




A METHOD FOR DETERMINING THE UNCERTAINTY 
OF GAP CONDUCTANCE DEDUCED FROM 
MEASURED FUEL CENTERLINE TEMPERATURES 

by 
C. R. Hann, D. D. Lanning, R. K. Marshal l ,  
A. R. Olsen and R. E. W i l l i f o r d  

February 1977 

BATTELLE 
P a c i f i c  Northwest Laborator ies 
Rich1 and, Washington -99352 



- Th is  paper descr ibes t h e  method which was developed t o  determine t h e  1~nce.r- 

t a i n t i e s  o f  gap conductances deduced from measured f u e l  c e n t e r l  i n e  temperatures 

o f  NRC-RSRIBPNL f u e l  rods i r r a d i a t e d  i n  t he  Halden B o i l i n g  Water Reactor. 
'Y 

The / k ( t ) d t  method i s  used t o  c a l c u l a t e  t h e  f u e l  su r face  temperature from 

t h e  measired f u e l  c e n t e r l  i n e  temperature and t h e  f u e l  thermal c o n d u c t i v i t y .  The 

gap conductance i s  c a l c u l a t e d  f rom t h e  f u e l  su r face  temperature,  t he  c a l c u l a t e d  

c l add ing  i n s i d e  sur face  temperature,  and t he  measured f u e l  assembly power. The 

u n c e r t a i n t i e s  i n  t he  i n p u t  parameters f o r  c a l c u l a t i n g  t he  gap conductance were 

e s t a b l i s h e d  and t h e  u n c e r t a i n t y  i n  t h e  gap conductance was c a l c u l a t e d  us ing  t h e  

method o f  propagat ion o f  u n c e r t a i n t i e s  w i t h  a f i r s t  o rde r  T a y l o r  s e r i e s  approx i -  

mat ion t o  t h e  n o n l i n e a r  f u n c t i o n s .  An example o f  t h e  c a l c u l a t i o n a l  method i s  

g i  ven. 
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I. INTRODUCTION 

-The B a t t e l l e  P a c i f i c  Northwest Labo ra to r i es  a r e  conduct ing i r r a d i a t i o n  t e s t s  

i n  t h e  Halden B o i l  i n g  - Water Reactor (HBWR) under t h e  sponsorsh ip  o f  t h e  Fuel 

Behavior  Research Branch o f  t h e  Nuclear Regulatory  Commission. The o b j e c t i v e s  

o f  t h e  program a r e  t o  1 )  p rov ide  we l l - cha rac te r i zed  da ta  f o r  v e r i f y i n g  computer 

codes used f o r  r e a c t o r  s a f e t y  a n a l y s i s  and 2 )  develop improved a n a l y t i c a l  

models f o r  p o r t i o n s  o f  these codes. 

To a s s i s t  i n  accompl ish ing these o b j e c t i v e s ,  two t e s t  assemblies, each con- 

t a i n i n g  s i x  ins t rumented f u e l  rods s i m i l a r  i n  des ign  t o  BUR-type rods,  were 

i r r a d i a t e d  i n  t h e  HBWR t o  o b t a i n  we l l - cha rac te r i zed  da ta  f o r  f u e l  ope ra t i ng  i n  

t h e  l i n e a r  hea t  ranges o f  comniercial nuc lea r  power p l a n t s .  These da ta  a r e  

needed f o r  v e r i f i c a t i o n  o f  GAPCON-THERMAL(' ) and FRAP") computer codes and wi 11 

p rov ide  a  s e r i e s  o f  benchmarks f o r  i ndex ing  o t h e r  thermal performance codes used 

f o r  r e a c t o r  s a f e t y  ana l ys i s .  

Parameters i n  t h e  t e s t  i n c l u d e  p e l l e t - c l a d d i n g  gap s i z e  and e c c e n t r i c i t y ,  

f i l l  gas composit ion, f u e l  d e n s i t y  and s t a b i l i t y ,  l i n e a r  heat  r a t i n g ,  and 

burnup. The two assemblies a r e  e s s e n t i a l l y  i d e n t i c a l  i n  des ign w i t h  one opera t -  

i n g  a t  a  1  i n e a r  hea t  r a t i n g  (LHR) o f  10 kW/ft (328 W/cm) (IFA-431) and t h e  o the r  

ope ra t i ng  a t  15 kW/ft (492 W/cm) (IFA-432). 

