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Program [l '] i s  t h e  d e t e r m i n a t i o n  0.E f u e l  rod  s i m u l a t o r  (FRS) s u r f a c e  

t e m p e r a t u r e s  and s u r f a c e  h e a t  f l u x e s  from i n t e r n a l  thermocouple respon-  

s e s  d u r i n g  loss -o f -coo lan t  exper iments  (LOCE). T h i s  r e q u i r e s  t h e  s o l u -  

t i o n  of t h e  i n v e r s e  h e a t  c o n d u c t i o n  problem [ 2 ] .  

The i n d i r e c t l y  h e a t e d  e l e c t r i c  FRSs used i n  t h e  BDHT bund le  1 (F ig .  

1 )  had a  dua l - shea th  d e s i g n  w i t h  thermocouples  l o c a t e d  i n  bo th  t h e  cen- 

t e r  of t h e  FRS and i n  groove's i n  t h e  o u t e r  s u r f a c e  of t h e  i n n e r  shea th .  

These FRSs o f t e n  had gaps  between t h e  i n n e r  and o u t e r  s h e a t h s ;  f u r t h e r -  

more, t h e r e  was FKS-to-FRS v a r i a n c e  i n  t h e  manufac tu r ing  p r o c e s s ,  changes  

i n  bundle response  due t o  a g i n g ,  and c o n s i d e r a b l e  u n c e r t a i n t y  i n  t h e  t h e r -  
. . 

ma1 c o n d u c t i v i t y  and the rmai  d i f f u s i v i t y  of t h e  e l e c t r i c a l  i n s u l a t o r s  

[boron n i t r i d e  ( B N )  and magnesium o x i d e  (MgO)] used i n  t h e  FRS c o n s t r u c -  

t i o n .  An e x t e n s i v e  FRS c a l i b r a t i o n  p rocedure  ( e x p e r i m e n t a l  and a n a l y t i -  

c a l )  [ 3 ]  was -developed to .  s u p p l y  FRS performance i n f o r m a t i o n  t o  t h e  i n -  

v e r s e  h e a t  conduc t ion  model. These  c a l i b r a t i o n  p rocedures  w i l l  b r i e f l y  be 

reviewed and s e v e r a l  c a s e  s t u d i e s  w i l l  be p r e s e n t e d  t h a t  i l l u s t r a t e  t h a t  

f a i l u r e  t o  f u l l y  c l a s s i f y  FRSs w i t h  r e g a r d  t o  component p h y s i c a l  proper-  

t i e s ,  gaps ,  e t c .  can  r e s u l t  i n  s e v e r e  e r r o r s  d u r i n g  i n v e r s e  c a l c u l a t i o n s  

of t h e  d r i v i n g  p o t e n t i a l  a t  t h e  s u r f a c e  .of t h e  FRS ( A T ) ,  t h e  s p a t i a l  and 

t empora l  h i s t o r y  of t h e  h e a t . f l o w  w i t h i n  t h e  FRS', and t h e  s u r f a c e  h e a t  

f l u x .  

ROD CLASSIFICATION PROCEDURE 
\ 

Exper imenta l  P rocedure  

Two t y p e s  of e x p e r i m e n t a l  t e c h n i q u e s  c a n  be used t o  g e n e r a t e  t h e  d a t a  

r e q u i r e d  t o  c l a s s i f y  t h e  FRSs. Da ta  from s t e a d y - s t a t e  exper iments  



r i c  \iaried power generation rates ancl FRS surface temperatures can be re- 

duced to yield the desired gap information and the effective thermal con- 

ductivity of the BN annular 'insulator. Power drop tests ("controlled" 

transients) can be performed to determine the effective.therma1 diffu- 

sivity of the'~~0 core. It is assumed that centerline thermocouples exist 

in tandem with sheath thermocouples - that is, the rod centerline 

temperature mist be monitored at the same axial position as that of the 

1 sheath thermocouple if the heater is to be fully classified. Without 'the " I 
centerline thermocouple, only the gap information can be extracted from 

calibration tests. 

The fluid temperature (heat sink) range over 'which the experimental 

calibration runs can be made is largely dependent on the facility. As an 

upper limit for the sink temperature, (a function of the core 'flow rate, 

core inlet temperature, and pressure) the entire FRS should be maintained 

I in the forced convection heat transfe? regime. This conclusion is based 

I on surface heat flux perturbation studies for the BDHT FRSs [ 4 ] .  The low- 

er limit of the heat sink temperature is also facility dependent {a f'unc- 

tion of the capability of the loop heat exchangers to remove the core and 

pump energy dissipated in the fluid or, in the case of the Thermal Hydrau- 

lic Test Facility (THTF), by the directpower current (whose magnetic 

field adversely affects thermocouple signals at low temperatures) sup- 

plied to the.core [ 3 ] ) .  

