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ABSTRACT 

One of the primary objectives of the Oak Ridge National 
Laboratory Pressurized-Water Reactor Blowdown Heat Transfer 
Separate-Ef fects 'program is the determination of the transient 
surface temperature and surface heat flux of fuel pin simula- 
tors (FPSs) from internal thermocouple signals obtained during 
a loss-of-coolant experiment (LOCX) in the Thermal-Hydraulics 
Test Facility. l'his analysis requires the solution of the 
classical inverse heat conduction problem. The assumptions 
that allow the governing differential equation to be reduced to 
one dimension can introduce significant errors in the computed 
surface heat flux and surface temperature. . The.degree to which 
these computed variables are perturbed is addressed and quanti- 
f ied 1. 

The Oak Ridge National Laboratory (ORNL) Pressurized-Water Reactor 
Blowdown Heat Transfer (PWR-BDET) Program (11 is an experimental separate- 
effects study of the principal phenomena that are important to loss-of- 
coolant accident ( L W )  analysis. Primary test results are obtained from 
the Thermal-Hydraulics Test Facility (THTF), a large nonnuclear experi- 
mental loop with a test section that contains an array of indirect elec- 
trically heated fuel pin simulators (FPSs) with a 365.76-cm. (12-ft) heated 
length. 

The FPSs in the first rod bundle (bundle 1) used in the THTF have a 
dual-sheath design (see rod cross section in Fig. 1). The outer sheath 
is 0.0254-cm-thkk (0.010-in.) stainless steel; the inner sheath is 
0.0762-cm-thick (0.030-in.) stainless steel and is grooved to accept 
0.0508-cm (0.020-in.) Chromel-Alumel thermocouples. The next inner layer 
is boron nitride (BN), which electrically insulates the heating element 
from the stainless steel sheaths. The heater element consists of a series 
of oversleeves swaged dver a central base tube to provide the heat genera- 
tion zones. be core of the heater element is filled with 
magnesium oxide (M~o) ,  which is both a filler and an insulator between 
the heating element and the central rod thermocouple sheaths. 
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A bundle  1 p r o t o t y p i c a l  h e a t e r  was c r o s s  s e c t i o n e d  and microphoto- . . 
g r a p h e d .  A t y p i c a l  c r o s s  s e c t i o n  (F ig .  2 )  shows t h e  l o c a t i o n  of s h e a t h  
thermocouples and h e a t e r  components. Enlarged views of t h e  i n n e r  groove 
a r e a  r e v e a l e d  t h a t  t h e  groove had been m i l l e d  t o  a  d e p t h  of C.0394 cm 
.(0.0155 i n .  ) , which was 1es.s  t h a n  the' o r i g i n a l  0.0508-cm (0.020-in. ) OD 
of the . the ' tmocouple .  A s  a  r e s u l t ,  d u r i n g  swaging o p e r a t i o n s . ,  t h e  thermo- 
coup le  w a s  c rushed  t o  a- s l i g h t l y  e l l i p t i c a l  s h a p e ,  and ' the  edge o f  t h e  
m i l l e d  groove.-was p u l l e d  away from t h e  o u t e r  s h e a t h .  A review of  a l l  
photographs  of c r o s s  s e c t i o n s  a t  thermocouple bead j u n c t i o n s  i n  t h e  

' 

h e a t e r  r e s u l t e d  i n  t h e  compos i te ,d rawing  s,hown i n  F i g .  3. 
The h e a t e r  rod i s  reduced t o  ' i ts f i n a l  d i a m e t e r  by swaging,  o f t e n  

c r e a t i n g  a n  i m p e r f e c t  f i t  between t h e  i n n e r  and o u t e r  s h e a t h s  a t  t h e  
thermocouple l o c a t i o n s  and r e s u l t i n g  i n  a  gap between t h e  thermocoup1.e 
j u n c t i o n  and . the  o u t e r  s h e a t h . .  

