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SCALING ANAtYSIS OF THE COUPLED HEAT TRANSFER PROCESS 
I N  THE HIGH-TEMPERATUREI GAS-COOLED REACTOR CORE 

J .  C. Conklin 

ABSTRACT 

The d i f f e r e n t i a l  equatitons r e p r e s e n t i n g  t h e  coupled 
hea t  t r a n s f e r  from the  s o l i d  nuc lea r  core  components t o  t h e  
helium i n  t h e  coolan t  channels  are s c a l e d  i n  terms of repre-  
s e n t a t i v e  q u a n t i t i e s .  This s c a l i n g  process  i d e n t i f i e s  t h e  
r e l a t i v e  importance of t h e  va r ious  terms of the coupled d i f -  
f e r e n t i a l  equat ions .  The r e l a t i v e  importance of t h e s e  terms 
i s  then  used t o  s i m p l i f y  t h e  numerical  s o l u t i o n  of the  
coupled hea t  t r a n s f e r  f o r  two  bounding cases of full-power 
o p e r a t i o n  and d e p r e s s u r i z a t i o n  from fu l l - sys tem ope ra t ing  
p res su re  f o r  t h e  For t  St.  Vrain High-Temperature Gas-Cooled 
Reactor .  This  a n a l y s i s  r i go rous ly  j u s t i f i e s  t h e  s i m p l i f i e d  
system of equa t ions  used i n  t h e  nuc lear  s a f e t y  a n a l y s i s  e f -  
f o r t  a t  Oak Ridge Nat iona l  Laboratory.  

1 INTSODUCTION 

The complete sys t em of non l inea r  Navier-Stokes d i f f e r e n t i a l  equa- 
t i o n s  toge the r  with the  a d d i t i o n a l  conse rva t ion  of energy d i f f e r e n t i a l  
equat ions  f o r  t he  combined hea t  t ransfer  from a nuc lea r  r e a c t o r  core  t o  
i t s  primary coo lan t ,  r e p r e s e n t  an ex tens ive  and expensive problem. 
I d e n t i f y i n g  r e l a t i v e l y  small terms i n  the  d i f f e r e n t i a l  equat ions  w i l l  
j u s t i f y  n e g l e c t i n g  these terms, s impl i fy ing  the  numerical  s o l u t i o n  of 
these  coupled equa t ions  without  s i g n i f i c a n t l y  a f f e c t i n g  the  accuracy.  

The d i f f e r e n t i a l  equa t ions  t h a t  d e s c r i b e  t h e  t r a n s i e n t  and spa t i a l  
response of the  parameters of i n t e r e s t  f o r  t h e  d i f f e r e n t  s o l u t i o n  do- 
mains o f  s o l i d  and f l u i d  w i l l  have i n t r i n s i c  r e fe rence  q u a n t i t i e s  t h a t  
w i l l  d e s c r i b e  the  magnitude of t he  response.  These equa t ions ,  i nc lud ing  
t h e  i n t e r f a c e  cond i t ions  between the d i f f e r e n t  s o l u t i o n  domains, w i l l  be 
sca l ed  so t h a t  t he  r e l a t i v e  magnitude of each equa t ion  term w i l l  i n d i -  
cate the r e l a t i v e  importance f o r  t:he p a r t i c u l a r  e f f e c t  represented  by 
t h a t  term. This in format ion  w i l l  be used t o  j u s t i f y  s i m p l i f i c a t i o n  of 
t h e  governing equat ions  f o r  a p p r o p r i a t e  ranges of t h e  independent v a r i -  
a b l e s .  

The i n t e n t  of t h i s  a n a l y s i s  i s  t o  analyze t h e  components of govern- 
ing  equa t ions  f o r  t h e i r  r e l a t i v e  magnitude t o  s i m p l i f y  numerical  compu- 
t a t i o n .  The a c t u a l  va lue  as determined by computation f o r  t h e  parameter 
of i n t e r e s t  should be l i t t l e  a f f e c t e d  by d e l e t i o n  of t h e  components t h a t  
were shown t o  have o rde r s  of magnitude smaller inf luence .  



An important  term t h a t  w i l l  be used ex tens ive ly  i s  " 'uni t  order ."  
This term is  l o o s e l y  def ined  t o  mean an a b s o l u t e  magnitude somewhere be- 
tween one-half and f ive .  

The governing equa t ions  are w r i t t e n  so t h a t  each term i n  t h e  d i f -  
f e r e n t i a l  equa t ion  i s  represented  by a d imens ionless  term having u n i t  
o r d e r  preceded by a c o e f f i c i e n t  t h a t  r e p r e s e n t s  i t s  r e l a t i v e  magni- 
tude.  Each independent  and dependent v a r i a b l e  w i l l  be rep laced  by a 

product  of t h e  form T = TcT, where i n  t h i s  case T i s  t h e  dependent v a r i -  
a b l e  of tempera ture ,  Tc i s  a c h a r a c t e r i s t i c  va lue  of tempera ture  v a l i d  
f o r  t he  range of i n t e r e s t ,  and T i s  the  d imens ionless  temperature  of 
u n i t  o rde r .  The remaining v a r i a b l e s  are l i s t e d  i n  t h e  nomenclature.  
The star s u p e r s c r i p t  w i l l  r e p r e s e n t  a dimensional  q u a n t i t y ,  and t h e  c 
s u b s c r i p t  w i l l  r e p r e s e n t  a c h a r a c t e r i s t i c  q u a n t i t y .  

* * 

These c h a r a c t e r i s t i c  va lues  w i l l  be manipulated so t h a t  a non- 
dimensional  grouping of c h a r a c t e r i s t i c  term w i l l  appear be fo re  a non- 
dimensional  term of u n i t  order .  This  un i t -order  term w i l l  i n d i c a t e  the  
phys ica l  phenomenon. Its c o e f f i c i e n t ,  c o n s i s t i n g  of t h e  c h a r a c t e r i s t i c  
q u a n t i t i e s ,  w i l l  i n d i c a t e  t h e  r e l a t i v e  importance of t h a t  phenomenon i n  
t h e  s o l u t i o n .  This procedure,  developed by S e g e l l  f o r  p e r t u r b a t i o n  
methods of s o l u t i o n ,  wi l l .  be app l i ed  t o  t h e  coupled o r  conjugate  hea t  
t r a n s f e r  problem f o r  t h e  For t  St. Vrain (FSV) High-Temperature Gas- 
Cooled Reactor  (HTGR). The c h a r a c t e r i s t i c  va lues  will be s e l e c t e d  t o  
r ep resen t  a range of expected behavior  and not  j u s t  simply t o  have t h e  
c o r r e c t  un i t s .  To so lve  the  system of equa t ions ,  c e r t a i n  a u x i l i a r y  re- 
l a t i o n s h i p s  are necessary  and wi l l  be used t o  he lp  i d e n t i f y  a p p r o p r i a t e  
cho ices  f o r  t h e  c h a r a c t e r i s t i c  va lues .  

For  the  a n a l y s i s  of t h e  t r a n s i e n t  response of t h e  FSV-HTGR, t h e  
s o l u t i o n  domain f o r  t h e  problem w i l l  be a t y p i c a l  f u e l  block. The f u e l  
block w i l l  be s p l i t  i n t o  two d i f f e r e n t i a l  equa t ion  s o l u t i o n  domains rep- 
r e s e n t i n g  t h e  s o l i d  and t h e  gas. These two domains w i l l  be coiinected by 
t h e  i n t e r f a c e  c o n d i t i o n s  of w a l l  temperature  and hea t  f l ux .  These two 
s o l u t i o n  domains form a conjugate  hea t  t r a n s f e r  problem, where t h e  ef- 
f e c t s  of one domain upon the o t h e r  m u s t  be cons idered .  
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2. DEVELOPMENT OF DIMENSIONLESS GROUPS 

The d i f f e r e n t i a l  equat ions  to1 be so lved  f o r  t h e  convect ing f l u i d  
a r e  those  of c o n t i n u i t y ,  conse rva t ion  of momentum, and conse rva t ion  of 
energy f o r  a compressible ,  Newtonian f l u i d  as developed by P a i *  and 
Batchelor .3  These are w r i t t e n  i n  repea ted  index t e n s o r  n o t a t i o n  as 
fo l lows  : 

* ** ?e + -+ (pu . )  = 0 , 
3 

j 
a9 

D 

D t  
where 6 = 1 i f  i=j and 6 = 0 i f  i f j .  The term 7 r e p r e s e n t s  t h e  

material  d e r i v a t i v e .  
ij i j  

The d i f f e r e n t i a l  equat ion  governing t h e  temperature  of t he  s o l i d  
components is obta ined  by s e t t i n g  t h e  convec t ive  and p res su re  terms of 
t h e  above conse rva t ion  of energy equa t ion  [Eq. ( 3 ) l  t o  zero,  

Beginning with t h e  c o n t i n u i t y  equat ion  [ E q .  ( l ) ] ,  t he  dimensional  
terms are rep laced  with the  product of t h e  c h a r a c t e r i s t i c  and un i t -o rde r  
term t o  r e s u l t  i n  t h e  fo l lowing  form. 

