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i i i  

FOHEWORD 

This report  documents t,he early development of the WZR heat t r a n s -  

f e r  ar:alysi s and presents  results which were judged adequate to provide 

reasonable assurance t h a t  the r e a c t o r  could be operated at the design 

power l e w l  OT 100 Mw f o r  R typlcal fueL cycle  durat ion of 15 d q s .  

During ttie middle of 1-96:, a c r i t i c a l  review or t h i s  work icdicdted s e v e r a l  

areas in which it appeared that  the analysis w a s  not conservative and 

several. areas i n  wiiich the approach was overly conservative.  

it, w a s  found thax t h e  assumptions regarding flow i n  a coolant, e'iianneL 

which had s ' inusoida l  bucklivlg along i t s  l eng th  were not, consemat ive nnd 

a considerable f l o w  reduct ion woi iZd a c t u a l l y  occur f o r  t h e  c?ianneL varia- 

tions predicted.  

011 a preliminary ana lys i s  and was supported only by  prelimiaary experi- 

mental data. L a t e r  tests which were earefuLly instruniented and wkiich 

covered a wide range of operating conditions showed tha t  the  s inuso ida l  

uuckl ing previoinsly assumed d i d  not  properly d e s c r i b r r  t h e  s i t tL t t i on .  

Thc review p lus  a d d i t i o n a l  information from experimental p rogram l e d  

t o  the decision t o  rewrite t h e  computer code Ln o rde r  t o  incAude trie 

c ur - r en t ly  a v a i l a b l e  inf'onnat i on. The methods of analysis and the re- 

suits of: t h e  l a t e r  computations are presented j n  ORNL-TM-1904 which super- 

sedes t h i s  r epor t .  The l a te r  a n a l y s i s  i s  'oased on a f u e l  cycle  t i m e  of 

F'3 days r a t h e r  t h a n  15 days as presented he re in .  The longer  f u e l  cycle 

is r ep resen ta t ive  of BILR operat ing experience i n  which 1,he t y p i c a l  i ' u e l  

r y e l e  tias been foixid t o  be about 23 days. 

I n  p a r t i c u l a r  

On the o t h e r  hand the assumed buckling mode w a s  based 

T. E. Cole 
Oak Ridge National Laboratory 
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D I R  FUEL ELHdBlIT S T W Y  STATE 
€BAT TRANSFEH ANALYSIS 

IT. Hilve ty  arid T. G .  Chapman 

I n  order t o  achieve the desired high  performance i n  the K F L H  i-t, 
.vJ:?S e s s e n t i a l  tha.t  the heat rcmo\/a.i analysis b e  conduc teti i n  a manner 
-th.t would minimize tend.encies Loward over-conservatism and. t h a t  would 
txke i n t o  cons ideration a l l  i t e m ,  such as control system requii-ement,s 
and Y a e L  eletnent; f a b r i c a t i o n  toleranczs, that have a s i g n i f i c a n t  e.l'f'ec% 
on t he  p r a c t i c a l i t y  of the design. I n  add i t ion  'io n n a l y t i c u l l y  demon- 
s t r a t i n g  tile uper?inil-i?;y of the HFIIC a t  the design power l e - ( je l  01: 100 

from t h e  standpoint of hwi; t r a n s f e r ,  -the results of this study hav-e 
been ;xseYul in cs ' tab~ishirzg permissible 11orrno.1 operat ing eoncii'iions f o r  
the variou:; proposed modes of' operation, in helping t o  fix -the control 
and safety system set poin ls ,  i n  proviuing a basis foi- analog studies 
01' .transient behavior. duririg po:;tulaicd nuclear ?xcursiona, and i n  
helping to est&Lish fuel cI_ilement f'abricEcLion toleryinces, especially 
those concerned with coolan-t  gap t h i c k m s s  and fiiel hornogenei ty. 

%'he basic:: approach t o  this study has been t o  a s s i g n  val.ues to the 
i nd . i . v idua l  hot-apot factors ini ' luencing t i i t :  various a:spects o f  ihe heat  
transfer.. The ca lcu . la t iona1  procedure w a s  s e t  up so  that t;he ind-ividual 
factors could be considered sinultaneously; furtliermore, i.t wilts a s s w r ~ s d  
.that, a l l  f'a c 'io r s a (2 t u a l l  y would o c CUI- s irnul-t Brie ous ly whe re phy s i c;:iilly 
possible. The ind iv idua l  f 'mtoi-s are considered i n  a rh the r  de t a i l ed .  
rrianner i n  res,pec't Lo t h e i r  i n t e r a c t i o n s  w i t h  each o the r  and a nixiijer of' 
considerat ions a r e  included which a r e  not norrml ly  a pari; of such an 
arlalysis ( e .  g. , oxide buildup and i'ueL p la t e  deflections) . 
tions give inforrnat,ion on reactor power Level Limitations as well as 
t he  more insual hea.t f l u x  pedcing l i m i t a t i o n s .  Great care has been 
taken to i n su re  t h a t  iAie re:r;ull;s of these stuslies are conservaLi :re ant? 
a t  t he  siline time t o  minimize t h e  degree of conservatism. Thus, the 
result:; are believed to r e f l e c t  quite reasoriabiy the lower bounds oi' 

bound.:; are  based 0.n t he  calculated. podel- L e v e l  for t h e  onset or n1uir:le- 

at,e boiling o r  burnout  a t  t h e  hot spo t .  For  a i l  bu t  the case of na- tural  
convection coolirig the onset of riucleate b o i l i n g  was used. as EL L i r n i  Ling 
coiiditioii rs-ther than burnout because a suit,at:le burnout co r re l a t ion  
aJa s n o t  a v a i l a b l e  i'or t h e  ve ry  i iarrov HFIR coolant channels irrider higil 
power, hot spot  conditions. 

The calcula-  

J- ~ i i e  onset  OY nuclea-te boiling or burnout, as - the c ~ s e  may be. Thest. 

T h e s e  s t u d i e s  i n d i c a t e  t h a t  at t h e  erid of a 15 (lay, 100 &J f u e l  
c y c l e  and witn the a n t i c i p a t e d  reactor. flow rate and- operatin+; pre:;su~-e,  
(600 p s i )  -the i n c i p i e n t  b o i l i n g  power l e v e l  i s  139 NJ, t h c  correspoildi:n::!: 
average. rue1 plate temperature was ca l cu la t ed  t o  be 2L2"F a.nd thi? iiiazi- 
rmiu ho t  spot  fuel plate temperatur.e was h.80 "Id1. 
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INTRODUCTION 

The entire XFTR f u e l  loadixg, shown i n  Fig:lnre 1, cons i s t s  of j u s t  

i;wo fuel elements . The assembled elenents c o n s t i t u t e  two concentr ic  

annul i  conta-laing 50-mil-thick involute-shaped ahminun fuel  p l a t e s  with 

5O-mil. coolaat channels The thickness  of thc  fuel-bcaring por t ions  of 

t h e  plaies  is  var ied  r a d i a l l y ,  as shown i n  Figure 2, so  as .Lo f l a t t e n  

t h e  power dFstributi.on. The elements are forced-convection cooled by 

water flowing downward t h o u g h  -the coolant channels . 
The br,si.c design requirements placed on t h e  KFIX were t h a t  t h e  

r eac to r  operate  a t  a power I-eve1 of 100 Mvr and produce 252Cr as rapid1.y 

a.s f e a s i b l e  ( i  .e ., the thei-mal. neutron flux i.ii t h e  t a r g e t  should be as 

high as possible). The design d h t a  l i s t e d  i n  Table I represent t h e  com- 

bined r e s u l t s  of t h e  nuclear,  hydraul ic ,  mechanical, aod. heat transfer 

design s t u d i e s .  

1 2 

Tha-t. an extensive heat  transfer ana lys i s  of -the XYCR fuel. element 

was reqiiired i s  evident when one considers the  high power d e n s i t i e s  re -  

quired t o  achieve the  des i red  neutron fluxes. 

represent  a s i g n i f i c a n t  ex t rapola t ion  of curren t  p rac t i ce  and experience.  

Spec i f i ca l ly ,  t h e r e  are two p r i n c i p a l  problems encountered: f i rs t ,  diie 

t o  t he  l imi ted  headroom imposed by t h e  requirements For a m a x i m u m  a v a i l -  

ab le  neutrron f lux,  t h e  degree of conservatism i n  the heat, t r a n s f e r  anal.- 

y s i s  must be ca re fu l ly  l imi ted ,  without being eliminated; and secondly, 

t h e  a.na.lysis m u s t  he conducted i n  such a m m n e r  as t o  f a c i l i t a k e  i n d i -  

v idua l  evaluat ion of each o f  those  f a c t o r s  inf luencing heat  t r m s f e r ,  

such as mechanical design detai.1.s and to le rances ,  f u e l  pl.ate streng-kh 

and buckling c h a r a c t e r i s t i c s ,  nuclear c h a r a c t e r i s t i c s  ,, con t ro l  system 

c h a r a c t e r i s t i c s ,  resc-tor opei-ati.ng p’rocedures, and changes which might 

occu:~“ during t h e  f u e l  element l i f e t ime  such as oxide f i . h  bui ldup.  

These paver d e n s i t i e s  

O n e  method of reducing t h e  degree of conservatism i n  t h i s  s o r t  of 
ana lys i s  i s  .that of applying s t a t i - s t i c a l  wci.ghting factors t o  each of  

t h e  ind iv idua l  va r i ab le s  which might inf luence the  heat  t r a n s f e r  charac 

t r r i s t i c s .  The magnitude of t h e  weighting f a c t o r  t o  be appli.ed to an 

i-ndividual va r i ab le  i s  de-bemined by the probab i l i t y  of existe!?cr of 

that; condi t ion both ind iv idua l ly  and concurrent ly  with t h e  o the r  va r i ab le s  
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which influence heat t r a n s f e r .  I n  order -to empl.oy Lhis method, i s  

nccessargr, of course,  t o  have the  appropriate  s t a t i s t i c a l  da ta  f o r  each 

of tine var iab les  irivoived and f o r  combhations thereof .  I n  the case of 

the HFIR many of the design concepts arid f a b r i c a t i o n  techaiqu-es are  suf-  

f i c i e n t l y  d i f f e r e n t  frox t h e  usual  tha'r. adequate s t a t i s t i c a l  data are 

not a v a i l a b l e  and w i l l  r a t  be available u n t i l  qu i te  some time a f t e r  the 

r t a c t o r  commences opera-cion. Tlus the conservative approach of msuzii- 

ing t h a t  a l l  detrernental u n c e r t a i n t i e s  and deviat ions from $he nominal. 

occur simultaneously and a t  Yne same spot when phys ica l ly  posolble has 

beer! employed. 

t he  p r o b a b i l i t y  of the uncertainty factors and deviat ions from the rxm- 
inal being g r e a t e r  than considered is  so s m r t l l  as t o  be of no ser ious  

consequence. S t a t i s t i c s  per  se have entered d j r e c t l y  i n t o  the  study i n  

a few eases @here l a r g e  yuanitities of data a r e  ava i lab le ,  s x h  as i n  t h e  

case of t ne  nea t  t r a n s f e r  coe f f i r  i en-t co r re l a t ion ,  +There a correl.iztion 

represent ing 95% of the clattz Gas employed.3 

r e l a t i o n s  are based on more 1 h i t e d  data, viinimuni data c o r r e l a t i o n s  have 

been used. 

It has a l s o  been assumed t h a t  under the  r-i~ctms-tances 

In other  cases,  whcr'e coy- 

I n  apply i.ng the da ta  cor re la t fons  -to t h e  heal; t r a n s f e r  ana lys i s ,  

f i v e  general. categories  of re levant  f a c t o r s  have been eonsidercd:  

1. Tfle reac tor  nuclear c h a r a c t e r i s t i c s  and nuclear ca lcu la t ion  

tolera,nees . 
2 .  The f u e l  element mechanical desxgn parameters and assoiiated 

to le rances .  

3 .  
4. Changes in coolant c h a m e l  dimensions caused by fuel p l a t e  

Fuel p l a t e  defec ts  (non-bonds and fuel segregat ion)  I 

def lec t ions  resul- t i  ne from hydraul ic  o r  the-rmally-imposed loads I 

5 .  P l a n t  operating parameters arid assoc ia ted  u n c e r t a i n t i e s  (gower 

l eve l ,  f u e l  cycle length ,  coolant temperature, f low r a t e s ,  preseilre 

l e v e l ,  c t c .  ) . 
I n  order t o  minimlse t h e  degree of conservatism and a t  tAe s a n e  time 

r'aei 'Litate exam? nation of the  e f f e c t s  of indivi dual design parameters 

these  general  categories  were subdivided i n t o  d i s c r e t e  f a c t o r s  t he  

e f f ec t s  of which could be described mathemat i c h l l y  . "he various heat 



4 

tl-arlsfer paranet;ers t h e n  becane functions of a l l  of those €ac tors  by 

which they could be irifluenced . This aiqiroach has $he a.dditiona1 ad.vail.- 
L Lages of preventing khe inelusrim-k of con€l.i.cl,ing facbors and .gi.ves prop- 

e r  advantage c r e d i t s  f o r  t h e  secondary e f f e c t s  of t h e  individual- fac-Lors. 

For example, wh-n iising t h i s  approach, a,Lj.y given calcul.at,ion i s  auto- 

mat ical ly  yr-ohi:?it,ed from assuming adjacent w i d e  aind narrow chamiels f o r  

ca l cu la t ing  pressure-induced fuel.-plate deflec.l,i~on, and aL t h e  same .time 

assi.iii.ing adjacent narrow channels f o r  ca.lculating w~erage p l a t e  2;cmper-a- 

t i r e s .  Also, a f a c t o r  which causes an increase i.a bulk. water tempera- 

t u r e  a1.s~ r e s u l t s  in an increase i n  heat. t,ransfer coeKi‘ici-ent . 
In subdividing the f ac to r s ,  it was necessary t o  i.nchide direci;l..y i n  

the sna1ysi.s several. faci;ors which are not usual..ly considered. Tn addi- 

t i o n  t o  t h e  e f f e c t s  of fuel. p l a t e  de f l ec t ions ,  l o c a l  heat-f lux peaking 

f a c t o r s  siich as those i*c$siilLting from inon-bonds and Tuel segregation were 

considered. The e f f e c t s  of oxide buildup on  fuel^ p l a t e  s tmngt’n and on 

biick.lling due t o  fuel-plate- to-s i .& -pLa.te temperature d i f ferenccs were 

included. I n  t h e  case  of those factors which could be l imi t ed  to s m a l l  

plate area.6 by proper inspect ion techniqiues , both ii~a;t; conduction i n  t h e  

plane of t h e  p l a t e  an? the e f f e c t s  of chaiiges i n  local.. heat t ransfer .  

coe f f i c i~en t  were -t,aliea~ i n t o  account, . 
Reactor performaiice 1.imi.tations a r e  p re sen t ly  baser1 011 t h e  cal.cii- 

l a t e d  pc :~e r  level  f o r  . the onset of boi.lir-g a t  t h e  hot, spot,. The calcii- 

l a t iona l -  procedures f o r  e s t a b l i s h i n g  i-eactor powei-  l e v e l  l i m i t a t  ions 

were o r i g i n a l l y  based on carrel-ations f o r  b l i r . ? o ~ t ” ~  power l e v e l ,  the 

Zenkevich-43ubhoti~n corrrla’r,j.on being empl.oyed f o r  high pressures  and Lhe 

Savannah R<.ver c o r r e l a t i o n  f o r  lower pressure opera.tion; c o e f f i c i e n t s  

eiql-oyed i n  t h e s e  co r re l a t ions  T ~ ~ e ~ a e  based on subcooled boi.l.i.ng burnout 

t e s t s  run s p e c i f i c a l l y  Lo simulate KP’lR conditions . I-Iowever, after in- 

clud.i.ng f u e l  p l a t e  d.eflection effects i n  t h e  anal.ysis, it hecarrie appar- 

ent tha-t  t h e  calculated mj-niinum coolant chai~nel  thicknesses  a t  t h e  

cal.culal;ed burnout power levels general ly  f e l l  be3 ow the app1ica.bl.e range 

of the burnout co r re l a t ions  which are ge.ne~al-l.y limited. t o  mi i7 imum chan- 

n e l  thi-ckness of ab0u.t. 30 m i l s .  A plot of ca l cu la t ed  end.-of -cycle rni.:ni- 

murn coolant channel thickness as a funct ion of reactor power l eve l  and 
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f u e l  region flow rate is shown i n  Figure 9 .  Data on burnout f o ~  very 

t h i n  channels are very nieager; however, 011 t h e  basis of a f e w  prjiiits 

t ha t  were a v a i l a b ~ e 5  it appeared that a rmrrowing of -tile ctiarlneIs be1-ow 

0.03 in. resu l ted  i n  t h e  bumout heat f l u x  approaching t h e  onset, of b o i l -  

ing heat flux. Furtkierniore, these data ind ica ted  t h a t  for  the very 

narrow channels expected in t h e  WFIR rluririg high power operation, -the 

onset si' aucleate boiling and t h e  burnou.t; heat  P L c ~  would be vsry near ly  

equal. Therefore, t h e  use of t h e  i n c i p i e l t  b o i l i n g  poirk i n  l i e u  of 

t h e  burnout poin t  does not in reali.ty consti-t ize a significa;ii, o r  unjust  

l i m i t a t i o n  on achievable power. 

h o t h e r  problem associated w L t h  the appJ-lcati 011 of the  burrzout co r -  

reli2tion is  that OP i n s t a b i l i t y  due t o  b u b t ~ l e  f'orrm-t,.Cou which r:arirLOt be 

ca lcu la ted  with any appreciable degree of' accuracy I It is q e n e ~ a l l y  

recognized that  use of empirical burnout d a t a  co r re l a t ions  ~ c y u i r t : ;  a 
very close examiriatioii of t hese  correlations f o r  a p p l i c a b i l i t y  'LO t,he 

case under consideratiori  .I This provi(?ed armther incen-tive for i ~ s i n g  the 

onset of nucleate  b o i l i n g  as a limit,Tng coricllkion a The cornelai-ion 

chosen f'or calculation of in r ip ien t  boiling i s  t h a t  of' Bergles x i d  

Rohser:ow. 

4 
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I n  ca lcu la t ions  relative t o  l o s s  of f low and loss of pressstre acci- 

den t s ,  two pri nci.ple operating flow rates have been: ccms icterF-d j.c Fcstab - 
lishing fue l  p la te  oxidc bu i ld  LIP- Ci2lcuZations have been made for  n 

fuel element flow r a t e  of 10,800 gym,  which corresponds t o  an ear ly value 

01' -the reac tor  design min5mm flow r ake .  The I P I P  main cir.~:ulsti!1# p u p s  

have subseyixently been sized t o  de l ive r  approxirnatcly a l3,OOC: g p n  the.l 

element flow rate; ca lau la t ions  ti~ive also been macle at tnis v ~ l u e  

I n  additiori  t o  ir ivesti  ga-tion uf t he  inti-pient 'bOTlil- . .g power leve l ,  
ca l cu la t ions  have been made t o  determine the hot spot heat I ' h x  pealsing 

f a c t o r s  necessary t o  reach if ic ipient  b o i l i n g  arid bumoLLt .) T h i s  rac-tor 

i s  def ined as the  quaritity by which the  hot spot heat flux riirst be mul t i -  

p l i e d  in order  to achieve the  iccipient, b o i l i n g  h a t  f l u x  t h a t  corresponds 

t o  a s p e c i f i c  steady state power l e v e l .  This simplified pwijedmtl.  i.s 

sometimes used t o  predict 'burno&" margins associated wj th  z~r! increase 

i n  power. However, s ince  i t  does not a,':ccmi% fo r  efianging cort: ehsrac-  

t e r i s t ies  other than an increase in heat f lux  at, t h e  'not spot as t h e  power 
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approaches burrrout o r  1 ncipient  boi-l ing,  it p r e d i c t s  g r e a t e r  margins Elan 

predicted- by tile much preferred met;bod discussed i n   his repor-t . 
n .LO S o  ab le  to interz>iaet tine f i n a l  resiL!.ts of this study i n  t e r n s  of 

p e m i s s i b l e  operating power l eve l  i.t i s  necessai-y -to cons'ider c e r t a i n  

aspects  of the reactor control. system and a l s o  .to consider t h e  basis 

upon whtch t h e  heat .Lra,i?sCer ana lys i s  was rnade. The c o n t r o l  sys tern lim- 

i.ts power overshoot above normal full power through a c t i o n  o€ R mu3.tiple 

servo system; a rad reversal i s  provi-ded a t  llO$, a scram on heaL por~er  

Ls provided a-t 12@, and a neutron flux-to-flow s c r m  i s  se'i. a t  130%. 
( A  r a t e  scram i s  a l s o  provided ?or r a p i d  t r a n s i e n t s ) .  

po in t s  are provided i n  order t o  p r o t e c t  t h e  reac'iw, witinout a scram 
ocmrri .ng,  agains'i a, ,z;l.owly di- i f t ing power level.; tine nonlirlal se-t  poi.nts 

where e s t ab l i shed  on t h e  basis of ins'iriunent iloise: etz. 