Th i s  r e p o r t  presents  a  method f o r  e s t i m a t i n g  u n c e r t a i n t y  on gap con- 

conductances i n f e r r e d  f rom measured fue l  cen te r1  i ne temperatures. The 

d e r i v a t i o n  o f  t h e  method i s  presented i n  s u f f i c i e n t  d e t a i l  t o  pe rm i t  t he  

reader  t o  s u b s t i t u t e  h i s  own es t imates  of i n p u t  u n c e r t a i n t i e s .  A d d i t i o n a l  
c o r r e c t i o n  f a c t o r s  and assoc ia ted  u n c e r t a i n t i e s  may a l s o  be incorpora ted  

w i t h  a  min-iniu~ii of d i f f i c u l t y .  



SUMMARY AND CONCLUSIONS 

This r e p o r t  presents t h e  method developed f o r  es t ima t ing  t h e  r e l i a b i l i t y  

o f  gap conductances deduced from measured c e n t e r l i n e  fuel temperatures. I n  

a r r i v i n g  a t  r e l i a b i l i t y  est imates fo r  experimental data, t h e  i dea l  s i t u a t i o n  

i s  t o  repeat  a l l  measurements o f  t h e  i n p u t  parameters requ i red  i n  t h e  ca lcu la -  

t i o n s  enough t imes us ing enough observers and enough d i ve rse  instruments so 

t h a t  t h e  r e l i a b i l i t y  o f  t h e  r e s u l t s  can be assured by the  use of s t a t i s t i c s .  

Unfor tunate ly ,  i t  i s  no t  p r a c t i c a l  t o  est imate a l l  o f  t h e  unce r ta in t i es  of t he  

i n p u t  parameters by r e p e t i t i o n .  Since s t a t i s t i c s  could n o t  be app l ied  t o  the  

er rors ,  the  unce r ta in t y  i n t e r v a l s  se lec ted  are based on pas t  experience and 

engineering judgment. The uncer ta in ty ,  which i s  t he  maximum dev ia t i on  expected, 

i s  i n t e r p r e t e d  t o  be equ iva len t  t o  +3a on a  Gaussian d i s t r i b u t i o n  and hence 

inc ludes 99.75% of t h e  d i s t r i b u t i o n .  

The gap conductances f o r  t he  f u e l  rods were deduced from measured center -  

l i n e  f u e l  temperatures us ing the  i ~ ( t ) d t  method(3) t o  c a l c u l a t e  t h e  f u e l  sur face 

temperatures. The unce r ta in t i es  i n  t he  gap conductances were ca l cu la ted  by 

u t i l i z i n g  t h e  method of propagation o f  u n c e r t a i n t i e s  w i t h  a  f i r s t  o rde r  Taylor  

ser ies  approximation t o  t h e  non l inear  functions. Monte Car lo sampling was 

used t o  check t h e  resu l t s .  

Major conclusions o f  t h i s  study are: 

1. Assuming normal d i s t r i b u t i o n  f o r  a l l  i n p u t  var iab les ,  t h e  d i s t r i -  

bu t i on  o f  deduced AT i s  normal, bu t  t h e  d i s t r i b u t i o n  o f  gap 
ga P  

conductance, h  , i s  skewed i n  general. 
ga P  

2. F e i l l e r ' s  method provides a  re1 i a b l e  means of c a l c u l a t i n g  non- 

symnetric confidence i n t e r v a l  s  f o r  h  
gap' 

3. The th ree  dominant va r i ab les  i n f l u e n c i n g  the  unce r ta in t y  i n  h  are  
gap 

center1 i n e  temperature, 1  ocal 1  i nea r  heat r a t i n g  and f l  ux depression 

w i t h  f u e l  c o n d u c t i v i t y  running a  poor four th .  This  occurred because 

of low unce r ta in t y  on 1  i nea r  heat r a t i n g  and f u e l  c o n d u c t i v i t y  f o r  

t h i s  p a r t i c u l a r  experiment. I n  general unce r ta in t y  on c o n d u c t i v i t y  

and heat r a t i n g  would dominate t h e  unce r ta in t y  i n  h  
gap' 



I 1  I. DESCRIPTION OF IRRADIATION TESTS 

Two t e s t  assembl ies were i r r a d i a t e d  i n  d i f f e r e n t  channels i n  t h e  Halden 

B o i l i n g  Water Reactor (HBWR) l o c a t e d  i n  Norway. The r e a c t o r  i s  a  n a t u r a l  

c i r c u l a t i o n  r e a c t o r  which c u r r e n t l y  operates a t  a  power l e v e l  of 12 MW. The 

r e a c t o r  ope ra t i ng  da ta  a r e  shown i n  Table  1. 