For t h e  rest of t h i s  a n a l y s i s ,  t h e  repea ted  index n o t a t i o n  w i l l  be 
dropped, and t h e  t y p i c a l  two-dimensional (2-D) Car te s i an  n o t a t i o n  w i l l  
be used,  where u r e p r e s e n t s  a d imens ionless  streamwise v e l o c i t y  i n  the  x 
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d i r e c t i o n  and v r e p r e s e n t s  a v e l o c i t y  i n  t h e  normal d i r e c t i o n  y. The 
c o n t i n u i t y  equa t ion  t r a n s f o r m  t o  

Mul t ip ly ing  by X c / U c  r e s u l t s  i n  

For the  proper  choice of t h e  c h a r a c t e r i s t i c  v a r i a b l e s ,  t h e  d i f f e r -  
e n t i a l  terms should be of u n i t  o rde r  i n  t h i s  equa t ion ,  w i t h  t h e  dimen- 
s i o n l e s s  groupings f o r  t h e  f i r s t  and t h i r d  terms r e p r e s e n t i n g  t h e  rela- 
t i v e  magnitude with r e s p e c t  t o  the  second. P h y s i c a l l y  the  groupings 

r e p r e s e n t  t h e  r e l a t i v e  importance of t h e  d e n s i t y  t i m e  var- and - 
i a t i o n  and y convect ive terms with respect t o  t h e  x convect ive t e r m  i n  
the  c o n t i n u i t y  equa t ion .  The c h a r a c t e r i s t i c  va lue  f o r  the  c o e f f i c i e n t  
terms w i l l  remain unspec i f i ed  f o r  now. For t h e  remainder of t h i s  analy- 
sis, a term having square b racke t s  enc los ing  dimensionless  quant - i t i es  
w i l l  be of u n i t  order .  The l ead ing  c o e f f i c i e n t  of t h i s  t e r m  w i l l  gen- 
e r a l l y  have pa ren theses ,  and i t s  o rde r  of magnitude w i l l  i n d i c a t e  t h e  
r e l a t i v e  importance of t h e  fo l lowing  un i t -o rde r  term. 

xc " CXC 

t c  IJC uc yc 

The conse rva t ion  of momentum equa t ion  [Eq. ( 2 ) ]  reduced t o  2-D 
C a r t e s i a n  c o o r d i n a t e s  f o r  t h e  x d i r e c t i o n  i s  

f * rk * a U  **au **au ** 
p + + p v ~  = pF X 

a t  ax a Y  
( 7 )  

S i i b s t i t u t i o n  of t h e  c h a r a c t e r i s t i c  v a l u e s  and d i v i s i o n  by the  spa- 
t i a l  convect ive terms i n  the x d i r e c t i o n  y i e l d s  



The conse rva t ion  of energy equa t ion  reduced t o  2-D C a r t e s i a n  co- 
o r d i n a t e s  wi th  cons t an t  thermophysical  p r o p e r t i e s  of v i s c o s i t y  and 
thermal  c o n d u c t i v i t y  reduces  t o  

Note t h a t  d e n s i t y  and p res su re  v a r i a t i o n s  are r e t a i n e d .  S u b s t i t u t -  
i n g  t h e  c h a r a c t e r i s t i c  q u a n t i t i e s  and r ea r r ang ing  so t h a t  t he  nondimen- 
s i o n a l i z e d  convec t ive  term f o r  t h e  x d i r e c t i o n  ( t h e  second term on t h e  
le f t -hand  s i d e )  has  a u n i t  c o e f f i c i e n t  y i e l d s  



Note t h a t  many of t h e  c h a r a c t e r i s t i c  groupings are repea ted  i n  a l l  
t h r e e  equat ions ,  Choices must be made f o r  t he  c h a r a c t e r i s t i c  va lues  ap- 
p r o p r i a t e  f o r  t h e  geometry, flow, and o t h e r  c i rcumstances of t he  an- 
a l y s i s .  The e f f e c t  of t hese  choices  i n  a l l  t h r e e  equat ions  must be 
eva lua ted .  Kescal ing of t he  c h a r a c t e r i s t i c  groupings might be appro- 
p r i a t e  €o r  t he  d i f f e r e n t  FSV t r a n s i e n t s .  

The C h a r a c t e r i s t i c  t i m e  tc i s  s t i l l  undetermined f o r  the  coupled 
problem of the  FSV core.  There w i l l  be two c h a r a c t e r i s t i c  t i m e s  repre- 
s e n t a t i v e  of t he  temporal behavior  i n  each s o l u t i o n  domain. Because 
t h i s  i s  a conjugate  problem, the  behavior  of t h e  s o l i d  f u e l  and moder- 
a t o r  components w i l l  be coupled t o  the  f l u i d  behavior.  Although the  
s p a t i a l  s o l u t i o n  domains f o r  t h e  s o l i d  and gas are s e p a r a t e ,  they are 
connected by t h e  common axial  he ight  of t h e  core ,  where the  coolan t  
channel su r f ace  temperature  and hea t  flux are boundary cond i t ions  f o r  
bo th  s o l u t i o n  domains. 

The conserva t ion  of energy equat ion  f o r  t h e  s o l i d  components can be 
w r i t t e n  by s e t t i n g  t h e  convect ive,  p re s su re  work, and v iscous  work terms 
of t he  gene ra l  cons t an t  proper ty  energy conserva t ion  equat ion  [Eq. (911 
t o  zero. In  dimensional  n o t a t i o n ,  t h i s  equat ion  i s  

S u b s t i t u t i o n  of t he  c h a r a c t e r i s t i c  and dimensionless  uni t -order  
terms y i e l d s  

This  completes the  gene ra l  s c a l i n g  a n a l y s i s .  Chapters  3 and 4 de- 
t a i l  the s i m p l i f i c a t i o n  of the  governing equat ions  f o r  subsonic  f low 
and, a f t e r  s e l e c t i o n  of t he  c h a r a c t e r i s t i c  q u a n t i t i e s ,  f u r t h e r  s i m p l i f i -  
c a t i o n  of t he  equat ions  s p e c i f i c a l l y  f o r  FSV c o n d i t i o n s ,  
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3. FULL-POWER, FULL-FLOW ANALYSIS 

This s e c t i o n  r e p o r t s  t he  a n a l y s i s  of t h e  e n t i r e  coupled set of d i f -  
f e r e n t i a l  equa t ions  f o r  FSV. The behavior  of t he  f l u i d  conserva t ion  
equa t ions  at  f u l l  power ope ra t ing  cond i t ions  is analyzed i n  Sect .  3 . 1 .  
The f l u i d  conserva t ion  equat ions  are f u r t h e r  analyzed with the  assump- 
t i o n  of r e l a t i v e l y  l o w  flow v e l o c i t y  with r e s p e c t  t o  s o n i c  i n  t h e  Sec t .  
3.2. The behavior  of t h e  conse rva t ion  of energy equa t ion  f o r  t h e  s o l i d  
co re  components i s  addressed i n  the  Sect .  3 . 3 .  F i n a l l y  i n  Sect .  3 .4 ,  
t h e  set of d i f f e r e n t i a l  equa t ions  are coupled t o g e t h e r  f o r  t h e  conjugate  
hea t  t r a n s f e r  problem with eva lua t ion  of the behavior  of the  r e s u l t a n t  
system of equat ions .  

3.1 F lu id  Analys is  

The f l u i d  w i l l  be assumed to  vary in t h e  x d i r e c t i o n  only ( i .e. ,  V, 
i s  zero) .  No hea t  sources  are i n  t h e  f l u i d .  The f l u i d  conserva t ion  
equa t ions  immediately reduce t o  the  fol lowing:  

(3) (z) + [ a(p a:)] - 0  , 
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The C h a r a c t e r i s t i c  va lues  f o r  v e l o c i t y  U c  and x d i r e c t i o n  Xc are 
now determined. The v e l o c i t y  of t h e  gas is known as a f u n c t i o n  of t h e  
helium c i r c u l a t o r  speed and i n l e t  cond i t ions .  For full-power c o n d i t i o n s  
a t  FSV, t h i s  va lue  i s  27.3 m/s i n  t h e  co re  coo lan t  channels .  The a x i a l  
l e n g t h  of t h e  co re  coolan t  channel would be an a p p r o p r i a t e  c h a r a c t e r i s -  
t i c  dimension f o r  t h e  x d i r e c t i o n ,  which f o r  FSV is 6 .3  m. The co re  
t r a n s i t  t ine of 0.235 s is then a c h a r a c t e r i s t i c  t i m e  scale tc. 