One of t h e  pr imary o b j e c t i v e s  of t h e  O W L  PWR-BDHT S e p a r a t e - E f f e c t s  
Program is  t h e  d e t e r m i n a t i o n  of t h e  t r a n s i e n t  s u r f a c e  t empera tu re  and 
s u r f a c e  h e a t  f l u x  o f  FPSs from i n t e r n a l  thermocouple  s i g n a l s  o b t a i n e d  
d u r i n g  a  loss -o f -coo lan t  exper&nent (LOCE) i n  t h e  THTF .. This  a n a l y s i s  
r e q u i r e s  t h e  s o l u t i o n  o f  t h e  c l a s s i c a l  i n v e r s e  h e a t  conduc t ion  problem 
[ 2 ] .  The s t a t e - o f - t h e - a r ' t  s o l u t i o n  of t h e  i n v e r s e  h e a t  conduc t ion  prob- 
l e m  i s  one dimens'io.na1 i n  scope ;  tbat i s ,  f o r  a n  FPS c y l i n d r i c a l  geometry ,  
t h e  normal ass,umption i s  t h a t  a z i m u t h a l  and a x i a l  h e a t  conduc t ion  a r e  neg- 
l i g i b l e ,  t h e r e b y  a l l o w i n g  t h e  governing d b f f e r e n t i a l ' e q u a t i o n  t b  be reduced 
t o  one dimension i n  t e rms  o f  r a d i u s  o n l y .  A n a l y s i s  showed t h a t  t h e s e  as- 
sumptions  c a n  i n t r o d u c e  s i g n i f i c a n t  e r r o r s  i n  t h e  computed s u r f a c e  h e a t  
' f l u x  and s u r f a c e  t empera tu re .  The pr imary c a u s e s  of t h e s e  e r r o r s  a r e  
t h e  p resence  of t h e  embedded thermocouple and h e a t e r  e lement  e c c e n t r i c i , t y .  
The degree  t o  which t h e s e  f a c t o r s  p e r t u r b  t h e  s u r f a c e  h e a t  f l u x  and s u r -  
f a c e  t empera tu re  i s  a d d r e s s e d  and q u a n t i f i e d .  

The g e n e r a l  i n v e s t i g a t i v e  approach i n v o l v e d  two-dimensional modeling 
o f  BDHT FPSs u s i n g t t i e  HEATING5 computer code [ 3 ] ,  a g e n e r a l i z e d  h e a t  con- 
d u c t i o n  code developed a t  ORNL. 



: HEATING5 STUDIES , 

Two-Dimensional (R-8) S t u d i e s  w i t h  
Heater  E c c e n t r i c i t y  = 0 

- .  

The a x e s ' o f  symmetry f o r  a  t y p i c a l  "pie" segment of t h e  c r o s s  sec-  
t i o n  i n  ~ i ~ ' .  2 would be  a  r a d i a l  1 ine .be tween  a  p a i r  of thermocouples 
(0")  and a  r a d i a l  l i n e  halfway 'between two grooves.  Rather than model 
a f u l l  360" of t h e  c r o s s .  sec t ion ' ,  t h e  segment shown. i n  Fig.  3 was modeled. 
This  allowed " f i n e r "  n o d a l i z a t i o n  i n  t h e  thermocouple area"and kept  t h e  
computer c o r e  requirements  and running t i m e  , t o  a  minimum wi thout  sac'ri-  
£ i c i n g  'modeling accuracy. 