TABLE 1. HBWR Opera t iqg  Data 

Power Level  

Reactor Pressure 

Heavy Water S a t u r a t i o n  Temperature 

Plenum I n l e t  Temperature 

Thermal F l u x  

Fas t  F l ux  ( > I  MeV) 

Average Fuel Power Dens i t y  

500 p s i  (34 atm) 

TEST ASSEMBLIES 

The two assembl ies,  each c o n t a i n i n g  a  c l u s t e r  o f  s i x  ins t rumented f u e l  

rods,  a r e  e s s e n t i a l l y  i d e n t i c a l  i n  des ign w i t h  one ope ra t i ng  a t  a  1  i n e a r  

heat  r a t i n g  (LHR) o f  10 kW/f t  (328 W/cm) (IFA-431) and t h e  o t h e r  o p e r a t i n g  

a t  15 kW/ft (492 ~ / c m )  (IFA-432). IFA-431 began ope ra t i on  i n  June o f  1975 

and was d ischarged a f t e r  reach ing  a  goal  burnup o f  4000 MWd/MTM i n  February 

o f  1976. IFA-432 was charged i n t o  t h e  r e a c t o r  i n  December 1975 and w i l l  r un  

u n t i l  l a t e  1977. The des ign  parameters and i n s t r u m e n t a t i o n  f o r  t h e  t e s t  

assemblies a r e  shown i n  Table  2. 

Tes t  assembly i n s t r u m e n t a t i o n  i nc l udes  s i x  vanadium neu t ron  d e t e c t o r s  

t o  mon i t o r  t h e  neu t ron  f l u x  ad jacen t  t o  t h e  f u e l  rods and one c o b a l t  neu t ron  

d e t e c t o r  t o  mon i t o r  t h e  neu t ron  f l u x  changes d u r i n g  power t r a n s i e n t s .  

Tes t  channel i n s t r u m e n t a t i o n  i nc l udes  i n l e t  and o u t l e t  channel thermo- 

couples,  t u r b i n e  f l o w  meters,  and a  f u e l  rod  f a i l u r e  de tec to r .  A  schematic 

showing IFA-431 i n  i t s  t e s t  channel i s  shown i n  F i gu re  1. IFA-432 i s  i d e n t i -  

c a l  except  f o r  an u l t r a s o n i c  thermometer i n  t h e  upper end o f  Rod 2. 



TABLE 2. Design Parameters and I n s t r u m e n t a t i o n  f o r  IFA-431 and IFA-432 

IFA-431 - peak1 Power - 1 0  kW/ft (328  w/cm) 

Cold Fuel 
Rod P e l l e t  OC D'2rnetral Gap F i l l  D e n s i t y  
No. ~ n .  rm i n .  mm Gas % i D  ------ 

IFA-432 - Peak Power - 15 kW/ft (492 w/crn) 

a.  TC = T h e r ~ o c o u p l  e 
b. PT = P r e s s u r e  T r a n s d u c e r  
c. ES = E l o n g a t i o n  S e n s o r  
d. Removable r o d s  r e p l a c e d  by r o d s  7, 8, and 9 .  
e. UT = U l t r a s o n i c  Thermometer 

Fuel  
Type 

S t a b l e  

S t a b l e  

S t a b l  e  

S t a b l e  

S t a b l  e  

Uns t a b 1  e 

S t a b l  e  

S t a b l  e  

S t a b l e  

S t a b l e  

S t a b l e  

U n s t a b l e  

S t a b l  e  

S t a b l e  

S t a b l  e 

Burnup 
M'Ad/MTM 

4 , 0 3 0  

I n s t r u m e n t a t i o n  
T e s p e r a  t u r e  Cl a d d i n g  
Lppey  Lower P r e s s u r e  

TC'" TC P T 
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FIGURE 1 . Schematic o f  Instrumented Fuel Assembly--I FA-431 
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Data f rom t h e  i ns t rumen ta t i on  except f o r  t h e  pressure mon i t o r s  i s  auto-  

m a t i c a l l y  taken every  15 minutes by a da ta  l o g g i n g  system and s to red  on mag- 

n e t i c  tape.  The pressure da ta  a re  manual ly  taken. 