Upon i n s p e c t i o n  of t h e  c o n t i n u i t y  equat ion ,  t h e  f l u i d  t r a n s i t  
t i m e  Xc /Uc  would be an a p p r o p r i a t e  c h a r a c t e r i s t i c  t i m e ,  i f  time-depen- 
d e n t  d e n s i t y  e f f e c t s  are t o  be of t h e  same o r d e r  of magnitude as t h e  
s p a t i a l  e f f e c t s  on t h e  c o n t i n u i t y  r e l a t i o n s h i p .  If time-dependent 
d e n s i t y  e f f e c t s  are not o f  t h e  same order  of magnitude as t h e  s p a t i a l ,  
t h i s  choice  of c h a r a c t e r i s t i c  t i m e  would not  be a p p r o p r i a t e  and would be 
r evea led  in subsequent p o r t i o n s  of t h e  a n a l y s i s .  The a n a l y s i s  must be 
s t a r t e d  somewhere, and t h i s  c h a r a c t e r i s t i c  q u a n t i t y  is choseri f o r  t h e  
time-dependent circumstance.  

An a p p r o p r i a t e  c h a r a c t e r i s t i c  p re s su re  f o r  t h i s  fo rced  convect ion 
process  t h a t  e x i s t s  f o r  full-power o p e r a t i o n  of FSV would he t h e  dynamic 
p r e s s u r e  pcUz. For the  computat ional  modeling of FSV at  o r  near  ex- 
pec ted  ope ra t ing  cond i t ions ,  l o c a l  p r e s s u r e  and buoyant e f f e c t s  on t h e  
v e l o c i t y  p r o f i l e  are expected t o  be n e g l i g i b l e .  These assumptions must 
be checked i f  cond i t ions  very  much d i f f e r e n t  from t h e  normal and o f f -  
normal ope ra t ing  cond i t ions  expected a t  FSV are p resen t .  The charac- 
t e r i s t i c  p res su re  might be d i f f e r e n t  than  t h e  dynamic p res su re  i f  t h e  
channel p re s su re  drop is on t h e  o rde r  of the a b s o l u t e  p re s su re  or  i f  t h e  
h o t  (co ld)  channel  w a l l  t empera ture  induces a buoyant f o r c e  on t h e  cool- 
an t  f low t h a t  s i g n i f i c a n t l y  a f f e c t s  t h e  flow v e l o c i t y  p r o f i l e  i n  t h e  
channel .  Th i s  l a t t e r  cond i t ion  only a p p l i e s  t o  buoyant cond i t ions  i n  
the  channel t h a t  i n f l u e n c e  t h e  streamwise v e l o c i t y .  Buoyancy f o r c e s  be- 
tween channels  caused by d i f f e r e n t i a l  hea t ing  m u l d ,  as compared with 
l o c a l  buoyancy e f f e c t s  i n s i d e  a channel ,  create a therinosyphon t o  cir-  
c u l a t e  helium up t h e  hot channels  and down t h e  cold channels .  This in -  
duces a streamwise v e l o c i t y ,  which would then be an a p p r o p r i a t e  char-  
a c t e r i s t i c  convec t ion  v e l o c i t y .  

The streamwise body f o r c e  Fc, i s  t h e  f o r c e  induced by g r a v i t y  on 
t h e  helium coo lan t  i n  the  channel.  This body f o r c e  per  u n i t  mass would 
simply be t h e  a c c e l e r a t i o n  of g r a v i t y ,  which i s  i n  t h e  n e g a t i v e  x d i r e c -  
t i o n  or -g. S u b s t i t u t i o n  of t h e  c h a r a c t e r i s t i c  body f o r c e  and charac- 
t e r i s t ic  p res su re  i n t o  t h e  governing equa t ions  y i e l d s  t h e  fo l lowing:  
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. 

C e r t a i n  d imens ionless  groups can be immediately recognized f o r  t h e  
c o e f f i c i e n t s .  These numbers, as desc r ibed  by White4 are the Froude 
number ( F r  = Uc2/gXc), Reynolds number (Re = pcUcXc/pc), Eckert  number 

( E c  = Uc /ec",), and Peclet number (Pe = pcUcCcXc/kc). The P e c l e t  
number i s  t h e  product of t h e  Reynolds number and t h e  P r a n d t l  number 

2 

V C  

kc 
P r  = -. 

The c h a r a c t e r i s t i c  dimensions of the  Reynolds and P e c l e t  numbers 
f o r  c losed channel flow are u s u a l l y  expressed  i n  h y d r a u l i c  d i ame te r ,  
which, f o r  t h e  case of tube flow, reduces t o  the  tube diameter.  The 
Reynolds number, as p rev ious ly  d e f i n e d ,  has the  c h a r a c t e r i s t i c  dimension 
expressed  as a flow l e n g t h ;  t h i s  is t y p i c a l  f o r  an open flow, such as 
flow p a s t  a f l a t  p l a t e .  These two d imens ionless  numbers i n  t h i s  an- 
a l y s i s  could be based on the  channel diameter ,  r e q u i r i n g  i n t r o d u c t i o n  of 
the length-to-diameter r a t i o  i n  the c o e f f i c i e n t  of t h e  uni t -order  v i s -  
cous drag term i n  Eq. (17 )  and t h e  c o e f f i c i e n t  of t h e  un i t -o rde r  heat  
conduction term in Eq. (18). Doing t h i s  would not  a f f e c t  t h e  va lue  of 
t h e  e n t i r e  l e a d i n g  c o e f f i c i e n t  of t h e  un i t -o rde r  terms. The numerical 
va lues  of t h e  e n t i r e  l ead ing  c o e f f i c i e n t s  of a l l  t h e  terms are of i n -  
t e r e s t  in t h i s  s c a l i n g  a n a l y s i s ,  l e a v i n g  t h e  choice  of the channel 
l e n g t h  or d iameter  of de te rmining  the Reynolds and Peclet numbers 
a r b i t r a r y .  

I n t r o d u c i n g  t h e s e  d imens ionless  groups i n t o  t h e  governing equa t ions  
y i e l d s  
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+ [*I = 0 9 

Note that the aspect ratio Xc/Yc remains unspecified, with all 
dimensionless numbers defined with the characteristic length Xc. This 
length is chosen because the primary interest for this situation is con- 
vection in the streamwise direction x. The square of the aspect ratio 
appears in the coefficient of the terms representing unit viscous and 
conduction effects to balance the equations at steady state conditions. 
Certain physical properties must be determined first. 

The FSV core inlet temperature of 585 K is used as a reference only 
for the determination of the characteristic viscosity and thermal con- 
ductivity. The characteristic value of density is obtained by using the 
ideal gas law with this inlet temperature and an inlet pressure of 4.75 
ma. The characteristic temperature Tc will be different from this in- 
let temperature and will be subsequently defined. Use of the core inlet 
conditions for evaluation of the Characteristic physical properties 
yields the following values from Goodman et al.:5 
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Cc = 5193 J/kg=K , 
kc = 0.27 W/mK , 
pc = 3.5 x N * s / m 2  , 

= 3.3 k g h 3  , 
PC ** 

The product (BT) f o r  an i d e a l  gas  i s  un i ty ,  For helium a t  t h e  FSV oper- 
a t i n g  c o n d i t i o n s ,  t h i s  va lue  w i l l  be acceptab le .  

The a p p r o p r i a t e  va lue  f o r  t h e  c h a r a c t e r i s t i c  temperature  T, i s  now 
determined. From i n s p e c t i o n  of t he  o r i g i n a l  dimensional  equa t ions ,  t he  
only term where the  abso lu te  temperature  i t s e l f  a p p e a r s  i s  i n  the  coef-  
f i c i e n t  of t h e  pressure-work term i n  t h e  energy equat ion.  This term has 
a l r eady  been considered.  The o t h e r  terms where t h e  temperature  appears  
a re  in t h e  form of a d i f f e r e n t i a l  because of t h e  o r i g i n a l  d e r i v a t i o n  by 
Psi,* where t h e  energy change or d i f f e r e n c e  f o r  t h e  u n i t  volume i s  
de r ived .  Because a r e f e r e n c e  temperature  could be inc luded  wi th in  t h e  
d i f f e r e n t i a l  exp res s ion  f o r  temperature  change without  a f f e c t i n g  t h e  
energy ba lance  r ep resen ted  by the  conserva t ion  of energy equa t ion  (Pa i  
a p p r o p r i a t e l y  used an i d e a l  r e f e r e n c e  temperature  of a b s o l u t e  zero) ,  t h e  
c h a r a c t e r i s  t i c  temperature  T, should r ep resen t  a temperature  d i f f e r -  
ence. An a p p r o p r i a t e  va lue  f o r  T, would then be t h e  coo lan t  tempera ture  
rise along the  channel l eng th ,  For FSV a t  f u l l  power, t h i s  va lue  i s  
376 K. 