Analytical Procedure 

The result of the experimental FR'S classification procedure is a 

magnetic tape generated by the THTF1s computer operated data acquisition 



. . 

sys tem (CODAS) c o n t a i n i n g  multip1.e s t e a d y - s t a t e  and power d r o p  i n f o r m a t i o n  

s e t s .  These d a t a  s e t s  a r e  p rocessed  by a  f o u r - p a r t  c a l i b r a t i o n  program, 

ORTCAL' (ORNL - - ~ h e f m o c o u ~ l e '  - Cal ibya . t ion)  . 
ORTCAL - P a r t  I 

' p a r t  I' o f  ORTCAL r e a d s  t h e  s t e a d y - s t a t e  c a l i b r a t i o n  d a t a  s e t s  ( o n e  a t  

a  t i m e ) ,  computes t h e  c o r e  c o o l a n t  mass f low r a t e  from a  c o r e  h e a t  b a l -  

a n c e ,  and c a l c u l a t e s  t h e  l o c a l  f l u i d  c o n d i t i o n s  ( i .e . . ,  b u l k  t e m p e r a t u r e ,  

s a t u r a t i o n  t e m p e r a t u r e ,  and p r e s s u r e )  f o r  e a c h  thermocouple l e v e l ;  subse -  

q u e n t l y ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h e a t  t r a n s f e r  regime, FRS r a d i a l  

gap dimension,  and FRS t e m p e r a t u r e  p r o f i l e  a r e  de te rmined  f o r  e a c h  bund le  

thermocouple  p o s i t i o n .  A l l . . o f  t h i s  - i n f o r m a t i o n  i s  accumulated,  o v e r  t h e  

l i f e  of t h e  bund le ,  on a n  ORTCAL thermocouple  h i s t o r y  t ape .  . 

. The a g i n g  of THTF bund le  1 i s  i l l u s t r a t e d  i n  Fig. 2 f o r  thermocouple  

p o s i t i o n  TE-318BG. Th i s  i s  a  g r a p h  of  t h e  c a l c u l a t e d  gap  wid th  vs t h e  

number of t i m e s  bundle  1 h a s  been b rough t  . t o  power ( w i t h  t h e  c u r v e s  drawn 

through approx imate ly  e q u i v a l e n t  boundary c o n d i t i o n s ) . '  F i g u r e  2 s1,dws g a p  

c l o s u r e  when t h e  FRS s u r f a c e  t e m p e r a t u r e  i s  h e l d  const .ant  and t h e  FRS 

power-generation r a t e  i s  i n c r e a s e d  . ( i . e . ,  t h e  i n n e r . s h e a t h  the rmal  expan- 

s i o n  i s  g r e a t e r  t h a n  t h a t  of ' t h e  o u t e r  s h e a t h ,  t h u s  c l o s i n g  t h e  gap) .  

ORTCAL - P a r t  I1 

P a r t  I1 of  .ORTCAL u s e s  t e m p e r a t u r e s  i n d i c a t e d  by t h e  s h e a t h  and mid- 

d l e  thermocouples  a l o n g  w i t h  t h e . p o w e r  g e n e r a t i o n  r a t e  t o  produce t h e  

e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  of t h e  BN i n s u l a t o r .  I f  t h e  t e m p e r a t u r e  



dependenc ies  of t h e  s u b s t r a t # t h e r m a l  c o n d u c t i v i t i e s  and t h e  power genera-  

t i o n  r a t e  are  known, t h e  FRS c e n t e r l i n e  t empera tu re  can be determined from 

t h e  s h e a t h  thermocouple response  independent  of t h e  c o r e  MgO t h e r m a l  prop- 

. e r t i e s .  It i s  assumed t h a t  t h e  the rmal  c o n d u c t i v i t y  of t h e  BN can be ap- 

proximated .-by a polynomial i n  terms of t empera tu re ,  t h a t  i s  

k g ~ ( T ) ' =  C 1  + C2T + C ~ T ~  + C ~ T ~  , ( 1 )  

where Ci a r e  t h e  polynomial  c o e f f i c i e n t s .  Thus, g i v e n  a s e t  of coef -  

f  i c i e n t s  C i ,  t h e  FRS c e n t e r l i n e  t e m p e r a t u r e  (T,,,~,, j )  can be c a l c u -  

l a t e d  f o r  each  s t e a d y - s t a t e  o b s e r v a t i o n  j g i v e n  t h e  f o l l o w i n g  boundary 

c o n d i t i o n s  f o r  each o b s e r v a t i o n :  ( 1 )  t h e  s h e a t h  thermoco,uple response  and 

( 2 )  t h e  l i n e a r  power-generation r a t e .  

The r e g r e s s i o n  procedure  f o r  de te rmin ing  t h e  t empera tu re  dependence 

of k g ~  [ ~ q .  ( 1 ) l . i n v o l v e s  t h e  min imiza t ion  of t h e  sum-of-squares func-  

t i o n  

w i t h  r e s p e c t  t o  t h e  Ci pa ramete rs ,  where Y c e n t e r j  r e p r e s e n t s  t h e  

observed middle thermocouple r e s p o n s e ,  Tonterj  i s  t h e  c a l c u l a t e d  

s t e a d y - s t a t e  FRS c e n t e r l i ' n e  t empera tu re ,  and N i s  number of observa-  

t i o n s .  

The t e c h n i q u e  employed f o r  ~ ~ t i m i z i n ~ . ~ ~ .  ( 2 )  i s  a numer ica l  a l g o -  

r i t h m  u s i n g  a p a t t e r n  s e a r c h  s t r a t e g y .  

