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WIR FUEL f?r;EMENT STEADY STATE HEAT TRANSFER ANALYSIS 
REVISED VERSION 

Howard A. McLain 

The s t e a d y  state heat t r a n s f e r  analysis of  t h e  HFIR f u e l  
elements was completely r e w r i t t e n  using new information regard- 
i n g  t h e  thermal d e f l e c t i o n s  of t h e  f u e l  p l a t e s .  
uses an i n t e g r a l  thermal-hydraulic model which simultaneously 
accounts  for^ t h e  nuclear ,  hydraul ic ,  h e a t  transfer, mechanical, 
and t h e  c o r r o s i o n  h i s t o r y  of t h e  operating r e a c t o r .  It shows 
t h a t  t h e  design requirements f o r  t h e  € F I R  f u e l  elements have 
been met. 
ments, the  upper l i m i t  for t h e  power at s t a r t u p  i s  133 Mw and 
t h a t  a t  t h e  end of  a 25 day 100 Mw fue l  cyc le  is  153 Mw. 

This a n a l y s i s  

Imposing t h e  cri teria of  no b o i l i n g  i n  t h e  €uel ele- 

In t roduc t ion  

The h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of  t h e  HFIR f u e l  elements have been 

s tud ied  ex tens ive ly  by Hi lve ty  and Chapman'-': t o  assure t h a t  t h e  r e a c t o r  

can safely ope ra t e  a t  a nominal power l e v e l  of 100 Mw. Their  s t u d i e s  con- 

sidered t h e  nuclear ,  hydraul ic ,  h e a t  t r a n s f e r ,  mechanical, and t h e  m e t a l  
co r ros ion  f a c t o r s  i n  a c o n s i s t e n t  manner t o  provide an i n t e g r a l  thermal- 

hydraul ic  model of t h e  r e a c t o r  at t h e  various power levels. 

most s i g n i f i c a n t  assumptions i n  t h e i r  a n a l y s i s  was that regarding t h e  de- 

f l e c t i o n  o'f t h e  fuel p l a t e s  due t o  t h e  ope ra t ing  temperatures of t h e  f u e l  

p l a t e s  which are h ighe r  t han  those  of t h e  s i d e  p l a t e s .  

mal d e f l e c t i o n s  of t h e  f u e l  p la te  i n  t h e  r a d i a l  d i r e c t i o n  g e n e r a l l y  were 

neglected,  s i n c e  t h e  s i d e  p l a t e s  of  a given f u e l  element were designed t o  

r o t a t e  r e l a t i v e  t o  one another .  But t h e  thermal d e f l e c t i o n s  of  t h e s e  

p l a t e s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  were assumed t o  be  s i n e  waves based 
on t h e  a n a l y s i s  of Lyon' and some pre l imina ry  experiments of Chapan .  6 

The magnitude of t h e s e  s i n u s o i d a l  d e f l e c t i o n s  a t  t h e  HFIR opera t ing  con- 

d i t i o n s  were r e l a t i v e l y  large, reducing t h e  minimum channel t h i ckness  from 

about 0.040 i n .  t o  0.012 i n .  i n  H i l v e t y  and Chapman's ana lys i s .6  

Lyon and Chapman expressed t h e  need f o r  f u r t h e r  and more p r e c i s e  experi-  

mental dsrta. 

One of t h e  

The r e s u l t i n g  the r -  

Both 

Subsequent experiments by Cheverton and Kelley' on K F I R  f u e l  
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p l a t e s  have shown t h a t  t hey  do not  d e f l e c t  i n  t h e  manner assumed by Lyon 

and Chapman, b u t  t h a t  t hey  c o n s i s t e n t l y  d e f l e c t  uniformly i.n one d i r e c t i o n .  

In a d d i t i o n  t o  %he e r r o r  i n  t h e  na tu re  of t h e  thermal d e f l e c t i o n s ,  

t h e  r:ffc.ct of  t h e  s i n u s o i d a l  d e f l e c t i o n s  on t h e  coolant  fclow ra te  down t h e  

s t r i p  of t h e  coolant  channel i n  which t h e  l i m i t i n g  h e a t  f l u x  w a s  locabed 

(dc:'ineri as t h e  ho t  s t r e a k  by Hi lve ty  and Chapman) was assumed t o  be neg- 

l i g i b l e .  Resu l t s  of  l a t e r  s t u d i e s  shown i n  F ig .  1 i n d i c a t e  t h a t  t h i s  was 

not  n e g l i g i b l e  f o r  t h e  I-LE'IR condi t ions .' 
t h e  !nap i tude  s t a t e d  above, t h e  r a t i o  of t h e  p re s su re  drop through a chan- 

n e l  with s i n u s o i d a l  walls t o  t h a t  through a channel with uniform walls a t  
a g i / e n  flow r a t e  i s  about 6.7. This implies  t h a t  f o r  a given p res su re  

drop, t h e  f low r a t e  down t h e  ho t  s t r e a k  would be lowered by  a f a c t o r  of 
about 2 .5 .  The consequences r e s u l t i n g  from t h i s  lower flow r a t e  would be  

se r ious  i n  l i i l ve ty  and Chapman's a n a l y s i s  s i n c e  t h i s  would l i m i t  t h e  r e -  

a c t o r  ope ra t ing  power t o  some value s i g n i f i c a n t l y  below 100 Mw. Because 

o€ t h i s ,  t h i s  s tudy  end t h e  fuel p l a t e  d e f l e c t i o n s  experiments by CheverLon 

and Kellcy were i n i t i a t e d .  

For s i n u s o i d a l  d e f l e c t i o n s  of 

Ins t ead  of  reworking t h e  a n a l y s i s  of  H i lve ty  and Chapman t o  incorpor- 

a t e  t h e  f a c t o r s  mentioned above, t h i s  new a n a l y s i s  was w r i t t e n .  A s  had 

been mentioned by  them, t h e i r  s tudy had grown much beyond i t s  o r i g i n a l  

purpose, and my f u r t h e r  modif icat ions t o  t h e i r  work would be awkward and 

time consuming.' 

a lso were necessary.  I n  t h i s  a n a l y s i s ,  t h e  power and flow d i s t r i b u t i o n s  

a r e  considered over t h e  e n t i r e  f u e l  assembly i n s t e a d  of p r e s e l e c t i n g  a 

"hot s t r eak . "  This gives  a more accu ra t e  p i c t u r e  of  t h e  h e a t  t r a n s f e r  

and reduces t h e  magnitudes of? t h e  u n c e r t a i n t y  f a c t o r s  r equ i r ed  t o  a s s u r e  

t h a t  t h e  r e s u l t s  a r e  conservat ive.  This result 'ed i n  many more s t e p s  i n  

t h e  c a l c u l a t i o n s ,  b u t  improvements i n  computer technology and convergence 

schemes kept t h e  running t imes wi th in  reasonable l i m i t s .  

howevcr, many of t h e  Essumptions and equations used and/or der ived by 

l i i l ve ty  and Chapman a r e  included here .  

Other modif icat ions and c o r r e c t i o n s  f o r  minor e r r o r s  

For completeness, 
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The upper l i m i t  f o r  t h e  r e a c t o r  power l e v e l  i s  def ined as t h e  maxi- 

mum s t e a d y  state but momentary power l e v e l  at which none of t h e  l o c a l  heat 

fluxes i n  t h e  f u e l  elements exceed t h e  corresponding values  of t h e  burn- 

out  hea t  f l uxes .  

of t h e  r e a c t o r  c o n t r o l  system m u s t  be considered.  

t h e  scram set p o i n t  for t h e  KFIR safety rods i s  1.3 times t h e  normal oper- 

i i t ing power l e v e l  a . ~  i n d i c a t e d  by t h e  neutron f l u x  channels.  This implies  

t h a t  t h e  r e a c t o r  should be a b l e  t o  ope ra t e  a t  130% of' i t s  normal power 

level f o r  s h o r t  per iods of time without damage t o  t h e  f u e l  elements. 

design opera t ing  power l e v e l  f o r  t h e  HFIR i s  100 Mw. 
L i m i t  f o r  t h e  r e a c t o r  power l e v e l  should be equal  t o  o r  greater t han  130 
Mw i n  o rde r  t o  have confidence t h a t  t h e  f u e l  elements will not be damaged 

during t h e  ope ra t ion  of t h e  r e a c t o r .  

I n  o r d e r  f o r  t h i s  l i m i t  t o  be meaningful, t h e  s e t  p o i n t s  

A t  t h e  p re sen t  time, 

The 

Therefore t h e  upper 

Burnout h e a t  f l u x e s  i n  0.050 i n .  t h i c k  rectangular channels a t  t h e  

a n t i c i p a t e d  HFIR ope ra t ing  condi t ions have been measured and c o r r e l a t e d  

by Gambill. 9J10 However t h e  use of t h e s e  data i n  t h i s  analysis would re- 

q u i r e  a thorough e x m i n a t i o n  of  t he  data t o  determine i f  t hey  a r e  v d i d  

at t h e  upper l i m i t  f o r  t h e  r e a c t o r  power level. 

t h e r e  a r e  unknown f a c t o r s  regarding t h e  s tabi l i ty  of the coolant  flow 

This i s  necessary s i n c e  

wi th in  a given f low channel and t h e  s t ab i l i t y  of t h e  coolant  flow i n  p a r a l -  

lel channels due t o  t h e  Yormation of bubbles during t h e  b o i l i n g  process .  

Also there are quest ions regarding t h e  a p p l i c a b i l i t y  of t h e s e  burnout data 

t o  coolant channels havirig th i ckdesses  s i g n i f i c a n t l y  l e s s  than 0.050 i n . ,  

such as t h o s e  t h a t  may exist i n  t h e  HFIR f u e l  elements during t h e  opera- 

t i o n  of t h e  r e a c t o r  because of' t h e  f u e l  plate d e f l e c t i o n s .  

Rather than t o  i n v e s t i g a t e  t h e s e  va r ious  f a c t o r s  regarding t h e  ap- 

p l i c a t i o n  of  Gambill's burnout data, i n c i p i e n t  b o i l i n g  hea t  fluxes were 

used i n  place of t h e  burnout h e a t  f l u x e s  t o  determine t h e  upper L i m i t  f o r  

t h e  r e a c t o r  power l e v e l .  
t h e  f irst  s i g n i f i c a n t  e f f e c t  of t h e  nuc lea t e  b o i l i n g  bubbles on t h e  h e a t  

t r a n s f e r  r a t e  or  t h e  coolant  f low r a t e  can be  observed. Flow i n s t a b i l i t y  

problems f o r  h e a t  f l u x e s  below t h e  i n c i p i e n t  b o i l i n g  h e a t  f l uxes  are then 

au tomat i ca l ly  e l iminated.  

Incipier i t  b o i l i n g  h e a t  fluxes a r e  those  a t  which 

1 
Bergles and Rohsenowll derived the fol lowing 
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r e l a t i o n  f o r  p r e d i c t i n g  t h e  i n c i p i e n t  b o i l i n g  hea t  f l uxes  of water i n  t h e  

p re s su re  range of 15 t o  2000 p s i 2 .  

(The var ious symbols used i n  t h i s  and t h e  following equations a r e  def ined 

i n  t h e  nornenclature s e c t i o n  on page 45.)  Addit ional  s t u d i e s  by Davis and 

Andersor?2 gives support  t o  t h e  v a l i d i t y  of t h i s  r e l a t i o n .  

S da ta  given i n  both of t h e s e  papers show t h a t  t h e  su r face  temperature T 

p red ic t ed  by E q .  (I) f o r  i n c i p i e n t  b o i l i n g  a t  a given hea t  f l u x  and ab- 

s o l u t e  p re s su re  tends t o  be  low. 

with experimental data and t h e  way t h i s  r e l a t i o n  i s  used i n  t h i s  a n a l y s i s ,  

an unce r t a in ty  f a c t o r  of 1 .00  was used f o r  Ea. (1); t h a t  i s ,  t h e  use of 

t h i s  r e l a t i o n  i n  t h i s  a n a l y s i s  i s  assw.ed t o  a.lways give conservat ive r e -  

sults. 

Experimental 

Therefore because of t h e s e  comparisons 

The s u b j e c t  of flow i n s t a b i l i t y  i s  i~ r e l a t i v e l y  new f i e l d  and i s  yet; 

t o  be thoroughly explored. l3 

conducted at Argonne and a s s o c i a t e d  with a r e a c t o r  s i m i l a r  t o  W I R  (AARR) 

i n d i c a t e  t h a t  t h e r e  i s  a p o s s i b i l i t y  t h a t  t h e  s tandard burnout data can 

bc app l i ed  t o  t h e  HFIR during normal full-power operat ion.  'This i s  ap- 

p a r e n t l y  not t r u e ,  however, at, l o w  flow and lo r  low p res su ra  cond i t ions .  

The in f luence  of t h e  channel t h i ckness ,  p a r t i c u l a r l y  f o r  ve ry  t h i n  chan- 

nels, on t h e  burnout hea t  f l u  i s  not  well known. 

p s i a  by Kafenguaz and Bauarovl' i n d i c a t e  t h a t  t h e r e  were no d i f f e r e n c e s  

i n  t h e  burnout h e a t  f l u x e s  f o r  water flowing i n  channels with th i cknesses  

g r e a t e r  t han  @.0315 i n . ,  b u t  t h e y  were lower f o r  water flowing i n  channels  

with thicknesses  less t han  0.0315 i n .  However, even f o r  coolant  channels 

with thicknesses  as l o w  as 0.0078 in. ,  burnout d i d  no t  occur u n t i l  t h e  

channel wall  temperature w a s  a t  l e a s t  36°F above tht?  water s a t u r a t i o n  t e m -  

p e r a t u r e .  This  gives  some support  t o  t h e  use of t h e  i n c i p i e n t  b o i l i n g  
hea t  f l uxes  f o r  t h e  burnout hea t  f l uxes  i n  v e r y  narrow coo lan t  channels.  

Chirkin and IukinX6 made similar burnout s t u d i e s  f o r  water a t  atmospheric 

pressure.  A t  t h i s  p re s su re ,  t hey  found t h a t  t h e  channel thickness  hzd no 

i n f l u e m e  on t h e  burnout hea t  flux u n t i l  it was below 0.0'38 i n .  

However some prel iminary burnout s t u d i e s  

14. 

Burnout s t u d i e s  a t  588 
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If it can be shown even tua l ly  t h a t  t h e  p o s s i b l e  flow i n s t a b i l i t y  and 

t h e  narrowing of t h e  coolant  channels during t h e  nominal full power HE’IR 
opera t ion  do not s ignif ica1l .y  decrease t h e  burnout heat flux, the relation 

recommended by G a m b i 1 l l 7  f o r  p r e d i c t i n g  burnout hea t  fluxes can b e  used 

wi th  confidence. This r e l a t i o n  i s  as  fol lows:  

bo ,boi l  + 121 
bo bo, nb 

where 

is t h e  s u r f a c e  temperature  at burnout shown i n  Fig. 2. This c o r r e l a -  *Sbo 
t i o n  agrees wi th  t h e  experimental  burnout data b e t t e r  t han  t h e  Zenkevich- 

Subbotin relation’’ prev ious ly  recommended by Gambill and used i n  t h e  analy-  

sis of Hi lve ty  and Chapman. 

Eq. (2) have t h e  values 0.019 and 0.12 re spec t ive ly ,  Gambill estimated 

t h a t  t h e  burnout data for t h e  normal HFIR opera t ing  cond i t ions  are cor-  

r e l a t e d  within a f a c t o r  of 1.25 by t h i s  r e l a t i o n .  Therefore t h i s  r e l a t i o n  

was mul t ip l i ed  by an unce r t a in ty  f a c t o r  U 

0.80 when it was used i n  t h i s  a n a l y s i s .  

4 Assuming t h a t  t h e  cons tan ts  K ’  and K i n  

having a va lue  of 1 / 1 . 2 5  o r  
22 

For water, t h e  var ious  phys ica l  p r o e e r t i e s  i n  Eq. (2 )  can be expressed 

i n  terms of temperatures  and p res su res .  Using t h e  phys ica l  p r o p e r t i e s  
publ ished by G a m b i l l 1 9  and by Keenan and Keyes, 20 Eq. ( 2 )  was r e w r i t t e n  i n  

the following form f o r  use i n  t h e  computer i n  the burnout op t ion  of t h i s  

a n a l y s i s .  
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3 2 
= ug2[2.920 x 105 3- 4.739 x io P - 1.464 x ~ O P  

bo ,bo i l  

-5 4 + 2.498 x 1 0 - 2 ~ 3  - 2.119 x 10 P + 6.887 x 

I 
I 

- 1 -t 0.3710P -0*8525 '1.117 - 2.060 x 

The data f o r  t h e  su r face  temperature a t  burnout shown i n  F ig .  2 was cor- 

related f o r  t h e  computer as 

- - 6.48 x lo4 2- + 80.7264 + 1.47622 x 10-lP 
TSbo - *sat P e  

-7 . ( 3 c )  -4 2 - 2.35910 X 1 0  P + 1.08545 x 10 P 

I n  t h e  a p p l i c a t i o n  of t h e  above c o r r e l a t i o n s  f o r  i n c i p i e n t  b o i l i n g  

and burnout hea t  f l uxes ,  it w a s  assumed t h a t  t h e  s i z e  of a hot  s p o t  and 

proximity of one hot s p o t  t o  ano the r  have no in f luence  on t h e  results 

p red ic t ed  by t h e s e  r e l a t i o n s .  This is 8 conservat ive assumption s i n c e  

t h e  above c o r r e l a t i o n s  were developed from data f o r  uniform h e a t  f l u x e s .  

A l l  of t h e  o t h e r  c o r r e l a t i o n s  used i n  t h i s  a n a l y s i s  are v a l i d  f o r  

t h e  var ious a n t i c i p a t e d  H F I R  ope ra t ing  cond i t ions .  However f o r  some input  

parameters o u t s i d e  of t h e  range of  t h e s e  S I R  ope ra t ing  condi t ions,  it 

i s  conceivable t h a t  some of t h e s e  c o r r e l a t i o n s  such as those f o r  t h e  p l a t e  

d e f l e c t i o n s  may no t  be v a l i d .  For  example it, was found i n  t h e  c a l c u l a t i o n s  

f o r  power l e v e l s  above 150 Mw t h a t  t h e  f u e l  p l a t e  temperatures  exceeded 

t h o s e  f o r  which t h e  c o r r e l a t i o n  f o r  t h e  modulus of e l a s t i c i t y  i s  v a l i d .  

Therefore f o r  t h e s e  s i t u a t i o n s ,  t h e  ca l cu la t ed  maxirnim power l e v e l s  are 

misleading. 
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Short  Outl ine of t h e  Method of Analysis 

In o r d e r  to d e f i n e  a n  i n t e g r a l  thermal-hydraulic model of t he  operat ing 

r e a c t o r ,  t h e  following f a c t o r s  must be considered simultaneously.  

1. Plan t  ope ra t ing  cond i t ions  

2. 

3. 
4. 

temperatures 

Power d e n s i t y  d i s t r i b u t i o n s  during t h e  fue l  cyc le  

Oxide f i l m  bui ldup on t h e  f u e l  p l a t e s  

Fuel p l a t e  d e f l e c t i o n s  induced by d i f f e r e n t i a l  pressures  and 

5 .  Coolant flow d i s t r i b u t i o n  w i t h i n  t h e  f u e l  elements 

6. 
7. Heat t r a n s f e r  and burnout c h a r a c t e r i s t i c s  

Fuel seg rega t ion  and cladding-fuel  nonbonds 

The simultaneous use of t h e s e  v a r i o u s  f a c t o r s  results i n  a r a t h e r  lengthy 

procedure wi th  s e v e r a l  i t e r a t i v e  schemes. This procedure i s  descr ibed i n  

de ta i l  i n  Appendix A .  

The b a s i c  approach used i n  this a n a l y s i s  is t o  c a l c u l a t e  t h e  thermal- 

hydraul ic  h i s t o r y  of t h e  f u e l  elements at  some s p e c i f i e d  power l e v e l  f o r  

a l l  time increments p r i o r  t o  t h e  time at  which t h e  r e a c t o r  power level is 

r a i s e d  t o  t h e  maximum value. 
for  t h e  buildup of t h e  oxide on t h e  fuel p l a t e s .  

r a i s e d  t o  a value c o n s i s t e n t  w i th  t h e  i n c i p i e n t  b o i l i n g  o r  t h e  burnout 

c r i t e r i a .  A brief o u t l i n e  of this i s  as fo l lows :  

mis accounts f o r  t h e  burnup of t h e  f u e l  and  

Then t h e  power l e v e l  i s  

1. Divide t h e  f u e l  elements i n t o  s e v e r a l  axial and radial space 

increments c o n s i s t e n t  w i t h  t h e  power d e n s i t y  da t a ,  which can be s p e c i f i e d  

f o r  as many nodal points i n  t h e  reactor core a5 des i red .  Normalize t h e  

p o w e r  d e n s i t y  d a t a  f o r  each t i m e  increment. 

2.  Spec i fy  a reactor power level f o r  a l l  t i m e  increments p r i o r  t o  

t h e  time a t  which t h e  r e a c t o r  p o w e r  is  r a i s e d  t o  t h e  maximum value.  

For  t h e  f i rs t  time increment, c a l c u l a t e  t h e  flow and heat  t r a n s -  3 .  
f e r  c h a r a c t e r i s t i c s  i n  t h e  average coolant  channels and f o r  t h e  average 

f u e l  p l a t e s  i n  t h e  i n n e r  and t h e  o u t e r  f u e l  elements. Assume t h a t  the  

average coo lan t  channels have t h e  same i n i t i a l  t h i cknesses  and t h a t  the 

d e f l e c t i o n s  of t h e  average fuel p l a t e s  are i d e n t i c a l .  

4. Calcu la t e  t h e  o v e r a l l  flow rates and p res su re  drops i n  t h e  f u e l  

assembly and i n  t h e  core  region f o r  t h e  first t i m e  increment. 
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5 .  Calcu la t e  t h e  average temperature d i s t r i b u t i o n s  i n  t h e  s i d e  p l a t e s  

f o r  t h e  first t ime increment. 

6 .  For t h e  f irst  t i m e  increment, c a l c u l a t e  t h e  flow and hea t  t r a n s -  

fer  c h a r a c t e r i s t i c s  i n  t h e  narrow and t h e  wide coolant  channels ad jacen t  

t o  t h e  "hot" and t h e  "cold" f u e l  p l a t e s .  These p a r t i c u l a r  f u e l  p l a t e s  

can have abnormal "averaged" f u e l  d i s t r i b u t i o n s ;  t h e  t o t a l  uranium i n  t h e  

"hot" p l a t e  being t h e  maximum allowed by t h e  s p e c i f i c a t i o n s  arid t h a t  i n  

t h e  "cold" p l a t e  being t h e  minimum allowed by t h e  s p e c i f i c a t i o n s .  

7. Repeat s t e p s  3 through 6 f o r  a l l  time increments p r i o r  t o  t h e  

t i m e  a t  which t h e  r e a c t o r  power i s  r a i s e d  t o  t h e  maximum power l e v e l .  

8. 
9. 

E s t i m a t e  a maximum power l e v e l  f o r  t h e  r e a c t o r .  

Repeat s t e p s  3 through 6 assuming a t i m e  increment of zero t o  

determine t h e  flow and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a t  t h e  maxirnm power 

l e v e l  - 
10. Ca lcu la t e  t h e  ho t  s t r e a k  flow rates, t h e  hot s p o t  heat  f l u e s  

and/or t h e  hot s p o t  s u r f a c e  temperatures,  and t h e  i n c i p i e n t  b o i l i n g  t e m -  

pe ra tu re s  o r  t h e  burnout heat  f l u x e s  a t  every po in t  i n  t h e  f u e l  assembly. 

11. Compare t h e  ho t  s p o t  su r f ace  temperatures and t h e  i n c i p i e n t  

b o i l i n g  temperatures o r  t h e  hot s p o t  hea t  f l u x e s  and t h e  burnout heat  

f l u e s .  

For  t h e  i n c i p i e n t  boiling option 

(1) If one or more of the hot  spo t  s u r f a c e  temperatures  is 

higher  than t h e  corresponding values  of t h e  i n c i p i e n t  b o i l i n g  temperature,  

lower t h e  maximum power l e v e l  and repeat  s t e p s  8 through 11. 

(2)  If a l l  of t h e  hot s p o t  su r f ace  temperatures  are lower than  

t h e  corresponding va lues  of t h e  i n c i p i e n t  b o i l i n g  temperatures,  r a i s e  t h e  

rnaxirnum power l e v e l  and repeat  s t e p s  8 through 11. 

For t h e  burnout option 

(1) If one o r  more of t h e  ho t  spot  hea t  f l u x e s  is higher  t h a n  

t h e  corresponding value of t h e  burnout heat  f l u x ,  lower t h e  maximum power 

l e v e l  and r epea t  s t e p s  8 through 11. 

( 2 )  If a l l  of t h e  ho t  spo t  heat  f l u x e s  are lower than t h e  cor-  

responding values  of' t h e  burnout heat  f l u x e s ,  raise t h e  maximum power l e v e l  

and r epea t  s t e p s  8 through 11. 
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12. Iterate s t e p s  8 through 11 u n t i l  t he  hot  spot  su r f ace  temperatures 

are equal t o  t h e  corresponding value of  t h e  i n c i p i e n t  b o i l i n g  temperatures 

o r  t h e  hot  spot  hea t  fluxes are equal t o  t h e  corresponding values  of the 

burnout hea t  fluxes at one o r  more l o c a t i o n s  i n  t h e  f u e l  assembly. A t  t h e  

rest of t he  loca t ions ,  t h e  hot  spot s u r f a c e  temperatures must be lower 

than  t h e  corresponding va lues  of t he  i n c i p i e n t  b o i l i n g  temperatures o r  the 

hot  spot hea t  f l uxes  must be lower than  t h e  corresponding va lues  of t h e  

burnout hea t  f l u x e s .  

f ined  as t h e  maximum power l e v e l .  

The r e a c t o r  p o w e r  l e v e l  a t  t h e s e  condi t ions  is  de- 

P lan t  Operating Conditions 

A number of t h e  p l a n t  opera t ing  parameters,  which can be measured 

during t h e  opera t ion  of t h e  r eac to r ,  are s p e c i f i e d  as input  data f o r  t h i s  

ana lys i s .  

F i r &  is t h e  ope ra t ing  power l e v e l  of t h e  reactor, which is determined 

from the primary coolant  flow rate and t h e  temperatures of t h e  coolant  

en te r ing  and l eav ing  t h e  r e a c t o r  v e s s e l .  

designated as Q, is accura t e  wi th in  8, and t h e r e f o r e  a n  unce r t a in ty  f a c t o r  

of 1.02 has been assigned t o  it. The f r a c t i o n  of t he  r e a c t o r  hea t  removed 

f rumthe  fuel element su r faces ,  f ,  is estimated t o  be 0.975. The t e m -  
pe ra tu re  of t h e  coolant  en te r ing  the r e a c t o r  v e s s e l  T can be measured 

t o  an accuracy of about l$, and t h e r e f o r e  it has an  unce r t a in ty  f a c t o r  of 

1.01. 

The va lue  of t h i s  power l e v e l ,  

i n  

The opera t ing  o r  t h e  re ference  pressure  of t h e  r eac to r ,  designated 

as P ps i a ,  i s  t h e  s t a t i c  pressure  i n  t h e  upper plenum of t h e  r eac to r  ves- 

sel between t h e  r e a c t o r  v e s s e l  i n l e t  a n d a t h e  core  shroud region i n l e t .  

This  pressure  can be measured during r e a c t o r  opera t ion  with a s p e c i a l  p res -  

sure t a p  designated as RP-4. 
c e r t a i n t y  f a c t o r  has  been assigned t o  i t .  

Since  t h i s  is  a re ference  quan t i ty ,  no un- 

The pressure  drop ac ross  t h e  fuel element i t se l f ,  A€' psi,  i s  spec i f i ed  F 
as an input  v a r i a b l e .  

t h e  s t a t i c  p re s su re  j u s t  abcve t h e  f u e l  p l a t e s  and t h a t  just below the  

f u e l  p l a t e s .  It is d i f f e r e n t  from t h e  core pressure  drop used by Hilve'cy 

and Chapman, 

This q u a n t i t y  is defined as t h e  d i f f e rence  between 

1-4 which is  the d i f f e rence  between t h e  s t a t i c  pressure  i n  
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t h e  upper plenum region of t h e  r e a c t o r  vessel and t h a t  j u s t  below t h e  f u e l  

p l a t e s .  

t i o n  of t h e  r e a c t o r  by measuring t h e  d i f f e r e n c e  between t h e  s t a t i c  pres-  

s u r e  a t  t a p  W-4 and t h e  impact p re s su re  a t  t h e  N-16 probes.  Details of 

convert ing t h e  d a t a  obtained from t h e s e  measurements i n t o  t h e  core pres-  

s u r e  drop AP 

Appendix B. Since aP i s  a l so  a r e fe rence  q u a n t i t y  it does not  have an 

unce r t a in ty  f a c t o r .  

Both of t h e s e  p re s su re  drops may be determined during t h e  opem- 

and t h e  f u e l  element p res su re  drop A€' are shown i n  F core 

F 

Power Density D i s t r i b u t i o n s  i n  t h e  Fuel  I Assembly 

The power d e n s i t y  d i s t r i b u t i o n s  i n  t h e  HFIR f u e l  elements have been 

These estimated by Cheverton and Sims22 and they  are l i s t e d  i n  Table 1. 

d i s t r i b u t i o n s  are f o r  a fuel assembly having a l i f e  of 2500 Mw-days at 

times of 0 days, 1 . 0 1  days, 11.57 days, 22.72 days, End 25.00 doys when 

t h e  r e a c t o r  is operated a t  100 Mw. For  cores  having d i f f e r e n t  lifetimes 

o r  f o r  t h e  r e a c t o r  ope ra t ing  a t  d i f f e r e n t  power l e v e l s ,  t h e  t i m e s  a t  which 

t h e s e  d i s t r i b u t i o n s  occur are p ropor t iona l  t o  t h e  co re  l i f e  and inve r se ly  

p ropor t iona l  t o  t h e  r e a c t o r  power l e v e l .  Pn unce r t a in ty  f a c t o r  hav ing  a 

value of 1.10 has been f a c t o r e d  i n t o  t h e s e  power d e n s i t i e s  f o r  t h i s  hea t  

t r a n s f e r  a n a l y s i s  to account f o r  t h e  u n c e r t a i n t i e s  i n  t h e  flux d i s t r i b u -  

t i o n s  and f u e l  burnup during t h e  f u e l  cycle .  

The power d e n s i t y  d i s t r i b u t i o n  during each e n t i r e  t i m e  increment was 

assumed t,o be  equal  t o  t h a t  a t  t h e  beginning of t h a t  p a r t i c u l a r  t i m e  i n -  

crement. I n  most cases ,  t h i s  w i l l  make t h e  r e s u l t s  conservat ive,  bu t  one 

must be aware of t h i s  when inspec t ing  t h e  results f o r  t h e  l o c a t i o n  of t h e  

l i m i t i n g  h e a t  f l u x .  If smaller t i m e  increments are required,  a d d i t l o n a l  

power d i s t r i b u t i o n  d a t a  can be obtained. 

Except f o r  t h e  determination of the  s i d e  p l a t e  temperatures,  t h e  

power d e n s i t i e s  i n  t h e  nonfueled regions of  t h e  f u e l  p l a t e s  were assumed 

t o  b e  n e g l i g i b l e .  A s  shown i n  Figs .  3 and 4, t h e s e  nonfueled regions are 

l oca t ed  between t h e  f u e l  bear ing material i n  t h e  f u e l  p l a t e s  and t h e  s i d e  

p l a t e s  and at t h e  upper and lower ends of t h e  f u e l  p l a t e s .  
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Fuel Element Tolerances 

The HFIR f u e l  elements shown i n  F igs .  3 and 4 conta in  involu te  f u e l  

p l a t e s  having nominal th icknesses  o f  0.050 i n .  which form the  coolant  

channels having nominal th icknesses  of 0.050 i n .  The nominal t o t a l  area 
f o r  t h e  t r a n s f e r  of h e a t  from t h e  f u e l  bear ing por t ion  of t h e s e  plates i s  

428.8 ft2. 
values ,  23724 and t h i s  w i l l  a f f e c t  t h e  hea t  removal c h a r a c t e r i s t i c s .  

t o l e rances  spec i f i ed  f o r  these dimensions are summarized .in Table 2. 

O f  course t h e s e  dimensions can vary from t h e s e  nominal 

Tne 

I n  add i t ion  t o  t h e  dimensional va r i a t ions ,  t h e  uranium d i s t r i b u t i o n  

i n  t h e  f u e l  p l a t e s  can vary from t h e  s p e c i f i e d  values ,  and it can become 

segregated wi th in  l oca l  areas. Blisters o r  nonbonds also can form between 

the f u e l  and t h e  c lad .  These f a c t o r s  can have adverse e f f e c t s  on t h e  hea t  

transfer c h a r a c t e r i s t i c s  and w i l l  l i m i t  t h e  m a x i m u m  power l e v e l .  Because 

of t h i s ,  t h e  f u e l  p l a t e s  are inspected very c a r e f u l l y  f o r  t h e  mald is t r ibu-  

t i o n  of t h e  f u e l  and f o r  t h e  nonbonds during t h e  f a b r i c a t i o n  of t h e  ele- 

men t s .  Permissible  to l e rances  €or t h e s e  f a c t o r s  are also shown i n  Table 2. 

F l u i d  Flow 

One dimensional incompressible f l u i d  flow w a s  assumed fo r  this e n t i r e  

hea t  transfer analysis. A s  shown i n  F i g .  5, t h e  coolant  channels and t h e  

f u e l  p l a t e s  w e r e  d ivided i n t o  increments t o  correspond wi th  t h e  given 

power dens i ty  d i s t r i b u t i o n s .  Mass flow rates p e r  u n i t  width of t h e  coolant  

channel ( t h e  width d i r e c t i o n  i s  defined as  t h a t  along t h e  involu te  a r c )  

where ca l cu la t ed  a t  each value of ri. It w a s  assumed t h a t  t h e r e  w a s  no 

mixing of t h e  coolant  between the  adjacent  incremental  s t r i p s  i n  a given 

coolant  channel.  T h i s  i s  a conservat ive assumption, b u t  dye flow tests 
at t h e  KFIR normal operating condi t ions  and t h e  ATR f l u i d  flow and hea t  

t ransfer  s tudies25  i n d i c a t e  t h a t  t h i s  assumption is  r e a l i s t i c .  

p ressures  above and below t h e  f u e l  p l a t e s  were assumed t o  be uniform. 

is v a l i d  s i n c e  the designs of t h e  core i n l e t  and o u t l e t  regions are such 

as t o  minimize any poss ib l e  flow maldis t r ibu t ion .  

of t h e  coolant  water were evaluated a t  temperatures determined from heat  

balances using t h e s e  flow r a t e s ,  which of course results i n  an i t e r a t i v e  

type of s o l u t i o n  of t h e  flow and the heat  balance equat ions.  

- 

24 

The s t a t i c  

T h i s  

The phys ica l  properties 

The t o t a l  



1 2  

flow rate down 2 given coolant  channel can then  be determined from t h e  sum 

of t h e  products of t h e  flow rates p e r  u n i t  channel width and t h e  appropr i a t e  

incremental  widths.  

The upper edges of t h e  f u e l  p l a t e s  were rounded t o  minimize t h e  pres-  

s u r e  losses a t  t h e  coolant  channel i n l e t s .  A conservat ive estimate of 

t h e  permanent pressure l o s s  a t  t h i s  l o c a t i o n  i s  0.04 v e l o c i t y  head. 

lower edges of t h e s e  p l a t e s  were not rounded s i n c e  t h i s  would not m a t e r i a l l y  

reduce t h e  p re s su re  l o s s e s .  

from t h e  coolant  channel was est imated t o  be (1 - A1/A2)2 v e l o c i t y  head; 

w h e r e  A corresponds t o  t h e  channel t h i c k n e s s  and A corresponds t o  t h e  

channel t h i ckness  p lus  the f u e l  p l a t e  t h i ckness .  The p res su re  loss of 

t h e  coolant  flowing down t h e  l e n g t h  of t h e  channel w a s  determined from 

t h e  u s u a l  Moody r e l a t i o n  which i s  

T11 c 
26 

The p res su re  loss of t h e  coolant  discharging 

1 2 

dz . Q P =  p -  
f v2 

'0  De2gc 

Details of t h e  a p p l i c a t i o n  o f  these r e l a t i o n s  and assumptions i n  t h i s  

a n a l y s i s  are shown i n  Appendix C .  

The f r i c t i o n  f a c t o r  f was assumed t o  be c o r r e l a t e d  by t h e  r e l a t i o n  

f = F/( ( 5 )  

A more a c c u r a t e  c o r r e l a t i o n  f o r  t h e  f r i c t i o n  factor i s  t h a t  der ived by 

Colebrook which is 26 

T h i s  r e l a t i o n  is  considered t o  be t o o  complicated t o  warrant i t s  use here, 

b u t  it does i n d i c a t e  t h a t  t h e  s u r f a c e  roughness of t h e  f u e l  p l a t e s  i s  an 

important v a r i a b l e .  Gambill and Bundy and Griess e t  al. measured the 

roughness of t h e  oxide s u r f a c e s  o f  specimens of' heated f u e l  p l a t e  c l a d  

material (6061 aluminum) and found t h e  root-mean-squared value of t h e  

surface roughness to be i n  the neighborhood of 60 t o  'I5 LI i n .  

flow tes t s  by Gambill and Bundy an s i m i l a r  aluminum specimens ind ica t ed  

9 37 

F u r t h e r  
9 



t h a t  the  f r i c t i o n  f a c t o r s  corresponded t o  t h o s e  having abso lu te  su r face  

roughness t o  equiva len t  diameter  r a t i o s  of 6.4 x 10 Because of  dimen- 

s i o n a l  u n c e r t a i n t i e s ,  t hey  considered t h e i r  results t o  be accu ra t e  wither? 

-4 . 

l5$. Subsequent d a t a  taken  during t h e  p r e c r i t i c a l  opera t ion  of t h e  H F I R  =?a 
i n d i c a t e  t h a t  t h e  abso lu te  su r face  roughness t o  equiva len t  diameter r a t i o s  

va r i ed  from 7.9 x loq4 t o  11.7 X 10 

assumed t o  be  12.0 x 10 

shown i n  F ig .  6. 
0.235 i s  a l s o  p l o t t e d  i n  F ig .  6 f o r  comparison. This value vas used i n  

t h e  f r i c t i o n  f a c t o r  r e l a t i o n  wi th  an unce r t a in ty  f a c t o r  of 1.05 i n  t h i s  

hea t  t r a n s f e r  study. 

-4 . For t h i s  s tudy  t h i s  r a t i o  w a s  
-4 and t h e  corresponding f r i c t i o n  f ac to r s s  are 

Equation (5)  w i t h  t h e  cons tan t  F having t h e  value of 

I n t e g r a t i o n  of Eq. (4 )  depends on t h e  d i s t r i b u t i o n  of t h e  l o c a l  t h i ck -  

If t h e  changes i n  t h e s e  t h i c k -  nes ses  down t h e  l e n g t h  of t h e  flow channel. 

nesses are gradual  and l a r g e  r e l a t i v e  t o  t h e  mesh spacing,  an average th i ck -  

nes s  can be used for each increment of length. 

with in  a n  incremental  l ength ,  e i t h e r  a f i n e r  mesh spacing must be chosen 

or t h i s  r e l a t i o n  must be i n t e g r a t e d  wi th in  each incremental  l ength .  De- 

tai ls  of t h e  l a t te r  f o r  a flow channel with s i n u s o i d a l  w a l l s  are shown i n  

Appendix C. 

If they  vary considerably 

H e a t  Transfer  

For a r e a c t o r  ope ra t ing  at a power l e v e l  of Q, the  hea t  f lux  from 

any local surface area w i t h i n  t h e  f u e l  e lement  is 

This r e l a t i o n  assumes t a c i t l y  t h a t  the hea t  flux on both s i d e s  of the f u e l  

p l a t e  are i d e n t i c a l .  Actua l ly  t h i s  is  not  t h e  case because of t h e  f i l l e r  

material i n  t h e  f u e l  p l a t e s  and because of t h e  poss ib l e  d i f f e r e n t  water 

condi t ions  on each side of  t h e  fuel p l a t e s .  The e f f e c t  of t h e s e  items w i l l  

be considered i n  t h e  next  s e c t i o n  toge the r  wi th  t h e  e f f e c t  of t h e  fuel 

segrega t ion  and nonbonds on t h e  local heat fluxes. These items have no 

e f f e c t  on the coolant  hea t  balances nor  on t h e  average f u e l  p l a t e  tempera- 

t u r e s ,  however. 
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The coolant  temperature at any l o c a t i o n  w i t h i n  t h e  f u e l  element may 

be found from s u i t a b l e  heat  balances.  Such a h e a t  balance is 

A s  shown i n  Appendix A, Eqs. (7) and (8 )  are modified by u n c e r t a i n t y  fac- 

t o r s  t o  account for the fol lowing:  

1. Uncertainty i n  the r e a c t o r  power l e v e l  

2. Uncertainty .in t h e  t o t a l  hea t  t r a n s f e r  area 

3 .  unce r t a in ty  i n  t h e  power d e n s i t y  d i s t r i b u t i o n  

The magnitudes of t h e s e  u n c e r t a i n t i e s  are described elsewhere, and t y p i c a l  

v a l u e s  of t h e  f a c t o r s  desc r ib ing  t h e s e  u n c e r t a i n t i e s  are shown in Table I t .  

The r e l a t i o n  recommended by G a m b i l l  and Rundy' f o r  p r e d i c t i n g  l o c a l  

heat  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  H F I R  f u e l  elements i s  a modified ve r s ion  

of' t h e  Hausen equation, 

T h i s  r e l a t i o n  was rewritten for water f o r  use an the  computer, and ihe 

r e w r i t t e n  form i s  , 
- -  

- 3 :5.429 x 10' - 1.561T t 3.533 x 10-3T2 - 4.250 x 10 -6 T 3 llb - 
e " 

-. 125 1.162 0.6667 
" w 

t 1.882 x 10-'T4 . ' (  245.5 w T J 
0.6669 I 

I 1 '  
i 

v 

16 3 

\ 

(1.0) 

where U i s  t h e  unce r t a in ty  f a c t o r .  Since Gambill and Rundy est imated 

t h a t  t h i s  r e l a t i o n  is accura t e  t o  wi th in  lo$, the va lue  of this f a c t o r  

was assmed t o  be 0.90. 

