o  p rov ide  an i n i t i a l  es t imate  f o r  s t a r t i n g  t h e  i t e r a t i o n  procedure. 
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An i t e r a t i o n  l o o p  i s  now en te red  which sweeps t h e  c a l c u l a t i o n  th rough  

t h e  bundle. W i t h i n  t h i s  l o o p  i s  a  c a l l  t o  Subrout ine SCHEME t h a t  c a r r i e s  

t h e  s o l u t i o n  through t h e  bundle a t  s teps  of  Ax. The i t e r a t i o n  con t inues  
u n t i l  t h e  f l o w  converges t o  w i t h i n  a  se l ec ted  t o l e rance .  

The t r a n s i e n t  c a l c u l a t i o n  i s  performed i n  much t h e  same way as t h e  

s teady s t a t e  s o l u t i o n .  A t ime  l o o p  i s  en te red  t h a t  c a r r i e s  t h e  s o l u t i o n  

through success ive t ime  s teps  of A t .  A t  t h e  beginn ing o f  each t ime  s tep,  

t h e  channel boundary c o n d i t i o n s  and f o r c i n g  f u n c t i o n s  a r e  s e t  a t  t + A t .  

Dur ing  each t ime  s t e p  i t e r a t i o n  i s  performed as descr ibed  above t o  o b t a i n  

a  converged f 1  ow . so l u t i on .  Th i s  c a l c u l a t i o n  procedure repea ts  f o r  each 

t ime  s t e p  u n t i l  t h e  end o f  t h e  t r a n s i e n t  i s  reached. The c a l c u l a t i o n  then  

moves on t o  a  new case i f  t h e r e  i s  one. 

SUBROUTINES 

The o r g a n i z a t i o n  o f  t h e  COBRA-IIIC program pu t s  most o f  t h e  c a l c u l a t i o n a l  

e f f o r t  i n t o  subrou t ines .  The more impo r tan t  ones a re  d iscussed here t o  

desc r i be  t h e i r  use. 

Subrout ine SCHEME (JUMP) 

Th i s  sub rou t i ne  performs t h e  p r e v i o u s l y  o u t l i n e d  numerical  s o l u t i o n .  

Given a  s e t  o f  boundary and i n i t i a l  c o n d i t i o n s  i t  c a r r i e s  t h e  c a l c u l a t i o n s  

once through t h e  bundle i n  a  s tepwise manner. Upon comple t ion  o f  c a l c u l a t i o n  

i t  r e t u r n s  t o  t h e  main program w i t h  an i n d i c a t i o n  o f  whether (JUMP = 2) o r  

n o t  (JUMP = 1  ) t h e  f l o w  s o l u t i o n  has converged. Spec ia l  p r o v i s i o n  i s  

i nc l uded  i n  SCHEME t o  p reserve  t h e  f l o w  and c r o s s f l o w  s o l u t i o n  f o r  suc- 

ceeding cases. A f t e r  convergence of t h e  f i r s t  case an o p t i o n  i s  p rov ided  

t o  s e t  JUMP = 3. Th i s  f l a g  bypasses t h e  ted ious  c ross f l ow  s o l u t i o n '  and 

i ns tead  uses t h e  c ross f l ow  s o l u t i o n  r e s i d i n g  i n  core.* 

The f l o w  c h a r t  shown i n  F i gu re  4 o u t l i n e s  t h e  c a l c u l a t i o n  procedure i n  

SCHEME. The c a l c u l a t i o n s  s t a r t  by check ing t h e  va lue  o f  JUMP t o  determine 

i f  t h e  p rev ious  c ross f low s o l u t i o n  i s  t o  be used. 

* The code a l s o  i nc l udes  an o p t i o n  t o  read f rom tape a  p r e v i o u s l y  w r i t t e n  
c ross f l ow  s o l u t i o n .  
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FIGURE 4. Flow Chart of the Calculation Procedure in SCHEME 



Subchannel f l o w  and hea t  t r a n s f e r  parameters a r e  c a l c u l a t e d  a t  t h e  

beg inn ing  o f  t h e  channel t o  s t a r t  t he  c a l c u l a t i o n s .  A  l oop  i s  now en te red  

t o  t ake  t he  c a l c u l a t i o n  through t he  channel.  

F i r s t ,  t h e  en tha lpy  { k ( x ) )  i s  c a l c u l a t e d  and an es t imate  i s  made f o r  

{m(x))  f o r  t he  f i r s t  i t e r a t i o n  on ly .  I f  JUMP f 3, t h e  c ross f l ow  {w(x ) )  i s  

ca l cu la ted .  The f l o w s  a r e  c a l c u l a t e d  n e x t  f o l l owed  by t h e  pressures 

{ p ( x ) )  and pressure d i f f e r e n c e  [S] { p ( x ) )  p rov ided  JUMP f 3. Any va lue  

o f  f l o w  n o t  converged t o  w i t h i n  a  se lec ted  t o l e rance  i s  s u f f i c i e n t  t o  

s e t  JUMP = 1  which i s  t h e  nonconvergence s i gna l .  The c a l c u l a t i o n  con t inues  

u n t i l  t he  end o f  .the channel i s  reached and then r e t u r n s  t o  t h e  main pro-  

gram. 

Func t ion  S(K, I )  

Th is  f u n c t i o n  subprogram c a l c u l a t e s  t h e  elements o f  [S] accord ing t o  

t he  subchannel connect ion l o g i c  descr ibed  i n  Appendix B. Th is  c a l c u l a t i o n  

f i r s t  assumes t h a t  

and then checks t o  see i f  I corresponds t o  e i t h e r  o f  t h e  subchannel p a i r  

t h a t  de f i nes  K. I f  I corresponds t o  Subchannel i o f  t he  p a i r  i j  where 

i < j then 

I f  I corresponds t o  Subchannel j o f  t h e  p a i r  i j  then 

On some cases t he  [S] t r ans fo rma t i on  i s  performed d i r e c t l y  w i t h o u t  us i ng  

t h i s  f u n c t i o n  by n o t i n g  t h a t  t h e  k t h  element o f  [S] {p) i s  j u s t  

Pi ( k ) - P j  ( k ) '  

Subrou t ine  DIFFER (IPART,J) 

Subrout ine DIFFER i s  d i v i d e d  i n t o  f o u r  p a r t s  as i n d i c a t e d  by t h e  

v a r i a b l e  IPART. 



P a r t  1  c a l c u l a t e s  t h e  r i g h t  hand s i d e  o f  Equat ion (12)  which i s  

des ignated DHDX(1). Th is  q u a n t i t y  i s  t h e  steady s t a t e  va lue  o f  t he  en tha lpy  

g r a d i e n t  { d h l d x l .  P a r t  1  con ta ins  t he  c a l c u l a t i o n  o f  t h e  en tha lpy  c a r r i e d  

by t he  c ross f l ow  h* which i s  p r e s e n t l y  assumed t o  be t h e  entha lpy o f  t h e  

donor subchannel. 

P a r t  2  c a l c u l a t e s  t h e  r i g h t  hand s i d e  o f  Equat ion (11)  which i s  

des ignated DFDX(1). Th is  i s  t he  s teady-s ta te  va lue o f  t he  f l o w  g r a d i e n t  

{dni/dxl. 

P a r t  3 c a l c u l a t e s  t h e  pressure g r a d i e n t  c o e f f i c i e n t  { K . )  used i n  
J 

Equat ion (15)  and des ignates i t  DPK(1). It a l s o  c a l c u l a t e s  t h e  o t h e r  

components o f  t he  pressure g r a d i e n t  {F.)  w i t h o u t  t h e  d i v i s i o n  c ross f l ow  
J 

terms as de f i ned  by Equat ion (22) and des ignates i t  as DPDX(1). 

P a r t  4 c a l c u l a t e s  t he  complete pressure g r a d i e n t  {dp /dx l  i n c l u d i n g  

t h e  c ross f l ow  terms and des ignates i t  DPDX(1). 

Subrout ine DIVERT 

Th is  subrou t ine  c a l c u l a t e s  t he  d i v e r s i o n  c ross f lows  I by s e t t i n g  up 

and s o l v i n g  t he  s e t  o f  s imultaneous Equations (24) .  The m a t r i x  [ M I  i s  des- 

igna ted  by AAA(K,L) and t he  v e c t o r  {b) by B(K) i n  DIVERT. The simultaneous 

s o l u t i o n  i s  performed by a c a l l  t o  DECOMP and SOLVE. The va lue  o f  t he  

a x i a l  v e l o c i t y  u* c a r r i e d  by t he  crossf low i s  c a l c u l a t e d  -in DIVERT. Pres- 

e n t l y ,  u* i s  assumed t o  be t he  average v e l o c i t y  o f  t h e  two ad jacen t  

subchannels o r  

I f  fo r ced  f l o w  d i v e r s i o n  between subchannels i s  s p e c i f i e d  by FORCE, 

t h e  simultaneous equat ions a re  mod i f i ed  p r i o r  t o  s o l v i n g  f o r  {w(x )  1 .  

Subrout ine M I X  

Subrout ine M I X  c a l c u l a t e s  t he  thermal m i x i ng  parameters w' and c  

which a r e  des ignated by WP(k) and COND(K) , r e s p e c t i v e l y .  Since complete ly  

general  c o r r e l a t i o n s  f o r  m i x i ng  have n o t  been developed f o r  s i n g l e  and two 



phase mix-irlg, t h i s  subrou t ine  i s  s e t  up so t h a t  improved c o r r e l a t i o n  func-  

t i o n s  can be i nc l uded  when they become a v a i l a b l e .  The approach used f o r  

now i s  t o  separate t h e  m ix i ng  i n t o  b o i l i n g  and nonbo i l i ng  reg ions .  For  

n o n b o i l i n g  cond i t i ons ,  severa l  c o r r e l a t i o n  forms a re  i nc l uded  as shown i n  

Appendix C. For two-phase f low,  t h e  single-phase c o r r e l a t i o n s  may be 

assumed t o  app ly  o r  t he  m ix i ng  r a t e  may be s p e c i f i e d  as a  f u n c t i o n  o f  

qua1 i ty  . 

The thermal conduct ion c o e f f i c i e n t  i s  assumed t o  be a  f u n c t i o n  o f  t h e  

subchannel geometry and t h e  average f l u i d  thermal c o n d u c t i v i t y  as discussed 

i n  Appendix C. 

Subrout ine PROP (IPART) 

This  subrou t ine  c o n s i s t s  o f  two p a r t s .  The f i r s t  p a r t  c a l c u l a t e s  t h e  

sa tu ra ted  f l u i d  p r o p e r t i e s  as a  f u n c t i o n  o f  t he  system re fe rence  pressure. 

The second p a r t  c a l c u l a t e s  a l l  t he  l i q u i d  f l u i d  p r o p e r t i e s  as a  f u n c t i o n  o f  

temperature and l i m i t s  these t o  sa tu ra ted  va lues d u r i n g  b o i l i n g .  The second 

p a r t  a l s o  c a l c u l a t e s  t h e  convec t ion  hea t  t r a n s f e r  c o e f f i c i e n t  used i n  Levy 's  

subcooled v o i d  model. 

Subrout ine V O I D  

Subrout ine VOID c a l c u l a t e s  t he  subcooled v o i d  f r a c t i o n ,  b u l k  v o i d  f r a c t i o n ,  

dens i t y ,  e f f e c t i v e  s p e c i f i c  volume f o r  momentum, two-phase f r i c t i o n  g r a d i e n t  

m u l t i p l i e r  v e l o c i t y  and energy t r a n s p o r t  v e l o c i t y .  Several  c o r r e l a t i o n s  a r e  

i nc l uded  i n  t h i s  sub rou t i ne  t h a t  t h e  user  can s e l e c t  by op t i on .  These a r e  

p rov ided  as an example w i t h  t h e  thought  t h a t  t h e  users w i l l  s e t  up c o r r e l a -  

t i o n s  t h a t  a r e  most a p p l i c a b l e  t o  t h e i r  p a r t i c u l a r  problems. 

Subrou ti ne AREA 

Th is  subrou t ine  c a l c u l a t e s  subchannel area and gap spacings by us ing  

t he  t a b u l a r  l i s t  o f  area and gap v a r i a t i o n s  supp l ied  as i n p u t .  A  l i n e a r  

i n t e r p o l a t i o n  i s  used t o  s e l e c t  values f rom these t ab les .  When w i r e  wrap 

m ix i ng  i s  i nc l uded  AREA c o r r e c t s  t h e  subchannel f l o w  area and h y d r a u l i c  

diameter accord ing t o  t he  w i r e  wrap i n v e n t o r y  prov ided by FORCE. 
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Subrout ine FORCE 

Subrout ine FORCE i s  prov ided t o  s p e c i f y  fo rced  d i v e r s i o n  c r o s s f 1 . 0 ~  a t  

se lec ted  gaps and a t  se lec ted  a x i a l  p o s i t i o n s .  If a  fo r ced  c ross f l ow  i s  

s p e c i f i e d ,  t h e  l o g i c a l  v a r i a b l e  FDIV = .TRUE.; o therwise,  FDIV = .FALSE. 

Subrout ine FORCE inc ludes  two op t i ons  f o r  f o r ced  c ross f l ow  m ix i ng  i n  

COBRA-IIIC. One o p t i o n  i s  t h e  w i r e  wrap m ix i ng  model descr ibed p rev ious l y .  

FORCE i d e n t i f i e s  when a  w i r e  wrap crosses a  gap, con~putes t h e  f o r ced  cross-  

f l o w  and c o r r e c t s  t he  w i r e  wrap i n v e n t o r y  f o r  t he  ad jacen t  subchannels. 

The o t h e r  o p t i o n  i s  f o r  a  s p e c i f i e d  f l o w  f r a c t i o n  d i v e r t e d  from one sub- 

channel t o  an ad jacen t  subchannel. 

Subrou ti ne HEAT 

Th is  subrou t ine  c a l c u l a t e s  the  hea t  i n p u t  {q) t o  each o f  t he  sub- 

channels and designates i t  as QPRIIY(1). Two op t i ons  a re  inc luded  i n  HEAT. 