S u b s t i t u t i o n  of t h e s e  p h y s i c a l  p rope r ty  va lues ,  a long with t h e  pre- 
v ious ly  determined va lues  of l eng th  and v e l o c i t y ,  y i e l d  the  fo l lowing  
d imens ionless  numbers: 

Re = 1.7 x lo7 , 

F r  = 12.0 , 

EC = 3.8  x 10-4 . 
The c h a r a c t e r i s t i c  a spec t  ratio remains t o  be determined. This  

aspec t  r a t i o  need be not  geometr ic  i n  na tu re .  

For s teady  s ta te  cond i t ions ,  tc - - a, and in t h e  absence of hea t  

sou rces  i n  the  helium channel ,  t h e  energy equa t ion  reduces t o  
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Because each of the  square  bracketed terms is  of un i t -order ,  a t  
least  one of t he  c o e f f i c i e n t s  on the  right-hand s i d e  must a l s o  be of 
u n i t  o rde r  t o  balance the  convect ive term on t h e  l e f t .  Because t h e  
Ecker t ,  Peclet ,  and Reynolds. numbers have a l r eady  been determined,  t h e  
a spec t  r a t i o  then  w i l l  be uniquely determined. From s e t t i n g  t h e  coef- 
f i c i e n t  of the  conduct ion term t o  u n i t y ,  Yc = Xc Pe-1l2.  S u b s t i t u t i o n  
of numerical  va lues  y i e l d s  Yc = 1.8 x m. Note t h a t  t h i s  va lue  is 
less than the  coolan t  channel d iameter  of 15.5 x ID. and it  can be 
cons idered  as a d i s t a n c e  from t h e  channel w a l l  i n t o  t h e  coolan t  over 
which thermal conduct ion i s  the  hea t  t r a n s f e r  mechanism. 

S u b s t i t u t i o n  of t hese  numerical  va lues  i n t o  t h e  t r a n s i e n t  h e a t  con- 
s e r v a t i o n  equat ion  y i e l d s  

i- (2.5 x loek)  p [1.1 x 
($)2 f ($7 . (23)  

An i n spec t ion  of t h i s  equat ion  and i ts  c o e f f i c i e n t s  shows t h a t  t he  e f -  
f e c t s  of p re s su re  knork, v i scous  d i s s i p a t i o n ,  and a x i a l  thermal conduc- 
t i o n  are a t  least two o rde r s  of magnitude less than thermal convec t ion  
and t r a n s v e r s e  thermal conduction. The energy conserva t ion  equat ion  
reduces t o  
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The t r a n s i e n t  c o n t r i b u t i o n  and the  c h a r a c t e r i s t i c  t i m e  will be l e f t  un- 
determined u n t i l  t h e  hea t  t r a n s f e r  from the  s o l i d  f u e l  block is  consid- 
e red .  

Upon s u b s t i t u t i o n  of t h e  p rev ious ly  determined va lues  of F'roude 
number, Reynolds number, and a spec t  r a t i o ,  t he  momentum conse rva t ion  
equa t ion  can be written 

I n s p e c t i o n  of t h i s  equat ion  a t  s teady  s ta te  ope ra t ing  c o n d i t i o n s  
i n d i c a t e s  t h a t  t o  wi th in  an order  of magnitude, t h e  channel p re s su re  
drop c o n s i s t s  of convec t ive  a c c e l e r a t i o n  (second term on the  le f t -hand  
s i d e )  and v iscous  e f f e c t s  ( t h i r d  term on t h e  right-hand s i d e ) .  The body 
f o r c e  term a t  these  full-power ope ra t ing  cond i t ions  is n e g l i g i b l e .  How- 
e v e r ,  dur ing  off-normal even t s ,  such as loss  of forced  c i r c u l a t i o n ,  t he  
body f o r c e  term may not be neglec ted  and indeed induces a c h a r a c t e r i s t i c  
channel  v e l o c i t y .  

The conserva t ion  of momentum r e l a t i o n s h i p ,  Eq. ( 2 0 ) ,  con ta ins  a 
convec t ive  a c c e l e r a t i o n  t e r m ,  which accounts  f o r  t he  f l u i d  k i n e t i c  
energy change as t h e  f l u i d  flows through t h e  channel.  This  t e r m  w i l l  be 
r e w r i t t e n  so t h a t  t h e  d e n s i t y  change of the f l u i d  caused by h e a t i n g  
( c o o l i n g )  as the  f l u i d  flows through t h e  channel  i s  s p e c i f i c a l l y  
included i n  the t h e  momentm conse rva t ion  equat ion .  

The m a s s  conserva t ion  term can be expanded t o  

= 0 

aU 

ax 
Solv ing  f o r  and s u b s t i t u t i n g  i n t o  the convect ive  a c c e l e r a t i o n  term 
y i e l d s  
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Note t h a t  only a cons t an t  v i s c o s i t y  assumption has  been made. Densi ty  
and p res su re  v a r i a t i o n s  remain i n  t h e  equat ion .  

3.2 Thermally Expandable Flow Analys is  

The s c a l e d  conse rva t ion  of momentum [Eq.  ( 2 7 ) ]  and conse rva t ion  of 
energy [ E q .  ( 2 4 ) ] ,  with  the  i n s i g n i f i c a n t  p re s su re  work and v i scous  
d i s s i p a t i o n  neg lec t ed ,  form a coupled se t  of d i f f e r e n t i a l  equa t ions  f o r  
t h e  f l u i d .  Solu t ion  of t hese  two equa t ions  can be d i f f i c u l t  f o r  h igh  
f l u i d  v e l o c i t i e s .  This s e c t i o n  w i l l  j u s t i f y  s i m p l i f i c a t i o n  of t h e  f l u i d  
equa t ions  f o r  r e l a t i v e l y  l o w  f l u i d  v e l o c i t i e s  as compared wi th  s o n i c  but  
s t i l l  a l low f o r  thermal expansion e f f e c t s  caused by h e a t i n g  o r  cooling 
t h e  f l u i d .  

Because helium is a s imple compressible  subs tance ,  two i n t e n s i v e  
s ta te  v a r i a b l e s  are necessary  and s u f f i c i e n t  t o  d e s c r i b e  t h e  thermo- 
dynamic s t a t e  of t h e  gas. The t o t a l  d i f f e r e n t i a l  of d e n s i t y  can then be 
w r i t t e n  as 

A t  expected o p e r a t i n g  c o n d i t i o n s ,  t h e  p e r f e c t  gas  r e l a t i o n s h i p  w i l l  
r ep resen t  helium behavior  very  w e l l .  Taking p a r t i a l  d e r i v a t i v e s  and 
s u b s t i t u t i n g  i n t o  t h e  t o t a l  d i f f e r e n t i a l  y i e l d s  

* * l *  P *  
d p = - d P - T  * dT 9 

RT R T ~  

o r  

I n s e r t i o n  of t h e  s c a l i n g  r e p r e s e n t a t i o n s  y i e l d s  
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The s u b s c r i p t s  1 and 2 are inc luded  t o  denote  t h e  p o s s i b i l i t i e s  f o r  
d i f f e r e n t  c h a r a c t e r i s t i c  va lues .  As befo re ,  t h e  square-bracketed terms 
are  of u n i t  order .  l n  t h i s  case they r e p r e s e n t  d i f f e r e n t i a l  changes of 
u n i t  o rde r  f o r  d e n s i t y ,  p re s su re ,  and temperature .  Because d e n s i t y  i s  
t h e  dependent v a r i a b l e  whose u n i t  response is of i n t e r e s t ,  t h e  d e n s i t y  

is se t  t o  u n i t y  t o  s tudy  t h e  e f f e c t  on d e n s i t y  of t h e  in-  r a t i o  p 

dependent  v a r i a b l e s .  This r e q u i r e s  that  one o r  bo th  of t h e  c o e f f i c i e n t  
terms f o r  t h e  bracke ted  independent v a r i a b l e  terms must a l s o  be of u n i t  
o r d e r  f o r  cons i s t ency .  

c 'Pcq 

P r e p r e s e n t s  t h e  C h a r a c t e r i s t i c  va lue  f o r  p re s su re  change, and 

P r e p r e s e n t s  t h e  c h a r a c t e r i s t i c  va lue  f o r  a b s o l u t e  p re s su re ,  w i th  

must be set  t o  t h e  analogous d e s c r i p t i o n s  f o r  T and Tc . 
c o r e  i n l e t  va lues  f o r  p re s su re  and temperature  of 4 - 7 5  Wa and 685 K. 
These c o n d i t i o n s  w i l l  now be r e f e r r e d  t o  as Pin and Tin. The c h a r a c t e r -  
i s t i c  va lue  f o r  p r e s s u r e  change P f o r  a fo rced  convec t ion  flow I s  t h e  

dynamic p r e s s u r e  p U2 which is  2:15 kPa f o r  FSV a t  full-power o p e r a t i n g  
c o n d i t i o n s .  The ckaracterist ic va lue  f o r  tempera ture  change €or  fo rced  
convec t ion  flow is t h e  co re  tempera ture  rise of 376 K. S u b s t i t u t i o n  
i n t o  t h e  s c a l e d  t o t a l  d e n s i t y  d e r i v a t i v e  y i e l d s  