Tne rod r e v e r s a l  

I n  the  hea t  t r a n s f e r  analysis a1.l c r ed ib l e  d.eleterious conditioiis 

were considered and weye yssumed t o  occur sinlultaneously, -t'ne probabil- 

i t y  of a worse conditi.on e x i s t t n g  beihg considzrea so  siiiall as t o  be 

to1erabI.e l i i  terms of l;iie r i s k  i-nvolved. Thus, it i.s q u i t e  reasonable 

t o  s e t  t h e  l e v e l  scram po in t  r i g h t  a t  -the ca l cu la t ed  hot; spo t  bumout 

power l e v e l .  Since i n  t h i s  anal.ysis It i s  assumed t h a t  bu~.acjut, and in-  

c i p i e n t  bori-ling a r e  syrioriy-mous (a t  l e a s t  for high power cases) t h e  above 

appmach will make nucl.er,te b o i l i n g  as w e l l  as burnout qui-te improbab1.e 

i n  t h e  v ic i r i i ty  of t h e  level scram point. 

I n  specifying a m a x i m u m  steady state power l e v e l  Tor no.mal operation, 

componeaks other t i i a n  "irie fue l  e~.ement ( c o n t r o l  cornponeilt,a , re f lee  tor ,  

t a r g e t  and. c>t%ler experimental facili.t:i.es, heat exchangers, cool.:l ng tower, 

e tc . )  must of course be considered. These have been desi-gned f o r  a nomi- 

n a l  operatirig power I.evel. of 100 Mw, which i s  the o r i g i n a l l y  s p e c i f i e d  

normal opera~ting power level  f o r  t he  x a c t o r  . Tlnis apparent l i m i t a t i o n  

on a s soe la t ed  components precludes operat ion of the f u e l  el.ements a t  a 

nominal power l e v e l  above 100 Mw. 'Thus, it i s  only necessary- that tile 

calcuI.at;ec3 i-nci-pieiit b o i l i n g  power l e v e l ,  f o r  high powei- operatioil and 

under the  condi'iions s p e c i f i e d  he re in ,  be equal t o  Oi" g r e a t e r  than 130 M w .  

For  low power operation a-t reduced fl.ow and/or pressure,  the sa . f r ty  i n s t r u -  

mentation s e t  ' i iags must r e f l e c t  the correspond-ing reduct ion i n  ca l cu la t ed  

busI1ou-t p o i a t .  
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Independent variables that affect the incipler i t  boiling arid burnout 
power .Levels are the coolant flow rate and t he  system pressure. T'ne re- 
s u l t s  or" Ynese stadies  indicate t h a t  w i t h  the minhn1m expected flow from 
tliret: ai' t h e   our p u p s  and wi-t;h n system i n l e t  psessurk of 600 psia  

(maximwm design pressure is LOO0 g s l ) ,  t h e  rn~nim!.m inci-pjen-t b a i l i n g  

power level i s  g rea t e r  than 130 Mw. 

f m W O D  GF ANALYSIS 

A. Types of Factors included in tht2 Analysis 

Tn describing mathenia"cicsl1y t h e  l@lb heat t ransfer .  coriditiaas, the  

steady-state hydridulic ilnd heat t r a n s f e r  equ-ations are, first of' a1 1,  

w r i t t e n  i n  terns of t t e  mminal  r eac to r  d e s i  gel arid operating parmet,ers 

and the selected l.ocation-* xlithin t h e  active core.. These eqiuations are 

then modiried by t i l l  those factors ( f a b r i c a t i o n  to le rmces ,  variation i n  
operat ing parmrters unce r t a in t i e s  i.n dat,a co rue l s t ion ,  e t c  which car1 

inf luence hot spat, operaLing CorLdit ions .  In modifying the mmi.nal equcL- 

t icjris it i s  necessary to recogrii zc: t h ~  f o l  l(2wiag three separake catcgorics 

of i r d l  ixricing factors : 

1. Hot p l a t e  factors arc defined as those which irifivence mat trans- 
fer across t h e  entire width of a coolant e n a m e l .  Thest f'rictors thus in- 

Pluence the overall ponse of t h e  entire cuoiant channel ( i . e , ?  these 

r'actors affect t&sl channel flow ra te ,  fuel plate buckling, aversge 

channel Outlet  tt?CRpeI'Fi.tUre, &C - ) 
2 .  Hot s t r e a k  i'actors are d e f i n r x i  as those which may al"i"eet, hGat 

transfer down a narrow element of' 8. cool.ant channel. from the t op  of t h e  

- z c t i v e  fuel region to t h e  hot  spot e l eva t ion ,  the exact w i d t h  of  t he  streak 

being uridef ined but s u f f i t i  en tLy narrow t o  precllide any IpiezLsur~blt' ci'feets 

on fuel plate dei ' lect ions (tse., tiiese fartors do not  n f ~ e c t  p la t e  c ief~ee-  
t i o n  o r  t o t a l  bulk f low through the  erltire channel, but, thf-y do aff'rc:t Local 

-- 

"The. calculat ionaL procedwe permits pre-selection of' the lc,catLon within 

the a c t i v e  fuel region fo r  which t h e  calci i la t ions are to be made. No 
provision has been made frjr an c2ili;matic search for t h c  hot spot  l o c a t i o n .  



bu1.k. w,?ter t,crnperature and/or 1-oca1 coolant v e l o c i t y  ) . 
3 .  Hot spot f a c t o r s  a . 1 ~  defined as those which influence only a 

su r f i c i en - t ly  s m a l l  ayes of t h e  p l a t e  such as t o  preclude any effect.s 

other  than those on l o c a l  cool.ant ve loc i ty  o r  I.ocal heat f lux ( i . e . ,  

t hese  f a c t o r s  are assumed L o  have no e f f e c t  on bi.2l.k water temperatures 

o r  t o t a l .  channel. flow r a t e  o r  on f u e l  p l a t e  buck.lint;l;) 

These t h r e e  types of  factors a r e  superimposed. successively accord- 

ing t o  t he  asswnption t h a t  all.  f a c t o r s  combine a t  the hot spo t  i i n  t h e  

most iinTavorabl-e manner p0ssi.bJ.e (i .e ., t h e  hot; p l a t e  f a c t o r s  am super- 

imposed on t h e  nominal eqimi;iains t o  give t h e  hot p l a t e  equations, -the 

hot s t r e a k  f a c t o r s  are siuperimposed on the  hot p l a t e  equ-ations -to give 

t h e  ho-t streak equations, and t h e  hot spot fact,ors w e  superimposed on 

t h e  hot s t r e a k  equat ions) .  

various f ac to r s ,  t hese  niodifi-ed equations can then be used t o  c a l c u l a t e  

he? p l a t e  nominal, hot p l a t e ,  hot streak, o r  hot spot conditions a t  aiiy 

chosen I.ocation within t h e  f u e l  e lanent  . 

By proper s e l e c t i o n  of t h e  values of t h e  

E .  Variables t o  be Considered _- _-__I 

The va r i ab le s  considered i n  thcse heat removal s tud ie s  a ? - ~  l i s t e d  

i n  Table 11. Although the d i s t i n c t i o n  is  not zlways el  ear-cut ,  these 

va r i ab le s  may be divided i n t o  t h e  following f i v e  categories:  

1. Physical Description of t h e  Reactoy 
I. ..._-- 

This category includes -i;hose parameters, both nominal val-ues and 

toleraoees,  spec i f i ed  by t h e  fuel element f a b r i c a t i o n  drawings which i n -  

f l.uence local. heat  t r a n s f e r  conditions,  ei-Lher i n  t h e l r  e f f e c t s  on hext 

f l u  or  oi? coolant flow r a t e s  o r  temperatures.  Tnus, as w e l l  as i-nclud- 

ing  fue l  loading tolerances,  t h i s  cateogry a l s o  includes a l l  dimensions 

and 'iolerarrces a f f e c t i n g  coolant gap thickness ,  e i t h e r  d i r e c t l y  o r  through 

t h e i r  e f f e c t s  on fuel p l a t e  buckl.ing. 

2 .  Heactor Operating Conditions ~. . . . . . . . . _-_ 
A s  i s  t h e  case wi th  t h e  previous category, those operat ing con- 

di-tions axe considered which iu f  luence heat f I.ux o r  coolant conditions . 
A s  we1.l. as including t h e  usual. parameters of coolaizt inle ' i  temperature, 

pressure,  flow r a t e  (as defined by avai1abl.e pressure d i f f e r e n t i a l ) ,  arid 
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power l e v e l  (as defined by t h e  core average heat flux), t h i s  cateogry also 
includes t h e  calculated and/or elcperimental geometrical  power d i s t r i b u t i o n  

f a c t o r s  arid t h e  previous operating cycle hisCory of t h e  fuel elerkent. 

3. Uncertaint ies  

I n  addi t ion  t o  t h e  to le rances  normally assigned t o  design and 
operat ing parameters which w e r e  covered under the previous two items, 
the re  are unce r t a in t i e s  involved i n  measurement oi' t h e  opera t iona l  vari- 

ables and i n  t h e  ca l cu la t iona l  procedures and correlations employed I n  

pred ic t ing  t h e  actual fuel. element heat  t r a n s f e r  condi t ions.  It is these  

operat ional ,  ca l cu la t iona l ,  and co r re l a t ion  unce r t a in t i e s  which are i n -  

cluded i n  th is  category,. 

4 .  Correlat ion Constants 

Provision is mzde i n  t h e  ca l cu la t iona l  procedure f o r  varying t h e  

cor&ants i n  some of t h e  data eorrelat ions employed i n  these  ca i eu la t ions .  

The co r re l a t ions  f o r  which this is provided include those  for ca lcu la t ion  

of l o c a l  heat t r a n s f e r  coe f f i c i en t ,  fuel. p l a t e  oxide f i lm  buildup, and 

f u e l  plate de f l ec t ion .  

of t h e  co r re l a t ions  for  heat t r a n s f e r  coe f f i c i en t  and oxide buildup t h e  

primary purpose is t h a t  o f  allowing a convenient means of modifying the 

equations t o  incorporate  add i t iona l  experimental data. I n  t h e  case of 

the heat  t r a n s f e r  coe f f i c i en t ,  t h e r e  i s  also provis ion f o r  s e l e c t i n g  one 

of t w o  different forms for  t h e  co r re l a t ion .  The va r i ab le  eonstants i n  

-the p l a t e  de f l ec t ion  equation a l s o  permit se l ec t ion  of values  cons is ten t  

with the radial loca t ion  of t h e  spot under considerakion. 

These provisions serve two purposes. In t h e  case 

5 .  Hot Spot Location 

As w a s  mentioned previously,  t h e  ca l cu la t iona l  procedure employed 

allows pre-select , ion of the geometrical  loca t ion  within the f u e l  e lenent  

for which t h e  heat  removal ca lcu la t ions  a re  t o  be made. This is accm.- 

plished by specifying an a x i a l  l oca t ion  and f r a c t i o n  of to ta l  heat, l i b e r a -  

ted above t h i s  e levat ion,  the arrangement of adjacent w i d e  and narrow 
channels t o  be considered, and by choice of proper values of nucI.ear €im 

peaking f a c t o r s  and p l a t e  d e f l e c t  ion co r re l a t ion  constants corresponding 

t o  t h e  chosen r ad ia l  l oca t ion .  
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C . Pr i i ic ipa l  Asswnptions ......- - 
As has been indicated previously,  t h e  two p r i n c i p a l  assumptions i n -  

-..- 

volved i n  these heat transfer studies are as follows: 

1. A l l  i.ndividua.1. hot spot f a c t o r s  are assumed t o  be superimposed 

a,t t h e  "hot spot" i n  t h e  most imfavorable, physica1l.y possible  manner. 

2 .  A t  an t i c ipa t ed  HFTB operat ing conditions, t h e  onset of nucleate 

b o i l i n g  i s  i n  most cases a s a t i s f a c t o r y  s u b s t i t u t e  f o r  the less we l l  

knowii burnoiit po ln t  . 
I n  addi t ion t o  these b a s i c  assumptions, it has been necessary t o  make a 
number of assumptions re1ai;ive t o  t h e  d e t a i l s  of t h e  hea-t. t r a n s f e r  wi.th- 

i n  t h e  fuel element. The more impo:rtant of t h e s e  aye summarized i i i  t h e  

following paragraphs. (Agaiii, t h e  d i s t i n c t i o n  as -Lo the heading und.er 

which these assixaptions should f a l l  i.s not always c l ea r - cu t  due t o  t h e  

i n t e r r e l a t i o n  of t h e  t o p i c s  "Lo be considered) .  

Fluid Flow -- -____I^ 

Tine slandard handbook equations have been employed f o r  ca l cu la t ion  

of i n l e i ,  e x i t ,  arid f r i c i i o n  pressure drops, w i t h  rflodificatiori of the 

standard f r i c t i o n  f a c t o r  according t o  experimental daLa obtained on t i i i  n 

reciangular chsnnels .3 

' chr  core midplane b u l k  vater temperature. I n  ca l cu la t ing  %he t o t a l  flow 

r a t e  through a. given coolant channel, i t  i s  assiifaed that, t h e  average 

coolant channel thickness  i s  not a f f ec t ed  by f u e l  p l a t e  deflections. I n  

the case of pressure-induced p l a t e  de f l ec t ions ,  t h e  def lected p l a t e  w l 1 1  

assume a n  "S" shape r e l a i i v e  t o  t h e  o r i g i n a l  involute  curvature,  tinus 

while one p a r t  of t h e  coolant charinel decmases i n  thickness,  another 

F r i c t i o n  drop ca l cu la t ions  have been based on 

p a r t  increases  i n  thickness  giving a ne t  change i n  channel c ros s - sec t iona l  

a r ea  of approximately ze ro .  Some net change i n  channel dimensions re- 

s u l t i n g  from d i f f  e ren t  operat ing temperatiires of adjacent fuel pl-ates i.s 

to be expeci;ed si~nce the r e s u l t i n g  d e f l e c t i o n  i s  i n  one d i r e c t i o n  r e l a t i v e  

to t h e  o r i g i n a l  involute;  however, these temperature d i f f e rences  a r e  not 

I-arge enough t o  s i g n i f i c a n t l y  a f f e c t  average channel t h i ckness .  I n  t he  

case of de f l ec t ions  r e s u l t i n g  from fuel p l a t e  - s i d e  p l a t e  temperature 

differences the  deflec-Lion p a t t e r n  has been shown t o  assume a I-ongitudinal 

s i n e  wave p a t t e r n .  These de f l ec t ions  then woiiJ-d be expected t o  a f f e c t  
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l o c a l  coolant, velocixies but not o v e r a l l  coolant c h a s e 1  f'low rates 
Two important pos tu la tes  which have bee12 employed i n  e s t ab l i sh ing  

equations t o  descr ibe l o c a l  coolant veloc i ty ,  ve loc i ty  pressure drop, 

and f r i c t i o n a l  pressure drop i n  these no1niaalI.y f l a t  channels a x  as 

follows : 

(1) 
t h e  width of t h e  channel, and ( 2 )  

s o l e l y  across  t h e  thickmess of t h e  charmel w F t h  rmne i n  t h e  d i r e c t i o n  of 

width.  (The w i d t h  d i r e c t i o n  is defined as thai, along &he invol.ite a rc . )  
Thesc two pos tu l a t e s  are j u s t i f i e d  f o r  very t h i n  channels which cmitain 

no abrupt changes i n  charincl shape t h a t  wc~uld? s e s u l t  i n  unrecoverable 

expansion or  cont rac t ion  l.osses. It i s  f e l t  t h a t  t he  eqyations based on 
these  pos tu la tes ,  provide a reasonably accura te  a n a l p i s  of t h e  e:ffect,s 

of deviat ions i n  p l a t e  cr)iit,our and coolant-gap thickrlcss on t h e  hydro- 

dynamics of' t h e  W T R  fuel  elemeni coolant channels - 

t h e  s t a t i c  pressure i s  asswried t.o be irldepen2crit oi' position ecross  

f r ic t ioaa l  forces  are t ransmit ted 

Provision is made i n  t h e  calcul  at,ional proced?lres f o r  specif icat , ion 

of a degree of mixing across t h e  ehdrmel w i d t h  in terms of the f r a c t i o n  

b y  which t h e  hot streak b u l k  water temperatilse i s  inodiPied toward thc 

chairriel average bulk water temperature .  A t  t k e  noma1 operat ing coolant, 

vel.oci.ties of t h e  hTIR f u e l  elernent dye Plow tests have ind ica ted  t h a t  

very l i t t l e  t ransverse  mixing is  t o  be an t i c ipa t ed  CarLsequ-ently, all 

of the ca lcu la t ions  have been based on the ass-mpl;ion of' no mixing across  

t h e  chtwnel width.  

There i s  a lso provis ion f o r  i n c l u d i n g  in the ca lcu la t ions  a I h c t o r  

t o  accomt  l'or flow maldistribution due Lo t n l e t  p k n u m  e f f eccs  .. Ynis 
f a c t o r  is  included in t h e  fomi of a f r a c t i o n  of t h e  nominal flaw ?-ate t o  
be appl ied t o  t h e  hot s t r e a k  calculations. Considerable e f fo r t  has b e m  

expendcd i n  t h e  design oi' the i n l e t  plenum t o  minini ize  any such c i Y ' ~ x t s .  

Consequently, no inlet plenum flow e f f e c t s  have been i n e l u d e d  i n  t h e  tal- 

cula t ions  . 
Hot Spot si z e  

Even though inc ip i en t  b o i l i n g  r a t h e r  than bumout  i s  being used 8s 

a l i m i t i n g  design condi t ion it i s  of i n t e r e s t  t o  examine i n  a t  least a 

q u a l i t a t i v e  way some of t h e  nore important, p a r m e t e r s  e f f ec t iEg  buraout,. 



It i s  possible  that,  even with very aarrow coolant chann.eI.s thei-e w i l J -  'ne 

grea te r  seps.rai:.i-oii between i n c j  pien-t b o i l i n g  and burnout than i.?idicated 

by t h e  l i m i t , e d .  uniformly-heated channel data. One parameter which might 

be important i n  Lhis respect i s  the proximity of hot spo t s  relat.I.ve to 

each o the r .  I n  a r r i v i n g  a-t, the  c o n c h s  i on that, f o r  very nar-row channels 

t h e  inc ip i en t  boi.li.tig point arid burnout point, woul..d b e  near ly  t h e  same it, 

w a s  assumed {;hat, data froin unFformly-hea.ted-plate experiments wei-e app l i -  

cab]-e. However, i n  t h e  case of a s m a l l  i s o l a t e d  hotspo.t, t he  flow of 

coolant wou.l..d b e  expected 'GO sweep away t h e  bthbl.es as they are fomwd.. 

Thus t h e  fi lm blank.eting effec't of b o i l i n g  woij.liJ be minimized. Pf, 

however, there were a second spot j u s t  upsti-em which was also generat-  

i ng  vapor bubhl.es, t h e s e  bubbles, i n  being swepi; over \;he second s:~~lc; 

would be expected t o  resu1.t i n  an appr.eci.abJ-y lower burnout hea-t; f l u x .  

Some preliminary experimental work on -the e f f e c t s  of hot spot s i z e  a.nd 

r c l a t i v e  orien-tation of adjacen-t; spots  has  confirmed these expectat.i.ons . 
Thus, i f  hot spots  i n  the , V I R  f u e l  plates  are not grouped c1osei.y io- 

together,  t h e  a c t u a l  ma-t.gFn on burnout wi1.1 be  s ign i f icxnt . l~y  gretxter than 

calculated herei.n. A t  t h e  present  time t h e  inspect  Lon techniques do n o t  

inchrde a n  examination of hot spot r e l a t i v e  p o s i t i o n .  