.   he HEATING5 model needed t h e ,  fo l lowing  p h y s i c a l  p r o p e r t i e s  f o r  
each component i n  t h e  h e a t e r  rod: '  d e n s i t y  ( p ) ,  thermal  conduc t iv i t y  (k), 
and s . pec i f i c  hea t  (Cp). A l l  t h r e e  p r o p e r t i e s  were r equ i r ed  f o r  t he  t ran-  
s i e n t  ca se s ;  on ly  t h e  thermal co.nduct ivi ty .was needed f o r  t h e  s t e a d y - s t a t e  
runs.. Except f o r  t h e  thermal  c o n d u c t i v i t i e s  of MgO and BN, t h e  optimum 
polynomial f i t s  ' ( t o  l i t e r a t u r e  data.) f o r  t h e  h e a t  c a p a c i t y  and thermal  
conduc t iv i t y  of each component i n  terms of temperature  were determined;  
t h i s  work is  documented i n  both t h e  Oak Ridge Inve r se  Code (ORINC) [ 2 ]  
and t h e  Oak Ridge Thermocouple Cal ibra t5on  Code (ORTCAL) [ 4 ] .  manuals.. 
The ORTCAL code r e g r e s s i o n s  on d a t a  from s t e a d y - s t a t e  and con- 
t r o l l e d  t r a n s l e n t  t e s t s .  t o  provide  the.,'BN and MgO . thermal  c 'onduct ' iv i t ies .  

The i n t e r n a l  r a d i a l  dimensions of bundle 1 h e a t e r s  were measured 

I 
from c r o s s  s e c t i o n s  of t he  p r o t o t y p i c a l  BDHT FPS. 

I ,  Because HEATING5 s o l v e s  t h e  forward conduct ion problem, i t  was nec- . ' 

I e s s a r y  t o  supply t h e  code w i t h  bo th  t h e  FPS s u r f a c e  boundary cond i t i ons  . 

~ ( i , , e . ,  hea t  t r a n s f e r  c o e f f i c i e n t  and f l u i d  s i n k  tempera ture)  and t h e  
power gene ra t i on  r a t e  i n  t h e  Inconel  h e a t i n g  element.  For t h e  s teady-  
s t a t e  s t u d i e s ,  these ,boundary  cond i t i ons  were determined from THTF s teady-  
s t a t e  c a l i b r a t i o n  runs.  For t h e  t r a n s i e n t  s t udy ,  l o c a l  f l u i d  cond i t i ons  
were t aken  from t h e  p r e d i c t e d  response  of  t h e .  THTF cose  by a  thermal- 

, 

h y d r a u l i c  computer program. . . 

S.t .eady-state s t u d i e s  

The boundary cond i t i ons  f o r  t he  s t e a d y - s t a t e  c a s e s ,  a long  wi th  t h e  
gap between t h e  s t a i n l e s s  s t e e l  shea ths ,  a r e  given i n  Table 1. The re -  
s u l  ts of . the  HEATING5 .s imul .a t i&s a r e  presen ted  g r a p h i c a l l y ,  wi th  t h e  
p r i n c i p a l  v a r i a b l e s  of i n t e r e s t  ( s u r f a c e  h e a t  f l u x ,  s u r f a c e  tempera ture ,  
and a  r a t i o  of t h e  l o c a l  f l u x  t o  t he  mean f l u x )  p l o t t e d  a s  a  f u n c t i o n  of . 

s u r f a c e  a r c  l eng th .  For comparison, t h e  mean s u r f a c e  condi t ' ions  [ f l u x ,  
temperature ,  and d r i v i n g  . p o t e n t i a l  ( i . e . ,  Tsurface - T ~ ~ ~ ~ ) ]  f o r  t h e s e  
c a s e s  a r e  g iven  i n  Table  2 .  These mean cond i t i ons  r e p r e s e n t  averages  of 
t h e  s u r f a c e  cond i t i ons  over  t h e  s u r f a c e  a r e a .  

F igure  4  is  a n ' o v e r l a y  of t h e  l o c a l  s u r f a c e  hea t  f l u x  f o r  t e s t  c a se s  
1 through &. Figu re s  5 and 6 c o n t a i n  t h e  corresponding l o c a l  s u r f a c e  tem- 
p e r a t u r e s , , a n d  Fig.  7  i s  a  p l o t  of t he  f l u x  r a t i o  f o r  a l l  f o u r  ca se s .  Note 
t h a t  t h e  thermocouple groove i n  t h e  R-8 model ex tends  from 0'.0 t o  0.062 cm. 