One o p t i o n  i s  t o  s p e c i f y  hea t  f l u x  w i t h o u t  us ing  t he  f u e l  heat  t r a n s f e r  

model. The hea t  i n p u t  c o n t r i b u t i o n  f rom the  ad jacen t  rods a re  s imply  

added as de f i ned  by t he  i n p u t  data.  Th is  i s  t he  same procedure used i n  

prev ious vers ions  o f  COBRA. The o the r  o p t i o n  uses a  s i m i l a r  procedure 

b u t  i ns tead  ob ta ins  t he  hea t  f l u x  f rom the  f u e l  hea t  t r a n s f e r  model. The 

power t r a n s i e n t  i s  i n p u t  t o  t he  f u e l  and t he  hea t  f l u x  responds as governed 

by t he  f u e l  thermal p rope r t i es ,  f l u i d  temperature and sur face  hea t  t r a n s f e r  

c o e f f i c i e n t s .  

Subrout ine TEMP 

Th is  subrou t ine  c a l c u l a t e s  t he  f u e l  temperatures by us ing  t he  p r e v i -  

ous l y  descr ibed  hea t  t r a n s f e r  model. Both c y l i n d e r i c a l  and p l a t e  t ype  

f u e l  can be considered. Thq p l a t e  f u e l  o p t i o n  can be used t o  account f o r  

hea t  t r a n s f e r  t o  a  f l o w  housing. TEMP ob ta ins  hea t  t r a n s f e r  c o r r e l a t i o n s  

f rom Func t ion  HCOOL. 

Func t ion  HCOOL 

Th is  f u n c t i o n  computes t he  sur face  hea t  t r a n s f e r  c o e f f i c i e n t  designated 

by HCOOL(N, I ,J) where N i s  t he  rod  number, I i s  t he  ad jacen t  subchannel and 

J i s  t h e  a x i a l  p o s i t i o n .  No c o r r e l a t i o n s  a r e  p r e s e n t l y  inc luded  i n  t h i s  



func t ion .  Only a dummy va lue  o f  5000 ~ t u / h r - f t 2 - ' ~  i s  used a t  t h e  present  

t ime.  Users a r e  expected t o  s e l e c t  and program c o r r e l a t i o n s  a p p l i c a b l e  t o  

t h e  problem b e i  ng analyzed. 

Subrout ine CHF (JSTART, JEND) 

A t  t h e  complet ion o f  t h e  subchannel f l o w  and en tha lpy  c a l c u l a t i o n  an 

o p t i o n a l  c a l l  t o  subrou t ine  CHF i s  p rov ided  t o  c a l c u l a t e  c r i t i c a l  hea t  f l u x  

r a t i o s  over  t h e  p o r t i o n  o f  t h e  channel denoted by J = JSTART through J = JEND. 

The c r i t i c a l  heat  f l u x  r a t i o  CHFR(N,J) and c r i t i c a l  channel CCHANL(N,J) a re  

c a l c u l a t e d  f o r  each rod  N a t  p o s i t i o n  J .  CHFR(N,J) i s  a l s o  searched t o  

determine t h e  minimum c r i t i c a l  heat  f l  ux r a t i o  MCHFR(J) , c r i t i c a l  r o d  MCHFRR(J) 
' 1  

and c r i t i c a l  channel MCHFRC(J) a t  each a x i a l  l o c a t i o n  J. The da ta  i s  p r i n t e d  

as p a r t  o f  t h e  f u e l  temperature and heat  f l u x  ou tpu t .  

Other Subrout ines 

Several o t h e r  subrout ines a r e  r e q u i r e d  f o r  ope ra t i on  o f  t h e  COBRA-I1 

program. Subrout ine CURVE performs a l i n e a r  i n t e r p o l a t i o n  o f  t abu la ted  

data. Subrout ine DECOMP and SOLVE per form t h e  s o l u t i o n  t o  t h e  simultaneous 

equat ions. Subrout ine GAUSS performs a so l  u t i o n  o f  t h e  t r i d i a g o n a l  system 

o f  equat ions used f o r  t h e  dual heat t r a n s f e r  model. Subrout ine SPLIT d i v i d e s  

t h e  subchannel f l o w  r a t e s  a t  t he  i n l e t  o f  t h e  bundle t o  g i v e  equal pressure 

g rad ien t s  by assuming t h a t  t h e r e  i s  no s p a t i a l  a c c e l e r a t i o n  component o f  

pressure drop. 

USE OF COBRA 

Th is  s e c t i o n  presents  some general  comments on t he  use o f  COBRA and then 

i l l u s t r a t e s  i t s  c a p a b i l i t i e s  by showing t he  r e s u l t s  of some s a m p l e c a l c u l a t i o n s .  

The COBRA-I11 program i s  w r i t t e n  f o r  t he  UNIVAC-1108. Except f o r  t h e  

round-o f f  problems t h a t  a r e  encountered on corr~puters w i t h  a s h o r t  word 

leng th ,  t h e r e  should be no d i f f i c u l t y  i n  s e t t i n g  up and ope ra t i ng  t h i s  p ro -  -. 
gram f o r  o the r  computers capable o f  compi l ing  FORTRAN I V  o r  V .  Ad jus tab le  

dimensions a r e  i nc l uded  so t h a t  t he  program can be e a s i l y  con t rac ted  o r  

expanded t o  accormiodate t h e  use rs '  computer o r  problem s i z e .  For  computers 



t h a t  do n o t  a l l o w  a d j u s t a b l e  dimensions as p e r m i t t e d  by t h e  UNIVAC-1108 

INCLUDE Statement, f i x e d  dimension COMMON must be prepared and i n s e r t e d  i n  

t h e  main program and i n  each des ignated subrou t ine .  An i n i t i a l i z a t i o n  i s  

p rov ided  i n  COBRA-IIIC t o  s t a r t  computat ion;  however, t h i s  may n o t  be com- 

p l e t e  enough f o r  computers t h a t  do n o t  p rese t  t h e  co re  t o  zero as done i n  

t h e  UNIVAC-1108 a t  t h e  s t a r t  o f  a  job .  The UNIVAC-1108 a l s o  does n o t  p ro -  

v i d e  d i v i d e  checks, under f low o r  ove r f l ow  messages. D i v i s i o n  by zero i s  

assigned a  va lue  zero on t h e  1108. 

Complete i n p u t  i n s t r u c t i o n s  a re  inc luded  i n  t h e  program l i s t i n g .  The 

i n p u t  i s  s e t  up w i t h  o p t i o n s  by which t h e  user  may s e l e c t  c o r r e l a t i o n s  f o r  

i n p u t  t o  a  problem. Th i s  has been done t o  make i t  c l e a r  t h a t  t h e  user  shou ld  

t r e a t  these c o r r e l a t i o n s  as i n p u t  s i n c e  none o f  these c o r r e l a t i o n s  have 

u n i v e r s a l  v a l i d i t y .  By f o r c i n g  t h e  user  t o  make t h i s  s e l e c t i o n ,  t h e  c o r r e l a -  

t i o n s  a r e  g i ven  t h e  s t a t u s  o f  i n p u t .  I n  p a r t i c u l a r ,  t h e  user  must s e l e c t  

o r  p rov i de  f o r :  . F r i c t i o n  f a c t o r  c o r r e l a t i o n  

Subcooled v o i d  f r a c t i o n  c o r r e l a t i o n  

Two-phase f r i c t i o n  m u l t i p l i e r  c o r r e l a t i o n  

Two-phase v o i d  f r a c t i o n  c o r r e l a t i o n  

Single-phase m ix i ng  c o r r e l a t i o n  

Two-phase r i x i n g  c o r r e l a t i o n  

Pressure l o s s  c o e f f i c i e n t s  f o r  spacers 

Flow d i v e r s i o n  f rom spacing dev ices 

D i v e r s i o n  c ross f l ow  r e s i s t a n c e  f a c t o r  

C ross f l  ow momentum f a c t o r s  

Heat t r a n s f e r  c o r r e l a t i o n s  

COBRA-IIIC uses s teady -s ta te  c o r r e l a t i o n s  f o r  t r a n s i e n t s .  T h i s  approx i -  

mat ion must be eva lua ted  f o r  a p p l i c a b i l i t y  t o  any t r a n s i e n t  a n a l y s i s .  

SAMPLE PROBLEMS 

To i l l u s t r a t e  t h e  new f e a t u r e s  conta ined i n  COBRA-IIIC t h e  r e s u l t s  o f  

severa l  sample c a l  c u l  a t i o n s  a r e  presented. These i n c l  ude r e s u l t s  f o r  bo th  



a  49-rod bundle w i t h  and w i t h o u t  t he  f u e l  hea t  t r a n s f e r  model and f l o w  

blockage. A  sample problem f o r  f o r ced  c ross f l ow  m ix i ng  i n  a  wire-wrapped 

bundle i s  a l s o  presented. 

49-Rod Bundle 

A  118 s e c t i o n  o f  symmetry i s  used f o r  t h i s  bundle. The subchannel 

l a y o u t  i s  shown i n  F igu re  5 and t he  i n p u t  parameters a r e  i n  Table 1. 

Several se t s  o f  c a l c u l a t i o n s  a r e  presented t o  show the  e f f e c t  o f  t h e  

c r o s s f l  ow r e s i s t a n c e  f a c t o r  Ki j ,  t ransverse  momentum f a c t o r  ( s / i )  and 

v e l o c i t y  u*. 

F i gu re  6 p r e i e n t s  t he  d i s t r i b u t i o n  o f  f l ow i  i n  Subchannel 8  bo th  

w i t h  and w i t h o u t  a  blockage w i t h  an assumed l o s s  c o e f f i c i e n t  o f  K8 = 10. 
1 

The c a l c u l a t e d  f l o w  d i s t r i b u t i o n  w i t h o u t  blockage i s  r a t h e r  un i f o rm  

except  f o r  p e r i o d i c  p e r t u r b a t i o n  caused by t he  g r i d  spacers. The f l o w  

d i s t r i b u t i o n  w i t h  t h e  blockage decreases r a t h e r  a b r u p t l y  a t  t h e  blockage 

and g r a d u a l l y  recovers  downstream where a  g r i d  spacer a i d s  t he  f l o w  

ROD DIAMETER 

ROD-ROD SPACING 0.177" 

ROD-WALL SPACING 0.140~ 

LENGTH 

ROD POWER PEAKING AS SHOWN 

NOMINAL OPERATING CONDITIONS, Q3J 

1000 psia SYSTEM 

505 OF I NLET TEMPERATURE 

1.0 x ~ O ~ L B I H R I F T ~  AVERAGE MASS VELOCITY 

0.3 x ~O~BTUIHRIFT~ HEAT FLUX 

FIGURE 5. Subchannel Layout f o r  a  118 Sec t i on  
o f  Symmetry f rom a  49-Rod Bundle 

t E a r l i e r  f l o w  s o l u t i o n s  repo r ted  i n  ASME paper 72-WA/HT-49 a r e  somewhat 
d i f f e r e n t  because of t h e  improved numer ica l  s o l u t i o n  f o r  blockage. 



TABLE 1. I n p u t  Parameters f o r  BWR Sample Problems 

Water Thermodynamic P r o p e r t i e s  

Subchannel F r i c t i o n  Fac to r  

Subcool ed Voids 

Void F rac t i on *  

Two-phase Mut i  p l  i e r *  

Two-phase Densi ty*  

Two phase S p e c i f i c  Volume* 

Entha l  py Ca r r i ed  by C ross f l  ow (h*) 

A x i a l  V e l o c i t y  o f  Crossf low (u*)  

A x i a l  Heat F l ux  

Momentum Turbu len t  Fac to r  

Transverse Momentum Parameter (s /R)  

Crossf low Resistance ( K .  . )  
1J 

Bundle Length 

Number o f  A x i a l  Nodes 

Turbu len t  M i x i ng  Parameter, B 
Fuel Thermal P rope r t i es :  

k  

P 

C 

Diameter 

Cladding Thermal P rope r t i es :  

k 

P 

C 
\ 

Thickness 

Gap Conductance 

Surface Heat T rans fe r  C o e f f i c i e n t  

G r i d  Spacer Loca t i on  

Spacer Pressure Loss C o e f f i c i e n t  

1967 ASME Tables 
-0.2 f = 0.186 Re 

Not Inc luded  

a = Xv / [ ( l -X)v f+Xv 1 
g g 

m = P,/P 

p  = = aPg+ ( 1-a) Pf 

v '  = 1/p 

h* = h  f rom donor subchannel 

Average v e l o c i t y  o f  ad jacen t  subchannels 

Chopped Cosine, peak/avg = 1.26 

0 

0.5 

0.5 

120 inches 

6 0  

0.02 

2.0 B tu /h r  f t  OF 

640 1 b / f t 3  

0.08 B t u / l b  OF 

0.502 inches 

8.8 B tu /h r  f t  OF 

405 l b / f t 3  

0.076 B t u / l b  OF 

0.030 inches 

1000 B tu /h r  ft2 OF 

5000 B tu /h r  ft2 OF 

x/L = 0.2, 0.4, 0.6, 0.8 

k  = 1.0 

* Homogeneous two-phase f l o w  c o r r e l a t i o n s .  
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FIGURE 6. Subchannel 8 Flow D i s t r i b u t i o n  
Wi th  and Wi thout  Flow Blockage 

recovery a t  x/L = 0.8. The in f luence  of t h e  blockage i s  s l i g h t l y  e v i d e n t  

a t  t h e  f i r s t  node be fo re  t h e  blockage. The en tha lpy  inc rease  downstream 

o f  t h e  blockage i s  l e s s  than 10 B t u / l b  f o r  t h e  chosen va lue  o f  c ross f l ow  

mix ing .  The d i v e r s i o n  c ross f l ow  mass f l u x  a l s o  shown i n  F igu re  6 i s  ve ry  

smal l  compared t o  t h e  a x i a l  mass f l u x  except  a t  t h e  blockage. There i t  i s  

s t i l l  l e s s  than  10% o f  t he  average. Th is  shows t h a t  t he  assumption o f  

smal l  t ransverse  v e l o c i t y  compared t o  a x i a l  v e l o c i t y  i s  we1 1 s a t i s f i e d  f o r  

t h i s  problem even i n  t he  presence o f  a l a r g e  subchannel f l o w  d i v e r s i o n .  