FUEL RODS 

Each f u e l  r o d  i s  ins t rumented w i t h  two temperature sensors t o  measure t h e  

c e n t r a l  fue l  temperature and w i t h  one c l add ing  e l o n g a t i o n  sensor t o  d e t e c t  t h e  

t ime  and e x t e n t  of p e l  l e t - c l a d d i n g  i n t e r a c t i o n .  A1 1 of t h e  temperature sensors 

a r e  thermocouples except f o r  one i n  IFA-432, which i s  an u l t r a s o n i c  thermometer 

(LIT). Three rods  i n  each assembly a r e  each equipped w i t h  a pressure t ransducer  

t o  mon i t o r  t h e  i n t e r n a l  r od  pressure.  A l l  rods c o n t a i n  U02 p e l l e t s  enr i ched  t o  

10 w t %  2 3 5 ~ .  The p e l l e t s  have f l a t  ends and a r e  12.7 mm (0.5 i n . )  l ong .  

Three o f  t h e  t e s t  f u e l  rods (Rods 1, 5, and 6)  were designed t o  measure 

t he  e f f e c t  of  fue l  d e n s i f i c a t i o n  and s t a b i l i t y  on gap conductance. These rods 

had 0.051 mm (0.009 i n . )  c o l d  gaps and were b a c k - f i l l e d  w i t h  he l ium a t  one 

atmosphere pressure.  Rod 1 was t h e  re fe rence  r o d  and con ta ined  95% t h e o r e t i c a l  

d e n s i t y  (TD) s t a b l e  f u e l .  Rods 5 and 6 each con ta ined  92% TD f u e l  ; however, 

t h e  f u e l  i n  Rod 5 was s t a b l e  w h i l e  f u e l  i n  Rod 6 was uns tab le  and thus  sus- 

c e p t i  b l e  t o  d e n s i f i c a t i o n .  

Rod 2 was designed t o  s imu la te  instantaneous d e n s i f i c a t i o n .  I t s  des ign  

i s  i d e n t i c a l  t o  Rod 1 except  f o r  a gap o f  0.381 mm (0.015 i n . ) .  

Rod 3 was designed p r i m a r i l y  as an independent check o f  r o d  l i n e a r  heat  

r a t i n g s .  T h i s  r o d  i s  i d e n t i c a l  t o  Rod 1 except f o r  a gap o f  0.051 mm 

(0.002 i n . )  i n  IFA-431 and 0.076 mm (0.003 i n . )  i n  IFA-432. Th i s  gap w i d t h  

was chosen t o  p rov ide  good con tac t  a t  power and y e t  min imize t h e  p o t e n t i a l  f o r  

c l add ing  f a i  l u r e  induced by mechanical i n t e r a c t i o n .  With t h e  temperature 

g r a d i e n t  ac ross  t h e  gap min imized and knowing t h e  measured c e n t e r l i n e  f u e l  

temperature and c a l c u l a t i n g  t h e  c l add ing  temperature,  t h e  r o d  LHR i n  t h e  T 

assembly can be checked. 

Rod 4 was designed t o  g a i n  an i n s i g h t  i n t o  t h e  anomalous thermal behav io r  a 

o f  x e n o n - f i l l e d  rods and t o  s tudy  t h e  e f f e c t s  o f  p e l l e t - c l a d d i n g  gap e c c e n t r i c i t y .  



I V .  DETERMINATION OF GAP COIVDUCTANCE 

The pe l  l e t - c l a d d i n g  gap conductance i n  a  f u e l  r o d  i s  de f i ned  by t h e  

f o l  l ow ing  equat ion:  

where: h  = p e l l e t - c l a d d i n g  gap conductance 
9  
q  = l i n e a r  hea t  r a t i n g  

ts = f u e l  su r face  temperature 

ti = c l add ing  i n s i d e  sur face  temperature 

di = c l add ing  i n s i d e  d iameter  

d  = p e l l e t  d iameter.  
P  

It i s  wor thwh i le  t o  no te  t h a t  none of  t h e  v a r i a b l e s  i n  equa t ion  ( 1 )  have 