Re fe r r ing  t o  Fig.  7, i n  a  forced-convection h e a t  t . r ans fe r  mode (cases  
1 through, 3 ) ,  t h e  l o c a l  s u r f a c e  h e a t  f l u x  i s  1\.7 t o  11% less than the.  mean 

,: 
L 
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f l u x . . i n  t h e  v i c i n i t y  of t h e  shea th  thermocouple (0.0 t o  0.062 cm) and ~ 4 %  
g r e a t e r  than  the  mean f l u x  away from t h e  thermocouple and 'groove .  How- 
e v e r ,  i f  t h e . s u r f a c e  of  t h e  p i n  i s  Cn .nuc l ea t e  b o i l i n g  (case  4 ) ,  t h e  v a r i -  
a t i o n  i n  t h e  s u r f a c e  f l u x  is g r e a t e r ,  t h a t  i s ,  ~7 t o  23% l e s s  than t h e  
mean around t h e  thermocouple and ~5 t o  7% g r e a t e r  than t h e  mean away 'from 
t h e  groove. 

In  t h e  forced-convect ion ca se s  ( 1  through 3 ) ,  t h e  s u r f a c e  temperature  
v a r i a t i o n  i s  ~ 4 . 8  t o  6'. 0  K over  t h e  32" a r c  of t h e  - model, which i s  ~ 1 5 . 4 %  
o f  t h e  mean d r i v i n g  p o t e n t i a l  ' [ i  . e . , ATvariation/ (Tsurface - Tsink) ] . How- 
e v e r ,  f o r  t h e  n u c l e a t e  b o i l i n g  ca se  ( 4 ) ,  t h e  s u r f a c e  temperature  v a r i a t i o n  
of 1 .5  K i s  ~ 3 1 . 5 %  of t h e  mean d r i v i n g  p o t e n t i a l ;  t h u s ,  t h e  Sur face  f l u x  
f o r  case  4 i s  more per turbed  .(as i s  ev iden t  i n  F igs .  4  and 7.). 

The primary sourc'es of t h e s e  p e r t u r b a t i o n s  a r e  t h e  a i r  pocke ts  formed 
by t h e  groove, thermocouple, and o u t e r  shea th  and t h e  low thermal  conduc-. , ' 

t i v i t y  of t h e  i n s u l a t i n g  m a t e r i a l  (MgO) i n  t h e  thermocouple. - The a i r  
pockets  and MgO-filled thermocouple o f f e r  pa th s  of g r e a t e r  r e s i s t a n c e  f o r  
h e a t  flow ( a s  compared wi th  t h e  s t a i n l e s s  s t e e l  s h e a t h ) ;  t h u s ,  t h e  f l u x  
through t h e .  groove. a r e a  i s  depressed whiIe  t h e  f l u x  i s  h ighe r  away from. 
t h e  groove where t h e  thermal  r e s i s t a n c e  i s  less . .  

For t h e  i nve r se  c a l c u l a t i o n s  made by ORINC (one dimensional  i n  .terms 
of R) , , two  f o r c i n g  func t ions  a r e  r equ i r ed  - the. l o c a l  power g e n e r a t i o n  r a t e  
and the  s h e a t h  thermocouple response.  E r ro r s  i n  t h e  ' de t e rmina t ion  of t h e  . 
l o c a l  power . gene ra t i on  ra t . e  a r e  p r i m a r i l y  (1)  insti-ument measurement er- 
r o r s  ( i . e . ,  measurement of t h e  rod shunt  amperage and gene ra to r  v o l t a g e )  
and (2) e r r o r s  i n  de te rmina t ion  of the' . . local power peaking f a c t o r  [ 4 ] .  
However., i n  a d d i t i o n  t o  i t s  measurement e r r o r ,  t h e  thermocouple responds 
t o  t h e  temperature  a t  t h e  bead; where t h e  h e a t '  f l u x  was shown t o  be de- 
pressed  r e l a t i v e  t o  t h e  mean s u r f a c e  f l u x ,  Thus, a  one-dimensional in -  
vers 'e computation of ?,mean f l u x  f o r  each time iricrement from t h e  thermo- . 

couple  response (and q"') .wo,uld be Q7 t o  8% l e s s  than  t h e  a c t u a l  mean 
s u r f a c e  f l u x ' a n d  Q 1 1  t o  15% l e s s  than t h e  maximum.surface f l u x .  