Hot, Streak Width 

a 

-....... _- -.-- 
A s  w a s  menij.oned previously,  t h e  exact width of' -the hot s t r eak ,  

employed. f o r  purposes of e s t a b l i s h i n g  bulk w a t e r  temperatures, i s  unde- 

f ined  but  assamed to be suf f i c i e r i t l y  na-trrow t o  preclude any measurable 

e f f e c t  on f u e l  p la te  deflec.t.ioas. Factors included as hot  s t r e a k  val-lies 

iiic1.ud.e those of f u e l  pl.si;e de f l ec t ion  due t o  p rc s s ixe  d i f f e r e n t i a l  a n d  

f u e l  p l a t e  l i n e  average loading t o l e r a n c e .  

me1 Pl.ate I k f l k c t i o n  

P'uel p l a t e  de f l ec t ions  of i n t e r e s t  are 
prcssixe d i  f f e r rn t , i a l s ,  diffei*eutiLal rad ia l  

those i-esulting l'rom hydraulic 

exparia i nns be'cween ad. jacent  

f u e l  p l a t e s  and d i f f e r e n i i a l  axial expansion bel deen t h e  fuel plates and 

the sidepl a t r s  . 
Calrulat ions on e l a s t i c a l l y  s tab le  d is tor t ions"  have been based orA 

elast i  c beam theory,  assuming pinned ends and an i n i t i a l  curvziure conform- 
11 ir?g to a t r u e  involute  as  show^^ on t h e  f u e l  elernerri; drawings, 
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wit,h Lhe d i r e c t i o n  of de f l ec t ion  i n  adjacent  p l a t e s  ehosen t o  give the 

most unfavorabIr he& transfer condi t ions I Calculat ions an f u e l  p l a t e  

lorigitudirial  burk l ine  

throligh t h e  use of theore t ica l .  arid experimental  results; t,he d i r e c t i o n  

of' buckl ing and creep considered gave t h e  most unfavorable heat t ransfe  r 
cond i t  ions . 

12 a r e  based on an expcr imentai model a r r l v e d  at 

Three separa te  f a c t o r s  can 'oe responsible for. deflection o r  8x1 indi.- 

vid,inl f u e l  p l a t e  r e l a t i v e  bo i t s  neighbors. They w e :  
I. Diff r renees  between fuel. p l a t e  and s i d e  p l a t e  temperatures .  

2 I 

3.  Pressure clifTereritiaLs across  fuel. p l a t e s .  

A difference Fr- the average tempemtures  of adjacent  fuel p l a t e s .  

Fuel p l h t e  buckAing i s  assumed t,o be dependerrt upon t h e  average file1 p l a t e  

t;crnperatur.e at the  e l eva t ion  of the poin t  'Lender- considerlAt;ion. This 

average p l a t e  tempemture i s ,  i n  t u r n ,  assurtled t o  be e s t ab l i shed  by values 

of bulk w m e r  temperature &nd veloeitjr,  fuel p l a t e  power dens i ty ,  arid heat 

t r a n s f e r  c o e f f i c i e n t  averaged across t h e  elitire channel width. The assump- 

t i o n s  ind ica ted  under t;he headirig of f l u i d  flow a r e  ernlployttl i n  establish- 

ing  thrse  average coolant p rope r t i c s  and heat  t r a n s f e r  coeYficicnts .  It 

is  assumed t h a t  t r ie  maximurr i  possible value of p l a t e  power- dens i ty ,  meraged 

across  t h e  p l a t e  width, i s  fixed by the line axerage fuel- loadirlg to le ranee  

( i .e I II  t h e  t ime constant employed i n  t h e  homogeneity stlanni ne; machine must 

be s u f f i c i e n t l y  short -to prevent greater e f r e c t i v e  width averaged- power 

d e n s i t i e s  ) . 
A s  a fuel- element comes up t o  power, a mt temperature difyerence 

between t h e  f u e l  p l a t e s  arid s i d e  p l a t e s  comes i n t o  being. This tempera- 

t u r e  differer ice  i s  p o t e n t i a l l y  capable oP' generat ing two type5 of p l a t e  

d e f l e c t i o n .  

ences i n  nxial  expansion, and may also r e s u l t  i n  a d e f l e c t i o n  o f  the fuel  

p l a t e s  due t o  difYerences i n  radlal expansion between rue1  plates and side 

plates. 

ence i n  nominal fuel  plate and s ide  plate temperatures has been el iminated 

i n  33Flli by allowing r e l a t i v e  r o t a t i o n  between t h e  two side p l a t e s  of a 

f ' uc l  element. Thus, t h e  only de f l ec t ions  of a radial nature  are those 

due t o  average teillperature d i f f e rences  between adjacent  fuel p l a t e s  . 

L t  may generate  a "sine w a w "  type of' bucklirlg due to d i f f e r -  

The generat ion of fuel p l a t e  stresses r e s u l t i n g  Prom the d i f t ' e r -  

In  



determiiiing t h e  magiqitude of these deflect ions,  -the sJ.ighi changes i n  

ch0-i.d lengLh and p la te  c1in-atui-e due to d.j.ffrrerLtinl radi.s.1 expansioi-is 

a,re secondary effec.ts and are thus mgl ig ib l -e  - Average fuel p l8  

pera1;ijz-e ca l cu la t ions  are based on Lhe previously-i-nd icated hy-draul.ic 

and heal; tra.nsfer assumptiolis. Heat transre;. from the s i d c  pla-bes is 

based. on a fl.ai slab model (i .e 

fel- of heat between fuel.. p l a t e s  aiul s i d e  phi,::. Y'wo-dimensional Ilea?, 

. t ransfer  cal.culations have shown this Lo be good sssuriipi:.ion f a r  t h e  W I R  

geouicLi-ics and operating condli;i ons 1. 

it i.s assumed i.hat there -is no trans- 

ALurrlinum cJxidc build-up on the 

s i d e  pia-'.- ~t:s - reducec, t h z  'iein -a ture  d i f f e rence  be-iiu.er?n t h e  si.de plaLe 

and f u e l  plat,e. However, the  e f f e c t  i-s s m a l l 1  and therefore was cojxpletely 

neglected.  I n  additi-on hiilk wzter .ternpera.i;urcs: and heat gencr-ation i-ates 

were chosen -io eive minimmi poss ib l e  side pI.ai,e tempcrzt.ures . Natural  

convection heat t r a n s f e r  with a coe f f i c i en t  of 300 Btii  hr-'. f t - 2  ( O F ) - '  

was assumed f o r  t h e  side p l a t e  surl"aces opposi'ie t h e  fuel p l a t e s  cxcept, 

f o r  the outer  e1e:iianC o u t e r  s i d s  p lh t e ,  where l f l o w  -Lhroug% tiit: con-ti.ol 

region provi-des forced convection hea'c ti-ailsfer. ,.I'nis i'orced convect ion 

coe f f i c i en t  is assurned pi-oporti.oaa1 .to the 0.27 power of t h e  core presslire 

drop .  The heat transfer c o c f f i c i e n t  on iiie fue l  plate s i d e  - i s  a , s s m z d  

equal -to t h a t  calcu1s;t;ed for a normal f u e l  pI.ate, but t h e  a 

t o  be just one-ha1.M of ac-i;ual s i d r  p l a t e  surface area bczai.ise oi t he  ex- 

i-stence of Lho file1 plabe s l o t s .  Corner e f f e c t s  Wculd be sxpec-Led to i-e- 

sulk i n  an  e f f e c t i v e  value 7-ovzr tha ,p ;:his a.ssumeii 1 eve]..; hrzcr: t h i s  

assimpt;Ion a1 so l e ~ d s  toward a. 1-ow calcula.iec: s ide p1 : A i ; e  te: 

-. 

a ~ 3 s  assumed 

'The b1il.k water ternperatlire rise ol" thc  watei- fl.owiiig pas t  t h e  f i ~ e l  

p l a t e  s i d e  of Llie si.& p l a t e  WRS assinned t o  be moi-e dependeii'i or, -the t e x -  

p e r a t w e  of the fuel r e  m coolant t h a n  Oi-1 he3L ti-ansferrzd from the side 

p i a t e  . Tlerzfore, the bu1.k teriipei-ature rise of thj .s  w a L e r  was assigized A. 

f r a c t  iclnal po r t  ion of .ihe nominal €uel reg inn  cnolai i i  S u l k  t,e;.mperai;iire 

r i se  This fr.%tioml. vaC.ue, c a l l e d  ilie side p1tii;e eo16 s t r 9 a k i n g  f'actor 

in t h e  input data l i s t i n g ,  i s  an inpiii; variable, thil:: periili. ing variai:,ion 

in the assilmp?,'loi?S employed in c a l c u l a t i n g  Lhis biJ.1.k water tempi- 

a value of 1 .O wculd be assigued t o  this  va r i ab le  i-f complete m i x i n g  v; t l i in  

the coolarit channel a.ss:med) . 



the magnitude of buckl ing 

cipient t o i l i n g  is always well d j  s p h e e d  Y r m i  t h e  radial f;r:nt,t:t- of" i,ale 

fuel plate ,  and since t he  two cidrj p la te  t,empe-raturrs tip. riear1-y equal I 

this appears to br3 a good assimi-pt;ion. 

S u l r a t j  the calc~lated g u i n i  of nii-nimilrn i n -  

The pressure: -induced f u ~ l  plat,t: d ~ f l - c e t i  cn cal culai; ions arc: 'uascd 

OII the assumption of' uniform average coolant channel thickness, wikh t,L~c_'  

magnitude of d e f l e c t i o n  being uniform dowri -the Lrri&h of t'nc fue l  pbatc  

and determined b y  the avwage pressure d i f P e r o n t i s l  Between thc ad jdcent,  
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cool.ant channe3.s. Tie a c t u a l  l o c a l  pressure d i f f e r e n t i a l  across  a plate  

wj. th  adjacent coolant channels of uiifoxm but  d i f f e r e n t  th ickness  i s  a 

maximum a t  t h e  top of t he  channel and mlnirfiun at t h e  channel e x i t .  
assumed pressv.re d i f fe ren t r ia l .  i s  thus  conservat ive when emp2oyed fo r  the 

bottom ha l f  of t h e  core .  Tkse m a x i m u m  de f l ec t ion  values  r e s u l t  i n  inin-, 

iinuj:n calcu.lateed values  of coolant vel.ocity and maximiim ca lcu la ted  coolant 

temperatures . 

The 

Operating Conditions 
II .--..- 

I n  e s t ab l i sh ing  fuel elemeDt hea-L generat ion rates it; was cnnser- 

va t ive ly  assumed t h a t  of t h e  total power generated,  9'7 
in i;he file1 p l a t e s ,  a.ad. the  remaining 2 -5% was deposi ted i n  other regions 

of the r e a c t o r .  T h i s  assumption leads t o  both  s l i g h t l y  high bulk ~ ~ a t e r  

LF-lrlperatures and heat f l u x  l e v e l s .  

was ckposited 

_- - 

The choice of system opera t ing  va r i ab le s  t o  be used i n  descr lb ing  

fi~.i?l element, opera t ing  c h a r a c t e r i s t i c s  w a s  governed by t w o  p r i n c i p a l  

c p i t e r i a :  the  va r i ab le s  used should be those  ac tua l ly  measured and 

cont ro l led  d u r h g  r eac to r  operat ion,  and (2) t h e  performance of t h e  file1 

element was t o  be considered independently of t h e  remaind-er of t h e  p r i -  

mary- coolant system. The bas i c  system va r i ab le s  chosen on t h i s  basis 

are: r eac to r  power l e v e l  ( i nd ica t ed  i n  terms of fuel element average 

heat flux), coolant i u l e t  temnperature, arid core presslire drop .  I n  tine 
case of power l e v e l  and i n l e t  temperature,  f a c t o r s  are a l so  included t o  

account f o r  inaccuracies  in measurement and con t ro l  of t h e s e  va r i ab le s  . 
No such provis ion vas made i n  t h e  case of core presslire drop s ince  i t ;  was 

considered t o  be  the  independent v a r i a b l e .  A l l  of t hese  ca l cu la t ions  

having been based on a 1 2 O " F t l $  rnaxiinum i n l e t  temperatin-e . 

(1) 

E'l.ow of IIeat  P a r a l l e l  t o  t h e  Sur face  of t h e  3 3 x 1  Pla te  ___...._ ..-.I_Y. --.__. -. 

It was assumed i n  iliaking these heal; t r a n s f e r  ca l cu la t ions ,  'chat ex- 

cept in ' h e  case of l o c a l  hot  spots t h e r e  was no heat  t r a n s f e r  -psra.llel 

t o  the surface of t h e  fuel pla te  i n  both t h e  fuel pla te  and coolant chan- 

n e l .  T'nis assumpti-on i s  v a l i d  because t h e  coolant f i l m  heat transfei-  

coe f f i c i en t  is  large compared t o  t h e  the-mal conduct ivi ty  of t h e  fuel 

p l a t e  and because t h e  thermal conduct ivi ty  and mixing i n  t h e  coolant are 

a l s o  r e l a t t v e l y  srnal.1. I n  the case of non-bonds snd local fuel.  segregat ion 



such hea t  flow must be considered, par t icv- lar l j r  i.n view of -the assimption 

regarding independence of b o i l i n g  on hot  spot  s ize .  Maxiram heat f l u x  

peaking due t o  f u e l  segregat ion i n  the  absence of non-bonds i s  f ixed  by 

t h e  spec i f i ed  l o c a l  f u e l  loading to l e rances .  The f a c t o r s  employed t o  ac- 

count f o r  a d d i t i o n a l  h e a t  f lux peaking due t o  non-bonds are as shown i n  

F igs .  3 and 4. These f a c t o r s  include t h e  e f f e c t s  of l o c a l  nea t  t r a n s f e r  

in t h e  plane of t h e  f u e l  p l a t e .  

based on two-dimensional heat t r a n s f e r  ca l eu la t ions  ,15 using the model 

shown i n  F ig .  5 .  The non-bond i s  assumed t o  occur a t  tkne f u e l - f i l l e r  

These hea t  f l u x  peaking f a c t o r s  have been 

p ieee  i n t e r f a c e ,  t h i s  being t h e  most unfavorable loca t ion  from t h e  stand- 

poin t  of' maximum hot  spot  hea t  f l ux ,  with no hea t  t r a n s f e r  across t h e  

non-bond. 

f u e l  clement drawing notes .  l1 

w i l l  r e s u l t  i n  r e j e c t i o n  of any p l a t e s  w i t h  more de l e t e r ious  non-bonds 

such as comparative l a r g e  areas containing many very small non-bonds, and 

t h a t  e x i s t i n g  non-bonds a r e  s u f f i c i e n t l y  f'ar a p a r t  t h a t  e f f e c t s  of adjacent  

aon-bonds may be neglected.  

A non-bond diameter of l / l6  inch was used, consistelit; w i t h  the 

It i s  assumed t h a t  t h e  non-bond jnspec t ion  

Circumferent ia l  symmetry was assumed, w i t h  t h e  axis oi' t h e  U 0 segre- 
3 8  

gatiori TJolume being coincident  with t h a t  of t h e  non-bond. 

t h e  thermal conduct ivi ty  and hea t  generat ion r a t e  of t h e  U 0 

spo t ,  i t  w a s  assumed t h a t  t h e  U 0 w a s  i n  t'rie €'om. of t i g h t l y  packed 

spheres and the  maximum packing f r a c t i o n  f o r  spheres of 0.74 was used. 
Thermal conduct ivi ty  of t h e  segregat ion spot  i s  assumed t o  be  equal  t o  

t h e  sua of t h e  volume f r a c t i o n  t imes thermal  conduct ivi ty  values  of t h e  

var ious ma te r i a l s  (U. 0 

In es t ab l i sh ing  

segregat ion 
313 

3 8  

and A l )  . 
3 8  

The diameter of' t h e  segregat ion spot  i n  t h i s  model w a s  chosen t o  be  

consj-stent w i t h  t h e  s p e c i f i e d  +30$ fuel loading to l e rance  over t he  cor- 

responding area. The diameter turned  out  t o  be 5/64 i n .  This inspec t ion  
spot  s i z e  was es t ab l i shed  on t h e  b a s i s  of two-dimensional c a l c i i h t i o n s  15 

performed on a model w i t h  no non-bands present  and with a 10-mil-thick 

f u e l  region.  

over t h e  region of i n t e r e s t ,  t'ne increase i n  l o c a l  hea t  flux a t  such a 

spot  i s  approximately propor t iona l  t o  t h e  volume of U 0 i n  t h e  spo t .  It i s  

shown i n  Appendix B t h a t  f o r  a given packing f r a c t i o n  and meat thLckness t h e r e  

These s t u d i e s ,  summarized i n  Appendix B, have shown t h a t ,  

3 8  
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i s  R u i i q u e  value of t h e  iiispection spot diameter t h a t  w i l l  make t h e  max- 
imlijm segregation-induxed heat f lux peaking value equal t o  t h e  p e m i s s i b l e  

l o c a l  f u e l  loading to le rance .  It was assumed t h a t  a mmTmum packing 

frac- t  ion would r e s u l t  i n  the highest  peak value of t h e  heat f l u x .  The 

I O - m i l  th ickness  o f  the f u e l  region was chosen si.nce 8,s a. r e s u l t  of being 

t h e  th innes t  porkion of t.he f u e l  bear ing sec t ion  of t h e  PTIR f u e l  p l a t e s  

j. I; resuJ.ts i i i  t h e  smallest  i i ispection spot  si .ze . 
After having es tab l i shed  t h e  inspect ion spot  s i ze ,  ca lcu la t ions  were 

macle t o  determine t h e  e f f e c t  of grouping seve ra l  hot spots  t oge the r .  Tn 

t hese  s tud ies  R si.ng1.e hot; spot w a s  insulated. a t  t h e  inspect ion spo-i; d i a -  

meters.  It w a s  found t h a t  Lhe increase i n  peak heat f l v x  was only 2%. 

The s p e c i f i c  value of heat t r a n s f e r  c o e f f i c i e a t  chosen f o r  the model 

sinown i n  Fig - 5 i.s t y p i c a l  of nominal H i m ?  operating c h a r a c t e r i s t i c s .  

This cocff ic ien- t  does, o f  course, exer t  some inf luenee on l o c a l  heal; 

f lux peaking due t o  non-bonds and Local f u e l  segrega t ion .  It i s  assumed 

t h a t  t h e  f r a c t i o n a l  increase i n  l o c a l  heat f l u x  due t o  non-bonds and 

segregation i s  d.i.rectly proportiorial. t o  t h e  value of t h e  loca l  heat; 

- t r ans fe i -  coeyficient  . Thus, as would be expected, t h e  degree of l o c a l  

heat flux peaking decreases with decreasing heat  t r a n s f e r  coe f f i c i en t  . 
Ho-t Spot Location 
..-..-.._I ~ 

A s  has heeri i-adicated previously,  any desi-red geometrical  l oca t ion  

within -the f u e l  element may be se lec ted  by specifying an a x i a l  loca-tlon 

and through proper choice o f  nuclear f l u x  pealsing constants and f u e l  

pla-Le buck1in.g eons-tants.  I n  addi t ion ,  any one of four poss ib le  ar- 

rangements of wide and narrow coolant channels may be se l ec t ed .  These 

a r e  j-ndicated i n  Fig. 6. 
While the ca lcu la t iona l  procedure gei-rflil;s s e l ec t ion  of t h e  point  

for vhieh t h e  ca lcu la t ions  are t o  be made, and t h i s  u l t imate ly  allows a 

search t o  be made for t he  a c t u a l  hot  spot locat ion,  a l l  of' t h e  WIR 

steady-state heat t r a n s f e r  cal.cii.l.ations reported here in  hav? beer) based 

on t h e  hot spot beimg at t h e  o u t l e t  end of t h e  a c t i v e  f u e l  region.  

Nuclea;r ca lcu la t ions  have ind ica ted  a iilarlced degree of nuclear  f lux  

peaking at t h e  core ends. It has been assuined i r i  t h e  present  study, 

based on t h e  r e s u l t s  of nuclear ca lcu la t ions  and experiment 8 and considering 

1 



t h e  specif Led'' r u e 1  I.engkh -t;olerarrces, that t h e  power densisy peaking 

at the core ends i s  equal to t h a t  a t  the core midplane. This assumption 

r e s u l t s  in t h e  m o s t  severe hot spot conditions s ince  it gives  maximum 
bulk water temperatures m d  miriiriium pressures  coinciderit with t h e  hot  

spot locat i on .  