C 1  

and Tc 
c2 

c 1  2 pC 2 

C'  

2 = 5 10-4 LI 
For t h e  s p e c i f i e d  FSV o p e r a t i n g  c o n d i t i o n s ,  t h i s  s c a l i n g  a n a l y s i s  

shows t h a t  t h e  d e n s i t y  change caused by p res su re  change is n e g l i g i b l e  
when compared wi th  t h e  d e n s i t y  change caused by temperature .  H a l l  
et a1.6 r e f e r  t o  t h i s  as the  " t h e r m d l y  expandable assumption," 

However, t h i s  t o t a l  d i f f e r e n t i s . 1  expres s ion  f o r  d e n s i t y  change w i l l  
be r e t a i n e d  t o  show i t s  e f fec t  on t h e  momentum conse rva t ion  equat ion .  
Mul t ip ly ing  through by p y i e l d s  

Because P;, is  set t o  the  channel  i n l e t  p r e s s u r e  and t h e  i d e a l  gas  
1 1 1  

l a w  i s  a p p l i c a b l e  
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(RT ) can be recognized as t h e  square of t h e  l o c a l  s o n i c  v e l o c i t y  
d iv ided  6; t he  r a t i o  of s p e c i f i c  h e a t s  ye The c o e f f i c i e n t  of t h e  dimen- 
s i o n l e s s  uni t -order  p re s su re  change can be r e w r i t t e n  i n  terms of t h e  
Mach number Ma. The d i f f e r e n t i a l  d e n s i t y  change is now w r i t t e n  

This  t o t a l  d i f f e r e n t i a l  w i th  r e s p e c t  t o  the  thermodynamic s t a t e  
v a r i a b l e s  can be t ransformed i n t o  a p a r t i a l  d i f f e r e n t i a l  with r e s p e c t  t o  
space  and t i m e  and s u b s t i t u t e d  i n t o  the  s c a l e d  momentum conserva t ion  
equat ion ,  Eq. ( 2 7 ) .  Upon rearrangement ,  t h e  momentum equa t ion  i s  

This i s  a " f u l l y  compressible" r e l a t i o n s h i p  t h a t  couples  t h e  energy 
conse rva t ion  equa t ion  t o  t h e  momentum equat ion  through the  equat ion  of 
s ta te .  It is  a formidable  t a s k  t o  so lve  it e i t h e r  a n a l y t i c a l l y  o r  com- 
p u t a t i o n a l l y .  

For flow s i t u a t i o n s  where the  Mach number i s  s u f f i c i e n t l y  low 
(<0.3), t h i s  equa t ion  can be s i m p l i f i e d  t o  the  fol lowing:  

Note t h a t  t h i s  form of the momentum equat ion  was developed using 
the  small  Mach number approximation,  but i t  is  s t i l l  coupled t o  t h e  
energy conserva t ion  equat ion  through the  s p a t i a l  a c c e l e r a t i o n  t e r m .  
This term simply accounts  f o r  k i n e t i c  energy changes caused by h e a t i n g  
( coo l ing )  the  helium. Although the  momentum conserva t ion  equat ion  i s  
coupled t o  t h e  f l u i d  energy conserva t ion  equati.on, no a c o u s t i c  p r e s s u r e  
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waves can be supported at  low Mach nuinbers because of t h e  absence of a 
time-dependent pressure  term. Equation ( 3 7 )  does not  r e p r e s e n t  a f u l l y  
compress ib le  flow s i t u a t i o n ;  however, d e n s i t y  changes caused by adding 
o r  s u b t r a c t i n g  thermal  energy to or from the  f l u i d  are r ep resen ted .  

3 . 3  Sol id  Co;nponent Analys is  

All c h a r a c t e r i s t i c  q u a n t i t i e s  must be r e p r e s e n t a t i v e  of t h e  co re  
materials. The phys ica l  p r o p e r t i e s  of d e n s i t y ,  s p e c i f i c  h e a t ,  and the r -  
m a l  c o n d u c t i v i t y  w i l l  be taken from t h e  va lues  presented  i n  t h e  FSV 
F i n a l  Sa fe ty  Analys is  Report (FSAR).7 These va lues  are 

pc = 1700 k g / m 3  , 

kc = 17.3 W/mK 

The conse rva t ion  of energy equa t ion  ( E q .  12) f o r  t h e  s o l i d  compo- 
nents  w a s  w r i t t e n  i n  Sect .  2. Equation ( 1 2 )  is repea ted .  

Two c h a r a c t e r i s t i c  q u a n t i t i e s  are now determined. An a p p r o p r i a t e  va lue  
of c h a r a c t e r i s t i c  vo lumetr ic  hea t  s t r e n g t h  would be t h e  power d e n s i t y ,  
which f o r  FSV is 6 .3  MW/m3. The c h a r a c t e r i s t i c  q u a n t i t y  of Xc must be 
the  core  h e i g h t ,  or  helium flow l e n g t h ,  of 6 . 3  rn t o  be c o n s i s t e n t  w i th  
t h e  f l u i d  s o l u t i o n  domain. This  l eaves  t h r e e  c h a r a c t e r i s t i c  q u a n t i t i e s  
t o  be determined. 

A t  s teady  s ta te  ( t c  = -1 t h e  hea t  genera ted  in t he  core  i s  com- 
p l e t e l y  removed by t h e  convect ing coolan t .  This  h e a t  must be conducted 
through t h e  s o l i d  core  components. The c o e f f i c i e n t  o f  t he  squa re  
bracke ted  term r e p r e s e n t i n g  s o l i d  thermal  conduct ion must be of u n i t  
o rde r ,  because the  hea t  genera ted  i n  t h e  core  must be of the  same magni- 
t ude  as t h e  conducted h e a t  a t  s t eady  state. Therefore ,  

k T  
c c  1 .  -= 

QcYc2 

A d d i t i o n a l l y ,  t he  hea t  conducted through the  g r a p h i t e  must be convected 
i n t o  t h e  helium coolant .  The coolant  channel s u r f a c e  hea t  f l u x  a t  any 
a x i a l  l o c a t i o n  i s  governed by t h e  Four i e r  h e a t  conduct ion l a w  of 
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ay 

Replacing t h e  dimensional  terms by t h e  c h a r a c t e r i s t i c  q u a n t i t y  and d i -  
mensionless  uni t -order  terms y i e l d s  

where t h e  c o e f f i c i e n t  term must be of u n i t  o r d e r  f o r  t h e  un i t -o rde r  hea t  
f l u x  t o  ba lance  t h e  uni t -order  tempera ture  g r a d i e n t .  

S u b s t i t u t i n g  t h i s  r e l a t i o n s h i p  f o r  c h a r a c t e r i s t i c  coolan t  channel  
s u r f a c e  hea t  f l u x  i n t o  the  r e l a t i o n s h i p  t h a t  ba lances  the  s t eady  s t a t e  
h e a t  conduct ion and gene ra t ion  [Eq.  (3811 y i e l d s  the  y c h a r a c t e r i s t i c  
dimension 

The s u r f a c e  h e a t  f l u x  qc i s  simply t h e  t o t a l  h e a t  convected i n t o  
t h e  helium d iv ided  by t h e  coolan t  channel  s u r f a c e  area. For the  FSV 
c o r e  a t  full-power c o n d i t i o n s ,  

p U C T D  
c c c c  - - 

qc 4xc 
9 (42) 

where D i s  t h e  coolan t  channel  d iameter ,  and t h e  o t h e r  c h a r a c t e r i s t i c  
q u a n t i t i e s  are r e p r e s e n t a t i v e  of t h e  helium coo lan t .  S u b s t i t u t i o n  of 
numer ica l  va lues  y i e l d s  a c h a r a c t e r i s t i c  s u r f a c e  h e a t  f l u x  of 
108 kW/m2. The c h a r a c t e r i s t i c  co re  hea t  conduct ion hea t  l e n g t h  Yc i s  
t h e n  17.0 .mm. Axia l  hea t  conduct ion i s  t h e r e f o r e  n e g l i g i b l e  under t h e  
cond i t ion  t h a t  a l l  genera ted  hea t  is removed by convect ion.  As t h e  co- 
e f f i c i e n t  of t h e  squa re  bracke ted  t e r m  r e p r e s e n t i n g  co re  thermal  conduc- 
t i o n  must be of u n i t  o rde r ,  the  C h a r a c t e r i s t i c  temperature  d i f f e r e n c e  of 
t h e  co re  materials is  then  determined t o  be 106 K. 