ever  been measured d i r e c t l y  i n  an ope ra t i ng  fue l  r o d  i n  t h i s  o r  any o t h e r  

i r r a d i a t i o n  t e s t .  The average gap d iameter  (di + d  ) /2,  i s  q u i t e  c l o s e  t o  i t s  
P  

average f o r  t he  as - fabr i ca ted  dimensions; and t he  l a t t e r  number i s  used. The 

c l add ing  i n n e r  temperature ti, can be c a l c u l a t e d  w i t h  1  i t t l e  e r r o r  f rom the  

fo l low- iqg  equat ions:  

where: ti = c l add ing  i n s i d e  surface temperature 

tw = coo lan t  temperature ad jacen t  t o  p o i n t  o f  measurement 

~t~ = water f i l m  temperature drop 

n t c  = c l add ing  temperature drop. 

The water f i l m  temperature drop ( a t f )  and c l add ing  temperature drop (nt,) a r e  

expressed as: 

- - --!l-- and 
Atf  n do hf 





Note t h a t  t he  1  i nea r  heat r a t i n g  i s  t he  most i n f l u e n t i a l  parameter i n  

c a l c u l a t i n g  the  gap conductance and unce r ta in t y  because i t  enters  i n t o  the  

c a l c u l a t i o n s  th ree  times. It appears i n  t h e  c a l c u l a t i o n  o f  t h e  f u e l  sur face 

temperature, t h e  c ladd ing  I D  temperature, and the  gap conductance. The l i n e a r  

heat r a t i n g  f o r  each f u e l  rod  i s  ca l cu la ted  from t h e  measured f u e l  assembly 

power . Y 



V. METHOD OF CALCULATING GAP CONDUCTANCE UNCERTAINTY 

A f t e r  t h e  gap conductances a re  deduced from t h e  t e s t  data, t h e i r  es t imated  

u n c e r t a i n t i e s  a r e  ca lcu la ted .  Th is  s e c t i o n  presents  t h e  c a l c u l a t i o n a l  methods 

employed and an example o f  t h e i r  a p p l i c a t i o n .  

A d i s t i n c t i o n  between v a r i a b i l  i t y ,  due t o  measurement and o t h e r  causes, 

and b ias  i s  necessary. For  example, t he  1 i n e a r  hea t  r a t i n g  va lue may n o t  co in -  

c i d e  w i t h  t he  t rue ,  b u t  unknown, l i n e a r  hea t  r a t i n g  due t o  two d i f f e r e n t  rea- 

sons. F i r s t ,  t h e  process o f  de te rmin ing  t h e  l i n e a r  hea t  r a t i n g  i n v o l v e s  making 

measurements which a re  s u b j e c t  t o  e r r o r .  I f  t h e  process were repeated a n u ~ ~ b e r  

o f  t imes under t h e  same cond i t i ons ,  a  d i s t r i b u t i o n  o f  va lues would be ob ta i ned  

centered a t  some average value. Th is  average va lue does n o t  necessa r i l y  co in -  

c i d e  w i t h  the  ac tua l  t r u e  value. Th is  d i f f e r e n c e  i s  c a l l e d  the  b ias .  The 

v a r i a b i l  i t y  around t h e  average va lue i s  t he  u n c e r t a i n t y  as used i n  t h e  f o l l o w -  

i n g  ana lys is .  Hence, the  u n c e r t a i n t y  determined f o r  t h e  gap conductance i s  

concerned w i t h  t he  v a r i a b i l i t y  descr ibed  above and does n o t  take i n t o  account 

any p o s s i b l e  b ias.  

Appendix A t races  t h e  methods by which t h e  major  i n p u t  va r i ab les  f o r  h  
ga P 

ca l  cu l  a t i o n s  f o r  IFA-431-432 were deduced. I t  a1 so t r aces  t h e  assumptions 

i nvo l ved  and the assign~i lents o f  unce r ta i n t y .  The f i n a l  assignments o f  

u n c e r t a i n t y  a re  l i s t e d  i n  Table 3. 