D. - General Calcu la t iona l  Procedures 

The radial loca t ion  of' t h e  ho t  spot i s  a func t ion  of seve ra l  f a c t o r s ,  

inciudjng t h e  t i m e  i n  t h e  f i re l  cyc le .  

radial power d i s t r i b u t i o n  i s  e s s e n t i a l l y  f'lat i n  t h e  i r a e r  f u e l  clement 

iznd i n  t h e  inner  t h i r d  of' t h e  w te r  eleaien1;. Near t h e  m d  of t h c  cycle 

the power dens i ty  near the  t h r e e  inmemnost s i d e  plates decreases signi.l'- 

i c a n t i y  bec.wse of' nonuniform burnup of the fuel .  A s  ind ica ted  i n  SI .  

prcvious section of' this r epor t  t h e  radial loca t ion  of the  hot spot ,  

assuming a r a d i a l l y  flat power d i s t r i b u t i o n  but  otherwise end of cycle 

conditions,  is  about j /b  in. i n  from t h e  m n t x  s ide  platx of e i t h e r  

element. The inconsistency associated with the power d is t r ib iAion  rep-  

r e sen t s  a coiiservative approach, although the actual di f fe rences  ; 11- 

volvcla are s m a l l .  

At8 t k e  beginriing of' a cycle  the  

The b a s i c  ca l cu la t iona l  procedure i s  out1ir:ed i n  the block diagram 

of Figure 7. It should be emphasized t h a t  this i s  a very s impl i f ied  

diagram showing mily t h e  p r i n c i p a l  s t eps  i n  t h e  procedure e*-  Steps which 

are primari ly  concerned- with p a r t i c u l a r  ca l cu la t iona l  tec 'naiqu~s such 

as convergence schemes and i t e r a t i v e  procetliires within the between tad - 
jacent  major operat ing steps, k v c  been omitted f o r  reasons of c l s r i t y .  

Also omitted from t h i s  diagrm are ind ica t ions  of' simultaneous caLcu.La- 

t i o n s  of t h e  s m e  type,  such as those i n ~ o l v i n g  wide auld narrow c m l a n t  

channels 01' l-lot, cold and average !he1 pl-ates. A s  has been pointed out, 
previously,  the sane bas i c  set of equations i s  employed for  caLculating 

fuel  p la te  average, hot charmel, hot s t r e a k  and hot spot condition-is, 

These equations a re  first employed t o  give irli'ormation 011 p l a t e  wmt-age 

I_. 

"The equations employed i n  these ca l cu la t ions  arid t h e  detailed steps i n  

t h e  procedwe are ind ica ted  i n  Appendix A o f  t h i s  r e p o r t .  



o p e r a t h g  characOeristics on which t h e  fuel. p l a t e  de f l ec t ion  calcula.t ions 

are based. Tile calculated Fuel. pla te  de f l ec t ions  resillt, i n  'not spot and 

hot si;reak: flow fact,ors wlri cln aye used, along wtkh the  ori.gi.nnl speci.fXed 

desi.gn and opei-ating parameters Lo give predi.cted hot spot  opi.r4?:,ifng con- 

d i t i o n s  . Ftqloying t h e  incipi.ent; b o i l i n g  eorrelati.on al.ong ?,rith t hese  

ca.J.c:ula'ced hot spot  operal;lng c h a r a c t e r i s t i c s  provides a. measure of the 

nearness of approach 'io incip,ieiif; b o i l i n g .  . I T  desired,  t h e  enti.:re pi-0- 

cedure can be repeated, using a corrzcked power level. u n t i l  the  power 

level i s  found ai; which b o i l i n g  woul.d begiri, thus t h e  c a l c u l a t i o n a l  

procedure can be u 

].eve1 o r  Lo determine t h e  heal:, flux peaki.ng f a c t o r  necessary t o  reach 

incipient, b o i l i n g  a i  a gl:i.\ic~u power level. .  

- 

(1 e i t h c r  t o  c a l c u l a t e  a n  inc ip i en t  b o i l i n g  power 

A, l i s t i n g  of t h e  tnput; da t a  va r i ab le s  js given i n  Table 11 along 

with t h e  functions of t h e  individual  vari.abSes and I;ypi.cal values  cow"- 
rezpoi-ding t o  W I R  opzl-atri.on a-t a 10,800 @m fuel .  element flow rake with 

the spot l oca t ion  choseii a t  t h e  aii t let  of t h e  active fiJel. iregion and a-t 

t h e  i.nneimo& poj.mt, of maxini-um press1.re-induced i"ue1 plate dei'lection 

i n  the  inner  o r  outer fuel. annulus. (Other locsi;i.ons within -the f u e l  

element have been consideTed during t h e  course of t hese  skildies, t h e  o m  

chosen here havkig been demonsirated t o  be generally 'che most c r i t i c a l .  

RESULT'S AND CONCLUSIONS 

These sliudies haxe been aimed ai:, two p r i n c i p a l  goals - F i r s t  of alJ., 

they have been used during e a r l y  s t ages  of t h e  desi-gri efPor'i; t o  determine 

t h e  re la - t ive  necessi ty  for t h e  var ious fab- r ica t ion  to l e rances  thr-ough ex- 

amination of t h e  e f f e c t s  of indi.vidual €ac tors  on burilo12-t margin. Second- 

l y ,  once t h e  design detari 3.s became Telk.I:,ive.ly f ixed ,  these s-tucii.es were 

used t o  pr.ovi.de information ind ica t ing  re la t ive o p e r a b i l i t y  of' t h e  r e a c t o r  

under vari-ous modes of operatioti and as an ai.d i n  determining reactcz:r. con- 

troll. systerli r.eipi.rements . 
A .  Speci.f ic Resul ts  _______-_-- 

Calculated fuel element, operat ing conditions are #<.-veil i n  TbhI.e T I T .  

%%.el p l a t e  and. coolarit temperatures are given f o r  the f u e l  eleriient aver - 

age, ha-t strcak, a-tic1 hot spoL conditions f o r  beginning and end of cyc1.e and 



for  fixel region f l o w  rates of I.0,800 and l3,OOO am. As would be expected, 

bui ldup of t h e  0xid.e f i l m  uri the  fuel plates r e s u l t s  i n  an increasp i.n Pdel 

pLatc terriperatures tlius r e s u l t i n g  i n  increased longi tudina l  p l a t e  buckling 

and a decrease i n  i n c i p i e n t  b o i l i n g  power l e v e l  as the fue l  cycle  progres- 

s e s .  

nonuniform burnup of t h e  fuel.) 

(No advantage was taken f o r  t h e  beil if i  cia]. e f f e c t s  a s soc ia t ea  w i t h  

The m a x i m u m  inerease  i n  fuel.. p la te  t c m -  

peratwe assoc ia ted  with the oxide biAi1ft I.@ wac ealcu.lat,ed t o  be gOo'F. 

Since p l a t e  stresrigth and. dei ' lection c h a r a c t e r i s t i c s  are dependent on the 
hot p l a t e  tmpeva tu res ,  F ik id i  are somewhat lower t h m  t h e  hr;t streak 

values  l i s t e d  here ,  ii, appears from Lheee Pigures t h a t  p l a t e  s t r eng th  

cari be expected t~ remain at a reasonable vallAe t;hroughout; -the f u e l  cycle, 
The e f f e c t s  of fuel element, f.Low rate and opera t ing  pressure  011 in- 

c ip i en t  t o i l i n g  power l e v e l  are ind ica ted  i n  Figure 8.  
L1ii.s f'igure is t n t  calculated alloivrable l o c a l  incipient;  boi.ling riot spot, 
heat  f l u x  peaking f a c t o r  a t  100 Mw, 600 psia r e a c t o r  opera t ion .  

A l s o  shown i n  

A s  would b c  expected, tkiese cu-rves ind ica t e  a decrease in %he effec- 

-t;ivei-tess of increased pressure  in suppressing boiling as the opeyating 

pressure  increases ,  a given pressure  inereasc  being about twice as e f -  

f 'ective a t  a 300-psia opera t ing  pressure  as would be the  sane increase  

a t  600 p s i a .  

l i t t l e  t o  be gained i n  terms of i n c i p i e n t  bo i l i ng  power l e v e l  margin by 

f l i r t h e r  increases  i n  p re s su re .  A t  an operating pressure  level of 600 
p s i ,  t h e  i rx ip ie r i t  b o i l i n g  power l e v e l s  f o r  10,800 and 13,000 gpm a m  

'120 and 126 Mw, respec t ive ly  h c r e a s i n g  t h e  operating pressure from 

600 to 1000 psi increases  the  i n c i p i e n t  bo i l i ng  power I-evel by 12 and 23$ 
f o r  ~0,800 and 13,000 gpm flow rates, r e spec t ive ly .  

A t  opera t ing  pressurcs above about 900 psia, t h e r e  i s  very 

The allowable values  fo r  l o c a l  heat f l u x  peaking for i nc ip i en t  

b o i l i n g  a t  100 ,Mw operation are, as would be expected, somewhat zbove 

t h e  Level of loeai heat flux f o r  t h e  onset  of boiling r e su l t i ng  from a. 

r eac to r  power l c v c l  i nc rease .  If one confines t h e  reac-tor t o  LOG Mw op-  

e r a t ion ,  t h i s  curve may be i n t e rp re t ed  as an i nd ica t ion  of the permissible  

un in t en t iona l  and/or unknown depar ture  from t h e  spec i f i ed  lofi-1 .,dl f ~ e l  .Load- 

ing, non-bond, and local  channel thickness to le rances  - 
One of thc most informative series of heat  t r a n s f e r  strdies L'rorn t h e  

s tandpoint  of r eac to r  opera t ion  under abnormal. coiidil ions hac been that; 



covering t h e  e f f e c t s  of r-&uced fl0i.j r a t e  aiid 01- '-2g pressures  on 

inc ip i en t  boi.ling p w e r  levcl.. A typi.ca.1 s e t  07 these cal c i i la t ion r e -  

s u l t s  i s  indicnt .ed i n  Figi.~.t*e 1.0, ~h e incipi.e:nt boilin?; power l.errel i s  

p1ot;l;ed. as a tunct lon of inistari ta~ieoii .~ fuel. region rlow i-cte Tor varitms 

operat ing pressure:: - (vessel. i n l e t  pressui-e) . 
have been based on eond-it;ri.oiis at th5 end. oT 2 l5-ciay opem3ing period 

ai, 100 Mu and a t  a. rue]. regiori flow rake of  10,800 g p i  and a n  i .nlet  va-ter 

temperati.u,e of 120°F. For cornparison purposes, three oper,atiag-pre 

curves have =.ls(:i been gi.ven which have been based on a. 1.5 day cycle with 

~ ~ i e s e  ZJ'JR~-'L~ cu ia r  c-ct-ves 

a f u e l  I-egiorr f low ra'ie of 13,000 gpm. Ak operxkiiig pres-  

sures  bel~ow 300 psia t h ~ r e  i s e s se r , t i a l l y  no di.ffercnce be-Lveen these  

two s e t s  oT curves.  

It w i l l .  be n o t e d  that Lhe above cmrves exh ih i t  a peak i n  i n c i p  

b o i l i n g  power level. with increasing fl.ow rate, 'ciie p e a . 1 ~  occiirring beyond 

the rang? of t h e  graph at prc~sil.:r*es above -200 psi=. . This comes ZbOiit 

because the indica.i;ed ~ I T S S I J . ~ ~  j-s core inl-et  pressii i-zther thaii t h e  

pressure at the c G i - e ,  oublet, where the hot sp~.i+, i s  presi.med t,o be .  As 

t h e  flow rake i.ncrea.ses t he  discharge prcssu-i-e decrczses,  tending to dc- 

crease -the i nc ip i en t  b o i l i n g  power level.. A t  3 point  pi:ri.or t o  resch- 
j.lig thc zero power level.  these c u ~ v e s  would be exprcted i o  becoilic d i s -  

~ ~ n t i i i u o i ~ . ~  because of c a v i t a t i o n  of the p.r i.mai-y coola.nt; puiips . 'This 

port ion of t h e  curves i s  of some irite.:-est in rxsmi-ning loss -of-pressure 

accidents;  however, no attempt h.as been ma.de l1ei-e t o  estimate c 

poin ts ,  mrd. 'the curves are simply ex t r apok ted  t o  the point of ho'c c'ilan- 

ael bulk boi l - ing a.S. Lhe core outlet at ze power. l..evel. Actual- IL'ump 

cav-litation poi 11-i : ;~ wi1.l be de f~ rmined  'oy hydi.ai:l j.c experii 

pi- irna.ry s yst em . 
I n  order t o  esLablish the  radial  loca.:,ion of Lhe hot spol-, it, w a s  

necessary t o  conduct a sear-ch across  the  width o f  t h e  coolatit channel at 

t h e  l:)r>-i,-tom of thc  act ive f u e l  region.  The r e su l t s  0.7 t h i s  ses~cii  f o r  

pot .nts  near the inner  s i d e  p l a t e  a r e  siioun i n  1'i.g. 11 (a1.l. points fi.i.rtherr 

remover? from t h i s  s i d e  p la te  gave hlgher ca:l.culated i i ic ipient  b o i l i n g  

pohier I-evels 1 .  In making - th i s  search, it. w a s  assl*riieG t h a t , ,  i n  lihe case 

of t h e  i.nincr f ue l  ar1.iml.us: t h e r e  i s  no raftial varia.t,i..ori in nuclear f lux 



peaking constants  

d e n s i t i e s  near the outs ide  c~rners a r e  depressed by t h e  nearness Of t h e  

con t ro l  rods thus  e l imina t ing  this region from coxisideration as a pos- 

s i b l e  hot spot  l o c a t i o n .  

In the case of' t h e  outer  a r m d u s ,  the local power 

A s  was menti.oned previouslLy, it was assmed i n  this study f;bt 
axial t,heimal buckl ing o f  the fuel pl-ate would v;:Wy tetween zero at the 

point  of' a t tac 'ment  t u  t h e  t h e o r e t i c a l  value,  b t  tt poin t  3/4 inches re- 
moved from t h e  attachment, according to a s h e  curve.  

also made assuming t h a t  t he  axial buckl ing was uniform a l l  t h e  way across  

t h e  w i d t h  of t h e  plate. Resal t s  from the  t w o  cascs  pare cmpared i n  Fig. 

11. A s  indicatcc?, the first  assumption leads t o  a worst r a d i a l  posi-Lion 

assoc ia ted  with t,he lu t , t c r  assumption i s  adjacent t o  the side p la t e . .  It 

i s  of i n t e r e s t  t o  note t h a t  t h e  d i f f e rence  tri i n c i p i e n t  boiltag po~der 
levels assoc ia ted  with the t w o  mrst pos i t i ons  i s  or11.y 1%. Perhaps a 

more important observation and deduction i s  that near the  side plate, 

where according t o  t h e  f i r s t  and more r e a l i s t i c  assw~ptiun the buckling 

i s  r e s t r a ined ,  it might bc- p0s:;ibl.e t;o increase t h e  fuel loadir@ toier- 

ances and o r  the noniinal power dens i ty .  The f'ormer eases the  l'abrica- 

t i o n  problem and the l a t te r  results i n  a somewhat higher  neutron flux i n  

t h e  i s l a n d .  

Calculat ions were 

It has been pointed out  previously t h a t ,  due to the pronounced 

neutron flux peaking at the ends of t h e  core, mos-t of the  ca l cu la t ions  

have been based on a hot spot loca tcd  at t h e  ruel region ou t l c t  e&, 
w i t h  f'l1-m peaking values cchosen on the basis of the riuclear calcula.t ion 

and experimentkd r e s u l t s  and t h e  fuel L m g t h  f a b r i c a t i o n  tolerances 

t o  give mirlimurn i nc ip i en t  b o i l i n g  power 1 evels . Calculat ions wl-e also 

made t o  determine the  e f f e c t  of' axial pos i t io i i  on iricipient, b o i l i n g  

power Level. F i~wre  12 shows the  r e l a t i v e  inc ip i en t  boilir:g power level- 

i n  t h e  inner  f u e l  element LLS a i'unctiori of' elevurtiori w i t n  respect; t o  the 

11 

core horizori ta l  rni d plane a t  t h e  radi 91- location of maximum p r y s s u r e  i n -  

duced f u e l  p l a t e  d e f l e c t i o n .  It i s  apparent from t h i s  f i g u r e  t h a t  

e f f o r t s  t o  reduce the f u e l  ler@h to l e rance  o r  t o  further.  suppress the 

axial peaking a t  t h e  bottom of the i'ucl clerrient a r e  probably warrarited 

since e l imina t ion  of t h i s  peaking c o u l d  produce as riiucli as a 25% increase  
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i n  incipient,  b o i l i n g  power level .  
'The -Y~.RX elemeiii; fabricati.ori tolerar~xes or" most; inte-i-est, wi th  respect 

t o  their e f f e c t  on incipient S o i l i n g  power l e v e l  are those assoc ia ted  with 

coolant charnel thickness  2nd l o c a l  fuel loa'ding. The e f f e c t s  of changes 

i n  minimum and average eo~:~J-s,n.t r:han!.iel. t'nri.cknesc: toi.eraiicss are showi i n  

Fig. 13, where r e l a t i v e  incipierit; b o i l i n g  paver l e v e l  ha.a been p lo t t ed  

as a funct ion of t h e  averagtit coolari.% c h a m e l  t i i i chess  j;ol.cra,nce f o r  vas- 

~ O U S  values  af 1.ocal coalairt cha.nne?. thickness  toleraiice. The i-elat;ive 
power l e v e l s  a r e  based on -the present 'va.7.i.ies of 6 and 10 m i l s  for -the 

airera&? and l o c a l  t h i c k m s s  -t;olerances, re:;pectivel.y . 
Tn eva lua t ing  the  e f f e c t s  of f u e l  loading tnlea-anee changes, the 

percentage change i n  inc ip i en t  b o i l i n g  pvw'cr level ha,a been shown t o  be 

e s s e n t i a l l y  equal. to the percentage change in. local. fuel. I..oaii.i.ng < ; ~ l e r ~ t ~ i . c e  

(i  .e .> t h e  5/6h-in . -dianeter  spot  t o l e rance )  and equal l;o about one-half 

t h e  percentage change i n  l i n e  av -wage  loadlng 'coierance, assuming 3 change 

i n  I.i.ne average 1;ol.eraiice -to app3.y Lo t h e  rad ia l  as we1.1. as the axial. In& 

streak. 

B I Genei-al Conclu.sions . .. . 

The r e s u l t s  of these  s-tudiks indica-Le that the I.LL;'lX should be  cap- 

able of' meeting lihe thermal design requirements of a 1.5-day, 100-Mw 
op?rakint?; finel cycle  . A s  we1.3. as indicating general. operab i l i t y ,  t hese  

stiidi-es have given valuabk i.nformat, ion re1.a-t; Lve to requi-rcd ~ o ~ l t r o l  

system s e t  po in ts  and accuracy requirernrnts and required fuel element 

fabri.ca.-tri.csn tol.ere.;ii:es . They ' ~ I R v - ~  a l s ~  p.rr~videi', a, bas is for t rxc , s ien t  

hea!; t r a n s f e r  a.l;id i es covering such i"im as :rcac'civity in se r t ions ,  loss  
of pressure  and l.oss of pimping power. 

The inc ip i en t  b o i l i n g  power levels ca lcu la ted  here  are believed to 

be genera l ly  conservative - Whi1.e i t ,  VZB intended 'iha.t .tile magi-iitudz and. 

treatment of each of the i i idividual  f a c t o r s  l e a d  Loward (:o~~sei-~-a-t,ive ye - 
sult;s, the assumptions regan1:iag hot. apr:~l; cool.ant. ve loc i ty  and t h e  prob- 

abj-1.ity of ~iminl-tsneous occurrence of a l l  of t h c  influencing f a c t o r s  are 

p a r t i c u l a r l y  pessimistic . It minilst be recogni.zecl, however, L h a L  not a]-1 

poss ib le  f ac to r s  have bee= considered. The e f f e c t s  of dissolved :racii.o- 

l y t i c  gas might be .LO appreciabJ-y r e r 3 . u ~  Lhe trmpera.i;ures a t  which boi l i i ig  



would occur. Data on i n l e t  header tlow d i s t r i b u t i o n  intl icstes no m a l -  

disbr ibut ion  effects and none have been inchnded in bhe armlysis; how- 

ever, more conclusive evideizw would have to be obtained before this 

possibility cou1.d be completely eliminated. X~Lear  ea.1culatlons irrdi-  

eaLe that the pe%k power dens i ty  will remain constant d w i n g  the cye1.e. 

There has also been ria attenpt t o  ac to -mt  for prossible efrects of ~adis t -  

t i o n  damage, which may prove to be 8 se r ious  problem particularly in 

regard to blistering. These effects  musr; be checked om+; during t h e  

approach-to-power runs.  In applying t h e  remits of -these studies i t  i s  
e s s e n t i a l  t h ~ &  the possibi l i t y  of occurrence of these unaccoiinted-f"w 

factors be recogclizod. 