A c h a r a c t e r i s t i c  t i m e  f o r  t h e  t r a n s i e n t  temperature  response  of the  
c o r e  tempera ture  can now be determined by s e t t i n g  t h e  c o e f f i c i e n t  of t h e  
uni t -order  energy s t o r a g e  term t o  u n i t y  o r  
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= l .  
PcC cT c 

Qct c 
( 4 3 )  

S u b s t i t u t i o n  of t he  prev ious ly  determined c h a r a c t e r i s t i c  va lues  f o r  t h e  
core  y i e l d s  a c h a r a c t e r i s t i c  time of 40 s .  Note t h a t  t h i s  q u a n t i t y  i s  
on t h e  o rde r  of 200 t i m e s  t h a t  of t h e  gas c h a r a c t e r i s t i c  response t i m e  
of 0.235 s de r ived  i n  Sect .  3.1. 

3.4 The Coupled System 

A l l  t h e  d i f f e r e n t i a l  equa t ions  must be cons idered  s imul taneous ly ,  
because t h i s  is a conjugate  problem where the  i n t e r f a c e  cond i t ions  of 
h e a t  f l u x  and temperature  are conts ined  wi th in  t h e  problem d e f i n i t i o n .  
A f i n a l  dimensioning parameter  E is def ined  as the  r a t i o  of t h e s e  two 
c h a r a c t e r i s t i c  t i m e s  f o r  t h e  f l u i d  and t h e  s o l i d  components o r  

( f l u i d )  

( s o l i d )  
t c  

t C  

E ‘  ( 4 4 )  

In t roduc ing  t h i s  parameter i n t o  the  sca l ed  equa t ions  of both solu-  
t i o n  domains by us ing  the  s o l i d  component c h a r a c t e r i s t i c  time as t h e  
t i m e  per iod  of i n t e r e s t  f o r  s o l u t i o n  of t h e  coupled problem y i e l d s  t h e  
fol lowing set of equa t ions .  

1 C $1 = I”] + [Q] ( s o l i d )  , 
aY 

E [%] = - [k (pu;] 

E C $1 = -  (Ip Cu E] + >3] ( f l u i d )  , 

( f l u i d )  , 

ay2 

( 4 5 )  

( 4 7 )  

This set of d i f f e r e n t i a l  equa t ions  governs the  coupled response of  
t h e  core  and the  gas ,  us ing  t h e  approximations of low Mach number and 
thermal ly  expandable flow. 
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This system of coupled, time-dependent d i f f e r e n t i a l  equa t ions  could 
be solved as i t  is  w r i t t e n ,  i nc lud ing  t h e  f l u i d  t r a n s i e n t  terms. How- 
e v e r ,  i f  t h e  s c a l i n g  is proper  and t h e  c h a r a c t e r i s t i c  q u a n t i t i e s  are in-  
deed r e p r e s e n t a t i v e ,  each o f  t h e  square-bracketed term of t h e  above 
system of equa t ions  i s  of u n i t  o rder .  Two s i m p l i f i c a t i o n s  t h a t  g r e a t l y  
reduce t h e  computat ional  e f f o r t  i n  i n t e g r a t i n g  t h e  system arise i f  E i s  
s u f f i c i e n t l y  s m a l l .  

I f  t h e  t r a n s i e n t  response of t h e  s o l i d  core  components is of major 
i n t e r e s t ,  t h e  term E f o r  t h e  full-power PSV case is  on t h e  o rde r  of 
lo-*. The f l u i d  temporal response is t h e r e f o r e  n e g l i g i b l e  d t h  respect 
t o  t h e  f l u i d  s p a t i a l  response and both the  temporal and s p a t i a l  response 
of the  s o l i d  core  components. The f l u i d  conse rva t ion  equa t ions  can t h e n  
be s p a t i a l l y  i n t e g r a t e d  a n a l y t i c a l l y .  This l eaves  only  t h e  s o l i d  co re  
components d i f f e r e n t i a l  equa t ion  t o  be i n t e g r a t e d  i n  t i m e .  

However, i f  t h e  t r a n s i e n t  t i m e  response of t h e  f l u i d  i s  of i n t e r -  
e s t ,  t he  term E w i l l  appear on the  right-hand s i d e  of the  s o l i d  co re  
component d i f f e r e n t i a l  equat ion ,  Therefore ,  €or  t h e  t i m e  per iod  of in- 
terest of t he  c h a r a c t e r i s t i c  f l u i d  t i m e ,  t he  temperature  of t h e  s o l i d  
c o r e  components remains e s s e n t i a l l y  constanrt. This can decouple the  
s o l i d  component equat ion  from t he  system of equat ions .  The t r a n s i e n t  
response  of t h e  co re  components would s t i l l  remain t o  be determined,  but  
i t  would not  need t o  be done s imul taneous ly  with the  f l u i d  equa t ions .  

For the  computer codes developed i n  t h e  HTGR Sa fe ty  Analys is  Pro- 
gram a t  Oak Ridge Nat iona l  Laboratory (ORNL),  t he  core  component re- 
sponse ( i . e . ,  f u e l  temperature)  i s  of primary i n t e r e s t .  In comparison 
with the  energy s t o r a g e  term of t h e  s o l i d  core  Components, t h e  dynamic 
o r  time-dependent s t o r a g e  t e r n s  of t h e  f l u i d  conse rva t ion  equa t ions  are 
neglec ted  i n  ORECA8 and CORTAPg to  decrease  computation c o s t s  wi thout  
s i g n i f i c a n t l y  a f f e c t i n g  accuracy. 

I f  t h e  mass-storage term of t h e  c o n t i n u i t y  equa t ion  [ t h e  f i r s t  t e r m  
on the  le f t -hand  s i d e  of Eq. ( 2 d ) l  i s  neg lec t ed ,  t h e  s t r a i g h t f o r w a r d  ex- 
p r e s s i o n  t h a t  inass f l u x  i s  cons t an t  i n  t h e  f l u i d  channel  remains a f t e r  
s p a t i a l  i n t e g r a t i o n .  This expres s ion  a l lows  f o r  f l u i d  d e n s i t y  changes, 
as would be expected when t h e  f l u i d  is e i t h e r  hea ted  or cooled,  as long 
as the  f l u i d  v e l o c i t y  i s  i n v e r s e l y  a f f e c t e d .  This v e l o c i t y  change can 
be observed i n  t h e  momentum conse rva t ion  equa t ion  as a s p a t i a l  accelera- 
t i o n  t h a t  is dependent upon f1ui.d temperature  g r a d i e n t .  ' E t  can be shown 
t h a t  t he  e r r o r  committed by t h e  cons t an t  f l u i d  mass f l u x  approximation 
i f  E is s i g n i f i c a n t l y  less than un i ty  is on t h e  o rde r  of E. 

I n  g e n e r a l ,  t h i s  system of equa t ions ,  Eqs. ( 4 5 ) - - 4 4 8 ) ,  can be 
descr ibed  as s t i f f ,  where t h e  fas t -decaytng  components can adve r se ly  a f -  
f e c t  t h e  a l lowable  t i m e  s t e p  f o r  numerical  s t a b i l i t y  of an e x p l i c i t  
method. It is  p o s s i b l e ,  and d e s i r a b l e  when the  va lue  of E can be a f -  
fect:etl by the advancing s o l u t i o n ,  t o  use a numerical  method, u s u a l l y  i m -  
p l i c i t ,  s p e c i f  i ca lLy designed t o  y i e l d  numerical ly  s t a b l e  s o l u t i o n s  a t  
r e l a t i v e l y  l a r g e  t ime-step va lues .  This was done by Hedrick and 
Cleve landla  f o r  t h e  water side oE the  BLAST steam g e n e r a t o r  s i m u l a t i o n  
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code where the  widely vary ing  water hea t  t r a n s f e r  c o e f f i c i e n t  and node 
mass inventory  could change a fast-decaying s o l u t i o n  component t o  a 
slow-decaying component as t h e  s imula ted  t r a n s i e n t  develops.  

I f  t he  va lue  f o r  E a lways  remains n e g l i g i b l y  small, i t  is  computa- 
t i o n a l l y  advantageous,  as descr ibed  by HacMillan, 11 t o  rewrite t h e  sys- 
t e m  of d i f f e r e n t i a l  equat ions  t o  reduce t h e  s i z e  and subsequent e f f o r t  
i n  computa t iona l ly  so lv ing  t h e  problem. 

Two s i t u a t i o n s ,  r e p r e s e n t i n g  t h e  extremes of o p e r a t i o n  a t  FSV, are 
i n v e s t i g a t e d  f o r  t h e i r  e f f e c t  upon the  va lue  of E. These involve  analy-  
s is  a t  fu l l - f low and no-flow s i t u a t i o n s .  The fu l l - f low s i t u a t i o n  was 
descr ibed  p rev ious ly  and w i l l  be examined f u r t h e r .  The zero-flow s i t u -  
a t i o n  w i l l  be analyzed i n  Chap. 4. 