8 



There is some reduct ion i n  t h e  magnitude of t h e  l o c a l  hea t  t r a n s f e r  

c o e f f i c i e n t s  a t  t h e  corners  of t h e  f u e l  element coolant  channels.  S tud ie s  

of t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  n e a r  t h e  corners  of nonc i r cu la r  

coolant channels for f l u i d s  having P r a n d t l  numbers of 1 .0  have been made 

by Eckert  and L o w .  30 
coolant  s i n c e  i ts  P r a n d t l  number is g r e a t e r  t han  u n i t y .  The smallest 

included angle  between t h e  f u e l  p l a t e  and t h e  s i d e  p l a t e  i n  t h e  H F I R  fuel 

assembly is t h a t  l o c a t e d  at t h e  o u t e r  s i d e  p l a t e  of t h e  i n n e r  f u e l  element, 

The i r  results should be  conservat ive f o r  t h e  WIT( 

, 

which is 32" 42' .  This c a s e  is considered i n  F ig .  7, which assumes t h a t  

t h e  c l o s e s t  approach of t h e  f u e l  bear ing material to t h e  s ide p l a t e  is 

0.045 in .23  

of t h e  f u e l  bear ing material to t h e  average heat  t r a n s f e r  c o e f f i c i e n t  is 

0.99 which is considered t o  be acceptable .  

The r a t i o  t o  t h e  local hea t  t r a n s f e r  c o e f f i c i e n t  a t  t h i s  edge 

Hot Spot Heat Trans fe r  

I n  consider ing t h e  maximum p o s s i b l e  l o c a l  h e a t  f l u x e s ,  c a l l e d  "hot 

spots," t h e  h e a t  balances a t  d i f f e r e n t  p o s i t i o n s  on t h e  s u r f a c e  of  t h e  

f u e l  plate  must b e  modified t o  account f o r  any d e f e c t s  i n  t h e  f u e l  p l a t e .  

These include t h e  v a r i a t i o n s  of t h e  fuel concen t r a t ions  within t h e  spec i -  

fied l i m i t s  o r  t h e  presence of nonbonds between t h e  f u e l  bear ing material 

and t h e  c l a d  material. A "hot plate" is defined f o r  t h e  purposes of t h i s  

a n a l y s i s  as a f u e l  p l a t e  which h a s  t h e  maximum "average" f u e l  concentra- 

t i o n s  permit ted i n  t h e   specification^.^^ They s ta te  t h a t  t h e  "average" 

amount of uranium wi th in  any given area measuring 1/2 i n .  o r  more along 

t h e  l e n g t h  of t h e  p l a t e  and ac ross  t h e  fu l l  width of t h e  p l a t e  must be  

wi th in  10% of  t h e  nominal design va lue .  The t o t a l  f u e l  loading i n  any 

given p l a t e ,  however, must be  wi th in  I$ of t h e  nominal value. These f u e l  

p l a t e s  a lso may have pockets of segregated urznium wi th in  c i r c u l a r  po r t ions  

of t h e  p l a t e  s u r f a c e  having diameters of 5/64 i n . ,  t h e  diameter of' t h e  

x-ray beam of t h e  in spec t ion  device.  The q u a n t i t y  of f u e l  w i th in  t h i s  

c i r c u l a r  area must not be  g r e a t e r  t han  30% i n  excess  of  t h e  nominal amount. 

I n  a d d i t i o n  t o  t h e s e  v a r i a t i o n s ,  t h e  boundary of t h e  f u e l  bear ing material 
can extend beyond t h e  design l i m i t s .  This i s  p a r t i c u l a r l y  important a t  the 

s i d e s  and t h e  lower end of t h e  f u e l  element where t h e  f u e l  i n  an ind iv idua l  



plate extends beyond t h e  nominal design boundaries and be exposed t o  h ighe r  

than nominal t h e m a l  neutron f l u x e s .  
4 Calculat ions ny Hilvety and Chapman show t h a t  fuel p l a t e s  with o t h e r  

sets of t o l e r a n c e s  f o r  t h e  amount of uranium w i t h i n  l o c a l  areas of t h e  

f u e l  p l a t e s  are accep tab le  f o r  t h e  HYIR ope ra t ing  cond i t ions .  

p re sen t  t i m e ,  f u e l  p l a t e s  having ''average'' concentrat ions of uranium wi th in  

274 of the d e s i g n  values  are being accepted for use i n  t h e  WIR. 

A t  t h e  

?'he coolant  channe1.s adjacent  t o  t h e  ho t  p l a t e  are def ined as t h e  hot 

and cold channels depending on which s i d e  of t h e  f u e l  p l a t e  t h e  h e a t  f l u x  

is t h e  g r e a t e s t .  Because of t h e  na tu re  of t h e  thermal d e f l e c t i o n s  of the 

f u e l  p l a t e s  during r e a c t o r  operat ion,  t h e  most p e s s i m i s t i c  s i t u a t i o n  nay 

e x i s t  when a "cold p l a t e "  i s  ad jacen t  t o  a "hot p l a t e . "  'The "cold p l a t e "  

is defined as a f u e l  p l a t e  which has t h e  minimum "average" f u e l  concentra- 

t i o n s  permitted i n  t h e  s p e c i f i c a t i o n s .  

To c a l c u l a t e  t h e  h u l k  water temperatures i n  t h e  hot and cold channels,  

t h e  heat  balance r e l a t i o n ,  Eq. (8), is modified by a d d i t i o n a l  hot p l a t e  

and cold p l a t e  unce r t a in ty  f a c t o r s  c a l l e d  U4 and LJ 

study.  Numerical values  of t h e s e  f a c t o r s  are a func t ion  of t h e i r  l o c a t i o n  

on t h e  f u e l  plate su r face ,  and they  must be c o n s i s i e n t  w i t h  t h e  s p e c i f i c a -  

t i o n s  mentioned above. For  t h e  results reported below, t h e  va lues  of U4 

were assumed t o  be  0.92 f o r  t h e  upper half of t h e  p l a t e  and 1-10 for t h e  

lower h a l f  of t h e  p l a t e .  

upper h a l f  o f  t h e  p l a t e  and 0.90 for t h e  lower ha l f  of t h e  plate .  

results i n  t h e  minimum coolant  channel t h i cknesses  f o r  t h e  lower ha l f  of 

t h e  hot channels.  For  t h e  "hot streak," which i s  t h e  s t r i p  of t h e  f u e l  

p l a t e s  and t h e  coolant  channel d i r e c t l y  above t h e  hot spot, t h e  "average" 

f u e l  concentrat ions i n  both f u e l  p l a t e s  are assimed t o  be t h e  maximum 

allowable values .  I n  t h i s  case,  t h e  hea t  balance r e l a t i o n ,  for c a l c u l a t i n g  

t h e  coolant  temperatures,  Eq. ( 8 ) ,  is modified f u r t h e r  by ano the r  unce r t a in ty  

f a c t o r  c a l l e d  U24. 

law is 1.10. 

r e spec t ive ly  i n  t h i s  5 

The values  of U were assumed t o  be 1.08 f o r  tile 
5 

This 

The  va lue  of t h i s  f a c t o r  for t h e  results reported be- 

Considering t h e  hot s p o t s  on t h e  s u r f a c e  of t h e  hot  p l a t e ,  it w a s  

assumed f o r  t h e  purpose o f  t h e  i n c i p i e n t  b o i l i n g  or burnout comparisons 

t h a t  t h e y  could be a t  any l o c a t i o n  on t h e  hot  p l a t e  su r face .  These hot 

spo t s  are due t o  the extension of' t h e  f u e l  bear ing material beyond i t s  
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nominal 

l oca t ed  

f a c t o r s  

boundaries,  t o  l o c a l  segrega t ion  of t h e  uranium, and t o  nonbonds 

between t h e  f u e l  bear ing  material and t h e  c ladding .  

were considered s imultaneously i n  o r d e r  t o  c a l c u l a t e  t h e  maximun 

A l l  t h e s e  

poss ib l e  hea t  flux. 

determined from Eq. (7) using a d d i t i o n a l  unce r t a in ty  f a c t o r s  t o  account 

f o r  t h e s e  t h r e e  abnormal i t ies .  

Numerical va lues  of t h e s e  hot  spo t  hea t  fluxes were 

"he unce r t a in ty  f a c t o r  t o  account f o r  t h e  ex tens ion  of t h e  f u e l  bear-  

ing material i n  t h e  f u e l  p l a t e ,  beyond t h e  nominal. boundaries,  def ined as 

U 

su r face .  It was assumed t h a t  t h e  value of t h i s  f a c t o r  i s  u n i t y  a t  every 

l o c a t i o n  except  a t  t h e  bottom end of t h e  f u e l  bear ing  material.* 

loca t ion ,  t h e  values  of t h i s  f a c t o r  were assumed t o  be those determined 

by Cheverton and S i m 7  shown i n  Table 3 .  
mum extens ion  of t h e  f u e l  p l a t e  beyond t h e  des ign  boundaries permit ted 

i n  t h e  p re sen t  s p e c i f i c a t i o n s .  

i n  t h i s  ana lys i s ,  is  a func t ion  of t h e  l o c a t i o n  on t h e  f u e l  p l a t e ' s  
25 

A t  t h i s  

These f a c t o r s  are f o r  t h e  maxi- 

23 

To account f o r  t h e  f u e l  segrega t ion  and t h e  nonbonds i n  t h e  fuel 

p l a t e s ,  s t i l l  another  unce r t a in ty  f a c t o r ,  which is  shown below, was used 

i n  Eq. (7 ) .  
t i o n  and t h e  nonbond, sometimes c a l l e d  a " b l i s t e r , "  of t h e  maximum poss ib l e  

diameter  allowed by t h e  present  s p e c i f i c a t i o n s ,  23 which is  1/16 i n .  

Values of t h i s  f a c t o r  used i n  t h i s  a n a l y s i s  were those  determined by 

Hi lve ty  and Chapman using t h e  model shown i n  F ig .  8. This  model assumes 

t h a t  t h e  uranium wi th in  t h e  segregated spo t  i s  a c y l i n d e r  having a l eng th  

equal  t o  t h e  th ickness  of t h e  f u e l  bear ing  material and having a packing 

f r a c t i o n  of 0.74. 
fuel bear ing  material and t h e  t h i c k  c l ad .  

them is 

This f a c t o r  cons iders  both t h e  maximum l o c a l  f u e l  segrega- 

4 

Also, it assumes t h a t  nonbond is  loca ted  between t h e  

The c o r r e l a t i o n  der ived by 

h 
u = 1.0 f (E - 1.0) 15,000 

q h i s  may be a s l i g h t l y  o p t i m i s t i c  assumption since t h i s  f a c t o r  could 
have va lues  g r e a t e r  t han  un i ty  a t  t h e  r a d i a l  edges of t h e  f u e l  plates.  
Future  s t u d i e s  should cons ider  these a d d i t i o n a l  va lues  f o r  the c a l c d a t i o n  
of hot  s t r e a k  and t h e  hot spot temperatures .  



18 

where 

bond f a c t o r .  

f o r  t h e  ho t  end co ld  channels r e spec t ive ly ,  is simply t h e  ra t io  of t h e  

a c t u a l  amount of f u e l  t o  t h e  s p e c i f i e d  amount of f u e l  w i th in  t h e  inspec-  

t i o n  spot.  S ince  tile s p e c i f i c a t i o n s  allow a m a x i m u m  dev ia t ion  of 30% i n  

l o c a l  f u e l  concentrat ion,  t h e  va lue  of t h i s  f a c t o r  was assumed t o  be 1 -30 .  
The nonbond f a c t o r s  for t h e  hot  and co ld  channels,  def ined  as LJ 

and shown i n  F i g s .  9 and 10, have been determined by Hilvety and Chapman 

using t h e  Astra HEATING code. 37 These factors  cons ider  a l l  of t h e  o t h e r  

effects a t  t h e  hot  s p o t  such as t h e  nonbond, fue l  bear ing  material t h i c k -  

ness ,  and t h e  c l a d  th i ckness ,  They are, the re fo re ,  func t ions  of t h e i r  

location along t h e  width of t h e  f u e l  plate; and the  results shown i n  F i g s .  

9 and 10 were c o r r e l a t e d  by as func t ions  of t h i s  v a r i a b l e .  Fo r  

t h e  : i n n e r  f u e l  element t h i s  c o r r e l a t i o n  is 

is  the product of a l o c a l  f u e l  s eg rega t ion  fac tor  and a l o c a l  non- 

The l o c a l  f u e l  s eg rega t ion  f a c t o r ,  def ined  as U18 and U1-9 

and lJPl 
20 

u20 = 1.33687 - 0.35423s + 0.14503~~ - 0.01669~~ (12) 

f o r  t h e  hot  channel,  and 

( 1 3 )  

(14) 

= 0.863686 - 0.01650‘~s - 0.010950~~ + 0.0047976s 3 
u21 

= 1.180171 - 0.278079s + 0.~51756~~ - 0.014261s 3 u20 

= 0.881393 - 0.243204s + 0.181639s 2 - 0.033932s 3 
u21 

f o r  t h e  co ld  channel.  F o r  t h e  o u t e r  element i t  is 

f a r  t h e  h o t  channel,  and 

(15)  

f o r  t h e  co ld  channel.  

Haack has reviewed t h e  unce r t a in ty  factors  def ined  by Eq.  (11) using 

more r ecen t  information regard ing  t h e  m a t e r i a l ’ p r o p e r t i e s  and inspec t ion  

techniques.32 The 0.74 packing f r a c t i o n  f o r  t i le  segregated f u e l  is con- 

s ide red  v a l i d ,  s i n c e  t h i s  i s  t h e  h ighes t  va lue  t h a t  can be obtained f o r  

uniform spheres .  Random packing of uniform spheres  would r e s u l t  i n  lower 

values ,  bu t  t h e  presence of nonspherical  p a r t i c l e s  and p a r t i c l e s  of’ o t h e r  

diameters would result  i n  h ighe r  va lues .  These effects t h e r e f o r e  are con- 

s idered compensating. 

the va r ious  f u e l  element materials from McElroy . 33 
of U 0 - aluminum c e r r r ~ t s  were not  a v a i l a b l e ,  and the vali ies f o r  these 

Haack obta ined  t h e  thermal  conduc t iv i ty  va lues  of 

T h e r m a l  c o n d u c t i v i t i e s  

3 8  



were assumed t o  be  equal  t o  t h o s e  of UO 

11. 

are summarized as fo l lows :  

- aluminum cermets'$hown i n  Fig.  

These and o t h e r  q u a n t i t a t i v e  assumptions used by Haack i n  h i s  review 
2 

Power d e n s i t y  

Heat gene ra t ion  rate i n  c l a d  and 
oxide ( y  hea t ing )  

Packing f r a c t i o n s  of  U 0 

2 MW/& of co re  

100 watts/gm 

i n  cermet 
3 8  

Segregated f u e l  0.74 
Nominal i n n e r  element f u e l  0.128 

Nominal o u t e r  element fuel 0 * 193 
Thermal c o n d u c t i v i t i e s  

Heat 
,l 

Segregated f u e l  7.51 B t u / ( h r ) ( f t ) (  OF) 

Nominal i n n e r  element f u e l  76.3 B t u / ( h r ) ( f t ) (  OF) 

Norninzl o u t e r  element f u e l  63.6 B t u / ( h r ) ( f t ) (  OF) 

Clad (6061 aluminum) 87.4 B t u / ( h r ) ( f t ) (  O F )  

Oxide 1 - 3  Btu/( h r  ) ( f t ) ( OF ) 
t ransfer  c o e f f i c i e n t  15,000 S t u / ( h r ) ( f t ) (  OF) 

The h e a t  gene ra t ion  rates i n  t h e  nominal f u e l  w e r e  determined from t h e  

power d e n s i t y  d a t a  assuming t h a t  a l l  of t h e  hea t  was generated i n  t h e  f u e l  

cermet. Those i n  t h e  segregated f u e l  w e r e  assumed t o  be  those  i n  t h e  nomi- 

n a l  f u e l  mul t ip l i ed  by t h e  r a t i o  of t h e  packing f r a c t i o n  of t h e  segregated 

f u e l  t o  t h a t  of t h e  nominal f u e l .  
Using t h e s e  parameters, Haack first c a l c u l a t e d  hot  s p o t  unce r t a in ty  

f a c t o r s  f o r  i s o l a t e d  pockets of segregated f u e l  with nonbonds using models 

similar t o  t h a t  shown i n  Fig.  8. 
a t  t h e  i n n e r  edge of t h e  i n n e r  f u e l  element where t h e  f u e l  cermet i s  0.010 

i n .  t h i c k .  Results of t h e  va r ious  cases  a t  t h i s  l o c a t i o n  s tud ied  by him 

are summarized i n  F ig .  12, and t h e  unce r t a in ty  f a c t o r  c a l c u l a t e d  by Hilvety 

and Chapman is  included f o r  comparison. It can be seen r e a d i l y  t h a t  t h e  

value r epor t ed  by Hi lve ty  and Chapman is  conservat ive.  

flux peaking occurs when t h e r e  is a pocket of segregated f u e l  with a non- 

bond l o c a t e d  between t h e  f u e l  and t h e  t h i c k  cladding ( f i l l e r  material) 

and t h e r e  i s  no oxide on t h e  f u e l  element su r face .  A second nonbond lo-  
ca t ed  between t h e  f u e l  and t h e  t h i n  cladding o r  the bui ldup of t h e  oxide 

Most of t h e  c a s e s  s tud ied  by him were 

The worse hea t  
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on t h e  f u e l  p l a t e  s u r f a c e  lowers t h i s  hea t  f l u  peaking. Also t h e  h ighes t  

hea t  f l u  peeking occurs when t h e  segregated f u e l  diameter w i t h i n  t h e  in -  

spec t ion  spo t  is t h e  minimum value,  which i s  0.01-957 i n .  i n  t h i s  case.  

Increasing t h e  diameter bu t  keeping t h e  same volume of t h e  segregated ma-  

t e r i a l  within t h i s  inspect ion spo t  decreases  t h e  magnitude of t h e s e  uncer- 

t a i n t y  f a c t o r s .  Some a d d i t i o n a l  c a l c u l a t i o n s  of t h e s e  f s c t o r s  f o r  i s o -  

l a t e d  pockets of segregated f u e l  a t  t h e  l o c a t i o n  of t h e  inne r  f u e l  element 

where t h e  f u e l  cermet i s  0.025 i n .  t h i c k  a l s o  i n d i c a t e  t h a t  t h e  values  

c a l c u l a t e d  by Hilvety and Chapman are conservat ive.  

Some cases  were s tud ied  t o  ob ta in  hot s p o t  f a c t o r s  when t h e  pockets 

of t h e  segregated f u e l  and t h e  nonbonds are r e l a t i v e l y  close t o  each o t h e r .  

The f i rs t  case s tud ied  was a b a r  of segregated material. across t h e  width 

of f u e l  p l a t e  with and without a nonbond s t r i p  superimposed on i t .  For  

t h e  purpose of t h e s e  c a l c u l a t i o n s ,  t h e  f u e l  cermet t h i ckness  w a s  assumed 

Lo be 0.010 i n .  a c ross  %he e n t i r e  width of t h e  p l a t e ,  which i s  conserva- 

t i v e .  This  is  somewhat of an i d e a l i z e d  model, but it i s  p o s s i b l e  to have 

b a r s  of segregated f u e l  and/or a nonbond s t r i p  a c r o s s  t h e  width of t h e  

f u e l  p l a t e  using t h e  p re sen t  i n spec t ion  techniques.  Uncertainty f a c t o r s  

ca l cu la t ed  f o r  t h e s e  s i t u a t i o n s  and shown i n  F ig .  12 are h ighe r  t han  t h a t  

of I i i lvety and Chapman f o r  an i s o l a t e d  pocket of segregated f u e l  and super- 

imposed nonbond, 

Another s i t u a t i o n  s tud ied  by IIaack w a s  t h e  e f f e c t  of  t h e  proximity 

of t h e  pockets of segregated f u e l  and nonbonds t o  one ano the r .  

and t h e  results of t h i s  c a l c u l a t i o n  are shown i n  F ig .  13 .  This model i s  

aga in  conservative,  but  it i n d i c a t e s  t h a t  i f  t h e  segregated f u e l  pocket 

and t h e  nonbond c e n t e r l i n e s  are wi th in  0.09 i n .  of each o the r ,  t h e  uncer- 

t a i n t y  f a c t o r s  are aga in  g r e a t e r  t h a n  t h a t  of Hilvety and Chapman. Haack 

i n v e s t i g a t e d  t h i s  s i t u a t i o n  f u r t h e r  and found t h a t  one possible arrange- 

ment of t h e  segregated f u e l  pockets using t h e  p re sen t  s p e c i f i c a t i o n s  and 

inspect ion techniques is t h a t  shown i n  F ig .  14a. Approximating t h i s  s i t u -  

a t i o n  with t h e  model shown i n  F ig .  14b, he c a l c u l a t e d  a n  unce r t a in ty  f a c -  

t o r  of' 1.839, which is again g r e a t e r  t han  t h e  Hilvety and Chapman value 

of l . ' [ O (  f o r  an i s o l a t e d  segregated f u e l  pocket and nonbond. 

Tine model 

Therefore, f o r  t h e  assumptions made i n  t h e  above s tudy,  t h e  uncer- 

t a i n t y  f 'actors of Hilvety and Chapman are conservat ive f o r  i s o l a t e d  pockets 



of segregated fuel and nonbonds. 

are c l o s e  t o g e t h e r  t h e  u n c e r t a i n t y  f a c t o r  could be  g r e a t e r  t h a n  t h e  va lue  

c a l c u l a t e d  by Hi lve ty  and Chapman. 

proximity models were idea l i zed  for 0.010 i n .  t h i c k  f u e l  material and 

1/16 i n .  d i a m e t e r  nonbonds. 

t i c a t e d  model t o  determine i f  t h e s e  f a c t o r s  are as high as those  ca l cu la t ed  

he re .  

However, if t h e s e  pockets and nonbonds 

It should be noted however t h a t  t h e  

Fur the r  work is  requi red  using a more sophis-  

Oxide Buildup on t h e  Fuel P l a t e  Surfaces  

The aluminum f u e l  p l a t e s  w i l l  corrode dur ing  t h e  ope ra t ion  of t h e  

B I R  bu i ld ing  up an oxide l a y e r  on t h e  p l a t e  s u r f a c e s .  This oxide de- 

c reases  t h e  coolan t  channel t h i cknesses  and inc reases  t h e  f u e l  plate m e t a l  

temperatures because of i t s  low thermal  conduc t iv i ty .  Griess et a l .  

s tud ied  t h e  rate of t h i s  oxide bui ldup extensively cons ider ing  t h e  e f f e c t s  

of t h e  water temperature ,  t h e  water pH,  t h e  hea t  f l u x  from t h e  aluminum 

su r face ,  and t h e  h i s t o r y  of t h e  oxide bui ldup.  They found t h a t  t h e  oxide 

is boehmite, which is t h e  monohydrate of aluminum oxide, and t h a t  it h a s  

ii thermal  conduct iv i ty  of 1.3 B t u / ( h r ) ( f t  ) ( " F ) / f t .  The dens i ty  of t h i s  

27,3'+-36 

2 

material is  repor ted  t o  be 3.02 g/cm3. ( R e f .  37) 
For a cons tan t  f u e l  p l a t e  s u r f a c e  (water-oxide i n t e r f a c e )  temperature 

t o  2.0 x 10 6 6 2 
O R ,  h ea t  f l u x e s  from 1.0  X 10 B t u / ( h r ) ( f t  ), a water pH 

TS 
from 4.7 t o  5.0, and wi th  no oxide i n i t i a l l y  on t h e  aluminurn su r face ,  t h e  

oxide th i ckness  i n  X mils after 0 h r s  is  

0.778 exp ,' - 8 290 
x = 4436 i x i  

This  is t h e  r e l a t i o n  used i n  t h i s  s tudy  f o r  t h e  i n i t i a l  time step, which 

is  conserva t ive  providing t h e  water pH is kept  i n  t h e  range of 4.7 t o  5.0 .  

Water pH's i n  t h e  range of 5.7 t o  7 . 0  result i n  oxide th icknesses  2.7  

t i m e s  t hose  ca l cu la t ed  i n  Eq. (16), and a water p H  of 5 .3  r e s u l t s  i n  oxide 

f i l m  th i ckness  n e a r l y  as l a r g e  as those  f o r  a water pH of 5.7 t o  7 . 0 .  

Therefore ,  c o n t r o l  of t h e  primary coolan t  pH is  very important f o r  t he  suc- 

c e s s f u l  opera t ion  of t h e  r e a c t o r .  Lower s u r f a c e  h e a t  f l u e s  r e s u l t  i n  

lower oxide f i l m  th icknesses ,  bu t  d a t a  f o r  t h e s e  condi t ions  are l i m i t e d .  
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During t h e  subsequent t i m e  steps where t h e  fuel  p l a t e  su r face  tempera- 

t u r e  may change, t h e  rate of oxide growth depends on t h e  amount of oxide 

a l r eady  present  on t h e  plate  su r face .  

t h e  su r f ace  temperature  i s  ‘I’ i n s t ead  of T t h e  oxide th ickness  is  

For t h e  second t i m e  increment where 

s2 S1’ 

-830 30.778 exp - 
Ts 2 

x* = ox2 + x1 = 443 Pl +- 

- 

where 

-8290 0.778 exp -8290 exp ____ = 443~1, 0.778 x1 = 443e1 
TS1 TS2 

or 

q1 = o1 ex? 10,656 TS1 - Ts2 

TsrTs2 

General iz ing t h i s  r e l a t i o n  f o r  t h e  k th  time increment, 

where 

TSk-l - TSk 
TSk- lTSk 

-\ exp 10,656 
‘k-1 = k k - 2  i- ‘k-I 

These equat ions have been checked aga ins t  ou t -o f -p i l e  arid i n - p i l e  experi- 

iriental d a t a  3673a a n d  t hey  were found t o  be i n  good agreement. 

devia t ion  i n  t h e  oxide th i ckness  measured by experiment from t h a t  pre-  

d i c t ed  by t h e  above equat ions i s  about 25%. 

t h e r e f o r e  was f ac to red  i n t o  t h e s e  r e l a t i o n s  when they were used i n  t h i s  

s tudy .  

spa11 or  f l a k e  o f f  from t h e  fuel plate surface.36 Any thermal cyc l ing  of 

t h e  f u e l  element enhances t h i s  s p a l l i n g  process ,  but, no allowance was made 

The maximum 

An unce r t a in ty  f a c t o r  of 1.25 

A f t e r  t h e  th i ckness  of t h e  oxide reaches 2 t o  3 m i l s ,  it begins t o  
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f o r  t h i s  i n  t h i s  ana lys i s .  Therefore  it was assumed t h a t  after t h e  o%ide 

th ickness  reached 3 m i l s ,  no more oxide would be formed on t h e  ?fuel p l a t e .  

This is a consenrat ive assumption s i n c e  any a d d i t i o n a l  oxide forming on 

t h e  p l a t e  su r face  would spa11 o f f  from t h e  fue l  p l a t e  t h u s  increas ing  t h e  

channel t h i ckness .  I n  t h e  cases  repor ted  below, nowhere d id  t h e  oxide 

th icknesses  including those  f o r  t h e  hot  p l a t e  exceed 2 m i l s .  

Although boehmite has a h igher  dens i ty  than  aluminum (3.05 vs  2.70 
3 g/cm ), it a l s o  has  a h igher  molecular weight (119.98 v s  53.96 f o r  t h e  

equiva len t  amount of aluminum). 

t h e  coolant  channel th ickness  due t o  t h e  formation of t h e  oxide.  The 

r a t i o  of t h e  th ickness  of t h e  oxide formed to  t h a t  of  t h e  aluminum metal 

consumed w a s  then  assumed t o  be 

This  w i l l  result i n  a smal l  decrease i n  

Oxide th i ckness  

Metal th ickness  

119.98 x 2.70 - ! u 3  
= 1.254 ( 1 9 )  I - 

I I_ ' 53.96 x 3.20- 

Deflec t ion  of' t h e  Fuel  P l a t e  Due t o  D i f f e r e n t i a l  Pressures 

A f u e l  p l a t e  l oca t ed  between a "narrow" coolant  channel, which has 

t h e  minimum average th i ckness  permit ted by t h e  f u e l  element s p e c i f i c a t i o n s ,  

and a '*wide" coolant  channel, which has t h e  maximum average th ickness  

permit ted by t h e  s p e c i f i c a t i o n s ,  is subjec ted  t o  d i f f e r e n t i a l  p ressures  

ac ross  t h e  th ickness  of t h e  p l a t e .  This  is  due t o  t h e  coolant  v e l o c i t y  

i n  t h e  v i d e  channel being h igher  t h a n  t h a t  i n  t h e  narrow channel,  r e s u l t i n g  

i n  lower opera t ing  pressures  i n  t h e  wide channel.  As w a s  done by Hilvety 

and Chapman, 

over  t h e  e n t i r e  su r face  of t h e  f u e l  p l a t e .  This is  taken t o  be t h e  average 

of t h e  d i f f e r e n t i a l  p ressures  a t  t h e  coolan t  channel i n l e t  and a t  t h e  

coolant  channel o u t l e t .  T'nis assumption should be conserva t ive  providing 

t h e  l i m i t i n g  hea t  f l u  occurs  below t h e  core  midplane. Details of t h e  

r e l a t i o n  f o r  p red ic t ing  t h i s  p re s su re  d i f f e r e n c e  are shown i n  Appendix C .  

due t o  t h e s e  pressure  d i f f e rences  have been analyzed by Chapman. 39 
d e f l e c t i o n s  ca l cu la t ed  f o r  p l a t e s  wi th  t h e  pinned edges were gene ra l ly  

h igher  than  those  w i t h  t h e  f ixed  edges and w e r e  i n  c l o s e r  agreement with 

4 it w a s  assumed t h a t  t h i s  d i f f e r e n t i a l  p ressure  w a s  uniform 

Def lec t ions  of K F I R  f u e l  p l a t e s  having f ixed  edges and pinned edges 

The 
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t h e  experimental  d e f l e c t i o n  d a t a  obtained by Chapman. 

f o r  t h e  pinned edge plates t h e r e f o r e  were assumed f o r  t h i s  a n a l y s i s ,  and 

Haack 

are f o r  t h e  i n n e r  f u e l  element p l a t e s  

!ihe d e f l e c t i o n s  

40 c o r r e l a t e d  Chapman's results i n  t h e  form of a power series. These 

AFJ 

E.R. 
6 = -  nw 2.8372 x 13-2s5 - 2.0491 x 10 -1 s 4 + 2.7529 x 10 -1 s 3 

-1. 2 + 5.7806 x 10 s - 8.9329 x 10-l~ (20a) 

and f o r  the o u t e r  f u e l  element p l a t e s  

nw -1 4 -1 3 
AF 

E.R. 
6 = -  3.0799 x 10-2s5 - 1.9700 x 10 s + 2.3697 x 10 s 

-I 2 
i 1+.2645 X 10 s - 5.9068 X 1 0 - l ~  (20b) 

where 

6 = m i l s  
ap = psi nw 

s = i n .  

The r e l a t i o n  f o r  t h e  term E.R. w a s  der ived by Chapman'' using t h e  d a t a  

reported i n  t h e  Alcoa Aluminum Handbook4* t o  account f o r  t h e  e f f e c t  of 
temperature on t h e  modulus of e l a s t i c i t y ,  and It i s  

(21) 
-6 2 E.R. =-(1.624 X 1 0  )T + 4.719 x lom4, + 0.9'13'7 

where T = O F .  

Chapman est imated t h a t  t h e  results of hishanalysis are a c c u r a t e  to 

wi th in  lo$. 

i n t o  Eqs .  (ma) and (20b) f o r  t h i s  heat  t ransfer  s tudy.  

Therefore an u n c e r t a i n t y  f a c t o r  of 1.10 has been factored 

Increase of Fuel  P l a t e  Thicknesses Because of Heating 

Aluminum of course w i l l  expand upon an inc rease  i n  temperature,  and 

t h i s  w i l l  decrease s l i g h t l y  the coolant  channel t h i ckness .  

thermal c o e f f i c i e n t  of expansion of 6061 aluminurn f o r  t h e  temperature 
The average 
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42 Since  t h e  cantri- in . / ( i n . ) (OF) .  
-6 

range of i n t e r e s t  he re  i s ' l 3 . 5  x LO 

bu t ion  of each s u r f a c e  of the f u e l  p l a t e  t o  t h e  decrease i n  t h e  coolant  

channel t h i ckness  is considered i n  t h i s  a n a l y s i s ,  t h e  r e l a t i o n  desc r ib ing  

t h i s  is then  (assuming a 70°F re fe rence  temperature") 

where 

6 = m i l s  

t = m i l s  

T = OF. 

There is a l s o  sone c o n t r i b u t i o n  t o  t h e  inc rease  i n  t h e  f u e l  p l a t e  

t h i ckness  due t o  t h e  p a r t i a l l y  r e s t r a i n e d  thermal expansion along t h e  p l a t e  

width and l e n g t h  (Po i s son ' s  e f f e c t ) .  This i nc reases  t h e  f u e l  p l a t e  

ness  f u r t h e r  by a f a c t o r  of  about 1.3. This f a c t o r  w a s  included as 
of t h e  t o t a l  u n c e r t a i n t y  f a c t o r  U12, which w a s  es t imated t o  be  2.0. 

F u e l  P l a t e  Lkf l ec t ion  Due t o  t h e  Difference 
i n  Temperatures of Adiacent P l a t e s  

t h i c k -  

pa& 

Although t h e  f u e l  p l a t e s  are allowed t o  expand r a d i a l l y  by having one 

of t h e  fue l  elemmt s i d e  plates f i x e d  and o t h e r  one free t o  r o t a t e ,  some 

of t h e s e  p l a t e s  have h i g h e r  ope ra t ing  temperatures t h a n  o t h e r s .  The de- 

f l e c t i o n  of t h e s e  h o t t e r  p l a t e s  r e l a t i v e  t o  t h e  average f u e l  p l a t e s  t h e r e -  

f o r e  must a l s o  be considered. Chapman analyzed t h i s  f o r  p l a t e s  wi-th f i x e d  

and pinned edges39 and Haack c o r r e l a t e d  Chapman's results f o r  p l a t e s  with 

pinned edges i n  t h e  form of power series: 40 For t h e  i n n e r  fuel element 

*This is  a conservat ive assumption s i n c e  no allowance has been made 
h e r e  of t h e  temperature expansion of t h e  s i d e  p l a t e .  This f a c t o r  should 
be  included i n  any f u t u r e  v e r s i o n s  of t h i s  hea t  t r a n s f e r  a n a l y s i s .  The 
thermal expansion of t h e  s i d e  p l a t e  i nc reases  t h e  channel t h i ckness  
ae(TSp - TO), and t h e  a d d i t i o n a l  thermal  expansion of t h e  f u e l  p l a t e  de- 
c r e a s e s  t h e  channel t h i ckness  C&(T - TsP) .  Therefore Eq. (22) should be 
modified t o  be 

a i  

2 
6 = -  , t T  - ( e  -i t)TSp -+ 70e . 



p l a t e s ,  they  are 

T - T  i .  
6 =  1-3-2084 x 3-O-4s5 + 4.3177 X 10 -3 s 4 

E.R. 

and f o r  t h e  o u t e r  f u e l  element p l a t e s ,  t hey  are 

' T f 4  - -1.8518 x 164s5 -I- 4.5322 x 10 -3 s 4 6 =  

-4  2 .- 2 . 
- 2.1050 x 10-'s3 - 6.0732 x 10 s + 8.3033 x 10 s (23b) 

where 

6 = m i l s  
- 1  = "F 

T~ *MA 
s i n .  

Chapman est imated t h a t  t h e  results f o r  h i s  a n a l y s i s  here are also accurate 

to with in  10%. 

i n t o  t h e s e  equat ions .  

Therefore,  an  unce r t a in ty  f a c t o r  of 1.10 has been f ac to red  

Fue l  P l a t e  k f l e c t i o n  Due t o  t h e  Difference Between t h e  
Fue l  P l a t e  and t h e  S ide  P l a t e  Temperatures 

As was mentioned i n  t h e  in t roduct ion ,  one of t h e  most s i g n i f i c a n t  

de f l ec t ions  of t h e  f u e l  plates i n  the a n a l y s i s  of Hi lve ty  and Chapman i s  

t h e  l o n g i t u d i n a l  buckling of t h e  plztes  due t o  the d i f f e rences  i n  t h e  

opera t ing  temperatures  of t h e  plates and those of t h e  s i d e  plates .  

l imina ry  a n a l y s i s  by Lyon5 and some v e r y  prel iminary experiments by 

Chapman 

f o r  t h e  HFIR operating condi t ions .  

of t h e s e  d e f l e c t i o n s  i s  1.9 i n .  and t h a t  t h e  amplitudes of t h e s e  waves 

are those  shown i n  F ig .  15. 

Appendix A ) ,  t h e s e  amplitudes were cor re l a t ed  by t h e  r e l a t i o n  

Pre- 

6 i nd ica t ed  t h a t  t h e  f u e l  p l a t e s  would buckle i n  sinusoidal waves 

Lyon es t imated  t h a t  t h e  wave l e n g t h  

For  t h e  f i rs t  opt ion  of t h i s  s tudy  (see 

(24) 6 = 0.0063(&I') 1.312 
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where 

6 = d e f l e c t i o n  i n  m i l s  

AT = temperature d i f f e rence  i n  O F .  

i n  t h i s  opt ion of t h i s  study, t he  wave l eng th  w a s  assumed t o  be 2.0 

As w a s  stated by L y ~ n , ~  h i s  c a l c u l a t i o n s  were prel iminary and addi- 

i n s t ead  of t h e  1.9 i n .  value p red ic t ed  by Lyon. 

t i o n a l  experiments were necessary t o  v e r i f y  h i s  results. 

ments were run by Cheverton and Kelley,' and they  found that t h e  f u e l  

p l a t e s  do not  buckle i n  a s i n u s o i d a l  wave, bu t  d e f l e c t  c o n s i s t e n t l y  i n  

one d i r e c t i o n  f o r  t h e  pred ic ted  HFIR opera t ing  condi t ions.  

shows t y p i c a l  results from one of t he i r  runs where a 6061 aluminum p l a t e  

w a s  clamped i n  a carbon steel  frame a t  room temperature and then  heated 

t o  400°F. 
proportional t o  t h e  d i f f e r e n t i a l  s t r a i n  f o r  p l a t e  temperatures up t o  400°F. 
The d i f f e rence  in t he  thermal  expansion of  t h e  test p l a t e  and the carbon 

steel  frame i n  the furnace a t  400°F was measured t o  be 0.046 i n .  Figure 

16 shows t h a t  t h e  maximum amount of d e f l e c t i o n  a t  t h i s  temperature is 

12  mils. 

6061 aluminum i n  t h i s  temperature range i s  13.8 x 10 i n .  /( i n .  ) (  OF), the  

maximum amount of d e f l e c t i o n  6 m i l s  f o r  a temperature d i f f e rence  of AT "F 

between t h e  f u e l  p l a t e  and t h e  side p l a t e  i s  

Such experi-  

F igure  16 

The amplitudes of t h e s e  d e f l e c t i o n s  were found t o  be nea r ly  

Assuming t h a t  t h e  Eiverage c o e f f i c i e n t  of thermal  expension of 
-6 

The d e f l e c t i o n  across  t h e  width of the  f u e l  p l a t e  and a t  t h e  ends  of the  

fuel p l a t e  can be  approximated by s i n e  curves,  and these approximations 

are shown as dashed l i n e s  i n  F i g .  16. Therefore,  t h e  t h e r m a l  d e f l e c t i o n  

a t  any l o c a t i o n  on t h e  f u e l  p l a t e  f o r  a temperature d i f f e r e n c e  of AT "F 
can be  descr ibed by t h e  fol lowing r e l a t i o n s :  

For  0 < z < 6 in. 

ICs 
j s i n  - . i ITS 

6 = 8.64 x 10-2AT s i n  
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For 6 I z Is 18 i n .  

For  18 < z < 24 i n .  

T h e s e  r e l a t i o n s  were used i n  p l ace  of Ey. (24) f o r  t h e  l o n g i t u d i n a l  de- 

f l e c t i o n  of t h e  f u e l  p l a t e s  i n  t h e  second o p t i a n  of t h i s  hea t  t r a n s f e r  

s tudy (see Appendix A ) .  

t i v e ,  however, s i n c e  no al lowmce has been made for t h e  s t r e t c h i n g  of t h e  

s i d e  p l a t e s  by t h e  f u e l  p l a t e s .  A rough estimate shown i n  Appendix D i n -  

The a p p l i c a t i o n  of t h e s e  equat ions is consex-va- 

dicates t h a t  the s t r e t c h i n g  of t h e  side p l a t e s  would lower t h e s e  de f l ec -  

tions about 384. Since t h e  accuracy of the  experiments is considered t o  

be much b e t t e r  than 38$, t h e  unce r t a in ty  f a c t o r  f o r  t h e s e  r e l a t i o n s  has 

been given a value of  1.00. 

!be temperature d i f f e r e n c e s  i n  t h e  above r e l a t i o n s  were assured t o  

be t h e  d l f f e rence  between t h e  average f u e l  p la te  metal temperature and 

t h e  average of t h e  s ide p l a t e  temperatures a t  any gi.ven e l e v a t i o n .  

u sua l  hea t  t r a n s f e r  equat ion f o r  a slab with internal h e a t  gene ra t ion  was 

The 

used to get  t h e  s i d e  p l a t e  temperature ( a x i a l  donduction being neg lec t ed ) .  

Heat t r a n s f e r  c o e f r i c i e n t s  on t h e  f u e l  p l a t e  s i d e  of  t h e  s i d e  p l a t e s  were 

assumed t o  be 1/2 of t h e  normal f u e l  p l a t e  heat  t r a n s f e r  c o e f f i c i e n t .  