A s  noted above, t h e  low thermal  conduc t iv f ty  of t h e  MgO i n s u l a t o r  
i n  t h e  s h e a t h  thermocouple is a  c o n t r i b u t i n g  f a c t o r  t o  t h e  p e r t u r b a t i o n  
of t h e  s u r f a c e  h e a t  flux: However, i f  a  more preferab le - . thermocouple  
i n s u l a t o r  such a s  BN were used, s i m i l a r  p e r t u r b a t i o n s  i n  t h e  s u r f a c e  h e a t  
f l u x  would be  produced because of t h e  a i r  pocke ts  sur rounding  the  s h e a t h  
thermocouples. 

T rans i en t  s t udy  ... 
. . 

Boundary cond i t i ons  ( t  - < 0.5. s e c )  f o r  t h e  t r a n s i e n t  s t udy  a r e  pre- 
sen ted  i n  Table  3. 

The s u r f a c e  h e a t  f l u x ,  s u r f a c e  temperature ,  and r a t i o  of t h e  l o c a l  
f l u x  t o  t h e  mean f l u x  of t he  HEATINGS t r a n s i e n t  s imu la t i on  a r e  p re sen t ed  
i n  F igs .  8. through 10,  . r e spec t ive ly .  Each f i g u r e  i s  an over lay  o£ t h e  
r e s u i t s  a t  t h r e e  t ime pe r iods  .(0.2, 0 .3 ,  and 0.4 s e e ) .  The boundary con- 
d i t i o n s  i n  Table  3 i n d i c a t e  t h a t  t he  p i n  is i n  subcooled n u c l e a t e  b o i l i n g  
. a t  0 . 2 ' s e c ,  d e p a r t s  from n u c l e a t e  b o i l i n g  a t  ~ 0 . 3  sec, and i s  h i g h . o n  t h e  
temperature  ramp a f t e r '  c r i t i c a l  h e a t  .f lux'(CHF) a t  0 .4  s e c .  . . 

Refe r r ing  t o  Fig.  '10, a t  0 .2  and 0.3 sec, t h e  l o c a l  h e a t  f l u x  i s  Q9 
t o  23% less than  t h e  mean f l u x  around t h e  thermocouple and Q5 t o  7% g r e a t e r  . 



than the mean away from the groove, which is' similar to the steady-state 
study results for the nucleate boiling mode (case 4). Also, the .relative. 
variation at 0.4 sec is approximately.ttie same as in cases 1, 2, and 3 in 
the previous section (the local flux is.%7 to 9% less than the mean in 
the vicinity of the thermocouple and groove). 

In general,.the severe perturbations noted in the steady-state stud- 
ies also exist.in' the transient simulation and 'are of approximately the 
.same relative magnitude.' There is no dampening or smoothing of the sur- 
f ace conditions (i. e. , temperature and f lux) during ' a transient. 

Two-Dimensional (R-8) Steady-State Studies . .  

with He'ater ~ccentricity # 0 

Eccentricity., as used here, is defined as the offset between the 
center of the heating element and the center of the stainless steel 
sheaths. A line through the two centers defines a line of symmetry; 
therefore, only 180" of the cross section needs to be modeled. The ec- 
centricity was not varied in these studies, and the 'maximum allowable ec- 
centricity (as set forth in the construc.tion specifications for the FPS) 

. . . .  of 0.038 cm (0.015 in.) was used. . . . - 
The boundary conditions for the steady-state eccentric studies are 

presented in Table 4. Overlays of simulation results for cases 6 and 7 
are presented ,in Figs. .ll '(surf ace heat flux) , 12 (surf ace temperature) , . . 
and 13 (flux ratio). 