The term E was der ived  as the  r a t i o  of t h e  f l u i d  c h a r a c t e r i s t i c  
t i m e  t o  t h e  s o l i d  c h a r a c t e r i s t i c  time. S l i g h t l y  modifying t h e  nomencla- 
t u r e  €or c l a r i t y ,  t he  c h a r a c t e r i s t i c  q u a n t i t i e s  f o r  the  s o l i d  w i l l  be 
des igna ted  with a s u b s c r i p t  of s and t h e  f l u i d  c h a r a c t e r i s t i c  q u a n t i t i e s  
with an f ,  o r  E = t /t . S u b s t i t u t i n g  t h e  der ived  c h a r a c t e r i s t i c  t i m e s  
of t he  s o l i d  and f l u i d  i n t o  t h i s  r a t i o  y i e l d s  

f s  

Upon s u b s t i t u t i n g  t h e  core conduct ion l e n g t h  Ys t o  e l i m i n a t e  the  
power d e n s i t y  and then r ea r r ang ing  terms t o  s a t i s f y  t h e  d e f i n i t i o n s  of 
t h e  known hea t  t r a n s f e r  and f l u i d  f low d imens ionless  numbers, t h e  t e r m  E 
can be w r i t t e n  as 

This  term is  a product of t h e  volumetr ic  hea t  s t o r a g e  r a t i o  and a 
grouping of geometr ic  and thermophysical  p r o p e r t i e s  with f l u i d  flow and 
h e a t  t r a n s f e r  r e l a t i o n s h i p s ,  This t e r m  is s imilar  t o  those  developed by 
Suceclz  and Perelman e t  a1.13 f o r  conjugate  hea t  t r a n s f e r  process  of a 
s o l i d  and a f l u i d  wi th  d i f f e r e n t  geometry from t h a t  of t h e  HTGR. 

The term ks/Ys is  a measure of t he  thermal  conductance i n  t h e  s o l i d  
material. The term kf/D is  a measure of t h e  thermal  conductance of t he  
f l u i d  i n  the  channel.  Both of t h e s e  are una f fec t ed  by t h e  flow circum- 
s t ances .  A t  a cons t an t  o p e r a t i n g  p r e s s u r e  where convec t ion  hea t  t r ans -  
f e r  dominates,  the  term E is t h e r e f o r e  i n v e r s e l y  p ropor t iona l  t o  t h e  
Reynolds number. 

For full-power ope ra t ion  a t  FSV, t he  Reynolds number based on t h e  
channel diameter  is 4.0 x lo4. A s  E was shown t o  be on the  o rde r  of 
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lom2, t h e  Reynolds number a t  f u l l - p r e s s u r e  c o n d i t i o n s  would have t o  
decay t o  400 f o r  t h e  f l u i d  s t o r a g e  terms t o  be s i g n i f i c a n t .  This  
Reynolds number i s  w e l l  i n s i d e  t h e  laminar  flow regime. However, as t h e  
Reynolds number dec reases ,  thermal conduct ion h e a t  t r a n s f e r  may dominate 
the  hea t  t r a n s f e r  process ,  and use of a f l u i d  v e l o c i t y  t o  scale t h e  gov- 
e r n i n g  equa t ions  may be inappropr i a t e .  This  s i t u a t i o n  w i l l  be i n v e s t i -  
gated i n  Chap. 4 .  

Convection h e a t  t r a n s f e r  t o  t h e  f l u i d  w i l l  a r ise  a t  PSV even with a 
loss-of  -forced-convection acc iden t .  Because of t h e  n a t u r a l  c i r c u l a t i o n  
o r  thermosyphon e f f e c t  induced by t h e  tempera ture  d i f f e r e n c e  between 
low- and high-power r eg ions ,  a s i g n i f i c a n t  gas v e l o c i t y  would be e s t ab -  
l i s h e d  i n  t h e  co re  channels.  A c h a r a c t e r i s t i c  v e l o c i t y  f o r  n a t u r a l  con- 
vec t ion  i s  dgATL/T ,  where g i.s t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  AT i s  t h e  
tempera ture  d i f f e r e n c e  between t h e  hot  and co ld  r eg ions ,  T i s  t h e  aver- 
age gas tempera ture ,  and 1, is t h e  core  he igh t .  This v e l o c i t y  i s  on t h e  
o r d e r  of t h e  fo rced  convect ion v e l o c i t y  i f  t h e  r e a c t o r  remains a t  f u l l -  
system p r e s s u r e ,  accord ing  t o  the  a n a l y s i s  p rev ious ly  p re sen ted .  l4 The 
f l u i d  t r a n s i e n t  s t o r a g e  terms remain n e g l i g i b l e .  

The volumetr ic  hea t  c a p a c i t y  of t h e  gas v a r i e s  d i r e c t l y  with t h e  
system ope ra t ing  p res su re  change. A t  depres su r i zed  cond i t ions  a t  FSV, 
t h e  system p res su re  drops by a f a c t o r  of 50. I f  a l l  o t h e r  f l u i d  f l o w  
f a c t o r s  remain cons t an t ,  t he  f l u i d  s t o r a g e  terms are even less s i g n i f i -  
cant  than a t  f u l l  p ressure .  Because t h e  helium c i r c u l a t o r s  are cons t an t  
vo lumet r i c  flow dev ices ,  t h e  Reynolds number wi1.1 dec rease  d i r e c t l y  as 
does the  d e n s i t y ,  with no n e t  e f f e c t  upon t h e  term E. The f l u i d  
t r a n s i e n t  s t o r a g e  terms a r e  s t i l l  n e g l i g i b l e .  

Inhe ren t  is  the  assumption of thermal ly  expandable flow as shown i n  
Sec t .  3.2. T h i s  assumption r e q u i r e s  t h a t  t he  channel  p re s su re  drop be 
s i g n i f i c a n t l y  less  than the  system ope ra t ing  p res su re .  This circum- 
s t a n c e  is t r u e  f o r  a l l  s i t u a t i o n s  a t  FSV where t h e  system ope ra t ing  
p res su re  remains cons t an t ,  e i t h e r  a t  f u l l  o r  a tmospheric  p re s su re .  
Otherwise,  a f u l l y  compressible  flow s i t u a t i o n  would n e c e s s i t a t e  a major 
change i n  t h e  s i m p l i f i e d  governing equa t ions  and t h e i r  numerical  
s o l u  t ion. 
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4 .  APPLICABILITY TO ZERO EXOW 

The c h a r a c t e r i s t i c  s c a l i n g  q l ; a n t i t i e s  used i n  Chap. 3 were spe-  
c i f i c a l l y  l i m i t e d  t o  t h e  case where f l u i d  convect ion is t h e  dominant 
heat  t r a n s f e r  mode f o r  hea t  removal from the  core .  During a depres su r i -  
z a t i o n  i n c i d e n t ,  another  p o s s i b l e  hea t  removal mechanism might a l s o  be 
apparent .  This a d d i t i o n a l  mechantsm would be gas expansion c o o l i n g ,  
where the  gas consequent ly  loses i n t e r n a l  energy with t h e  r e s u l t i n g  tem- 
p e r a t u r e  drop. The s c a l i n g  i n  Sect. 3.1 r e s u l t e d  i n  n e g l e c t i n g  t h e  gas 
pressure-work term t h a t  must be inc luded  f o r  t h i s  case. To show t he  
l i m i t i n g  behavior  of t h i s  process  as  the  convect ion v e l o c i t y  approaches 
small va lues ,  t h e  governing equa t ions  f o r  t he  f l u i d  w i l l  be r e sca l ed  
with a zero c h a r a c t e r i s t i c  v e l o c i t y  i n  a l l  d i r e c t i o n s .  This w i l l  show 
t h e  e f f e c t  of zero  convec t ion  hea t  r r a n s f e r  on t h e  f l u i d  behavior.  

The f l u i d  conse rva t ion  equa t ions  Eqs. (1>--(3) i n  t he  absence of an 
i n t e r n a l  hea t  source  are r e w r i t t e n  tis 

* 
% = o ,  
a t  

(51) 

(52) 

The c o n t i n u i t y  equat ion  s i m p l y  reduces t o  zero  ne t  d e n s i t y  change 
with r e spec t  t o  t i m e .  The conserva t ion  of momentum simply reduces to 
h y d r o s t a t i c  r e l a t i o n s h i p  f o r  the case where t h e  a c c e l e r a t i o n  of g r a v i t y  
induces the  only body fo rce .  For t h i s  l i m i t i n g  c o n d i t i o n ,  t he  tirne- 
dependent terms f o r  t h e  c o n t i m l i t y  and momentum conse rva t ion  r e l a t i o n -  
s h i p s  are i d e n t i c a l l y  zero.  