It is anticipated -that the ualcuLzzt ional p t.c;grauil developed here 

w i l l  prove u s e f u l  i n  fltture HFIR o-perstions pa;-,tcul&rly in cvs1.1.1atiorl 

oi' t'uel element design ehaiges ap-d in the progrmaning of abc,ve design 

point opera t ion  os for  the operation programing of snbstandard cores 



26 

T’ne authors  wish t o  express t h e i r  g r a t i t u d e  t o  T .  B. Fowler and 

C!. D. G r i f f i e s  for t h e  conscientious manner. i n  which they  have under- 

taken t h e  t a s k  of coding, rev is ing ,  and expedi t ing of the machine 

ca lcu la t ions  ca r r i ed  out during t h e  course of these  s tud ie s  over t h e  

pas t  four yews. We wish also -‘io thank H .  C .  Claiborne f o r  h i s  most 

heIpfu l  review of the  ana lys i s  philosophy and procedures and f o r  his 
e f f o r t s  i n  accomplishing i.ncliision of the i nc ip i en t  boiling correla- 

tion i n  t h e  machine program. The.n.ks a r e  a l so  diie t o  R .  D. Chevei-don 

f o r  h i s  inany he lp fu l  sugges-tions made during t h e  coiirse of these 

s tud ie s  sad t o  all- of t h e  o ther  co-workers whose coopera’Gion and con- 

s u l t i n g  se rv ices  have m%de .this r epor t  possible. 



:r'[ 

h LBLIOGRAFHY 

1. R . D . Chevertan, "WIH Preliminary Physics Report;, " IJSlGC, Repol-t 

om-3006, Oak Ridge Nat iona l  Laboratory, October 4, INC? ,. 
J. R .  McWherter and T .  G .  Chapnan,  "Mechaxii.ca1 and Rydrs~iilic Design 

of the F P T R ,  I '  i n  Research Reactor -- fie1 Eleirierit Gonfereaee, Eeptern- 

b e r  17-19, 1%2, G&tlirib&rg, Tennessee, TID-7642, book I a 

W. R. G m b i l i  and €3 e D. Bundy, "WIR Het i t -Tramfer  Studies oi' 

Turbulent Water Flow in Thin R e c t u n g d a r  Cl-iannels, " USAEC Report 

ORNL-3079, O a k  Ridge National Laboratory, June 4 ,  1961 e 

2. 

3 .  

4. W. R. G m b i l l ,  "Ektcnsion of JB'IB Boi l i i lg  Calculations, " le t ter  to 

H C . Clailuoxw, September 18, 1963. 

N. L e  KzYengaia arid 1. D. Rtzuarov, "The 3;Xi'cct of' khcs Height of a 

P'lat Aperture on t h e  Transl'oumation oT H e a t  Into Water, TeploPnergetica, 

5 .  

NO. 3, 76-8, L ~ X L  

6 .  R .  P .  S t e i n  and P. A .  Zottrc, "Boiling ' hu rnou t t  for- Reac-cor Design," 

Reactor Technology, Selected Reviews - 1%)~ 

' 7 .  A. E. Berglzs atid W. M. Rohsenow, "The Determination of Forced- 

Convection Surface-Boiling lieat Trarisfer, " Paper 63 -f?r-%%, 
August 136 3 . 

8 .  W. R a Gmbiil, "Boiling-Bui*nout Rpsearch at t h s  Savarmeth River  Tztbora- 

t o r y ,  " TJSBC Xeport ORNT,-CF-62 -'(-3O, O a k  Ridge NLtional J A ~ o r a t o r y  I 

July 16, 1962 - 

10. T I  G Chapmn, "Thermal Ekpansion and Pressure Differential Induced 

S t r e s s e s  and Deflections of NFIR Irwolute-Shaptd Fuel Plht-te., " 

to be published 

11. Appendix E, FueL Element Drawj nys . 
12. €3.. N. Lyon, "Siemarks on Thermal Buckling of Col.m~is, TI-ates ami 

She l l s  with I n i t i a l  Sinusoidal  D i s to r t ion  (IIFII! Fuel Plates 1, " 
sept I 24, 1962, CF 62-9-53. 



13. D. R. Vondy, "Gamma Ray a n d  Neutron :kat Generation i n  the KFIR,"  

USM3C Report ORNL-CF-63-2-52, Oak Ridge Nakiional Laboratoi-y, Feb . 21, 

1.963. 

111, L .  A .  FIaack, "Some Temgerature Aspects of t h e  lXFIR Control Plate 

System, I t  USAEC Repork ORNL-CF-61-4-73, Oak Ridge Na-Lienal Laboratory, 

A p r i l  18, lgl. 

15 . R .  R . Liguori  and J . W .  Stephenson, "Heat Engineeri ng and Trans fe r  

i n  Nine Geornetrics," Astra Pnc., 41'(->.0, Jan.  1, 1961. 



1. General D a t a  

&oxfietry - Pm concentric cylindrical elements containing 
involute shaped f u e l  plates. 

Nominal dimers ions 

Ins idc d imeter , in . 5.067 
Outside diaYciet,er, i n .  17 ' 134 
Height of fuel plates, in. 24 '0 

Thickness of' fuel plates, m i l s  50 
Thickness of coolant; channels, mils 50 
Active core VOI ime (rnininiurn 1, 3.iter.s 48.6 

Height OS active f'uc.1, In. 20 .0 

Materials of construc i; i on  

Side Plates 606l-T6 A l  

me1 plate cladding and frames ~ C Y ~ - T O  AI 
Fuel and filler piece matr ix  
Fuel (93% IJ-235 enrichment ) 

Alwninum powder 

u o  
3 8  

B4c Burnable poison ( i n  inner  annulus filler 
p i  et3e ) 



- 100 t o  325 
> 90 

M a t  er i a1 H e  qui I- ement s 

u 0 powder 
3 8  

P a r t i c l e  s i ze ,  mesh 

Density, $ of t h e o r e t i c a l  

Aluininurn 

Maximum comhi aed neutron cross  sec t ion  
(C  of a l l  elemeizts oiher than  
al-uminum and spec i f ied  a l loy ing  a 

cons t i tw.n ts  of 6061, ern-’- < - 0.0005 

Appl i cable sprc i f  i ca t ions  

Powder - ALCOA atomized power No. 101 

Wrought - ASTM Speci f ica t ion  13 209-58T Clad GSllA 

All Mater ia ls  (except B 4 C >  

Maximum boron content,  ppm 

Maximum cadmium content,  ppm 

To ta l  fue l  loading, Kg U-235 

2 - Mechanical Design 

a .  Inner Annu& 

Nurnber of p l a t e s  
2 Minimum heat t r a n s f e r  area,  f t  

Inner s ide  p l a t e  ID, i n .  

Inner s ide  p l a t e  OD, i n .  

Ou’ier s i d e  p l a t e  I D ,  i n .  

Outer s ide  plate OD, i n .  
Fuel. p l a t e  curvature - involute ,  with 

s t r a i g h t  s e c t  ions 
i n  s i d e  p l a t e  
grooves 

Iiivolute generat ing c i r c l e  radius ,  i n  

P l a t e  leng’c,h, i n .  

Plate width, i n .  

P l a t e  thickness ,  i n .  

M i n i m m i  c lad thickness ,  i n .  

Fuel length,  i n .  
Fuel width, i n .  

< 30 
< 80 
9 -4 

171 
138.4 
5.67 
5 0443 
10.074 
10.590 

2.722 

24 2 0.010 

3.646 
.050 f . O O O ~  

20 f 1/2 

0 ”010 

3 .067 k i/1.6 



$35 content per p l a t e ,  g 

B'O content per p l a t e ,  mg 

u o i n  f u e l  compact, wt$ 

Inner  annulus f u e l  loading, Kg U-235 
Ehel and poison d i s t r i b u t i o n  - 5ee D-42114 
bkig$rt of inrier annulus assembly, lb 
Side p l a t e  and adaptor rings 

3 8  

Number 

Loc a t  ion  Iruler 
side plate  

Top 
Funct fori Support 

target, 
f l o w  
con1t rol 

2.9 
Seat bear ing area, 
in. 2 

Axial load, Ib 2450 
Rearing stress, p s i  845 
Seal pressure, psi 34 
Ambient water temp, 
"F 

Ins ide  ring E0 

Outside ring 120 

Coolant velocity, 
f t / s c c  

Ins ide  r i n g  7 
Outside rir-ig 20 

Heat generat ion rate, 

Ring s e a t  rmterial  

Design pressure drop 

Galvariic couples 

watt s / g n  at  midplane 

across fuel E-Lemer?t, p s i  

A1 adaptor r i n g  seats t o  SST 

Bottom 

support 
fuel, 
element 

2 .p 

1.5.18 g t 1% 

16.33 It: 1 6  

31.1 
2.6 

80 

10,730 
3,700 

0 

3 
h t e r  

s i d e  p l a t e  

T a p  

Flow con- 
t r o l  

100 

130 
181 

33 
20 

120 

120 

20 

2 below 
labyr  i n t h  

100 

fue l  support gr id  



b .  Outer Anriulus 

Nimber of plates  

Miniilium heat  t r a n s f e r  area,  ft 

Inner s ide  p l a t e  ID, i n .  

Inner s i d e  p l a t e  OD, i n .  

Outer s i d e  p l a t e  10, i n .  

Outer s i d e  plate OD, i n .  

Fuel plate curvature - involute ,  with 

2 

s t r a i g h t  s ec t  ions i n  s i d e  p l a t e  grooves 

Involute generat ing c i r c l e  r ad ius ,  i n .  

P l a t e  length,  i n .  

P l a t e  width, i n .  
P l a t e  thickness,  i n .  

Minimum clad thickness ,  i n .  

Fuel length,  i n .  

Fuel width, i n .  

'3%~ content per  plate, g 

u o i n  f u e l  compact, w t  4 
Outer annulus fuel loading, Kg 3 8  235, 

Fuel. d i s t r i b u t i o n  - see D-42122 
Weight of outei- annulus assembly, lb 

Side p l a t e  and adaptor r ings  

Number 

Location 

E'lmct ion 

inner 
side pl-ate 

Top 

Flow con 
troL 

- 

2 Seat bear ing a rea ,  i n .  
Axial load, lb 

Bear i.ng stress, psi 

Seal pressure 100 

349 
276.6 
11 250 
11 -746 
16.622 
17 ..I34 

5.873 
24 k 0.01.0 

3 -213 
0.050 -I- 0.0005 

0.010 

20 k 1J2 

2 ,811-0 +_ 1/16 

1.8.44 g rt 1% 

42.3 
6.8 

l'(0 

3 
Outer 

s i d e  p la te  

Bo t tom -._- Top - 
F1 ow S1.ppo rt 

suppor 1; f l o w  
control element, 

shroud con t ro l  

9 -7 9 -7 
5 135 19,235 
5 30 1980 

-90 -5 
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Iriner 
Side 
P l a t e  Outer Side P l a t e  - 

T!z2 
Ambient water temp, "F 

Ins ide  ring 12 0 

Outside sing 12 0 

Ins ide  r ing  20 

Outside r i n g  2 below l abyr in th  

~ea-t; generat ion rate, w / g n  a t  midp~.ane 

R i n g  seat m a t e r i a l  

Design pressure drop across  f u e l  
element, ps i 

Galvanic couples 

Coolant ve loc i ty ,  f t / s e c  

Top Bottom 

120 181 

12 0 156 

20 20 

1-5 1.5 

40 
6 0 6 ~ ~ 6  AJ 

100 

A1 adaptor r i n g  seats t o  304 SST bear ing r ings  

c .  Fuel Assembly 

Nomind coolant cbamel th ickness ,  mils 50 
Maximum coolant channel loca l  deviat ion,  

7 I\ m i l s  I V  

Maximum coolant channel average 
devia t ion  across width, m i l s  

Minimum fuel. p l a t e - s i d e  p l a t e  j o i n t  
s t rength ,  l b / l i nea l  inch 

M a x i m u m  cen te r  t o  center  f u e l  p l a t e  - 
s i d e  p l a t e  attachment spacing, i n  a 

6 

100 

1 

3 -  Heat Transfer 
Design heat load, Mw 97 -5 
Anti-cipated f u e l  region 

f l o w  rate, g p m  a t  120°F ro,aoo - 13,000 



Core pressure drop, p s i  

I n l e t  water temperature, "F 

Minimax heat  t r a n s f e r  a rea ,  f t  

Minimum ac t ive  core volume, l i t e r s  

Core average power dens i ty ,  Mw/liter 

Calculated core max/avg %over dens i ty  

Active core metal  heat  capacity,  Btu/"F 

Heat f luxes ,  Utu/hr-ft  

2 

r a t  i o  (nuclear  

2 

Core average 
:iot Spot 

Minimum Inc ip ien t  Boi l ing  Power Level 
a t  end of 15 day fuel cycle ,  Mw 

Operation a t  f u e l  region flow r a t e  
of 10,800 g p m  

900 p s i  vessel. i n l e t  

600 p s i  vessel. inJ-et 

Operation at f u e l  region f l o w  r a t e  
of 13,000 !gpl 

900 psi. v e s s e l  i n l e t  

600 p s i  vessel. i d e t  

72 -- 100 
12 0 

415 
48.6 
2 

1.45 
35 .'T 

6 0.8 x lo6 
1.9 x 10 

131 
12 0 

1-55 

139 
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QRNL-LR-QWG 61472AR3 

- OUTER ANNULUS, 369 PLATES 

- INNER ANNULUS, I71 PLATES NOTE: NOT TO SCALE 

ALUM1 

__i_ c 
.- 
3 
U 
r 

c .- 
Am 
(u 

1 
f 

1i.25O-in. DIA 

tZi34-in. DIA 

O.OJO-in.-TNICK PLATES 
0.050-in.-THICK COOLANT GAPS 

Fig. 1. Dimensional I l l u s t r a t i o n  of t h e  Assembled High F l u  Iso- 
tope Reactor Fuel Element. 
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ORNL-DWG 67 

! . 3  

2 

4 
I I 

L_ 

20 25 30 ‘10 15 
THICKNESS OF FUEL BEARING REGION (mils) 

Fig. 3 .  H e a t  Flux Peaking on Hot Side of File1 P la t e  Due t o  Non- 
Bonds. 
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Heat Flux Peaking on Co3.d S i d e  of Fuel Plate  Due t o  Nan - 
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CRNL-DWG 67-6.556 

..... 

CLAD FLUS FILLER PIECE 
THICKNESS (=I  mils) 

i CONVECTIVE HEAT TRANSFER BOUNDARY /' b = 4 5 , 0 0 0  6tu/hr-fte-"F 

...... J__ __ 7,,---COLD SIDE OF P l  ATE ... 

I CLAD 

+ c 
N N 
m 0 >" 
0 II 
II k 0 

9: 

BASIC ASSUMPTIONS' 
I NO HEAT TRANSFER ACROSS NON-BONO 
2 CIRCUMFERENTIAL SYMMETRY 
3 PACKING FRACTION OF U308 PARTICLES IN SEGREGATION SPOT = 0 74 

HEAT GENERATION 
REGION THERMAL CONDUCTIVITY RATE AT f 0 0 M W  

( B t u / h r - ~ n - ~ F )  i 8 tu /h r - i I - ' F )  (B lu /hr  In 3, 
FUEL 8 08 97.0 182 x i O 7 / ( 5 O - t - 1 0 )  
Us08 SEGREGATION 2 26 27 i i 8 7 X  10e/(50-t-10) 
CLAD 8 06 97 0 I 51 x io4 

--e R 

SIDE OF PLATE 

Fig. I S .  M o d e l  Employed for Calculation of' Non-Bond and Fuel Segre- 
ga t ion  Heat Flux Peaking Factors. 
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0RNI.--0WG 67-6948 

N W N L W  N 

CASE NO. 4 
HOT PLATE 

\ 

I 
EXPLANATION OF FIGURE 

- -  -- ORIGINAL FUEL PLATE PROFILE 

--- = PLATE PROFILE AFTER PRESSURE DEFI.F.CTION 
----b = INDICATES ASSUMED DIRECTION OF LOCAL DEFLECTIONS 
N = NARROW COOLANT CHANNEL 
W = WIDE COOLANT CHANNEL 

N W N N W N  
tHOT PLATE 

CASE N0.3 

Fig. 6. Al te rna te  Arrangements of Adjacent Coolant Channels. 
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1.2 

1.0 
8 10 12 1.4 16 

Fig. 8. E f f e c t  of Fuel Element Flow Rate on Incipient Boi l ing  Power 
Level and Allowable Local Heat Flux Peaking Factors f o r  Tncipient Boi l ing  
and Burnout a t  100 Mw. 
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28 
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20 

16 

12 

8 
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6 
0 2 4 6 8 LO 12 14 

FUEL ELEKENT INLET now RATE, (mm x 10-3). 

Fig. 3. Minirnum Citlciulated Coolant  Gsp Thickness After l’J-Day 011- 
erat  ion at 101 PIvT. 
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Fig. 10. E f f e c t  of Flow Rate and Operatiilg Pressure on Incipien-t  
Boiling Power Level. 
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DISTANCE BELOW HORIZOPTAL MIDPLANE, ( JNCKES)  . 
,. 1 2 .  E f f e c t  of Hot Spot Elevation on lncipipnt Boiling Power 

Level. 
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Before considering t h e  de ta i l s  of t h e  ana lys i s  procedure, it, i s  e s -  

s e n t i a l  t h a t  t h e  se&der r e a l i z e  t h a t  t h i s  study i s  one of' those  which, 

l i k e  Topsy, j u s t  grew arid which, a f t e r  having grown, has not been sub- 

Ject,ed t o  t h e  p l a s t i c  surgery which would be des i r ab le  from t h e  s tand-  

poin t  of beauty 04' form. ConsequentLy, a b r i e f  review of t h e  h is tory  of 

t h i s  g rmth  i s  probably i n  o rde r .  These stLzdies began as a paz-3, of t h e  

I-IFIR f e a s i b i l i t y  and i n i t i a l  design e f f o r t .  A t  t h i s  s tage,  Lhe einpliasis 

i n  these  s tud ie s  w a s  on establishmerit of overall  design f e a s i b i l i t y ,  

without inclusi.on of c e r t a i n  design detai ls  and f a c t o r s  which ultima-tely 

required. considerat ion A ca l cu la t iona l  procedure, r e f e r r ed  t o  a;; t h e  

HOT SPOT code, based on starLdard hydraul ic  snd heat t r a n s f e r  equations 

and t h e  b e s t  zva i l ab le  burnout co r re l a t ions ,  w a s  developed t o  rreet t hese  

ear ly  needs I Subsequently, t h e r e  were two major changes i n  approach 

which r e su l t ed  i n  d r a s t i c  r ev i s ion  of' this c a l c u l a t i o n a l  procedure I) The 

f irst  of these  was inc lus ion  of t h e  e f f e c t s  of fue l  plaLe def'I-ections 

and time i n  t h e  f u e l  cycle  ( i  .e ., oxide bu i ldup) .  

def lec t ions  and oxide buildup, the o r i g i n a l  HOT SPOT procedure bec:me 

simply a subroutine i n  t h e  o v e r a l l  calcuia$ion, r e fe r r ed  t o  as xhe HOT 

SPOT program. The second r ev i s ion  w a s  t h e  r e s u l t  of t h e  dec is ion  t o  
base t h e  heat  t r a n s f e r  s tud ie s  on t h e  ca lcu la ted  point  of' i nc ip i en t  

b o i l i n g  r a t h e r  than on burnout .  This necess i ta ted  chariges i n  some of 

the mechanics of t h e  ca l cu la t ions  due t o  t h e  nature  of Lhe co r rc lh t ion  
employed i n  ca l eu la t ing  inc ip ien t  bo i l i ng .  The foll.owing presenta t ion  

of t h e  d e t a i l s  of t h e  procedure follows t h i s  h i s t o r i c a l  p8,tter-n i n  t h a t  

the bas i c  subroutine i s  presented f irst ,  then  comes t h e  me-thod of ern- 

ployiiig t h i s  subrout ine along with t h e  i 'uel  p l a t e  de f l ec t ion  and oxide 

bui ld  up equations t o  give ca lcu la ted  burnout power l eve l s ,  and f i n a l l y  

the rev is ions  made to permit ca l cu la t ion  of t h e  m i n i m u m  inc ip i en t  boil- 

ing power l e v e l .  It should a l so  be noted here  t h a t  w h i l e  the following 
presenta t ion  would seem t o  ind ica t e  a complete in t eg ra t ion  of' the i nc ip -  

i e n t  b o i l i n g  and burnout ca l cu la t ions  i n t o  a s i n g l e  machine program such 

I n  ca l cu la t ing  p l a t e  
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is  a.rti.m!. 1.y not t h e  case . Sepa,ra-te program decks are  ava i l ab le  for b o i l -  

and burnoui; cal.culatioiis, ’nul; as y e t  t h e r e  i s  no si.rg1.e deck whi.ch 

w i l l  accoui-pJ-ish bo th .  