A l though t h i s  r e s u l t  would app ly  t o  most r o d  bundle problems t h e  assumption 

should be checked, e s p e c i a l l y  f o r  problems where gross f l o w  r e d i s t r i b u t i o n s  

occur. 

Changing t h e  c ross f l ow  r e s i s t a n c e  f a c t o r  Kij f rom 0.5 t o  1.0 and 0.25 

had no s i g n i f i c a n t  e f f e c t  on t he  f l o w  s o l u t i o n  as shown i n  Table 2. Th i s  

c o u l d  be expected based on t he  p rev ious  d i scuss ion  concern ing t h e  magnitude 



TABLE 2. Parameter S e n s i t i v i t y  Eva lua t ion  f o r  BWR Bundle Sample Problem 

Pressure Ahead G8 Minimum Enthalpy 1  f t  Down- 
o f  Blockage stream o f  Blockage 

Parameter ( p s i  a) ( l o 6  i b / h r  f t 2 )  (Btu/'l b)  

No Blockage 3.50 

Base Case Blockage 3.97 

Ax = 4 inches - - 

o f  C. I nc reas ing  Kij had t h e  l a r g e r  e f f e c t  by i nc reas ing  t he  subchannel 

pressure d i f f e r e n c e  near t h e  blockage and by moving t he  s t a r t  f l o w  d i v e r -  

s i o n  s l i g h t l y  upstream. The maximum l a t e r a l  Apij near t h e  blockage was 

0.05 p s i .  The values o f  c ross f l ow  r e s i s t a n c e  used i n  t h e  example prob- 

a b l y  b racke t  those t h a t  cou ld  be expected f o r  r o d  bundles. These c a l c u l a -  

t i o n s  i n d i c a t e  t h a t  c ross f l ow  r e s i s t a n c e  does n o t  have t o  be known pre- 

c i s e l y  as i t s  e f f e c t  on t h e  computed f l o w  i s  smal l .  Th is  should be checked 

f o r  p a r t i c u l a r  problems t o  determine t h e  i r r~portance o f  c ross f l ow  r e s i s t a n c e  

Changing t h e  va lue  o f  (s/!L) f rom 0.5 t o  0.25 and 1.0 a l s o  had no 

s i g n i f i c a n t  e f f e c t  on t h e  f l o w  s o l u t i o n .  I nc reas ing  i t  increases t he  

importance o f  t h e  f r i c t i o n  ahd pressure terms. Th i s  has t h e  e f f e c t  o f  

a l l o w i n g  more r a p i d  f l o w  d i v e r s i o n s  by reduc ing  t he  importance o f  t h e  

" a x i a l  i n e r t i a . "  The reduced importance o f  a x i a l  i n e r t i a  tends t o  

reduce t h e  pressure ahead o f  t h e  blockage and a l l ows  more f l o w  reduc t i on  
. - 

as show i n  Table 2. Th is  range o f  ( S I R )  would seem t o  be reasonable from 

geometr ic cons ide ra t i ons  . 



F igu re  7 presents  t he  r e s u l t s  o f  c a l c u l a t i o n s  us ing  var ious  assumptions 

f o r  u*. The re fe rence  assumption i s  t h a t  u* i s  t h e  average v e l o c i t y  o f  t h e  

ad jacen t  subchannels. Another assumption i s  t h a t  u* i s  t h e  v e l o c i t y  o f  t h e  

donor subchannel. Th is  g ives  a  d i s c o n t i n u i t y  i n  u* when t h e  c r o s s f l o w  

changes d i r e c t i o n .  The o t h e r  assumption i s  t h a t  u* i s  t he  sma l l e r  o f  t h e  

two ad jacen t  subchannel v e l o c i t i e s .  Whi le t h i s  lnay n o t  be r e a l i s t i c ,  i t  can 

he1 p  s tab1 i z e  f l o w  s o l u t i o n s  near reg ions  o f  severe f l o w  m a l d i s t r i  b u t i o n  

when subchannel areas a re  n o t  un i fo rm.  A l l  o f  these assumptions a re  seen 

t o  cause on l y  moderate changes i n  t h e  f l o w  s o l u t i o n .  Th i s  i s  f o r t u n a t e  

because i t  would be d i f f i c u l t  t o  p rov ide  a  meaningful  genera l i zed  c o r r e l a -  

t i o n  f o r  u*. The da ta  i n  Table 2 i n d i c a t e  o n l y  smal l  changes i n  en tha lpy  

due t o  changing t h e  u* assumption. 

e 
I 
\ 

aJ CCl 
--I 

--I 
WID 
20 
z 4 
Q- 
I 0 . 5  
U X 

I 1 I I I 

---u = 

--- u " =  MIN ( u i  , u j )  

I I I I I 

FIGURE 7. E f f e c t  o f  u* Assurr~ption on Sub- 
channel 8 Flow D i s t r i b u t i o n  

The p rev ious  parameter e v a l u a t i o n  i n d i c a t e s  t h a t  r a t h e r  l a r g e  changes i n  

t he  parameters C, ( s / i )  and u* cause o n l y  smal l - to-moderate changes i n  t h e  - .  
subchannel f l o w  s o l u t i o n .  S i m i l a r  r e s u l t s  have been found f o r  c a l c u l a t i o n s  

-. 

w i t h  l a r g e  i n l e t  f l o w  imbalances f o r  core-wide f l o w  a n a l y s i s  i n  p ressu r i zed  

water  r e a c t o r s .  For  more t y p i c a l  des ign ana l ys i s  problems, where f l o w  
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imbalances a r e  n o t  l a rge ,  changes i n  t h e  above parameters a r e  weak. For  

most problems t he  re fe rence  va lues o f  t h e  t h r e e  parameters should  p rov i de  

reasonable  r e s u l t s ;  however, computat iona l  exper iments should  be per fo r~ i ied  

t o  check t h i s .  For cases where t h e  parameters have a  meaningfu l  e f f e c t  

on f l o w  s o l u t i o n s  l a b o r a t o r y  exper iments may be necessary t o  d e f i n e  them 

more a c c u r a t e l y .  

Fuel  Temperature and Flow T rans ien t s  

The use o f  t h e  f u e l  temperature model i n t r oduces  some a d d i t i o n a l  

cons ide ra t i ons  f o r  t r a n s i e n t  a n a l y s i s  o f  r o d  bundles.  The f u e l  hea t  

t r a n s f e r  and f l o w  a r e  coupled by t h e i r  r e s p e c t i v e  t ime  responses. The 

t ime  response of t h e  f u e l  i s  i t s  t ime  cons tan t  and t h e  t ime  response f o r  

t h e  f l o w  i s  t h e  t r a n s i t  t ime  through t h e  bundle.  Depending upon t h e  

na tu re  o f  t h e  t r a n s i e n t  be ing  cons idered t h e  t ime responses may o r  may n o t  

be comparable. 

I f  the  t ime  response o f  t h e  f u e l  i s  much l onge r  than  t h e  t r a n s i t  t ime  

through t he  bundle, t h e  f l o w  s o l u t i o n  can be t r e a t e d  as a  s e r i e s  o f  quas i  

s teady-s ta te  s o l u t i o n s  d u r i n g  t h e  d u r a t i o n  o f  t he  f u e l  temperature t r a n s -  

i e n t .  If, f o r  these c o n d i t i o n s  a  f l o w  r e l a t e d  t r a n s i e n t  occurs over  a  

s h o r t  p e r i o d  o f  t ime  t h e  f u e l  may n o t  have t ime t o  respond. Conversely,  

i f  t h e  t ime response o f  t h e  f u e l  i s  much f a s t e r  than  t he  t r a n s i t  t i m e  

through t h e  bundle, then  t h e  f l o w  i s  s i g n i f i c a n t l y  a f f e c t e d  by f u e l  

temperature t r a n s i e n t .  

As an example, cons ider  t h e  power t r a n s i e n t  show i n  F i gu re  8 which 

m igh t  occur  a f t e r  a  t u r b i n e  t r i p  f o r  a  b o i l i n g  wa te r  r e a c t o r .  The f l o w  

and en tha l  py s o l u t i o n s t  a r e  ~ h o w n  i n  F igures  9  and 10 as a  f u n c t i o n  o f  

t ime.  Note t h a t  t h e  f l o w  i s  o n l y  s l i g h t l y  per tu rbed  by t he  power t r a n s i e n t  

and t h a t  t h e  en tha lpy  decays r a t h e r  s l o w l y  when t he  f u e l  hea t  t r a n s f e r  

model i s  used. The t r a n s i t  t ime through t he  bundle i s  approx imate ly  1.5 

seconds which i s  about  a  f a c t o r  o f  10 l e s s  than  t h e  f u e l  t ime  constant .  

For  t he  0.05 second t ime s tep  used f o r  t h i s  problem, each t ime  s t e p  

t S l i g h t l y  d i f f e r e n t  r e s u l t s  f rom an e a r l i e r  c a l c u l a t i o n  a r e  r e p o r t e d  i n  
ASME paper 72 WA/HT-49. The d i f f e r e n c e  i s  due t o  a  d i f f e r e n t  a x i a l  f l u x  
p r o f i l e .  
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WITH FUEL MODEL 

WITHOUT FUEL MODEL 
( P O W E R  D E C A Y )  

TIME (SECONDS) 

FIGURE 8. Fuel Heat F lux  Versus Time Wi th  and 
Wi thout  t h e  Fuel Heat T rans fe r  Model 

s o l u t i o n  i s  n e a r l y  a  quas i -s teady f l o w  s o l u t i o n  t h a t  i s  f o l l o w i n g  a  f u e l  

temperature t r a n s i e n t .  As a  c o n t r a s t  t o  t h i s ,  t h e  same c a l c u l a t i o n  was 

performed b u t  w i t h o u t  t h e  f u e l  heat  t r a n s f e r  model. Here t h e  heat  f l u x  has 

an i n f i n i t e l y  f a s t  response and decays w i t h  t h e  power. I n  t h i s  case t h e  

t r a n s i e n t  has a  ve ry  dramat ic  e f f e c t  on t h e  f l o w  and en tha lpy  s o l u t i o n .  

The e x i t  f l o w  f i r s t  increases due t o  t he  v o i d  growth i n  t h e  bundle.  Then 

as t h e  power and en tha lpy  decay, t h e  f l o w  decreases r a p i d l y  as t h e  vo ids  

beg in  t o  co l l apse .  A t  t h e  end o f  10 seconds t h e  e n t i r e  bundle has a l l  

l i q u i d  f low. Whi le  t h i s  i s  a  f i c t i t i o u s  case i t  does show how t h e  f ue l  t h e r -  

mal response can have an impor tan t  e f f e c t  on t h e  f l o w  depending upon t h e  

r e l a t i v e  t ime response o f  t h e  f u e l  and f l o w  channel. 



: FIGURE 9. Subchannel 8 Flow D i s t r i b u t i o n  With 
and Without Fuel Heat Trans fer  Model 

7-Pin Wire Wrapped Bundle 

To i l l u s t r a t e  the  use of the w i r e  wrap fo rced f l o w  mix ing  c a p a b i l i t y  

i n  COBRA-IIIC, consider  the  7-p in  bundle i n  F igure  11. This  7-p in bundle 

has 0.230 i nch  diameter f u e l ,  p ins  on a 0.286 i nch  p i t c h  (0.056 i nch  gap 

spacing).  The w i r e  wraps a re  assumed t o  s t a r t  a t  the  top  and move c lock-  

wise w i t h  one r o t a t i o n  every 12 inches. The bundle i s  36 inches long  t o  

a l l o w  f l o w  through th ree  p i t c h  leng ths .  Uniform r a d i a l  and a x i a l  power 
6 2 i s  assumed w i t h  a heat f l u x  o f  0.5 x 10 Btu/hr  f t  . The i n l e t  temperature 

2 i s  800°F and the  mass f l u x  i s  3.0 x l o 6  i b / h r  f t  . A complete i n p u t  l i s t -  

i n g  and computer ou tpu t  f o r  t h i s  problem i s  contained i n  Appendix D. 
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FIGURE 10. Subchannel 8 E x i t  Enthal py With and 
Without Fuel Heat Trans fer  Model 



F I G U R E  11. 'Subchannel Layout  and Wire Wrap P o s i t i o n s  Look ing 
i n  t h e  D i r e c t i o n  o f  F l o w  a t  t h e  I n l e t  



Figure  12 shows the  computed temperature p r o f i l e  i n  Subchannel 1  ( i n t e r -  

i o r )  and Subchannel 7 ( w a l l )  f o r  two mix ing  assumptions: ( 1 )  no mixing; 

(2 )  t u r b u l e n t  mix ing ( B  = .02) p l u s  forced w i r e  wrap mix ing  ( 6  = .06).  Over 

h a l f  o f  t h e  temperature d i f f e r e n c e  reduc t i on  i s  due t o  the t u r b u l e n t  mix ing  

alone. Present ly  i t  i s  unce r ta in  how t u r b u l e n t  and w i r e  wrap mix ing  should 

be combined. The problem presented here should on l y  be i n t e r p r e t e d  as a 

sample. Experimental data comparisons a re  needed t o  v e r i f y  t he  w i r e  model 

and t o  determine t h e  values o f  t h e  m ix ing  parameters. 
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FIGURE 12. Subchannel Enthal py D i s t r i b u t i o n  With 
and Without Forced Crossf low Mix ing  
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Figure  13 shows the  computed subchannel f l o w  d i s t r i b u t i o n  a long the  

l e n g t h  o f  t he  bundle. The p e r i o d i c  changes i n  f l o w  were caused by the  

p e r i o d i c  e n t r y  and e x i t  o f  wraps from the  subchannels and by the  forced 

f l o w  mix ivg .  