The conserva t ion  of energy equa t ion  reduces t o  t h r e e  terms dea l ing  
with t r a n s i e n t  temperature  and pressure-work response and s p a t i a l  con- 
d u c t i o n  hea t  t r a n s f e r .  A s  helium can be cons idered  an i d e a l  gas  f o r  t h e  

FSV opera t ing  cond i t ions ,  t he  term CBT) is i d e n t i c a l l y  one. By d i f f e r -  
e n t i a t i n g  the  i d e a l  gas  l a w  wi th  r e s p e c t  t o  t i m e  and us ing  t h e  equat ion  
of c o n t i n u i t y ,  t h e  energy c o n s e r v a t i m  equa t ion  reduces t o  the following 
r e l a t i o n s h i p :  

** 
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Upon substitution of characteristic and unit-order dimensionless 
quantities including thermodynamic identities and upon regrouping all 
the characteristic terms on the left-hand side, the energy conservation 
equation for a cylindrical channel reduces to 

where the square-bracketed terms are of unit order. Also, axial thermal 
conductance in the fluid is still negligible as shown previously for the 
convection case. 

At the channel wall, the heat flux out of the solid component must 
balance the heat flux into the fluid. In dimensional terms this rela- 
tionship is 

Upon substitution of the characteristic and unit-order dimension- 
less quantities, this heat balance can be rearranged in the following 
fashion. 

The coefficient of the square-bracketed term on the left-hand side 
must be of unit order for the heat fluxes to balance. Substituting this 
relationship into Eq. ( 5 5 )  yields the following: 

All the characteristic quantities f o r  the solid components have 
been detennined previously, leaving the characteristic pressure Pf as an 
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independent  v a r i a b l e  t o  be determined. Because t h e  most s eve re  s i t u a -  
t i o n  where the  f l u i d  equat ion  is a p p l i c a b l e  would be a d e p r e s s u r i z a t i o n  
from fu l l - sys tem p r e s s u r e  t o  a tmospheric ,  Pf w i l l  be s e t  t o  t h i s  pres- 
s u r e  d i f f e r e n c e .  The c h a r a c t e r i s t i c  t i m e  
tf f o r  t h i s  p a r t i c u l a r  d e p r e s s u r i z a t i o n  s i t u a t i o n  would then be 0.7 6. 

The c h a r a c t e r i s t i c  t i m e  f o r  t he  core  remains a t  40 s as shown i n  
Sec t .  3.3 .  The s o l i d  components c h a r a c t e r i s t i c  time is  on the  o rde r  of 
100 t i m e s  t h a t  of t he  f l u i d  f o r  t h e  d e p r e s s u r i z a t i o n  case .  The energy 
s t o r a g e  i n  the  f l u i d  is t h e r e f o r e  much less than the  energy s t o r a g e  i n  
the  core  materials f o r  t h i s  d e p r e s s u r i z a t i o n  case. 

For FSV, Pf is then 4.75 m a .  

Because the  f l u i d  c o n t i n u i t y  and momentum conserva t ion  equat ions  
are i d e n t i c a l l y  zero f o r  th i s  no-flow case, the  dynamics of t h e  s c a l e d ,  
coupled,  energy conse rva t ion  equat ions  €or  t h e  s o l i d  and f l u i d  reduce t o  
t he  fo l lowing  sys t em:  

A s  befo re ,  t he  l ead ing  c o e f f i c i e n t  of t h e  s o l i d  energy s t o r a g e  term 
is set t o  u n i t y ,  and the  term E = t f / ts  is  s u b s t i t u t e d  i n t o  the  c o e f f i -  
c i e n t  of t h e  f l u i d  energy s t o r a g e  term. The fo l lowing  system emerges: 

where 

E [- 1 -1 ap F [i & (.IC E)] ( f l u i d )  , 
y-i a t  

k$-] = Le] + [ Q ]  
( s o l i d )  

aY2 

( 6 1 )  

(62 )  

This  last r e l a t i o n s h i p  for E, a p p l i c a b l e  fo r  zero  f low,  can be re- 
duced with t h e  i d e n t i t i e s  developed i n  Chap. 3 fo r  the  s t eady  state case 
a t  f u l l  power t o  the  fo l lowing  r e l a t i o n s h i p :  

. . . . . . - 
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T h i s  c h a r a c t e r i s t i c  t i m e  r a t i o  has been c a l c u l a t e d  t o  be on t h e  o rde r  
of loe2 f o r  a d e p r e s s u r i z a t i o n  from fu l l - sys tem p res su re .  

I f  t h e  r e a c t o r  remains a t  f u l l  p re s su re ,  wi th  t h e  channel  f low go- 
ing t o  zero ,  t h e  c h a r a c t e r i s t i c  p r e s s u r e  Pf would be on t h e  o rde r  of t h e  
h y d r o s t a t i c  head. This would be much less than t h e  a b s o l u t e  pressure .  
The a n a l y s i s  f o r  a d e p r e s s u r i z a t i o n  with zero flow r e p r e s e n t s  a bounding 
case f o r  FSV. 

The r e l a t i o n s h i p  f o r  E can be observed as t h e  pr0duc.t of two 
r a t i o s  : 

( 6 5 )  
pf  - P r e s s u r e  energy s t o r e d  per u n i t  volume of f l u i d  

I 

psC,Ts thermal  energy s t o r e d  per  u n i t  volume of s o l i d  ' 

and 

D thermal  conduct ion l e n g t h  i n  f l u i d  

Y, 
- -  

thermal  conduct ion l e n g t h  i n  s o l i d  . 

For PSV, t h e  r a t i o  of D/Ys i s  on the  o rde r  of one, l eav ing  t h e  
o t h e r  r a t i o  t o  be on the  o rde r  of If t h e  thermal  s t o r e d  energy i s  
on the  order  of t h e  p re s su re  s t o r e d  energy,  t h e  neg lec t  of t h e  energy 
dynamic term of the  f l u i d  would not be v a l i d .  However, t h i s  s i t u a t i o n  
would only ar ise  i f  t he  r e a c t o r  were opera ted  a t  s t eady  s t a t e  cond i t ions  
at  a very  low temperature  when t h e  d e p r e s s u r i z a t i o n  occurred .  Low t e m -  
p e r a t u r e  s t eady  s t a t e  o p e r a t i o n  p r i o r  t o  an i n c i d e n t  i s  not of i n t e r e s t  
f o r  HTGR s a f e t y  s t u d i e s  simply because t h e  f u e l  would not  reach  a h i g h  
enough va lue  f o r  f i ss ion-product  release. Indeed, f o r  a dep res su r i za -  
t i o n  from fu l l - sys tem p res su re  f o r  FSV, t h e  tempera ture  drop of t h e  c o r e  
materials due only t o  t h e  d e p r e s s u r i z a t i o n  w i l l  be on t h e  o r d e r  of 2 K 
i f  energy s t o r a g e  i n  the  f l u i d  i s  t o  be cons idered .  The f l u i d  dynamic 
e q u a t i o n s  can be set t o  zero  a s  w a s  done i n  Chap. 3 wi th  n e g l i g i b l e  
e r r o r  f o r  a l l  ope ra t ing  s i t u a t i o n s  of i n t e r e s t .  
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5. CONCXLJSIONS 

Analys is  presented  in Chaps. 3 and 4 €or t h e  HTGR s a f e t y  a n a l y s i s  
of FSV from high-power s t e a d y  state o p e r a t i o n  shows t h a t  d e l e t i o n  of t h e  
dynamics of t h e  f l u i d  conse rva t ion  equa t ions  is v a l i d  f o r  bo th  f u l l - f l o w  
and zero-flow s i t u a t i o n s .  

D e l e t i o n  of t h e  time-dependent terms of t h e  conse rva t ion  of  mass, 
momentum, and energy equa t ions  f o r  t he  f l u i d  causes  l i t t l e  e r r o r ,  be- 
cause  t h e  c h a r a c t e r i s t i c  response  t i m e  of t h e  s o l i d  components is two 
o r d e r s  of magnitude g r e a t e r  than  t h a t  of t h e  f l u i d .  Neglect of t h e  
f l u i d  dynamic terms a l lows  a n a l y t i c  s p a t i a l  i n t e g r a t i o n  of t h e  f l u i d  
conse rva t ion  equa t ions  over t h e  computat ional  node l e n g t h  along t h e  f low 
channel  and r e s u l t s  i n  an a l g e b r a i c  r e l a t i o n s h i p .  Only t h e  dynamic re- 
sponse of the co re  materials r e q u i r e s  computat ional  i n t e g r a t i o n  i n  
t i m e .  T h i s  s i m p l i f i c a t i o n  g r e a t l y  dec reases  t h e  computa t iona l  cos t  of 
t h e  HTGR s a f e t y  a n a l y s i s  computer codes developed a t  ORNL. Addition- 
a l l y ,  d e n s i t y  changes in the helium as a r e s u l t  of thermal  a d d i t i o n  were 
shown t o  be e x p l i c i t l y  cons idered ,  even though t h e  f l u i d  mass s t o r a g e  
dynamics are neglec ted .  
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