As 'shown in Fig. 1 3 ,  the local heat flux varies from %ll to 12.5% 
higher than the mean, flux at 0.0 (position at which the heater is in 
closest proximity to th'e sheath) to %10.5 to 12.0% lower than the mean 
flux at 8 = 165" (arc = 0.62 in.). 

' 

The local'heat transfer mode in case 6 is subcooled forced convec- 
tion;and the azimuthal surface temperature variation (Fig. 12) is %7.8 
K (14°F). For case 7, wh'ich is in subcooled nucleate boiling, the varia- 

, t ion in the surf ace temperature is only %1.2 K' (2.2"F) . Given the stan- 
dard deviation of a bundle.l temperature.measurement of 2.4 K (4.3"F) and 
the FPS surface in the nucleate boiling regime, determining if the heat- 
ing element is eccentric in relation to the sheaths is not possible. For 
proof of eccentricity (just from thermometry measurements), having mul- 
tiple thermocouples per level per rod (preferably three, spaced at 120") 
will be necessary, and, during steady-state testing., the rods will have 
to be maintained in the forced-colivection heat transfer regime. 

CONCLUSIONS 

In FPSs of THTF bundle 1 design in which the heating element is per- 
fectly centered (i.e., eccentricity = O),.the steady-state surface heat 
flux and surface .driving potential are severely perturbed azimuthally. 
The degree of the perturbation is partially dependent on the heat trans- 
fer mechanism at the surface.. However, the primary. sources of the per- 
turbations are (1) the'air pockets formed by the groov.e, thermocouple, 
and. outer sheath and (2) the low thermal conductivity o f  the insulating 
material (MgO) in the thermocouples. 

The impact of this azimuthal perturbation in the heat flux' is in 
the analysis of the sheath thermocouple response. The thermocouple re- 

. . 
sponds to the temperature at the bead, and the heat.flow through the . .  
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bead is depressed relative to the. mean surface flux. ~hus, a one-dimen- 
sional inverse computation of aaffmean.flux" for each time increme.nt from, . 

the thermocouple response (and q"') would be %7 to. 8% less than the mean 
surface flux and %ll to 15% less. than the maximum. If BN had been used 
as thermocouple insulation, the flux through the thermocouple would have - - 
been improved - only 1 to 2% less than the mean surface flux. . 

These s'eve.re perturbations are evident in both steady-state and 
transient simulations and are of approximately the same relative magni- 
tude.. There is no dampening or smoothing of the perturbations of the 
surface conditions (i.e., temperature and flux) during a transient. . '  

If the additiona1,problem of heater element eccentricity is con- 
sidered, the surface flux variation can be as much as '12% of the mean 
flux. Furthermore, if the heater surface is in the subcooled nucleate 
boiling'heat transfer regime, the variation in the surface temperature 
is less than the standard deviation of a bundle 1 temperature measure- 
ment (standard deviation of a bundle 1 .thermocouple is 2.4 K). Deter- 
mining whether the heating element is eccentric in relation to the 
sheaths is not possible if the heater is in the nucleate boiling regime. 
To establish proof of eccentricity (just from thermometry measurements), 
having multiple thermocouples per level per rod. will :be necessary (pref- 
erably three, spaced at 120°), and the rod surface must.be maintained in 
the forced-convection heat transfer regime. 
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Table 1. Case information and boundary conditions fo r  s teady-state  R-0 runs (E = 0) for  bundle 1'FPS simulations ' 

Test Nominal rod Loc'al volume power Local s ink Local heat t r a n s f e r  Gap . 
case paver generation r a t e  ' temperature coef f  ic'i'ent Local heat t r ans fe r  mode [cm (11111s) j 

..No. (kU). . [w/cm3 (0tu/ltr-in. 3 ,  j .[K (OF)] [w/m2-K (~cc~/hr- 'F-f  t 2 )  1 . 