The u n c e r t a i n t y  ana l ys i s  i s  based on a few s t r i n g e n t  assumptions. These 

a r e  necessary i n  o rde r  t o  make any progress a t  a1 1 due t o  t h e  l a c k  o f  ac tua l  

data concern ing t he  v a r i a b i l  i t y  o f  t h e  i n p u t  va r i ab les ,  e.g., d iameters,  

temperatures and l i n e a r  heat  r a t i n g .  The assumptions are:  

1. For each i n p u t  v a r i a b l e ,  n o t  c a l c u l a t e d  by equat ions 1 t o  5, t h e  e r r o r  

d i s t r i b u t i o n  i s  Gaussian about a  cen te r  va lue p.  Moreover, the  uncer- 

t a i n t y  i s  adequately descr ibed  by t he  r e l a t i v e  var iance  c2 = 02/p2. Note 

t h i s  i m p l i e s  t h a t  t h e  v a r i a b i l i t y  increases w i t h  inc reases  i n  t h e  cen te r  

value, i .e . ,  t he  percent  u n c e r t a i n t y  i s  cons tan t .  



TABLE 3. I n p u t  Parameters and Uncer ta in t ies  f o r  IFA-431 

Fuel Rods Uncer ta in t y  + % 

L inear  heat  r a t i n g  

Rods 1-6 a t  lower thermocouple l o c a t i o n  and 
Rods 1,2,3 and 6  a t  upper thermocouple l o c a t i o n  5.6 

Rods 4 and 5 a t  upper thermocouple l o c a t i o n  6.3 

Fuel thermal condubt iv i  ty(a) 

Cen te r l i ne  temperature 

Thermocouple 
1000°F (538°C) - 4000°F (2204OC) 
4000°F (2204°C) - 4500°F (2482°C) 

C l  adding thermal c o n d u c t i v i t y  

Dimensions, densi ty, enrichmknt 

Neutronic 

Thermal neutron f l u x  depression i n  f u e l  

Thermal -Hydraul i c 

Water f i l m  heat  t rans fe r  c o e f f i c i e n t  
Bul k water temperature 

(a)  See f i g u r e s  3  and 4  and the d iscussion i n  Appendix A. 



2. There i s  zero covar iance  between any two o f  t h e  i n p u t  v a r i a b l e s .  I n  par -  

t i c u l a r ,  t h i s  i m p l i e s  t h e r e  i s  no c o r r e l a t i o n  between t h e  measurement 

e r r o r s  on t h e  i n p u t  v a r i a b l e s .  

3. For  t h e  n o n l i n e a r  f u n c t i o n s  o f  t h e  i n p u t  v a r i a b l e s  used i n  equa t ions  1  

t o  5, t h e  p ropaga t ion  o f  e r r o r s  by f i r s t  o rde r  T a y l o r  s e r i e s  p rov i des  an 

adequate approx imat ion.  

4. The d i s t r i b u t i o n s  o f  t h e  d e r i v e d  va r i ab l es ,  e.g., , a r e  s u f f i c i e n t l y  
h9 

symmetric t h a t  assumption 1  above ho lds  f o r  t h e  d e r i v e d  v a r i a b l e s .  

Assumption 4  deserves a d d i t i o n a l  exp lana t ion .  The exp lana t i on  w - i l l  be 

g iven  f o r  f u e l  s u r f a c e  temperatures.  Suppose t h a t  i t  were p o s s i b l e  t o  conduct 

a  l a r g e  number o f  exper iments e x a c t l y  l i k e  t h e  IFA-431 t e s t .  Furthermore, 

assume t h a t  t h e  necessary measurements needed t o  c a l c u l a t e  t h e  fuel  surface 

temperatures a r e  taken a t  t h e  same p o i n t  of t ime, i.e., same burnup, power, 

etc., f o r  each o f  t h e  experiments. The temperatures c a l c u l a t e d  under these  con 

d i t i o n s  w i l l  f o rm a  d i s t r i b u t i o n  o f  values. Assumption 4  s t a t e s  t h a t  t h i s  d i s -  

t r i b u t i o n  i s  approx imate ly  symmetric about  t he  t r u e  va lue  f o r  t h e  c o n d i t i o n s  

o f  t he  experiment. A l l  o f  t h e  assumptions a r e  concerned w i t h  t h i s  h y p o t h e t i -  

c a l  exper imenta l  framework. 