I I I I 

WITHOUT W I R E  W R A P  MODEL - 

Ch7 

WITH W I R E  W R A P S  
- 

1 I 

DISTANCE FROM INLET, I N C H E S  

FIGllRE 13. Subchannel Flow D i s t r i b u t i o n  
w i t h  Wire Wrap Spacers 

F igure  14 shows the  computed c ross f low between se lec ted  subchannels. 

the  e x t e r i o r  " rod-wa l l "  gap always has a  p o s i t i v e  va lue i n d i c a t i n g  l a t e r a l  

f l o w  i n  the  d i r e c t i o n  o f  w i r e  wrap r o t a t i o n .  I t  i s  i n t e r e s t i n g  t h a t  t he  

maximum cross f low occurs on the  opposi te  s i de  from where the  w i re  wrap i s  

f o r c i n g  f l ow .  This  i s  caused by the  accumulation o f  crossf lows from the  

o the r  gaps f o r c i n g  crossf low.  The o the r  gaps show p e r i o d i c  behavior b u t  

w i t h  p o s i t i v e  and negat ive values o f  crossf low.  The c ross f low through 

the  r a d i a l  gap tends t o  average t o  zero; however, the  c ross f low through 

c i r cumfe ren t i a l  r od  gap does no t .  It shows a  small n e t  c ross f low i n  the 

d i r e c t i o n  o f  w i r e  wrap r o t a t i o n .  
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FUTURE DEVELOPMENT 

Fu r the r  development o f  COBRA i s  c o n t i n u i n g  t o  improve i t s  computat ional  

c a p a b i l i t y .  Major  emphasis i s  be ing  d i r e c t e d  toward develop ing reverse  

f l o w  analyses c a p a b i l i t y  and a  pressure drop boundary c o n d i t i o n  op t i on .  

The p resen t  program i s  o n l y  capable o f  cons ide r i ng  f low i n  one d i r e c -  

t i o n .  The a b i l i t y  t o  cons ider  f l o w  r e v e r s a l s  i s  r e q u i r e d  f o r  a n a l y s i s  o f  

many problems; t he re fo re ,  s i g n i f i c a n t  e f f o r t  i s  be ing  d i r e c t e d  t o  develop 

t h i s  computat ional  c a p a b i l i t y  i n  COBRA-111. 

For  t h e  a n a l y s i s  o f  many problems, t h e  i n l e t  f l o w  boundary c o n d i t i o n  
. -  

i s  n o t  very  convenient  because i t  i s  n o t  known except  through t h e  r e s u l t s  

o f  a  system ana l ys i s .  A  more convenient  boundary c o n d i t i o n  may be t h e  

pressure drop. Th is  boundary c o n d i t i o n  pernii t s  t h e  i n l e t  f l o w  t o  respond 

as changes occur w i t h i n  t h e  bundle o r  i n  t h e  connect ing p i p i n g .  The com- 

p l e t e  success o f  us i ng  t h i s  t ype  o f  boundary c o n d i t i o n  f o r  a  wide range o f  

t r a n s i e n t  analyses w i l l  depend, i n  p a r t ,  on t he  a b i l i t y  t o  cons ider  f l o w  

reve rsa l s .  

The subchannel a n a l y s i s  programs such as COBRA, and o thers ,  a re  

exper ienc ing  r a t h e r  widespread use i n  t h e  nuc lear  i n d u s t r y .  I n  some cases 

these computer programs a r e  be ing used f o r  analyses where t hey  have l i t t l e  

( o r  no) exper imenta l  v e r i f i c a t i o n  and i n p u t  data.  It i s  recommehded t h a t  

expanded exper imenta l  s t u d i e s  be performed: 

To p rov ide  a  more d e f i n i t i v e  range o f  a p p l i c a t i o n  o f  t h e  

subchannel a n a l y s i s  methods. Th is  should i n c l u d e  t h e  f u l l  

spectrum f l o w s  and en tha lp i es  a n t i c i p a t e d  f o r  normal r e a c t o r  

ope ra t i ng  c o n d i t i o n s  as w e l l  as f o r  acc iden t  s i t u a t i o n s .  

To p rov ide  more complete exper imenta l  da ta  f o r  two-phase 

c ross f l ow  mix ing .  

To p rov ide  exper imenta l  v e r i f i c a t i o n  o f  t h e  f l o w  models 

f o r  transtibent ana l ys i s .  
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NOMENCLATURE* 

Equat ions Computer Program 

a DPDX 

a ' DPDX 

A A 

Cbl B 

c COND 

C C I il 

C~ 
CP 

dh/dx DHDX 

dm/dx DFDX 

d ~ / d x  DPDX 

D DHY D 

Dr D 
f FSP 

A AX I AL 

f 
C 

PWRF 

RADIAL 

FTM 

HFILM 

H 

HSTAR 

HG ,HF 

3 S i n g l e  channel pressure g rad ien t ,  (F/L ) 

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

Equat ion (8),  ( F / L ~ )  
2  Cross -sec t iona l  area, (L ) 

Column v e c t o r  de f i ned  by Equat ion (26) 

Thermal conduc t ion  c o e f f i c i e n t  (HITBL) 

Loss f u n c t i o n  f o r  t r ansve rse  c r o s s f l o w  
i n  Equat ion (4) ,  (FT/ML) 

S p e c i f i c  hea t  (H/M8 ) 

Entha l  py d e r i v a t i v e ,  (H/TL) 

Flow r a t e  d e r i v a t i v e ,  (M/TL) 
3 Pressure g rad ien t ,  (F/L ) 

Hyd rau l i c  d iameter ,  4A/Pw, ( L )  

Rod Diameter ( L )  

F r i c t i o n  f a c t o r  based on a l l - l i q u i d  f l ow ,  
(Dimensionl  ess)  

Local  - to-average a x i a l  power d i s t r i b u t i o n  

F r a c t i o n  o f  r o d  power t r a n s f e r r e d  t o  an 
ad jacen t  subchannel (D imension less)  

R e l a t i v e  r o d  power d i s t r i b u t i o n  (Dimensionless) 

Tu rbu len t  momentum f a c t o r  (Dimensionl  ess)  

Force (F)  
2  G r a v i t a t i o n a l  constant ,  (ML/FT ) 

2 Mass v e l o c i t y ,  (M/TL ) 
2  Heat t r a n s f e r  c o e f f i c i e n t ,  (H/TL 8 )  

Entha lpy,  Xh + (1-X)hf, (HIM) 
9  

En tha lpy  c a r r i e d  by d i v e r s i o n  c ross f low,  (HIM) 

Sa tu ra ted  vapor and 1 i q u i d  en tha l  py (H/M) - .  

CON 

Entha l  py m a t r i x  (HIM) 

Thermal c o n d u c t i v i t y ,  (H/TL8) . 

* Dimensions a r e  denoted by: L  = leng th ,  T = t ime, M = mass, 8  = temperature 
F = M L / T ~  = f o r c e  and H = M L ~ / T ~  = energy 

5 2  



IVOMEIVCLATURE* (Cont. ) 

Equations Computer Program 

Number o f  connections between adjacent  
subchannel s, (Dimensionless ) 

CDRAG ,CD 

G K 

Spacer l oss  c o e f f i c i e n t  

Geometry f a c t o r  f o r  conduct ion 
(Dimensionless ) 

Crossf low res i s tance  c o e f f i c i e n t  

Channel length,  (L )  

M a t r i x  o f  c o e f f i c i e n t s  de f ined  by 
Equation (25) 

Flow r a t e  (MIT) 
2 Pressure (F/L ) 

F 

PEXIT, PREF 

HPERIM Heated perimeter,  ( L )  

PERIM 

PR 

QPRIM 

AFLUX 

Wetted perimeter,  ( L )  

Prandt l  number (Dimensionless ) 

Heat a d d i t i o n  per u n i t  length,  (H/L) 
2 Average heat f l u x ,  (HITL ) 

I S p e c i f i c  power-to-f low r a t i o ,  qi/mi , (H/ML) 

Q 
RE ' 

GAP 

S 

Parameter g iven by Equation (C-17) 

Reynolds number, (Dimensionless) 

Rod spacing (L )  

M a t r i x  t rans format ion  d e f i n i n g  adjacent  
subchannel s, (Dimensionless) 

Time (T) 

Temperature m a t r i x  (89 

Temperature (8 )  

I n t e r n a l  energy (HIM) 

E f f e c t i v e  momentum ve l  o c i  ty (L IT )  

E f f e c t i v e  en tha l  py t ranspo r t  v e l  o c i  ty 
de f ined  by Equation (A-9) (L IT )  

USTAR, USAVE E f f e c t i v e  v e l o c i t y  c a r r i e d  by d i v e r s i o n  
c ross f low (L IT)  

2 
V e l o c i t y  m a t r i x  (T IL  ) 



NOMENCLATURE* (Con t. ) 

Equations Computer Program 

v v 
v  ' VP 

X X 

X QUAL 

Xd X D 

z i j LENGTH 

a ALPHA 

B 

Y AV(1) 
8 THETA 

P RHO 

P 'I 

, pg9P f  RHOG , RHOF 

0 SIGMA 

f 
W 

TAUW 

4 PHI, FMULT 

P VISC 

Pw VISCW 

Y 

Subscri  p t s  

f ,g 

3 
L i q u i d  s p e c i f i c  volume, l / p ,  (L  /M) 

E f fec t i ve  s p e c i f i c  volume f o r  momentum, 
(1-x)2/pf (1 -a) + x2/paa, (L3/M) 

D ive rs ion  c ross f low bkween ad jacent  sub- 
channel s  (M/TL) 

Turbu len t  ( f l u c t u a t i n g )  c ross f low between 
ad jacent  subchannel s  , (M/TL) 

Dis tance (L )  

Q u a l i t y ,  m /(m + mf), (Dimensionless) 
9 9 

Parameter g iven  by Equation (C-15) 

E f f e c t i v e  c e n t r o i d  d is tance (L )  

Void f r a c t i o n ,  At /A  + Af), (Dimensionless) 
9 9 

Turbu len t  m ix ing  parameter, (Dimensionless) 

S l i p  r a t i o ,  u  /u (Dimensionless) s f '  
O r i e n t a t i o n  o f  channel w i t h  respec t  t o  
v e r t i c a l ,  (Radians) 

Two-phase densi ty ,  p  a + p f ( a ) ,  (MIL') 

E f f e c t i v e  dens i t y  f o r  en tha l  py t ranspo r t ,  
(pg hg a + pfhf(1-a))/h,  ( M / L ~ )  

3 
Saturated vapor and l i q u i d  dens i ty ,  (MIL ) 

Surface tension,  (F/L) 
2 Wall shear s t ress  (F/L ) 

Two-phase f r i c t i o n  mu1 t i p 1  i e r ,  (Dimensionless) 

V i scos i t y ,  (F/LT) 

Wall v i s c o s i t y ,  (F/LT) 

S l i p  c o r r e c t i o n  f u n c t i o n  f o r  energy t ranspo r t ,  
- P ~ ~ ( I - X ) ,  ( ~ 1 ~ 3 )  

Saturated cond i t i ons  f o r  l i q u i d  and vapor, 
r e s p e c t i v e l y  

Fuel node number 

Subchannel i d e n t i f i c a t i o n  number 



Subscr ip ts  

ij,ji 

NOMENCLATURE* (Cont . ) 

Double subsc r i p t s  imp ly  subchannel connec- 
t i o n  i t o  j and j t o  i, r e s p e c t i v e l y  

Subchannel p a i r  f o r  connect ion number ( k )  

Subchannel connect ion number 

Ax ia l  node number 
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APPENDIX A  

DERIVATION OF EQUATIONS FOR FLUID TRANSPORT MODEL 

The equa t ions  o f  c o n t i n u i t y ,  energy and momentum f o r  each Subchannel 

a r e  d e r i v e d  by a p p l y i n g  t h e  c o n s e r v a t i o n  equa t ions  t o  a  c o n t r o l  volume 

t h a t  c o n s i s t s  o f  a  segment of Subchannel ( i )  connected t o  an a r b i t r a r y  

Subchannel ( j ) .  The p r imary  assumptions g i v e n  i n  t h e  d e s c r i p t i o n  o f  t h e  

. mathemat ica l  model a r e  used t o g e t h e r  w i t h  a  few a d d i t i o n a l  assumptions 

t h a t  a r e  r e q u i r e d  t o  f o r m u l a t e  complete equa t ions .  

. , C o n t i n u i t y  Equat ion 

Apply  t h e  c o n t i n u i t y  e q u a t i o n  f o r  a  c o n t r o l  volume t o  Subchannel ( i )  

which i s  a d j a c e n t  t o  Subchannel ( j ) .  

By assuming w l j  = w' 
j i and aA/at  = 0 



By cons ide r i ng  a l l  ad jacen t  subchannels and t a k i n g  wij t o  be p o s i t i v e  f o r  

f low f rom i t o  j, Equat ion (A-2) can be w r i t t e n  as 

api am. N 
A ~ - + - =  -1 wij ; i = 1,2,3,---N. 

a t  ax j.l 

Energy Equat ion 

Apply t he  energy equat ion  f o r  a c o n t r o l  volume t o  Subchannel ( i )  which 

i s  ad jacen t  t o  Subchannel ( j ) .  

a m.h. t - m h dx I i ax i i ,  I 

a a - pl!u.A h dx - m.h. t m.h. t - m.h.dx - q j d x  a t  i i i i  1 1  1 1  ax 1 1  

- w:.h.dx t w:.h.dx t w..h*dx = 0 
J l  J 1J 1  1J 

The i n t e r n a l  energy i s  de f i ned  by t h e  r e l a t i o n s h i p  

p'fu = p'fh 
i i i i -P i  



By assuming aA/at  = 0 and u s i n g  Equa t ion  (A -5 ) ,  t h i s  reduces t o  

where h* i s  t h e  e n t h a l p y  c a r r i e d  by t h e  d i v e r s i o n  c r o s s f l o w  and p1Ii i s  

t h e  e f f e c t i v e  d e n s i t y  f o r  h e a t  capac i t y . (15 )  By u s i n g  t h e  f u n c t i o n  Y as 

p resen ted  by Tong, pg. 208, Equa t ion  (A-2) and n e g l e c t i n g  a p i / a t  t h i s  may 

be reduced t o  

BY n e g l e c t i n g  a p i / a t ,  s o n i c  v e l o c i t y  p rogaga t ion  i s  o m i t t e d  f rom t h i s  

mathemat ica l  model. 