- T . k r e ~ ~ ~ ~ ~ r c 0 ~ ~ ~ e , 1 a ~ i - 0 i ~ - + ~ m ~ c ~ p . l - e " p ~ s i ~ 0 ~ " ' E E - 3 ~ 1 . ~ 8 B E - a - ~ d ~ & i - t - ~ -  

e - ~ d ~ - h . e ~ v a - ~ ' u ' e ~ ~ ~ ~ ~ ~ h e - - t h e r m a ~ ~ ~ ~ ~ d ~ c t - ~ ~ i ~ ~ ~ - ~ ~ ~ a ~ n u & a ~ ~ ~ ~ ~ ~ ~ r e - e o . m ~ a - r - e  d-4-n-- 

-F-i-g...&3~ 



ORTCAL - P a r t  I11 

The thermal  c o n d u c t i v i t y  o f  MgO i s  a  s t r o n g  f u h c t i o n  of i t s  packed 

d e n s i t y .  S i n c e  t h e  c o n s t r u c t i o n  procedure  f o r  t h e  THTF bund le  1 FRSs i n -  

v o l v e s  a  s e r . i e s  of swaging o p e r a t i o n s  w i t h  c e r t a i n  a x i a l  s e c t i o n s  of  t h e  I 
FRS be'ing swaged more t h a n  o t h e r s ,  t h e  e s t i m a t e d  d e n s i t y  o f  t h e  MgO ceram- 

. . I 
i c  c o r e  r a n g e s  from 70 t o  90% of t h e  t h e o r e t i c a l  d e n s i t y .  

'. P a r t  I11 of  ORTCAL u s e s  t h e  t e m p e r a t u r e s  i n d i c a t e d  by t h e  s h e a t h  and 

t h e  midd le  thermocouples  a long  w i t h  t h e  power g e n e r a t i o n  r a t e  t o  produce 

t h e  e f f e c t i v e  the rmal  d i f f u s i v i t y  of  t h e  MgO c o r e ,  aMgoQ The the rmal  

c o n d u c t i v i t y  o f  t h e  MgO'is  a c t u a l l y  r e g r e s s e d  upon a s  v a l u e s  f o r  t h e  den- I 
s i t y  and s p e c i f i c  h e a t  o f  MgO a r e  w e l l  d e f i n e d .  [The r e g r e s s i o n s  o f  

ORTCAL - P a r t  I1 ( d e t e r m i n a t i o n  of  t h e  e f f e c t i v e  the rmal  c o n d u c t i v i t y  

of t h e  B N  i n s u l a t o r )  must  precede t h e  r e g r e s s i o n s  o f  ORTCAL - P a r t  I 
111. ] 

Power d r o p  t e s t s  ( i . e . ,  " c o n t r o l l e d "  t r a n s i e n t s )  i n f o r m a t i o n  i s  used . 

by P a r t  I11 of  ORTCAL.' These t e s t s  i n v o l v e  t r i p p i n g  t h e  power t o  t h e  bun- 

d l e '  w i t h  t h e  c o r e  mass f low r a t e  and c o r e  i n l e t :  prek.sure  and t e m p e r a t u r e  

remaining e s s e n t i a l l y  c o n s t a n t '  t h roughout  t h e  t e s t .  

I t  i s  a'ssumed t h a t  t h e  ' t h e r m a l  c o n d u c t i v i t y  of MgO can  be approximat-  

e d  by a  polynomial  i n  terms of  t e m p e r a t u r e ,  t h a t  i s  

kMgo(T) = C 1  + C2T + C ~ T ~  + c4T3 + c5T4 , 

where Ci a r e  the  polynomial  c o e f f i c i e n t s .  The MgO the rmal  d i f f u s i v i t y  

r e g r e s s i o n  i s  based  on m i n i m i z a t i o n  o f , t h e  f o l l o w i n g  sum-of-squares 



w i t h  r e s p e c t  t o  t h e  C i  parameters .  The term.Ycenteri r e p r e s e n t s  . t h e  

observed middle  thermocouple r e s p o n s e ,  Tcenteri i s  t h e  c a l c u l a t e d  FRS 
I 

I 

I 
I 

c e n t e r l i n e  t empera tu re ,  n i s  t h e  number of o b s e r v a t i o n s  p e r  power d rop ,  I 
I 
I 

, a n d  N i s  t h e  t o t a l  number of power drops.  

P a r t  I11 s o l v e s  t h e  forward conduc t ion  problem g i v e n  a  s e t  of coef -  

f i c i e n t s  C i  and t h e  f o l l o w i n g  boundary c o n d i t i o n s :  ( 1 )  power g e n e r a t i o n  I 

r a t e  a s  a  f u n c t i o n  of t ime and ( 2 )  s h e a t h  thermocouple response  a s  a  func-  

t i o n  of t ime. Equa t ion  ( 4 )  i s  op t imized  by t h e  same numer ica i  p a t t e r n  

, s e a r c h  t e c h n q i u e '  used i n  P a r t  I1 of ORTCAL. 

c~A-.p&~t-~f-~-h e-r e g r - ~ i i ~ a * f . ~ f i e - E . ~  @ + ~ J - a ~ - ~ T ~ 3 ~ ~ B 0 . v s - ~ p ~ e r  cure 

ORTCAL - P a r t  I V  

P a r t  I V  of ORTCAL a p p l i e s  r e g r e s s i o n  a n a l y s i s  t o  t h e  r e s u l t s  from 