An elementary d i scuss ion  o f  t h e  T a y l o r ' s  s e r i e s  approx imat ion  i s  g i v e n  i n  

Reference 4. The e r r o r  propagat ion f o r  t he  gap conductance f o l l o w s  t h e  frame- 

work descr ibed  by Jaech. ( 4 )  I n  t h e  case o f  t h e  f u e l  su r f ace  temperature,  

which i s  def ined -imp1 i c i t l y  i n  an i n t e g r a l  equat ion,  a  1  i t t l e  i n g e n u i t y  enables 

t h e  va r i ance  of  ts t o  be ob ta ined  w i t h o u t  an e x p l i c i t  s o l u t i o n .  The main idea  
i s  t o  recogn ize  t h a t  t h e  va r iances  o f  t h e  r i g h t  and l e f t  hand s i des  must be 

equal .  The d e t a i l s  a r e  g iven  l a t e r .  

The n o t a t i o n  i s  i n  terms of r e l a t i v e  va r iances .  L e t  w and v  be v a r i a b l e s  

w i t h  s tandard d e v i a t i o n s  ow and ov, means p and ev, and covar iance  %,, 
r e s p e c t i v e l y .  The r e l a t i v e  va r i ance  o f  v  i s  C: = ov2/pv2 and t h e  r e l a t i v e  

covar iance  o f  w and v  i s  Cwv = owv/pwpv. It i s  convenient  a t  t imes  t o  use 

Cww i n  p l ace  o f  cW2 and ow i n  p l ace  o f  ow2. The square r o o t  o f  t h e  r e l a t i v e  

va r i ance  Cw i s  a l s o  c a l l e d  t h e  c o e f f i c i e n t  o f  v a r i a t i o n ,  i . e . ,  Cw = ow/p,. 



For t h e  p resen t  assume t h a t  t h e  i n f o r m a t i o n  a v a i l a b l e  c o n s i s t s  o f  t h e  neces- 

sa ry  means, s tandard d e v i a t i o n s  and covar iances.  Where p o s s i b l e  t h e  equat ions 

w i l l  be i n  terms o f  t h e  r e l a t i v e  var iances  and covar iances.  
? 

Engineer ing l i m i t s ,  o r  u n c e r t a i n t i e s ,  r e q u i r e  a d d i t i o n a l  i n t e r p r e t a t i o n  

and/or assumptions be fo re  t hey  a r e  used. For  example, what does t h e  s ta tement  
a 

" t he  u n c e r t a i n t y  o f  t h e  c l add ing  i n s i d e  d iameter  i s  +0.03%" mean? One i n t e r -  

p r e t a t i o n  i s  t h a t  t h e  e r r o r  d i s t r i b u t i o n  i s  Gaussian and i t s  s tandard dev ia -  

t i o n  i s  0.0003 di/3 where di i s  t h e  t r u e  va lue.  The d i v i s i o n  by 3 corresponds 

t o  t h e  assumption t h a t  t h e  u n c e r t a i n t y  g i v e s  t he  maximum d e v i a t i o n  expected. 

Moreover, t h i s  maximum d e v i a t i o n  i s  i n t e r p r e t e d  t o  be e q u i v a l e n t  t o  23 a on t h e  

Gaussian d i s t r i b u t i o n  and, hence, i nc l udes  99.75% o f  t h e  d i s t r i b u t i o n .  Th i s  

i s  t h e  i n t e r p r e t a t i o n  assumed f o r  t h e  u n c e r t a i n t i e s  quoted i n  t h e  gap conduc- 

tance p rob l  em. 

The s i x  o u t p u t  va lues o f  i n t e r e s t  a r e  nt f ,  ntc, ti, ts, b t  and h  , o f  
9  9  

which t h e  f i r s t  f i v e  a r e  i n te rmed ia te  var iab les .  The d e r i v a t i o n  o f  r e l a t i v e  

var iances f o r  t he  i n te rmed ia te  v a r i a b l e s  w i l l  now be performed. A f t e r  each 

d e r i v a t i o n  a  s e t  o f  numerical  va lues corresponding t o  a  s tandard problem 
4 (Rod 1 a t  3.0 x  10  W/m) w i l l  be g iven .  
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FIGURE 3. Fuel Thermal Conductivity (Ref. 5)  





V.A. CALCULATION OF UNCERTAINTY FOR THE INTERMEDIATE PARAMETERS 

The f i v e  i n te rmed ia te  parameters i n  t h e  gap conductance c a l c u l a t i o n s  are: 

wa te r  f i l m  temperature d rop  ( a t f ) .  

c l  adding temperature drop (a t c ) .  

i n s i d e  c l a d d i n g  temperature ( t i  j. 

f u e l  sur face temperature ( t S ) ,  

gap temperature drop ( a t  ). 
g 

Th is  s e c t i o n  presents  t h e  e r r o r  p ropagat ion  equat ions f o r  these i ntermediate 

parameters. A t y p i c a l  c a l c u l a t i o n  i s  g i ven  i n  each case. 