Those on t h e  o t h e r  s i d e  were assumed t o  be those  p red ic t ed  by t h e  D i t t u s -  

Boelter r e l a t i o n .  Details of these equat ions and t h e  j u s t i f i c a t i o n  of 

t h e s e  assumptions are shown i n  Appendix E. 

s i d e  p l a t e s  and i n  t h e  water surrounding them were estimated from Vondy's 

 calculation^.^^ For aluminum, it is  40 watts/gm and f o r  water, it is  

80 watts/gm. 

Heat generat ion rates i n  t he  
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Fuel P l a t e  Def lec t ions  Due t o  Radiat ion Growth 

There is only  a s m a l l  amount of  experimental  d a t a  regarding t h e  growth 

of t h e  f u e l  p l a t e s  due t o  r a d i a t i o n  at  t h e  HETR ope ra t ing  condi t ions .  The 

a v a i l a b l e  data43a i n d i c a t e  t h a t  by t h e  end of t h e  f u e l  cyc le  (-25 days) ,  

t h e  volume of a f u e l  p l a t e  i n  t h e  h ighes t  burnup d e n s i t y  region w i l l  have 

increased by about 2$, and f o r  t h e  core  average condi t ions ,  t h i s  i nc rease  

w i l l  be  about l/*. These volume changes are not  neg l ig ib l e ,  b u t  because 

of t h e  unce r t a in ty  and t h e  l a te  a v a i l a b i l i t y  of t h e  f e w  a v a i l a b l e  d a t a  

po in t s ,  t h e s e  changes were not  included i n  t h e  c a l c u l a t i o n  of t h e  results 
repor ted  below. However, p rovis ions  w e r e  made i n  the gene ra l  model t o  

inc lude  t h i s  f a c t o r  as input  data. 

Radiat ion swel l ing  of t h e  f u e l  p l a t e s  reduces t h e  coolan t  channel 

th icknesses  two ways. F i r s t  it inc reases  t h e  th i cknesses  of t h e  f u e l  

p l a t e s .  

it is a l i n e a r  func t ion  of t h e  ope ra t ing  t ime,  which results i n  t h e  re- 

l a t i o n  

A first approximation of t h i s  assumed f o r  t h i s  a n a l y s i s  is t h a t  

6vR = B0 

where 

= t h i ckness  change i n  m i l s  %R 
B = a cons tan t  

0 = t o t a l  opera t ing  t i m e  i n  hours .  

The second e f f e c t  of t h e  r a d i a t i o n  swel l ing  of t h e  f u e l  p l a t e s  may 

inc rease  t h e  l o n g i t u d i n a l  d e f l e c t i o n  of t h e s e  p l a t e s .  

of t h i s  h e a t  transfer ana lys i s ,  it w a s  assumed t h a t  t h e  f u e l  p l a t e s  buckled 

i n t o  a s i n u s o i d a l w a v e  form. 

t i o n  could inc rease  t h e  magnitude of t h i s  buckl ing.  

t i o n  of t h e  magnitude of t h i s  increase ,  t h e  change i n  t h e  f u e l  p l a t e  ma- 

t e r i a l  d e n s i t y  due t o  r a d i a t i o n  w a s  r e l a t e d  t o  t h e  thermal  c o e f f i c i e n t  of 

l i n e a r  expansion i n  t h e  fol lowing way: 

I n  t h e  first opt ion  

The growth of t h e  f u e l  p l a t e s  due t o  rad ia-  

A s  a first approxima- 



Combining t h i s  r e l a t i o n  wi th  Eq. (24) assuming t h a t  Q: is equa l  t o  

13.5 x 10 i n . / (  i n .  ) (  O F ) ,  t h e  magnitude of t h e  s i n u s o i d a l  buckling of 

t h e  f u e l  p l a t e s  due t o  r a d i a t i o n  is then  

-6 

1.312 6MR = 3.651 x l o3  - 1 
' PD . LI 

where FMR is d e f l e c t i o n  i n  m i l s .  

In t h e  second op t ion  of t h i s  ana lys i s ,  it w a s  assumed t h a t  t h e  f u e l  

p l a t e s  buckled c o n s i s t e n t l y  i n  one d i r e c t i o n .  It w a s  f u r t h e r  assumed 

here  t h a t  t h e  magnitude of t h e s e  d e f l e c t i o n s  due t o  r a d i a t i o n  growth were 

t h e  same f o r  a l l  of t h e  f u e l  plates. Therefore f o r  t h i s  s i t u a t i o n ,  t h e  

e f f e c t  of t h i s  d e f l e c t i o n  on the coolant  channel t h i ckness  can be neglected.  

The available experimental  data43a i n d i c a t e  t h a t  e s s e n t i a l l y  all of 

the changes i n  t h e  plate volume appear  as changes i n  t h e  p l a t e  t h i ckness .  

If t h i s  i s  a c t u a l l y  t h e  case,  t hen  it would not  be necessary t o  consider  

the l o n g i t u d i n a l  d e f l e c t i o n s  due t o  t h e  r z d i a t i o n  swe l l ing  of t h e  f u e l  

p l a t e s .  

Coolant Channel Thicknesses During ReacLor Operation 

A number of coolant  channel t h i cknesses  have been defined i n  o r d e r  

t h a t  each step i n  t h i s  a n a l y s i s  can be handled i n  a conse rva t ive  but con- 

s i s t e n t  manner. P e r t i n e n t  f u e l  p l a t e  d e f l e c t i o n s  were considered i n  t h e  

c a l c u l a t i o n s  of a l l  of t h e s e  th i cknesses ,  and they  were summed such as 

t o  g ive  the most conservat ive value i n  each case .  

The average coolant  channel, which was used t o  determine t h e  average 

f u e l  plate cond i t ions  and t h e  o v e r a l l  co re  flow condi t ions,  was. assumed 

p r i o r  t o  t h e  r e a c t o r  ope ra t ion  t o  have a uniform th i ckness  of t h e  average 

value determined f o r  each f u e l  element. The w a l l s  of t h i s  coolant  chan- 

n e l  were assumed t o  be t h e  average f u e l  p l a t e s  i n  t h e  f ' u e l  element. 

t h e  d e f l e c t i o n s  of t h e s e  average f u e l  p l a t e s  are i d e n t i c a l ,  t h e  thicknesses  

of' t h e  average coolant  channel during r e a c t o r  ope ra t ion  is  then  

Since 

e = e - 2€IA - 2bm - 2E0 A 



where 

e =  A 
6 =  A - 

&VR - 

6 =  
0 

i n i t i a l  coolant  

one h a l f  of t h e  

one ha l f  of t h e  

t i o n ,  
increase  i n  t h e  

channel th ickness ,  

increase  i n  t h e  f u e l  p l a t e  th ickness  due t o  heat ing,  

increase  i n  t h e  f u e l  p l a t e  th ickness  due t o  radia- 

f u e l  p l a t e  th ickness  due t o  oxide formation. 

As shown i n  F igs .  17 and 18, t h e  coolant  channels ad jacent  t o  t h e  hot  

and cold p l a t e s  i n  t h e  f u e l  element can be e i t h e r  "nzrrow" channels o r  

"wide" channels.  The "narrow" coolant  channel i s  def ined as one i n  which 

t h e  e n t i r e  channel th ickness  p r i o r  t o  r e a c t o r  opera t ion  is t h e  minb-um per- 

mi t ted  f o r  any given c ross  s e c t i o n  of an ind iv idua l  coolant  channel. 

s e n t  f u e l  element s p e c i f i c a t i o n s  state t h a t  t h e  va lue  of this quan t i ty  is  

0,044 in. ( R e f .  2 3 ) .  Simi la r ly  t h e  "wide" coolant  channel is defined as 
one i n  which t h e  e n t i r e  channel th ickness  p r i o r  t o  t h e  r e a c t o r  operat ion 

is t h e  maximum permit ted f o r  any given c ross  s e c t i o n  of a n  ind iv idua l  

coolant  channel.  The value f o r  t h i s  i n  t h e  present  HF'IR fuel element  

s p e c i f i c a t i o n  is  0.056 i n .  ( R e f .  23) .  

Pre- 

A s  d iscussed above t h e  long i tud ina l  d e f l e c t i o n s  of t h e  f u e l  p l a t e s  

were assumed t o  be i n  t h e  form of s inuso ida l  waves f o r  op t ion  I of t h i s  

ana lys i s .  The g r e a t e s t  amount of r e s i s t a n c e  t o  t h e  coolan t  flow for t h i s  

s i t u a t i o n  would occur when two adjacent  ho t  p l a t e s  have t h i s  type  of de- 

f l e c t i o n  180" out  of phase. Various possible arrangements of t h e  narrow 

and w i d e  coolan t  channels ad jacent  t o  t h e  hot  p l a t e s  must be considered 

and t h e s e  are shown i n  Fig. 17. They are i d e n t i c a l  t o  those  used by Hilvety 

and Chapman, 

hot  p l a t e  i n  ques t ion  are a l so  hot  p l a t e s .  For t h i s  s i t u a t i o n ,  t h e  th i ck -  

nesses  of t h e  narrow coolent  channel during r e a c t o r  opera t ion  can be de- 

s c r ibed  by t h e  r e l a t i o n  

4 and they  assume that all of t h e  f u e l  p l a t e s  ad jacent  t o  t h e  

2nz Dn = Dln i- DZn s i n  - h 
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w h e r e  

( k 3  + 251+)fjnn - (2k1 + '5, + k 3 b n w  __ "on - 2 6 ~ ~  ( 31-31 

and 

DZl1 = - (e3  + 254)fiMnn - + 2t2 + E3)fjMnw - 2Em ( 31-b) 

"he th icknesses  of t h e  wide coolan t  channel dur ing  r e a c t o r  operation can 

be described similarly by t h e  r e l a t i o n  

- 2x2 Dw - Dlw t Da si= - x 

w h e r e  

a n d  

w h e r e  

b =  

6 =  
0 

i n i t i a l  channel t h i ckness ,  

d e f l e c t i o n  due t o  t h e  p re s su re  d i f f e r e n c e  ac ross  the f u e l  p l a t e ,  

deflection due t o  t h e  d i f f e r e n c e  of'' temperatures  of' adjacent 

f u e l  p l a t e s ,  

one h a l f  of t h e  increase i n  the f u e l  p l a t e  thickness due t o  

heat ing,  

decrease i n  t h e  channel t h i ckness  due t o  t h e  oxide buildup on 

the plate  su r face ,  

d e f l e c t i o n  due t o  the l ong i tud ina l  buckl ing ol' t he  fuel  plate 

because of' t h e  d i f f e r e n c e  i n  t h e  ternperaturc+s of' t h e  f 'uel  p la te  

and  t h e  s i d e  p l a t e s ,  
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= one h a l f  of t h e  inc rease  i n  t h e  f u e l  p l a t e  t h i ckness  due to 

r a d i a t i o n ,  

EMR = d e f l e c t i o n  due t o  t h e  l o n g i t u d i n a l  buckl ing of t h e  f u e l  p l a t e  

because of r a d i a t i o n  growth, 

n = s u b s c r i p t  f o r  t h e  nerrow coolant  channel, 

w = s u b s c r i p t  for t h e  wide coolant channel, 

5 1 ,  5 p  E3'  and .E4 = 1 respec t ive ly  f o r  Cases 1, 2, 3, and 4 shown in 

Fig .  17. F e y  are 0 bthemise. 

The in le t  and ex i t  th icknesses  of t h e  narrow and t h e  wide coolant  

channels dur ing  r e a c t o r  ope ra t ion  w e r e  assumed t o  be equal  t o  t b s e  p r i o r  

t o  r e a c t o r  opera t ion .  This  assumption w a s  on t h e  b a s i s  t h a t  both ends of 

the f u e l  p l a t e s  d o  nat conta in  f u e l  and are r e l a t i v e l y  r i g i d .  

For  the  second opt ion  of t h i s  ana lys i s ,  a l l  of t h e  l o n g i t u d i n a l  de- 

f l e c t i o n s  of the f u e l  plates w e r e  assumed t o  be i n  t h e  same d i r e c t i o n .  

However, it w a s  assumed i n  t h i s  op t ion  t h a t  t h e r e  could be s inuso ida l  

v a r i a t i o n s  i n  t h e  coolan t  channel th icknesses  a long t h e  l eng th  of t h e  

channel p r i o r  t o  t h e  opera t ion  of t h e  r e a c t o r .  The amplitude of t h e s e  

s i n u s o i d a l  waves w a s  designated as AD. I n  t h i s  op t ion ,  t h e  g r e a t e s t  amount 

of r e s i s t a n c e  t o  t h e  coolan t  flow would occur  when a cold f u e l  p l a t e  is 

ad jacen t  t o  a hot  f u e l  p l a t e .  Various coolan t  channel arrangements ad- 

j a c e n t  t o  t h e  hot  and co ld  p l a t e s  m u s t  be  considered and these a r e  shown 

i n  F ig .  18. These cases  are e s s e n t i a l l y  modif icat ions of those  shown i n  

F i g .  17. The th i cknesses  of t h e  narrow coolant  channel during r e a c t o r  

opera t ion  f o r  t h i s  o p t i o n  are 

2x2 D = D  - A D s i n -  h n In ( 3 3 )  

where for Cases 1 and 2 shown i n  F ig .  18 
- + 6  - 

= @n + 'APH L P C  'Tnw,TAH -l- 'Tnw,TAC 'nwH 

f o r  Case 3 shown i n  F i g .  18 



3'c 

and f o r  Case 4 shown i n  F i g .  18 

= e  - - - 
%n n 'Tnn,TAH $- 'Tnn,TAC 'nnH 'nnC 

- 6  - - 26vR ( 3 3 4  - 
'MnnH + 'MnnC onH 'onC 

'These th icknesses  f o r  t h e  wide coolant  channel du r ing  r e w t o r  opera- 

1,ion are 
I 2xz Dw -- Dlw - sin - 

?L 

w t i t r r  for Case 1 shown i n  F ig .  18 

I - -.- 2tiVR 
+ 'MnwH 'MwC 'owH 'owC 

and  for Case 3 shwon i n  F ig .  18 

( 34) 

and where 

H = subsc r ip t  for t h e  ho t  p l a t e ,  

C = s u b s c r i p t  f o r  t h e  cold p l a t e .  

Fo r  t h e  coolan t  channels with s i n u s o i d a l  shape w a l l s  as shown i n  Fig. 

19, t h e r e  is  some ques t ion  what channel t h i cknesses  are  to be used i n  tile 

c a l c u l a t i o n  of the fuel p l a t e  metal temperatures.  Various d e f l e c t i o n s  o f  

the fuel p l a t e s  are func t ions  of these temperatures ,  a n d  t h e r e f o r e  as- 

sumptions regarding t h e m  are s i g n i f i c a n t .  The metal temperatures  are  

func t ions  of t h e  oxide th icknesses  on the f u e l  p l a t e  siirf'ar_.es, w h i c h  are 

i n  t u r n  func t ions  of t h e  o x i d e  s u r f a c e  (oxide-water  i n t e r f a c e )  tempera- 

t u r p s .  These  s u r f a c e  temperatures  are func t ions  of t h e  coolant, water heat 
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t r a n s f e r  c o e f f i c i e n t s ,  which as can be  seen from Eq. (10) are i n v e r s e l y  

p ropor t iona l  t o  the coolant  channel t h i cknesses .  
For a narrow coolant  channel ad jacen t  t o  a wide coolant  channel, 

having t h e  shapes similar t o  t h o s e  shown i n  Fig. 19, three cases  were 
s e l e c t e d  a r b i t r a r i l y  t o  c a l c u l a t e  t h e  metal temperatures .  

fol lows : 

These Ere as 

Coolant Channel Thickness 

Case F i r s t  Channel 

1 Dl + D2 
o r  

Dl - ltlD 

Dl 2 

D -D2 3 1 
or 

Dl + OD 

The metal temperature w a s  t hen  taken as 

peratures f a r  each of t h e  t h r e e  cases .  

of t h e  various d e f l e c t i o n s  for t h e  f u e l  
sumpt ion. 

Second Channel 

Dl - D2 
o r  

D1 + AD 

Dl 

D f D2 

o r  
1 

D1 - AD 

t h e  maximum of t h e  averaged t e m -  

Tnis  should g ive  t h e  maximum amount 

p l a t e ,  which is a conservat ive as- 

When a narrow coolant  channel is ad jacen t  to a n o t h e r  narrow coolant  

channel o r  a wide coolant  channel i s  ad jacen t  t o  ano the r  wide coolant  chan- 

ne l ,  only t h e  f i rs t  two cases  were considered. T h i s  i s  because t h e  f irst  

and t h e  t h i r d  cases  g ives  i d e n t i c a l  results. For  t h e s e  arrangements, t h e  

metal temperature w a s  taken 8 s  the maximum of t h e  average temperatures f o r  

each of t h e s e  two cases .  

The amount of oxide bui ldup on t h e  p l a t e  s u r f a c e  during any t i m e  s t e p  

was assumed t o  be based on su r face  temperatures c a l c u l a t e d  using t h e  heat  

t r a n s f e r  c o e f f i c i e n t  determined f o r  t h e  t h i c k e r  part of t h e  coolant  chan- 

ne l ,  D1 + D or D1- AD. This aga in  i s  a conse rva t ive  assumption. 
2 

I n  t h e  second opt ion of t h i s  a n a l y s i s ,  t h e  magnitude of t h e  i n i t i a l  

s i n u s o i d a l  v a r i a t i o n s  i n  t h e  coolant  channel t h i cknesses  may be  n e g l i g i b l e ,  

AD = 0, o r  t h e  wavelength X of t h e s e  v a r i a t i o n s  may be l a r g e .  Because of 



t h i s  a second a l t e r n a t e  f o r  t h e  oxide bui ldup  w a s  included i n  t h i s  op t ion  

as can be  seen i n  Appendix A.  This  a l t e r n a t e  calculates t h e  f u e l  p l a t e  

metal temperatures and oxide th icknesses  f o r  only  one case  us ing  t h e  coolant, 

channel th icknesses  determined by E q s .  ( 33 )  and ( 3 4 ) .  
real is t ic  r e s u l t s  f o r  t h e s e  s i t u a t i o n s  and reduces t h e  computer running 

time g r e a t l y .  

This gives more 

A s  had been mentioned ear l ier  i n  t h i s  r e p o r t ,  t h e  coolant, flow rates 

i n  t h e  channels having s i n u s o i d a l  walls s i m i l a r  t o  t h o s e  shown i n  F i g .  19 
are lower t h a n  those  i n  t h e  coolan t  channels  having equiva len t  uniform 

th icknesses .  To determine t h e  c o r r e c t  f low rates in channels with t h e  

s i n u s o i d a l  walls, t h e  in tegra l  i n  t h e  pres su re  drop r e l a t i o n ,  Eq. ( 4 )  
m u s t  be  in t eg ra t ed  using t h e  th ickness  d i s t r i b u t i o n  along t h e  length  of 

t h e  channel.  This  r e s u l t s  i n  numerical  techniques with fine m e s h  spacing, 

arid such amount of' e f f o r t  for t h i s  a n a l y s i s  is  riot considered warrented. 

However f o r  a coolant  channel of t h e  l eng th  A, which is t h e  wavelength 

of t h e  s inuso ida l  wal l ,  and where the amplitude of the sine wave is con- 

s t a n t ,  the i n t e g r a l  i n  E q .  ( 4 )  can be in t eg ra t ed  a n a l y t i c a l l y .  Details  of' 

t h i s  is  shown i n  Appendix C .  Therefore  t h e  o v e r a l l  I-fFl l i  f u e l  element 

coolan t  channel w a s  t reated as a series of s h o r t  cnannels having t h e  l eng ths  

X; each s h o r t  channel having a s i n e  wave of a cons tan t  amplitude.  
fore, t h e  th icknesses  of' each of these  s h o r t  l eng ths  of coolant, channel 

There- 

were assumed t o  be s i n e  waves var ry ing  from D + D 

D - N )  to D 

t o  DI - D, or from 1 2  c? 

or  D - aD are t h e  minimum va lues  de- -t AD, where Dl -t Dg l i 1 
t e n i n e d  wi th in  any given wavelength X of t h e  H F I K  f u e l  element coolan t  

channel.  Such a procedure w i l l  g ive  conserva t ive  va lues  for trle f'low 

rates. 

Again f o r  t h e  second opt ion  of t h i s  a n a l y s i s  where the magnitude oi 

the  i n i t i a l  s i n u s o i d a l  v a r i a t i o n s  i n  t h e  coolan t  channel th icknesses  m y  

be  n e g l i g i b l e  o r  t h e  wavelength X of t h e s e  var ia t ions  may b e  large,  a 

second a l t e r n a t e  f o r  c a l c u l a t i n g  t h e  flow rates was included. In ttiis 

a l t e r n a t e ,  the i n t e g r a l  i n  Eq.  ( 4 )  w a s  evalua ted  numerical ly  using the 

a c t u a l  coolan t  channel th icknesses  determined by Rqs. ( 33) and ( 34) .  
Again i h i s  g ives  more r e a l i s t i c  results and reduces t h e  computer running 

t i m e .  
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For t h e  hot  s t r e a k s ,  where t h e  flow rates of t h e  water cool ing t h e  

hot  spots are determined, t h e  channel t h i cknesses  prior t o  t h e  r e a c t o r  

opera t ion  are assumed t o  be t h e  minimum allowed by t h e  s p e c i f i c a t i o n s .  

This m i n i m u m  i s  now s p e c i f i e d  t o  be 0.040 i n .  ( R e f .  2 3 ) .  To ob ta in  t h e  

hot  s t r e a k  channel th icknesses  during t h e  r e a c t o r  operat ion,  Eqs. (31) 
and (33) are modified by t h e  fol lowing r e l a t i o n  f o r  t h e  narrow coolant  

channel* 

= D  - e  + e  ( 3 5 )  Dnhs n n n,min 

where enYmin is t h e  minimun th ickness  of t h e  narrow coolant  channel, and 

Eqs. (32) and (34) are modified by t h e  fol lowing r e l a t i o n  f o r  t h e  wide 

coolant  channel* 

Dwhs = W - ew + e w 7 m 5 n  

vhere ew min is t h e  minimum th ickness  of t h e  wide coolan t  channel.  

hot  s t r e a k  f l o w  rates are ca l cu la t ed  i n  t h e  same manner as t h e  flow rates 

for t h e  narrow and t h e  wide coolant  channels are ca l cu la t ed  except t h a t  

t h e  th icknesses  determined by Eqs. (35) and (36) are used. For t h e  hot  

channel, t h e s e  are t h e  Eq.. (35) th icknesses ,  and f o r  t h e  cold channel, 

these are t h e  Eq. (35) th icknesses  for cases  l and 2 shown i n  Figs. 1'7 

and 18 and they  are t h e  Eq.  (36) th icknesses  f o r  cases  3 and 4 shown i n  

F igs .  17 and 18. 

The 

A t  t h e  hot  spots ,  t h e  channel th icknesses  were assumed t o  be t h e  

minimum poss ib l e  values .  For t h e  first opt ion of t h i s  a n a l y s i s ,  t hey  are 

defined f o r  t h e  hot  channel and €o r  t h e  cold channel cases  1 and 2 (shown 

i n  F ig .  17) t o  be** 

*These r e l a t i o n s  are s l i g h t l y  o p t i m i s t i c  s i n c e  they  assume thclt oxide 
th ickness  and t h e  inc rease  i n  t h e  p l a t e  t h i ckness  due t o  t h e  thermal ex- 
pansion of t h e  metal i n  t h e  hot  streak are i d e n t i c a l  t o  those  f o r  t h e  hot 
p l a t e .  Actual ly  these th ickness  are s l i g h t l y  h igher  i n  t h e  hot s t r eak ,  
and they should be considered i n  any f u t u r e  ve r s ion  of t h i s  hea t  t ransfer  
ana lys i s .  

thermal expansion of t h e  metal a t  t h e  hot spot a l s o  were assumed t o  be 
i d e n t i c a l  to those  i n  t h e  hot p l a t e .  However i n  t h i s  case,  t h i s  assumption 
i s  probably s l i g h t l y  pes s imis t i c  s ince  t h e  wider channel th ickness  results 
i n  a lower heat  t r a n s f e r  c o e f f i c i e n t  a t  t h e  hot  spo t .  

**!The oxide th icknesses  and increase  in t h e  p l a t e  th ickness  due t o  t h e  



( 3 7 )  - - - e  + e  min - + '2n n n, min 
D 

and they  are def ined  f o r  t h e  co ld  channel cases 3 and 4 (shown i n  F ig .  1'7) 
t o  be" 

- -- Dlw + Da - e + e rnin w w,min D 

For  idhe second opt ion  of t h i s  a n a l y s i s ,  t hey  are def ined f o r  t h e  hot  chan- 

n e l  and f o r  t n e  cold  channel ca ses  1. and 2 (shown i n  F i g .  18) t o  be* 

- D - e  + e  (39) - 
min -- n n,min D 

and they are def ined  f o r  t h e  co ld  channel cases  3 and 4 (shown i n  F ig .  18) 
t o  be* 

- 
rnin - 'lw - D A D - e  + e  

W 'w, rnin 

I n p u t  Data -. 

Table 4 is a summary of t h e  input  data requi red  f o r  t h i s  anal-ysis 

a long  wi th  the numerical va lues  f o r  t h e  r e s u l t s  repor ted  below. These 

p a r t i c u l a r  va lues  were chosen t o  g i v e  a conserva t ive  r ep resen ta t ion  of 

t h r :  S I R  f u e l  e l e m e n t  parameters. A s  mentioned above, t h i s  a n a l y s i s  has 

t w o  op t ions  depending on t h e  assumption regarding t h e  l o n g i t u d i n a l  d e -  

f l e c t i o n s  of the f u e l  plat-es, and t h e  second one was used f o r  t h e  residts 

repor ted  below. Also t h e  second of t h e  two alternate methods i n  the sr-cord 

opt ion  f o r  c a l c u l a t i n g  t h e  flow rates and t h e  second of t h e  two a l t e r n a t e  

methods i n  t h e  second opt ion  f o r  c a l c u l a t i n g  t h e  oxide bui ldup  on t h e  fuel 

plates  were used i n  c a l c u l a t i n g  t h e s e  r e s u l t s .  As was j nd ica t ed  above, 

t h e  va lues  of t h e  cons t an t s  f o r  t h e  varicius c o r r e l a t i o n s  used i n  this 

a n a l y s i s  are riot input  d a t a .  Any changes i n  Lhesr cons tan t s  w i l l  require 

changes i n  the For t r an  s ta tements  used i n  the computer program. 

*The oxide th i cknesses  and inc rease  i n  t h e  p l a t e  t h i ckness  due t o  the 
thennal expansion of t h e  metal a t  t h e  hot  s p o t  also were assumed t o  be 
i d e n t i c a l  t o  those  i n  the hot  p l a t e .  However i n  t h i s  case ,  this assumption 
is probably s l i g h t l y  pes s imis t i c  s i n c e  t h e  wider  channel t h i ckness  r e s u l t s  
i n  a lower hea 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  ho t  spot .  
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R e s u l t s  

U s i n g  the d a t a  l i s t e d  i n  Table 4, the upper l i m i t s  for the r e a c t o r  

power l e v e l s  were computed at  s t a r t u p  and a t  t h e  end of a 100 Mw f u e l  cyc le .  

The results of t h e s e  c a l c u l a t i o n s  are summarized i n  Table 5 .  Both t h e  

i n c i p i e n t  b o i l i n g  and t h e  burnout c r i t e r i a  were considered, bu t  t h e  re- 

sults based on t h e  i n c i p i e n t  b o i l i n g  c r i t e r i a  are t h e  most meaningful 

because of t h e  unknowns regarding t h e  use of t h e  burnout r e l a t i o n s .  Using 

the i n c i p i e n t  b o i l i n g  c r i t e r i a ,  t h e  maximum permiss ib le  power l e v e l  va r i ed  

from 139 Mu at r e a c t o r  startup t o  153 Mw a t  t h e  end of a 100 I4w fuel cycle .  

For comparison, t h e  results using t h e  burnout c r i t e r i a  va r i ed  from 162 law 

at s t a r t u p  t o  175 Mu a t  t h e  end of a 100 Mw f u e l  cyc le .  The inc rease  i n  

the upper l i m i t  f o r  t h e  r e a c t o r  power l e v e l  during t h e  f u e l  cyc le  is due 

t o  t h e  r e d i s t r i b u t i o n  of t h e  power d e n s i t i e s  i n  t h e  f u e l  elements because 

of t h e  fuel burnup and because of t h e  change i n  t h e  c o n t r o l  rod pos i t i ons .  

All of these results i n d i c a t e  t h a t  t h e  HFIR f u e l  elemnts can be used a t  

r e a c t o r  powers h igher  t han  13046 of t h e  nominal 100 Mw l e v e l  f o r  s h o r t  

per iods  of t i m e  without damage t o  them, t h u s  s a t i s f y i n g  t h e  design r equ i r e -  

ments. 

I n  all cases ,  t h e  p a r t i c u l a r  hea t  flux which l i m i t e d  t h e  r e a c t o r  

power l e v e l  w a s  l oca t ed  e t  t h e  lower edge of t h e  f u e l  bear ing  material i n  

t h e  f u e l  elements (j = 29) .  

the f u e l  bearing material i n  t h e  o u t e r  f u e l  element. 

flux v a r i e d  from 3.39 x lo6 t o  3.88 x 10 

b o i l i n g  c r i t e r i a  and from 4.05 x 10 

burnout c r i t e r i a .  . A s  can be seen from Table  5, t h e  l o c a t i o n  of t h i s  l i m i t i n g  

hea t  flux may o r  may not  co inc ide  with t h e  l o c a t i o n s  of t h e  minimum hot 

s t r e a k  f l o w  rate o r  t h e  maximum bulk  coolan t  temperature  i n  t h e  fuel ele- 

ments. Also, it can be seen t h a t  t h e  inf luence  of t h e  l o c a t i o n  of t h e  

ad jacent  narrow and wide coolant  channels as descr ibed by F ig .  18 on t h e  

results is not l a r g e .  

Usually it w a s  a t  t h e  lower i n s i d e  corner  of 
T h i s  l i m i t i n g  hea t  

6 B t u / ( h r ) ( f t * )  f o r  the i n c i p i e n t  
6 6 2 t o  4.50 x 10 B t u / ( h r ) ( f t  ) f o r  t h e  

Addi t iona l  information w a s  obtained f o r  t h e  F ig .  18 case  3 using t h e  

i n c i p i e n t  b o i l i n g  c r i t e r i a ,  and t h e s e  results are summarized i n  Table 6. 
A t  t h e  l o c a t i o n  of t h e  l i m i t i n g  hea t  f l ux  a t  s t a r t u p ,  t h e  coolant  channel 

t h i ckness  i s  0.0390 i n .  and t h e  coolant  v e l o c i t y  is 48.1 f p s .  For  comparison 
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t h e  average f u e l  p l a t e  and t h e  average coolan t  channel a t  t h e  s a m e  loca-  

t i o n  have va lues  of 0.0487 i n .  and 52.1 fps  r e spec t ive ly .  The va lues  of  

t h e s e  items vary from t h e s e  nunhers i n  t h e  hot  s t r e a k  above t h i s  l o c a t i o n  

because of t h e  p l a t e  d e f l e c t i o n s  and because of the %emperature increase  

01' the coolant  along tne l e n g t h  of t h e  f u e l  element.  S t e p  decreases  i n  

the narrow channel and t h e  hot s t r e a k  th i cknesses  were ca l cu la t ed  at, the 

midplane of' the f u e l  element (between j = 16 and j = 17) .  
t h e  d i f f e r e n c e  i n  the "average" f u e l  concent ra t ions  on each s i d e  of t h e  

core midplane of the  hot  and cold p l a t e s  as descr ibed by U and U i n  t h i s  

a n a l y s i s .  These quant i - t ies  in f luence  t h e  metal temperatures  which i n  t u r n  

affect  t h e  thermal  d e f l e c t i o n s  of' t h e  f u e l  p l a t e s .  S ince  t h e r e  are s t e p  

changes i n  U4 and U, a t  tile co re  midplane, these re f lec t  i n  s t e p  changes 

i n  the coolant  c'riannel th icknesses .  O f  course s t e p  changes i n  t h e  coolant 

channel th icknesses  w i l l  not  occur  phys ica l ly ,  but  t h i s  approximation is 

felt; t o  be v a l i d  and conserva t ive .  

They are due t o  

4 5 

The bui ldup of t h e  oxide on t h e  fuel p l a t e  surfaces gene ra l ly  causes  

increases  i n  the  f u e l  p l a t e  d r f l ec t io r i s  which result  i n  decreases  i n  t h e  

coolan t  flow rates. A t  the l o c a t i o n  of thr: l i m i t i n g  h e a t  f l u x ,  tile coolan t  

channel th ickness  i s  0.0342 i n .  and the coolant  flow rate -is 0.6/1+4 
l b / ( s e c ) ( i n .  channel width)  a t  t h e  end of a 100 Mw f u e l  cyc le .  

s t a r t u p ,  t h e s e  values  ere 0,0364 i n .  and 0.6840 l b / ( s e c ) (  i n .  channel width)  

respec t ive ly .  The  bu i ldup  of oxide during t h e  1-00 Mw f u e l  cyc le  on t h e  

hot  f u e l  p la te  a t  t h i s  same l o c a t i o n  is 0.0012 i n .  and t h a t  a n  t h e  co ld  

A t  r e a c t o r  

p l a t e  is 0.001Cl i n .  Analogous f i g u r e s  f o r  t h e  average coolan t  channel a t  

t h e  j d e n t i c a l  l o c a t i o n  are 0.0483 i n .  channel thickness and 1.040 

I b / ( s e c ) ( i n .  char inel  width) flow r a t e  a t  the end of t h e  100 Mw f u e l  cyc le ,  

and 0.0487 i n .  channel th ickness  and 1.045 l b / (  set)( i n .  channel  width)  

flow rate a t  reactor s t a r t u p .  The oxide bui ldup  i n  t h i s  ca se  i s  0.000-j i n .  

The va lues  of t h e  changes i n  t h e  coolant  ciianriel th icknesses  and  t h e  

amounts of' oxide bui ldup  a long  t h e  Leng th  of' the hot s t r e a k  dur ing  a fuel, 

c y c l e  vary a5 can be seen i n  Table 6 .  
t h e  oxide bui ldup on t h e  Local su r face  (oxide-water  i n t e r f a c e )  temperatures .  

O f  course s t e p  changes i n  t h e  chamiel and t h e  oxide th icknesses  i n  the 

narrow channels arid tile hot  streaks a t  the co re  midplane are srmwn because 

This  is  due t o  t t l e  dependency of 



of t h e  reasons descr ibed above. Because of t h e  na ture  of the long i tud ina l  

thermal d e f l e c t i o n s  of t h e  fuel p l a t e s ,  t h e  th icknesses  of t h e  narrow 

coolant  channels and of t h e  hot  streaks above t h e  core midplane increase  

during t h e  f u e l  cyc le  while those  below t h e  core  midplane decrease i n  

t h i s  p a r t i c u l a r  case.  

Because of t h e  many f a c t o r s  in f luenc ing  t h e  coolant  v e l o c i t i e s  and 

because of t h e  d i f f e rence  i n  t h e  upper limits f o r  t h e  r e a c t o r  power l e v e l s  

at  s t a r t u p  and a t  t h e  end of the  f u e l  cycle ,  simple i n t e r p r e t a t i o n  of the 

changes i n  t h e s e  v e l o c i t i e s  during t h e  f u e l  cyc le  is not  poss ib le .  I n  

most cases ,  t hey  go down, but  a t  some l o c a l  spo t s  they go up. For example 

at t h e  l o c a t i o n  of t h e  l i m i t i n g  hea t  f l ux  at  t h e  end of t h e  f u e l  cycle ,  

t h e  coolant  v e l o c i t y  is  47.0 f p s  at s t a r t u p  and it i s  50.0 f p s  a t  the end 

of t h e  cyc le .  

t h e  channel e x i t s  because of t h e  lower coolant  temperatures and t h e  l a r g e r  

channel th icknesses  at  t h e  channel i n l e t s  during r e a c t o r  opera t ion .  T h i s  

i s  t h e  most no t i ceab le  i n  t h e  hot  s t r e a k s  a t  t h e  end of t h e  cycle where 

they  are on the  o rde r  of 40 f p s  a t  the channel inlet and 50 fps a t  t h e  

channel e x i t .  The ve loc i t , i e s  i n  t h e  average coolant  channel, i n  comparison, 

vary only from 49.6 f p s  a t  t h e  core  i n l e t  t o  52.1 f p s  a t  the core  e x i t .  

Examination of' t h e  coolant  channel th icknesses  i n  Table 6 i n d i c a t e  

t h a t  t h e  smallest of t h e  channel th icknesses  l i s t e d  is 0.0319 i n .  This 

is f o r  t h e  end of f u e l  cyc le  s i t u a t i o n ,  bu t  it d id  not  occur a t  t h e  posi-  

t i o n  of the  l i m i t i n g  hea t  flux. This g ives  some ind ica t ion  t h a t  t h e  chan- 

n e l  th ickness  may not  be t h e  l i m i t i n g  f a c t o r  f o r  t h e  burnout heat  flux 

i f  t h e  burnout c r i t e r i a  are used i n  determining t h e  upper l i m i t  f o r  t h e  

r e a c t o r  power l e v e l .  

These v e l o c i t i e s  are lower a t  t h e  channel inlets than  a t  

An examination of t h e  hot p l a t e  metal temperatures i n  Table  6 i n d i -  

c a t e  t h a t  t hey  are a l l  below 400'F a t  s t a r t u p .  

f l e c t i o n  c o r r e l a t i o n s  used i n  t h i s  a n a l y s i s  are v a l i d  for a l l  power l e v e l s  

up t o  t h e  upper l i m i t  f o r  t he  r e a c t o r  power of 139 Mw. 

100 Mw f u e l  cyc le ,  there are some l o c a l  spots ,  where t h e s e  temperatures 

exceed 400'F. 

f o r  t h e  r e a c t o r  power l e v e l  i s  high, 153 Mw, t h i s  should not  be a problem. 

These results do i n d i c a t e ,  however, t h a t  t h e  assumptions used i n  the  

This  implies  t h a t  the de- 

A t  t h e  end of t h e  

But s ince  they  do occur i n  l o c a l  areas and the upper l i m i t  



def l ec t ion  r e l a t i o n s  would have t o  be examined f o r  t h e i r  temperature 

l i m i t a t i o n s  a t  power l e v e l s  h igher  t han  153 Mw. 

ere i n  t h e  range of 156 t o  191°F s.t t h e  upper l i m i t  f o r  t h e  r e a c t o r  power 

Ieve? a t  s t a r t u p  and 1-59 t o  198"~ a% t h e  upper l i m i t  f o r  t h e  r e a c t o r  power 

l e v e l  a t  the end of t h e  f u e l  cyc le .  

The s i d e  p l a t e  temperatures 

The h e a t  fluxes i n  t h e  average f u e l  p l a t e  a t  t h e  l o c a t i o n  of t h e  

l i m i t i n g  heat  fluxes i n  the hot  f u e l  p l a t e  were included i n  Table 6 f o r  

comparison purposes. The r a t i o  of t h e  l i m i t i n g  heat  flux t o  t h e  h e a t  flux 

i n  the average f u e l  p l a t e  a t  r e a c t o r  s t a r t u p  is 3.41/1.54 o r  2.21, and 

a t  t h e  end  of t h e  f u e l  cyc le  i t  i s  3.35/1.59 o r  2.11. This implies  t h a t  

the var ious  factors such as t h e  v a r i a t i o n s  i n  t h e  coolan t  channel t h i c k -  

nesses, f u e l  boundaries,  f u e l  concent ra t ions ,  fuel segrega t ion ,  and non- 
bonds can inc rease  t h e  h e a t  flux a t  t h i s  l o c a t i o n  by a f a c t o r  of g r e a t e r  

than 2 .  

T h e  thermal-hydraul ic  h i s t o r y  of t h e  f u e l  element during t h e  normal 

100 Mw 55 day f u e l  cyc le  i n  t h e  r e a c t o r  i s  suunmarized i n  Table 7 .  The 

f irst  observat ion i n  thi.s t a b l e  is t h e  d e c r m s e  i n  t h e  t o t a l  coolant  flow 

rate through t h e  fuel assembly during t h i s  cyc1.e. T h i s  decrease i s  due 

p r imar i ly  t o  the bui ldup n f  t h e  oxide on t h e  fuel p l a t e  su r faces .  

t h e  life af t h e  f u e l  i n  t h i s  a n a l y s i s ,  it w a s  assiuned t h a t  t h e  p re s su re  

drop through t h e  f u e l  plates is cons tan t .  Th%s i s  not t h e  case  i n  the 

reac-tor s i n c e  t h e  primary coolan t  pumps develop h igher  heads a t  the lower 

flow rates and t h e  head losses i n  t h e  primary coolan t  system e x t e r n a l  t o  

t h e  f u e l  element are lower f o r  lower flow rates. T h i s  w i l l  t end  t o  counter  

t h i s  decrease of  t h e  flow rate tl~rough t h e  f u e l  elernenis i n  t h e  a c t u a l  

r eac to r .  

During 

The  oxide th icknesses  a t  t h e  end of the var ious  ti.me i n t e r v a l s  are 

l i s t e d  i n  Table '7, and they are p l o t t e d  i n  F i g s .  20 and 21. The t h i c k -  

nesses  shown i n  F i g .  20 are a t  t h e  loca t ion  of the l i m i t i n g  h e a t  f l u x  i n  

t h e  hot  fuel p l a t e  a t  t h e  end of a 100 Mw f u e l  cyc le .  Since the  rate of 

i ts  bui ldup is  s t rong ly  dependent on t h e  oxide-water i n t e r f a c e  temperature,  

it i s  t h e  greatest  f 'or the hot  plate adjacent  t o  a narrow coolant  channel 

and the least for t h e  average p l a k  ad jacent  t o  an  average coolant  channel.  

O f  course,  t h e  amount of oxide bui ldup a t  t h e  o t h e r  l o c a t i o n s  i n  t h e  f u e l  

element w i l l  not  be as large as these va lues .  Figure 21. shows t h e  oxide 
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bui ldup at  another  l o c a t i o n  i n  t h e  f u e l  assembly, which is more t y p i c a l  
of t h e  gene ra l  s i t u a t i o n .  

t h e  coolant  channel th icknesses  ‘in t w o  ways. F i r s t ,  it takes up a d d i t i o n a l  

space i n  t h e  coolan t  channel .  Second because of i t s  l o w  thermal  conduc- 

t i v i t y ,  it increases  t h e  metal temperature  of t h e  opera t ing  f u e l  p l a t e .  