P a r t  1. t o  d e t e r m i n e  t h e  the rmal  expans ion  c o e f f i c i e n t s  and p r o p e r  b i a s  

p o i n t s  f o r  t h e  s t a ' i n l e s s  s t e e l  a n n u l i  forming t h e  gap. The mechanical  

model chosen t o  u t i l i z e  t h i s  i n f o r m a t i o n  i s  one d imens iona l ,  which i s  con- 

s i s t e n t  w i t h  t h e  the rmal  model used i n  t h e  i n v e r s e  c a l c u l a t i o n .  The 

l i n e a r  gap model used i s  

Agap = Agapo + ATNS - ATNOD5 , 

=Pmw where s u b s c r i p t  0 d e n o t e s  t h e  &+#-gap and s u b s c r i p t s  NS and NOD5 r e f e r  t o  

t h e  f i r s t , n o d e  i n  t h e  o u t e r  s h e a t h  and t h e  l a s t  node i n  t h e  i n n e r  s h e a t h ,  



2 2. 
Agap = AgapO + FNS {exp [C1 (TNS - TNS l o )  + C2 (TNS - T~~ l o )  

+kwY 
0 

v-+- The term Agapo i s  t h e  .b.ras gap and TNS 1 and TNOD) I a r e  t h e  bias- 

n o d a l  temperatur.es.  
. ~ 

. S i n c e  t h e  gap behavior  can be e x p r e s s e d  i n  one c o n c i s e  mathemat ica l  

a 
' formula  [Eq. ( f )  1 ,  a  n o n l i n e a r  l e a s t - s q u a r e s  r o u t i n e  ( r a t h e r  t h a n  t h e  p a t -  

t e r n  sea'rch t e c h n i q u e  used p r e v i o u s l y )  i s  employed t o  de te rmine  t h e  coef-  
7 '  

f i c i e n t s  C i . i n  Eq. (f). 

CONSEQUENCES OF NONCALIBRATION OF WEL PIN SIMULATORS 
. . 

The e f f e c t  of n o t  c l a s s i f y i n g  FRSs can best. be i l l u s t r a t e d  by a s e r -  

i e s  of examples t h a t  c o n s i s t  of ORINC'[2] c a l c u l a t i o n s  f o r  on THTF t e s t  

105, where t h e  a n n u l a r  BN the rmal  c o n d ~ c t i v i t y ,  c o r e  MgO thermal  d i f f u -  

s i v i t y ,  and gap between t h e  s h e a t h s  were v a r i e d  t p  q u a l i t a t i v e l y  a s s e s s  

t h e i r  e f f e c t  on t h e  i n v e r s e  c a l c u l a t i o n s .  A t  p r e s e n t ,  t h e  on ly  a l t e r n a -  

t i v e  t o  t h e  c a l i b r a t i o n  p rocedures  j u s t  developed i s  t o  u s e  l i t e r a t u r e  

d a t a  f o r  t h e  BN and PlgO thermal  c o n d u c t i v i t i e s  and t o  assume t h a t  t h e r e  i s  

no gap between t h e  s h e a t h s .  T h e r e f o r e ,  O R I N C  c a s e  s t u d i e s  were made u s i n g  

t h e  f o l l o w i n g  combinat ions:  

1. Case 1. ORTCAL r e g r e s s i , o n s  f o r  BN t h e r m a l  c o n d u c t i v i t y  and MgO t h e r -  

mal d i f f u s i v i t y  and t h e  sheath-gap model; 

2.  Case 2. ORTCAL r e g r e s s i o n  f o r  k g ~  and  a M g O  and a l l  gaps  ze roed ;  



3.. .Case  3. Leas t - squares  f i t s  t o  l i t e r a t u r e  d a t a  f o r  kBN and aMgO 

and ORTCAL r e g r e s s i o n $  f o r  t h e  ~ h e a t h - ~ a ~  model; 

4'. Case 4. Leas t - squares  f i t s  t o  l i t e r a t u r e  d a t a  f o r  k B ~  and C L M ~ O  

and a l l  gaps' zeroed.  

, C a s e  1 w i l l - ' b e  used a s  t h e  base  c a s e ;  c a s e  4 i s  t h e  c u r r e n t  s t a t e - o f - t h e -  

a r t  p r a c t i c e .  

T y p i c a l  FRS s u r f a c e  t e m p e r a t u r e  p l o t s  f o r  c a s e  1 a t  thermocouple 

3 
l e v e l  E a r e  p res ' en ted  i n  Fig. S i m i l a r  p l o t s  f o r  t h e  s u r f a c e  h e a t  f l u x  

4 
a r e  g i v e n  i n  Fig.hM. The c o r r e s p o n d i n g  s e t  of p l o t s  f o r  c a s e  2 i s  p re -  

'5 (B 
s e n t e d  i n  Eigs.   and ,8". 