The h e a t  t r a n s f e r  t e r m G i  may b e d i v i d e d  i n t o  two terms. The f i r s t  

i s  t h e  h e a t  t r a n s f e r  r a t e  f r o m  t h e  f u e l  s u r f a c e  q;. Fo r  s teady  s t a t e  

t h i s  te rm can be s p e c i f i e d  q u i t e  e a s i l y ;  however, f o r  t r a n s i e n t s  i t  

depends upon t h e  f l u i d  temperature ,  f u e l  s u r f a c e  temperature  and s u r f a c 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  p r e s e n t  t i m e  t h e  t r a n s i e n t  h e a t  t r a n s -  

f e r  e f f e c t  on t h e  f u e l  i s  i g n o r e d  i n  t h i s  i n t e r i m  d e s c r i p t i o n  o f  COBRA-111. 

As an a l t e r n a t e ,  t h e  v a l u e  o f  q l  i s  s p e c i f i e d  as a  f u n c t i o n  o f  t ime .  The 

second te rm o f  q i  i s  t h e  thermal  conduc t ion  between a d j a c e n t  subchannels.  

I t  i s  assumed t o  be p r o p o r t i o n a l  t o  t h e  subchannel temperature  d i f f e r e n c e  

and c o n s t a n t  o f  p r o p o r t i o n a l i t y  i s  assumed t o  depend upon t h e  subchannel 

geometry and f l u i d  thermal  c o n d u c t i v i t y .  

By c o n s i d e r i n g  t h e  thermal  conduc t ion  t e r m  and a l l  t h e  a d j a c e n t  sub- 

channels,  t h e  energy e q u a t i o n  can be w r i t t e n  as 



1 ahi ah. N 
q; C . .  -- + - = - - C ( t . - t . )  A 

u; a t  ax "'I j = l  J i 
N N 

-1 ( h - h . )  + C (h.-h*) 5i 
j = 1  J j = 1  1 

i i 

where an e f f e c t i v e  enthalpy t ranspor t  v e l o c i t y  may be def ined as 

For homogeneou; two-phase f l o w  o r  f o r  single-phase f low,  the q u a n t i t y  i n  

brackets reduces t o  1  and u; = ui. 

Ax ia l  Momentum Eauation 

Apply the momentum equation f o r  a  con t ro l  volume t o  Subchannel ( i )  

which i s  adjacent t o  Subchannel ( j ) .  



a p . A . d x =  - Fidx + pidAi - gAipi cos 0 dx + p.Ai - piAi - 
1  

a a 
- m dx - m.u + n1.u + - m.u.dx a t  i i  i i ax 1 1  

- w: .u .dx + w: .u .dx + w. .u*dx . 
J l  J 1 J  1  1 J  

Since w: = w' 
j j iy t h i s  reduces t o  

By u s i n g  t h e  equa t ions  

(A-1 0 )  

(A- 1  1  ) 

and Equa t ion  (A-2);  Equat ion (A-11) may be w r i t t e n  as 
,l 

- 9A.p. 1 1  cos e - (ui-u.)w' J 
i j  

+ ( 2 ~ ~ - u * ) w i  (A- 14)  

By c o n s i d e r i n g  a l l  a d j a c e n t  subchannels and assuming aA/at  = 0, t h i s  can 

be w r i t t e n  as 

1  a api ap. v . f . @  K ~ V /  
-- mi - 2ui - + - =  - 1  .I i s + -  (:r[ 2Di 

+ Ai !- (5)] a t  a t  ax 2 a  x ax 



The f a c t o r  fT i s  i nc l uded  t o  h e l p  account f o r  t h e  i m p e r f e c t  analogy between 

t h e  eddy d i f f u s i v i t y  of hea t  and momentum. 

TRANSVERSE MOMENTUM EQUATION 

Consider a  r e c t a n g u l a r  c o n t r o l  volume p laced i n  t h e  gap between two 

subchannels. 

Pi S A X  

Assume t h a t  d i f f e r e n c e  between c ross f low momentum f l u x  e n t e r i n g  and l e a v i n g  

t h e  c o n t r o l  volume through t h e  t r ansve rse  sur faces  i s  n e g l i g i b l y  sma l l .  

App ly ing  t h e  conse rva t i on  o f  momentum equa t ion  t o  t h i s  c o n t r o l  volume i n  t h e  

t r ansve rse  d i r e c t i o n  g i ves  

By rea r rang ing  t h i s  equa t ion  and t a k i n g  t h e  l i m i t  a t  Ax + 0, t h e  f o l l o w i n g  

equa t ion  i s  ob ta ined  



where wij = p*sv. Fij rep resen ts  t h e  f r i c t i o n  and f o r m  p ressure  l o s s  due 

t o  c r o s s f l o w .  For  s teady f l o w  l e t  

(A- 1  8) 

Therefore, 

To p u t  t h i s  i n  t h e  fo rm used p r e v i o u s l y  i n  COBRA-111, l e t  

. . 2  where C = ~ l w l / 2 s  p* and p* i s  t h e  d e n s i t y  o f  t h e  d i v e r s i o n  c r o s s f l o w .  

P r e s e n t l y  p* i s  assumed t o  be t h e  d e n s i t y  o f  t h e  donor subchannel def ined 

by 

The l o s s  c o e f f i c i e n t  Ki c o n s i s t s  o f  b o t h  t h e  f r i c t i o n  and t h e  form l o s s  

components o f  t h e  t r a n s v e r s e  p ressure  drop. The Kij r ep laces  t h e  f a c t o r  

f R  i n  t h e  e a r l i e r  v e r s i o n s  o f  COBRA. The r e l a t i o n s h i p  between them i s  

g i v e n  by 

I n  t h e  p r e s e n t  v e r s i o n  o f  COBRA-I11 t h e  q u a n t i t y  Kij i s  i n p u t  as t h e  con- 

s t a n t  c ross  f l o w  r e s i s t a n c e  f a c t o r  K. Other  forms can. be used by changing 

t h e  f u n c t i o n  subprogram CIJ. 
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DERIVATION OF EQUATIONS FOR FUEL HEAT TRANSFER MODEL 

The equa t ions  o f  t h e  h e a t  t r a n s f e r  model were d e r i v e d  b y  u s i n g  a  

T a y l o r ' s  s e r i e s  approx- imat ion t o  t h e  h e a t  conduc t ion  e q u a t i o n  

. . a t  each l o c a t i o n  i des igna ted  i n  F i g u r e  2. 

i = l  - 
By u s i n g  L '  H o s p i t a l ' s  r u l e  and t h e  boundary c o n d i t i o n  aT/ar  = 0, t h e  

d i f f e r e n t i a l  e q u a t i o n  a t  r = 0  i s  (19)  

From T a y l o r ' s  s e r i e s  

and 

S u b s t i t u t i n g  these  i n t o  t h e  d i f f e r e n t i a l  e q u a t i o n  g i v e s  t h e  f i n i t e  d i f -  

f e r e n c e  e q u a t i o n  

Where t h e  overscore  b a r  ( - )  denotes p r e v i o u s  t ime .  



By us ing  t he  above procedure t he  f i n i t e  d i f f e r e n c e  equat ion  can be 

w r i t t e n  as 

The f u e l - c l a d  i n t e r f a c e  c o n d i t i o n  i s  

By us ing  T a y l o r ' s  s e r i e s  

and s u b s t i t u t i n g  t h i s  and Equat ion (B-7) i n t o  Equat ion (B-1) g i ves  t h e  

f i n i t e  d i f f e r e n c e  equat ion  

The c l add ing  i s  t r e a t e d  as lumped parameter node. The conductance 

through t h e  c l add ing  i s  lumped w i t h  t he  gap hea t  t r a n s f e r  c o e f f i c i e n t  t o  

g i v e  an e f f e c t i v e  c o e f f i c i e n t .  

cond 
By per fo rming  a  t r a n s i e n t  hea t  balance on t he  c l add ing  t he  f i n i t e  d i f f e r -  . . 

ence equat ion  can be w r i t t e n  as 
. . 



h  = gap r~ 

t c l  ad r~+l ( T ~ - T ~ + l  ) 

h  
s u r f  111 - -  

'clad ( T ~ + l - T f l  u i d )  + q~+l 

The prev ious  s e t  o f  equat ions a r e  arranged i n t o  a  t r i d i a g o n a l  system o f  
- J  

equat ions and a r e  so lved by us ing  a  compact Gauss e l i m i n a t i o n  r o u t i n e .  The 

same s e t  o f  equat ions, except  f o r  t he  r a d i a l  coo rd ina te  term ( l / r ) ( a T / a r ) ,  
. .  a r e  used f o r  the  p l a t e  f u e l  model. 

The f u e l  power d e n s i t y  i s  de f i ned  i n  terms o f  t he  equ i va len t  impres- 

sed f l u x  as i f  t h e r e  i s  no f u e l  model. The t o t a l  power i s  

and d i v i d i q g  by t he  f u e l  volume g i ves  

where Df i s  t he  f u e l  p e l l e t  d iameter .  

The p l a t e  f u e l  i s  cons idered t o  be an e q u i v a l e n t  unwrapped r o d  w i t h  

i t s  th ickness equal t o  t he  r a d i u s  o f  t he  f u e l  rod.  The th ickness i n  t h i s  

case being t he  d i s tance  f rom the  o u t e r  su r f ace  o f  t h e  c ladd ing  t o  t he  

a d i a b a t i c  c e n t e r l i n e  o f  t he  p l a t e  as shown i n  F igu re  c'-1. The power 

d e n s i t y  i s  de f i ned  as f o r  t he  r o d  where 



When us ing  t he  e q u i v a l e n t  rod  as a  f l a t  p l a t e  t he  p l a t e  w i d t h  i s  assumed t o  

be the  c i rcumference ITD. To account f o r  t he  ac tua l  w i d t h  f a c i n g  a  g i ven  

subchannel, use t he  f a c t o r  i n  COBRA (card  group 8 )  f o r  s p e c i f y i n g  t he  f r a c ~  

t i o n  o f  power f rom a  rod  t o  a  subchannel. Th is  f r a c t i o n  i s  d e f i n e d  as 

Actua l  w i d t h  f a c i n g  Subchannel 
IT D  

As an example, if t h e  p l a t e  i s  used t o  model t he  w a l l  shown i n  t h e  ske tch  

The w a l l  i s  modeled as r o d  4  and i t  i s  des ignated f u e l  t ype  2  f o r  t he  code 

i n p u t .  The d iameter  i s  ( 2 ) (0 .2 )  = 0.4 inches.  The f r a c t i o n  o f  power f r o m  

Rod 4  t o  Channel 10 i s  0 .644/10.4.1~)  = 0.513. 

'CLAD 

f 
T D  WIDTH 

n 1 

ROD PLATE EQUIVALENT 

FIGURE B-1. Rod and P l a t e  Fuel Dimension Equ iva len ts .  
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COMPLITER PROGRAM CORRELATIONS 

To c a r r y  o u t  a s o l u t i o n ,  emp i r i ca l  and sem ien~p i r i ca l  c o r r e l a t i o n s  must 

be se lec ted  f o r  i n p u t  t o  t h e  computer program. 

F r i c t i o n  Factor  

The f r i c t i o n  f a c t o r  c o r r e l a t i o n  i s  assumed t o  be o f  t he  form ( 9 )  

where a, b y  and c a r e  s p e c i f i e d  constants  t h a t  depend upon t h e  subchannel 

roughness and geometry. Since these  constants  can be i n f l  uenced by d i f f e r e n t  

subchannel roughnesses and t h e  p i  tch- to-d iameter  r a t i o  ,(' 3,  the  program can 

accept up t o  f o u r  se t s  o f  cons tan ts  t h a t  correspond t o  f o u r  subchannel types 

which may be assigned t o  t he  subchannels o f  t he  bundle.  For example, 

subchannels n e x t  t o  a f l o w  housing may be g iven  a d i f f e r e n t  f r i c t i o n  f a c t o r  

f rom those subchannels w i t h i n  t he  bundle. 

The f r i c t i o n  f a c t o r  i s  a l s o  co r rec ted  f o r  w a l l  v i s c o s i t y  by us ing  t h e  

r e l a t i o n s h i p  ( 1  3)  

where vwal I i s  eva lua ted  a t  t he  w a l l  temperature which i s  c a l c u l a t e d  f rom 

Th is  c o r r e c t i o n  i s  based on t he  assumption o f  t h e  t o t a l  per imete r  c o n s i s t -  

i n g  of two regions--one heated and t he  other .unheated and a l s o  t h a t  t h e  

heated p o r t i o n  has un i f o rm  hea t  f l u x .  The hea t  t r a n s f e r  c o e f f i c i e n t  i s  
c a l c u l a t e d  f rom 

where b u l k  f 1 u i  d p r o p e r t i e s  a r e  used. 



Two-Phase F r i c t i o n  Mu1 t i p 1  i e r  

Several  c o r r e l a t i o n s  a re  a v a i l a b l e  f o r  the  two-phase f r i c t i o n  mu1 ti- 

p l i e r .  Three a re  p r e s e n t l y  inc luded  i n  t h e  program, 

Homogeneous Model 

Armand (10)  

Polynomial  Func t ion  

$ = 1.0 

where the  c o e f f i c i e n t s  a re  supp l i ed  as i n p u t .  

Spacer Loss C o e f f i c i e n t  

The pressure drop f rom spacers i s  lumped i n t o  an e f f e c t i v e  l o s s  c o e f f i c -  

i e n t  which may be de f i ned (13 )  i n  terms o f  a l l  l i q u i d  f l o w  as 

For  two-phase f l ow ,  t h e  same c o e f f i c i e n t  i s  used b u t  i t  i s  mod i f i ed  by t h e  

two-phase s p e c i f i c  volume f o r  momentum. Th is  pressure drop l o s s  c o e f f i c i e n t  

i s  conver ted t o  a  pressure g r a d i e n t  l o s s  c o e f f i c i e n t  a t  t h e  l o c a t i o n  o f  t h e  

spacer by d i v i d i n g  by t he  c a l c u l a t i o n  increment  Ax; t he re fo re ,  



Th is  i s  t he  c o e f f i c i e n t  used i n  Equat ion (A-12). 

Void F r a c t i o n  

Four ways of s p e c i f y i n g  v o i d  f r a c t i o n  a r e  p r e s e n t l y  inc luded  i n  t h e  

program: 

Homogeneous Model 

S l  i p  Model 

a = 0. 

where y i s  a  s p e c i f i e d  s l i p  r a t i o .  