Fue l  p l a t e s  a t  h igher  temperatures  w i l l  have h igher  d e f l e c t i o n s  which 

f u r t h e r  decreases  t h e  coolan t  c’hannel t h i cknesses .  This  i s  v e r y  no t i ceab le  

i n  Figs. 20 and 21. The average coolan t  channel th ickness  decreases  some 

because of t h e s e  two f a c t o r s .  However i n  the case of the hot  streek chan- 

n e l  th icknesses ,  which are more s i g n i f i c a n t l y  dependent on t h e  p l a t e  t e m -  
pe ra tu re s  and de f l ec t ions ,  t h i s  decrease is q u i t e  apprec iab le .  

The bui ldup  of t h i s  oxide causes  decreases  i n  

The inc rease  i n  t h e  average f u e l  p l a t e  temperatures  can be seen  i n  

Table 7. 
s i n c e  t h e  oxide bui ldup  i s  t h e  g r e a t e s t  i n  t h i s  po r t ion  of t h e  f u e l  ele- 

ment. 

do not  vary during t h e  f u e l  cycle .  

They are p a r t i c u l a r l y  no t i ceab le  below t h e  core midplane ( j  > 16) 

The s i d e  p l a t e  temperatures ,  which are i n  t h e  range of 151 t o  172°F 

Conclusions and Recommendat ions  

Ana ly t i ca l  s t u d i e s  using an i n t e g r a l  thermal-hydraulic: model of t h e  

operating r e a c t o r  incorpora t ing  t h e  f u e l  p l a t e  d e f l e c t i o n  d a t a  of Cheverton 

and Kelley’ showed t h a t  t h e  design requirements f o r  t h e  H F I R  f u e l  elements 

have been m e t .  Tiiese requirements s ta te  t h a t  t h e  r e a c t o r  i s  t o  ope ra t e  at 

a 100 Ilu nominal power l e v e l  and that; t h i s  power l e v e l  can be r a i s e d  t o  

l3C$ of t h i s  va lue  for s h o r t  per iods  of t i m e  without damage t o  t h e  f u e l  

elements.  If no b o i l i n g  is  allowed, t h e  r e a c t o r  power can be r a i s e d  t o  

139 Mw a t  s t a r t u p  and t o  153 Mw a t  t h e  end of a 100 Mw f u e l  cyc le .  

power l e v e l s  can be r a i s e d  f u r t h e r  if b o i l i n g  at hea t  fluxes below burnout 

is permit ted.  A suggest ion is made, t h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  con- 

d i t i o n s  such as t h e  ques t ion  of f l o w  s t a b i l i t y  i n  p a r a l l e l  coolan t  chan- 

n e l s  t o  determine t h e  condi t ions  f o r  which t h e  burnout r e l a t i o n s  are v a l i d .  

These 

The above results are f o r  one set of input  da ta ,  and no parametr ic  

s t u d i e s  have been made t o  determine t h e  e f f e c t  of t h e  var ious  input  d a t a  

on t h e  f i n a l  results. %ne input  d a t a  t h a t  were s e l e c t e d  here  were f e l t  

t o  be a conserva t ive  r ep resen ta t ion  of t h e  f u e l  e l emen t  and o t h e r  r e a c t o r  



parameters. Parametric s t u d i e s  are recommended, however, i n  o r d e r  t o  

broaden t h e  spectrum of t h e  f u e l  element t o l e rances  that, may be acceptab le  

f o r  H F I R  opera t ion .  

After t h e  results reported above were ca l cu la t ed ,  data regarding 

the r a d i a t i o n  swelling of t h e  f u e l  p l a t e s  became and a s l i g h t  

error was found i n  t h e  r e l a t i o n s  f o r  c a l c u l a t i n g  t h e  decrease i n  t h e  

coolant  channel th ickness  due t o  temperature jncrease  of t h e  f u e l  p l a t e  

metal. Also t h e  r e l a t i o n s  f o r  c a l c u l a t i n g  t h e  coolan t  channel t h i cknesses  

a t  t h e  ho t  s t r e a k s  and a t  t h e  hot  spo t s  gave s l i g h t l y  erroneous r e s u l t s .  

Some of t h e s e  items are s l i g h t l y  pes s imis t i c  while  o the r s  are s l i g h t l y  

o p t i m i s t i c .  However it is  f e e l i n g  of t h i s  au tho r  t h a t  t h e  s1.m of t h e s e  

var ious f a c t o r s  gave s l i g h t l y  pes s imis t i c  results, but  t hey  should be 

included i n  any f u t u r e  r ev i s ion  of t h i s  hea t  t r a n s f e r  a n a l y s i s .  

Segregat ion and nonbond f a c t o r s  used i n  t h i s  a n e l y s i s  were triose 

der ived by Hi lve ty  and Prel iminary s t u d i e s  have ind ica ted  t h t  

f u r t h e r  work on them i s  d e s i r a b l e  t o  ga in  a b e t t e r  understanding of these 

f a c t o r s  and  t o  poss ib l e  r e l ax  the inspec t ion  requirements f o r  t h e  H F I R .  

It is  usua l ly  des i r ed  t o  raise t h e  power l e v e l  of a r e a c t o r  above 

i t s  design va lue  after it hes been b u i l t  and operated f o r  a per iod of 

t i m e .  The mathematical t o o l s  developed i n  t h i s  a n a l y s i s  could he lp  i n  

determining t h e  f e a s i b i l i t y  of t h i s  regarding t h e  f u e l  elements, and t h e  

poss ib l e  modificti t ions t h a t  may be  requi red .  

here ,  however, t h a t  t h e  o t h e r  components i n  t h e  r e a c t o r  were designed f o r  

opera t ion  a t  100 Mw r e a c t o r  power l e v e l  with a 120°F i n l e t  water tempera- 

t u r e .  Also t h e  r e a c t o r  s a f e t y  system is designed t,o al low increases  i n  

t h e  power l e v e l  up t o  130% of t h e  nominal power l e v e l  f o r  s h o r t  per iods 

of t i m e  before  scram a c t i o n  i s  i n i t i a t e d .  A thorough inves t iga t ion  of 

t h e s e  o the r  f a c t o r s  would have t o  be made before  t h e  r e a c t o r  power l e v e l  

could be increased s a f e l y .  

It should be pointed out  
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Nomenclature 

Symbol 

A 

ASP 
a 

B 

C 

cP 

’e 
9r 
’In 

D l w  

D2n 

ap 

E.R. 

e 
e A 

een 

“ew 

“n 

en, min 

I t e m  - 
Heat t r a n s f e r  area 
Cross s e c t i o n a l  area of t h e  s i d e  p l a t e  

Accelerat  ion 

Constant i n  t h e  r e l a t i o n  f o r  t h e  inc rease  
i n  t h e  f u e l  p l a t e  th ickness  due to 
r a d i a t i o n  swelling 

p l a t e  temperature  
Constants i n  t h e  r e l a t i o n  f o r  t h e  s i d e  

Spec i f  i c  hea t  

Cold channel th ickness  

Equivalent  diameter  

Hot channel th ickness  

Linear  component of t h e  narrow coolant  

Linear  component of t h e  wide coolan t  

S inuso ida l  component of t h e  narrow coolant  

S inusoida l  component of t h e  w i d e  coolant  

Amplitude of t h e  i n i t i a l  s i n u s o i d a l  wave 

E l a s t i c  modulus rat i o  
Coolant channel t h i ckness  

Average coolan t  channel th ickness  p r i o r  t o  

Thickness of t h e  i n l e t  and the  e x i t  of t h e  

channel th ickness  

channel t h i ckness  

channel t h i ckness  

channel t h i ckness  

i n  t h e  coolan t  channel t h i ckness  

r e a c t o r  ope ra t ion  

narrow coolant  channel p r io r  t o  r e a c t o r  
opera t  ion  

wide coolan t  channel p r i o r  t o  r e a c t o r  
opera t  ion  

channel p r i o r  t o  r e a c t o r  opera t ion  

channel p r i o r  t o  r e a c t o r  opera t ion  

Thickness of t h e  i n l e t  and the e x i t  of the  

Average th i ckness  of t h e  narrow coolant  

Minimum th i ckness  of the narrow coolant  

U c i t s  

f t 2  

i n .  2 

ft/hr2 

mils /hr  

Btu/( lb) ( OF) 
mils 

f t  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

m i l s  

mils 

m i l s  
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Nomenclature ( Cont ) 

Symbol 

ct w 

€2 w , rizin 

F 

f 

f 

gC 

I i  

nrl 

h 

K 

K' 

k 

L 

Lv 
NU 

Y 

P 

, 'F 

P r  

+ 
m c o r e  

mi n l e  t 

apnw 

Q 

&H,O 

I t e m  

Average th i ckness  of t h e  wide  coolant  
channel p r i o r  t o  r e a c t o r  ope ra t ion  

Minimum th i ckness  of t h e  wide coolant  
channel p r i o r  Lo r e a c t o r  ope ra t ion  

f' = F/(Re)'*' 

F r i c t i o n  f a c t o r  

F r a c t i o n  of t h e  r e a c t o r  power deposi ted i n  

Conversion f a c t o r  

Modified heat  t r a n s f e r  c o e f f i c i e n t  

Head d i f f e r e n c e  

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

Constant i n  t h e  b o i l i n g  po r t ion  of t h e  

Constant i n  t h e  non-boiling po r t ion  of t h e  

Constant i n  t h e  f r i c t i o n  f ac to r  r e l a t i o n s h i p  

t h e  f u e l  elements 

burnout hea t  f l u  c o r r e l a t i o n  

burnout hea t  f lux  c o r r e l a t i o n  

Thermal conduc t iv i ty  

Length of t h e  coolant  channel 

Latent h e a t  of vapor i za t ion  

Nusselt  number 

Absolute p r e s  s u r e  

Reactor v e s s e l  p r e s s u r e  

Absolute p re s su re  at t h e  i n l e t  of the f u e l  

P r a n d t l  number 

Fuel  element p re s su re  drop 

Core p res su re  drop 

Core i n l e t  p re s su re  d i f f e r e n c e  

Average d i f f e r e n t i a l  p re s su re  ac ross  a f u e l  
p l a t e  between a narrow coolant  channel and 
a wide coolant  channel 

element 

Reactor power l e v e l  

Coolant hea t  gene ra t ion  rate a t  100 Mw 
r e a c t o r  ope ra t ion  

Units  

m i l s  

m i l s  

lbmf t / l b f h r 2  

Btu/( h r )  ( f t 2 )  ( OF) 
f t  

Btu/( h r ) (  ft2)( OF) 

B t u / ( h r ) ( f t ) (  OF) 

i n .  

Btu/Lb 

ps  ia 

ps ia  

p s i a  

p s i  

p s i  

p s i  

p s i  

MW 

Btu/( h r )  ( i n .  3) 
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Nomenclature ( Cont ) 

Symbol I t e m  

QSP 

9 I A  

R 

r 

R e  

S 

S 

T 

TM 

TS 

TSP - 
T 

t 

mM 

OTsub 

U 1  

u2 

u3 

u4 

u6 

u7 
u8 

u9 

Side  p l a t e  h e a t  genera t ion  rate a t  100 Mw 

Heat f lux 
Outside r ad ius  of t h e  inne r  s i d e  p l a t e  

Radius 

Reynolds number 

T o t a l  width along invo lu te  p l a t e  

Width ( l e n g t h  along t h e  invo lu te  a r c )  

Water temperature 
M e t a l  temperature 

Fuel  p l a t e  su r fece  (oxide-water i n t e r f a c e )  

Average s i d e  p l a t e  temperature  

Temperat-we of t h e  fuel p l a t e  ad jacent  t o  

Fuel p l a t e  th i ckness  

Average d i f f e r e n c e  between t h e  f u e l  p l a t e  

Amount of subcooling 

Uncertainty f a c t o r  f o r  t h e  r e a c t o r  power 

Uncertainty f a c t o r  f o r  t h e  t o t a l  heat 

Uncertainty f a c t o r  f o r  tne power d e n s i t y  

Uncertainty f a c t o r  f o r  the avepage f u e l  

Uncertainty f a c t o r  for t h e  average fuel 

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

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

Uncertainty f a c t o r  f o r  the  heat t r a n s f e r  

Uncertainty f a c t o r  f o r  t h e  oxide f i lm 

r e a c t o r  opera t ion  

temperature 

t h e  s i d e  p l a t e  

temperature  and the  s i d e  p l a t e  temperature 

level 

t r a n s f e r  area 

d i s t r i b u t i o n  

concent ra t ion  i n  t h e  hot p l a t e  

concent ra t ion  i n  t h e  co ld  p l a t e  

t ernperatme 

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

c o r r e l a t i o n  

Units  

Btu/( hr)  ( i n .  3) 

Btu/( hr) ( f t2)  

i n .  

i n .  

i n .  
i n .  

"F 
"F 

"F 

"F 

"F 

m i l s  
"F 

"F 
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Nomenclature (Cont) 

It em 
I__ 

Units Symbol 

u10 

u12 

u1 3 

“14 

‘17 

’18 
u19 

u21 

u22 

u23 

u24 

u25 
- 
U 

V 

V 

W 

Uncertainty f a c t o r  f o r  t h e  d e f l e c t i o n  of a 
f u e l  plate due t o  t h e  d i f f e r e n t i a l  p re s su re  
ac ross  t h e  Sue1 p l a t e  

Uncertainty f a c t o r  for t h e  d e f l e c t i o n  due t o  
t h e  dif’ference of t h e  temperature of a n  
ind iv idua l  f u e l  p la te  and t h a t  of an average 
f u e l  p l a t e  

f u e l  p l a t e  thickness  due t o  hea t ing  

f u e l  p l a t e  t h i ckness  due t o  r a d i a t i o n  
swe l l ing  

due t o  l o n g i t u d i n a l  buckling 

d e f l e c t i o n  of t h e  f u e l  p l a t e  due t o  tile 

r a d i a t i o n  growth of t h e  f u e l  p l a t e  material 

gene ra t ion  rate 

gene ra t ion  rate 

unce r t a in ty  f a c t o r  f o r  t h e  inc rease  in t h e  

Uncertainty f a c t o r  for t h e  inc rease  in t h e  

Uncertainty f a c t o r  f o r  fue l  p l a t e  d e f l e c t i o n  

IJncertainty f a c t o r  f o r  the l o n g i t u d i n a l  

Uncertainty f a c t o r  f o r  the s i d e  plate h e a t  

Uncertainty f a c t o r  f o r  t h e  coolant  hea t  

Segregat ion f a c t o r  f o r  t h e  hot channel 

Segregat ion f a c t o r  for t h e  cold channel 

Nonbond f a c t o r  f o r  t h e  hot  channel 

Nonbond f a c t o r  f o r  t h e  cold channel 

Uncertainty f a c t o r  f o r  a d d i t i v e  burnout 

Uncertainty factor for t h e  inc ip i en t .  b o i l i n g  

Hot streak f a c t o r  

F l u  peaking f a c t o r  f o r  f u e l  extending 

Uncertainty f a c t o r  f o r  f u e l  segregat ion and 

Volumetric flow rate 

Coolant v e l o c i t y  

Flow r a t e  

c o r r e l a t i o n  

r e l a t i o n  

beyond t h e  normal boundaries 

nonbonds 

gpm 
f t / s e c  

15/( s e e ) (  i n .  w i d t k i )  
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Nomenclature ( Cont) 

Symbol 

X 
z 

a 
A 

6 

ET, TA 

E 

B 

x 

52 

I t e m  Units  

Oxide film th i ckness  m i l s  

Length along t h e  f u e l  element a x i s  i n  .. 
Thermal c o e f f i c i e n t  of l i n e a r  expansion 

Increment s ign  

One h a l f  of t h e  expansion of t h e  f u e l  p l a t e  m i l s  

Def lec t ion  of t h e  f u e l  p l a t e s  due t o  t h e  m i l s  

Longi tudinal  d e f l e c t i o n  of t h e  f u e l  p l a t e  m i l s  

in . / (  i n . ) (  OF) 

t h i ckness  due t o  hea t ing  

l o n g i t u d i n a l  buckling 

due t o  t h e  r a d i a t i o n  growth of t h e  f u e l  
p l a t e  material 

due t o  t h e  bui ldup of oxide on t h e  fie1 
p l a t e  su r face  

temperature of an ind iv idua l  f u e l  p l a t e  
and t h a t  of an average f u e l  p l a t e  

due t o  r a d i a t i o n  swel l ing  

across  a f u e l  p l a t e  

Decrease i n  t h e  coolant  channel th ickness  m i l s  

Def lec t ion  due t o  t h e  d i f f e rence  i n  t h e  mils 

One half  of t h e  expansion of t h e  f u e l  p l a t e  

Def lec t ion  due t o  t h e  d i f f e r e n t i a l  p re s su re  

m i l s  

m i l s  

Sur face  roughness f t  

Time increment hr  

Wavelength of any s i n u s o i d a l  l o n g i t u d i n a l  i n .  
buckling of t h e  f u e l  p l a t e  o r  any 
s inuso ida l  dev ia t ion  in  t h e  i n i t i a l  
coolant  channel th ickness  

Viscos i ty  

Case s e l e c t i o n  f a c t o r  ( H a s  a va lue  of 1 f o r  
Case 1 shown i n  F igs .  17 and 18, a value 
of 0 f o r  t h e  o t h e r  cases )  

Case s e l e c t i o n  f a c t o r  ( H a s  a va lue  of 1 f o r  
Case 2 shown i n  F igs .  17 and 18, a va lue  
of  0 f o r  t h e  o t h e r  cases )  

Case s e l e c t i o n  f a c t o r  ( H a s  a va lue  of 1 f o r  
Case 3 shown i n  Figs.  17 and 18, 8 value 
of 0 f o r  t h e  o t h e r  cases) 

lb/( h r )  ( ft 1 



Nomenclature ( Cont ) 

Case s e l e c t i o n  f a c t o r   as a value of 5 for 
Case I+ shown i n  Figs. 1’7 and 18, a va lue  
of 0 f o r  t h e  other cases) 

Density 

Rat io  of t h e  f u e l  p l a t e  d e n s i t i e s  be fo re  

Difference i n  d e n s i t i e s  of liquid and vapor 

Surface t e n s i o n  

S ide  p l a t e  t h i ckness  

Normalization f a c t o r  f o r  t h e  power d e n s i t y  

Normalized power d e n s i t y  

Eon-normalized power d e n s i t y  

F i c t i c i o u s  time defined by equat ions (17) 

and after i r r a d i a t i o n  

phases 

and (18) 

S ub s c ri p t  s 

A Averaged value 

A Average f u e l  p l a t e  and average coolant  

As Fuel assembly 

ave Average value 

3 For bulk water cond i t ions  

bo Burnout condi t ions 

boil Boil ing p a r t  of burnout c o s r e l a t  ion 

bulk Overel-1 coolant  

C Control  region 

C Cold p l a t e  

ex E x i t  condi t ions 

F Fuel  element 

g P a r t i c u l a r  wavelength being considered 

11 Hot p l a t e  
h s  Hot s t r e a k  o r  h o t  s p o t  

channel 

Units 

1b/ft3 

l b / f t  3 

l b / f t  

i n .  

hr 
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Nomenclature ( Cont ) 

Subscr ip ts  (Cont) 

Symbol I t e m  

1 

i b  I n c i p i e n t  b o i l i n g  condi t ions  

ii Annulus between inne r  fuel element and t a r g e t  

ii Inne r  s i d e  p l a t e  of t he  inner fuel element 

i n  I n l e t  condi t ions  

i n n e r  Inne r  f u e l  element 

i o  Outer side p l a t e  of t h e  inne r  fuel element 

3 
k Number of time increments 

E Liquid phase 

l a b  Labyrinth between f u e l  elements 

m Maximum number of increments i n  t h e  radial 

min Minimum value 

n Maximum number of increments i n  t he  a x i a l  

n P l a t e  su r face  i n  t h e  narrow coolant  channel 

nb Nonboiling part of  burnout c o r r e l a t i o n  

nn Between two narrow coolant  channels 

nw Between a narrow coolant  channel and a wide 

Mesh p o i n t  along width or radius of f u e l  p l a t e  

bundle 

Mesh po in t  a long l eng th  of f u e l  p l a t e  

d i r e c t i o n  

d i r e c t i o n  

coolant  channel 

0 A t  t i m e  zero 

o i  

00 

o u t e r  

R 

sat 

v 

W 

ww 

X 

Inne r  side p l a t e  of t he  o u t e r  f u e l  element 

Outer side p l a t e  of t h e  o u t e r  f u e l  element 
Outer f u e l  e lement  

After i r r a d i a t i o n  

Sa tu ra t ion  condi t ions  

Vapor phase 

P l a t e  su r face  i n  t h e  wide coolant  channel 

Between two wide  coolant  channels 

Genera l i  zed subs c r i p t  
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Table 1. Power Densities in the H F I R  Fuel Elements 22 
Reactor Power Level: 100 Mw 

Core L i f e :  2500 Mw-day 
Time: 0 days = 0 hrs 

Distance From Core C e n t e r l i n e  (cm) Distance 
From Core 
Midplane Inner Fuel Element Outer Fuel  Element 

(cm) 7.14 8.00 9.00 10.00 11.00 12.00 12.60 15,15 16.00 17.00 18.00 19.00 a . 0 0  21.00 

25.4 
24 
22 
x) 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 
-2 
-4 
-6 
-8 

- 10 
-12 
-14 
-16 
- 18 
- 20 
- 22 - 24 
-25.4 

0.678 

0,815 

1.031 
1.130 

1.387 

1. ‘193 
1.520 
1.532 
1.533 
1.523 
1,494 
1.448 
I. 384 
1.312 

1.050 

0.819 

0.706 

0.722 

0.924 

1.227 
1.312 

1.447 

1- 235 
1.148 

0.944 

0,709 

0 * 703 

1. log 
0.741 
0 * 753 

0.952 
1,043 
1.126 
1.198 
1.64 
1.322 

1 * 398 
1.408 
1.403 
1.393 
1.368 
1,324 
1.264 
1.195 
1.120 
1,039 
0.952 
0.859 
0.762 
0.668 
0.678 
1.028 

0 .  a48 

1.372 

1.379 
0.738 
0.738 
0.810 
0.904 
0.990 
1.068 
1.137 
1.200 
1.25.5 
1.306 
1 338 
1,350 
1 349 
1 * 335 
1.305 
1.256 
1 193 

1 * 057 
0.982 
0 * 903 
0.820 
0.735 
0.667 
0.680 
I.. 231 

1.127 

1,515 
0 771 
0.767 
0.821 

1.089 
1.163 
1 233 

1 - 332 
1.369 
1.386 
1.386 
1.372 
1.342 
1.289 
1 221 
I. 150 
1.077 
1.000 
0.920 
0.839 

0.698 

0 * 917 
1.007 

1.285 

0.755 

0 * 713 
1.342 

1.470 1.344 
0.8~9 0.830 
0,802 0,830 
0.850 0,889 
0.939 0.980 
1.027 1.067 
1.107 1.146 

1.241 1.280 
1.296 1.334 
1.339 1.380 
1.372 1.410 

1.338 1.420 
1.375 1.418 
1.345 1.380 

1.235 1.283 

1.097 1,144 

0.945 0.988 
0.864 0.904 

1.179 1.217 

1.388 1.422 

1-295 1.330 

1.167 1,212 

1.023 1.069 

0.783 0.816 
0.735 0.762 
0.749 0.760 
1.319 1.216 

1.186 -- 
0.837 

0.893 
o 9aa 

1.162 

1.316 
1.383 

0.824 

1 * 077 

1.241 

1.445 
1.478 
1.490 
1.1185 

1.425 

1.312 

1,464 

1 * 372 

1.248 
1 * 177 
1.098 
1 011 
0.916 
0.812 
0.753 
0.762 
1.078 

1.580 

0.943 
0.961 

1,146 

1 . 3 2 ~  
1.388 
1.448 
1.499 
1.539 
1.558 
1 * 559 
1.543 
1.510 
1.448 
1 379 
1.303 
1.222 
1 - 135 
1.044 
0 * 351 
0.845 
0.741 
0.744 
I. 342 

0.970 

1.043 

1 - 239 

1.512 
0.934 
0,860 
0.885 
0.978 
1.075 
1.165 
1.247 
1.319 
1.382 
1.437 
1.480 
1.500 
1.500 
1.483 

1.387 
1.311 
1.232 

1.060 
0 * 969 
0.876 
0.783 
0 700 
0 695 
1.294 

1.448 

1.149 

1.394 

0.796 
0.881 
0 * 977 
1.064 
1.143 
I. 214 
1- 279 
1- 337 
1.382 
1.404 
1,405 
1 * 389 
1 353 
1.286 
l . N 9  
1.129 
1.045 
0.957 
0.865 
0 * 770 
0.675 
0.616 
0.613 

0.770 
0.758 

1 * 173 

1.254 

0.650 
0.660 

0.691 
0.781 
0.878 
0.964 

1.180 

1.306 
1.306 
1. Ey 
1 255 
1.190 
1.112 
1.030 
0,944 
0.854 
0.760 
0.662 

0.521 
1.016 

1.045 
I. 117 

1.239 
1.&4 

0.567 
0 517 

1.119 0.719 

0.578 0 . ~ 7  
0.669 0.562 
0.769 0,669 
0.864 0.775 
0.946 0.875 
1.02‘7 0.973 
1.101 1.073 
1.168 1.169 
1.222 1.246 
1.242 1,285 
1.242 1.285 
1.222 1.237 

0.542 0.442 
0.533 0.425 

1.174 1.150 
1.101 1.067 
1.021 0.968 

0.846 0.767 

0.649 0.552 

0.449 0.321 

0.4~0 0.296 

0.937 0.868 

0.750 0.662 

0.544 0.433 

0.403 0.282 

0.848 0.451 

0.290 
O *  Z93 
0. a1 
0,323 
0 . 4 3  
0.552 
0.670 
0.787 4 
0.898 
1.. 019 
1.13’ 
1.224 
1.308 
1.308 
1.225 
1.117 
0.993 
0.802 
0.769 
0.661 
0.555 
0.438 
0.304 
0,174 
0.138 
0.112 
0.034 

u 



Table 1. ( c o n t i n u e d )  
Time: 1.014 days = 24.33 h r s  

D i s t a n c e  From Core C e n t e r i i n e  (cm) D i s t a n c e  
From Core 
Midplane I n n e r  Fuel  Element  O u t e r  Fuel Elemen t  

I \  

7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.03 20.00 21.00 

25.4 
24 
22 
20 
18 
16 
1 4  
1 2  
10 
8 
6 
4 
2 
0 

- 2  
-4  
-6 
-8 

-10 
-12 
-14 
- /  

-LO 

- 18 
-20 
- 22 
- 24 
-25.4 

0.616 
0.655 
0.733 
0.853 
0 - 956 
1.054 
1.147 
1.230 

1 * 369 

1.459 

1 * 305 

1.424 

1.478 
1.482 
1,469 
1 * 443 
1 * 395 
1 * 323 
i .246 
1.165 

0.988 
0.894 
0.799 
0.700 
0.651 
0.598 

1.077 

1.000 
0.678 
o. 688 

1,003 

1.168 
1 - 233 
1. 285 
1.329 
1.362 
1.380 
1.385 
1 * 373 
1.347 
1.302 
1.246 
1.180 
1. io5 
1.023 
0.933 
0.837 
0.735 
0.649 
0.642 
3.929 

0.792 
0.904 

1.093 

1.230 
0.685 
0.682 
0.746 
0.861 
0 * 963 
1.050 
1.122 
1.181 
1.230 

1.302 
1.321 
1.326 
1.313 
1.285 
1 .242 
1. 190 
I. 128 
1.058 
0.978 
0.892 
0 799 
0.701 
0.638 
0.544 
1.119 

1.271 

1 339 
0.707 
0,703 
0.771 
0.873 
0.970 
1.058 
I.. 138 

3.. 269 

1.351 
1 - 370 
1.372 
1.360 
1.333 
1,286 
1.218 

1.068 
0.987 
0.897 
0.813 
0.724 
0.655 
0.660 

1.207 

1.320 

1.147 

1.205 

1.281 
0.708 
0.714 
0.797 
0.895 

1.074 
0.989 

1.152 
1.219 
1.279 
1.329 
1.361 
1 * 372 
1.372 
1 358 
1.332 
1.292 
1.229 
1.160 
1.087 
1. ~ 0 8  
0.926 
0.841 
0.753 
0.666 
0.653 
1.149 

I.. 163 

0.831 
0.928 
1.022 
1,109 
1.188 
1.258 
1 * 319 
1 371 
1.400 
1 * 411 
1.410 
1.399 
1.373 
1.329 
1.268 
1.159 
i. 125 
1.045 
0.963 
0.874 
0.785 
0.691 
9.655 
1.036 

0.717 
0.732 

1.036 

0.856 
0 956 
1 .Oh9 
1.138 
1.221 
1 . 2 9 4  
1 * 359 
1.418 
1.465 
1.490 
1.491 
1.471 

0.71.9 
0.751 

1.430 
1. 380 

1.251 
1,319 

1.172 
1.085 
0 990 
0.893 
0.788 
0.681 
0.652 
0.915 

1.343 

0.853 
0 * 895 
1.001 
I. 125 
1.224 
i .306 
.I. 371 
1.425 
1.468 
1.505 
1.537 
1.548 
1 * 535 
1,510 
i. 45’ 
1.369 
1.281 
1.. 191 
1.095 
0.999 
0.906 
0.815 
0.744 
0.736 
1,136 

0.854 
1.. 293 
0.789 
0.784 
0.828 
0.924 
1.038 
1.137 
1.222 
1 .295  
1.354 
1 .404  
1.444 
1 , 477 
1.492 
1.480 
1 . 4 4 5  
1.380 
1.296 
1.208 
1.116 
1.017 

0.830 

0.677 
0.677 
i .095 

0.921 

0.742 

1.197 
0.697 
3.692 
0.737 
0.835 
0.940 
1.033 
1.125 
1.202 
1.268 
1 323 
1.366 
1.408 
1.418 
I.  403 
I .  367 
1.297 
1.208 
1.120 
1.030 
0.935 
0.841 
0.746 
0.650 
0.590 
0.588 
1,001 

1.068 
0.600 
0.597 
0.651 
0.758 
0.862 
0.958 
1.047’ 
1.123 
1,193 
1.252 
1.302 
I. 341 
1.347 
I. 334 
1.293 
1.221 
1.136 
1.048 

0.860 

0.66‘7 
0.569 

0.872 

0.955 

0.754 

0.491 
0.491 

0.933 
0.494 
0.494 
0.577 
0.683 
0.789 
0.887 
0.980 
1.068 
1.149 
1.221 
1.281 
1.315 
1.324 
1.309 
1.260 
1.174 
1. 083 
0.988 
0.892 
3.792 
0.690 
0.569 
0.485 
0 390 
0 * 386 
0.737 

0.587 
0.368 
0.414 
0.516 
0.621 

0.836 
0 .  945 
1.058 

1.293 
1.363 
1.397 
1.406 
i .389 
1 * 332 
1.209 
1.085 
0.967 
0.851 
0.7’37 
0.625 
0.515 
0.407 
0.303 
0.258 
0.378 

0.727 

1.173 

0.234 
0.258 
0.297 
0.416 
0.535 
0.650 
0.768 
0.898 
1 * 035 
i .183 
1.360 
1.1682 
1 .523  
1.527 
1.501 
1.406 
1.221 
I, 063 
0.522 
0.790 
0.661 
0.537 
0.416 
0.296 
0.178 
0.087 
0.024 

a3 



Table 1. (mnt inued  
Time: 11.57 days = 277.7 h r s  

Distance From Core Center l ine  (cm) Distance 
From Core 
Midplane I n n e r  Fue l  Element Outer Fuel  Element 

(cm)  7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00 

25.4 
24 
22 
x, 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 
-2 
-4 
-6 
-8 

- 10 
-12 
-14 
-16 
- 18 
- 20 
- 22 
- 24 
-25.4 

0.504 
0.545 
0,575 
0.685 
o 818 
0 * 903 
0.979 
1.045 
1.105 
1.155 
1.191 
1.214 
1.228 

1.230 

1.161 
1,108 
1; 032 
0.948 
0.863 
0.783 
0.689 
0,569 

1.239 

1.219 
1 197 

0.540 
0.491 

0.947 
0,669 
0.669 
o+ 769 
0.872 
0.965 
1.052 
1.130 
1.200 
1.259 
1 306 
1 * 339 
1.359 
1,365 
1 354 
1,329 
1.289 
1 * 237’ 
1.176 
1.106 
1.028 
0 943 
0.851 

0.653 
0.661 
0.926 

0.745 

1.181 

0.688 
0.751 
0.836 
0.928 
1.016 
1.096 
1.169 
1.230 
1.281 

1.336 

0.7b9 

1.314 

1.342 
1.329 
1.39 
1.249 
1.198 
1.140 
1 079 
0 4 999 
0,911 
0,819 
0 I 736 
0.673 
0.694 
1.150 

1.258 

0.689 
0.723 

0.751 
0,839 
0 * 932 
1.019 
1.098 
1.169 
L .  232 
1.288 
1 . 3 3  
1 - 350 
1.352 
1 - 334 
1.300 
1.256 
1.206 
1.146 
1 079 
1.003 
0.918 
0.826 
0,738 
0.676 
0.716 
1.221 

1.211 
0.718 
0.707 
0.785 
0.860 
0.932 
1.004 
I. 078 
1.157 
1.232 
1.293 
1.331 
1.346 
1.346 
1 9  339 
1.310 
1.65 
1,202 
1 136 
1.065 
0.996 
0.928 
0,848 
0.766 . 

1.168 

0.679 
0.720 

1.090 
0.731 
0 705 
0.785 
0.893 
0.981 
1.063 
1 137 
1.203 
1 . 2 6 2  
1.305 
1 * 334 
1 * 351 
1.358 
1.345 

I.. 223 
1.170 
1 * 110 
1.044 
0 965 
0.872 
0,760 
0 677 
0.684 

1 * 315 
1.274 

1.041 

0.950 
0.700 
0 694 
0 * 791 
0.881 
0.967 
1,061 
1.159 
1.252 
1.33 
1.376 
1 399 
1,405 
1.405 
1 * 397 
1 370 
1.326 
1.264 

1.125 
1.045 

I. 196 

0.956 
0.861 
0.762 
0 I659 
0.669 
0 899 

1.289 
0.802 
0.768 
0. 825 

1,007 
I.. 008 
1.162 

1.276 

1.366 

0 * 917 

1.225 

1 325 

1.400 
1.415 
1.400 
1.362 
1.312 
1.254 
1 189 
1‘122 
1.044 
0.960 
0.864 
0.775 
0.722 
0.742 
1.111 

1.281 

0 * 743 
0.806 
0.892 
0.981 
1.069 

1.306 
1.366 

0.777 

1 * 3-55 
1.234 

1.412 
1.438 
1,449 
1.435 
1.405 
1.355 
1.286 
1,204 
1.113 
1.017 

0.830 
0.921 

0.748 
0.693 
0.713 
1.107 

1 - 199 
0.720 
o ,670 
0.741 
0.824 
0.912 
1.004 
I. 09’7 
1.186 
1.260 
1.315 
1r355 
1 379 
1.391 
1.385 
1.358 
1 305 
1 235 
1.146 

0 950 
0.858 
0 769 
0.681 
0.614 
0.644 
1.032 

1.049 

1.082 
0.652 
0.608 
0.689 
0.772 
0.863 
0 * 9% 
1 * 033 
1.112 
1.189 
1.252 
1,292 
1.316 
1 325 

1.237 
1.244 

1 * 077 

1.314 

1.171 

0.984 
0.891 

0.624 

0.920 

0.798 
0.710 

0.542 
0.578 

0.950 
0.569 
0.540 
0.631 
0.722 
0.814 
0. go6 
0 999 
1 * 095 
1.185 
1.251 
1. a1 
1.31-3 
1.322 
1.310 
1.284 

1.156 
1.045 
0 * 933 
0,834 
0 I 743 
0,656 
0.567 
0.476 

0.788 

1 239 

0.489 

0.607 
0.482 
0.459 
0.560 

0.880 
0.989 
1 * 079 
1.165 
1.243 
1.308 
1- 352 
1 * 370 
1 370 
1.364 
1.342 
1.FJ1 
1.194 
1.362 
0 * 925 
0.813 
0 * 709 
0.609 

0.424 
0.369 
0.459 

0.715 

0.517 

0.253 
0.310 
0.336 
0.486 
0.585 
0.685 
0.794 

1.035 
1.176 
1. @1 
1,341 
1.373 
I, 386 
1 - 372 
1 331 
1 * 259 
1.141 

0.908 3 

0.965 
0.812 

0.617 

0.439‘ 

0.125 

0.712 

0.527, 

0.344 
0.211 



Table 1. ( c o n t i n u e d )  
Time: 22.72 days = 545.3 iirs 

Distance From Core C e n t e r l i n e  ( c n )  

I n n e r  F u e l  E lemen t  Outer  Fue l  E l e m e n t  

D i  st.ance 
From Core 
M -i d p l  a n  e 

( c m )  7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00 

25.4 
24 
22 
20 
10 
16 
1 4  
1 2  
10 
8 
6 
4 
2 
0 

-2  
-4 
-6 
-8 

- 10 
-12 
-14 
- 16 
-18 
- 20 
- 22 
- 24 
-25.4 

0.379 
0.403 
3.460 
0.547 
0.624 
0.688 

0.788 
0.824 
0.857 
0.887 

3.949 
0.962 

9.934 
0.911 
0.880 
0.844 
0.798 
0.744 
G .680 
0.607 
0.524 
0.437 
0.407 
0 * 379 

0.742 

0.914 

0.951 

3.874 
0.594 
0.599 
0.659 
0.759 
0.847 
0.927 
0.998 
1.055 
1,103 
1,143 
1.177 
1.203 
1.224 
I 210 
1.182 
1.145 
1.102 
1.050 
0.988 
0.916 
0.832 

0.637 
0.589 
0.589 
0,865 

0.737 

1.183 
0.695 
0.675 

0.833 
0.969 

1 , 1 1 5  

1.225 
1.261 
I .  281. 
1,286 

0 707 
0.790 

1.046 

1.176 

1.275 
1.248 
1.207 
1 * 159 
1 100 
1.031 
0 .  ‘354 
0.869 
3.776 
0.694 
0.656 
0.663 
1.165 

1.276 
0.711 

0.749 
0.835 

1.006 
1.083. 
1.150 
1.209 
1.260 
1.298 
1.315 

0.707 

0.923 

1.315 
1.304 
1.276 
1.236 
1,189 
1.1.31 
1.066 
3.990 
0.910 
0.822 
0.728 
0.680 
0.682 
I. 251 

1.218 
0.706 
0.705 
0.757 
0,845 
0.926 
1.003 
1.074 
1 * 139 
1.197 
1.246 
1.282 
1.296 

1.256 
1.218 
1.174 
1.120 
1.059 
0.990 
0.915 
0.833 
0.748 
3.678 
0.674 
1.191 

1.297 
1.284 

1.053 0,874 1.128 
0.671 0.624 0.725 
0.677 0.632 0.722 

0.836 0.806 0.8~6 
0.914 0.890 0.901 
0.987 0.966 0.970 
1 .054  1.034 1.034 
1.116 1.091 1.090 
1.171 i.139 1.141 
1.219 1.177 1.184 
1.251 1.210 1.219 
1.266 1.233 1.250 
1.268 1.243 1.64 
1.254 1.234 1.249 
1.232 1.207 1.214 
1.193 1.172 1.172 
1.147 1.127 1.125 
1.094 1.074 1.072 
1.035 1.015 1.011 

0.752 0.714 0.757 

0.969 0.550 0.947 
0.900 0.879 0.877 
0.825 0.804 0.604 
0.746 0.722 0 . 7 s  
0.664 0.627 0.688 
0.638 0.590 0.686 
1.027 0.849 1.016 

1.244 
0.740 
0.740 
0.739 
0.895 
0.984 
1.067 
1 139 
1.202 
1.256 
1.300 
1.338 
1.367 
1 * 377 
1.359 
1.328 
1.288 
1.242 
1,187 
1.121 
1 ,045  
0.961 
0.867 
0.764 
0.704 
0.703 
1,150 

1.226 
0.695 
0.691 
0.767 
0.870 
0.965 
1.049 
i. 123 
1.187 
I. 242 
1.285 
1.323 
1.349 
1.349 
1.330 
1.304 
1.269 
1 .225  
1 * 175 
1.113 
1.038 
0.949 
0.847 
0.731 
0.657 

j.. 120 
0.655 

1.165 
0.651 

0.837 
0.934 
1,018 
1.092 
1.150 

0.646 
0.731 

I. 199 
1.240 
1.272 
1.297 
1.301 

1.260 

1.189 
1 - 139 

1.008 
0.919 
0.813 
0.692 
0.614 

1.284 

1.228 

1. 080 

0.618 
1.054 

1.050 
0,601 
o .607 
0.  710 
0.825 
0.925 
1.013 
1.088 

1.208 
1.251 
1,286 
1.300 
1.299 
1.280 
1.253 
1.221 
I. 181 
1 * 133 
1,076 
1.007 
0.917 
e .  602 
0.653 

1 .154  

0.575 
0.572 
0.950 

0.709 
0.534 
0.565 

0.821 

1 .015  

1.160 

1.289 
I. 302 
1 * 303 
1.292 
1.269 
1 * 237 
1.196 

1.089 

0.783 
0.612 

0.510 
0.627 

0.705 

0.923 

1.094 

1.214 
1.259 

1.148 

1.014 
0.914 

0.514 

0.327 
0.352 
o. 431 
0.549 
0.648 
0.735 
0.813 
0.880 
0 * 936 
0.984 
1.021 
1.052 
1.072 
1.072 
1.048 
1.023 
0 993 
0.961 
0.922 
0.875 
0.808 
0.718 
0.599 
0.466 
0.381 
0.324 
9.281 



Table 1. ( cont i i iued)  
Time:  25.00 days = 600.00 h r s  

Distance From Core C e n t e r l i n e  (cm) Di stance 
From Core 
Midplane Outer Fuel Element Inner Fuel  Element 