3 .  6 
A compar ison of Figs .  8 and ,8*revea l s  l i t t l e  d i f f e r e n c e  i n  , t h e  com- 

p u t e d  s u r f a c e  h e a t  f l u x e s .  Th i s  shou ld  be  expec ted  s i n c e  t h e  i n v e r s e  . . 

s o l u t i o n s  of t h e  t r a n s i e n t  c o n d u c t i o n  e q u a t i o n  f o r  c a s e s  1 and 2 w i l l  

y i e l d  i d e n t i c a l  r e s u l t s  f o r  t h e  computed t e m p e r a t u r e  p r o f i l e  from t h e  

s h e a t h  thermocouple t o  t h e  FRS c e n t e r l i n e  and f o r  t h e  h e a t  f low th rough  

t h e  s h e a t h  thermocouple.  Thus, s i n c e  t h e  h e a t  f l o w  a t  t h e  s h e a t h  thermo- 

c o u p l e  i s  t h e  same f o r  bo th  cases. ,  t h e . t e m p e r a t u r e s  i n  t h e  o u t e r  s t a i n l e s s  

s t e e l  s h e a t h  must be h i g h e r  f o r  c a s e  2 b e c a u s e ' t h e  t h e r m a l  r e s i s t a n c e  of  

t h e  gap h a s  been removed. Not on ly  w i l l  t h e  t e m p e r a t u r e s  i n  t h e  o u t e r  

s h e a t h  be h i g h e r ,  t h e  computed s u r f a c e  h e a t . f l u x  w i l l  a l s o  be s l i g h t l y  

d i f f e r e n t  because  of t h e  temperature  dependence of t h e  s p e c i f i c  h e a t  and 

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

The noteworthy d i f f e r e n c e  between c a s e s  1 and 2 i s  obv ious  when F igs .  

3 5 
3 a n d d f a r e  compared; t h e r e  i s  a  s i g n i f i c a n t  d i s c r e p a n c y  i n  t h e  s u r f a c e  

' t e m p e r a t u r e  p l o t s  i n  t h e  pre-  and  p o s t - c r i t i c a l  h e a t  f l u x  (CHF) r e g i o n s .  



For c a s e  1  a t  0  s on l e v e l  E ,  t h e  FRS s u r f a c e  t empera tu res  range  from 

601.7 - t o  605.9 K w i t h  a  p r e d i c t e d  h e a t  t r a n s f e r  mode of f o r c e d  convec' t ion;  

however, f o r  c a s e  2 ( z e r o  g a p s ) ,  t h e  h e a t  t r a n s f e r  mode changed t o  

n u c l e a t e  b o i l i n g  and t h e  FRS s u r f a c e  t e m p e r a t u r e  range  became 621.8 t o  

674.4 K. There  a r e  s i m i l a r  r e s u l t s  f o r  2  s i n t o  t h e  t r a n s i e n t ,  w i t h  a n  

FRS s u r f a c e  t empera tu re  range of 773.2 t o  796.4 K f o r  c a s e  1 and a n  FRS 

s u r f a c e  t empera tu re  rang6  of 780.1 t o  815.3 K f o r  c a s e  2. The c a l c u l a t e d  

s u r f a c e  t empera tu res  f o r  c a s e  2  a r e  h i g h e r  t h a n  t h o s e  f o r  c a s e  1, and t h e  

range  i s  much broader .  The q u e s t i o n  of which c a s e  i s  more a c c u r a t e  must 

be answered because ,  a s  no ted  e a r l i e r ,  t h e  c a l c u l a t e d  s u r f a c e  f l u x e s  do 

n o t  vary  s i g n i f i c a n t l y  between t h e  two c a s e s  b u t  t h e  d r i v i n g  p o t e n t i a l .  

( i . e . ,  Tsurface,-  Tsink)  i s  d r a s t i c a l l y  d i f f e r e n t .  A s  a r e s u l t ,  
. . . . 

t h e  computed s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  would be g r e a t l y  a f f e c t e d .  

A s t u d y  of t h e  s t e a d y - s t a t e  c o n d i t i o n s  ( a t  0  s )  f o r  c a s e s  1 .and 2  

g i v e s  a  r e a s o n a b l e  answer t o  t h e  above q u e s t i o n .  Case 1 p r e d i c t s  f o r c e d  

c o n v e c t i o n  a t  l e v e l  E. Using t h e  D i t t u s - B o e l t e r  c o r r e l a t i o n ,  a  h e a t  

t r a n s f e r  c o e f f i c i e n t  of 3.6 x l o 4  w / ( m 2 * ~ )  i s  p r e d i c t e d  a t  t h i s  l e v e l .  

The mean of t h e  c o e f f i c i e n t s  determined by O R I N C  f o r  l e v e l  E  i n  c a s e  1 i s  

3.77 x  1 0 4 w / m 2 ~ ~  (17  o b s e r v a t i o n s  with a  s t a n d a r d  d e v i a t i o n  abou t  t h e  
. . 

mean of 0.05 x l o 4  w / m 2 * ~ ) .  A t  s t e a d y - s t a t e ,  t h e  mean s u r f a c e  h e a t  

f l y x  f o r  l e v e l  E i s  1.290 x 106 ~ / m 2  (17  o b s e r v a t i o n s  w i t h  a s t a n d a r d  

d e v i a t i o n  about  t h e  mkan of 0.020 x l o 6  b//m2). I f  t h e  su r f . ace  

t empera tu re  f o r  l e v e l  E  i s  c a l c u l a t e d  by 



t h e  e x p e c t e d  s u r f a c e  t e m p e r a t u r e  range  f o r  l e v e l  E would be  604.2 t o  607.5 

K , ' e s s e n t i a l l y  t h e  range  de te rmined  f o r  c a s e  1. I n  c a s e  2 ,  f o r  t h e  nuc le -  

a t e  b o i l i n g  regime t o  be chosen by O R I N C ,  t h e  FRS model had t o  t r a n s f e r  

h e a t  t o  a  s i n k  t e m p e r a t u r e  e q u a l  t o  t h e  s a t u r a t i o n  t e m p e r a t u r e  (619.0 K a t  