Mod I f i ed Arnia nd (11 

Polynomial  Func t ion  

a = 0. X < 0. 
+ 

a = a  + a l X + a 2 X  
0 

... a  X n  x X > 0. 

Subcooled Void F r a c t i o n  

Two op t i ons  a re  p r e s e n t l y  inc luded .  Subcooled v o i d  f o rma t i on  may 
. . be ignored  o r  i t  may be i nc l uded  by u s i n g  Levy ' s  subcooled v o i d  model. (12) 

I 

Levy 's  model c a l c u l a t e s  t h e  t r u e  qua1 i t y  i n  terms o f  t h e  equi  1  i br ium 

q u a l i t y  and the  q u a l i t y  a t  which bubble depar tu re  s t a r t s .  It i s  g i ven  by 



where Xe i s  the  e q u i l i b r i u m  q u a l i t y  and 

The heat  t r a n s f e r  c o e f f i c i e n t  h  i s  ca l cu la ted  from Equation (C-4). The 

use o f  Levy 's  model may n o t  apply u n i v e r s a l l y  s ince  the  use o f  a  s i n g l e  

phase heat  t r a n s f e r  c o e f f i c i e n t  i s  n o t  always compatible w i t h  experimental  
(21 measurements. 

S i  ng l  e-Phase Turbu len t  M i x i n g  

Several forms o f  equations f o r  s p e c i f y i n g  the  t u r b u l e n t  c ross f low a re  

inc luded.  The p resen t l y  ava i  lab1 e forms i n  COBRA-I1 I f o r  c a l c u l a t i n g  w ' 
inc lude:  

w ' ~  = B S k  G (C-20) 



G 'D where Re = 'T- 

1-I 

b = 4 ( A  i ( k )  + Aj(k))l(pwi ( k )  + P w j ( k ) )  

6 = (mi ( k )  + mj(k) ) / (A i  ( k ) )  + A j ( k ) )  

and a  and b  a r e  i n p u t  constants .  Since a  d e f i n i t i v e  mix ing  c o r r e l a t i o n  
. . 

. - does n o t  e x i s t  and o t h e r  forms a re  a v a i l a b l e ,  (5 '16'17) t he  user  should 

s e t  up c o r r e l a t i o n s  o f  h i s  choice. 

A lso i nc l uded  i n  t he  subcooled m ix i ng  i s  t he  thermal conduct ion. 

When i t  i s  inc luded,  t he  conduct ion c o e f f i c i e n t  i s  g iven  by 

where K i s  a  geometr ic  c o r r e c t i o n  f a c t o r .  Note t h a t  t he  d is tance  zk i s  
9  

used i n  bo th  Equat ions (C-23) and (C-28). Th is  i s  t h e  cen t ro i d - t o -  

c e n t r o i d  d i s t ance  between subchannels. Care should be taken t o  s e l e c t  

t h i s  va lue  f o r  i t s  in tended use. For  example, zk cou ld  be se lec ted  as 

t h e  e f f e c t i v e  m ix i ng  d is tance.  

Two-Phase Tu rbu len t  M ix ing  

Complete i n f o r m a t i o n  concerning m ix i ng  du r i ng  b o i l i n g  i s  n o t  a v a i l -  

ab le .  I t  i s  known, however, t h a t  m i x i ng  i s  s t r o n g l y  dependent on q u a l i t y ;  

t he re fo re ,  COBRA-I11 i s  s e t  up t o  accept  6 as t a b u l a r  f u n c t i o n  o f  q u a l i t y .  

When the  q u a l i t y  o f  two ad jacen t  subchannels i s  d i f f e r e n t ,  t h e  ca l cu la -  

t i o n s  use a  qua1 i t y  c a l c u l a t e d  f rom the  mean mixed en tha lpy  o f  t he  two 

subchannels. 

T rans ien t  C o r r e l a t i o n s  

I n  t he  p resen t  v e r s i o n  o f  COBRA-111, steady s t a t e  c o r r e l a t i o n s  a re  

assumed t o  apply  t o  t r a n s i e n t s .  Th is  assumption should be thorough ly  

eva luated f o r  t r a n s i e n t  analyses. 



C r i t i c a l  Heat F l ux  C o r r e l a t i o n s  

Subrou t ine  CHF p r e s e n t l y  con ta i ns  two i n t e r n a l  f u n c t i o n s  denoted CHFl 

and CHF2 which c a l c u l a t e  t h e  c r i t i c a l  heat  f l u x  by us i ng  t h e  B&W-2 and W-3 

heat  f l u x  c o r r e l a t i o n s ,  (23)  r e s p e c t i v e l y .  An i n p u t  o p t i o n  i s  p rov i ded  t o  

a l l o w  t h e  user  t o  s e l e c t  e i t h e r  of these c o r r e l a t i o n s .  Reference 23 summa- 

r i z e s  t h e  d e t a i l s  of these  two c o r r e l a t i o n s .  Other  c o r r e l a t i o n  o p t i o n s  can 

be e a s i l y  s e t  up t h e  same way. 

To implement t h e  nonuniform a x i a l  f l u x  f a c t o r  i n t o  COBRA a  f i n i t e  

increment  i n t e g r a t i o n  scheme i s  used. Given t h e  a x i a l  f l u x  f a c t o r  a t  l o ca -  

t i o n  X .  o f  t h e  fo rm 
J 

where C i s  a  cons tan t ,  cons ider  t h e  i n t e g r a l  t o  be a  summation o f  f i n i t e  

i n t e g r a l s  each taken  over  t h e  c a l c u l a t i o n  increment  AX. Over each AX assume 

a  cons tan t  va l ue  of t h e  heat  f l u x  qH(X).  The i n t e g r a l  f rom X - AX t o  X i s  

and t h e  e n t i r e  i n t e g r a l  taken as a  summation over  t h e  increments o f  AX 

f rom Xo t o  X .  i s  
J A 

where XJ = 0 i s  t h e  a x i a l  l o c a t i o n  o f  t h e  s t a r t  o f  i n t e g r a t i o n .  For B&W-2 
n 

i t  i s  th; channel i n l e t  and f o r  W-3 i t  i s  t h e  s t a r t  o f  l o c a l  b o i l i n g  de f ined  

by t h e  Jens-Lo t tes  c o r r e l a t i o n .  (23)  



APPENDIX D 

SAMPLE PROBLEM :INPUT AND OUTPUT 



SAMPLE PROBLEM INPUT 

' N  XOT TCOBRA 
2000 

1 SAMPLE PROBLEM FOR C O B R A - I I 1 C  W l T H  FUEL P I N  MODEL 
1 qn 



W I R E  WRAP J ,AMPLE PROBLEM FOR I 

F I N  



INPUT FOR CASE 1 S A ~ ~ P L E  PRCBLEM FOR COBRA-IIIC WITH FUEL P I N  

FLUID PROPERTY TABLE 
P T v F 
50.0 281.00 ,01727 
130.U 327.80 ,01774 
150.0 358.40 m01809 
20U.O 381.80 m01839 
250.0 401.00 ,01865 
300.0 417.40 .ill889 
350.0 431.70 e01912 
400.0 444.60 ,01934 
440.0 454.00 e01950 
480.0 462.80 ,01967 
520.0 471.10 ,01982 
560.0 478.80 ,01988 
b00.0 486.20 ,02013 
640.0 493e20 ,92028 
b8u.O 499190 ,02043 
720.0 506.20 ,02058 
760.0 512.30 -02072 
800.0 519.20 ,02087 
J40.0 523.90 m02101 
880.0 529.30 ,52116 
920.0 539.60 ,02130 
365.0 539.70 ,02145 
1000.0 544.60 ,02159 
1040.0 549.40 e02174 
1080.0 554.00 ,02188 
1120.0 559.50 ,02203 
1160.0 562.90 ,02217 
1200.0 567.20 ,02232 
1240.0 571.40 ,02247 
i28U.O 575.40 ,02262 

FHiCTION FACTOR CORRELATION 
CHAI4NEL TYPE 1 FHICT = 
WALL VISCOSITY CORRECTION 1 

.186*RE++(-,200) + -.0000 
' 0  FRICTION FACTOR I S  INCLUDED 

TWO-PHASE FLOY CORRELATIONS 
!4O SUBCOOLED VOID CORRELATION 
HOMOGENEOUS BULK VOID MODEL 
HOI4OGENEOUS MODEL FRICTION MULTIPLIER 

VISC. 
,49100 
.41000 
,36900 
.34500 
,32600 
,31300 
,30100 
.29000 
,28300 
.27800 
.27300 
,26900 
,26400 
,26000 
,25500 
,25200 
.24800 
,24500 
.24200 
,24000 
,23700 
.23400 
,23200 
,22900 
,22700 
,22500 
,22300 
.22100 
,21900 
,21700 

I'ODEL DATE 01 MAR 73 TIME 17:20:02 

SIGMA 
,00301 
.00261 
.00235 
,00209 
.OD193 
.DO180 
.00168 
,00158 
.00150 
,00144 
.00138 
,00132 
,00127 
,00122 
,00117 
.00113 
.00108 
.00104 
.00100 
.00096 
,00092 
,00089 
.00086 
.00082 
.00079 
.00076 
,00073 
,00070 
.00068 
.00065 

HEAT FLUX DISTRIBUTION 
X/L RELATIVE FLUX 
0000 ,400 
,100 ,780 
,200 1.030 



----- - 00000  
I I I 1 I  

0 ----- 
7 0nn00  

5 0 C I O r 3  
J O G G O O  
W 0 0 0 0 0  
Z ..... 
2 1 1 1 1 1  
Q 
I 
U 

i,. C3 C- 
W U O O  
< W O O  
c f o .  - 
O U 4 4  

. - 
-1 
d.! 
Z - -1 
L LI 
I-. 
U Z O  
? a.: 
31 
m u  



6 1 ,5620 .9500 .2500( 2 )  .2500( 3 )  .2500( 5 )  .2500(  6 )  -.OOOO(-0) -.OOOO(-0) 
7 1 ,5620 1.0000 .2500( 3 )  .2500( 4 )  .2500( 6 )  .2500( 7 )  -.OOOO(-0) -.OOOO(-0) 
8 1 ,5620 1,0000 .125U( 5) .2500(  6 )  .1250( 8 )  -.0000(-0) - .0000(-0)  -.00001-0) 
9 1 - 5 6 2 0  1.1000 .2500( 6 )  ,25001 7 )  .2500( 8) .2500( 9 )  - .0000(-0)  -.OOOO(-0) 

10  1 .5620 1.2000 .1250( 8 )  .3750( 9 )  -.00OO(-0) -.0000(-0) - .0000(-0)  - .0000(-0)  
THtRtb'PL PROPESTIES FOR FUEL M4TERIAL 7 RADIAL FUEL N03ES 

FUEL PROPERTIES CLAD PROPERTIES 
TYPE COIO. SP. HEAT DENSITY DIA. COND. SP. &AT  DENSITY THICK. GAP COND. 

1.10. (B/IiR-FT-F) (D/LB-F) ( L d / F T J )  ( IN . )  (B/HR-FT-F) (R/Ld-F) (LB/FT3)  ( I N . )  (B/HR-FT2-F) 
1 2.00 .U800 640.0 .5020 8.80 ,0760 405.0 ,0300 1000.00 

CALCULATTOt.I PARAMETERS 
CROSSFLOir RESISTAYCE, K I  J .500 
rOHENTUM TUaBULENT FACTOk .0000 
PARAMETER, ( S / L )  .SO0 
CHA3qlJEL LENGTH 120.00 IFIC~ES 
CHAI~NEL GRI ENTATION -.O DEGREES 
I~JMuER OF AXIAL I.IODES 60  
.r03E LENGTH 2.000 IIJCHES 
W W E R  OF TIME STEPS 4 
TOTAL TRAn.ISIENT TIME 2.000 SLCOEJDS 
TIFIE STEP .SO00 SECONDS 
ALLOWABLE ITERATIOIJS 30 

B FLOIV CONVERGENCE FACTOR .10000-02 
ul 

MIXI I iG  CGRREL4TIONS 
SUtJCOOLED '.IIXINGP BETA = .0200 
BOILING MIXING, BETA I S  ,ASSUMkES SAME AS SUHCOOLED 

OPERATING COIJOITIOI~S 
SYS7EM PkESSURE = 1dG 1.0 PSIA 
iNLET LNTHALPY - - 493.9 BTU/LB 
~ J G .  MASS VELOCITY = 1 . ~ 0 0  MILLION LB/(HR-SOFT) 
I N L t T  TEkIPERATURE = 595.0 DEGREES F 
AVG. HEAT FLUX = . 3 0 0 ~ > 0 0  MILL ION BTU/(HR-SOFT) 

UNlSORM INLET TEMPERATURE 
U,.ITFORM INLET MASS VELOCITV 

FORCING FUIJCTION FOR HEAT FLUX 
T I I ~ E  HEAT FLUX 

(SEC) FACTOR 
,0000 1.0oou 
.SO00 1.2000 

1.0000 1.5000 
1.5000 .boo0 
2.dOOO ,2300 
3.0000 n(r80O 
4.0000 .0400 

b0.0000 ,0200 
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C%ht.lNEL RESULTS 
CASE 1 SAMPLE PROBLEM FOR 

T I~ . IE  = -.J0000 SEC0IJL)S D4TA 

DISTA,ICE DELTA-P EIdTrlALPY 
( III. ) ( P S I )  ( ;JTd/LR) 

. 3  6 .99  493.93 
Y .  0 6.85 497.53 
a.0 h.72 501.99 

12.  i) 6.59 507.33 
16.0 5.46 513.38 
20.0 6.33 519.38 
29.3 6.02 327.15 
28.0 5.89 534.79 
32. il 5.76 542.63 
Jb. J 5.6C 551. 92 
40.0 5.41 559.96 
44.9 5.22 5trB.02 
'4tI.O 4.72 577.73 
52.0 +. 54  586.01 
56.0 4.35 595. G7 
6d.O u.17 604.90 

7 
64.0 3.99 613.83 

w 6e .  0 5.80 622.57 
72.0 3.03 631.16 
76.0 .?.a4 639.65 
80.0 2.65 647.08 
84.d 2.47 055.85 
IjLI.0 2.28 663.52 
92.11 2.09 b70.89 
96.3 1.06 677.96 