7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17,OO 18.00 19.00 20.00 21.00 

25.4 
24 
22 
20 
18 
16 
14 
1 2  
10 
8 
6 
4 
2 
0 

-2 
-4 
-6 
-8 

-10 
-12 
-14 
- 16 
-18 
- 20 
- 22 
- 24 
-25.4 

09 358 
0.363 

0 0 497 
0.568 
0.629 
0.684 

0,768 
0.801 
0.826 

0.866 

0.868 

0.833 
0,809 
0.778 

0.692 
0.631 

0.422 

0.730 

0.848 

0.877 

0.854 

0.741 

0.552 
0.452 
0.395 
0.392 
0.356 

0.850 
0.558 

0.735 
0.814 
0.886 
0.950 
1.006 
1 ,054  
1.094 
1.126 
1.145 
1.147 
1.134 
1.114 
1.087 
1.054 
1.012 
0.960 
0.895 
0.813 
0.707 
0.595 
0.552 
0.557 
0.829 

1.170 
0.634 
0.633 
0.688 

0.853 
0 * 929 
0 * 999 
1.065 
1.124 
1.176 
1.213 
1.231 
1.234 
1.229 
1.210 
1.176 
1.132 

0.943 
0 I 861 

0.677 
0.626 
0.635 
1.129 

0.772 

1.079 
1.014 

0.770 

1.265 
0.654 
0.657 
0.725 
0.808 
0,885 
0.955 
1.032 
1 * 099 
1.160 
1.215 
1.246 
1.263 
1.269 
1.241 
1.242 
1.2~8 
1.166 
1.112 
1.052 
0.983 
0 .  go6 
0.821 
0.731 
0,671 
0.665 
1.217 

1.198 
0.662 
0.665 
0.733 
0.821 
0.898 
0.973 
1 .041  
1.100 
I. 152 
1.198 
1.228 
1.243 
1 248 
1 .242  
1 * 222 
1.190 
1.153 
1.108 
11053 
0 991 
0.918 
0.836 

0.676 
0.668 

0.746 

1 . 1 4 5  

1. or9 
0.645 

0.815 
0.894 
0.966 
1,029 
1.083 
1.129 
1.166 
1 * 195 
1 .211  
1 , 2 1 5  
1 .210  
1 193 
1.167 
1 . 1 3 3  
1.092 
1.043 
0.983 
0,913 
0.831 
0.738 
a .  662 
0.647 

0.657 
0 727 

0 971 

0,824 
0.592 
0.609 
0.685 
0.766 
0,842 
0 * 909 
0.970 
1.024 
1.069 
1.108 
1 * 139 
1*159 
1.168 
1.168 
1 - 1.59 
1.134 
1.093 
1 , 0 4 4  
0.987 
0.924 
0.852 
0.774 
0.689 
0.610 
0.593 
0.780 

1.131 1.294 

0.718 0.759 

0.808 0.896 
0,883 0.980 

1.064 1.183 
1.110 1.236 

1.185 1.312 
1.189 1.316 
1.186 1.312 

1.152 1.276 
1.117 1.239 
1.075 1.190 
1.021~ 1.131 
0.965 1.062 
0.896 0.986 
0.810 0.896 
0.750 0.811 
0.724 0.767 
0.738 0.766 
1.090 1.245 

0.746 0.757 

0.739 0,808 

0.951 1.057 
1.011 1.124 

1.147 1.275 
1.172 1 . 8 9  

1.173 1.299 

1.284 

0.722 
0.794 
0.884 
0 I 967 

0 * 723 

1.043 
1 * 111 
1.1'70 
1.220 
I * 259 
1.283 
1 . 2 9 4  
1- a5 
1.84 
1.284 
1.264 

1.174 
I. 114 

0.965 
0.875 

1.223 

1.092 

0.778 
0.728 

1.231 
0.732 

1.243 
0.704 
0.709 
0.785 
0.877 
0.959 
1.034 
I. 101 
1.159 
1.208 
1.249 
1.270 
1 * 277 
1.278 
1 * 277 
1.268 
1.246 
1.210 
1.162 
1.102 
1.033 
0.954 
0.362 
0.764 

1.189 

0.73.4 
0.724 

I. 141 

0 702 
0.690 

0 786 
0.867 
0.943 
1.015 
1.078 
1 136 
1.185 
1.224 
1.241 
I. 243 
1.243 
1.243 
1.240 

1.1% 
1.222 

1 139 
1.081 
1.014 
0.938 
0.849 
0.752 
0.702 
0.700 
1.086 

0.805 
0.643 
n 6 9 3  
0 * 791 
0 879 
0.957 
1.026 
1,087 
1 .142  
1,191 
1.232 
1.243 
1.243 
1.243 
1.243 
1.243 
1.236 
1.mo 
1 .152  
1.095 
1.030 
0.958 
0.874 
0.786 
0.686 
0,653 
0.739 

0,415 
0.439 
0,495 
0.5% 
0.664 
0.729 
0.787 
0,838 0 
0.883 
0.923 
0.951 
0.963 
0.965 
0.966 
0.965 
0.965 
0.956 
0.930 
0.891 
0.846 
0.796 

0.677 
0.603 
0.513 
0.414 
0.350 

0.741 
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Table 2. Some P e r t i n e n t  HFIR Fuel  lement 
Dimensians and Tolemnces23* E 

Length of f u e l  p l a t e s  

Nominal f u e l  p l a t e  th ickness  

M a x i m u m  f u e l  p l a t e  th ickness  

Nominal coolant  channel th ickness  

M a x i m u m  coolant  channel t h i ckness  averaged ac ross  
width of p l a t e  a t  any given e l e v a t i o n  

Minimum coolant  channel th ickness  averaged ac ross  
width of p l a t e  at  any given e l e v a t i o n  

Maximum local coolant  channel t h i ckness  

Minimum local coolant  channel th ickness  

Nominal d i s t a n c e  of f u e l  bear ing  po r t ion  from 
upper and lower edges of t h e  f u e l  p l a t e  

Maximum d i s t a n c e  of f u e l  bear ing po r t ion  from 
upper and lower edges of the  f u e l  p l a t e  

Minimum d i s t ance  of f u e l  bear ing po r t ion  from 
upper and lower edges of t h e  f u e l  p l a t e  

Minimum r a d i a l  d i s t a n c e  of t h e  fuel bear ing  
po r t ion  of t h e  f u e l  p l a t e  from t h e  s i d e  p l a t e  

Nominal hea t  t r a n s f e r  area 

Minimum hea t  t r a n s f e r  area 

Maximum diameter  of non bond between fuel and c l ad  

Tolerance on t o t a l  f u e l  loading  wi th in  an 

Tolerance on f u e l  loading wi th in  a 5/64 i n .  

Average to l e rance  on f u e l  loading wi th in  a rec-  

i nd iv idua l  f u e l  p l a t e  

diameter spot  

tangular  area 5 /64  i n . '  X 1/2 i n .  

24 i n .  

0.050 i n .  

0.051 i n .  

0.050 i n .  

0.056 i n .  

0.044 i n .  

0.060 i n .  

0.040 i n .  

2 i n .  

2 1/4 i n .  

1. 3/1( i n .  

0.045 i n .  

428.8 f t 2  

410.3 ft2 
1/16 i n .  

21. O$ 

-loo$ 

?lo$ 

+30$ 
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Table 3. Peaking Fac tors  f o r  F u e l  Bearing Material Extending 
Below the Surrounding Fuel Bearing Material 

in the HFIR Core22 

Power Density at End of Fuel-Plate-Fuel  
Radial  Distance Core Extending 0.530” Pas t  Ends af Fuel- 
From Longitudinal Plate-Fuel Core of Surrounding Plates 
Center-Line of Divided by Power Densi ty  at End af Fuel- 
Reactor Plate-Fuel  Core i n  Surrounding P l a t e s  

R 

7.14 
8 
9 
10 

11 

12 

12.6 

< 1  

1.25 

1.41 

1.44 
1.43 
1.30 

1-20 

1.23 

1.23 

1.26 

1-35 
1.31 

1.23 
21 < 1  
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Table 4. Input Data 

The following are t h e  inpu t  d a t a  r equ i r ed  f o r  t h i s  a n a l y s i s  along 

wi th  some typical values .  

Specify Option 1 or Option 11. Option S I  used f o r  t he  re- 
s u l t s  reported here .  

Specify A l t e r n a t e  Method I o r  Alternate Method 11 used 
A l t e r n a t e  Method I1 fo r  the f o r  t h e  results reported 
flow rates. here .  

Specify A l t e r n a t e  Method I o r  Alternate Method 11 used 
Alternate Method I1 for t h e  f o r  t h e  results r epor t ed  
oxide buildup. he re .  

Sjmbol D e f i n i t i o n  Typical  Values and Units  

R Outside r ad ius  of i n n e r  s i d e  plate 2.7’215 i n .  f o r  i n n e r  element. 
5.8730 i n .  f o r  o u t e r  element 

Ori Radial  space increments See below 

I n n e r  Element; Outer Element 

A r  2; 0 i n .  Arl = 0 i n .  

k2 = 0.0895 i n .  
1 

b2 = 0.0739 i n .  

Ar = 0 i n .  A r  = 0 i n .  

Ar4 = 0.3386 i n .  Arb = 0.3346 i n .  

Ar = 0.3937 i n .  hr5 = 0.3937 i n .  

Ar6 = 0.3937 i n .  Ar6 = 0.3937 i n .  

Ar := 0.3937 i n .  ArT = 0.393.r i n .  

Arg = 0.3937 i n .  k8 = 0.3937 i n .  

AI- = 0.~2362 i n .  nr = 0.3937 i n .  

3 3 

5 

7 

9 9 
Arlo = 0 i n .  

as,, = 0.0794 in. 
Arlo = 0 i n .  

Ar.,, = 0.0443 i n .  

Longitudinal space increments See below Az 

F o r  Both Elements 

AZ = o . @ * ~ 4  i n .  5 Az, = 0 i n .  
Az2 = 2.0000 in. 

Llz = 0 i n .  

Az6 = 0.7874 i n .  

AZ = 0.7874 i n .  7 3 
A24 0.5512 i n .  A Z ~  = 0.,-(8’[4 i n .  



Table 4. ( continued) 

Symbol D e f i n i t i o n  Typical  Values and Units  

Az = 0.7874 i n .  

Azl0 = 0.7874 i n .  

Az = 0.7874 in.  

&u12 = 0.7874 i n .  
& = 0.7874 i n .  

Az = 0.7874 i n .  

AZ = 0.7874 i n .  

Az16 = 0.7874 i n .  

&u17 = 0.7874 in .  

Azls = 0.7874 i n .  
Az = 0.7874 i n .  

n z  = 0.7874 in. 

9 

11 

13 
14 
15 

19 
20 

Aza = 0.7874 i n .  

0 2 ~ ~  = 0.7874 i n .  

Az = 0.7874 i n .  

Az24 = 0.7874 i n .  

Az = 0.7874 i n .  
25 

Az& = 0.7874 i n .  

= 0.7874 i n .  &27 
AZ,~ = 0.7874 i n .  
Az = 0.5512 i n .  
Az = 0 i n .  

Az = 2,0000 i n .  

23 

29 
30 
31. 

1 + Unnomalized power dens i ty  d i s t r i b u t i o n  See below 
1, J 

The following i s  f o r  the i n n e r  fue l  element f o r  t h e  f i r s t  t i m e  

step. Values f o r  t h e  outer fuel element and f o r  other time s t e p s  

can be obtained by analogy from t h e  information l i s t e d  i r r  Table  1. 

x 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12  
13  
1.4 
1 5  
16 
17 

1 3  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  

- 3 
0 
0 

0.722 

0.924 

0.678 

0.815 

1.031 
1.130 

1.312 
1.387 
1. ,147 
1.493 
1.520 
1.532 
1.533 
1 - 523 

1.227 

4 

0 
0 

1.109 
0.741 
0.753 
0.848 
0.952 
1.043 
1.126 
1.198 
1.264 
1.322 
1.372 
1.398 
1.408 
1.403 
1.393 

I 
- 5 

0 
0 

1- 379 
0.738 
0.738 
0.810 
0.904 
0.990 
1.068 
1.137 
1.200 
1.255 
1.306 
1 f 338 
1.35c 
1.349 
1.335 

- 6 - 7 - 8 - 9 - 10 I l ( m >  

0 0 0 0 0 0  
0 0  0 0 0 0 

1 .515  1.470 1.344 1.186 0 0 
0.771 0.809 0.830 0.837 o o 
0.767 0.802 0.830 0.824 o o 
0.821’ 0.850 0.889 0.893 o o 
1.007 1.027 1.067 1.077 o 0’ 
1.089 1.107 ~ i 4 6  1.162 o o 

1.285 1.294 1.334 1.383 o o 
1.369 1.372 1.410 1.478 o o 
1.386 1.388 1.422 1.490 o o 
1.386 1.388 1.420 1.485 0 0 
1.372 1.375 1.418 1.464 o o 

0.917 0.939 0.980 0.988 0 0 

1.163 1.179 1.217 1.241 0 0 
1.233 1.241 1.280 1.316 0 0 

1.332 1.339 1.380 1.445 0 0 
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Table 4 ,  (continued) 

SyKllbQl D e f i n i t i o n  Typical Values and Units 

18 0 0 1.494 
19 o o 1.448 
20 Q o 1.384 
21 o o 1.312 

23 0 0 .1..1.48 
24 o o 1.050 

26 o o 0.819 

28 o o 0.706 
3 o o 0 ~ 0 3  
30 0 0  0 
3 i (n )  o 0 o 

22 0 0 1.235 

25 0 0 0.944 

2 7  0 0 0.709 

1.368 
1.324 
1.264 
1.195 
1.120 
1 * 039 
0 * 952 
0.859 
0 * 762 
0.668 
0.678 
1.028 
0 
0 

1 ” 305 
I.. 256 
1 193 
1-12”  
1 - 057 
0.982 
0.903 
0.820 
0.735 
0.667 
o 680 
I.. 231 

0 
0 

1.342 
1.289 
1.221 
1.150 
1 .O.T,( 
1.000 
0.920 
0.839 
0.755 
0.698 
0.713 
1.342 
0 
0 

1.345 1.380 
1,295 i .330 
1.235 1.283 
1.167 1.212 

1.023 1.069 

0.783 0.816 

1.097 1.144 

0.945 0.988 
0.864 0.904 

0.735 0.762 
0.749 0.760 
1.319 1.216 

0 0 
0 0 

1.425 
1.372 
I-. 312 
1.248 
1.177 
1.. 098 
1.011 
0.916 
0.812 

0.762 
1.078 

0 
0 

0.753 

0 0  
0 0  
0 0  
0 0  
D O  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  

Time increment See below ‘k 
Q1 = 24.33 h r  

8 = 253.23 h r  2 

3 0 = 267.68 h r  

O4 = 54.78 h r  

8, = 0 h r  
2 

Q Specif ied r e a c t o r  p o w e r  l e v e l  100 Mw 

f F r a c t i o n  of heat  deposi ted i n  t h e  0.975 

A Nominal f u e l  assembly hea t  t r a n s -  428.8 ft’ 
f u e l  assembly 

fe r  area 

t Fuel p l a t e  th i ckness  51 m i l s  

e Average f u e l  element coolant  
A channel t h i ckness  p r i o r  t o  r e a c t o r  rnents 

49 m i l s  f o r  bo th  f u e l  ele- 

ope rat ion* 

coolant  channel p r i o r  t o  r e a c t o r  rnent s 
ope rat ion* 

coolant  channel pr-ior t o  r e a c t o r  merits 
ope ra t  ion, 

e Average tn i ckness  of t h e  narrow 44 m i l s  f o r  both f u e l  ele- n 

e Average th i ckness  of t h e  wide 56 m i l s  f o r  both f u e l  ele- W 



'I 
Table 4. ( continued) 

i 

Symbol Def in i t i on  Typical  Values and Units  

e ne 

e w e  

e n,min 

e w, min 

h 

61 

62 

53 

54 

Tin  

mF 

QSP 

P 

F 

Thickness of t h e  i n l e t  and ex i t  of  
t h e  narrow coolant  channel p r i o r  t o  ments 
r e a c t o r  operation" 

Thickness of  t h e  i n l e t  and e x i t  of 
t h e  wide coolant  channel p r i o r  t o  ment s 
r e a c t o r  operation" 

Minimum th ickness  of t h e  narrow 
coolant  channel p r i o r  t o  r e a c t o r  ment s 
ope rat ion* 
Minimum th ickness  of t h e  wide  
coolant  channel p r i o r  t o  r e a c t o r  ment s 
opera t  ion* 

4.4 m i l s  f o r  both f u e l  ele- 

56 m i l s  f o r  both f u e l  ele- 

40 m i l s  f o r  both f u e l  ele- 

40 m i l s  f o r  both f u e l  ele- 

*Specify f o r  both t h e  i n n e r  and t h e  o u t e r  f u e l  
elements 

Wavelength of s inuso ida l  d e f l e c t i o n  2 i n .  
o r  s inuso ida l  v a r i a t i o n  i n  t h e  
channel th ickness  p r i o r  t o  r e a c t o r  
opera t  ion 

Assign a va lue  of' 1 for Case 1 shown 
i n  Figs. 17 o r  18; a value of 0 
otherwise 

Assign a value of 1 f o r  Case 2 shown 
i n  F igs .  17 o r  18; a value  of 0 
otherwise 

Assign a va lue  of 1 f o r  Case 3 shown 
i n  F igs .  17 o r  18; a value of 0 
o therw i se 

Assign a value of 1 f o r  Case 4 shown 
i n  F igs .  17 o r  18; a va lue  of 0 
otherwise 

I n l e t  coolant  temperature 120°F 

Reactor v e s s e l  p re s su re  600 psia 

Fuel element p re s su re  drop 

Constant i n  t h e  f r i c t i o n  f a c t o r  re- 0.235 
l a t i o n  f = F/( Re) '-* 

Side p l a t e  hea t  genera t ion  rate a t  
100 Mu r e a c t o r  power 

108 p s i  

3 6000 Btu/( h r ) (  i n .  ) 
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Table 4. (cont inued)  

Symbol Def in i t i on  Typical  Values and Uni t s  

Coolant hea t  genera t ion  rate a t  100 4475 Btu/( hr)( i n .  3 ) 
' ~ 3  Mw r e a c t o r  power 

B Constant i n  equat ion f o r  i nc rease  o mi ls /hr  
i n  f u e l  plate th i ckness  due t o  ra- 
d i a t i o n  

p / p ~  Rat io  of f u e l  p la te  dens i ty  be fo re  1 . 0  
and after r a d i a t i o n  (Spec i f i ed  for 
t h e  d i f f e r e n t  t i m e  i n t e r v a l s  8 ) 

l e v e l  

k 
Uncertainty i n  t h e  reactor power 1.02 

U TJncertainty i n  t h e  t o t a l  hea t  t r a n s -  1.045 
f e r  area 

U Uncertainty i n  t h e  power dens i ty  1.10 

u4 

d i s t r i b u t i o n  

Uncertainty i n  t h e  "average" f u e l  
concent ra t ion  i n  t h e  h o t  p l a t e  

concent ra t ion  i n  t h e  co ld  p l a t e  

temperature  

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

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

0.92 f o r  I 5 j 5 16 
1-10 for 1-7 5 j 4 3 

U Uncertainty i n  t h e  "average" f u e l  1.08 f o r  1 4 j 5 16 
0.90 for 7 5 j 5 31 

Uncertainty i n  t h e  i n l e t  coolan t  1.01 u6 

u7 
U8 Uncertainty i n  t h e  ].oca1 h e a t  0.90 

9 r e l a t i o n  

5 0  

ull 

1.05 

U Uncertainty i n  t h e  oxide f i l m  cor-  1 . 2 5  

Uncertainty i n  t h e  r e l a t i o n s h i p  f o r  1.10 
d e f l e c t i o n  due t o  t h e  d i f f e r e n t i a l  . 
pres su re  across t h e  p l a t e  

Uncertainty i n  t h e  r e l a t i o n s h i p  f o r  
d e f l e c t i o n  of plate  being considered 
i n  reference t o  a n  average plate  due 
t o  temperature  d i f f e rences  

Uncertainty i n  t h e  inc rease  i n  t h e  2.00 
fuel plate  th i ckness  due to thermal 
expansion 

U Uncertainty in t h e  inc rease  i n  t h e  1 .00  
f u e l  p l a t e  t h i ckness  due t o  rad ia-  
t i a n  damage 

1.10 

2 

l3 



Table 4. ( continued) 

Symbol Def in i t i on  Typical  Values and U n i t s  

'1 4 

U 1 5  

'16 

'17 

58 

19 
U 

u22 

23 

'24 
'25 

U 

Uncertainty i n  t h e  l o n g i t u d i n a l  
buckling of t h e  f u e l  p l a t e  due t o  
t h e  temperature d i f f e r e n c e s  be- 
tween t h e  fuel p l a t e  and t h e  s i d e  
p l a t e s  

Uncertainty i n  t h e  l o n g i t u d i n a l  
buckling of t h e  f u e l  p l a t e  due t o  
t h e  r a d i a t i o n  damage 

Uncertainty i n  t h e  s i d e  p l a t e  hea t  
genera t ion  rate a t  100 Mu 

Uncertainty i n  t h e  coolant  hea t  
genera t ion  rate a t  100 Mu 

Fuel segrega t ion  f lux  peaking on 
t h e  hot  side of t h e  f u e l  p l a t e  

Fuel  segrega t ion  f lux peaking on 
t h e  cold s i d e  of t h e  f u e l  p l a t e  

Uncertainty i n  the a d d i t i v e  
method bumout  c o r r e l a t i o n  

Uncertainty i n  t h e  i n c i p i e n t  b o i l -  
i n g  c o r r e l a t i o n  

Hot streak f a c t o r  

Flux peaking f o r  f u e l  extending 
beyond normal boundaries 

For j, 
For j, 

i 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 

- 

1 through 28, 30 and 31 
29 

I n n e r  Element 

1.00 
1.00 
1.00 
1 .25  
1 .41  

1.43 

1. x) 
1.00 
1.00 

1 - 4 4  

1.30 

1.00 

1.00 

1.00 

1.00 

1.30 

1.30 

0.80 

1.00 

1.10 

See below 

1.00 

Outer Element  

* 1-00 
1.00 
1.23 
1.23 
1.26 
1.35 
1.31 
1.23 
1.00 
1.. 00 
1.00 
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Table 4. (cont inued)  

Symbol Def in i t i on  Typical  Values and Units 

AD Amplitude of t h e  s i n u s o i d a l  0 m i l s  
v a r i a t i o n  i n  t h e  coolant  channel 
thickness  prior t o  r e a c t o r  
ope rat ion* 

l n i t i a l  guess of t h e  average d i f -  2.0 psi  
fe ren t ia l  p re s su re  a c r o s s  the  f u e l  
plate between a :mrrow and a wide 
coolant  channel* 

- 
nw &? 

TMi,j I n i t i a l  guess of t h e  m e t a l  tempera- See following page 
t u r e  d i s t r i b u t i o n  of  t h e  average 
f u e l  p l a t e  i n  t h e  fuel element* 

*Specify f o r  both t h e  i n n e r  and the outer f u e l  
elements 
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Table 4. (cont inued)  

I n i t i a l  Guess of T mi, j 
Inner Fuel  Element Outer Fuel Element 

1 .  

x 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31( n >  

1 

121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121 * 2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 

- 2 

121.2 
121.2 
121.2 
121.2 
121.2 
121 2 
121.2 
121.2 
121.2 
121.2 
121 * 2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121 2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 

- - 3 

121 * 2 
121.2 
180 
180 
190 
200 
210 
220 
220 
230 
240 
240 
250 
250 
260 
260 
260 
260 
270 
27 0 
27 0 
27 0 
260 
260 
260 
250 
250 
250 
240 
200 
200 

4 - 
121.2 
121.2 
190 
180 
180 
190 
200 
200 
210 
220 
220 
230 
230 
240 
240 
250 
250 
250 
250 
250 
250 
250 
250 
250 
240 
240 
240 
240 
250 
190 
190 

5 

121.2 
121.2 
200 
180 
180 
180 
190 
200 
210 
21 0 
220 
220 
230 
230 
240 
240 
240 
240 
240 
250 
240 
240 
240 
240 
240 
230 
230 
240 
250 
190 
190 

6 

121.2 
121.2 
210 
180 
180 
180 
190 
200 
21 0 
210 
220 
220 
230 
230 
240 
240 
240 
240 
240 
240 
240 
240 
240 
240 
230 
230 
230 
240 
260 
190 
190 

- 7 

121.2 
121 * 2 
210 
190 
180 
190 
190 
200 
210 
210 
220 
220 
230 
230 
240 
240 
240 
240 
250 
250 
250 
240 
240 
240 
240 
230 
230 
240 
270 
190 
190 

8 - 2 - - 3 4 - 
121.2 121.2 121.2 121.2 121.2 121.2 121.2 121.2 
121.2 121.2 121.2 121.2 121.2 121.2 121.2 121.2 
210 * 210 121.2 121.2 121.2 121.2 220 220 

200 
190 
190 
200 
210 
220 
220 
230 
240 
240 
250 
250 
260 
260 
260 
260 
260 
260 
260 
260 
250 
250 
250 
2.50 
260 
270 
200 
200 

121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121 .'2 
121.2 
121.2 
121.2 
121 I2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121 2 
121.2 
121.2 
121.2 
121.2 
121 * 2 
121.2 
121.2 

121.2 121.2 
121.2 121.2 
121.2 121..2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 12l.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
12l.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 121.2 
121.2 12l,2 
121.2 121.2 

121.2 
12l.2 
121.2 
121.2 
121 * 2 
121 :2 
121.2 
121 2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 

200 
190 
190 
200 
210 ' 
220 
220 
230 
240 
240 
250 
250 
260 
260 
260 
260 
260 
260 
260 
260 
250 
250 
250 
240 
250 
270 
200 
x)O 

200 
180 
190 
200 
200 
210 
220 
220 
230 
240 
240 
240 
250 
250 
250 
250 
250 
250 
250 
250 
240 
240 
240 
240 
240 
260 
190 
190 

5 

121.2 
121.2 
220 
190 
180 
180 
190 
200 
200 
210 
220 
220 
230 
230 
230 
240 
240 
240 
240 
240 
240 
240 
240 
230 
230 
230 
220 
230 
250 
190 
190 

- 6 

121.2 
121.2 
210 
180 
17 0 
180 
180 
190 
190 
200 
21 0 
21 0 
220 
220 
230 
230 
230 
230 
230 
230 
230 
230 
220 
220 
220 
210 
210 
220 
240 

- 

180 
180 

'7 - 
121. 2 
121.2 
199 
170 
160 
170 

180 
180 
190 
200 
200 
210 
21 0 
220 
220 
220 
220 
22'0 
220 
220 
210 
210 
210 
200 
xx> 
2co 
200 
2 20 
170 
170 

170 

8 

121.2 
121.2 
170 
160 
150 
160 
160 
170 
170 
180 
190 
190 
200 
200 
210 
210 
21 0 
210 
210 
21 0 
200 
200 
190 
190 
190 
190 
190 
190 
200 
160 
160 

- 10 - - 9 

1a.2 121.2 
121.2 121.2 
140 121.2 
140 121.2 
140 121.2 

1.50 121.2 
150 121.2 

160 121.2 
160 121.2 

180 121.2 
190 121.2 
190 121.2 
200 121.2 
200 121.2 
200 121.2 
200 121.2 
200 121.2 
200 121.2 
200 121.2 
190 121.2 
180 121.2 
180 121.2 
180 121.2 

170 121.2 

170 121.2 

170 121.2 

170 121.2 
170 121.2 
170 '121.2 
160 121.2 
160 121.2 

W m >  

121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 121.2 

121.2 
121.2 
121.2 
121.2 
121.2 
121.2 
121.2 121.2 

121.2 
121.2 
121 e 2 
121.2 
121.2 
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Table 5.  Heat Transfer  and Flow Conditions i n  t h e  H F I R  Fuel Elements a t  t h e  Upper L i m i t  f o r  t he  Reactor Power Level 

A .  Upper L i m i t  f o r  t h e  Reactor Level Defined b y  t h e  I n c i p i e n t  Boiling Criteria 

S t a r t  of Cycle End of 100 Mw Cycle ( 2 5  days) 

Case Number (See F ig .  18) Case Number (See Fig.  18) -- 
1 2 3 4 1 2 3 4 

Limiting power l e v e l ,  Mw 

Fuel  element flow r a t e ,  gpm 

139 139 

12,460 12,460 

i39 140 
I 

12,460 12,460 

Limiting heat  flux 

Location, Fuel  element (i, j )  
Heat f lux ,  Btu/( h r )  ( f t 2 )  3.42 x 10 3.41 x 106 3.41 x 106 3.43 x 106 
B u l k  water temperature,  "F 296 297 e7 295 
Surface temperature, "F 479 479 479 479 
Heat t r a n s f e r  c o e f f i c i e n t ,  Btu/( h r )  ( f t2)  ( O F )  18,760 18,760 18,76c 18,740 
Flow r a t e ,  l b / (  s ec )  ( i n ,  w id th )  0.7537 0.7524 C1.7485 0.7624 
Absolute pressure,  p s i a  'c89 489 489 '189 

o u t e r  ( 3 , ~ )  Outer (3,291 Outer ( 3 , ~ )  o u t e r  (3,291 

Maximum hot  s t r e a k  o u t l e t  bulk water 
temperature 

Location, Fue l  element (i) 
Magnitude, OF 
Flow r a t e ,  l b / (  s e c ) (  i n .  width) 

Outer (3) Outer ( 3 )  Outer ( 4 )  Outer (3 )  
296 
0.7537 0,7524 0. -7042b 

297 298 8 5  
0.7624 

Minimum flow r a t e  

Inner  ( 5 )  Inner  (4)  Outer (9)  Location, Fue l  element (i) 

Bulk water temperature a t  o u t l e t ,  "F 282 28 3 294 221 

Inner  ( 5 )  
Magnitude, l b / (  s ec ) (  i n .  w id th )  0.7086 0 7017 0,6840 0.7530 

15:. 154 153 157 

12,410 12.410 12,410 12,420 

Outer (4,a) Outer ( 4 , a )  Outer (4,a) Outer (6,e) 
3.39 x 106 3.36 x 106 3.35 x 106 3.88 x 106 
309 311 31 2 288 
478 478 478 479 

0 7384 
487 4437 487 486 

20,290 20,140 a, 070 20,100 0.7466 
0,6744 0.6816 

Outer ( 5 )  Outer ( 5 )  Outer ( 5 )  Outer ( 4 )  
313 315 31 4 237 
0.6669 0.6573 0.6568 0.7466 

Outer ( 5 )  Outer ( 5 )  Outer ( 5 )  Outer (7)  
0,6669 0.6573 0,6568 0.7266 
313 315 31.4 29 3 
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Table 6. Addi t iona l  Heat Transfer  and Flow Conditions i n  the KFIR Fuel  
Elements a t  t he  Upper Limit for t h e  Reactor Power Level.; I n c i p i e n t  

Boi l ing  C r i t e r i a  Case No. 3 (See Fig.  18) 

A .  S t a r t  of Cycle (Oxide Thickness = 0)  
Limit ing Power Level: 139 Mw 

1.' Flow Conditions i n  the  Hot Streak Above t h e  Location of the  
Limiting Heat Flux 

Location: Outer f u e l  element, i = 3 
Hot S t r eak  Flow Rate: 0.7485 lb / (  s ec )  ( i n .  width) 

Hot S t reak  Hot S t r eak  

Temperature Veloc i ty  
(mils) (mils) ( O F )  ( f t / s e c )  

Coolant Narrow Channel Hot S t r eak  Coolant 
j Thickness 

1 43.51 39.51 121.2 44.23 
3 43 .41 39 41 121.2 44.34 
l6 43 034 39.34 212.6 45.81 
17 3 43.02 39.02 221.4 46.35 
28 43 .I2 39.12 293 00 47.88 

43.01 39.01 297.1 48.10 
47.82 

29 
31 43.24 39.24 297 1 

Flow Conditions i n  an  Average Coolant Channel a t  
t h i s  H o t  S t r eak  Location 

Location: Outer f u e l  element i = 3 
Flow Rate:  1.047 I b / ( s e c ) ( i n .  width) 

Aver age Channel Coolant Coolant 
' 3  T h i  ckne s s Temperature Veloci ty  

(mils) ( O F )  ( f t / s e c )  

1 48.93 121.2 '+9 96 
3 48.74 121.2 50.15 
16 48.69 175.2 51.05 
17 48 -69 180.4 51.14 
28 48.72 222.6 51.36 

48.66 225.1 52.08 
51.94 

29 
31 48 79 225 .i 
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2. Flow Conditions i n  the Hot S t r eak  a t  t h e  Location 
c;f t h e  Minimum Flow R a t e  

Location: Inner fuel element, i = 4 
Hot S t r eak  Flow Rate :  0.6840 lb/( s e c )  (in. width) 

Hot S t r e a k  Hot Streak 
Thi ckae s s Thi ckae s s Coolant Coolant 

Ternpera ture  Veloci ty  
( "  F) (ft/sec) 

IJarrow Cnannel Iiot Streak 
j 

(::,ils ) ( r i l s  ) 

1 41.54 37.54 121.2 42.54 
3 41.84 37 -84 121.2 42.20 
iG 41.65 37-65 209.9 43.70 

28 40.62 36 -62 289.9 46 -67 
29 40.41 36.41 293 .G 47.03 
31 40 97 36.97 233.6 46 -32 

17 40.42 56 -42 218.5 45 -53 

Flow Conditions i n  a n  Avtrage Coolant Channel 
a t  This Hot S t r e a k  Location 

L s a t i o n :  Inner fuel element, i = 4 
Flow Rate: 1.045 lb/(sec) ( in -wid th )  

Average Channel Coolant Coolant 
J Thickness Temperature Ve loc i ty  

(mils 11 ("F) ( I t / s e c )  

1 w.93  121.2 43.86 
3 48.93 121.2 49.86 

17 48 .'71 173 -9 52.32 

29 48.70 214.4 51.71 

16 48.71 165 -2 50.82 

28 49.74 212.5 51..62 

31 48.80 214.4 51.60 



3. Typical Hot P l a t e  Metal Temperatures 
(Outer Fuel Element) , OF 

j 

3 16 17 28 29 
i 

3 261.4 1509.6 
I+ 258.7 307.6 
5 250.9 298.0 
6 239.3 284.2 
7 226.7 272.5 
8 190.2 272.0 
9 150.6 271.3 

Average 225.4 287.8 

333 07 
327.3 
313 .O 
296.3 
283 -5 
282.7 
282 -1 

302.6 

316 -9 
312 -6 
295.3 
271.4 
247.8 
229.5 
207.9 

268 .) 7 

366 -0 
361.2 
340.9 
3E.6  
284.7 
243.9 
200.7 

301.4 

4. Typic61 Average Side P l a t e  Temperature?, "F 

Inner  Fuel Element Outer F u e l  Element 

Outer Side Inner Side Outer Side 
P l a t e  

Inner Side j 

P l a t e  Plate P l a t e  

5.. Heat Flux i n  an Average Fuel P l a t e  a t  t h e  Location 
of t h e  Limiting Heat Flux 

Location: 

Heat Flux: 

B u l k  Water Temperature : 225" F 

Surface Temperature : 318°F 
Heat Transfer  Coef f i c i en t :  

Outer f u e l  element (3,29) . 
1.54 x 106 B t u / ( h r ) ( f t 2 )  

16,540 B t u / ( h r ) ( f t 2 )  ("F) 
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B. End of 100 Mw Cycle 
L i m i t i n g  Power Level: 153 Mw 

1. Flow Con1 itions i n  t h e  Hot S t r eak  Above the  L x a t i o n  of the 
Limiting Heat F l u  

Location: 
liLt S t r eak  Flow Rate:  

Outer f u e l  element, i = 4 
0.6744 l b / ( s e c ) ( i n .  width) 

Oxide  Oxide 
Thic’Jless Thickaess H < , t  S t r e a k  1Igt  Streak 

on Cold Coolant Coolant 
Temperature Veloci ty  

Hot Narrow on Hot 
Streak ?late i n  P l a t e  i n  

(mils 1 (mils) ?,Tarrow 14 a r r ow (OF) ( f t / s e c )  
J Thickness Thickness 

Channel Channel 
(mils ) (mils) 

1 42.08 38.08 0.0513 0 .) 0513 1 2 1  - 2  41.35 
3 42.67 38-67 0.3374 0.4369 121.2 40.72 
16 42. gil 38-98 0.7805 0.9784 216.4 111.72 
17 .i6 34.16 0.9528 0.7329 225.5 L7.83 
29 39.60 35-60  0.8024 0.7062 306 .? J.+ 7 .75 
29 38.16 34.16 1.208 1 .Of& $11.8 49.45 
31 40.97 36.97 0.3310 0.3g10 311.8 146 .15 

F l o w  Conditions i n  an Average Coolant Channel at 
t h i s  Hot S t r eak  Location 

Location: Outer f u e l  element,  i = 4 
Flow Rate: 1.040 Ib / ( sec) ( in .  width) 

Average 
Channel 

Thickne s s 
(mils) 

Oxide 
Thickne s s 
(mils) 

Coolant 
Temperature 

( O F )  

Coolant 
Ve l o c  it y 
( f t / s e c  ) 

- - 

1 48.91 0.0513 121.2 49.64 
3 48-59 0.3074 121.2 49.97 
16 48-38 0.5962 172.2 50.97 
17 48.36 0.6164 177.1 51.08 
2a 48-48 0.4611 220.7 51.82 
29 L8.28 0.6890 223.3 52.10 
31 48.70 0.2300 223.3 51.65 
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2. Flow Conditions in t h e  Hot S t r e a k  a t  t h e  Location of t h e  
Minimum F l o w  Rate 

Location: Outer fue l  element, i = 5 
Hot S t r eak  Flow Rate: 0.6568 l b / ( s e c ) ( i n .  width) 

Oxide Oxide 

Hot S t r e a k  Thickness Thjckness Hot 

On Coola.rlt Coolant on Hot 

'late in 'late Temperature Veloci ty  
Narrow ("0 ( f t /sec)  

J Thickness Thickness Narrow 

Narrow Hot 
Channel S t r eak  

Channel Channel ( m i l s )  
( m i l s )  ( m i l s )  

1 42.37 38.37 0.0513 0.0513 121.2 39.96 
3 43.77 39.77 0.3141 0.1+037 121.2 38.56 

16 44.67 40.67 0.7369 0.9240 217.3 38.s 
17 35.89 31.89 0.8314 0.6457 226.6 49.89 
28 38 - 45 34.45 0.6832 0.6070 308.8 48.17 
29 36.12 32.12 1.028 0.8632 313.7 51.79 
31 40.63 36.63 0.3531 0.3531 313.7 45.41 

F l o w  Conditions i n  an  Average Coolant Channel at 
t h i s  Hot S t r e a k  T,ocation 

Location: Outer fue l  element, i = 5 
F l o w  Rate: 1.040 l b / ( s e c ) ( i n .  w i d t h )  

Oxide Coolant Coolant 
Thickness Temperature Veloci ty  j Thickness (mils) 

( O F )  ( f t /sec)  

Average 
Channel 

( m i l s )  

1 48.91 0.0513 121.2 1+9.64 
3 48.61 0.2795 121.2 49.95 
16 48.41 0.5465 171.4 50.93 

29 48.33 0.6046 221.6 52.01 
31 48.71 0.2115 221.6 51.60 

17 48.39 0 5654 176.2 51.04 
28 48.52 0.4012 219.1 51.72 
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3. Typical Hot P l a t e  Metal Temperatures 
(Outer Fuel Element), "F 

3 267.0 358.6 420.9 

5 293.7 394.2 422.9 

7 267.3 365.9 379.7 a 218.3 362.2 385.1. 
9 169.5 310.7 339.9 

4 292.3 395.7 446.4 

6 285.9 382.0 397.4 

Average 256.2 367.0 398.9 

369.6 472.2 
393.4 521.1 

358.3 447.9 

321.6 333.2 
267.3 259.3 

346.3 418.6 

379.1 493.': 

335.4 401.5 

4. Typical Average Side P l a t e  Temperatures, "F 

Inner Fuel  Element Outer Fuel Element 

Inner Side Outer Side Inner Side Outer Side 
P l a t e  € U t e  Plate P l a t e  

j 

~ 

3 166 102 179 159 
16 173 191 s_Ba 164 
2 9  180 198 197 168 

5 .  Heat Flux i n  an Average Fuel  P l a t e  at the Location 
of the Limiting Heat Flux 

Location: Outer f u e l  element ($29) 
Heat Flux: 1.59 x 10" t i tu / (hr )  ( f t"  ) 
Bulk Water Temperature: 223°F 

Surface Temperature: 319'F 
Heat Transfer Coeff ic ien t :  16,560 Btu/(hr)  (ft" ) (*F) 

i 



Table 7. Heat Transfer and F l m  Conditions i n  t h e  HF'IR 
Fuel Element During a 100 M w  Fuel Cycle; 

Case Number 3 (See Fig.  18) 

A. Fuel Element Flow Rates 

Flow 
Rate 
(ad 

0.0 t o  24.3 12,380 
24.3 t o  277.6 12,360 

277.6 t o  545.2 12,330 
545.2 t o  600.0 12,330 

600.0 12 f 330 

E. Channel and Oxide Thicknesses a t  the  Location 
of t h e  Limiting Heat Flux 

( S  ee Following Page ) 
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B. Channel and Oxide Thicknesses a t  t h e  Locat ion of t h e  Limit ing Heat Flux 
Location: Outer f u e l  element (4,29) 
Reactor Power Level: 100 Mw 

Oxide Thickness Oxide Thickness Oxide Thickness 
on Average P la t e  on Hot P la te  on Cold P la t e  

i n  Average i n  Narrow i n  Narrow Thickness Thickness- Tklicknw,s- - -  
Channel Channel Channel 
(mi 1 s } (mils ) (mils) 

Average Narrow Hot 
T ime  Channel.  Channel S t r eak  

( m i l s )  (mils) (mils) 
t h r )  

.- - 

0.1001 
24.3 to 377.6 48.57 40.63 36.63 0 * 3833 0.6740 0.5611 

0.9322 

0.0 to 24.3 1+a.70 41.18 37.18 0.693 0,1228 

277.6 t o  545.2 48.43 40.06 36.06 0.6380 1.119 
545.2 t o  600.0 48.41 39.79 35.79 0.6890 1.208 1.006 

600.0 48.40 39.62 35 62 0.6890 1.208 1.006 

Channel and Oxide Thicknesses a t  another  Location 

Location: Inner f u e l  element (5,18) 
Reactor Pcmer Level: 100 Mw 

0 .0  to 24.3 48.75 40.26 36.26 0.0456 0.0722 0.0565 

277.6 to 545.2 48.52 35.58 34.58 0,495S 0.7666 0.6035 

600.0 48.52 38.73 34.73 0.5321 0.8219 0,6472 

0.4541 0.3573 24.3 to 277.6 48.63 39.28 35.28 0.2924 

545.2 t o  600 .o 48.51 38.63 34.63 0.5321 0.8219 0.6472 
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C .  Typical Average Temperatures of t he  Average Fuel  P l a t e s ,  "E' 
Reactor Power Level: 100 Mw 

Inner  Fuel Element, j Time 

( h r )  3 8 16 23 29 

0.0 to 24.3 208 139 242 233 259 
24.3 t o  277.6 206 202 259 249 265 
277.6 t o  545.2 207 203 269 257 278 

600.0 206 197 241 251 273 
545.2 t o  600.0 207 200 264 253 278 

Outer Fuel  Element, j 

0.0 t o  24.3 195 185 235 221 230 
24.3 t o  277.6 190 190 259 232 234 
277.6 t o  545.2 194 196 269 242 247 
545.2 t o  600.0 200 201 267 251+ 259 

600.0 205 203 262 256 269 

D. Typical Average Side P l a t e  Temperatures, "F 
Reactor Power Level: 100 Mw 

Inner  Fuel  Element 

Time Inner S ide  P l a t e ,  j 0ut;er Side P l a t e ,  j 
( h r  1 

3 16 29 3 16 29 

0.0 t o  24.3 151 156 160 161 167 172 

277.6 t o  545.2 151- 156 160 161 167 172 
545.2 to 600.0 151 156 160 161 1.67 172 

24.3 t o  277.6 151 156 160 '161 167 172 

600.0 151 156 160 161 167 172 

Outer Fuel Element 

0.0 tQ 24.3 159 166 171 146 149 152 
24.3 t o  277.6 159 166 171 1J -16  149 151 
277.6 t o  545.2 159 166 171 146 149 151 
545.2 t o  600.0 159 166 1.71 I.]+(; 149 151 

Goo. 0 159 166 171 146 1.49 151 
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Sinusoidal Walls to t h a t  w i t h  S t r a i g h t  Walls. 8 
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ORNL-LR-DING 57543R 
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Fig. 2. Generalized Cor re l a t ion  of Wall Super- 
hea t  a t  Burnout. 
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INVOLUTE FUEL :LATE---, 

050-in TYPICAL COOLANT 
WATER CHANNEL 

0050 In THICK 

SIDE PLATE--, 

Fig. 4. Schematic Cross Sec t ion  of the H F I R  Fue l  Assembly. 
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ORNL- DWG 67- 6557 

x =  0.045 
sin 32O 42' - = 0.080 

FUEL BEARING MATERIAL 
/ J  ~~ .,*\,,\\\\,..- %.\..\\..\,, 

L L W  o r  
I- 2 o 0.2 

a +  a 

0 

0.04 0.06 0.08 0.t 0 0 0.02 
DISTANCE x OR y (in.) 