15709.2 kPa).  I f  Thom's c o r r e l a t i o n  i s  used f o r  t h e  subcoo led  n u c l e a t e  . 

b o i l i n g  regime,  t h e  expec ted  s u r f a c e  t e m p e r a t u r e  range  f o r  l e v e l  E c a n  b e  

de te rmined  by . . 
Cb, 

Tsurf = TSat + 0.0406 (7 - + 3 6 ~ ) l / ~  . (H 
The expec ted  range  f o r  ' l e v e l  E would be  626.4 t o  626.7 K i f  t h e  l o c a l  

f l u i d  p r e s s u r e  i s  us,ed; however, t h e  computed s u r f a c e  t e m p e r a t u r e  range  i s  

621.8 t o  674..4 K. I f  t h e r e  a r e  p r e s s u r e  f l u c t u a t i o n s  r a d i a l l y  a t  l e v e l  E ,  

t h e  l o c a l  p r e s s u r e s  r e q u i r e d  t o  produce t h e  computed r o d  s u r f a c e  tempera- 

t u r e s  f o r  c a s e  2  must be determined.  'Assuming Thom's c o r r e l a t i o n  i s  

a p p l i c a b l e  and u s i n g  t h e  r o d  s u r f a c e  h e a t  f l u x e s  ( a t  0  s ) ,  t h e  l o c a l  
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p r e s s u r e s  shown i n  Fig. B'would be r e q u i r e d .  k o m  Fig. g, i t  s h o u l d  be  

r e a d i l y  a p p a r e n t  t h a t  t h e  e x i s t e n c e  of such  r a d i a l  p r e s s u r e  d i f f e r e n c e s  a t  ,. 

one a x i a l  l e v e l  i n  t h e  t o r e  i s  p h y s i c a l l y  imposs ib le .  Thus, i t  can be  

conc luded  t h a t  c a s e  1 d e s c r i b e s  t h e  s u r f a c e  c o n d i t i o n s  a t  l e v e l E  b e s t  and 

t h a t  c a s e  2  ( w i t h  t h e  z e r o  gap assumpt ion)  g r o s s l y  m i s c a l c u l a t e s  t h e  

s u r f  ace t c m p c r a t u r c a *  

Case 3 of t h e  s tudy  was a n  a t t e m p t  t o  d e t e r m i n e  ont i  t h e  e f f e c t  on . 

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

ma1 c o n d u c t i v i t i e s ;  t h u s ,  bo th  c a s e s  1 and 3  u s e  t h e  ORTCAL'dynamic gap  

model arld g a p . r e g r e s s i o n s .  ' the  on ly  d i f f e r e n c e s  between c a s e s  1 and 3 a r e  

. . 



. . 
t h e  r e g r e s s i o n  f i t s  f o r  k g ~  and a , ~ j ~ O .  F i t s  t o  t h e  l i t e r a t u r e  d a t a  

y i e l d  higher the rmal  c o n d u c t i v i t i e s  v a l u e s , f o r  bo th  BN and MgO t h a n  t h o s e  

p r e d i c t e d  by t h e  ORTCAL r e g r e s s i o n s .  The. O R I N C  r e s u l t s  a t  thermocouple 

- . p o s i t i o n  TE-318BG f o r  THTF t e s t  105 w i l l  be reviewed f o r  c a s e s  1 and 3. 

A . c a s e  r e s u l t  w i l l  be d e f i n e d  t o  be c o r r e c t  i f  t h e  c a l c u l a t e d  FRS i n -  
.- . 

t e r q a l  the rmal  r e s p o n s e  f rom O R I N C  matches o r  c l o s e l y  approximates  t h e  

a c t u a l  i n t e r n a l  r e s p o n s e  from a n  FRS c e n t e r l i n e  thermocouple. The c e n t e r -  

l i n e  thermocouple p r o v i d e s  t h e  means f o r  independent  v e r i f i c a t i o n  of t h e  . 

model r e s u l t s .  

The ORINC-calculated s u r f a c e  h e a t  f l u x e s  f o r  c a s e s  1 and 3  ( c a s e  4 i s  

8 
a l s o  i n c l u d e d )  a r e  o v e r l a i d  i n  Fig. .ld f o r  t h e  f i r s t  1 8  s of t h e  t r a n s -  

9 
i e n t ,  w i t h  t h e  cor responding  s u r f a c e  t e m p e r a t u r e s  p r e s e n t e d  i n  Fig. ,ld. 

T h e r e , a p p e a r  t o  be 'min imal  d i f f e r e n c e s  between c a s e s  1 and 3;  however, 

t h e r e  i s  a  v e r y  d e c e i v i n g  compress ion e f f e c t  from t h e  o r d i n a t e  s c a l e  
\o 

f a c t o r  ( t h i s  w i l l  be reviewed l a t e r ) .  F i g u r e  J Z i s  a n  o v e r l a y  of t h e  

0RINC.ca lcu la ted  FRS c e n t e r l i n e  t e m p e r a t u r e  response  f o r  c a s e s  1 and 3  

( c a s e  4 i s  a l s o  i n c l u d e d )  w i t h  t h e  r e s p o n s e  from thermocouple TE-318MG 

( t h e  c e n t e r l i n e  thermocouple r e l a t i v e  t o  TE-318BG). Note t h a t  c a s e  1 v e r y  

c l o s e l y  approx imates  t h e  r e s p o n s e  of TE-318MG; however, c a s e  3  n o t  on ly  

i n i t i a l i z e s  i n c o r r e c t l y  a t  s t e a d y  s t a t e  but  responds t o o  f a s t ,  peaks  t o o  

h i g h ,  and r o l l s  o f f  t o o  f a s t .  