The following pages cons i s t  of a l i s t i n g  of t h e  b8si.c s t eps  eflipl-oyed 

in t hese  heat  ranoval s t u d i e s  and the equations einplayed i n  esch of  t hese  

steps . Thc priLiC:i.pal assump-i-j.ons u t i l i z e d  i.il a r r i v i n g  a t  Lhese eqimtions 

ha-re beer, discussed i n  t h e  bod.y of t h i s  report. NotaLions employed. i.n 

these equskions are defined i n  t h e  tab1 e of noiilei?elai-,ure, with more de-  

t a i l e d  information regard.iiig t h e  input  vai-ia,l:)ks being suppl.i.ed i n  Tab3.e 11 - 
The exact procedures eiqioyed foi- obtai-riiiig convergence have not beer1 in- 

dicated. i n  this l i s t i i i g  . These ca.rl be determined. i.f desired b;y e x m i n a t i  on 

of a For-trai? l i s t i n g  for the program. 

P a r t  A .  Noiriinal Opc;-ating Conciitions 

1 - Ti?? dens i ty  of ihe i n l e t  coolant, water, pi ,  i s  calcuSal,ed according I-,o 

t h e  roll o w i n g  correlat,i-on: 

2 .  As:;irmi.ng a value 07 i n l e t  .veloci.-ty, v .  calcula-t,e the naiiinal. bulk teiri-- 
I’ 

perature  rtse across the channel, ALC, according Lo ’~11s foilowivlg 

e qua. I; r;on : 
u i-lOlll’ 

4 .  Calculate  t h e  midplane bulk rJaLer densi ty ,  p v i 8  equation ( 1 ) .  
mP 



5. Calcula te  the b:dk water exit tempxature, *exit9 as follows: 

via equation (I). 6. Calcula te  the exit b u l k  water dens i ty ,  %xi t )  

7. Calcula te  t he  midplane bulk coolant v i s c o s i t y ,  IJ. from the following 
mP ? 

cor re l a t ion :  

-1 "172 w(T) = 366 T 

(The flow model employed in establishing t h i s  equation is s t i v m  in 

E'igxre A-1. )  

9.  Re i t e ra t e  steps 2 through 8 u n t i l  



lo. Using f i n a l  val-ue o f  v calcnl.a:tr tile l n a x i m u ~ l l  possible bulk tenipera-. i' 

.Liire rise from core i n l e t  t o  the  hot  spo-i, ATB hs, a:: i'sl.l,ows: 

12. 

13. 

Cslciila.i;e i;he bulk watey declsity a.t tne hot spot, 

Calculate  t h e  hot spot coolant  v~;l..oc:: i. by, 

froin E q .  (I). 53 hs '  

VhS, as follows: 

I)+. A s s u m i n 2  a value of hot  spot p l a t e  sui-face terfipcratkjl.e, 
l a t e  the  hol, spot heat transfer c o e f f i c i e n t ,  hhs, fronl e i t h c r  of the  

equations l i s t e d  below. 

ea1 ru- Ts hs' 
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[The exponent of t he  (TS hs/T 

r e l a t i o n s .  The choice of Eq.  (10) or ( loa)  i s  made automatical ly  de- 

pending on whether Dht or Eht i s  spec i f i ed  as 0.164. 

i s  based on the  G. E. co r re i a t ion ,  while Ey. ( l o a )  i s  the recommended 

c o r r e l a t i o n  f o r  IPIR calcul.ations. 3 
Calculate  the h o t  spot  water f i l m  temperature drop, ATfihfl h E j  as 

follows: 

) t e r m  i s  0.164 i n  both of Lhese cor- R hs 

Equat;ion (10) 

Its. 

where 

NOTES: 1. Various of the U n values  a r e  set a t  1 . G  depending 

on whether the equation i s  being used t o  ca l eu la t e  

hot spot ,  hot s t r e a k ,  o r  ho t  channel condi t ions.  

The value of U1oJ unless  otherwise spec i f i ed  f o r  a. 

p a r t i c u l a r  ca l cu la t ion ,  i s  a c t u a l l y  the  product of 

the segregat ion and noribond heat, flux peaking f ac -  

tors (i. e . ,  u,O = u16u18 for  the  hot ctIianne1 2nd 

U10 = U17U1 9 f o r  t h e  cold cha rne l ) .  

2.  

16. Calculate a new value of hot  spot surface temperature, T 
s 11s' 

l o w s  : 
as fol- 

- + A T  . Ts Ins - 'B hs f i l m  hs * 

1'7. Hei t e ra t e  s e tps  14 tkrough 16 u n t i l  



Part R. Burnout Conditions 

Wnether t h i s  p a r t  of t'ne subroutine is  use& and whai sect, ion of it, i s  

used is determined by the  value spec i f i ed  for burnovt i nd jca to r  i n  input  

No. 35 (see smple input  data form) according to the following t ab le .  

B u r n  out Ind i c a t  or ---- 
2 . 0  No burnout cal.culaf,ion made 

1 . 0  Savannah River c o r r e l a t i o n  

0.0 

-2.0 

Zeidcevich-Subhoti LI rorrel  at i  on 

Inc ip i en t  bo i l i ne  ( .alcul_ation (This 
correlation i s  separate from Part R 
and requires a separate program deck. ) 

a. Zenkevi.ch-Suhbo-t;in Burnout Correlation ( v a l i d  a t  p r e s s w e s  2250 psia) 

a-1. Assumi.sg a value fo r  'Liiz r a t i o  of burnout heat f l u  t o  hot  spot; 

heat  flux, K, repea t  steps I through 13 of Par t  A usi-ng as the  

input, val.ue for  Q/A tile value employed i n  Par t  A tiines the as- 

sumed value of K. 

c a l cu la t ed  here t o  ind ica t e  t h a t  these are lo11.rno-13 t ca,l-cul.ations. ) 
Ca1cid.ate the s t a t i c :  pressure a t  .tile hot spot, 

assumed burnout condi t ions as fol.lows: 

- 

(The subscript ,  "bo" i s  added to  all va.I.ues 

at t hese  'hs bo' 
a-2. 
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a-3. Calculate  the  coolant s a t u r a t i o n  temperature a t  the  hot spotl 

according t o  the following co r re l a t ion :  Tsat 

a-4. Calculate  the  coolant  dens i ty  a t  t he  sa tu ra t ion  temperature of’ 
v i a  Eq. (I-). 

3 PT sat;$ the  previous s t e p  

a-5. Calculate  the sa tura ted  vapor dens i ty  a t  the  temperature f r o m  

s t e p  a-3, pv from the  following co r re l a t ion :  sat’ 
= 1.7357 X 1.0a3 Phs 1 0 3 8  bo 

“v T sat 

a-6. Calculate  the  burnout hea t  flux (&/A)bo from the  Zenkevich- 

Subbotin c o r r e l a t i o n  as fol-lows: 

a-7. Calculat,e a new value of K as follows: 

NOTE: 1.e value of (Q/A)max ’ns i s  t h a i  which comes from the 

o r i g i n a l  Q/A input  value and not the rev ised  value of 

s t e p  a - l .  

a-9. Calculate  a value of burnout hot spot surface temperature, 

from t h e  Hernath c o r r e l a t i o n  as follows: IrS bo’ 



NOTE: T h i s  viz1ii.e 5.s ca lcu la ted  for advj sory p r ~ p o s e s  only. It 

i s  never used i n  subszquent cal.cu3a,t,i.ons in t h i s  program 

and i s  not, t o  be ialex-preted as an exact  va!.ue. 

b. Savannah River Correlation (valid a t  pressures rrom 2 5  to 85 psia and 
for  a minimim ve loc i ty  of-5.5 ~ " - t / s e c  ) 

b-1. Same as a - l .  

b-2. Same as a-2. 

b-3. Same as a-3. 

b--4., Cs3.cu.l-ate a v a l . 1 ~  o f  burnout k a t  f lux;  (Q/A)b,3, accoi-ding to 
t he  Savannsh River c o r r e l a t i o n  a.s f"ol.bows: 

-. (J+'79,000) I i- 0.0365 vhs I [']bo I 
hs bo 1 + 0.00507 T [ sat .. 'I'U 

(1 +- 0.0131 Phs bo)(U9) (21) 

b-5. Same as a-7. 

b-6. S m e  as a-8. 
b-7. Same 8,s a-9. 

End of HOT SPOY Subrouiirie 

1 .  Run HOT SPOT program to dcierrriine hot pla te  operat ing condi i ious  peu 

input spec i f ied  by input  da t a  sheet, inpu.l, numbers 3- through 37, 

(sample input data sheeLs will be  found in Figs. A-2 and A 3 o f  t h i s  

r e p o r t )  w i t h  the f o l k w i n g  exceptions: 



va.r i ab 1.p Value - .  

as specified 2 AE av 
I.. 0 

1.0 

1.0 

1.0 

130 

TZE HOT SPOT progrm i s  run  twice,  as ind ica ted  bg the values to b e  

emp.1oyed for  E. €?csul.ts bared on the specified val.uc of 6 - Acav 

( w e  referred to as tht. narrow channel results and are given the sub- 

s c r i p t  n.  Results hued on the spccr f ied  va.lur- of c_: +- Ac  a.re re- 

ferred to as the  wide channel r e s u l t s  and are given the subsc r ip t  av w, 

Pie following results fron these caLcu1ations w i l l  be u t i l i z e d  i n  

subseyucnt s t eps .  

E = E + Ac. 
w av 

2 .  Cal.cu1ate the average pressure d i f f e ren t i a l  across a f u e l  p la te ,  dp, 

from the f‘ollowing equations: 
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- - 
'exit 

an? 

3 .  Calculate  the hot  p l a t e  oxide fi.3m 'cempeyatue drop for plates  bou-nded 

as by narrow, wide and. average coolant  chapmels 

follows : 
ATfn, ATrw, and Mfa 

Rerun HOT SPOT for  wide and narrow channels for each 

spec i f ied  time i n t e r v a l  with the  sane input  va lues  as 

those of s t e p  1 except t h a t  the values  of (Q/A) ,  ~~2~ 

are .Lo be those spec i f i ed  i.11 conJunction 

From these  ea lcu la-  
and mcore 
with the  p a r t i c u l a r  time s t ep .  

-Lions, values  of 'not p l a t e  surface temperature are ob- 

ta ined  f o r  the wide and narrow channel cases f o r  ea.ch 

of t'ne time steps S hs, n ( i )  . and T TS hs ,  w ( i )  

Cl 

- ___I_ 

+ T  t 925 
e TS h s , n ( i )  S h s ,w( i )  
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BOTE: ?’he value of (Q/A) in the above equations is that employed in 
step I and not a t i m e  step value:. 

4 -  Calculate  hot p l a t e  metal temperatwee for  plates bounded by narrow, 
average, and wide coolant channels 
as follows: 

and T (Tplate n’ ‘plate a9 slate  w) 

+ &lfn 
I - 

plate n r r ~  hs s n  
T 

5 .  Calculate side p la te  tenperatwe, t; 8.S fO1lQWS: side plate’  

and 
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80.53 
.- \ ' 7 3 . 5  

core I 
Tb - (\p 

6 .  Calcul-ate f u e l  plaLe buckling due t o  fuel. pl.ate--side pl..ate temperatme 

d i f fe rences  f o r  p l a t e s  bounded by narrovj, average , and wid.c channels 

( fi,rn, tjrYa , and 6,. l+d ) froin Lhe followj-ng co r re l a t ions :  

7. Calculate f u e l  p l a t e  pressure induced de f l ec t ion  due ta adjacent  n a r o d  

and wide channels, 6 P' a s  folloTds: 

where 

E.R. = -(1.642 X I.Olb)(TpLa,Le a ) 2  + (Li..719 x 

) + 0.9737 , and ( I p l a t e  a 

dp = pressu-re di.fferentia.1. f r o m  step 2 .  

8 .  Calculate  fuel p l a t e  a-eflec-Lions due t o  di-ffcrences jn fuel p l a t 2  

temperatures for p l a t e s  

pared 'LO p l a t e s  bounded. 

follows : 

- - 
'T ,n-a 

bounded by narrow OT by wi dc channel s as  coiil. 
by  average channels (bTJn-. and &i*,l&a 1 as 

E.R. 

where E.X. i s  the  same as i n  s t e p  7 .  



9. Gal-culate the effective volumetric expansion due to heatimg from room 
temperature of plates bounded by nmrow, average, and wide channels 

and 6 as f o ~ o w s :  
@vn3 f i v a 9  vw 

2 

1-0. Calculate the e f f e c t i v e  hot streak fue l  plate deflections j r l  t he  hot 

and 6 and cold channels ( S  
rangement of' adjacent channels as follows : 

1 for the preselected a- 
streak, H streak,c 

11. CalcUlate the e f f e c t i v e  hot spot plate def l ec t ions  i.n both the hot, and 

cold channels ( b  axid ij j as follows: lis ,H hs 9 c 

...... ......................... ................................. ................................ ............................. ........................ 



12. Calculate  values of average cool-ant channel width for tllc hot and cold 

channels ( E ~  and E C ) of Fig. 6 as P o 1 l . o ~ ~ :  

13. Cal.culate values  of the hot spot flow f a c t o r  for the hot and col-d 

channels (U and U ) of Fig.  5 as: follows: 
2 ,H 2,c 

14* Calxulate values of the  hot spot flow facl,or f o r  the hot  and cold 

channels ( U  and U ) of Fig.  6 as follows: 2,H 2;c 

NOTE: Up t o  t h i s  poi-nt the procedures f o r  bus:o.ou% and i nc ip i en t  

bo i l i ng  ca l cu la t ions  a r e  i -dent ica l .  

section applies only t o  burnout calcula'cions. Incipienl;  

bo i l - ing  calcula,t ions are ou t l ined  i n  Section 111 of t h i s  

appendix . 

The remainder of t h i s  

15. Run HOT SPOT for t he  hot; and. cold cimtnnels using the vahles spec i f i ed  

by the  input  da.t;a except sei; Ull+ and IJ15 at 1.0 and replace the values 

of' E ,  U1, and U2 w i t h  the  respec t ive  va,l.ues cal.culated i n  s teps  12, 13, 

and- 14, These calcu-lat ions y i e l d  values of? tine r a t i o  of bumout  t o  

maximurn hea t  f lux  values f o r  t h e  hot and. cold  channels ( i . e .  , Kbrj,li 

and I n  ca l cu la t ing  the hot spot  heat, transrer c o e f f i c i e n t s ,  



1.9. 
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- 1 

16. Cal.culate -the h0.t spot pressure a t  these conditions,  'hs ib' frocil 

Eq. ( 14 ) of HOT SPOT. 

NOTE: The subscr ipt  bo of IIOT SPOT has been replaced by i h  t o  
ind ica te  t h a t  t'nese a r e  incipi-eat  bo i l i ng  ca l cu la t ions .  

Tsatj  Cal.culate Yne coolant sa'curation tempera,ture a t  .tile hot spot, 

v i a  Eq .  ( 1 5 )  of HOY! SPOT. 

Ca.Sculate -the hot spot p la te  s w f a c e  tenperat-ure , TS hs' from the  
incipieni; bo i l ing  c o r r e l a t i o n  as follows: 

17. 

18. 

510-5 .  

- -- ITsat 
' S  hs,  ib 

0 - 023.4 

2 .3  
+ e  

19. Calculate new value of hot spot heat t ransfer  coe f f i c i en t ,  "hs i b '  

v i a  Eq. (10) or ( l o a )  of I-IOL' SPOT using the value of hot spot  si.n-fa.ce 

temperature calcul.ated. i n  s t e p  18. 

Calculate a new value or ( Q , / A ) ~ = , ~ ~  from Eq.  (12 ) of HOT SPOT using 

the value of %i 

Hei te ra te  from step 18 using the new v d u e  o f  (Q,/A)max,hs u n t i l  

20. 
from step 19. 

hs,ib 

21. 

TS hs , ib (  n-1) 
TS hs i b ( zi ) 

22. Calculate t he  i n c i p i e n t  bo i l i ng  

Pollows : 

bulk waier temperature, 'YH , as 
LIS i.b' 

r espec t ive ly .  

23. Calculate the 
as ATB 'Lis ib' 

, 

from s teps  20 and 1-9 

i n c i p i e n t  bo i l i ng  Val-ue of bulk t e m p r a t w e  r i s e  

follows : 

- ..- (u,) Ti 
&'I3 hs i b  TB hs i b  



24. Calculate  the  nominal i nc ip i en t  boi l ing bullr t e m p r a t w e  r ise ,  
ATB nom ib, 8s follows: 

x 

25. Calculate  the  core average heat flux2 (&/A) ,  from the  following 

equation : 

V O E   AT^ nom ib i' i 
21 z 

A ib L ( 0 ~ 8 5 8  x 10-5) u~u,,u,~w~~, % )hc m 1.u x 105 ( 

26. Choose a new value of (Q/A) according t o  the  fol loving e q w t i o n :  new 

where 

K = ( Q / q / ( Q / N  

27. R e i t e r a t e  t o  s t e p  16 u n t i l  

28. Take the  fi.na.1 va lue  of (Q/A)ib from s t e p  27 and go back to step I 
using this value as the  input value of (Q/A). Continue i - m t k l  

< - Conv. power 

where 

29. P r i n t  out results of f i n a l  overall i t e r a t i o n  for  +,he hot channel. 

30" S t a r t  over at s t e p  I. with the original.  input  da ta .  
the ca l cu la t ed  cold channel va lues  of E ,  W A S  and U z a  

At s % q  15 USE: 



End of HOT SLOT l n c i p i e n i  80: 1 i ng C d l  cu la t ion  

Sample inpui; da-La Terms foi- HOT SLOT are shown i n  F igs .  A-2 and A-3. 

Tne form of Fig. A-2 provides f o r  specificat: ion of a,1.3. of' t he  iilput v a r i -  

ab l e s  l i s t e d  i n  Table 11. lt; w i 1 . 1  be  noted tha,t the  arrangement of ira,rL- 

a,bl.es 011 the i n p u t  form does not, f o l l o s  a consisken'; pattern suc'n as that 

o f  Table TI, t h i s  egain being due Lo the manner i n  which the ca lcu la t ion  

procedu.re ~ r e w  c l u ~ i n g  t h ~  coirrse of t he  stud.i.Ps. 'The form shown 8.z Fi.g. 

A - 3  provides a means for  supplying data to perii1i-t rimni-ng a ser ies  of d i f -  

ferent, cal.cul.ati.ons by changing only selected. input. va1iles froin the  pre- 

vious ca l cu la t ion ,  w i t ' n o i i t ,  the necess i ty  fo r  r e ? - i s t l n g  a l l  o f  -the unchatiged 

i.npui; nixdoers . 'The T J ~ ~ C ~ ~ U T ~ S  for a c c o r n ~ l i s h h g  ' c h i s  are iiidicaLed. i.s 

Figs .  A-L+ and A - 5  where input  roriiis a r c  filled. i.u f o r  a. sei-ies of t h ree  

sample problems. 

'The f i r s t  of the sample problems, l i s t e d  in Fig* A-4,  uses tihe t y p i c a l  

input  data values o f  Table II and comprises bile ba,sic case fo r  the  s e r i e s  

of calcula . t ions;  i n  each subsequent case the i.nput data val.ues listed arc  

only 'those i n  which there has been a, change ovm the  previous case.  A new 

tit1.F: c a r d  i s  requi-red at the beginning of each problem. Ciiariges in i.nput. 

numbers A ( 1 )  through A ( 6 l )  a r e  accompl.i.shed by I.i.stbng t.he input  ilwiber in 

columns 1 and. 2 arid the  deskred value o f  t h i s  input numbw in C O ~ . . ~ ~ I ~ I ; Q G  3 

through 12.  A change i n  the  reactor. operaking his 

i s  ind ica ted  by a c a ~ d  coni;ai:i.i.ng --I i n  coI.unins 1. and 2 ( e . g . ,  Card 1.5). 