Fig .  7. Local Heat Transfer Coef f i c i en t s  i n  
Corners of Coolant Channels next  t o  the Outer Side 
P l a t e s  of t h e  Inne r  Fuel  Element. ( R e f .  3 0 )  
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O R N L - D W G  67-6556  

Z 
I CCNVECTIVE HELT TRANSFER BOUNDARY 

h -  15.005 Blu /hr - l t ' - *F  

-1 ~ . .  -, -------COLD SIDE OF PLATE 
A 

CLAD FYI 

-- R 

~ 

~ __ ........... ' -- 
"-. C O Y V i i T V i  HECT TRANSFER I 

BCUNDAWY h = 15.000 01u/h, - f t2- 'F ! , 
c 
N N 
m c) 
0 

0 
II 

k 

. 
II 
k 

Basic ASSUMPTIONS 
I NO HEAT TRANSFER ACROSS NON-BOND 
2 CIRCUMFERENTIAL SYMMETRY 
3 PACUING FRACTION OF U3Og PARTICLES ! N  SEGREGCTION SPOT - 0 71 

HEAT GENERATION 
REG!ON l~ERh82 .L  CONOUCTlVlTY RATE AT I O 0  M W  

( B I u / h r - i n - ' F )  ( B i u / n r - f t - * F l  i B t u / h r  I n 3 )  
FUEL e oe 9 7  0 182  x \07/(50-1-10) 
U3Og SEGREGATION 2 26  2? 1 1 e 7  x 1091 5 0 -  I - to1 
CLCO e 00 97  0 I 51 x 104 

.n 
0 
I' 
k 

HOT DE OF ?LO1 

Fig .  8. Model Employed by Hilvety and Chapman for Calcu la t ion  of 
Nonbond and Fuel Segregat ion Heat Flux Peaking Fac tors .  (Ref. h )  
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Fig. 9 .  Heet Flux Peaking on Hot S ide  of Fuel 
Plate Due t o  Nonbonds Calculated by Hilvety and 
Chapman. (Ref. 4) 
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Fig .  11. Thermal Conductivity of Aluminum-U02 Compacts versus 
Composition at 70°C, From McElroy. (Ref. 33) 



94 

3.0 

2.8 

2 .6  

2.4 

2.2 
t- 
1J 

I . . .  
>- 
c 

a 

5 2.0 a 
t- 
h 
W 
U z 
3 

1s' 1.8 

I .6 

t .4 

t .2 

.. . 

. 

\ 

- 

O R N L -  OWG 67-6553  

- 0.0t957-1n.-WIDE RAR OF SEGREGATE0 FUEL 
WITH STRIP NON BOND 

INNER FUEL E L E M E N T  
0.010-in. FUEL THICKNESS 

- 0.01957-1n.-WIDE BAR OF SEGREGATED FUEL 

----- HILVETY AND CHAPMAN VALIJE FOR SEGREGATED F U E L  
WITH ONE NON EIOND(~) 

-SEGREGATED FUEL WITH ONE NON BOND 

--SEGREGATED F U E L  WITH TWO NON BONDS 
-TWO NON BQNDS 
c- SEGREGATED FUEL WITH T i 9 0  NON BONDS 

PND OXIDE ON SURFACES 
1.0 
0.0 f 0.02 0.03 

SEGREGATED F U E L  DIAMETER (In.)  

Fig. 12.  Uncertainty Factors fo r  Isolated Pockets 
of Segregated Fuel and Nonbonds and f o r  B a r s  o f  Segre- 
gated Fuel and S t r i p  Nonbonds. (Ref a 32) 
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I 

Fig. 14. ( a )  Poss ib l e  Proximity of Segregated 
Fuel Pockets Using Present  S p e c i f i c a t i o n s  and Inspec- 
tion Techniques. ( R e f .  32), ( b )  Three Dimension 
Approximation of t h e  Model Shown i n  F ig .  14( a ) .  
( R e f .  32) 
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Fig. 15 .  Maximum Values of the Sinusoidal De- 
f l e c t i o n s  Predicted by Lyor. (Ref. 5 )  
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Fig. 16. Typical  Fuel P l a t e  Deflection Data Obtained by Cheverton 
and Kelley ( Ref. 7)  Oven Temperature; 400°F. 
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Fig.  17. Alternate Arrangements of Adjacent Coolant Channels for 
Option I of t he  Heat Transfer Analysis and for Hilvety and Chapman’s 
Studies. (Ref. 4) 



100 

CASE NO.' 
( = I  

HCl 

C O L C  
HOT 

COLD 

I i O T  

W 

tic1 P L A - E N  

CCLD 
HOT PLATE 

\ 

- .- - O R G I N A L  FUEL PLATE DRCFILE 

FUEL PLATE PROFlLE WITW DIFFERENTIAL 
PRESSURE P E F L E C T I O ~ .  

N = N A f i T i Y  C O O L A N T  C V A ~ ~ Y E L  
V/ = \PIPE C03LCNT C H A N N E L  

- _ - =  
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Option I1 of t h e  Heat Transfer  Analysis. 
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Fig. 19. Schematic*of Coolant 
Channels w i t h  Sinusoidal Shape Walls. 
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Appendix A 

DETAILED PROCEDURE AND EQUATIONS 

The fol lowing i s  t h e  d e t a i l e d  procedure and a s soc ia t ed  e q m t i o n s  used 

i n  t h i s  analysis. N o  information is given he re  regarding the F o r t r a n  

s ta tements  nor  t h e  convergence c r i t e r i a  used i n  t h e  a c t u a l  code f o r  t h e  

computer. The r eade r  is  r e f e r r e d  t o  t h e  work of Wright €or t h i s .  Two 

op t ions  of t h i s  procedure are ou t l ined .  

t h e  fuel p l a t e s  d e f l e c t  due t o  d i f f e r e n c e s  i n  t h e  fuel p l a t e  and s i d e  

p l a t e  ope ra t ing  temperatures.  

Kelley obtained data from t h e i r  fuel p l a t e  d e f l e c t i o n  experiment.7 

44 

They d i f f e r  p r imar i ly  i n  t h e  way 

The first option was programmed p r i o r  t o  the  t i m e  when Cheverton and 

A s  w a s  

done by Hilvety and Chapman,' t h i s  opt ion assumed t h a t  t h e  f u e l  p l a t e s  

buckle i n  s i n u s o i d a l  wasres as p red ic t ed  by L y ~ n . ~  

of t h e s e  d e f l e c t i o n s ,  it was assumed t h a t  t h e  worst  ca se  regarding t h e  

coolant channel t h i cknesses  e x i s t s  when two fuel p l a t e s  having t h e  maximum 

permissible  f u e l  concen t r a t ions  (de f ined  as hot  p l a t e s )  form t h e  w a l l s  of 

the coolant channel ?-laving t h e  minimum th i ckness  (de f ined  as t h e  hot  channel). 

A number of arrangements of coo lan t  channel geometry ad jacen t  t o  t h e  hot  

channel were considered, and t h e s e  are shown i n  F i g .  17. These arrange-  

ments are i d e n t i c a l  t o  those used by Hilvety and Chapman. 

Because of t h e  na tu re  

Since t h e  experimental  d a t a  obtained by Cheverton and Kelley showed 

t h a t  the f u e l  p l a t e s  buckle i n  a manner d i f f e r e n t  from t h a t  p red ic t ed  by 

Lyon, a second opt ion  of  t h i s  a n a l y s i s  was programmed. Cheverton and 

Kelley's d a t a  showed t h a t  t h e  f u e l  p l a t e s  d e f l e c t  i n  tine s a m e  d i r e c t i o n ,  

Therefore it was assumed i n  t h i s  op t ion  t h a t  t h e  worst ca se  regarding the 

coolant channel t h i cknesses  is when a f u e l  p l a t e  having t h e  maximum per- 

n i s s i b k  f u e l  concentrat ions (def'ined as a hot  p l a t e )  and a f u e l  plate 

having t h e  minimum permjssible  f u e l  concen t r a t ions  (de f ined  as a cold plate) 

form t h e  walls of t h e  coolant  channel having t h e  minimum th i ckness  (de -  

f i n e d  as t h e  hot channel) .  

adjacent  to the hot  channel were modified t o  include this concept, and 

they are shown i n  F ig .  18. However, t h e  concept of' coolant  channels having 

s i n u s o i d a l  shape w a l l s  w a s  r e t a ined  in t h i s  option, bu t  it w a s  assumed t h a t  

?"ne arrzngements of t h e  coolant  channel geometry 



t h e s e  channels had t h i s  shape p r i o r  t o  t h e  opera t ion  of t h e  r e a c t o r .  Since 

t h e  wave l eng ths  of t h e s e  s inuso ida l  v a r i a t i o n s  could be Large or not  e x i s t  

a t  a l l ,  second a l t e r n a t e s  for t h e  determinat ion of t h e  coolant  flow rates 

and t h e  oxide bui ldup on t h e  p l a t e  su r faces  were included i n  t h e  second 

opt ion  t o  s impl i fy  t h e  computer operot ion.  

The maximum r e a c t o r  power l e v e l  j u s t  p r i o r  t o  a burnout condi t ion  

wi th in  t h e  f u e l  element or j u s t  p r i o r  t o  any i n c i p i e n t  b o i l i n g  wi th in  t h e  

fuel element can be  ca l cu la t ed  i n  both opt ions .  The de r iva t ions  of many 

of t h e  equat ions shown i n  t h i s  procedure are evident  from t h e  r e l a t i o n s  

themselves. Where they  are not  evident ,  t h e s e  de r iva t ions  are shown else- 

where i n  t h i s  report .  Many of t h e  r e l a t i o n s  are ident ica l .  t o  t hose  used 
by Hilvety and Chapnan. 4 
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Option I 

P a r t  I 

I. Spec i fy  t h e  input data - The necessary input  d a t a  a long with t y p i c a l  

va lues  are shown i n  Table 4- 
i n  t h i s  a n a l y s i s  and Fig.  17 shows t h e  va r ious  arrangements f o r  

t h e  coolant channels adjacent  t o  t h e  hot f u e l  p l a t e .  

spacing shown i n  Fig. 5 is not  required t o  be uniform. Tne maxi- 

mum value of i permit ted i n  t h i s  code I s  1 5 ,  and the corresponding 

maximum va lue  of j is 35. 
inc luded  s i n c e  t h e  computer cannot accept  a dimension v a l u e  of 

zero.  

F igu re  5 shows t h e  mesh spacing used 

The mesh 

The increments A r l  = 0 and aZ1 = 0 are 

T h e  maximum number of t i m e  increments permitted is  10. 

Ii. D i v l d e  the width ( l e n g t h  along t h e  invo lu te  arc) i n t o  incremental 

widths Asi t o  correspond w l t h  t n e  incremental  radial  d i s t ances  

Ar i .  Do both f o r  t h e  i n n e r  end the o u t e r  f u e l  e l e n e n t s .  

111. Normalize the power d e n s i t y  d i s t r i b u t i o n  f o r  each time increment ek. 

where  

‘‘IInner Element $- MOuter E l e m e n t  
? a =  

NInner  Element NOuter Element 

where 
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J ,  

I V .  Spec i fy  a r e a c t o r  power l e v e l ,  Q Mw. 

V.  For t h e  first t i m e  increment 81 hr ,  ca lcu la te  t h e  flow rate in an 

average coolant  channel of t h e  inne r  fuel e l e m e n t  w A and a m e t a l  

temperature d i s t r i b u t i o n  f o r  en average fuel plate i n  this element 

M A i ,  j' 'I' 

A .  Assume a metal temperature d i s t r i b u t i o n  for the average f u e l  

p l a t e ,  xi, (see Table 4) .  
Calcu la te  t h e  expansion of t h e  f u e l  p l a t e  t h i ckness  due t o  

hea t ing  . 
B. 

C .  Ca lcu la te  the expansion of  t h e  f u e l ' p l a t e  th ickness  due t o  
r a d i a t i o n  swel l ing.  

k 
\- 

( A-lt) 



\ 

D. Assume t n a t  the decrease  i n  t n e  coolan t  channel  t h i ckness  due 

t o  t h e  bui ldup  of oxide on t h e  f u e l  p l a t e  s u r f a c e  i s  n e g l i g i b l e .  

6,1,j = 0 

E. Calcu la t e  t h e  coolan t  channel t h i ckness  a t  i , j .  

2"i,j - 2EVR - 26 . - 
i , j  = e~ 01, j e 

( A - 5 )  

F. Calcula te  t h e  inlet water cond i t ions .  

1. 

2.  

Assume t h a t  t h e  i n l e t  water temperature  is  U6Tin. 

Ca lcu la t e  t h e  i n l e t  water  dens i ty  at UGTin using t h e  rela- 

t i o n  a 

(A-7)  
-4 T2 = 62.99 - 10.5350 A 10-2!T - '0 .4525 x 10 PT 

3. Calcu la t e  t h e  i n l e t  water v i s c o s i t y  a t  U6Tin using t h e  rc- 

l a t  i on 

-1.162 = 3 5 r r  Pm 
2. 

( A - 8 )  

G. Calcula te  t'ne mass flow rate p e r  u n i t  channel  width w P. i at 

s = si based on the inlet water condi t ions  ca l cu la t ed  Iri  s tep F 

and t h e  coolant channel t h i cknesses  c a l c u l a t e d  i n  s tep E .  

( A - 9 )  

1 



3-10 

H. Calcu la te  t h e  bulk  coolan t  temperature  r i s e  a t  s = si  based on 

t h e  flow rates ca lcu la t ed  in s t e p  G. 

( A - 1 0 )  

I. Calcu la t e  t h e  average coolant  condi t ions  f o r  s = s . .  
1. Calcula te  t h e  average coolant  temperature ,  1 

( A - 1 1 )  

2. Calcu la te  t h e  d e n s i t y  a t  TaveJi us ing Equation ( A - 7 ) .  

3. Calcu la te  t h e  v i s c o s i t y  a t  T 

Ca lcu la t e  t h e  ex i t  coolan t  temperature .  

using Equation ( A - 8 ) .  ave, i 
J. Calcula te  t h e  e x i t  coolen t  condi t ions  f o r  s = si. 

1. 

= 'grin + AT 
i, n bulk, i (A-12) 

T 

2. 

Calcu la te  a new flow rate w 

Ca lcu la t e  t h e  d e n s i t y  a t  T us ing  Equation ( A - 7 ) .  i, n 
a t  s = s K. Ai. i '  

L. S u b s t i t u t e  t h i s  value of w 
H through K u n t i l  t h e  value of w 

Calcu la te  t h e  bulk water temperature d i s t r i b u t i o n  T.  

back i n t o  s t e p  H and i terate s t e p s  Ai 
converges. 

A i  
14. l , j '  
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,! 

i 

N .  Ca lcu la t e  the oxide  f i l m  t h i ckness  X. for t h e  range i = 3 to 
1, j 

i = m - 2 .  

1. Calculate t h e  heat flux a t  each p o s i t i o n  i, j . 

( A - 1 5 )  

2. Ca lcu la t e  the  modified heat transfer c o e f f i c i e n t  Hi a t  ,J 
each position i, j .  

+ 3.533 x 10-3T1: - 4.250 x 10-6T: + 1.882 x lO-'T4 . I .  
,j 7 J  l 7 J '  

(A-16) 

3. Calculate the f u e l  p la te  s u r f a c e  temperature T at, i , j .  
S i ,  j 

Tsi, j  = T 
i, j 

(A-17a) 
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b. For(:) ;r 0 

i ? J  

4. Calcu la te  t h e  oxide f i l m  th i ckness  X a t  i , j .  iYJ 

( A - 1 8 )  

0.  Calcula te  a new va lue  of t h e  metal temperature  TMi 

range i = 3 t o  i = m - 2.  

1. For X 5 3 

for t h e  J 

5, j 

(A-19a) 

2. For  Xi > 3 
, j  

P. Calcula te  new coolant  channel t h i cknesses  using t h e  va lues  of 

TmiJj and Xi 
1. 

c a l c u l a t e d  i n  s t e p s  N and 0. 
, j  

Ca lcu la t e  t h e  expansion of t h e  f u e l  p l a t e  t h i ckness  due 

t o  hea t ing  fiAi us ing Equation ( A - 3 ) .  
Assume t h e  va lue  of t h e  expansion of t h e  f u e l  p l a t e  t i i ick- 

nes s  due t o  r a d i a t i o n  growth 6 

s t e p  C. 

, j  
2. 

i s  t h a t  c a l c u l a t e d  i n  VR 



3 .  Calcu la t e  t h e  inc rease  i n  t h e  fuel plate t h i c k n e s s  due t o  

t h e  formation of t h e  oxide, 6 
a .  For X 5 3 

oi, j ' 

i , J  

= 0.2026 Xi 
,j 6 ai, j 

b. For Xi > 3 
,j 

= 0.6078 oi ,  j 6 

( A- 20a) 

(A-20b) 

4. Calculate t h e  coolant  channel t h i ckness  us ing  Equation ( A - 6 ) .  
computed i n  s t e p  L as ai1 i n i t i a l  value,  

c a l c u l a t e  a new value of t h i s  q u a n t i t y  using steps H through I, 

using the channel t h i cknesses  c a l c u l a t e d  i n  s t e p  P. 

Iterate s t e p s  H through Q until t h e  values  of T converge. MAi,  j 
Calculate t h e  average metal temperature d i s t r i b u t i o n  of t h e  

average fuel p l a t e  along t h e  l e n g t h  of f u e l  element. 

Q. Using the value of w Ai 

R. 

S. 

(A-21) 

T .  Calcu la t e  t h e  t o t a l  mass f l o w ' r a t e  through t h e  average coolant  
channel using t h e  f i n a l  values  of w c a l c u l a t e d  i n  s t e p  R .  

Ai 

m -@q + 4si+l-! 
= 2 ' W A i /  -1 I 

2 A 
i =1 

(A-22) 

where 

%+l = o  



V I .  

V I I .  

Repeat s t e p  V f o r  t h e  o u t e r  f u e l  element. 

Calculate t h e  o v e r a l l  flow rate f o r  t h e  e n t i r e  f u e l  assembly. 

A. Calcula te  t h e  volumetric flow rate f o r  t h e  fuel elements, . 'F 

v =  448*83 b71.1 A inner  + 36WA o u t e r  3 
Pin  

(A-23) 

B. Calcu la te  t h e  flow rate through t h e  l a b y r i n t h  between t h e  f u e l  

elements . 

C .  Ca lcu la te  t h e  volumetric flow rate through t h e  e n t i r e  f u e l  

assembly, 'As- 

'AS = 'lab + 'F 

V I I I .  Calculate t h e  core  pressure  drop, AP 
core  * 

-10 v2 = rnF + 4.% x 10 
pin AS core 

A!? 

( A- 24) 

(A-25)  

( A - 2 5 )  

IX. Calcula te  t h e  average temperature down t h e  l eng th  of t h e  inner  s i d e  

T ~ ~ i i ,  j * 
p l a t e  of t h e  inne r  fue l  element, 

A .  Calcula te  t h e  coolant  flow r a t e  i n  t h e  annulus between t h e  

inner f u e l  element and t h e  t a r g e t  bundle, Vii. 

-094 0.5173 
5.095 ti + Vii = 69.20 APcore ( A -  27) 

Tii, j . Calcula te  t h e  temperature d i s t r i b u t i o n  of t h i s  coolant ,  E. 

UlQz j 
Tii = U6Tin -+ [0.001128 U16&sp + 0.009808 U1'TQ,20] ( A- 28) 

,j V i  i P i n  
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1.3-5 

C. Calcu la t e  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  of t h e  coolant flowing 
i n  t h i s  annulus, hii, j 

= 13-10 11 + IO-' T - 10-5 T:~,~] vii 0.8 
hii, j ii, j 

where 

P i i ,  j I 

i s  c a l c u l a t e d  by Equation ( A - 7 )  a t  U6Tin 
is c a l c u l a t e d  by Equation (A-'7) a t  'I' 

' in 

'ii, j ii, j '  Ca lcu la t e  t h e  temperature d i s t r i b u t i o n  of t h e  f u e l  p l a t e  coolant 

next t o  the s i d e  p l a t e .  

I 

5.556 x lo-' UIQzj 

E. Calcu la t e  t h e  h e a t  t r a n s f e r  coefficient a t  1, j .  

( A - 3 1 )  



X. 

F. Calculate t h e  average side p l a t e  temperature down t h e  l eng th  

of t h e  element, Tspii, j .  

where 

- - + 2.061 x U I U I G Q ~ p  -t Tii7j  *L j 
u1u16Q%3~ 

0.2628 

I h i i ,  j 

2327 1164 0.1825 + ___ + - - 

h17 j hii7 j 
(A-32a) 

Ca lcu la t e  t h e  average temperature down t h e  l e n g t h  of t h e  o u t e r  s i d e  

p l a t e  of t h e  i n n e r  f u e l  element, 

A .  
TSPio, j * 

Calcu la t e  t h e  temperature d i s t r i b u t i o n  of t h e  coolant  passing 

l a b ,  j 
between t h e  f u e l  elements, T 

. UlQzj - + (0.006342 u16&sp + 0.01369 U1-,% ' 2  o ]  Tlab, j - u6Tin . 
'Labpin 

(A-33) 

B. Calculate t h e  h e a t  t r ans fe r  c o e f f i c i e n t  of the  coolant  passing 

between t h e  f u e l  elements, 
hlab7 j * 
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where 

is  c a l c u l a t e d  by Equation ( A - 7 )  a t  UGTin 'in 

'lab, j 
is c a l c u l a t e d  by Equation (A-7) a t  Tlab,j. 

C. Calcula te  t h e  temperature  d i s t r i b u t i o n  of t h e  f u e l  plate coolant  

next t o  t h e  side p l a t e .  

I 

I 
i m 

(A-35) 

W + w  
Am-l Am 

D. Calcula te  t h e  heat t r a n s f e r  c o e f f i c i e n t  a t  m,  j .  

-9 r 4 -. - 4.250 x io -6 ?; + 1.882 x 10 m y  j . i '  m, 3 
(A-36) 

E .  Calcu la te  t h e  average s i d e  p l a t e  temperature  down t h e  length  

of t h e  f u e l  element, T ~ ~ i o ,  j 

= -1.315 x lo-' U U QQ, + 0.1263 C1 + C2 (A-37) T ~ ~ i o ,  j I 16 
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where 

- u1u16Q%~ 
f 3.945 X UlU16QSp + Tlab, - T  0.3636 

blab, j m, 3 
c, = - 2327 + 1164 

h7 j blab, j 
0.2525 -i- - 

(A-374 

2327 C1 

+ 'm,j 
c =  

m, j 
2 h  

XI. Calculate t h e  average temperature along t h e  length of t h e  i n n e r  
s i d e  plate of t h e  outer  f u e l  element, Tspoi,j. 

A .  Calculate t h e  temperature d i s t r ib i l t i on  of t h e  fuel plate  coolant 

next  t o  t h e  s i d e  plate .  

' (A-38)  

w + w  A 1  A2 

B. Calculate t h e  hea t  t ransfer  coef f ic ien t  a t  1, j .  

-3 - 2 h = U8 [5.429 x l o2  - 1.561 F1 + 3-533 x 10 . Tl,j 
,j 1 7  j 

- 4.250 x 10 -6 - 3 + 1.882 X 10 -9 - 44 . 
- 

0.6667 



,i 

C.  Calculate the  side p l a t e  temperature down t h e  l eng th  of t h e  

element, T Spoi, j ' 

TsPoi, j = -1.213 X UIU1~Q$p + OS1*l3 + (A-39) 

where 

2327 + 1164 
hl, j blab, j 

0.2425 + - 

X I I .  Ca lcu la t e  t h e  

s i d e  plate of 

A. Calcu la t e  

B. Calcu la te  

average temperature  along t h e  l e n g t h  of t h e  o u t e r  

*spoo, j * t h e  o u t e r  f u e l  element, 

t h e  coolant flow rate i n  t h e  c o n t r o l  region.  

vc = 36.6 iclp core .  ( A - 4 0 )  

T ~ ,  j* 
t h e  temperature of t h e  c o n t r o l  region coolant, 

(A-41) 

C .  Calcu la t e  t h e  heat t r a n s f e r  c o e f f i c i e n t  i n  t h e  c o n t r o l  region. 

0.8 
hC = 19.39 vc ( A-42) 

, 



D. Calculate  t h e  temperature d i s t r i b u t i o n  of t h e  f u e l  p l a t e  

coolant  next t o  t h e  s i d e  p l a t e .  

5,556 x UIQzj 

Am-l Am 

, 
W f W  

E. Calcula te  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  at  m,j. 

0.6667 - -3  2 x 10 em,j 

Z J 

F. Czlcula te  t h e  s i d e  p l a t e  temperatures  down t h e  length  of  t h e  

element, T SPoo, j * 

where 
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f 4.040 X l oe5  UlU16QQ..p -t TC, - T  - U1U16Q$P 
0.3679 

mY cl 
c1 = hC 

2327 1164 
0.2555 f - f - 

hC h m, j 

( A-44a) 

(A-44b) 

Part ii 

Do t h i s  part of t h e  analysis (steps XIII through X X I I )  for both t h e  

inne r  and o u t e r  elements. 

KIII. For t h e  first i t e r a t i o n ,  assume t h e  fo l lowing  q u a n t i t i e s  for fuel 
plates between two narrow channels,  between a narrow channel and 

a wide channel,  and between two wide channels .  

A. Average d i f f e r e n t i a l  pressure across a fuel p l a t e  between a 
narrow channel and a wide channel AP 

Average metal temperature  down t h e  length  of a f u e l  p la te  

between two narrow channels T 

p s i .  riw 
B. 

equa l  t o  t h e  value of Mnn, j 
calculated i n  s t e p  V. 

T ~ y  j 
C .  Average metal temperature  down t h e  l eng th  of a f u e l  p l a t e  

between a narrow channel and a wide channel T 
t h e  value of T 

Average- metal temperature  down the l w g t h  of' a fuel plate 

between two wide channels T 
ca l cu la t ed  i n  s t e p  V .  

equa l  t o  Mnw, j 
ca l cu la t ed  i n  s tep  V .  

lu,J 
D. 

equal t o  t h e  value of T MA, j Mww, j 

X I V .  Ca lcu la t e  the t h i cknesses  of the narrow and wLde coolatnt ckiannels 

a t  i , j .  
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A .  Calcula te  t h e  d e f l e c t i o n  of a f u e l  p l a t e  due t o  t h e  d i f f e r e n t i a l  

p ressure ,  apnv* 
1. Calcula te  t h e  average value of T Mnw, j ' 

(A-45) 

2 .  Calcula te  t h e  e l a s t i c  modulus r a t i o  a t  TM = snwA us ing  

the fol lowing r e l a t i o n .  

-6 2 E.R. = -11.624 x 10 ] % -t (4.719 x Tp4 f 0.9737 (A-46) 

3. Calcu la te  t h e  d e f l e c t i o n  

a. For t h e  inne r  element 

-1 4 [2.8372 X - 2.0491 x 10 s 
- - ulP, 

'&' E.R. 

-ls2 + 2.7529 X 10 'ls3 + 5.7806 x 10 

b. For t h e  o u t e r  element 

- l s 2  + 2.3697 x + 4.2645 x 10 

- 5.9068 x 10-ls] 
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B. Ca lcu la t e  t h e  d e f l e c t i o n  due t o  the d i f f e r e n c e  of t h e  tempera- 

ture of an individual f u e l  p l a t e  and t h a t  of an average fue l  

plate. 

1. For t h e  f u e l  p l a t e  between two narrow coolant  channels 
a. Ca lcu la t e  E.R. a t  T using Equation ( A - 4 6 )  

at  T = M TMnny j b .  Ca lcu la t e  t h e  d e f l e c t i o n  GTnn,TA 
Mnn, J 

(1) f o r  t h e  i n n e r  element 

+ 4.3177 x 163s4 - 1.8077 x 10 -2  s 3 

-2 2 + 1.1087 x 10 s + 4.3908 x 10-2s1 

( 2 )  F o r  t h e  o u t e r  element 

( A-48a) 

+ 4.5322 x 10e3s4 - 2.1050 x 10 -2  s 3 ( ~ - 4 8 b )  

fi-.' For a f u e l  p l a t e  betwee; a narrow coolant channel and a 

/ wide coolant  channel.  

a. 

b. 

Ca lcu la t e  E .R .  a t  T Mnw, j using Equation (A-46). 

Equat,ions ( A-48a) and ( A-48b). 

Calculate t h e  de f l ec t ion  ETnwYTA a t  TM = TMnw, j us inE: 

3. For a f u e l  plate between t w o  wide coolant  channels  

a.  

b .  Ca lcu la t e  t h e  d e f l e c t i o n  6Tww,TA 

Calcu la t e  E . R .  at 'Mw, j using Equation ( A-46). 

at T~ - T ~ ~ ~ w w ,  j 
Equations ( A-48a) and ( A-48b). 

- using 



C. Calcu la te  t h e  decrease i n  t h e  coolant channel t h i ckness  be- 

cause of t h e  inc rease  i n  t h e  f u e l  p l a t e s  th ickness  due t o  

hea t ing  . 
1. For f u e l  p l a t e s  between two narrow coolant  channels 

For  t h e  f i rs t  i t e r a t i o n ,  use a va lue  of T - 
Mnni, j - 'MA, j * 

2 .  For f u e l  p l a t e s  between 8 wi.de coolant  channel and a 

narrow coolant  channel 

For t h e  first i t e r a t l o n ,  use a value of T - 
Mnwi., j - %A, j ' 

3. For fuel p l a t e s  between two wide coolant  channels 

For  t h e  first i t e r a t i o n ,  use a va lue  of' T = T  Mwwi, j  m,j' 
D. Calcula te  t h e  inc rease  i n  t h e  f u e l  p l a t e  t h i ckness  due t o  t h e  

oxide format ion. 

1. For t h e  first i t e r a t i o n ,  assume t h a t  bOn -- 6 

2. For  t h e  rest o f  t h e  i t e r a t i o n s  

a. For  t h e  narrow channel 

= 0 .  ow 

= 0.2026 x ; when Xni S: 3 

= 0.6078 ; when Xni > 3 

oni ,  j n i ,  j , J  

oni ,  j , J  

6 

6 

b. For t h e  wide  channel 

= 0.2026 xwl ; when ' w i , j  5 3  

6 owi, j = 0.6078 ; when Xlqi, > 3  

o w i ,  j , j  
6 

( A- 20a) 

(A-20b) 

(A-2Oa) 

(A-2Ob) 



E. Calculate the  increase i n  t h e  f u e l  p l a t e  t h i ckness  6 

t h e  r a d i a t i o n  swel l ing  using Equation ( A - 4 ) .  
Calculate  t h e  d e f l e c t i o n  of t h e  f u e l  p l a t e  due t o  t h e  d i f f e r -  

ence i n  t h e  f u e l  p l a t e  and s i d e  p l a t e  temperatures.  

1. 

due t o  VR 

F. 

Determine t h e  average d i f f e r e n c e  between t h e  fuel plate 

temperature and t h e  side plate temperatures a t  each eleva- 

t i o n ~  "j* 
a. For plates between two narrow coolant  channels.  

(1) Inne r  f u e l  element 

- - - TSpi i ,  j + TsPio,J 

ATMnn, j T14nn, j 2 

( 2 )  Outer f u e l  element 

. + T  

2 

AT = T  - TSPoi,~ Woo, j 
Mnn,j Mnn,j 

(A- 50a) 

b. For p l a t e s  between a narrow coolant  channel and a wide 

coo lan t  channel. 

( I )  Inne r  f u e l  element 

AT = T  - TSpii,J + 'SPio,J 

2 
Mnv,j Mnw,j 

( 2 )  Outer f u e l  element 

AT = T  - TSpoi,j + Tspso,j 

2 
Mnw, j Mnw, j 

c .  For plates between t w o  wide coolant  channels.  

(1) Inne r  fuel element 

I 

( A - 5 0 ~ )  

(A-SOe) 
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(2 )  Outer fue l  element 

2. Calcu la te  t h e  

buckling at z 

maximum d e f l e c t i o n  of t h e  f u e l  p l a t e  due t o  
= z .  

J 

f o r  f u e l  p l a t e s  between two narrow coalant 

channels , 'mlvl,j == %m,j 

A T =  M , j  
%nw,j.-for f u e l  p l a t e s  between narrow and w i d e  

coolant  channels,  

f o r  f u e l  p l a t e s  between two wide coolant  

channels (. 

=AT 
Mww, 3 3, j 

a. For i = 1, 2, m - 1, m 

b. For  i = 3 through m - 2 

(1) If ATM 5 0 , J  

= u14 [ 0.0063 [ mM )1'312] 
'M, j ? 

( A - 5 1 )  

Note t h a t  t h e  a c t u a l  d e f l e c t i o n  a t  any p o s i t i o n  i s  
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G. Calcu la t e  the maximum l o n g i t u d i n a l  d e f l e c t i o n  of t h e  f u e l  

p l a t e  due t o  t h e  radiation growth of the  f u e l  p l a t e  material. 

( A - 5 3 )  

Note t h a t  t h e  a c t u a l  d e f l e c t i o n  i s  

H. Calcula%e t h e  thicknesses of t h e  coolant  channels.  

1. For the narrow channel 

a. The l i n e a r  component is 

on, j - 2 8 ~ ~  
- 25 

b. The sinusoidal component is 

2. For t h e  wide  channel 

a. The l i n e a r  component i s  
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( A - 5 5 4  

b. The s i n u s o i d a l  component is 

XV. Calculate t h e  mass flow ra te  p e r  unit width of coolant  channel w 

for each value of i. 

A. 

i 

Divide t h e  o v e r a l l  l e n g t h  of t h e  channel i n t o  incremental  

l e n g t h s  A. Designate t h e s e  increments as 

x 
i 7  63 

Do s t e p s  

where g = 1,2,3, . . .. , (i); where L/X = a n  i n t e g e r  

B through F f o r  both t h e  narrow and t h e  wide channels.  

Determine t h e  minimum value of t h e  channel thickness  wi th in  

i.e. t h e  smallest value of 
B. 

the length xi7g 

f o r  t h e  range z 5 z I z . 
Designate t h e  va lues  of t h e s e  q u a n t i t i e s  corresponding t o  t h i s  

minimum value as D and D 

Assume t h a t  t h e  mass flow rates down each s t r i p  are t h o s e  c a l -  
cu la t ed  f o r  t h e  average coolant  channel i n  P a r t  I. 

Calculate  t h e  coolant  p r o p e r t i e s  f o r  each s t r i p .  

1. 

g-1 j g 

1, Q 2,g' 
C. 

D, 

Assume t h a t  t h e  i n l e t  coolant  p r o p e r t i e s  are those  ca l -  

cu la t ed  i n  s t e p  V.F.  



2. Calculate  t h e  bulk  temperature rise. 

3.  Ca lcu la t e  t h e  average coolant  p rope r t i e s  using s t e p  V . I .  

4 .  Ca lcu la t e  t h e  exit  coolant p r o p e r t i e s  using s t e p  V . J .  

E.  Ca lcu la te  new flow rates at  each p o s i t i o n  i using t h e  r e l a t i o n  

i 

0 .2  wi.8 
8 U-TFuave,i i 

i- 1.152 x i o  
Pave, i 

(A-57) 

- 1. 

-I- 

F. S u b s t i t u t e  these new values of w back in to  s t e p  D, and iterate i 
steps D and E until t h e  va lues  of w converge. i 

XVI. Ca lcu la t e  t h e  bu lk  water temperature d i s t r i b u t i o n  using t h e  final 

va lues  of w. from s t e p  XV f o r  both t h e  narrow and t h e  w i d e  coolant 

channels.  
1 



XVII. Calcula te  t h e  fuel p l a t e  surface (oxide-water i n t e r f a c e )  tempera- 

ture T f o r  i = 3 t o  i = m - 2 f o r  both t h e  narrow and t h e  w i d e  

coolant  channels.  

A .  

si, J 

Calcu la te  the  hea t  f l u x  at each p o s i t i o n  i , j .  

(A-59) 

B. Calcu la te  t h e  modified hea t  t r a n s f e r  c o e f f i c i e n t  H a t  each 
i, j 

pos i t i on  i, j for t h r e e  cases .  

li, j + D 2 i y ~  1. Case 1. Channel th ickness  = D 

= Ua [5.429 x lo2 - 1.561 T 
1, j 

-6 3 
Ti, j + 3.533 x 10 - 3  T2 i,.j - 4.250 X 10 

1 

1 '  C~li, j + ~ 2 i ,  j .  

-9 T4 1 i , j -  + 1.882 x io ( A-GOa) 



2.  Czse 2 .  Channel thickness = DLi, 

- 
i , j  - 'i,j H 

= u i5.429 x lo2 - 1.561 Ti,j 
8 -  

-6 T3 
i, 3 + 3-533 x 10 -3 Ti,j * - 4.250 x 10 

. 162 0.6667 
I 245.5 w 'I? I - 125 - 

i i, j 

- 3. Case 3.  Channel  thickness - -Dli,j D 2 i , j  

,, 0.163 
Ti, j 1 



- 125 e 1 ( A - 6 0 ~ )  

0.6667 
(245.5 w . + * ) 6 2 j  

1 3-,J 

C. Calculate t h e  fuel p l a t e  s u r f a c e  temperature  f o r  thes'e t h r e e  

cases .  

1. For 1 9 '  A I  = O  
i , J  

= T  
TSi,  j i, j 

(A-17a)  

XVIII. Ca lcu la t e  t h e  oxide f i l m  *hieknesses f o r  t h e s e  t h r e e  cases  for t h e  

range i = 3 t o  i. = m - 2 f o r  both the narrow and wide channels.  

xi, = 443 use 0.778 exp I----- - - 'si, - 8 s 0  j J (A-18) 

XIX. Cal.culate t h e  average metal temperature a t  i,j i n  t h e  range i = 3 
t o  i = m - 2 f o r  t h e s e  t h r e e  cases. 

A. Ca lcu la t e  t h e  temperature drop through t h e  oxide film f o r  all 
cases  f o r  bo th  t h e  narrow and t h e  wide channels.  



2. For Xi > 3 
, j  

3 .  Define these results as 

Narrow Channel Wide Channel 

Case 1 T M n i J  j , l  T M u i ,  j ,1 

Case 2 ' ~ n i ,  j, 2 Tblwi ,  j ,  2 

T M w i ,  j, 3 Case 3 T miJJ ,3  

B. Calculate t h e  average metal temperature  a t  i, j .  

1. For plates between t w o  narrow channels, 
= t h e  maximum va lue  of TMnni, j 

TMni, j , 2 
TT-lni, j ,  1 + Tldni, j, 3 

2 
or 

2. For plates between a narrow channel and a wide channel, 

TMnwi, j = the  maximum value of 

T M n i ,  j ,1 + TMwi, j ,  3 
or TMni, j ,  2 + Tt.lvi, j, 2 

2 2 
(a-61b) 



3. For p l a t e s  between two wide channels,  

TMwwi,  j = t h e  maximum value of 

XX. Calculate  t h e  

f u e l  p l a t e .  