,1  81.9 6.079 x l o 3  (3.40 x l o 5 )  1.041 x lo-'' .(0.041) 577.1 (579'.2) 3.5159 x 10% (6.193) Forced convecti'on 

2 91.6 6.79 x.  lo3  (3.80 ' x  l o 5 )  1.016 x (0.040) 501.1. (442.3) 3 . 7 4 6 7  x l o 4  (6.600) . Forced convection 

3 ,102.3 ' 7.581 x 163 .(4.24 x. 105) 9.398 x (0.037) 580.9 (585.9) 3.5527 'x  10" (6,258) Forced convection 

4 124.6. . .  . 9.244 lo3 (5i17 x 10') 9.652 x lo-' (0.038) 619.3. (655.1) 3.5431 x lo5  (62.412) ' Subcooled nucleate  boiling 

. .' 

' Table 2. Average surface condLLions fur s teady-state  
' K-0 runs (E = 0)  for  bundle 1 FPS slmulatious ' . 

Test case klean surface f lux Mean surface Eleiln dr iving 

No. [w/na2 ( ~ t u l l ~ r - f  t 2 ) )  temperature potelrt la1 
I K  (OF)! , 1 K  ( O F )  1 



Table 3. Boundary conditions for transient H-8. run 
(C - 0 and gap - 1.4 a cm) 

- 

Local. volume power . Local heat transfer Local sink 
Time . generarion rate coef Elcient ' temperature 
(see) [u/cm3' (Brulhr-lo. [kf/m2-K (~tulhr-OF-ft~) ]' [K ( O F )  I 

Table 4. Case information and boundary condltlons for eccentric R-8 studies 

Test , Nominal 
rod 

Local volumr power Local slnk 
Ca P 

Local heat transfer 
case generation. rate temperature , 

Local hrot . Eccentricity 
[cm (mils)l coefficient No. Power (tU) [kflcm3 (Bcu/hr-in. )) 1 transfer mode , [cm (in.)] I K  (OF).] [kf/m2-K ( ~ t u / h r - ~ ~ - f t ~ )  ] 

6 102.3 7.58 r 10' (5.24 lo5) 9.652 x (0.038) 580.9 (585.9) 3.5527 10' (6.258) Forced cunvectlon 0.038 (0.015) 

7 124.6 9.244 x lo3 (5.17 r .lo5) 9.652 x (0.038) 619.3 (655.1) 3.'5431 x lo5 (62,413) Subcooled nucleate boiling' 0.038 (0.015) 
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FIG. 1. HEATER ROD CROSS SECTION (1 in. = 2.54 cm). 

FIG. 2. CROSS SECTION OF BDHT HEATER 150-5- 
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FIG.. 3. SEGMENT OF REATER ROD SHOWING MEAN' DIMENSIONS IN THE THERMO- 
COUPLE AREA. . . 



FIG. 4. 

0 o m a o & a  o *  o w a  0 -  o d w s  o k  o &  o h  o h  
ARCLENGTH (inch-) 

. . 
FIG. 5 .  R-8 MODEL - SURFACE TEMPERATURE (CASES 1, 3, AND 4 ) .  



F I G .  6.  R-8 MODEL - SURFACE. TEMPERATURE (CASE 2)'. 

F I G .  7 . .  R-8 MODEL - RATIO OF SURFACE FLUX TO MEAN SURFACE FLUX 
(CASES 1 THROUGH 4 ) .  

.:. . 

. . 

%* . .. . . . 



FIG. 8. R-8 MODEL - SURFACE' HEAT. FLUX PERTURBATION (CASE 9 ) .  

F i g .  9. R-9 'MODEL - SURFACE TEMPERATURE (CASE 9) . 



FIG. io. , R-0 MODEL - RATIO, OF SURFACE* FLUX TO MEAN SUWACZ nux (CASE 91.. 

FIG. 11. R-8 MODEL - SURFACE HEAT FLUX PERTURBATION (CASES 6 AND 7). 



F I G .  1 2 .  R-8 MODEL - SURFACE TEMPERATURE (CASES 6 AND 7 ) .  

. . 

F I G .  1 3 .  R-8 MODEL - RATIO O F  SURFACE FLUX TO MEAN SUR.FACE FLUX 
. . 

(CASES 6 AND 7 ) .  
. . 

. . ,. . 