Tl1i.s card. 3.s f ? o l l ~ w e d  by a c a r d  f o r  each of t h e  time steps which i s  t o  be 

changed ( e . g . ,  Card 1 6 ) .  This card, contains  .the ni,Criibe? of t h e  time s t ep  

t o  be  cha.nged and t he  d e s i r r d  .time s tep  d . a t a  i n  the columis indicaterl  i n  

Fig. A-5.  It; sk io~ld  be noted t h a t  ai.1 i-~iiput d.ata i~urrrioers a r e  of t,he f l o a t -  

ing p o h t  form except for Card. 11 which contains  the  num.bzr of time steps 

and the t i m e  s t ep  numbers in cards changing the  t i r i l e  s t e p  data such as 

Card 16. Each case, except for  the f i r s t ; ,  -must be foll.owed by R rs.:-:J con- 

ta j .ning zei"06 i n  col.urnms 1 31-id 2 ( e . g * ,  Cads  17 a,ild 2 0 ) .  The series of 
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ca lcu la t ions  i s  ended by i n s e r t i n g  a blank c w d  Paliowed by a cta.t e m -  

t a i n i n g  -2 in colwlns 1 and 2 (e .g .  ,  ads 2 1  ana 22 j (( m e  firl.ai case of 

t h i s  s e r i e s  i l l u s t r a t e s  the method employed for  calculating r eac to r  oper- 

ating condi t ions at a fixed power Level (i.e., a t  a. given value of core 
average heat; f lw)  rather than the usual procedure which calls for 8, sea.reh 

fo r  i n c i p i e n t  boiling or burnout power Level.., 

The output data from t he  Last i t e r a t i o n  on a single FlOT 'SLOT hurnout  

ca l cu la t ion  is p r i n t e d  out on a ser ies  of thrse shee ts .  

ca l cu la t ions  r equ i r e  8 six-page output ,  Vnree sheets for tile hot; charinel 

and three f o r  the cold channel. Output data f r o m  the smple  proble-ms of 
Pigs. A-4 arid A - 5  are given -En Fig .  A-6  for  i n c i p i e n t  boil.i.ng ca l cu la t ions  

and i n  F ig .  A-7  fo r  burnout; ca lcu la t ions  on the same cases .  

cons i s t s  of a dup l i ca t e  of the  output fraril the burnout c~alemlations of the 

first sample case which has been narked up t o  i nd ica t e  the cKLcula4,icjr-t s tep 

from which the  output nurnber is obtained and t h e  symbol. empl~yed fus' t h i s  

number i n  the equations of Sec t ions  I, I T ,  and L T T ,  F i g w z  A-9 i s  s i m i l a r  

to Fig.  A-8 except that  this s e t  of output data i s  fo r  Lhe first sample 

i n c i p i e n t  b o i l i n g  ca l cu la t ion .  

Xnr-LpieriC bail.ing 

Ftgiu'e A - 8  





A Side  p l a t e  heat generation rate at 100 Mw, Btu in.-3 

p4sIc to E 
a DIstance from core i n l e t  t o  hot, spot, ft 
b Sick p la te  thickness in. 

C Constant, 3,n oxide buildup equation 
c Constant in side plate temperature ecpat ion  

Conv 

Conv. Power Conscant governing degree of convergence 

ESP. 

Heat transl”er. coef‘ficient wrre1.ai;ion eons t an ts  b t  

Constant governing speed of’ convergence 

ELastici t y  reduct ion f a e  tor wizh ter~qiertiture 

f 

2H 

h 

K 

t 

U 

un 
‘V 

w 
w 

7, 

i2 

Fraction of t o t a l  heat 1 i b o r a t r d  upstrearr~ of prcselsctcd 
h u t  spot location 

Total length of coolant channel, ft 

I ien t  traiisfer coefficient, Rtu w-’ ft-*” ( ’E )-I 
Ratio of i n c i p i e n t  bo i l i ng  or wrnoui; fieat f lux  to hot spot 
heat  f l u  

Cool an t  channel lengt‘n , i n .  

Side plate co7.d streaking factor 
Cor.; inlet pressure, p i a  

k?~esswe d i f f e r e n t i  a1 across  fuel- p l a t e ,  ps i  

Heat flux, Btu hr-l ft-2 

Power density, Etu 1ir-I in . -3  

‘I’einper atur e , * F 
Dwatlion of operating period, hours 

Heat, t r a n s f e r  coefficient, B t t i  h.r-3 ft”2 ( “F’>”l 

Uncertainty f a c t o r  (Table  11 1 
Vel.ocity- 7 ft/SCC 

Coolant channel width, in. 

Thickness of fuel. plate ,  mils 

b’uel plate thermal def lcc t ior i  eonstant mi:ls OF 

Specifies choice of adjacent  charinel axrangmerit  ( s e e  
Table I1 and Fige 6) 

Constant in s ide  p h t e  heat transfer c o e f f i c i e m  equation 

Constant in side plate b u l k  HzO temperature equatisn 

F’ueI plate  deflection, mi 3 s  



a 

B 

b 

bo 

C 

C 

e x i t  

f 

film 

H 

hc 

b s 

ht 

i 

(i) 
ib 

m 

CoolanL channel thicknezs;  mi 1 s 

~ 1 ~ 1  p l a t e  vola i l ~ t r ~  c zxpansion coe r f i c i eu t ,  i n .  3/in. 

Side p l a t e  s l o t  factor (SPP Table T I )  

Viscos;ty, lb ft*' 'nr 

Dcnsity, l b / f t 3  

File1 plate pressure def l e c t i o n  constant,  mi I s /p s i  

Pressure drop across core,  ps i  

Tempera'Lurc rise or temperatwe difCerentia1 "F 

Average or average c i~a~f i e l .  

Buhk coo1a.p.t i n  cool-an.L channel  

Bu1.k coolant ~uts i r i  e fuel. ai'tr~ulus 

A t  burnout (or  assume& burnout) condi.-tions 

Cold chsnnel. (see Ftg .  6) 

Core 

At core exit 

Oxide film 

Water f i 3.rn 

Hot, channel ( s c e  Fig. 6 )  

Hot c'ririi?nel coridi tioi'ts 

A t  Lhe preselected hob spot 1.ocation 

Herzt, 'c;rinsfer coef f i . c ien i  c o r r e l a t i o n  cons'iant 

A t  ,COT? inlet 

'Time s tep  nLi.irher 

A t  i nc ip i en t  boi l i n g  condi'iions 

Max i.m=il 

A t  core midplane 

Narr OW c ha.nne 1. 

n t h  itei-a'ii.on 

( n - 1 )  t h  i t e r a t i o n  

3, O P '  



nom 
P 

pla te  

y' 

s 

side plate 

streak 

'r' 

Tsat 

v 
v 
W 

'7 5 

SUEWRIPTS ( continued) 

Nominal. value 
Due to pressure d i f f e r e n t i a l  

Fuel plate metal 

Radially 

At the  p l a t e  surface 

Fuel element side p l a t e  

Per ta ining t o  hot; streak ca lcu la t ions  

A t  temperature T or due t o  temperature 

At sa tura t ion  temperature 

Volumetric 

Vapor 
Wide channel 
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KEYPUNCH I X S  I N S T 3 U C I  103s: 

da ta  ('1 colu-nns 73-80 R e q u e s l  No. 
Punc7 on l j  ;hose C W ~ S  having MOT SLOT !NPUT F O i i M - 2 - 1  

Flg. A-3. 





co 
0 

Fig. A - 5 .  H o t  Slot Input Form-2-i. 



T Y P I C A L  C A S E  - l N P L T  VALUES FROP T I R L E  i i  

24  I T E R A T I O N Z  

INPUT DATb 

I.833CCOE C 3  5.150Of lCE 04 4.YS'IOfOE C I  

I. I S O C C O E  '31; 9.COCOCOE 3 2  8.COCOOflE 175 

1 .OIOOCCE 33 9 ~ O O C C 3 0 E - G I  I . O O ~ D C O E  00 

I.OIO@GOE 90 I.00000CE OC 4.782050E 02 

~ . G O C C C C E  r-2 I . O C C ~ ~ E  m - Z . D D ~ ~ E  0 0  

I?. I.UOO0DOE O f l  0. 
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TYPICAL C A S E  - S T A R T  OF FUEL CYCLE - 6ao P S I  PRESSURE - IOOMH O P E R ~ T I O N  

HOT CHANNEL 

DEL 7 BN V I  D E L  T BHS V BHS H ns DEL T FHS TS HS QMAX 

1 . 1 7 2 ~ 7 ~  a2 3 . 8 l t 2 9 8 1 ~  0) 1.45~1972~ 02 2 . 8 7 1 1 1 9 ~  01 1.438251~ 04 1 . 3 3 6 5 2 5 ~  02 3 . 9 9 9 4 9 7 ~  02 1 . 9 2 2 2 5 8 ~  06 

ZENKEVICH-SUBBUTIN BURNWT CORRELATION K L 1.567100E 00 - 

DEL T BN V I  DEL T BHS v BHS P tis T S  T S A T  0 

1.614561E 02 3.889599E 01 2.246392E 02 3.243262E 04 4.652038E 02 5.543595E 02 L.bO26AIE D2 3.0123tOE 06 

COLD CHANNEL 

DEL T B N  V I  DEL T BHS V BHS n HS DEL T E TS HS OHAX 

i.172047~ 02 3 . e 4 2 9 ~ 1 ~  01 1 . 4 2 3 ~ 3 4 ~  32 3 . 7 1 9 4 ~ 7 ~  G I  1 . 5 2 9 ~ 5 3 ~  04  9 . 6 4 9 1 1 9 ~  0 1  3.6a07sb~ 02 t . 4 7 b 1 ~  06 
t- o 
7 

-~ _ _ _ _ ~ _ _ ~ -  

ZENKEVICH-SUBBUTIN BURNOUT CORRELATION K !# 1.563466E CO 

DEL T BN V I  DEL T BHS v BWS P us r s  T SAT Q 

~ 2.25967t)E 112 3.913721E 01 2.7451lBE 02 4.115291E C I  4.651965E 0 2  5.495338E 02 -4.602665E C2 2 . 8 9 8 4 2 2 E x  

~ _ _  AT CONVERGENCE, Q / A  L 1.1(36113E D6 AND KIU) 4 1.765283E S ! I  

FIGURE A - 7  
( PAGE 9 OF 9 )  



NQTB" __ -~ ______ p____ - - - 

1. ALL CALCUL TlON STEP NUMBERS APPEARING ON THE FOLLOWIMG 2 PAGES CORRESPOND 
TO THOSE OF SECTION I "HOT SPOT ~~~~~~~~~~~~~~ OF SECTION E i'HOT SLOT 

_____ ~ ~ 

2. STEPS ARE LISTED BY SECTION AND N ER I EG. E-5 SIGPIIFIE SECTION a;f,STEP 5 )  
3. SYMBOLS GIVEN FOR OUTPUT NUMBERS A R E  THOSE EMPLOYED IN THE EQUATIONS OF 

E FROM T H E  FINAL ITERATION. E PAGE I OF 3 )  
- - ~ - _ _ _ _  FIGURE A- ~ 

0 
03 

Fig.  A-8. Correlat ion of Burnout @:a$put Data with CalciLat ion Steps.  



- _  - TYPfCAL CASE - I N P U T  VALUES FROM TABLE 11- 

HOT P L A T E  - NARROW CHANNEL ( ALL NUMBERS UNDER THIS HEADING FROM STEP IK-ll NARROW CHANNEL CALCULATION 1 
OEL T BN V I  OEC T B H S  v w s  H H S  OEL T FHS T S  HS OHAX 

1.853836E 02 3.8922676 01 1.853836E 02 4.204506E 01 l ,6848>1& 04 1.387399E 02 5 .453235E 02 2.337610E 06  

1- 2 I- 9 r-Ti-_ 1-13 I- 14 I- I5 1- I7 I- 15 

8 Ta 8 streak, c 
T E M P ' D I F F  N T E M P  D I F F  H VOL EXP N VCL EXP A VCL EXP W l is DEFC ti HS OEFL C 

8 streak, H 

EPS PLT ut- HOT U2- HOT €P.S CCLO ~ U !  c o c o  ~ u2  C O L D  

4.2500Cqt Z 1  8.432349E-Cl 1.321485E-01 4.250200E 01 9 .157337E-01 I .1355292E UO 

a-I2 II-I3 E-14 E- 12 IT-13 pf- 14 
UI,H u2,H u I,C u 2,c 

FIGURE A - 8  
(PAGE 2 OF 3 )  
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T Y P I C A L  CASE -INPUT VALUES FROM TABLE I 1  

24 I T E R d T I O N S  

I N P U T  DATA 

~- l.83300GE 00 5 ~ ~ ~ ( 1 C 1 0 0 ~ ~ 0 1 ~ ~ 4 . 8 5 O U O O E  01 2.OOOOOOE 01 2.PU30COE 00 7.35000CE O f  I.200OOOE 72 l .45OOOOE 30 

1.15uoo1i~ 30 9.onaoao~ 02 a.aocnno~ 0 5  1.ooouacE 00 I.OOOOCOE 00 1 . 1 5 a a o o ~  00 0. I.OSDOO0E 00 

I.OIOOOOE na ~ . O O O O O C E - O I  I.OOCEIOOF uo ~ . ~ O Z O O O E - O I  i.nonaaoE oc I . IOOOOOE ou I . O O O U O ~ E  no I.~OODOOE OD 

_ _ _ _ _ _ _ _ _ - ~  f.OlOOfCE 70  I.OClr300CE C O -  4 . 7 9 2 q 5 3 F  02 9 , 1 2 3 3 0 O E - 0 1  7.654000E-04 6.670000E-01 I.64OOOOE-Ol k.000000E Jl  

4.oooocn~ 12 I.COOEDCF OG - ~ . O O C O O C E  G O  J . I O O L ? O O E  0 1  i . 3 n n o c a E  OJ 6.noonoo~ ao I - o o o n o m  qi  0. 

0. I.OOOCOC~ cc 0. 7.hOODOOE 03 1.8750COF-OI !I. I .OOOCOCE R 2  5.298103E- i21  

2 , 8 2 3 0 U O t 4 2  3,900qODE-05 ~3.SOOOOOE-Ol 1 . O O O O C - i  03 9.280OOi3E 03 3.  I 2 4 0 0 O E - 0 2  5.000000E-01 I . 0 0 0 0 0 0 E - 3 5  
~ 

i.ionooriE 13 1.3c0oocc cc 1 . 3 n c m ~  E O  i,ii8onoE on ~ . ~ ~ I I O O D E - O I  -a. -0. 

DATA FOR O X I D E  FILM CIUILB-UP CALCULATION 

T l f i E I N C R E M E L T  -. T I M E  { I 1  Q/A I I ' -- u12 ( 1 1  DPC I I J  

1 3.6CIOCCr3E C2 R.OCOOOi2E CIS I.0000CGE OD 7 . 3 5 C 0 0 J E  01 

NOTE: 

CORRESPOND TO THOSE OF SECTION 1 " H O T  SPOT SUBROUTINE" AND OF 
SECTION IIC " HOT SLOT lNCl P l E N T  BOILING CALCULATION PROCEDURE." 

---2..SfEPS_ARE- LISTED -KLSECIKUL AbLD_._bWMEER (EG, IIf-5-SLGNJJFLES- - 

SECTION J I I ,  S T E P w 5  l a  
3 . S Y M B O L S  GIVEN FOR OUTPUT NUMBERS ARE PHOSE EMPLOYED IN T H E  

EQUATIONS QF S E C T l Q K S l A N D  JILL - FIGURE A - 9  
4. ALL _ -  OUTPUT NUMBERS ARE FROM T H E  F I N A L  ITERATION. ( P A G E  I OF 6 )  

E 



i . r I 3 9 5 ; E  ^2 - -4 .9927 !3E  3 ;  1 . 4 1 3 9 5 1 E  2 2  4 . 7 9 9 5 Q 1 E  II i . 6 6 5 3 9 4 E  0 4  1 . 5 E 4 6 4 4 F  3 2  h . 2 1 1 5 9 5 E  0 2  2 . 6 3 0 1 5 7 t  96 

STEP NUMBERS AND SYMBOLS IDENTICAL TO THOSE FOR WARMOW CHANNEL 9 

- FACTORS C A U S I N G  D E F L E C  r l O N S  ~ 

PPESS. DiFF. DELTA TF '-1 D E L T A  TF A D E L T A  T i  *i S 1 3 E  P L A T E  

3 . 2 2 9 0 2 4 5  3~ i . 7 9 3 7 0 7 :  c 2  1 . 4 2 3 ~ 9 7 ~  0 2  1 . 1 1 7 2 2 3 ~  0 2  ! . 9 1 7 6 4 ; t  c z  
XI-  2 a- 3 m- 3 EL- 3 n- 5 ~- _ _ _ ~ p  

dP side p ! a k  
P L A I E  DEFLECTIONS 

--__ PRESS. UEFL. FP 8L;CKL 'i F P  BUC<L Q F P  B U C K 2  b HC D E F L  H p  dC UEFL C 

2 . 5 1 . 8 0 4 E  3G t . 9 9 5 2 1 1 E  Ci 1.626313F 31 t . 5 I C L I I P E  fl! I . 0 4 3 5 2 2 E  01 -4.628884E 0fl 



TYPICAL CASE - I N P U T  VALUES FROM Td8LE I 1  ! T I T I  F CARD! 
HOT CHANNEL ( ALL NUMBERS UNDER THIS HEADING, NOT LNWDING BURNOUT LIKE, FROM HI-15 

DEL T BN V I  DEL T BHS " BHS H ns TS HS PMdX DEL T FHS 

____I 2.065869E 02  3.9041SCJE 01 2.4628236 02 4.305039E 01 1.77382fE 04 1.512146E 02 5.186969E 02 2.682286E 06 

I- 2 1-9 1-1 I I- I3 I- 14 I- I5 1-17 I- I5 
*TBmon ATShS J h S  hhs ATfi lm hs Ts,hs (Q/A)rnax hs 

~ _ _  BERGCES-R. BURNOUT CORRELATION (c H I . f l f ~ 1 0 9 3 E _ @ L u T F P  111 - 5 SYMBOl K - 

DEL T t l N  V i  Q i L  1 BHS V PHS P H 5 : s  T SAT u' 

COLD CkANNEL 

v I DEL 1 BHS v BHS H HS D E L  T rns _____ - _ _ _ . _ _ ~ - ~  __-  

I- 
t-l 

3.904I50E 01 2.462823E C2 4.305039E 01 1.773827E Ilk 1.512146E 02 5.186969E O 

THESE LIMES w 

BERGLES-R.  BURrtOUT CCRHELAT OF THE 
DEL T H N  V I  DEL T BHS ABOVE HOT 

DATA AND MAY 
BE IGNORED. 