A. For p l a t e s  

m 

I 

i 

'Mwi, j,l + TMwi, j ,  3 
2 

or T Mwi ,  j72 

werage  m e t a l  temperature down t h e  l e n g t h  af t h e  

( A-61c) 

between two narrow channels.  

2 

B .  For p l a t e s  between a narrow channel and a wide channel. 

m ;2 

L 
. +  i-1, j %nw7 i, j 
2 &i 

C.  For p l a t e s  between two wide channels.  

( A-623) 

( ~ - 6 2 b )  

XXI.  Calculate  t h e  average d i f f e r e n t i a l  p re s su re  ac ross  a f u e l  p l a t e  

between a narrow and a wide coolant  channel.  



1-35 

mnwi 

A. C a l c u l a t e  the average d i f f e r e n t i a l  p ressure  across  a s t r i p  

of un i t  width a t  s = s i' 

1.04 1 1 - + 

1 2 -  e w 1.04 
4- 

'ex, n, i 
(A-63 ) 

€3. Calcula te  t h e  average d i f f e r e n t i a l  p ressure  across t h e  e n t i r e  

width of t h e  p l a t e .  

L I P =  nw E-$ 
\ 

( A-64) 

XXII. Iterate s t e p s  X I V  through XXI until convergence. 

A. S u b s t i t u t e  t h e  following values  back i n t o  s t e p  XIV. 

TMnn,iJ j ' TMnnJ j 

Mnw,i,j ' TMnw,j T 

T M w w , i ,  j ' T14ww, j 
X f o r  C a s e  3 
X f o r  Case 3 

n, iy j 

w, i, j 
5 - l W  

B. S u b s t i t u t e  t h e  va lues  of w and w back i n t o  s t e p  x J . C .  

C .  Repeat s t e p s  X I V  through X X I .  
n i  w i  



D. Iterate u n t i l  t h e  following va lues  converge. 

T 

T 

T 

Mnn, J 
b h w ,  J 
Mww, 3 

P a r t  111 

XXIII. Calcula te  t h e  maximum poss ib l e  hea t  f l u x  i n  t h e  hot  and cold 

channels a t  each pos i t i on  i , j  f o r  t h e  range i = 3 t o  i =: an - 2. 

A .  Calcula te  t h e  rainimum poss ib l e  channel th ickness  a t  l,j. 

1. For t h e  hot  channel 

- e  + e  n,min + D2n,i ,  j = D  DHinin, i, j ID, i, j n 

2. For  t h e  cold channel 

B. Calcula te  t he  hot streak flow rates w for both t h e  hot hs i 
and t h e  cold coolant  channels.  

1. Divide t h e  l eng th  o f  each s t r e a k  i n t o  increments having 

t h e  l eng th  A. Designate t h e s e  ‘increments as 

L L ). ; where g = 1,2,3.. . . , - *  where - = a n  i n t e g e r  i, Q xJ x 

2. Determine t h e  minimum value  of t h e  coolant  channel t h i ck -  

ness  wi th in  t h e  l eng th  hi i .e . ,  t h e  smallest value of , !3’ 
for t h e  hot channel 

f o r  t h e  cold channel 

I h i n ,  i, j 

Dcmin, i, j 

D 

Designate t h e  va lues  of D * D  and 
~ n ,  i, j ;  Dlw, i, j 9 2n, i, j’ 



D 

th ickness  as Dln 

corresponding t o  t h e s e  minimum values  of channel 

* and D 
2 ~ ,  i,.g* * D  

a, 1, J 
, 7 g ;  Dlw,i,gJ &,i,g' 

3. Assume f o r  t h e  i n i t i a l  guess  of t h e  mass flow rates t h e  

va lues  ca l cu la t ed  i n  Part I1 f o r  t h e  narrow and wide 

coolant channels.  

Note t h a t  t h e  hot  channel is  t h e  narrow channel f o r :  

= 1; 6,  = 1; t 3  = 1; E 4  = 1 51 
Note t h a t  t h e  cold channel is  t h e  wide channel f o r :  

6, = 1; 6 ,  = 1 

53 = l; 54 = 

Note t h a t  t h e  cold channel is t h e  narrow channel f o r :  

4. Calcu la te  t h e  coolant  p r o p e r i t e s  f o r  t h e  hot s t r e a k  using 

s tep W.D. 

5.  Calcu la te  a new hot s t r e a k  flow rate w using t h e  rela- hsi 
t ion  

6 8.953 x IO4 2.238 x 10 
AP F = [  I- 

- 'in ' e x ,  i 

2 0 . 2 ~ 1 . 8  
8 hs, i , W 

8 -  h:i + 1.152 x 10 
c 

e e 'am, i 
(A-66a) 

- 
g 

- e + e  min ! 



where 

f o r  t h e  hot  channel 

- e + e  = D  - e  + e  min I n , i , g  n n , min D 
l i , g  

f o r  t h e  cold channel 

i - e  + e  - 
%,g - e + e  min - 161 + 521 [Dlw,i ,g w w,min- 

1 - e  + e  
+ ( (3  + (41 [ D l n , i , g  n n, rain 

and for t h e  hot  channel 

= D  
D2i,g ~ n , i , g  

f o r  the cold channel 

6. S u b s t i t u t e  t h i s  new va lue  of w back i n t o  s t e p  4, and hs i 
i terate  s t e p s  4 and 5 until t h e  va lue  of w converges. hs i 

C .  Calcula te  t h e  hot s t r e a k  bulk  water temperature d i s t r i b u t i o n ,  

h s , i ,  j '  T 

D.  Calculate t h e  modified hot spot  hea t  t r a n s f e r  c o e f f i c i e n t  at 

each pos i t i on  i, j . 



-3 2 -6 3 
f 3.533 X 10 Thsi, - 4.250.~ 10 Thsi, 

1 + 1.882 x io -9 T ~ ~ ~ , ~  4 1 
D .  min, i, j 

0.6667 Ti. 162 I - 125 ' 8  [ (245.5 w hsi, j h s i ,  j 1 

1 -3 I D  . l i , j  . - e + e min _! 1 1 0 . ~ ~ ~ 7  

where 

f o r  t h e  ho t  channel, 

- e + e  = D  - e  + e  rnin ln,i, j n n, min 
D 
li,j 

f o r  t h e  cold channel, 

13 - e + e  min (5.1 + 5.P) !~lw,i,J e w  + e  w,min. 1 -  - - - 
li, j 

- e  + e  1 
+ I t 3  + '41 l D 1 n J i , j  n n,min- 

E. Ca lcu la t e  t h e  hot spot surface temperature T at i , j  Shs i ,  j 
for the hot and t h e  cold channels. 

I - 
%si, j 1 TShsi, j Thsi ,  j 

6 Qf = 3 . 4 1 3 ~ 1 0  U U U U  - @  
1 2  3 25 A i , j  

0.163 
1.0 + (6 - 1.0) 

( A-67) 

(A-68) 



where 

- 
U = U U f o r  t h e  h o t  channel l a  20 
- = U U fo r  t h e  cold channel,  u 19 21 

(A-68a) 
( A-68b ) 

where U20 is 

U20 = 1.33687 - 0.35423s + 0.14503~~ - 0.01669~~ for 

t h e  inne r  f u e l  element ( A - 6 8 ~ )  
U20 = 1:180171 - 0.278079s c 0.151756~~ - 0.014261s 3 for 

t h e  o u t e r  f u e l  element, (A-68d) 

and where U i s  
2.l 

I J ~ ~  = 0.863686 - 0.01650{s - 0.010950~~ + 0.0047976~~ 
f o r  t h e  i n n e r  f u e l  element (A-68e) 
u~~ = 0.881.393 - 0.249204s + 0.181639s 2 - 0.033932~~ 
f o r  t h e  o u t e r  f u e l  e lement .  ( A - 6 8 f )  

a t  each p o s i t i o n  
boi ,  j 

F. Calcula te  t h e  ho t  spot  hea t  f l ux  

i , j  f o r  t h e  hot and co ld  channels f o r  i = 3 t o  i = m - 2. 

9 = 3.413 X 10 6 U U U U Qf 4 . ' A ihsi 1 2  3 25 i , j  
,j 

L 
where i s  defined by Equations (68a) through (68f). 

XXIV. Specify e i t h e r  t h e  burnout op t ion  or t h e  i n c i p i e n t  b o i l i n g  opt ion  
f o r  t h i s  s t e p .  

XXIV. Burnout Option 

a t  each p o s i t i o n  i , j  for 13 boi ,  j 
Calcu la te  t h e  burnout hea t  flux 

f o r  t h e  hot and cold channels f o r  i = 3 t o  i = m - 2 .  



A. Calculate t h e  pressure  a t  t h e  i n l e t  of t h e  fuel assembly. 

-10 +? 
= P - 4.86 x 10 pin AS pF 

B. Calcu la te  t h e  pressure a t  i , j .  

6 .  2 0.2 w ~ . a  
8 '?'ave,i hsi , 2.238 x i o  w 

- P. hsi - 1.152 X 10 
d 

'i, j Dmin,i, j 

For a l l  z < 2 .  
& ; J  

Pave, i 

+A 
1 3  - - e t e  I Dli, j m i a  

'1 - 
\ 
\ " * 7 6  

(A-70)  

e + e,,,/ I 
(A-71) 

where [ D ~ ~ ,  - e + e rnin I and D 2i, j are i d e n t i c a l  t o  t h e  values 

defined f o r  Equation (A-66a) . 
C .  Ca lcu la te  t h e  s a t u r a t i o n  temperature Tsat7 f o r  each J 

value of P 
i , j -  

0.221 
= 118.43 Pi 

Tsat i, j ,j 
(A-72) 
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D. Calculate t h e  burnout surface temperature f o r  each value of 

i , j  i n  t h e  range i = 3 t o  i = m - 2. 

+ 80.7264 i- 1.47622 x 10-1 P (A-734 
i ,  J 

-7 3 
'i, j - 2.35910 X 10 -4 p2 f 1.08545 x 10 

i, J 

E. Calculate t h e  nonboiling po r t ion  of t h e  burnout hea t  f lux.  

- 
i, j - U22 r7.263 X lo3  - 2.088 X 10 T 

bomb 

-5 3 - 5.685 x 10 Ti, j 
-2 T2 + 4.726 x 10 

1, j 

0.8~0.9296 
-8 T4 3 Whsi i , j  - T. . ]  

ITSboi, j 3-7 J 
i- 2.517 x 10 

i 7 j  
min, i, j 

F. Calcu la te  t h e  b o i l i n g  po r t ion  of t h e  burnout hea t  flux. 

L2.920 X lo5 -t 4.739 X 10 3 Pi,j 
(9' A 'bo, b o i l  = u22 

- 5  4 
'i, j -2  - 2.119 x 10 'i, j 

- 1.464 x 10 P* 
i, 

i- 2.498 x 10 

+ 6.887 x P5 

+ 1.212 x 10-5 
. + T i .  



i 

+ 
(T sa t , i , j  - T i , j  I] 

G. Calcula te  t h e  burnout hea t  f l u x .  

bo bomb bo ,bo i l  

XXIV. Inc ip i en t  Boi l ing  Option 

a t  Calcula te  t h e  i n c i p i e n t  b o i l i n g  surface temperature T 
S ib ,  i, j 

each l o c a t i o n  i , j  i n  t h e  range i = 3 t o  i = m - 2. 

A .  I d e n t i c a l  t o  s t e p  XX1V.A i n  t h e  burnout op t ion  

B. I d e n t i c a l  t o  s t e p  XXIV.B i n  t h e  burnout op t ion  

C.  I d e n t i c a l  t o  s t e p  XXIV.C i n  t h e  burnout opt ion 

D. Calcu la te  t h e  i n c i p i e n t  b o i l i n g  su r face  temperature T 
Sib,  i, j 

at 1,j. 
0234 

i, 3 

(A-73) 

XXV. Repeat s t e p s  V through XXIV for -each  succeeding t ime increment 

wi th  t h e  fol lowing except ions.  

A. S u b s t i t u t e  t h e  fol lowing for Equation (A-18) i n  s t e p s  V . N . 4  
and XVIII. 



where 

\ire = 0 

E. For  t h e  f i n a l  time s t e p ,  f i n d  t h e  Location where 

S e l e c t  a new va lue  of Q and i terate  s t e p s  V through XXV f o r  

t h e  f i n a l  t i m e  s t e p  on ly  u n t i l  t h e r e  is one o r  more po in t s  

where 

boi ,  j h s i ,  j 

and f o r  t h e  rest of t h e  p o i n t s  

> o  
h s i ,  j - 13 13 boi ,  j 

C. For  t h e  i n c i p i e n t  b o i l i n g  opt ion,  change 

boi ,  j hsi, j 

(A-75a) 

(A-753) 

i n  s t e p  B t o  be T and T, r e s p e c t i v e l y  . Sib ,  i, j ~ h s ,  i, j 



optnon I1 

P a r t  I 

I through XII. I d e n t i c a l  t o  Option 1 except t h e  var ious  arrange-  

ments of f u e l  p l a t e s  and coolant  channels ad jacent  t o  t h e  hot  p l a t e  shown 

i n  F ig .  17 are replaced by those  shown i n  F ig .  18. 

Part I1 

Do t h i s  part of t h e  a n a l y s i s  (steps XI1 through XXII) for both t h e  

inne r  and t h e  o u t e r  f u e l  elements.  

In t h i s  part ,  many of t h e  f u e l  p l a t e  d e f l e c t i o n s  are ca l cu la t ed  only 

a t  t h e  fol lowing p l a t e  metal temperatures:  

Case 

51 52 53 - 54 - -  - 
Subscr ip t ,  x 

MnnH X X 

M m C  x 
MnwH x x  X 

MnwC x x  x 
MwwC X 

X I I I .  Assume t he  fol lowing q u a n t i t i e s  f o r  ho t  and cold p l a t e s  between 

two narrow channels,  between a narrow channel and a wide channel, 

and between two wide channels.  

A.  Average d i f f e r e n t i a l  pressure drops across  a fuel plate be- 

tween a narrow channel and a wide channel. 

1. 

2. For  54 = 1, d e l e t e  t h i s  s t e p .  

Average metal temperatures  down t h e  l eng th  of t h e  f u e l  p l a t e  

TM, f o r  t h e  cases  shown above. For  t h e  f irst  i t e r a t i o n ,  

assumethat  t h e s e  a r e  equal  t o  t h e  values  of T ca l cu la t ed  i n  

s t e p  V.S.  

For  t1 = 1, ( 2  = I, t 3  = 1; 09 p s i  nw 

B. 

m, J 



XTV. Calcula te  t h e  th icknesses  of t h e  narrow and the wide coolant  

channels at i, j .  

A. Calculate t h e  d e f l e c t i o n  of t h e  hot  and cold fue l  p l a t e s  due 

t o  t h e  d i f f e r e n t i a l  pressure across  t h e s e  p l a t e s .  

1. Calcula te  t h e  average metal temperature of t h e  hot p l a t e  

TElnwKA o r  t h a t  of t h e  cold p l a t e  T U s e  f o r  t h e  MnwCA ' 
hot  p l a t e  t h e  r e l a t i o n  

n-.? 

and an analogous r e l a t i o n  for t h e  cold p l a t e .  

Calcu la te  t h e  elastic modulus r a t i o s  a t  i;hese averzge 

metal temperatures f o r  t h e  hot and cold p l a t e s ,  

2. 

E.R. =: - 1.624 X 10 -6 TM 2 + 4.719 X 10 -4 TN + 0.9737 

3. Calcu la te  t h e  d e f l e c t i o n  f o r  t h e  hot  p l a t e  8 

t h e  cold p l a t e  EmC 

a. For  t h e  inne r  element 

and f o r  APH 

- uloLipnw [2.8372 x 10-2s5 - 2.0491 x 10 -1 s 4 
E.R. %P - 

+ 2.7529 x 10 -1 s 3 -t 5.7806 x lolls2 - 8.9329 x 10-ls] (A-lt7a) 

b .  For  t h e  o u t e r  element 

- 'lOmnw 13.0799 x 10-2s5 - 1.9700 x 10 -1 s 4 
E.H. - 

+ 2.3697 x 10 -1 s 3 + 4.2645 x 10 -1 s 2 - 5.9068 X 10 -1 S I  - (A-47b) 



B. Calcu la te  the  d e f l e c t i o n s  due t o  t h e  d i f f e r e n c e s  of t h e  t e m -  
pera tures  of t h e  ind iv idua l  fuel p l a t e  T 
average f u e l  p l a t e  T 

1. Ca lcu la t e  E.R. a t  TM using Equation ( A - 4 6 ) .  

2 ,  Calcula te  the d e f l e c t i o n  FT,TA 
a .  For  t h e  inne r  element 

from t h o s e  of ao 
M x ,  3 

f o r  t h e  cases  shown on page 143. 
!.LA, 3 

, j  

-2  3 + 4.3177 x 10 13s4 - 1.8077 x 10 s 

-2 2 -2 i 
-t 1.1081 x 10 s + 4.3908 x 10 s \ (A-48a) 

b.  For t h e  o u t e r  element 

+ 4.5322 x 10-3s4 - 2.1050 x 10 -2 s 3 

- 6.0732 x 10-4s2 + 8.3033 x 10e2s] (A-kab) 

C .  Calculate the decrease i n  t h e  coolant  channel t h i ckness  be- 

cause of t h e  expansion of t h e  f u e l  p l a t e  t h i ckness  due t o  

heating. Cases t o  be considered are t hose  shown on page 143. 

- mi, j - T~lx,  j * 
For t h e  first i t e r a t i o n ,  use a va lue  o f  T 

D. Ca lcu la te  t h e  inc rease  i n  t h e  fuel p l a t e  th i ckness  due  t o  

oxide format ion.  

1. For t h e  first i t e r a t i o n ,  assume t h a t  

2. For t h e  rest of t h e  i t e r a t i o n s  
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a. For t h e  hot p l a t e  s u r f a c e  i n  t h e  narrow channel 

= 0.2026 XnHi .;when XnHi 5 3 ( A - a a )  
7 3  7 J  6 onHi, j 

when XdIi > 3 (A-20b) 
7j 

b .  For  t h e  cold p l a t e  su r face  i n  t h e  narrow channel 

from Xnci 
t i o n s  ( A - 2 0 a )  and (A-X)b). 

using equat ions analogous t o  Equa- 
GonCi, j , J  

c .  For t h e  hot  p l a t e  s u r f a c e  i n  t'ne wide channel ( Ignore  

using equat ions analo-  
gous t o  Equations ( A - 2 0 a )  and ( A - 2 0 b ) .  

d .  For t h e  co ld  p l a t e  surface in t h e  wide channel ( Ignore  

us ing  equat ions analo- o ~ c i , , j  'wci,  j 
f o r  = 1) 6 

gous to Equations (A-20a) and (A-2Ob) .  

E. Ca lcu la te  t h e  inc rease  i n  t h e  f u e l  p l a t e  th ickness  6 

t h e  r a d i a t i o n  growth using Equation (A-4). 
Calcula te  the f u e l  p l a t e  d e f l e c t i o n  firyrx due t o  t h e  d i f f e r e n c e s  

due t o  VR 

F. 

between t h e  f u e l  p l a t e  temperatures and t h e  s i d e  p l a t e  tern- 

pe ra tu res  f o r  t h e  cases  corresponding t o  t h e  fuel p l a t e  t e m -  

pe ra tu re s  T 
1. 

shown on page 143. 
Mx, J 

Determine t h e  average d i f f e r e n c e  between t h e  fuel p l a t e  

tempereture  and t h e  s i d e  p l a t e  temperature at each e leva-  

a tion, z . 
j 

a .  For  t h e  i n n e r  fuel. element 

b .  Fo'r t h e  o u t e r  fuel element 

(A- 50b ) 

2. Calcu la t e  t h e  d e f l e c t i o n  of t h e  f u e l  p l a t e  due t o  bucMi.ng. 
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a. For AT s o  
MXY J 

= o  'Mxi, j ( A - 5 1 )  

b. For AT > o  Mxi, j 
(1) For 0 S z < 6 

( 2 )  For 6 s z I 18 

(A-525) 

( 3 )  For 18 < z s 24 

TIS ~((2.4 - 2.) i s i n  s i n  %xi, j = u14( 8.64 x ~ O - ~ ) A T ! ~ ~  J 
12 

m 

G.  Assume t h a t  t h e  l o n g i t u d i n a l  d e f l e c t i o n s  of all of  t h e  f u e l  

p l a t e s  due t o  r a d i a t i o n  growth are i d e n t i c a l .  Hence t h i s  

term need no t  be considered f u r t h e r .  

H.  Ca lcu la t e  t h e  coolant  channel t h i cknesses .  

1. Narrow coolant  channel 

2TIz D = D  - A D s i n -  n I n  x 

a. tl = 1 



b. E2 = 1; I d e n t i c a l  to Equati.on (A-5lca)  

c .  53 = 1 

+ 6  - 
'ln = en + 'APC 'Tnn , TAH Tnw , TAC 

-t- 6 - - - 
'nnH 'nwC 'MnnH MnMC 

- - 
'onH 'one - 2 6 ~ ~  

( A- 54b 

d .  54 = 1 

- = e  - 
n 'Tnn,TAH + 'Tnn,TAC 'nnH 

- - (A-5J-rc)  

'onli   on^ 

'nnC 6MnnH + 'MnnC 

VR - 26 -I - 

2. Wide coolant channel 

2x2 - AD s i n  - Dw = D Iw k ( A - 5 5 )  

a. 5 ,  = 1 

- - - 6 --- 2EVR 'MnwC 'owH OWC 

b. 5, = 1 



- 
Dlw = e w %PH + 'T~~,TAH 'W,TAC 

d.  = 1; delete t h i s  s t e p .  

XV. Calcu la t e  t h e  mass f l o w  rate p e r  u n i t  channel width f o r , e a c h  posi-  

t i o n  i. Provide i n  t h e  inpu t  d a t a  t h e  choice between two alter- 

na te s  methods. 

Alternate Method I. 

A. I d e n t i c a l  t o  t h i s  s t e p  i n  Option I. 
D o  steps B through F f o r  both t h e  narrow and t h e  wide coolan t  

channels.  

(Very s i m i l a r  t o  t h e  method used i n  Option I . )  

13. Determine t h e  m i n i m u m  va lue  of t h e  channel t h i ckness  wi th in  

i . e .  t h e  smallest value of D = D - AD. 1 

1 li, g' 

t h e  l e n g t h  X 
Designate t h e  corresponding va lues  of D as D 

f, g' 

C .  I d e n t i c a l  t o  this s t e p  i n  Option I. 

D.  Ca lcu la t e  t h e  coolant  p r o p e r t i e s  f o r  each s t r ip .  

1. Assume t h a t  t h e  i n l e t  coolan t  p rope r t i e s  are those  calcu-  

l a t e d  i n  s t e p  V.F. 
2. Calcu la t e  t h e  bulk temperature  rise. 

U U U Qf c~ n 1 2 3  -t 0 .] Az.  (A-56) 
J [uk + us] l Q i 7 j - l  i , J  

= 3.292 aTbulk7 i 
A w i  j=2  

3. Ca lcu la t e  t h e  average coolan t  p r o p e r t i e s  using s t e p  V.I. 
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L1p = F 

4. Calculate t h e  e x i t  coolant  p r o p e r t i e s  using s t e p  V . J .  

Ca lcu la t e  new flow rates at each p o s i t i o n  i using t h e  r e l a t i o n  E. 

-I- -- 

6 8.953 x 104 2.238 x 10 
-!- 

Pin 'ex, i - e  
mF - [  

pave, i 

h 
L 

3 
Dli, g 

F.  I d e n t i c a l  t o  t h i s  s t e p  i n  Option I. 

A l t e r n a t e  Method I1 

Do f o r  both t h e  narrow and t h e  wide coolant  channels.  

A .  I d e n t i c a l  t o  s t e p  XV.C i n  Option I. 
B. I d e n t i c a l  t o  s t e p  D i n  Al t e rna te  Method 1. 

C .  Calculate new flow rates a t  each p o s l t i o n  i using t h e  r e l a t i o n  

0.2 w ~ . a  
8 'FPaveJi  i 

-I- 9.218 x io t 

[i';-..--l 
j =2 'i,j-l -I- Di, j  1' 

( A - 5 7 )  

D .  I d e n t i c a l  t o  s t e p  XV.F i n  Option I. 
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XVI. Calcula te  t h e  bulk water temperature d i s t r i b u t i o n  using t h e  f inal .  

values of w. f r o m  s t e p  XV f o r  both t h e  narrow and t h e  wide coolant  

channels f o r  all cases  except where E4 = 1. 

cons ider  on ly  t h e  narrow channel s i t u a t i o n .  

1 
In  t h e  l a t te r  case,  

(A-58)  
XVII. Calcula te  t h e  f u e l  p l a t e  su r face  (oxide-water  i n t e r f a c e )  tempera- 

t u r e  d i s t r i b u t i o n  T 
t h e  narrow and t h e  wide coolant  channels for both t h e  hot  and cold 

p l a t e s  . 
A. 

for t h e  range i = 3 t o  i = m - 2 i n  both S i ,  j 

Calcu la te  the hea t  f l u  at each p o s i t i o n  i , j ,  

1. For t h e  hot  p l a t e  

3.413 x LO 6 U U U U - Qf O 13 H i ,  j 1 2 3 4 ~  i , j  

2. For t h e  cold p l a t e  

Provide i n  t h e  input  data t h e  choice between two alternate methods 

for oxide bui ldup .) 

Al te rna te  Method I f o r  Oxide Buildua 

€3. Calculate t h e  modified heat  transfer c o e f f i c i e n t  H .  a t  each 
1, j 

p o s i t i o n  i , j  f o r  t h r e e  cases :  

1. Case 1; Channel t h i ckness  = D - A D  li, j 



(A-60) 

li, j .  2. Case 2; Channel t h i ckness  = D 
Calcu la t e  Hi us ing Equation (A-60) w i t h  i n s t e a d  

, J  
- A D )  i n  t h e  denominator. 

of (Dli , j  3. Case 3; Chanel t h i ckness  = (Dli, + a). 
Calcu la t e  Hi using Equation (A-60) wi th  (Dli .j + m> 

7 j  
i n s t e a d  of (Dli - AD) i n  the denominator. 

, j  
C .  Ca lcu la t e  the f u e l  p l a t e  su r face  (oxide-water  i n t e r f a c e )  t e m -  

pe ra tu re s  f o r  t h e  t h r e e  cases .  

( A - 1 7 a )  

a. For a hot  p l a t e  su r face  i n  a narrow channel .  



I 

b. For a cold p l a t e  s u r f a c e  i n  a narrow channel. 

Calculate TSnCi 

t i o n  (A-l'lb) . 
For a hot plate s u r f a c e  i n  a wide channel. 

for t4 = 1) 

gous t o  Equation (A-17'~). 
For a co ld  p l a t e  s u r f a c e  in a wide channel. 

f o r  E4 = 1) 

gous t o  equat ion (A-17b). 

by  an equat ion analogous t o  Equa- 
7 j  

c .  ( Ignore  

Calculate TSuHi , j  by an equat ion analo- 

(Ignore 

Calcu la t e  TSwCi , j  by a n  equation analo-  

d.  

XVIII. Calcu la t e  the oxide f i l m  t h i ckness  i n  the range i = 3 t o  m - 2 

for each value of T c a l c u l a t e d  i n  s t e p  XV11 .C .  Si, j 

0.778 'i, j = 443 u 9 e + 4601 ( A-18) 

XIX. Calcu la t e  t h e  average metal temperature at i,j f o r  t h e  cases 

l i s t e d  on page 143. 
A .  Calcu la t e  t h e  metal s u r f a c e  (metal-oxide i n t e r f a c e )  tempera- 

t u r e  f o r  each value of Xi 

1. When Xi S 3 
c a l c u l a t e d  in s t e p  XVIII. 

, j  

J 

- 
T M i , j  - T S i , j  1 .56 x io 

( A-lga) 

2. When Xi > 3 
,j 



B. DefFne t h e s e  results as 

Narrow Channel Wide Channel 

Hot P l a t e  Cold P l a t e  Hot P l a t e  Cold P l a t e  
- 

Case 1 

Case 2 

TMnHi, j , l  TMnCi, j , l  'MwHi, j ,  1 'MwCi, j ,  1 

TMnHi, j ,  2 TMnCi, j ,  2 TMwHi, j ,  2 % I w C i ,  j ,  2 

TMnHi, j ,  3 'MnCi, j ,  3 M w H i ,  j ,  3 'MwCi, j, 3 Case 3 T 

C .  Calcu la t e  t h e  average metal temperature at i, j f o r  t h e  cases  
l i s t e d  at t h e  t o p  of page 143. 
1. For a hot  p l a t e  between two narrow channels; = the 'MnnHi, j 

maxirnum value of 

TMnHi, j,l + 'MnHi, j ,  3 
2 o r  'MnHi, j ,  2 (~-61a) 

2 .  For a co ld  p l a t e  between two narraw channels; 
maximum 'value of 

= t h e  TMnnCi, j 

Tknci, j,l + T ~ ~ i , j , 3  or 
TMnci, j ,  2 

2 
(A-61b) 

3. F o r  a hot p l a t e  between a narrow channel and a w i d e  chan- 

n e l ;  TMnwHi, j = t h e  rnaxirnum value of 

TMnHi, j ,  2 -+ TMwHi,  j ,  2 -- TMnHi,j,l -I- Tf.lwHi,j ,- j  or 

2 2 

( A - 6 1 ~ )  
T 

or M n H i ,  j , 3  TMwHi,  j , l  

2 

4. For a co ld  p l a t e  between a narrow channel and a wide chan- 

n e l ;  = t h e  maximum value of TMnwci, j 



'MriCi7d,1 + %wci,j,3 or T ~ a n ~ i ,  j ,  2 + TMw~i, j, 2 

2 2 

(A-61d) 

TMnCi,j,3 -t- *MwCi,j,l 

2 
o r  

= t h e  TNwwci, j 5 .  For a co ld  plate between two wide channels; 

maximum value of 

TMwCi, j , 2 T M w C i , j , l  + TMwCi,j,3 o r  
2 

(A-6le) 

A l t e r n a t e  Method I1 f o r  Oxide BuilduE 

B. Calculate t h e  modified hea t  t r a n s f e r  c o e f f i c i e n t  H a t  each 
i, j 

p o s i t i o n  i, j . 

5.429 x io2 - 1.561 T 
= '8 I i, 3 

-3 T2 - 4.250 X 10 -6 T3 4- 3.533 x 10 i , j  iYJ 

1 
-I- 1.882 x T4 1 - 

l , j -  
Di, j 

(A-60) 

C. Calcu la t e  t h e  f u e l  p l a t e  s u r f a c e  (oxide-water i n t e r f a c e )  t e m -  

p e r a t u r e  a t  each p o s i t i o n  i , j .  Method i d e n t i c a l  t o  step XVI1.C 



i n  a l t e r n a t e  method I for  oxide bui ldup except tha-1; t h e r e  is 

only one case  in s t ead  of t h r e e  cases .  

XVIII. Calculate t h e  oxide f i l m  t h i ckness  i n  t h e  .range i = 3 to ru - 2 for 

each value of T c a l c u l a t e d  i n  s t e p  XVII .C. Method i d e n t i c a l  

t o  s t e p  XVII i n  a l t e r n a t e  method I f o r  oxide buildup. 
S i ,  j 

X I X .  Calculate  t h e  average m e t a l  temperature a t  i, j f o r  t h e  cases  l i s t e d  

on page 143. 
A. Ca lcu la t e  t h e  metal s u r f a c e  (metal-oxide i n t e r f a c e )  terqera- 

t u r e  f o r  each va lue  of X 

i d e n t i c a l  t o  s t e p  X1X.A i n  a l t e r n a t e  method I f o r  oxide bu i ld -  

UP * 

c a l c u l a t e d  i n  s t e p  XVTII. Method 
i J j  

B. Define t h e s e  results as 

Narrow Channel Wide Channel 

Hot P l a t e  Cold P l a t e  Hot P l a t e  Cold P l a t e  
-_lll_ 

I d W C i . ,  j 
T TMnH i , j TMnci, j 'MuHi , j 

C .  Ca lcu la t e  t h e  average metal terriperature a t  i , j  f o r  t h e  cases  

l i s t e d  on page 143.. 
1. For a hot  p l a t e  between two narrow channels 

.._ 
'MnnHi, j j 

2. For a cold p l a t e  between two narrow channels 

3. For a hot p l a t e  between a narrow channel and a wide 

channel 

- IMnHi,j ' L M w I i i ,  j 

2 
- 

TMnwHi j 

( ~ - 6 1 a )  

( A-61~) 

4. For a co ld  p l a t e  between a narrow channel and a wide 

c haiinel 
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- - TMnCi, j + TMwCi, j 

TMnwCi, j 2 
( ~ - 6 1 d )  

5 .  For a co ld  p l a t e  between t w o  w i d e  channels  

TMwwCi, j - - TMwCi, j ( ~ - 6 1 e )  

XX. Ca lcu la te  t h e  average metal temperature  down t h e  l eng th  of t h e  

f u e l  p l a t e s  f o r  t h e  cases  l i s t e d  on page 143. 

( A-62) 

XXI.  Ca lcu la t e  t h e  average d i f f e r e n t i a l  p re s su re  across a fue l  p l a t e  

between a narrow coolant  channel and a wide coolan t  c!iannel. 

I d e n t i c a l  t o  s t e p  XXI i n  Option I. 

w;TI. Iterate steps X I V  through XXI u n t i l  convergence. 

A. S u b s t i t u t e  t h e  fo l lowing  values back into s t e p  X I V .  

T and T f o r t h e  cases  l i s t e d  on page 143. x , i , J  x, J 
* and Xwci ( U s e  Case 3 values when 

'nEi,j' 'nCi,j' 'wHi,j '  J 
using alternate method I f o r  oxide bui ldup . )  

AP ( Ignore  f o r  g 4  = 1) nw 
B. S u b s t i t u t e  t h e  values  of w .and w back i n t o  s t e p  l 3 . C .  

C.  Repeat s t e p s  X I V  through XXI.  

D. Iterate u n t i l  t h e  fol lowing va lues  converge. 

n i  w i  

T f o r  t h e  cases  l i s t e d  on page 143. 
x, J 



P a r t  I11 

XXIII. Calculate  t h e  m a x i m u m  poss ib l e  h e a t  f l u x  i n  t h e  hot  and co ld  chan- 

n e l s  a t  each p o s i t i o n  i, j f o r  t h e  range i = 3 t o  i = m - 2. 

A. Calculate  t h e  minimum poss ib l e  channel t h i ckness  a t  i , j .  

1. For t h e  hot  channel 

= D  - e  + e  -- AD (A-65a) H,min,i, j l n , i , j  n n , min D 

2. For  t h e  co ld  channel 

B. Ca lcu la t e  t h e  ho t  s t r e a k  flow rate w f o r  both t h e  hot  and hs  i 
t h e  cold coolant chanoels.  

The two a l t e r n a t e  methods used f o r  c a l c u l a t i n g  t h e  f low rates i n  

s t e p  XV apply t o  s t e p s  XXIII-B and XXLV-B. 

Al te rna te  Method I (Very similar t o  t h e  method used i n  Option I) 

1. I d e n t i c a l  t o  s t e p  XXIII.B.l i n  Option I. 

2. I d e n t i c a l  t o  s t e p  XXIII.B.2 i n  Option I except designate  

values  of D and D corresponding t o  t h e s e  minimum 

values  of channel t h i cknesses  as D and D 
hi, j l w i ,  j 

lni,g lwi ,g '  
3. I d e n t i c a l  t o  s t e p  xxIII.B.3 i n  Option I. 

4. Calculate  t h e  coolant  p r o p e r t i e s  f o r  each s t r i p .  

a. Assume t h a t  t h e  inlet coolant  properti-es are those 

ca l cu la t ed  i n  s t e p  V . F  i n  Option I. 

Calculate  t h e  bulk temperatiire rise, b. 

c .  Calculate  t h e  average coolant  p r o p e r t i e s  using st,ep V . 1  

in Option I. 

d. Ca lcu la t e  t h e  e x i t  coolant  p r o p e r t i e s  using s t e p  V . J  

i n  Option I. 
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5. Calculate a new hot  s t r e a k  f low rate w using t h e  re- hs i 
l a t  ion 

2 0.2  1.8 
W 8 'FPaveWhsi . . -- hsi + 1.152 x 10 

2 

* 

(A-66a) 

f o r  t h e  h o t  chacnel, 

- e + e  - - - e + e  
%i, g rnin D l n i , g  n, rnin 

f o r  t h e  cold channel  

- e + e . = (51 + E*) jDlw,i,g - e + ew,min Dli,g min 

I --e + e  
+ ( i 3  + '4) lD ln , i , g  n n, m i r ,  

back i n t o  s t e p  4, and 6 .  S u b s t i t u t e  t h i s  new value of w 

iterate s t e p s  4 and 5 u n t i l  t h e  value of w 
h s  i 

converges. hs i 
Alternate Method I1 

1. 

2 .  

3. 

I d e n t i c a l  t o  s t e p  XXIII.B.3 i n  Option I. 
I d e n t i c a l  t o  step XXIII.B.4 i n  A-lternate Method I. 
Calculate a new hot streak f l o w  ra te  w 

t i o n  
us lng  t h e  rela- h s  i 
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0.2 w ~ . a  
8 u7FjLave,i h s i ,  + 9.218 x 10 

U s e  t h e  narrow channel condi t ions f o r  t h e  hot  channel f o r  

a l l  cases;  u5e t h e  wide  chennel cond i t ions  f o r  t h e  cold 
channel f o r  6 ,  := k 2  = 1; use t h e  narrow channel condi t ions 

f o r  t h e  cold channel f o r  E 3  - l4 = 1. 

S u b s t i t u t e  t h i s  new value of w hs i Sack i n t o  s t e p  2, End 

i t e r a t e  steps 2 and 3 u n t i l  t h e  value of w hs  i converges. 

)+. 

C .  CeJculate t h e  hot  s t r e a k  bulk water temperature d i s t r i b u t i o n ,  

Ths i ,  j ' 

1 u1u2u3u24Qf - i- 1 Az.  (A-66b) 
i,j-l i , j -  J 

= 'JsT + 6.584 
w A  j =2 hs  i 

Thsi, j i n  

D through F. I d e n t i c a l  to s t e p s  X X I I 1 . D  through XXi1I.F i n  Option I. 

XXIV. Spec i fy  e i t h e r  t h e  burnout opt ion of t h e  i n c i p i e n t  b o i l i n g  opt ion 

f o r  t h i s  s t e p .  

XXIV. Burnout Option 

Ca lcu la t e  t h e  burnout hea t  flux 1 4 '  
t h e  h o t  and t h e  cold channels f o r  t h e  range i = 3 t o  i = m - 2. 

A.  

B.  Calculate  t h e  p re s su re  at i , j .  

a t  each p o s i t i o n  i , j  f o r  
A ' bo i ,  j 

I d e n t i c a l  t o  s t e p  XXIV.Burnout 0ption.A i n  Option I. 



Al te rna te  Method I (Similar t o  t h e  method used i n  Option I) 

0.2 1.8 U F  2.238 x io 6 2  whsi 
8 7 wave, i W h s i  

- n - 1.152 x 10 2 

P i, J Dmin, i, j 

I For  all z C z 
g j  

i 

Pave, i 
( A-71 

f 1 + - (  I 

Use the narrow channel condi t ions  f o r  t h e  hot  channel f o r  a l l  

cases; use t h e  wide channel condi t ions  for t h e  co ld  channel for 

5 ,  = 5 ,  = 1; use t h e  narrow channel condi t ions  f o r  t h e  cold chan- 

ne1  f o r  5 = E4 = 1. 
3 

A l t e r n a t e  Method I1 
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4 2  8.954 x 10 whsi - 10 2 
2 

Pin e 
= p + 4.077 x 10 PinVF - 

' i , j  F e 

6 2  
- - 9.218 x 10 8 u?L<;z,;wk2, (A-71) 2.238 x io whsi 

'i, j D2 min, i, j 'am, i 

n z  ~ 

n 
\- 

J 

1 3 
min 1 

where t h e  ho t  and t h e  cold channels are defined t o  be i d e n t i c a l  

t o  t h o s e  def ined f o r  equat ion ( A - 7 1 )  i n  Alternate Method I.  

C through G. I d e n t i c a l  t o  steps XXIV.Bumout 0ption.C through G. 

X X I V .  I n c i p i e n t  Boi l ing Option 
Calculate t h e  i n c i p i e n t  boiling surface temperature T 

each l o c a t i o n  i,J i n  t h e  range i = 3 t o  j. = m -- 2. 

A .  I d e n t i c a l  t o  s t e p  XX1V.A i n  t h e  burnout opt ion.  

13. I d e n t i c a l  t o  s t e p  mIV-B . i n  t h e  burnout op t ion .  

C .  I d e n t i c e l  t o  s t e p  XXrV..C: i n  t h e  burnout; opt ion.  

D. I d e n t i c a l  t o  s t e p  XXIV.Incipient Bo i l ing  0ptlon.D i n  Option I. 

a t  
Sib, i, j 

XXV. I d e n t i c a l  t o  step xxlr i n  Option I. 



Appendix B 

DERIVATION OF THE EQUATIONS FOR THE OVERALL CORE FLOW RATES 
AND PRESSURE DROPS, AND MZTHGDS 
OF IvEASURING THESE QUANTITIES 

The fol lowing are t h e  d e r i v a t i o n s  of t h e  equat ions f o r  t h e  o v e r a l l  

core  flow rates and p res su re  drops, and t h e  methods of measuring t h e s e  
q u a n t i t i e s .  The d e r i v a t i o n  of t h e s e  equat ions i s  discussed first, but 

t h e  f l o w  d i s t r i b u t i o n  of t h e  coolant water w i t h i n  t h e  f u e l  element; coolant 

channels is not considered here. This s u b j e c t  is discussed i n  Appendix C .  
The methods available f o r  measuring t h e  o v e r a l l  co re  flow rates and p res -  

s u r e  drops are described i n  t h e  l a t te r  p a r t  of t h i s  appendix. 