IO(r.0 .87 684.54 
104.6 6 9  690.57 
10b.0 .51 695.03 
112.0 .33 700.47 
116.3 a16 704.05 
12i'.I) . O o  706.68 

COBRA- I I IC  HIITH FiJEL PIPI MODEL DATE 01 MAR 7 3  TIME 17:20:46 

FOR CHANNEL 8 

TEMPEHATUaE DENSITY EQiJIL 
( DEG-F) (LB/CU-FT) QUALITY f 

505.00 4a .  66  ,000  
507.98 148.49 ,000  
511.71 48.29 . O O O  
516.15 48.04 . O O O  
521.16 47.75 .300 
526.55 47.43 .000 
532.31 47.0'3 ,000  
53d. 47  46.79 . O O O  
544.60 46.00 . O O O  
544.60 36.75 .013 
544.bil 30.26 -027  
54q.60 25.76 ,041  
544.60 22.40 -054 
544.60 19.76 , 068  
544.60 17 .71  -082 
541b.60 16 .03  ,096  
544.60 14.67 ,110  
544.60 13.53 , 123  
544.60 12.53 e l 3 6  
544.60 11.76 e l 4 9  
544.65 11.06 162  
544.60 10.45 -174  
544.60 9.9'4 ,186  
544.60 9 .43  e l 9 8  
544.60 9 .09  , 208  
544.60 8.75 .219 
544.60 8.46 , 228  
544.60 8 .21  -236 
544.60 8.02 , 243  
544.60 7.87 -248  
544.60 7.77 .253 

VOI.3 FLOW b!ASS FLUX 
=HACTIJl,I (LB/SEC (MLB/HR-FT2) 

,000 , 2872  1.0000 
. O O O  , 2897  1 0085 
a000 .2917 1 .0156 
, 003  , 2935  1.0217 
.eon .2951 1.0273 
, 003  , 2965  1.0322 
-003  .2923 1.0176 
.003 , 2943  1.0245 
, 007  .2931 1 .0206 
, 217  .2707 -9426  
-364  .2747 .9563 
e466 -2782  ,9686 
.543 2748 ,9568 
eb02 .2776 .9666 
e649 .2797 , 9738  
.6a7  .2814 , 9796  
a718 .2828 , 9845  
,744  ,2840 -9888  
, 765  -2788  , 9706  

784 -2808  , 9777  
,800  -2825  ,9834 
,814  ,2840 .9886 
, 8 2 5  ,2853 ,9932 
, 836  2865 .9976 
, 845  a2814 , 9797  
,852  , 2836  , 9874  
, 859  .2853 , 9933  
, 865  2869 ,9990 
, 869  .2885 1 e0044 
,872  .2900 1.0098 . e 7 5  ,2916 1.0151 



CASE 1 SAMPLE PROBLEs.1 FCq C O B R A - I I I C  k I T H  FUEL P I N  MODEL 

T i h E  = -.GO000 SLCONGS TE'~PEKATUHE DATA FOR ROD 10, FUEL TYPE 1 

LlSTArrCE FLdx DElbR 
( I N .  (MdTU/HR-FT2) 

.o .01100 .000 
4.0 e l 7 8 2  ,000 
6.0 .2236 . O O O  

12.0 -2494 . C O O  
16.0 ,3533 .000 
20.0 ,3333 . G O O  
24.0 -3033 . O O O  
28.0 .3*07 ,000 
32.0 .3939 . U O O  
36.0 a4171 ,000 
40.U ,4176 .UO0 
44.0 ,4272 .000 
48.u ,4568 . O O O  
52.0 .442H ,000 
56.0 .4476 . UOU 
60.0 .4524 .000 
64.U ,4500 .do0 

B 66.0 .4452 .UOO 
w 72.0 -4404 . UUO 

70.G ,4520 .0JO 
60.0 a4224 , U l O  
b9.d ,4128 
8d.G . 4 l ~ 0 5  
92.0 ,3973 

: 3: 
.000 

96.U . 374 l  ,000 
1CO.0 .5-t83 .000 
104.0 . 3 l d 3  .000 
1Od.U ,2383 .UOO 
112.0 ,2466 .OD0 
116.0 .201O ,000 
120.0 e l 5 5 4  .000 

CHA 'IJEL 

DATE 0 1  MAR 7 3  TIME 17:20:46 

ITERATIONS = 7 



CHA"4I.iEL HE5ULlS  
CASE 1 SAMPLE PH08~ i i . 1  FOR COBR,\-I I IC WITH FllEL P1r.I YODEL DATE 0 1  MAR 7 3  TIME 17:21:51 

T I I ~ I E  = 1.1;00(10 SECOrl3S L>.,TA FOP cliA:4NiL 0 

TEl.IPii4ATUi:E DENSITY 
(DEG-F) (LB/CU-FT) 
505 .  UO 48 .66  
509 .  l o  48 .49  
512 .09  48 .27  
516.76 48 .0J  
522.00 47 .7J  
527 .61  47 .35  
533.62 47 .01  
5 4 3 . 0 5  46.63 
544 .60  43 .09  
541;.60 34.41 
544.60 23.51 
544.6U 24 .37  
544.60 21 .26  
544 .60  1 8 . 8 2  
54.t.  6il 16 .89  
544 .60  15 .32  
544 .60  14.03 
544.60 1 2 . 9 6  
5 4 4 . 6 ~  12.06 
544.60 1 1 - 2 9  
54k .  6 C  1 0 . 6 3  
544.515 10.06 
5 4 4 . 6 ~  9 - 5 6  
544.60 9 . 1 3  
54a .60  8 .76  
544.60 8.43 
544.60 0.16 
544.60 7 .93  
54+.60  7.74 
544 .60  7.60 
54q .60  7.51 

EQl l IL  VOIO 
QUALITY FHACTI  

.000 ,000  
, 0 0 0  .on')  
, 0 0 0  . O O C  
, 0 0 0  , 0 0 0  
.ooo  .000 . 000 .OOb 
.OSO .ooL) 
.000 .301; 
, 0 0 4  , 0 7 3  
- 0 1 8  a276 
- 0 3 2  .404 
, 0 4 6  m49Lj 
,060 * 5 6 3  
, 0 7 4  , 6 2 4  . U69 - 6 6 3  
. l o 3  , 7 0 3  
, 1 1 7  , 7 3 3  
- 1 3 1  , 7 5 7  
- 1 4 4  , 7 7 7  
- 1 5 8  , 7 9 5  
- 1 7 1  . a10  
. I 9 3  - 8 2 3  
e l 9 6  . a34  
.207  - 8 4 4  
.218  . A52 
, 2 2 9  a660 
- 2 3 8  - 6 6 5  
.246 - 8 7 1  
.253  . e 7 5  
.259  - 8 7 6  
.263  e 8 8 1  

FLOW 
(LB/SEC) ( F  

- 2 8 7 2  
, 2 8 9 7  
.2917  
e 2 9 3 5  
.2951  
.2965  
. 2 9 2 3  
. 2 9 4 3  
.2014  
. 2 7 1 5  

i4ASS FLUX 
ILB/HR-FT2) 

1 .0000  
1 . 0 0 8 5  
1 .0156  
1 . 0 2 1 7  
1 . 0 2 7 3  
1 . 0 3 2 3  
1 . 0 1 7 8  
1 .0246  

.9796  
, 9 4 5 4  
, 9 6 4 3  
, 9 7 8 3  
, 9 6 8 0  
. 9 7 9 3  
.9879  
.9950  

1 . 0 0 0 9  
1 .0062  

, 9 8 8 9  
, 9 9 6 8  

1 . 0 0 3 3  
1 . 0 0 9 1  
1 . 0 1 4 3  
1 . 0 1 9 2  
1 . 0 0 1 7  
1 .0099  
1.0164 
1 . 0 2 2 5  
1. C284 
1 . 0 3 4 3  
1 .0400  



CASE 1 SAMPLE PROBLE'4 FOR COBHA- I I IC  WITH FUEL P I N  MODEL 

T I I ~ E  = 1. ~ 0 0 0 0  SECOPIOS TtC:PERATUxE DATA FOR RGO 101 FUEL TYPE 1 

L ISTAF\rCE 
(114.) 

.O 
4.0 
8.0 

12.0 
16.0 
20.0 
24.0 
28.U 
32.0 
36.0 
40.0 
44.0 
48.0 
52.0 
56.0 
6ir. 0 
64.1) 

7 6a.O 
d d 72.0 

76.0 
ao. o 
t34.0 
8d.O 
92.0 
96.u 

100.U 
104.0 
153.0 
112.0 
116.0 
120.0 

. FLUX Dl rtrH 
(MbTU/HR-F12 

.on00 .ooo 
l H 9 3  . O O O  

e 2376 ,000 
-2d59  ,000 
,3218 ,000 
,3536 ,000 
e 3853 ,000 
e4u36 ,000 
,4175 ,000 
,4325 ,000 
-4437  .ooo  
,4539 . OD0 
,4641 . UOU 
,4705 .000 
,4756 ,000 
-4407  . O O O  
4 781 .000 

-4730 ,000 
.4679 ,000 
e4590 ,000 
,9488 ,000 
-4586 . O O O  
4255 .000 

-4115 .00G 
,3975 ,000 
,3701 . O O O  
- 3382  .00U 
-3663 ,000 
,2620 ,000 
,2136 . O O O  
a 1551  .UOG 

DATE O l M A R 7 3  TIME 17:21:51 

ITERATIONS = 6 



C H A ~ ~ N C L  RESULTS 
CASE 1 SAMPLE Pt3OdLE,,: FOR CL,HR,I-I I Ii WITH FJEL P I l l  MODEL 

u I ~ T A ,  ICE DELTA-P 
( I l J .  I ( P S I )  

. U  6.45 
9.0 6.32 
8.0 6.19 

12.0 5.U6 
16.0 5.93 
OU.0 5.80 
04r0 5.49 
2b.U 5.36 
32.b 5.23 
30.0 3.09 
4ti.0 4.91 
44. u u. 73 
4 t .  0 u.26 
52.0 V.09 
5b.0 3.93 
60.0 J .76 

? 64.9 3.59 
A b15. D 
N 

2.42 
72.3 7.72 
7b.5 2.55 
bu. J 2.38 
b4.1) 2.21 
bb. J 7-04 
9s.G 1.87 
96.6 .95 

l c l ~ . O  .7& 
104.0 .6L 
l0b.il , '+5 
112.L -30 
11t.0 .14 
12~1.0 . O C  

EQUIL VOIu 
QLALITY FHACTI 

,000 mu0 J 
.u00 .000 
,000 .001; 
.OD0 . o o u  
,000 .GO0 
. o o o  . U O G  
,000 .000 
,000 ,005 
,000 .000 
,010 e l67  
.023 ,329 
.036 ,439 
.OSU ,529 
-064 ,584 

077 0634 
091 ,674 
105 ,707 

,118 ,734 
-131 ,757 

144 ,777 
e l 5 7  .795 
,169 a807 
. lo1  . d2G 
,192 .83l 
-203 m84C 
,213 . B4d 
,222 ,855 
,231 ,861 
-238 .866 
,243 ,869 
-247 . 872 

DATE 01 MAR 73  TIME 17:23:05 

FLOW VASS FLUA 
?Ir (LB/SEC ) (MLB/tiR-FT2) 

-2872 1.0000 
.2897 . 1.0085 
.2917 1.0156 
.2935 1.0217 
,2950 1.0271 
-2964 1.0320 
.2921 1.0171 
-2941 1.0240 
-2950 1.0270 
,2712 .9440 
.2711 ,9440 
.2736 ,9525 
.2691 ,9370 
,2710 ,9436 
e2722 .9478 
.2731 ,9510 
.2739 ,9535 
,2745 .9558 
.2688 -9360 
,2704 ,9414 
.2716 ,9457 
.2728 .9496 
-2738 ,9532 
-2747 ,9565 
-2695 ,9384 
,2715 ,9451 
,2729 ,9502 
,2743 ,9551 
,2757 .9598 
.2770 ,9645 
.2783 ,9691 



CASE 1 SAMPLE PR38LEM FOR C D B R A - I I I C  WITH FUEL P I N  FIODEL 

T IME = 2,00000 SECOrwS 

DISTAldCE FLUX D N D H  
( I d . )  (M3TU/HR-FT21 

a d  .OiJOO .OOO 
4.0 el658 ,000 
8.0 -2084 ,000 
l2.U e2510 .OOO 
16.0 ,2928 .do0 
20.0 ,3109 .OOO 
24.0 ,3391 ,000 
28.0 -3555 ,006 
32.0 e3h8O .OOO 
36.0 ,3786 ,600 
40.0 ,3484 .GO0 
44.0 ,3973 .OOO 
49.0 ,4362 .GOO 
52.0 -4116 ,000 
56.0 e4163 .OLIO 
60.0 eSZOt3 .000 
64.0 ,4185 ,000 
68.0 .4141 ,000 
72.0 ,4396 .UOO 
76.0 -4018 .OOO 
dO.0 -3929 .000 
84.U .3&39 .000 
3r.o ,3725 ,000 
92.0 -3602 .000 

TEMPEHATUkE DATA FOR ROD 10, FUEL TYPE 1 

DATE 01 MAR 73 TIME 17123:05 



I N P U T  FOR CASE 2 7-PI4, kIHE WfrAP S A P P L L  FPOBLEV FOR C O B R 4 - I I I C  

F R L C T L O H  FACTOR COkFIELATICllr 
CHANNLL T Y P E  1 F H I C T  = .316*RE+f(-.250) + -.0000 
WALL V I S C O S I T Y  C O S R E C T I L N  13 F H I C T I O N  FACTOR I S  1hCLUDED 

T w ~ Y P H A S E  FLOI CORRELHTIONS 
I10 SUBCSOLED V O I D  CORHELATION 
HO~IOGENEOUS B U L h  V 9 1 D  ?100E~ 
HOE.1OGENcOUS MODEL F R I C T I S N  M U L T I P L I E R  