The i n c o r r e c t  s e t u p  i n  s t e a d y  s t a t e  f o r  c a s e  3  ( t h e  c e n t e r l i n e  tem- 

p e r a t u r e  i s  -18 K low) i s  caused s o l e i y  by t h e  BN t h e r m a l  c o n d u c t i v i t y .  

A s  s t a t e d  e a r l . i e r ,  a  f i t  t o  l i t e r a t u r e  d a t a  f o r  t h e  t h e r m a l . c o n d u c t i v i t y  

of BN y i e l d s  h i g h e r  v a l u e s  t h a n  t h o s e  p r e d i c t e d  by t h e  ORTCAL r e g r e s s i o n s ;  

t h e r e f o r e ,  f o r  t h e  same power-generation r a t e ,  l e s s  the rmal  g r a d i e n t .  i s  



r e q u i r e d  i n  c a s e  3  t o  move t h e  h e a t  through t h e  b9Ì and t h u s  t h e  c e n t e r l i n e  

t empera tu re  i s  lower.  A s  a  r e s u l t  of t h e  lower t e m p e r a t u r e  p r o f i l e ,  t h e  

t o t a l  h e a t  c o n t e n t  of t h e  FRS i s  l e s s  a t  s t e a d y  s t a t e .  A comparison of 

t h e  o v e r a l l  h e a t  b a l a n c e  f o r  c a s e s  1 and 3  shows t h a t  t h e  t o t a l  h e a t  r e -  

moved per  u n i t  l e n g t h  of FRS, Q ' ,  a s  d e f i n e d  by 

where 

+surf  = s u r f  a c e  h e a t  f l u x ,  

rsurf = o u t s i d e  FRS r a d i u s ,  

. t e n d  = t o t a l  t r a n s i e n t  d u r a t i o n ,  

i s  1.8% l e s s  f o r  c a s e  3  [43.843 (W-h)/m f o r  c a s e  11. The t o t a l  energy 

s u p p l i e d  t o  t h e  FRS i s  t h e  same f o r  b o t h  c a s e s  [39.944 ( ~ * h ) / m ] ,  bu t  t h e  

change i n  i n t e r n a l  energy f o r  c a s e  3  i s  -20.3% l e s s  t h a n  t h a t  f o r  c a s e  1 

[3.957 (l.l*h)/m f o r  c a s e  11. S ince  t h e  f i n a l  t empera tu re  p r o f i l e  f o r  

c a s e s  1 a n d ' 3  i s  e s s e n t i a l l y  t h e  same ( i . e . ,  t h e  f i n a l  h e a t  c o n t e n t  of t h e  

ERs would be t h e  same),  t h e  e r r o r  i s  i n  t h e  s t eady-s ta t . e  i n i t i a l i z a t i o n .  

. The 1.8% d i f f e r e n c e  between Qi and Q; i s  n o t  d i s t r i b u t e d  e v e n l y  
8 

o v e r  t h e  t ime i n t e r v a l  0  t o  tend. AS n o t e d  e a r l i e r ,  Fig. @ i s  m i s - .  

l e a d i n g  due t o  t h e  o r d i n a t e  s c a l i n g .  

The t ime range , '  0  t o  1 8  s ,  c a n  be broken down i n t o  t ime  i n t e r v a l s  

over  which t h e  v a l u e  of t h e  s u r f a c e  h e a t  f l u x  d o e s ' n o t  va ry  o r d e r s  of 

magnitude. o v e r  t h e  t ime T n t e r v a l s  of 0  t o  0.65 and  3.3 t o  18.0 s ,  t h e  

c a l c u l a t e d  s u r f a c e  h e a t  f l u x  and s u r 2 a c e  t empera tu re  f o r  c a s e s  1 and 3  a r e  

b a s i c a l l y  t h e  same. The 3.3 t d  18.0, s s i m i l a r i t y  i s  due t o  orie of t h e  
. . 

i r i m a r y  f o r c i n g  f u n c t i o n s ,  t h e  power g e n e r a t i o n  r a t e , .  ramping t o  -1110 of 



, i t s  s t e a d y - s t a t e  v a l u e  by 3.3 s and f u r t h e r  ramping t o  0.0 by 6.0 s. The 

0.0 t o  0.65 s s i m i l a r i t y  i s  due t o  t h e  FRS a t  t h i s  p o s i t i o n  (TE-318BG) 

being i n  n u c l e a t e  b o i l i n g  i n  s t e a d y  s t a t e  and remaining s o  u n t i l  CHF a t  

-0.5 s ;  t h u s ,  t h e r e  i s  l i t t l e  ,change i n  t h e  i n t e r n a l  r e sponse '  u n t i l  -0.6 

s. Over t h e  0.65- t o  3.0-s i n t e r v a l ,  t h e  c a l c u l a t e d  h e a t  f l u x  f o r  c a s e  3  