Q / a  01 1.43153-3E C6 AN0 K I D 1  ._ _.___ II l.UOOOOBE OB 

EL- 24 
( Q / A )  ib  K 

FIGURE A - 9  
( PAGE 3 OF 6 )  
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~ - _ _ _ -  - - _ -  T Y P I C A L  c&S-l - I N P ~ T - V ~ _ L _ U z S  FROP TABLE 11 

THE FOLLOlr ING OUTPUT IS FOR THE HOT CHANEltL CALCULdTIOh 

HOT PLATk - )qARROk CbANNEL 

D E L  r EN -VI- ___ D E L  T BHS H HS DEL T FHS T S  HS QHAX -- V BHS - 

1 ~ 5 1 9 1 4 5 f  E ?  3.8370300E 01 1.519145E 02 4.104787E CI 1.608338E 01; 1 .184308 i  02 3.915453E 02  1.9C4768C 06 

- -  -- - _ _ _ - ~ - _ _ ~ _ _ - - _ _ _ _ -  ____ __- _ _ - ~  ~ - 

HOT PLATE - NlOE CHANNEL 

V BHS n tis DEL T FHS T S  HS QVAX DEL T B.?i V I  DEL T BHS 

f.02R856ES2._11.45637JE G I  1.029856E 02 4.6179b5E C I  1.547390E 0 4  1.230955E 0 2  3.471811E 07. !.904?68r 06 

~~ ___ F A C T O R S  CAUSING DEFLECTIONS 

PRESS. D I F F .  DELTA TF hi DELTA TF A DELTA TF k T S I D E  PLATE 

3 .336116t  JD 1.294627E 02  1.1327136E 02  8.363653E D l  1.720990E 02 

PLATE DEFLECTION 5 

FP BUCKL W HC CEFL h HC DEFL C PRESS. OEFL. FP BUCKL N F P  B U C K L A  

2.117906E 0? 1.349875F 01 l .lO7458E 01 8.984816E OCI 8.629787F 00 -5.319447E 00 

--_____ - 

4.G37856E-flt 3.593384E-GI 2.457332E OL 2.424169E 'JG 

__ 
U t  COLD U2 C O L D  EPS CCLC 

4.250000E 01 9.22rO36E-01 I.064004E Un 

-~ ______ -_ - - _ _ ~  

QUTPUT ON THIS €'CY;€ LS LDENTICAL TO THAT OF PAGE 2 FIGURE A - 9  
EXCEPT JT APPLiES TO THE COLD CHANNEL CALCULATION. (PAGE 5 O F 6 1  
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APPENDLX E3 

HO&ICGEilEITY INSPECTION SPOT 

I. In t roduct ion  

SIZE REQUIREMENTS 

The high hea t  t r a n s f e r  performance requirements of HFlR rrmke it 
e s s e n t i a l  t h a t  t h e  hea t  t r a n s f e r  ana lys i s  and f u e l  element fabr ica-  

t i o n  and inspect ion techniq?les consider as many of the p o t e n t i a l  

sources of l o c a l  hot  spots  as poss ib le .  One of these  sources, whicli 

must be consi-dered, i s  t h a t  of Local fuel segregat ion.  Nondestruc- 

t i v e  t e s t i n g  techniques are ava i l ab le  fo r  measuring t h e  t o t a l  f i e 1  

content of a given a r e a  of t h e  f u e l  p l a t e ,  but they a r e  not  capable 

of measuring t h e  degree of l o c a l  segregat ion within t h i s  a-rea. Con- 

sequently,  i n  order  t o  insure  t h a t  HFIR f u e l  plates w i l l  not  exceed 

t h e  a n t i c i p a t e d  ho t  spot  operat ing c h a r a c t e r i s t i c s ,  it i s  necessary 

t o  spec i fy  an inspec t ion  spot  s ize  s u f f i c i e n t l y  small. t o  insure t ha t  

Local f u e l  segregat ion within t h i s  spot  will not be a problem. An 

a.nalysis of t h e  problem has shown t h a t  a spot  s i z e  can be a r r i v e d  a t  

t h a t  w i l l  r e s u l t  i n  a percentage increase  i n  hea t  f lux  equal to t h e  

percentage increase  i n  f u e l  content  within t h e  spo t .  This diameter, 

however, is dependent on the l oca t ion  across t h e  width of t h e  fu-el 

p l a t e  because of t h e  v a r i a t i o n  i n  thickness  of t h e  fuel core. The 

smallest  diameter occlLrs where t h e  f u e l  core i s  the  th innes t ,  and 

t b e  use of t h i s  diameter i n  o the r  a reas  r e s u l t s  i n  a higher  pred ic ted  

hea t  f l u  than would a c t u a l l y  occur.  As a matter of convenience i n  
inspect ion and i n  order  t o  be on t h e  conservat ive s ide  a spot diameter 

corresponding t o  t h e  minimum t h i c b e s s  po r t ion  of t h e  fuel core was 
spec i f i ed  f o r  use over a l l  por t ions  or" t h e  f u e l  p l a t e s  f o r  both t h e  

inner and outer  elements. This inspec t ion  spot  s i z e  was e s t ab l i shed  

by t h e  following ca l cu la t ions :  

11. Method of Analysis and Resul ts  

The model used t o  examine t h e  e f f e c t s  of segregated rue1  is 
shown i n  Fig. B l .  
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Fig . BI . Fuel Segregation iionogenei ty Model 

where 

D = inspect ion area d.i.meter ,, 
d = diameter of seyrega-Led a r e a  within inspect ion a rea ,  

L = thickness  of meat, L 

The vslue of d can be as s m a l l  as permit’ted by the l imi .Lai ; i_c?as  as- 
sociated Tnri:th the dens i ty  c?.? the U3O8 par t ic les  and Lheir m a x i m z . m  

packing fracbion (assumed t o  be 0.74, basrid on closely packea 

sphe r i ca l  par-Li.cles). The largest, value of d i s  D .  

A r e l a t i o n s h i p  between d and D can be obtained as fol lows:  

d2 
/+ 

d2 x t x p x ( p . f . )  - ..- p,, Wt = 7 a 0 

where 
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= surface dens i ty  of nominal fue l ,  g ~908/crn* of fuel pla te  

( p . f . )  = packing f r a c t i o n  of U308 spheres wi th in  volume defined by 

sur f  ace, 

diameter d and height t. 

'n 

Dividing Eq. (1) by Eq. ( 2 )  gives 

F = - -  - f r a c t i o n a l  increase  i n  Sue1 over nominal i n  volume .there Wta 

Wtn defined by diameter D and he ight  t. 

Solving f o r  D, 

Suppose now t h a t  a two-dimensional ana lys i s  of the temperature 

d i s t r i b u t i o n  is made f o r  t he  case ind ica ted  i n  Fig. "Bl, assunzing heat 
t o  be t r ans fe r r ed  symmetrically i n  the r a d i a l  and ax ia l  d i r e c t i o n s ,  

and assmir ig  t h a t  heat generat ion sources i n  the fuelec? regions t o  

be propor t iona l  t o  the f u e l  densibies. A curve such as that  shotr~ri 

i n  Fig. B2 would be obtained, 

ORNL-DWG e 67 -8070 

1 .o 

Fig. E2.  Effect  of' Segregation Spot 
Diameker on Heat Flux Peaking Value 



where 

%- = r a t i o  of peak hea t  f l u x  on Tile1 p l a t s  s!,~:r::face t o  t h a t  
%I achieved w i  t'li onl.y nomind. f i e 1  dens i t  i.es . 

For d = 0, q :: qn, and f o r  d :: ag 

From Fig.  B2 a re l a t ionsh ip  betweeli d and 4% 
spec i f i c  values  o f  i 3rd ( p . f . ) .  

a s  

ran be obtained Tor n 
Therefore, Eq. ( l b )  can be reisrii,ien 

For the  UFIX analysis a cwve such as tha t  i n  Fig.  B2 w a s  ob- 

ta ined  f o r  t he  minimum val.ue of t (0.010 i n . )  i n  the FTFm f u e l  plates ,  

f o r  t he  maximurn packing f r a c t i o n  (0.'74), for t h e  cladding thicknesses  

shownin Fig. Bl., 

nominal f u e l  surrounding the  segregated spot .  In addi t ion ,  the  

thermal conductivi  Ly of the segregated volume was consid.er.-cd t o  be 

a funct ion o f  t;ho packing f r a c t i o n ,  although only  one packing :frac- 
'tion was considered. 

and for  an essential.1.y in f i r r i t e  r a d i a l  extent of 

Reducing the packing f r a c t i o n  has the  e f r e c t  of spreading the  

"addi t ional"  fue l  wi th in  area "D" O~JIT a lai*ger mea: Lhus changing 

the thermal condiictj-vity and changing t h e  value of the  peak heat, flux. 

It was assumed i n  Llie l f l IR  anal-ysis t h a t  t h e  m a x i m i m  peak heat  f l u x  

r~ould occur with the  maximum packing f r a c t i o n .  

value of t also r e s u l t s  i n  a max imuni  pera,k heat. f l u x .  
The use of a rrrinirrium 

The ca lcu la ted  q / / ~  vs .  d curve for  the  H F I R  t s  shown in Fig. T33. 
A s  ind ica ted ,  Lhe e n t i r e  c w v e  w a s  not obtaiiled-, making i t  necessary 

t o  ex t rapola te .  The extrapolated c u v e  was app-oxi.ma.t;ed with t he  
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following equation: 

2 
0.10 Td 

gn 5.814 x low7 4 
- , _  x -  t ?  - %L 

where for t h i s  particular case 

t =  
( p - f . )  = 

P O  

Ps  

I - 
- - 

F r o m  Eq. 

d D = F 1 / 2  

From Eq. 

0.010 in., 

0.74, 
10 g/crn3,, 

0.0178 g / c d  (consistant w i t h  0.010 in.-t'niek meat i n  fuel.  
p l a t e  of inner  element).  

x x 0 .01  in .  X 2.54  - 
0.0178 g/cm2 1x1" 

cIl-1 10 g/cm3 

From Eqs .  ( 7 )  and (8) 

was set equal  t o  V, r e s u l t i n g  i n  q - % l  

%I 
As a matter of convenience 

an inspec t ion  spot dimeker of 0.084 in. of -5/64 in. 

A s  ind ica ted  above the  inspec t ion  spot s i z e  i s  a func t ion  of a 

number of parameters. For ins tance ,  if t weri! increased,  the sl.ope 

of the  curve i n  Fig. B3 would be less, r e s u l t i n g  i n  a l a r g e r  value 
of D f o r  given va lues  of qfg, and F. 

peak heat  f l u x  would be l e s s ,  a condi t ion t h a t  could be taken ad- 

vantage of f o r  hot spots away from the narrow portion of the  fue l  

For a given value of I3 -the 
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contow. Another parmameter of interest in associated with the pas.-- 

si.ble variations in power densiky adjacent to the hot; spot. These 

variations are controJ.3-ed. to some extent by fuel distribution speci- 
fications and detection techniques. It is possible tha t  some of t h e  

unexplored combinations would result in somewhat, sniaJ.l_er values o f  

D; that is, -i;he curve i n  :Fig. B 3  would have a steeper slope.  Of f -  

se- t t ing  t h i s  effect is the st raight  line extrapolation of 'ihc above 

curve which teiids to give a conservative answer. 
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I N E ' m C E  OF ITEL SEGREGATION ON 
I N C I P I m  BOILING POWER LEVEL 

The H F I R  f u e l  element specification,c' requi re  a NlYT inspec t ion  f o r  

fue l  concentrat ion as measured f o r  any 5/64-in.  -dim spot  (0.0048 i n  .2 

a r e a )  within t h e  maximum f u e l  core o u t l i n e .  

scan shall be averaged t o  provide both local and average f u e l  concen- 

t r a t i o n  deviat ions r e s u l t i n g  from f u e l  segregat ion f o r  t h e  Hot Spot Analy- 

s is .  The inf luence of both types of devia t ions  02 t h e  Inc ip ien t  Boi l ing 

Power Level (IBPL) w a s  inves t iga ted  with t h e  Hot Spot Code (see Appendix A )  

using t h e  t y p i c a l  input parameters of Table I1 except f o r  the following; 

E? core = 73.5, 90, 100 

The d a t a  obtained from t h e  

P = 333, 444, 666, 1000 

cip core (i) = 73.5, 90, 100 

rr13 = 1.10, 1 . ~ 5 ,  1.15, 1 . ~ 7 5 ,  1.20 

ul6 =r vi7 = 1.20, 1.225, 1.25, 1.275, 1.30 

a3 = 0.0 

a4 = 1.0 

The computational r e s u l t s  f o r  t h e  inf luence  of f u e l  segregat ion devia t ions  

on IBPL are shown i n  F ig .  C l .  

The information obtained from t h i s  study could be incorporated i-nto 

t h e  f u e l  element spec i f i ca t ions  to gain t h e  f l e x i b i l i t y  of spec i fy ing  

d i f f e r e n t  combinations of l o c a l  and average f u e l  concentrat ion devia t ions  

f o r  a p a r t i c u l a r  Inc ip ien t  Boi l ing Power Level. 

var ious combined to le rances  on f u e l  concentrat ion could increase  the fuel 

p l a t e  r e j e c t i o n  rate as compared t o  f ixed  to l e rance  bands for each v a r i a b l e .  

The a b i l i t y  t o  accept 

1G.  M .  Adamson, Jr. arid J .  R, McWhertes, Spec i f ica t ions  Tor High 

Flux I so tope  Reactor Fuel Elements, ORNL-934-902 (Aug. 1964). 
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APPENDIX D 

HF'TK MODES OF OPERATION 

The HFTR has been provided with th ree  general  modes of operation 

which musk be inves t iga ted  for the corresponding maximum operating power 

l eve l s .  'Rie modes can be b r i e f l y  out l ined  as follows. Mode 1 (normal 

operat ing mode) is  f o r  pressurized operat ion ( 600 p s i )  with coolant flows 

between 2,100 and 15,000 gpm. 

t o  0-100 Mw for normal f u l l  flow and t o  &lo f o r  shutdown coolant flow. 

Mode 1 also provides for continued operat ion a t  reduced power i n  the event 

of an e l e c t r i c a l  power outage.  

t i o n  (ves se l  head removed) with K i e  flow fkon three  pony-motor-driven 

pumps (2,100 gpm). 

d i t i o n s  i s  2.5 &. 
payer l e v e l  of' 100 kw with no forced flow. 

The steady s t a t e  power l e v e l  i s  r e s t r i c t e d  

Mode 2 provides f o r  unpressurized opera- 

The permissible  maximum power l e v e l  under these con- 

Mode 3 permits unpressurized operat ion a t  a m a x i m u m  

Mode 1 has been thoroughly analyzed i n  the body of' t h i s  r epor t  for  
the  e f fec t  of pressure and f u e l  element flow r a t e  on the inc ip i en t  bo i l ing  

power l e v e l .  The r e s u l t s  of the  ana lys i s  a r e  presented i n  Figs.  8 and 10. 
The design c r i t e r i a  r equ i r e  t h a t  t he  s a f e t y  level t r i p  point  for each mode 

b e  1 .3  times the  corresponding nominal full power l e v e l ,  and t h a t  the calcu- 

l a t e d  minimum inc ip i en t  bo i l i ng  power l e v e l  be equal t o  or g rea t e r  than the 

safe ty  l e v e l  t r i p  poin t .  

Mode 2 operat ion was also analyzed i n  t h e  telrt of the r epor t ;  the r e -  

Using a minimum expected i n l e t  pressure of 25 s u l t s  axe shown i n  Fig. LO. 
p i a ,  and a minimum expected flow r a t e  of 2,100 gpm t o  the fuel element, 

t h e  incipient;  bo i l i ng  power l e v e l  was ca lmlabed  to be 11.5 Mw. This cor- 

responds t o  a permissible  r n a x i m w n  power l e v e l  for Mode 2 operation of 11.5/ 

1.3 = 8.8 Mw. The actual. operat ing Level se l ec t ed  was set a t  2.5 Mw so 

that  asymmetric operat ion of the cont ro l  rods could be  t o l e ra t ed ,  i f  so 
desired.  

be increased t o  8.8 Nw. 
During syrmnetrical operat ion of the  con t ro l  rods, the  Level could 

In the  ca l cu la t ions  for Mode 3 operat ion hea t  removal was assumed t o  

take  place only by n a t u r a l  convection cooling w i t h  no ex te rna l  r e t u r n  flow 
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passages a 

ducted spec i f i ca l ly  for the  € V I R ,  indicated a nominal c r i t i c a l  heai; flux 

of 13,000 Bt;u/hr*ft2 f o r  t he  case of no ex te rna l  r e t u r n  flow passage, a 
pressure OT 25 ps i a ,  a channel width of 0.052 i n . ,  and a heated l eng th  of 

17.5 i n .  The rni i i imuni  hot spot channel widti? a,% t h i s  burnout level. i s  

expected to  be about 0.933 i n . ,  and the  e f f e c t i v e  length i l l  terms of bul-k 

wa.ter teinperatujre i s  s i g n i f i c a n t l y  l e s s  than the  17 .5  i n .  because the  hot, 

spot condition i s  loca l ized .  A c r i t i c a l  heat  flux co r re l a t ion  proposed. by 

G a m b i l 1 2  f o r  the case of no external. re ' iwn flow passage and for  Iiydranlic 

dimnsters g rea t e r  than 0 . 1  i n .  indi.cates t h a t  the c r i t i c a l  heat  f l u x  i s  

proport ional  t o  ( D  ) l- .5/ir  

the heated length of a iiniformly heated channel. 

for De <0.1 i n .  surface tension e f f e c t s  reduced the  c r i t i c a l  hea t  flux be-  

low t.hose predicted by the above co r re l a t ion ;  however, s u f f i c i e n t  da t a  for 

a correla,t,ion t h a t  would include thi .s  e f f e c t  and thus cover a range Lliat 

would include the  rnini.mum H F l R  channels a re  not ava i l ab le -  It i s  believed 

that t1ii.s can be coiripensated f o r  by the f a c t  t ha t  i n  the eqerirt ients the 

ac tua l  b u n o u t  heat  flux i n  some cases  was s i -gni f icant ly  g rea t e r  than the  

c r i t i c a l  he%t flux, for which the  above co r re l a t ion  was d.erived. 

ft long channel (0.087 i n .  wide) the r a t i o  of heai; f lux r e s u l t i n g  i n  a 

1210°F p l a t e  temperature (burnout f o r  aluminim p l a t e s )  t o  the c r i t i c a l  hesL 

flux was about 5 .  I n  the  I iPIR t h i s  r a t i o  would not be so la rge  because of 

excessive p l a t e  buckling and loss of s t r eng th  a t  t h e  elevated temperat-urrs; 

even so, it appears that t h e  r a t i o  i s  a t  l e a s t  l a x @  enough -to compensate 

f o r  t h e  surface tension e f f e c t  associabed w i t h  -the very nasrow channel. 

Using an  uncertainLy f ac to r  'of 1 . 2  i n  connection with the  measured hea t  

f lux of 13,000 Btu/hr.ft2, which i s  now in t e rp re t ed  a s  the burnout heat 

flux w i t h  a suxface tension cor rec t ion ,  and cor rec t ing  f o r  tine d i f fe rences  

The r e s u l t s  of a n a t u r a l  convection expcriinental program,' con- 

where D i s  the  hydraulic dianeter sild T% is e h' e 
G a n f o i l l  a lso fouiid tha t  

For a 2- 

'W. R .  G a m b i l l  and W. D .  Bundy, Burnout Heat Fluxen for JAW Pressure -- 
Water i n  Nstwal Ci rcu la t ion ,  -.. ORNL-2036, December 20 ,  1960. 

'We R .  Gambill, Predic t ion  of C r i t i c a l  Heat Flux f o r  Natural  Convec- .....- 
t ioi i  of water i n  Blocked Ver t i ca l  - Channels , ORNL-GF-64-5-:39 May 1964 - 



i n  channel widths? using the above r e l a t ionsh ip ,  gives a hot spot burnout 
heat f lux  of U,OOO ( 0 . 0 0 3 / 0 ~ 0 5 2 ) ~ ~ ~ / 1 . 2  = 5 , 4 ~  3tu/hr-ft2.  

was made for length because of a lack of s u f f i c i e n t  da t a .  

and the assumption regarding no ex te rna l  r e tu rn  f l o w  passage cons t i t u t e  a 

conservative approach. 

MQ correc t ion  

This m i s s i o n  

In order t o  determine the  corresponding core averaged heat  f l u x  and 

thus burnout power l e v e l  severa l  of the "hot spot" f a c t o r s  i n  Table 3 were 

used. and a r e  s m a r i z e d  below: 

U5 1.05 

U l l  1.1 

Ul6 1.3 

U18 1.118 

The r e s u l t i n g  power l e v e l  was 230 k w ,  which i s  considered t o  be the  maximum 

permissible  level t r i p .  The m a x i m u m  permissible  operat ing power l e v e l  for  
Mode 3 should be at least t h i r t y  percent l e s s  than t h i s  and should also be 

equal t o  or Less than the  i n c i p i e n t  boiling power l e v e l .  From r e f .  1 it i s  
estimated t h a t  t he  inc ip i en t  bo i l ing  hea t  f lux  i n  the experiment was no 

more .than zt f a c t o r  of seven l e s s  than t h e  bumout heat  flux. 
Gambill* a decrease i n  channel width from 0.052 t o  0.039 in .  (minimum 

channel width a t  i nc ip i en t  bo i l ing  power l e v e l )  has a negl ig ib le  e f f e c t  on 

According to 

the  i n c i p i e n t  bo i l ing  hea t  f l u .  Therefore, for Mode 3 operation the  in-  

c i p i e n t  bo i l ing  heat  f l u x  would be 

13,000/1.2 X 7 = 1,500 Rtu/hr*ft2 . 

The corresponding power l e v e l  i s  64  kw and is the  m i n i m u m  power. l e v e l  a t  

which nucleate bo i l ing  would be expected. Actually,  it i s  believed that 

there  i s  enough ex te rna l  r e t u r n  flow passage t o  increase both the  inc ip i en t  

*W. R.  Gambill, "Review of D r a f t  of Report on HFIR Fuel-Element Steady- 
S t a t e  Heat Transfer Analysis," Intra-Zaboratory Correspondence t o  T. E. Cole, 
February 8,  1965. 



b o i l i n g  and biirnout power levels significantly. For this -reason the maxi - 
mum operating power level  for Mode 3 has been set, at 100 k i b r  instead of 65 

kw. The LevLA , r ip  was s e t  at 130 kw as a matter of consistency in m a i n -  
taining the 1.3 ra t io .  If through experience with a parLicular core it 

is fomd tha t  a significant amount of boiling does not occur until con- 

sidersbly higher powers art! achieved, it w i l l  be possible to incrcasc  tile 

o p e r a ~ i n g  power level and of course the  l e v e l  trip poin t  until the Lat te r  

reaches a limiting value o f  230 kw.  
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