HEAT F L U X  D I S T R I B U T I O i q  
X / L  R E L A T I V E  F L U X  
,000 1.000 

1.000 1.000 

D A T E  01 MAR 7 3 -  T I M E  17823306 

S I G M A  
,01238 
.01219 
,01200 
.01181 
.Oil62 
,01143 
.GI124 
.01109 
.01094 
,01078 
.01071 
.Old63 
.01056 
.01048 
.01040 
.01033 
.01025 
.01017 
.01UO6 
.01002 
.00995 
,00987 
.00979 
.00972 
,00934 
.00896 
,00857 
.00819 
.00812 
.00612 



) ( 0 0 0 ' - ' 0 0 0 ' - ' 0 -  
) ( 0 0 0 ° - ' 0 0 0 ' - ' 0 -  
) ( 0 0 0 ' - ' 0 0 0 * - ' 0 -  
~ ~ 0 0 u * - ~ 0 0 0 * - ~ 0 -  
) ( o o o g - ' 0 0 0 . - ' 0 -  
) ( 0 0 0 ' - ' 9 S O '  'ZT 
) ( 0 0 0 * - ' 0 0 0 * - ' 0 -  
) ( 0 0 O 0 - ' 9 S O .  'TT 
) ( 0 0 0 * - 1 9 S O '  '0T 
) ( O O O g - 1 9 S O 0  '6 
) ( O O O * - ' 9 S O '  'B 
) ( 0 0 0 ' - ' 9 S O '  '9 
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0 0 0 0 ' -  0 0 0 0 . -  OOSE' 0 0 9 C  ' I R ' L )  ET 
0 0 0 0 ' -  0 0 5 2 : -  ?OSL' 0 : 9 C *  ( Z T ' 9  ET 
0 0 0 0 * -  C ~ Q O  - O W S '  n i 9 0 '  ( 1 ' T ' S  ) TT 
o o o o * -  O L T G *  O L T ~ * -  C ' . , ~ C *  ( a  4s O T  
0 0 0 0 ' -  CLT6'- B L T h *  r] ' (ZC ' I n T ' C  ) 6  
0 0 0 0 . -  0052: -  O ~ ; S L -  r.:.9r, • ( C  'tr ) Q 
o o o o * -  ocsz ~ C S L - -  Y . ~ c *  ( 6  'c  ) L 
0 0 9 0 ' -  0trRO:- 0 * 6 C m  D .*9C ' ( t : ' E )  9  
0 0 0 0 . -  CCBO Otr9S'- 9.;9C' ( ' Z  ) S 
0 0 0 0 . -  OLT6'- OLT*' 0 <  9C' (F ' 2  1 tr 
0 0 0 0 ' -  OLT6'  OLTk'-  C ' 9 0 '  ( L  'T ) E  
0 0 0 0 * -  o t r b s *  cfrc?o'- f . 9 ~ -  ce ' T  ) t 
00l30'-  uOSL' -  CCS?' ?'.YC' ( 2  'T ) T  

Sflt .r IS50ti3 dVHm 2 0  tr31TWVYVd 'CN Y I V d  'ON 
N O I l V 3 0 7  3 A I l V l Z H  9" IXII" 7 3 ~ ~ ~ ~ l ~ l . 1 3 ~ ~ ~  d ~ c !  
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CH,,;\I:JLL RESULTS 
CASE 2 7 - P I l r  t ,I i lE WRAP SA,-PLF. PHOljLEE,I F3F C O B l i A - I l I C  

OISTArlCE 
( i i u .  1 . i) 

1.0 
2.0 
2.0 
4.0 
5.3 
6.0 
7.0 
0.0 
9 . 6  

16.0 
l i . 0  
12.5 
13. u 
14.3 
15.J 

o 16.0 - 17.C 
m 1Y.d 

19.0 
20.3 
L l .  L! 
22.0 
L3.b 
24.9 
25. J 
Lo. O 
27.0 
2d.0 
2'9. fi 
3~1. C 
31.U 
32.0 
3.5. d 
34.0 
35.6 
Jb. 0 

DELTA-P 
( P S I  1 
11 - 4 5  
11.10 
l i J .& l  
10.47 
1'1.18 

9.83 
?. 54 
Q.20 
9.9C 
*. 56 
3.26 
7.92 
7.62 
7.2U 
7.90 
r>, 6 5  
0.35 
3.01 
3.72 
5.37 
3. Ob 
11.74 
*.44 
4.10 
3.30 .'I. 46 
3 . 1 7  
2.83 
2.54 
2.20 
1 90 
1.56 
1.27 

.9J 

.63 

.29 

.oo 

T t  ~ P E R A T U ~  E 
( DEG-F 
800.00 
810.09 
820.24 
i33b.26 
Y40.56 
asu. 50 
Ub0 - 7 9  
37C.83 
301.13 
891.10 
901.44 
911.44 
921.t35 
931.80 
342.17 
952.15 
962.55 
972.53 
982.93 
992.94 

1503.36 
1513.36 
1023.77 
1033.73 
11144.21 
1054.22 
1064.66 
1074.6a 
1'3d5. 12  
1095.14 
1105.59 
1115.63 
1126.08 
1136.09 
1146.54 
1156.57 
1167.02 

: D E N S I T Y  EQUIL VCIO 
(LB/CU-FT) QUALITY FRACTIOI 

53.05 .OD0 . O O C  
52.97 . O O O  ,006 
52.89 . O O O  . O O O  
52.80 .ooo .eon 
52.71 .'lo0 . UO9 
52.6.3 e00O .OOJ 
52  e 5'+ . do0 . O O U  
52.46 .UOO .OOi)  
52.38 .a00 .000 
52.29 . O O O  . O O i l  
52.21 . O O O  ,000 
52.13 .a00 .UO0 
52.04 . O O O  . O O U  
51.96 .OLIO mood 
51.8.7 . O O O  . O O O  
51.80 . o o o  .uo9 
51.71 . O O O  moo0 
51.62 .OOU . OOU 
51.53 . O O O  ,000 
51.44 .a00 .UOO 
51.36 a000 .UOU 
51.23 . O O O  . O O U  
51.23 .DO0 . O O i l  
51.11 .on0 .oou 
51.02 . O O O  . O O O  
51). 9'+ ,000 .oou  
50.86 . O O O  . O O D  
50.79 . O O O  .00'3 
50.63 .OOO . O O U  
50.60 ,000 eO0U 
50.51 ,000 .OOU 
50.42 . O O O  . O O O  
50.34 . O O O  .000 
50.25 . O O O  eUOU 
50.17 . O O O  ,000 
50.08 . O O O  .OOU 
49.99 ,000 .000 

DATE 0 1  MAR 7 3  T IME 17126:17 

FLOW 
'4 (LB/SEC) ( 

1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
11 5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 
1.5903 

MASS FLUX 
:MLB/HR-FTEI 

3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3. UOOO 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
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LkbE L ? - P I 1 1  ? P L  khAP SA,IPLE ? P 0 6 L E M  F O P  C O B R D - I I I C  DATE 01 M A R  73 T I M E  17:26:17 



DIVERSIOFI CROSSFLOI: BET!r'EE:4 AdJACEIdT CHANNELS, W (  I r J) , (LB/SEC-FT) . 

CASE 2 7-PI IJ  i l f < E  dRAP SAMPLE PROBLEM FOR COBRA-I I IC DATE 01 MAR 73 TIME 17:26:17 



BNWL- 1695 

1'40. of 
Copies O f f s i  t e  

Spec ia l  D i s t r i b u t i o n  
i n  Category UC-80 

AEC Adv iso ry  Committee f o r  Reactor Safeguards 
Washinaton. D.C. 

M. C. Gaskr 

AEC Chicago Pa ten t  O f f i ce ,  Washington, D.C. 

G. H. Lee 

AEC D i r e c t o r a t e  o f  L i cens ing ,  Washington, D.C. 

E. G. Case ( 3 )  
V. S t e l l o  
T. Novak 
D. ROSS* 
G. M. Lauben 

2 AEC D i r e c t o r a t e  o f  Reactor Standards, Washington, D.C. 

1 AEC O f f i c e  o f  A s s i s t a n t  General Counsel f o r  Patents  
Washington, D.C. 

R. A. Anderson 

2 AEC Technica l  In fo rmat ion  Center 

20 AEC D i v i  s i o n  o f  Reactor Devel opment and Techno1 ogy 
Washington, D.C. 

A s s i s t a n t  D i r e c t o r ,  Reactor Technology 
Chief ,  Spec ia l  Technology Branch 
C h i e f  , Reactor Phys ics  Branch 

A s s i s t a n t  D i r e c t o r ,  Reactor Engineer ing 
Ch ie f ,  Core Design Branch 
Ch ie f ,  Fuel Engineer ing Branch 

A s s i s t a n t  D i r e c t o r ,  Nuc lear  Sa fe t y  
Ch ie f ,  Fas t  Reactor Sa fe t y  Branch 
Ch ie f ,  Thermal Reactor Sa fe t y  Branch 
Ch ie f ,  Ana l ys i s  and Eva lua t i on  Branch 

A s s i s t a n t  D i r e c t o r ,  P l a n t  Engineer ing 

A s s i s t a n t  D i r e c t o r ,  Program Ana l ys i s  

Ch ie f ,  Water P r o j e c t s  Branch 

Ch ie f ,  LPIFBR P r o j e c t s  Branch 

E. Davidson 
F. Goldner 
R. Impara 
T. Speis 
R. M. Scroggins* ( 2 )  

* Rec ip i en t s  o f  COBRA-I11 card  deck. 
D i s t r - 1  



No. of 
Copies O f f s i  t e  

22 Argonne Na t i ona l  Labqra to ry  

M. B u t l e r  (Code C e n t e r p  (30) 
H. Fauske* 
R. P. S te i n *  

Atomic Energy Commission 

Brusse l  s O f f  i c e  
U.S. M iss ion  t o  t h e  European Communities 
APO, New York, N. Y.  09667 

Atomic Energy o f  Canada, L i m i t e d  
Chalk R ive r ,  On ta r io ,  Canada 

G. A. W i  kharnmer 

Atomics I n t e r n a t i o n a l  
P.O. Box 591, Canoga Park, C a l i f o r n i a  91305 

Lou is  Bernath*  
Donald T. Eggan 
David C. F u l t o n  
H. Morowitz 
W. €3. Wolfe 

Babcock and Wi lcox Cornpany 
P.O. Box 1260 
Lynchburg, V i r g i n i a  24502 

R. E. W i l l a r d  
C. Morgan* 

Babcock and W i  1 cox 
A1 1 iance  Research Center 
1562 Beeson S t r e e t  
A l l i a n c e ,  Ohio 44601 

J. S. G e l l e r s t a d t  
G. D. L inds t rom 

Brookhaven N a t i o n a l  Labora to ry  

0. E. Dwyer 

Chicago Operat ions O f f i c e  

Richard J. B a r i b o l d i  

Columbia U n i v e r s i t y  
Department o f  Chemical Engineer iqg 



No. o f  
Copies O f f s i  t e  

2 Combustion Engineer ing,  I nc .  

F. Bevi  lacqua 
P. Zamola* 

duPont Company, W i  lm ing ton ,  Delaware 19898 

J. S. N e i l 1  

Gul f -General  Atomic 
P.O. Box 608 
San Diego 12, C a l i f o r n i a  92112 

R. Katz 

General E l e c t r i c  Company, San Jose (Trumbul l  ) 
BRDO, Sunnyvale, C a l i f o r n i a  

P. Magee* 

General E l e c t r i c  Company, San Jose 

E a r l  Janssen 
R. T. Lahey* 
S. Levy 
W. Su the r l  and 

Georgia I n s t i t u t e  o f  Technology 

Novak Zuber 

Idaho Nuclear ,  Inc .  
Idaho F a l l s ,  Idaho 

C. Sol b r i g *  
L. Ybarrando 

Jersey  Nuclear  Corp. 
Be l levue,  Washington 

L. Bupp 
G. A. So fe r *  

Kno l l  s Atomic Power Labora to ry  
General E l  e c t r i c  Com~anv . - 
Schenectady , lNew York 

G. H. Halsey 

F loyd  L. C u l l e r  



No. o f  
Copies O f f s i  t e  

Nuclear Fuel Serv ices 
R o c k v i l l e ,  Md. 

R. T. B e r r i n g e r  

Union Carbide Cow.  (ORNL-Y-12) 

M. Fontana* 
H. W. Hoffman 

G u l f  Un i ted  Nuclear  Fuels Corpora t ion  
Grass l ands Road 
Elmsford,  New York 

H. S. Chung* 

U n i v e r s i t y  o f  Minnesota 
Department o f  Chemical Engineer ing 
Minneapol is,  Minnesota 55455 

H. S. I s b i n *  

Westinghouse B e t t i s  Atomic Power Labora to ry  

S. Green 

Westinghouse E l e c t r i c  Corpora t ion  

H. Chel emer* 
L. S. Tong 

Westinghouse E l e c t r i c  Corporat ion 
Waltz M i l l  S i t e  
P.O. Box 158 
Madison, Pa. 

E. Novends t e rn *  
R. Markley* 

Onsi te-Hanford 

AEC Chicago Paten t  Group 

R. M. Poteat  

RDT S r .  S i t e  Represen ta t i ve  

F. S tander fe r  



No. of 
Copies Onsi te-Hanford 

5 4 B a t t e l l  e-Northwest 

D. T. Aase 
R. T. A1 leniann 
N. E. Ca r te r  
P. D. Cohn 
D. L. Condotta 
J .  C. Fox 
S. Goldsmith 
B. M. Johnson 
C. W. Lindenmeier 
T. I .  McSweeney 
C. A. Os te r  
L. T. Pedersen 
D. S. Rowe (30) 
A. M. Sutey 
D. S. T r e n t  
C. L. Wheeler 
W. C. Wol kenhauer 
F. R. Zaloudek 
Technica l  I n fo rma t i on  F i l e s  (5 )  
Technical  Pub1 i c a t i o n s  (1  ) 

Doug1 as Uni t ed  Nuclear 

R. Shoemaker 
R. Baars 

Westinghouse-Hanford 

R. E. Col l ingham 
J .  M. Creer 
W. M. Gajewski 
J. W. Hagan 
K. M. Hors t  
J. Muroaka 
R. E. Peterson 
J. F. Wett 
J .  M. Yatabe 