. . 1 \ 
r a n g e s  from .0.0 t o  40.0% lower  t h a n  f o r  c a s e  1. F i g u r e  k3/ g i v e s  a  p l o t  of 

t h e  s u r f a c e  h e a t .  f l u x  r a t i o  ( c a s e  3 / c a s e  1 )  f o r  t h e  0.50- t o  3.40-s t ime  

i n t e r v a l .  The g e n e r a l  c o n c l u s i o n  i s  t h a t  t h e  i n v e r s e  computed s u r f a c e  

h e a t  f l u x  can  be o f f  by a s  much a s  40% i n  comparing c a s e s  3  and 1  : 

The g e n e r a l  o b s e r v a t i o n  t h a t  t h e  i n t e r i o r  of t h e  FRS r e ~ ' ~ o n d s  t o o  

io 
f a s t  i n  c a s e  3  i s  obv ious  i n  F i g .  )2-. The FRS a c t i v e  component ( I n c o n e l -  

600)  t e m p e r a t u r e  ( a t  r = 0.3 cm) i s  h i g h e r  i n  c a s e  1 ,  e v e n t u a l l y ' p e a k i n g  

a t  2.15 s a t  1061 K i n  c a s e  1  and 1036 K i n  c a s e  3 ,  b u t  t h e  MgO tempera- 

t u r e s  ( a t  r < 0.2764 cm) be ing  -18 K lower  a t  0.0 s i n  c a s e  3 a c t u a l l y  

become h i g h e r  i n  , case  3  a s  t h e  t r a n s i e n t  p r o g r e s s e s .  S i n c e  t h e  the rmal  . 

d i f f u s i v i t y  of t h e  MgO i s  h i g h e r  i n  case' 3 ,  t h e  the rmal  r e s i s t a n c e  i s  l e s s  
- 

and t h u s  more h e a t  g o e s  i n t o  t h e  c o r e  of t h e  FRS. T h e r e f o r e ,  t h e  c e n t e r -  

l i n e  t e m p e r a t u r e  j.n c a s e  3  w i l l  respond f a s t e r  and peak. h i g h e r .  The cen- 

t e r l i n e  t e m p e r a t u r e  peaks a t  101.3 K a t  3.20 s and a t  996 K a t  4.45 s f o r  

c a s e s  3 and 1 ,  r e s p e c t i v e l y .  The pr imary r e a s o n  t h a t  t h e  c a s e  3  s u r f a c e  

h e a t  f l u x  i s  l e s s  t h a n  t h a t  of c a s e  .I i n  t h e  0.65- t o  3 . 4 0 3  t ime  i n t e r v a l  

i s  t h a t  more h e a t  i s  b e i n g  d r i v e n  i n t o  t h e  i n t e r i o r  of t h e  FRS r a t h e r  t h a n  

t o  ' the s u r f a c e .  

Where n e g l e c t  of t h e  gap  between t h e  s h e a t h s  ( a s  i n  c a s e .  2 )  a f f e c t s  

t h e  d r i v i n g  p o t e n t i a l  a t  t h e  s u r f a c e  of t h e  FRS, t h e  use  of l i t e r a t u r e  
I/ 



d a t a  f o r  kBN and a ~ ~ ( )  a l t e r s  t h e  s p a t i a l  and temporal  h i s t o r y  of  t h e  

h e a t  f low w i t h i n  t h e  FRS a n d ,  a s  a  ' r e s u l t ,  t h e  computed s u r f a c e  h e a t  f l u x .  

Case 4 w i l l  no t  be d i s c u s s e d  t o .  any e x t e n t  o t h e r  t h a n  t o  s a y  t h a t  i t  

r e p r e s e n t s  t h e  s u p e r p o s i t i o n  of t h e  e r r o r s  i n  c a s e s  2 and 3 and t h e  s t a t e -  

o f - t h e - a r t  the rmal  a n a l y s i s  of FRSs p r i o r  t o  ORTCAL and ORINC.  

CONCLUS IONS 

An' e x p e r i m e n t a l  thermocouple  c a l i b r a t i o n  p rocedure  and f o u r - p a r t  

c a l i b r a t i o n  program, OR.TCAL (ORNL - - Thermocouple - C a l i b r a t i o n ) ,  have been de- 

veloped t o  supp ly  FRS per fo rmance  i n f o r m a t i o n  t o  t h e  i n v e r s e  h e a t  con- 

d u c t i o n  model and 'p rogram O R I N C .  

Case s t u d i ' e s  .have shown t h a t  f a i l u r e  t o  f u l l y  c l a s s i f y  FRSs w i t h  re-  

ga rd  t o  component ph.ys ica1 proper tie,^, g a p s ,  e t c .  c a n  r e s u l t  i n ' s e v e r e  e r -  

r o r s  d u r i n g  i n v e r s e  ca1cu la t ion . s  of t h e  d r i v i n g  p o t e n t i a l  a t  t h e  s u r f a c e  
5 c ~ % %  

o f  t h e  FRS ( b p ) ,  t h e  s p a t i a l  and temporal  h i s t o r y  o,f t h e  h e a t  f low w i t h i n  

t,he FRS, and t h e  s u r f a c e  h e a t  w%>, 
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