Fuel Element Flow Rate 

The flow rate through an average coolant  channel of t h e  inner f u e l  

element is w 

the o u t e r  f u e l  element is w 

171. coolant  channels and t h e  o u t e r  element has 369 coolant channels, 23 t h e  

l b / s e e  and t h a t  through an average coolant  channel of A i n n e r  
lb/sec. Since  t h e  i n n e r  element has A o u t e r  

total volumetric f l o w  rate through the two f u e l  elements is 

where 

'in 
vF 

It was 

i n  the 

= lb/ft 3 , 
= gpm. 

assumed t h a t  t h e  presence of t h e  narrow and wide coo lan t  channels 

f u e l  elements had no in f luence  on t h i s  p a r t i c u l a r  f l o w  ra te .  

Fue l  Element Labyrinth Flow Rate 

The flow rates through t h e  Labyrinth between t h e  two fuel elements 
have measured experimentally,45 and they are shown i n  F ig .  R-1. An equa- 

t i o n  desc r ib ing  t h e s e  results i s  

Lw = 0.0192 

o r  (B-2) 



166 

where 

= gPm 
A+ = p s i  
Pin = l b / f t  3 . 

Fuel Assembly Flow Hate 

The flow rate through t h e  e n t i r e  f u e l  assembly i s  simply the sum of  

t h e  flow rates through t h e  f u e l  elements and t h e  f u e l  element l a b y r i n t h .  

Core Pressure Difference 

The core pressure d i f f e rence  i s  def ined as t h e  d i f f e r e n c e  i n  t h e  

s t a t i c  pressure a t  a p o i n t  i n  t h e  r e a c t o r  vessel  j u s t  upstream of t h e  core 

shroud i n l e t  arid a p o i n t  j u s t  downstream of t h e  f u e l  essembly. 

i n  t h e  s t a t i c  head j u s t  upstream of t h e  shroud i n l e t  and t h e  bottom of t h e  

narrow part of t h e  i n n e r  shroud were determined experimentally,  and they  

are shown i n  Fig.  R-2.  An equat ion desc r ib ing  these results i s  

Differences 

The flow area between t h e  narrow p a n  of t h e  i n n e r  shroud and t h e  t a r g e t  
2 tower is  156.2 i n .  

p l a t e s  i s  165.1 i n .  

narrow part of the i n n e r  shroud and t h e  t o p  of t h e  f u e l  p l a t e s  and c o r r e c t -  

i ng  f o r  t h e  d i f f e rence  i n  t h e  f l o w  areas, t h e  co re  i n l e t  pressure d i f f e r e n c e  

i s  

and t h a t  i n  t h e  f u e l  elements j u s t  above t h e  f u e l  
2 Ignoring t h e  f r i c t i o n  l o s s  between t h e  bottom of the 

The core p re s su re  d i f f e rence  is t h e n  simply -the sum of t h e  core i n l e t  

p re s su re  d i f f e r e n c e  and t h e  f u e l  element p re s su re  drop. 
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-10 2 = mF + 4.86 x 10 pinVAS 

Flow Rate i n  Annulus Between Target Bundle and Inne r  
Fuel Element 

Coolant flow rates through t h e  t a r g e t  ho lde r  o u t s i d e  of Lhe t a r g e t  rod 
46 hex cans have been determined experimental ly  by Kedl, 

i n  F ig .  B-3. These results are a func t ion  of  t h e  head d i f f e r e n c e  across 

t h e  t a r g e t  holder,  arid t h e y  can be c o r r e l a t e d  by t h e  r e l a t i o n  

and t h e y  are shown 

where 

AH = ft H20 

V = gpm. 

These results m u s t  be c o r r e l a t e d  wi th  t h e  co re  p re s su re  drop i n  o r d e r  

t o  be  useful i n  t h i s  a n a l y s i s .  Other a v a i l a b l e  d a t a  r ega rd i rg  t h e  t a r g e t  

region f l o w  rates are t h e  target rod coolant  f low rates shown i n  F i g .  B-4 
and t h e  t o t a l  t a r g e t  region coolant  flow rates shown i n  F i g .  E-5. Data i n  

Fig. B-4 are c o r r e l a t e d  by 

2.06 x *i::8 = 4.802 x 10-4~b!E8 ( 3 - 8 )  144 144 
AH = m a p  =KT3 I 

where 

AH = f t  H20 

Ap = psi 

'rods = 
and t h o s e  i n  Fig. B-5 are c o r r e l a t e d  by 
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where 

&%ore = ft H20 

= o m .  ' target 
Since t h e  head .-3ss h roug h he t a r g e t  b imdle  and the t a r g e t  rods are 

i d e n t i c a l ,  Equations (B-7) and (B-8) can be combined t o  g ive  

(B-10) 

The flow rate through t h e  t a r g e t  ho lde r  then can be r e l a t e d  to t h e  t o t a l  

flow rate through t h e  t a r g e t  region by t h e  r e l a t i o n  

(13-11) .094 = v  + v  = 5.095 ti -i- V.. ' target rods ho lde r  3.1 

Combining Equations ( B - 9 )  and (B-ll), t h e  flow rate through the t a r g e t  

ho lde r  as funct ion o f  t h e  co re  p re s su re  d i f f e r e n c e  i s  

or (13-12) 

5 * 095 

Control  Region Flow Rate 

Pressure drop d a t a  have been obtained f o r  the o u t e r  shroud f l ange ,  t h e  

beryl l ium r e f l e c t o r ,  and t h e  c o n t r o l  region. The d a t a  f o r  t h e  o u t e r  shroud 

f l a n g e  and t h e  beryllium r e f l e c t o r  are shown i n  F igs .  B-6  and B-7. For t h e  

c o n t r o l  region, t h e  p re s su re  drop d a t a  can be described by t h e  r e l a t i o n  



where 

AP = ps i ,  

V = g p m .  c 
Since t h e  coolants  f o r  t h e  c o n t r o l  region and the beryllium r e f l e c t o r  have 

common inlet and e x i t  plenums, tile pressure  drops through these two regions 

are i d e n t i c a l .  

d a t a  by adding  the flow rates through t h e  c o n t r o l  and r e f l e c t o r  regions for 

a given control. region pressure  drop and using t h i s  sum of the flow r a t e s  

t o  g e t  the  pressure  drop across  t h e  outer shroud flange from Fig. B-6. 
(Densi ty  of water assumed t o  be t h a t  a t  120°F and 600 ps ia ,  which is 61.86 
lb/f ' t  .> 
and t h e  o u t e r  shroud f l a n g e  p res su re  drops.  R e s u l t s  shown i n  Fig. B-8 can 

be c o r r e l a t e d  by t h e  r e l a t i o n  

The information i n  Fig.  B-8 was ca lcu la t ed  from t h e  above 

3 The core  pressure  d i f f e r e n c e  is  then  t h e  sum of the  c o n t r o l  region 

0.725 vc = 36.6 Dcore (B-14) 

where 

Location of Pressure Taps i n  t h e  Reactor Vessel 

The HF'IR r e a c t o r  vessel is f i t t e d  w i t h  a number of pressure taps as 

shown i n  Fig.  B-9 t o  permit measurement of t h e  coolant  flow d i s t r i b u t i o n  

and the pressure drops wi th in  t h i s  v e s s e l .  The term "N-16 Pressure"  i n  

this f igure  is  t h e  impact pressure on t h e  N-16 probes, and any of these 

f o u r  probes can be used f o r  t h i s  purpose. These pressure  t aps  are eon- 

nected t o  e i t h e r  a d i f f e r e n t i a l  p ressure  t r a n s m i t t e r  o r  a d i f f e r e n t i a l  

p ressure  gauge f o r  t h e  readout of t h e s e  pressure  drops. 

pressure drops of i n t e r e s t  here  are: 

1. Core pres su re  drop, Rf4-RP3 
2. Fuel element p re s su re  drop, W4-N16 Pressure 
3. .Pressure drop ac ross  t h e  o u t e r  shroud f lange ,  RPh-RP2. 

I n  add i t ion  t h e  coolan t  flows f o r  the beam tubes and the  engineer ing 

f a c i l i t i e s  are monitored by flow orifices read out  on a Barton gauge, 

The s p e c i f i c  
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Although not  p e r t i n e n t  t o  t h e  determinat ion of t h e  f u e l  assembly flow 

rates and p res su re  drops, t h e  fol lowing d i f f e r e n t i z l  p re s su res  a l s o  can 

be measured: 

1. Pressure d i f f e r e n c e  between t h e  reactor v e s s e l  upper plenum and 

t h e  r e f l e c t o r  upper plenuii, RP4-RP1 

2. Beryllium r e f l e c t o r  p re s su re  drop, RPl-RP3 

3. Reactor vessel and t h e  primary coolant  s t r a i n e r  p re s su re  drop, 

PdT-106 

4 .  Primary coolant s t r a i n e r  p re s su re  drop, PdT-103 

The abso lu te  p re s su re  i n  t h e  HFIR is  normally measirred just upstream 

of t h e  primary coolant  v e n t u r i ,  a t  PT-127. This i s  a t  a d i f f e r e n t  l o c a t i o n  

from reference abso lu te  p re s su re  used i n  t h i s  hea t  t r a n s f e r  a n a l y s i s .  The 

l a t te r  could be measured a t  t a p  RP4 i f  SO des i red ,  s i n c e  an absolute pres -  

s u r e  gauge could be connected t o  it. The t o t a l  primary coolant  flow i s  

measured by a v e n t u r i  located i n  t h e  i n l e t  primary coolant  l i n e ,  and tile 

coolant  temperatures are measured by gas-f i l l e d  thermal bulbs  loca t ed  in 

t h e  inlet and e x i t  primary coolant  lines. 

Overal l  h i m a r v  Coolant Flow Hate 

The o v e r a l l  coolant flow rate is determined from t h e  head d i f f e r e n c e  

measured a c r o s s  t h e  primary coo lan t  ven tu r i ,  and t h e  c a l i b r a t i o n  curve 

f o r  t h i s  v e n t u r i  i s  shown i n  Fig. €3-10. It can be seen t h a t  f o r  a pipe 

Reynolds number g r e a t e r  t h a n  3.8 x 10 , t h e  v e n t u r i  c o e f f i c i e n t  has a con- 

s t a n t  value of 0.9823. 

5 

For t h i s  s i t u a t i o n ,  t h e  v e n t u r i  equat ion becomes 

where 

= t o t a l  primary coolant  flow rate i n  gpm, 
t o t  

V 

DH = v e n t u r i  head d i f f e r e n c e  i n  f t  H20. 

Flow Rates Through the Beam Tubes, Engineering F a c i l i t i e s ,  and 
V e r t i c a l  F a c i l i t i e s  - 

I n  determining t h e  flow rates through t h e  fuel assembly from t h e  

t o t a l  primary coolant flow r a t e s , . f l o w  rates through t h e  parts of t h e  



r e a c t o r  other than  t h e  fuel  assembly must be known. 

perimental f a c i l i t i e s  which are t h e  beam tubes,  t h e  engineer ing f a c i l i t i e s ,  

and t h e  ver t ica l .  f a c i l i t i e s .  

coolant  flow rates are determined from t h e  measurements of the  pressure 

drops ac ross  flow monitoring o r i f i c e s  i n s t a l l e d  f o r  t h i s  purpose. 

bra t ion  curve for  these o r i f i c e s  is shown i n  F ig .  1 3 - l l .  

flow rates through the  v e r t i c a l  fac i l i t i es  are determined from t h e  core  pres- 

sure drops measured between t a p s  RP4 and RP3 using the c a l i b r a t i o n  curve 

shown i n  F ig .  B-12. 

Included are the  ex- 

The beam tube  and the  engineer ing f a c i l i t y  

The c a l i -  

The primary coolant  

Determination of t h e  Fuel Assembly Flow R a t e  

The f u e l  assembly flow rate, 
1. 

is determined as follows: 
Sub t rac t  t h e  sum of t h e  flow rates through t h e  c o n t r o l - r e f l e c t o r  

region (determined from t h e  pressure drop measured across  the o u t e r  shroud 

f lange ,  RP4-Rp2, and t h e  o u t e r  shroud f l ange  c a l i b r a t i o n  curve, F ig .  ~ - 4 ) ,  

beam tubes,  engineer ing f a c i l i t i e s ,  and t h e  v e r t i c a l  f a c i l i t i e s  from the 

total flow rate. 

t a r g e t  region flow rates, V gpm. 

This difference is t h e  sum of t h e  fuel assembly and t h e  

2. Estimate the fuel assembly flow rate, V gpm. 

3. Determine t h e  core  head d i f f e rence ,  AH from t h e  d i f f e r e n t i a l  
P.S 

core'  
pressure measurement (RP4-Nl6 Pressure)  and t h i s  estimated flow rate, 

-7 2 GH core = (W4-1~16 Pressure)  + 1.379 x 10 

The quan t i ty  1.379 X 

top of t h e  N-16 probes based on a flow area of 152.32 i n .  
V i s  is  equal t o  twice t h e  velocity head a t  t h e  

2 T n i s  co r rec t ion  

is  necessary t o  account: for t h e  impact of t h e  coolant  on t h e  end of the m-16 
probes. 

4. gprn, by f ind ing  t h e  

d i f f e rence  of t h e  flow rate ca l cu la t ed  i n  s t e p  1, V gpm, and t h e  f u e l  as- 
Vt a r g e t  Determine the t a r g e t  region flow rate, 

sembly flow rate assumed i n  s t e p  2, vRs QPm- 
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5 .  
in Fig. B-5, It should be noted t h a t  t h e  quan t i ty  ( 3.730 x 10 

which is  t h e  v e l o c i t y  head i n  t h e  t a r g e t  region at  t h e  bottom of t h e  fuel 

grid assembly (flow area is 20.71 i n .2 )  i s  included i n  t h i s  head difference. 

It was added t o  t h e  permanent head lo s s  i n  t h e  t a r g e t  region t o  g e t  t h e  core 
head d i f f e rence  which is used t o  ob ta in  t h e  t a r g e t  region Plow rate. 

Determine t h e  core head d i f f e rence  across t h e  t a r g e t  from t h e  da t a  

h -6 2 
Vtarget 

6 .  Iterate s t e p s  2 through 5 u n t i l  t h e  core  head d i f f e rence  for t h e  fuel 

assembly equals  t h a t  f o r  t h e  t a r g e t  region.  

will have been found: 

a.  

b.  Target region flow rate, 

When they are equal ,  t h e  following 

Fuel assembly flow rate, VAS gpm 

'target gym 
c .  Core head difference, AH f t .  

core  



loo0 
-RATE h3Fd 

Fig. B-1. HFIR Fuel Assembly Labyrinth Flow Characteristics. (Ref. 45) 
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ORIiL-DWG 67-7297 
1 

Fig .  B-2 .  W I R  Shroud Inlet Flow Characteristics. 



Fig. B-3. Target Holder Flow Rates (Excluding Flow Through the 
Target Rods). (Ref. 46) 



1 

FLOW RATE (gpm) 

F i g .  B-4. Target. Rods Flow Iiates at 125°F. 
( 0  = 61.78 Ib/ftj)(Ref. 46) 



ORNL-DWG 67-7300 

10 

L 

Mc = Core Head DFfference, ft H20 

100 1000 6 

F i g .  B-5. Total Target Region Flow Rates. (Ref. k6) 



n a u m  (gpn) 

Fig. B-6. Coolant Flow Rates Through Outer Shroud Flange .  
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1 2 3 4 5 6 7 8 9 1 0  

PTm- Cppa) - ' -  

Fig .  B-7. B e r y l l i u m  Ref lec tor  Flow Hates. 
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1 

Fig. B-8.  Control Region Flow Rates. 



C=ih*,-  C W G  6 7 - 6 7 0 7  

Fig. B-9. H F I R  Reactor Vessel Pressure  Taps and Associated I n s t m -  
mentat  ion. 

..................... ........ .................... ................... ........... . . . . . .  
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COEFFICIENT, C D  = V / X  qzF 
V =  PRIMARY COOLANT FLOW RATE l t ? h c  
AH= DIFFERENTIAL PRESSURE.1I HZO 
K =  METER CONSTANT= 7.6865 

A l ' z v  -- - 
$q-4 

A =  VENTURI THROAT AREA , I t 2  

p = LOCAL ACCEI.ERATION OF GRAVITY, It/ser2 
,Q= (THROAT OIAMETER)/IPIPE DinMETERi= 0.6670 
THROAT DIAMETER= ?2.545 m.' 
PIPE DIAVETER .; 48.908 m 

... 

j 
". 

, 

0.96 
4.5 2 3 4 5 6 7 e 9 40 4 3  

PIPE REYNOLOS NUMBER a 

Fig. B-10. ICFIR Primary Coolant Venturi  Cal ibra t ion .  (Ref. 47) 



I 

Fig. B-11. HFIR Beam Tube and Engineering 
Facility Metering O r i f i c e  Ca l ib ra t ion .  ( R e f .  48) 
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CRNL-CWG 67-6766 

Fig.  13-12. Head Loss versus 
Flow Rate i n  the S I R  Ver t ica l  
Fac i l i t i e s .  



Appendix C 

DETAILS OF THE FUEL EI;GMENT COOLANT C W X L  FLOW EQUATIONS 

Basic Equations 

One dimensional incompressible flow w a s  a s sumd.  Assuming t h a t  the 

channel i n l e t  and e x i t  loses are 0.04 and (1 - A /A )2 v e l o c i t y  heads 

r e spec t ive ly ,  and t h a t  t h e  f r i c t i o n  f a c t o r  is F/(Re) 
26 0.2  , t h e  pressure  

drop i n  a given coolan t  channel i s  

To g e t  t h e  abso lu t e  p re s su re  a t  any po in t  w i th in  t h e  coolant  channel, 

note  should be made of t h e  core  i n l e t  p ressure  d i f f e r e n c e  der ived i n  Ap- 

pendix E. 

2 and t h e  v e l o c i t y  head j u s t  above the f u e l  p l a t e s  (based on a 165.1 i n .  

f l o w  area) 

(c -2 )  

If the absolu te  pressure  i n  the r e a c t o r  vessel plenum above the core i n -  

l e t  i s  P pia, t h e  abso lu t e  p re s su re  a t  any po in t  within the coolant  chan- 

n e l  i s  

z 

(c-3) 
2 F v2 dz' -- V 

- P - 2% -1; 2gc D e  



For  t h i s  ana lys i s ,  it w a s  assumed t h a t  t h e  flow rate p e r  u n i t  width 

of t h e  coolant  channel is w l b / sec  ( i n  width) ,  t h e  l o c a l  channel t h i c k -  

ness  is e m i l s ,  and t h e  channel th ickness  at t h e  i n l e t  and o u t l e t  is ee 

m i l s .  

coolan t  channel i s  e / (e  

t a i n t y  c o e f f i c i e n t  of U. 

coolant  channel t hen  becomes 

It w a s  f u r t h e r  assumed t h a t  t h e  area retia a t  t h e  e x i t  o f  t h e  
-t t )  and t h a t  t h e  F r i c t i o n  f a c t o r  has an uncer-  

Equation (C-1) f o r  t h e  p re s su re  drop i n  t h e  
e e  

r 

e 18.953 x io 4 2.238 x io 6 + il- e \ e . + t  mF = 1 
'in %x e 

and Eq. (C-2) f o r  t h e  abso lu te  p re s su re  a t  any po in t  wi th in  t h e  coolant  

channel becomes 

p = P + (4.077 - 4.86) x 10-l' pinvAS 2 

8.953 X l o 4  w2 2.238 x lo 6 2  w - - - I  - 
2 
e e P 

2 e 
'in e 

0.2w1.B z &, [ ( c - 5 )  - a UF,ave - 1.152 x i o  

Coolant Channels with  Gradually Varying Thicknesses 

For  coolant  channels whose th icknesses  change g radua l ly  down t h e  

l eng th ,  t h e  i n t e g r a l s  i n  E q s .  ( C - 4 )  and ( C - 5 )  are approximated by t h e  re- 

l a t i o n s  

(c-6) 



and 

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

Coolant Channels with S inuso ida l  Walls 

The t h i cknesses  of coolant  channels with 

s c r i b e d  by a r e l a t i o n  of t h e  form 

i n u s o i d a l  w a l l s  can be de- 

For a given wavelength of t h e  coolant  channel X assuming t h e  q u a n t i t i e s  

A and B t o  be constant ,  the i n t e g r a l  i n  Eqs.  (C-4) and ( C - 5 )  can be evalu- 

ated a n a l y t i c a l l y .  This  was done by Chzpman 50 using t h e  theory of resi- 
dues, 51 and h i s  result i s  

[ x d z  f" dz 

; s w i n g  t h a t  t h e  va lues  of A and B remain constant  f o r  each segmental 

mgth of channel X t h e  i n t e g r a l s  i n  Eqs.  ( C - 4 )  and ( C - 5 )  can be approxi- 
- e' 

P * . .  2 r e l a t i o n s  
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and 

I 

r z  .<% 

' 0  g ' = l  g 

dz ' I 
e 

(c-10) 

re spec t ive ly  . 
T o t a l  Coolant Channel Flow Rates 

The flow rates p e r  u n i t  width of t h e  coolant  channel wi  a r e - c a l c u l a t e d  

at s e v e r a l  p o s i t i o n s  along t h e  width of t h i s  channel. 

t h e n  weighted by t h e  appropr i a t e  channel widths and summed t o  g ive  t h e  

t o t a l  coolant  flow rate through t h e  Channel. 

i s  

These values  are 

An equat ion desc r ib ing  t h i s  

(c-11) 

where Ds,+l i s  def ined t o  be  zero.  

Pressure Difference Across a Fue l  P l a t e  Between a Narrow Channel - 
and a Wide Channel 

Since t h e  flow rates i n  t h e  narrow and t h e  wide coolant  channels w i l l  

be d i f f e r e n t ,  a p re s su re  d i f f e r e n c e  will e x i s t  across a f u e l  p l a t e  be- 

tween t h e s e  channels.  For t h i s  ana lys i s ,  t h i s  i s  assumed t o  be t h e  average 

o f  t h e  pressure d i f f e r e n c e  j u s t  below t h e  coolant  channel inlets and t h a t  

j u s t  above t h e  coolant  channel exits. 

t i o n s  along t h e  l e n g t h  of t h e  f u e l  p l a t e  have been ignored. 

d i f f e r e n c e  j u s t  below t h e  coolant  channel inlets is 

The in f luences  of t h e  locz l  de f l ec -  

The pres su re  

2 2 )  
n! 

v - v  m i n l e t  1.04pin *@;C I w 
- - ( c -12 )  
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and t h a t  j u s t  above t h e  exits is 

Therefore t h e  average p res su re  d i f f e r e n c e  a t  any p o s i t i o n  along t h e  width 

of t h e  f u e l  p la te  is  

3- e 

pex, n, i 'ex, n, i ne 

1 ne 
- - 

2 

I 

and t h e  average pressure d i f f e r e n c e  f o r  t h e  e n t i r e  f u e l  p l a t e  is 





Appendix D 

ESTlMATE OF THE RZDUCTION OF THE Z O N G I m I N A L  D E F U C T I O N  
OF TIfE FUEL PLATES DUE TO TKE: STRETCHJXG 

OF TIfE SIDE PLATES 

Prel iminary c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  d i f f e r e n c e  between t h e  

temperature  a t  t h e  lower end of t h e  average f u e l  p l a t e  and t h a t  at  the 

lower end of t h e  s i d e  plates for 100 Mu r e a c t o r  operation is  about 100 "3'. 

This  d i f f e r e n c e  between t h e  lower end of t h e  h o t  fuel plate and t h e  s i d e  

plate is  about 170 OF. 
The heat t r a n s f e r  analysis assumes t h a t  t h e  l o n g i t u d i n a l  d e f l e c t t o n  

of t h e  f u e l  p l a t e  is based a thermal expansion of 

1700.L 

where 

o! is  t h e  thermal  c o e f f i c i e n t  of  expansion of t h e  f u e l  plate material 

L is the l e n g t h  of the f u e l  p l a t e .  

To estimate t h e  stretching of t h e  side plates due t o  t h e  expansion o f  

t h e  average f u e l  plates, a n  e s t ima te  must b e  made of t h e  heated ( f u e l  p la te  

containing t h e  fuel bear ing  m a t e r i a l )  cross s e c t i o n  and the unheated cross 

s e c t i o n  of t h e  f u e l  elements. 

s e c t i o n  is  est imated t o  be 
For t h e  inner  f u e l  element, t h e  heated cross 

[ (9-9152)2 - (5 .6220)*] = 26.19 in. 2 24 

and t h e  unheated cross s e c t i o n  i s  est imated t o  be 

= 13.50 i n .  2 



S i m i l a r l y  for t he  o u t e r  f u e l  element, the heated cross s e c t i o n  estimated 

t o  be 

and the unheated cross s e c t i o n  is estimated t o  be 

= 25.06 in. 2 

If simple force  balances based on these a-reas are assumed f o r  t h e  

inne r  and t h e  o u t e r  f u e l  elements, the  i n n e r  f u e l  element s i d e  p l a t e s  would 

st  re t ch  

-) OIL ) (100) = 66m (26.19 .f 13.50 

and the outer element side p l a t e s  would s t r e t c h  

Combining equat ions (D-1)  , ( D-6)  and (D-7), the  l o n g i t u d i n a l  f u e l  p l a t e  

d e f l e c t i o n s  assumed f o r  t h i s  hea t  transfer analysis probably would be lower 

by 



Appendix E 

DERIVATION OF THE SIDE PLATE TENB3RATURE EQUATIONS 

The fol lowing are t h e  d e r i v a t i o n s  and the reasoning f o r  t h e  equations 

used f o r  c a l c u l a t i n g  t h e  f u e l  element s i d e  plate temperatures.  

t h e  assumptions are somewhat arbitrary, but  they  are f e l t  t o  be conserva- 

t i v e  and do not have a s i g n i f i c a n t  e f f e c t  on t he  o v e r a l l  results. 

Some of 

Basic Equations 

For t h e  purpose of h e a t  t r a n s f e r  c a l c u l a t i o n s ,  t h e  s i d e  p l a t e s  were 
4 regarded as slabs. Calcu la t ions  by  Hilvety and Chapman 

:iaack5;? ind ica t ed  t h a t  t h i s  i s  a good assumption provided t h a t  one half of 

t h e  normal fuel element coolant  channel heat  t r a n s f e r  c o e f f i c i e n t  is  used 

on t h e  f u e l  p l a t e  side of t h e  s i d e  p l a t e s .  

t r a n s f e r  c o e f f i c i e n t s  i n  the corners  of t h e  f u e l  element coolant  channels 

were ignored i n  Haack's c a l c u l a t i o n s .  

low s i d e  p l a t e  temaeratures which is  a conservat ive assumption. 

and later by 

The e f f e c t  of  t h e  lower hea t  

Tnerefore t h e  s l a b  model should y i e l d  

Equations f o r  hea t  transfer from a slab w i t n  i n t e r n a l  heat gene ra t ion  

may be found i n  most hea t  t r a n s f e r  t e x t s .  

an i n t e r n a l  hea t  gene ra t ion  rate of €&,Q/lOO and cooled by convection on 
For a slab of th i ckness  T with 

both sides, the temperature d i s t r i b u t i o n  is  53 

t . r -  -QSPQX2 f c1x + c2 
200k 

where 

lOOh 200k 
k k  c1 = (E-la) 

(E-lb) 



where 

$p = s i d e  p l a t e  hea t  genera t ion  rate a t  a r e a c t o r  power l e v e l  of 100 b b  

Q = r e a c t o r  power l e v e l  

k = t h e m 1  conduct iv i ty  of the  side p l a t e  material 

h = e f f e c t i v e  hea t  transfer c o e f f i c i e n t  on t h e  f u e l  p l a t e  side 

(Assumed t o  be one half of t h e  normal f u e l  element coolant  

channel hea t  t ra i i s fe r  c o e f f i c i e n t  ) 

- 

h = heat  t r a n s f e r  c o e f f i c i e n t  on t h e  o t h e r  s i d e  of t h e  s l a b  

T = coolant  temperature on t h e  fuel p l a t e  s i d e  of t h e  s l a b  

T = coolant  temperature on t h e  o t h e r  s i d e  of t h e  sl-ab. 

- 

The side p l a t e  temperature is  regarded as the  average of t h e  temperatures 

i n  t h i s  slab which i s  

(E-2 )  

The app l i ca t ion  of t h e s e  equat ions wi th  the appropr i a t e  va lues  of t h e  

side p l a t e  th icknesses ,  thermal  conduct ivi ty ,  and t h e  unce r t a in ty  coeffi- 

c i e n t s  f o r  t h e  hea t  genera t ion  rates l i s t e d  below are shown i n  Appendix A .  

Side  P l a t e  Thicknesses 

WIR fuel element  specification^^^ l i s t s  t h e  side p l a t e  dimensions t o  
be as follows : 

Inner  f u e l  element - Inner  s i d e  p l a t e  

0 .  L). 5.443 5 0.001 i n .  

Minimum th ickness  = 0.1825 i n .  
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Inner fuel element  - Outer s i d e  p l a t e  

I. D. 10.074 * 0.001 i n .  

0. D.  10.590 -t 0.010 in. 

Minimum th ickness  = 0.2525 i n .  

Outer fuel element - Inne r  s i d e  p l a t e  

1. D. 11.250 +- 0.010 in .  
0. D. 11.746 * 0.001 i n .  

Minimum th ickness  = 0.2425 i n .  

Outer f u e l  element - Outer s i d e  p l a t e  

1. D.  16.622 +. 0.001 in. 

-f- 0.010 i n .  
17*134 - 0.000 i n .  0 .  D. 

Minimum th i ckness  = 0.2455 i n .  

The values of t h e  minimum th icknesses  l i s t e d  above are t h e  values used for  

T i n  Equations ( E - 1 )  and (E-3) .  
temperatures s l i g h t l y  low which is conservat ive.  

This will tend to m k e  t h e  s i d e  p l a t e  

Other R e l a t e d  Factors 

Since t h e  side plate material i s  6061 aluminum, t h e  thermal conduct ivi ty  

Of t h e  slab w a s  assumed t o  be 97 B u / ( h r } ( f t ) ( ” F )  on t h e  basis of t h e  
information i n  t h e  Alcoa Aluminum Handbook. 42 

Uncertainty factors have been given t o  the r e a c t o r  power level Q, the 

and t h e  coolant  hea t  genera t ion  rate 9SP side p l a t e  heat genera t  ion rate 
. These are designated as U1, u16 and U17, r e spec t ive ly ,  i n  t h e  QH20 

equat ions i n  Appendix A f o r  c a l c u l a t i n g  the  side p l a t e  temperature ,  

Coolant Temperatures 

”he temperature o f  the  bulk water flowing by t h e  s i d e  p l a t e  is assumed 

t o  be dependent only on its flow rate and the heat generated in the side 

plate material and t h e  coolan t  i t se l f .  

assumed t h a t  t h e r e  i s  no mixing between t h e  water cooling t h e  side p l a t e  

and tha t  cool ing  the  f u e l  bear ing ma te r i a l .  

On t h e  f u e l  p l a t e  s ide ,  it i s  

This of course is a conservat ive 



assumption. The d i v i s i o n  of h e a t  passing through each su r face  of t h e  s i d e  

p l a t e  m u s t  be  considered i n  determining t h e s e  coolant  temperatures.  

t h e  two dimensional c a l c u l a t i o n s  of H a a ~ k , ~ ~  t h e  d i v i s i o n  of t h e  heat  flow 

for various coolant  cond l t ions  were determined and t h e y  are shown i n  

Table E-1. 

Btu/(hr)(f%2)(oF) .  

i s  about 1000 Eitu/(hr)(f t  )(OF) f o r  both platt-s of t h e  inne r  f u e l  element 

and fo r  t h e  i n n e r  side p l a t e  of t h e  o u t e r  f u e l  element. It i s  about 5000 

Btu/( hr)( ft )(OF) f o r  t h e  o u t e r  s i d e  p l a t e  of t h e  o u t e r  fuel element. 

From t h e  in spec t ion  of t h e  results shown i n  Table E-1, it was assumed f o r  

both s i d e  p l a t e s  of t h e  i n n e r  fue l  element and f o r  t h e  inner s i d e  p l a t e  

of t h e  o u t e r  f u e l  element t h a t  0.7 of the heat  is t r a n s f e r r e d  t o - t h e  f u e l  

p l a t e  coolant and 0.3 of t h e  hea t  i s  t r a n s f e r r e d  t o  t h e  coolant  crn t h e  

o t h e r  s i d e .  

assumed t h a t  0.5 of t h e  hea t  i s  t r a n s f e r r e d  t o  t h e  f u e l  p l a t e  coolant  and 

0.5 of t h e  hea t  i s  t r a n s f e r r e d  t o  the coolant on t h e  c o n t r o l  region s i d e .  

From 

The hea t  t r a n s f e r  f o r  t h e  fuel p l a t e  coolant  i s  about 15,000 

That f o r  coolant  on t h e  o t h e r  s i d e  of t h e  s i d e  p l a t e  
2 

2 

For t h e  o u t e r  s i d e  p l a t e  of t h e  o u t e r  f u e l  element, it was 

The models used f o r  c a l c u l a t i n g  t h e  heat  balances on i h e  coolant  

ad jacen t  t o  t h e  f u e l  p l a t e  s i d e  of  t h e  s i d e  p l a t e s  Eire sbmrn i n  Figs.  E - 1  

and E-2. That shown i n  Fig.  E-1 is f o r  t h e  inner s i d e  p l a t e s  of the i nne r  

and o u t e r  f u e l  elements, and that shown i n  F ig .  E-2 is f o r  t h e  o u t e r  s i d e  

plate of t h e  i n n e r  f u e l  element. 

the o u t e r  f u e l  element i s  i d e n t i c a l  t o  t h a t  i n  F i g .  E-2 except t h a t  0.7~ 
is  0.57. Models f o r  c a l c u l a t i n g  t h e  coolant temperatures  of t h e  coolant 

adjacent  t o  t h e  o t h e r  s i d e  of t h e  s i d e  p l a t e s  are slabs having th i cknesses  

of  0 . 3 ~  for both s i d e  p l a t e s  of t h e  i n n e r  f u e l  element and f o r  t h e  i n n e r  s i d e  

p l a t e  of t h e  o u t e r  f u e l  element and 0 . 5 ~  f o r  t h e  o u t e r  s i d e  p l a t e  of t h e  

The model f o r  t h e  o u t e r  s i d e  pla-te of 

o u t e r  f u e l  element. 

A hea t  balance on t h e  coolant  on t h e  f u e l  p l a t e  side o f  both s i d e  

plates of  t h e  i n n e r  f u e l  element and on t h e  i n n e r  s i d e  p l a t e  of t h e  o u t e r  

f u e l  element y i e l d s  the  r e l a t i o n  

(E-3 )  



The r e l a t i o n  for t h e  outer side plate of t h e  o u t e r  fuel element is  i d e n t i c a l  
t o  Equation (E-3) except t h a t  t h e  term 0.77 i s  replaced by 0 . 5 ~ .  

s t i t u t i n g  t h e  appropr i a t e  values f o r  t h e  s i d e  p l a t e  th icknesses  conversion 

f a c t o r s  f o r  t h e  var ious  dimensions, and t h e  appropr ia te  unce r t a in ty  f a c t o r s ,  

t h e  r e l a t i o n s  f o r  t h e  temperatures of t h e  f u e l  p l a t e  coolant  next  t o  t h e  

s i d e  p l a t e  shown as Equations ( A - 3 0 ) ,  ( ~ - 3 8 ) ,  and (A-43)  i n  Appendix A, 

may be r e a d i l y  obtained from t h i s  equat ion.  

Sub- 

To ob ta in  t h e  temperature of t h e  coolant  on t h e  o t h e r  s i d e  of t h e  

s i d e  p l a t e ,  each case  must be considered ind iv idua l ly .  The minimum flow 

area for t h e  coolant  passing between t h e  inne r  f u e l  element and t h e  t a r g e t  

rods is est imated t o  be 7.867 in .2  

t h e  s i d e  p l a t e  flows i n t o  t h i s  coolant ,  t h e  temperature rise i n  t h i s  coolant  

is then  

Assuming 0.3 of t h e  hea t  generated in 

QHzOQ 
0.3 ~~~z + - (7.867) z = Viipinm 

%,e. 
100 100 

03-41 

For t h e  case  of t h e  coolant  passing through t h e  f u e l  element l abyr in th ,  

it w a s  assumed that, 0.3 of t h e  hea t  generated i n  both  t h e  o u t e r  s i d e  p l a t e  

o f  t h e  inner f u e l  element and t h e  inne r  s i d e  p l a t e  of t h e  o u t e r  f u e l  ele- 

ment flows i n t o  it. From t h e  s i d e  p l a t e  dimensions l i s t e d  above, t h e  flow 

area f o r  t h i s  coolant  is  10.98 i n .2  

water is then  

Tne temperature  rise of t h i s  cool ing 

(E-5) 

The c o n t r o l  region coolant  removes some of t h e  hea t  generated i n  t h e  

Calcu la t ions  have shown t h a t  o u t e r  s i d e  p l a t e  of  t h e  o u t e r  f u e l  element. 

f o r  1080 gpm c o n t r o l  region flow rate, t h e  temperature  rise of t h i s  coolant  

is  about 30°F. 

t h e  c o n t r o l  region,  which a f  course is  high. 

decided t o  assume t h a t  t h e  temperature rise of t h i s  coolant  is 15°F for a 

1000 a m  c o n t r o l  region flow. 

water t h e r e f o r e  w a s  def ined t o  be 

This assumed t h a t  t h e r e  w a s  4.2 Mw of hea t  deposi ted i n  

Therefore  it was a r b i t r a r i l y  

The temperature inc rease  of t h i s  cool ing 



1000 
AT =15 (F) (A) ($i 

5&z  = 6.25 x 10- 
VC 

The a p p l i c a t i o n  of Equations (E-&), ( E - 5 ) ,  and (E-6)  using t h e  appro- 

p r i a t e  values  of t h e  s i d e  p l a t e  c r o s s  s e c t i o n  areas and unce r t a in ty  f a c t o r s  

f o r  t h e  heat  gene ra t ion  rates are shown i n  equat ions (A-28), (A-33), and 

(A-41) i n  Appendix A. 

Heat Transfer  C o e f f i c i e n t s  

Once t h e  coolant  flow rates and t h e  coolant  temperatures  are known, 

t h e  heat  t r a n s f e r  c o e f f i c i e n t s  may be c a l c u l a t e d .  For  t h e  coolant  adjacent  

t o  t h e  f u e l  p l a t e  s i d e  of t h e  s i d e  p l a t e ,  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  

are assumed t o  be  those  p red ic t ed  by t h e  Hausen r e l a t i o n  (Equation 9 ) .  
This  of course is t h e  same r e l a t i o n  for p r e d i c t i n g  t h e  hea t  t r a n s f e r  coef- 

f i c i e n t  i n  t h e  rest of t h e  f u e l  p l a t e  coolant  channel. However, as 

mentioned ear l ier ,  only one h a l f  of t h e  value of t h i s  h e a t  t r a n s f e r  co- 

e f f ic ien t  i s  a c t u a l l y  used i n  Equations ( E - l a )  and ( E - l b ) .  

On t h e  o t h e r  s i d e  of bo th  s i d e  p l a t e s  of t h e  i n n e r  f u e l  element and 

o f  t h e  inne r  s i d e  p l a t e  of  t h e  o u t e r  f ie1 e l e m e n t ,  a modif icat ion of t h e  

Dittus-Boelter equat ion given i n  G l a ~ s t o n e ~ ~  w a s  used. This  r e l a t i o n  i s  

where 

h = Btu/( hr)( f t2) (  OF) 

T = O F  

v = f t / s e c  

D = i n .  

I n  t h e  case of t h e  o u t e r  s i d e  p l a t e  on t h e  o t h e r  s i d e ,  t h e  hea t  t r a n s -  

f e r  c o e f f i c i e n t  i s  t h a t  f o r  t h e  c o n t r o l  regi.on. I n  t h e  c o n t r o l  rod s t u d i e s ,  

t h i s  was assumed t o  be G o o  B t u / ( h r ) ( f t 2 ) ( " F )  f o r  a 800 gpm flow rate End 



1-99 

0.104 - 0.104 - 0.104 i n .  control rod coolant  channel th icknesses .  

design of t h e  c o n t r o l  region resulted i n  0.104 - 0.170 - 0.095 i n .  c o n t r o l  

rod coolant  channel th icknesses .  

Re- 

Therefore f o r  t h i s  ana lys i s ,  this heat 
t r a n s f e r  c o e f f i c i e n t  w a s  estimated t o  be 

1 O e 8  

+ 0.104 -I- 0.104 
-t 0.170 + 0.095 

hC = 

(E-8)  



49 Table E - 1 .  Divis ion of Heat Flow i n  t h e  Side P l a t e s  

S ide  P l a t e  ??;.ickness : 0.250 i n .  
Heat Generation €?ate : 5280 Btu/hr i n .  

FLel P l a t e  Side Opposite Side 

Fuel E l e m e n t  
Coolant Channel F r a c t i o n  of Coolant Heat Transfer F r a c t i o n  of 

Temperature Heat T rans fe r  Heat Flowing Temperature Coef f i c i en t  Heat Flowing 
( O F )  Coeff ic ient  t o  this  S ide  (OF) (Btu/hr f t 2  OF) t o  t h i s  Side 

(Btu/l-!r f t 2  OF) 

15,000 

15,000 

15,030 

15,000 

15,000 

15,000 

10,000 

20,000 

15,000 

15,000 

0.800 

G .680 
0. 840 
0.520 

0.720 

0.200 

0.540 

0.760 
0 * 880 
0.534 

120 

120 

150 

120 

150 

120 

150 

150 

150 

13lr 

1000 

lGGO 

1030 

2000 

2000 

5000 

5000 

io00 

io00 

5000' 

0.200 

0.340 

0.160 

0.280 

0.800 

0.450 

0.240 

0.1m 

0.494 

0.480 

8 
0 
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FLOW = wA, 

ORNL-DWG 67- 6765 

Fig. E-1.  Model f o r  Calcu la t ing  
Heat Balences or? Coolant Adjacent t o  
t h e  Fuel  Plate S i d e  of t h e  Inner  Side 
P l a t e s  o f  t h e  Inner  and Outer Fuel 
Elements. 

Fig.  E-2. Model f o r  Calcu- 
l a t i n g  Heat Balances on Coolant 
Adjacent t o  t h e  Fue l  Plate  S ide  of 
t h e  Outer S i d e  P l a t e  of t h e  Inner  
Fue l  Element. 
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