V.A.I. WATER FILM TEMPERATURE DROP - A t f  

The water f i l m  temperature drop i s  corr~puted from 

The r e l a t i v e  covariance obta ined from the  e r r o r  propagat ion i s  g iven  by 

where Cq, Cd and c2  a re  the  r e l a t i v e  var iances o f  t h e  1 i n e a r  heat r a t i n g ,  
0 hf 

ou ts ide  diameter o f  t h e  c ladd ing  and t h e  water f - i l m  heat  t r a n s f e r  c o e f f i c i e n t .  

These q u a n t i t i e s  can be ca l cu la ted  from t h e i r  assumed u n c e r t a i n t i e s  by us ing 
2 2 

Cx = (Vq/300) . The unce r ta in t y  f o r  the  water  f i l m  temperature drop i s  

obta ined from the  reverse c a l c u l a t i o n .  An example i s  g iven i n  Table 4. 

TABLE 4. Water F i l m  Temperature Drop Uncer ta in ty :  Example 

Con t r i bu t i on  t o  C 
2  

Uncer ta inty ,  
Parameter Val ue % Val ue % o f  To ta l  



V.A.2. CLADDING TEMPERATURE DROP - A t c  

The c ladd ing  temperature drop i s  computed from 

I t s  r e l a t i v e  var iance i s  obta ined from 

2 2 2  2 where Cq, Cb, Cd and Cd a re  t h e  r e l a t i v e  var iances o f  t he  l i n e a r  heat r a t i n g ,  
o i 

cladd ing  thermal conduc t i v i t y ,  c ladd ing  ou ts ide  diameter and t h e  c ladd ing  

i n s i d e  diameter respec t ive ly .  Table 5 presents an example c a l c u l a t i o n .  

TABLE 5. Cladding Tetiiperature Drop Uncer ta in ty :  Exampl e 

C o n t r i b u t i o n  t o  tit - 
C - - 

Parameter Val ue % Value % o f  To ta l  



V.A.3. CLADDING INSIDE SURFACE TEMPERATURE - ti 

The c l  addi ng i nside sur face temperature i s computed f rom 

and i t s  r e l a t i v e  var iance i s  

2 2 where C t w ,  CA t  , and c2  are  t h e  r e l a t i v e  var iances o f  t he  b u l k  water 
A t c  

temperature, w%ter f i l m  ternperature drop and t h e  c ladd ing  temperature drop, 

respec t i ve l y ,  and C , A t c  i s  t h e  r e l a t i v e  covariance between A t f  and A t c  

o b t a i  ned from Atf 

I n  t h i s  case the re  i s  a r e l a t i v e  covariance between A t f  and A t c  s ince  they 

are  bo th  func t i ons  o f  q and do. Table 6 g ives  an example. 

TABLE 6. C l  addi ng I n s i d e  Surface Temperature Uncer ta inty :  Exampl e 

Uncer ta inty ,  
Con t r i bu t i on  t o  C' ti- 

Parameter Val ue % Value % o f  Tota l  



V.A.4. FUEL SURFACE TEMPERATURE - t, 

The f u e l  sur face  temperature i s  def ined i m p l i c i t l y  by 

where K ( t )  i s  a t h i r d  degree polynomial  w i t h  t h e  c o e f f i c i e n t s  est imated by 

1 i n e a r  regress ion  techniques. A1 though i t  i s  t h e o r e t i c a l  l y  poss ib le  t o  so lve  

f o r  tS e x p l i c i t l y ,  the  s o l u t i o n  i s  complicated. The u n c e r t a i n t y  o f  ts may 

be approximated w i t h o u t  an e x p l i c i t  so lu t i on .  The e r r o r  propagat ion requ i res  

p a r t i a l  d e r i v a t i v e s  o f  t he  form - ats where X represents any o f  t h e  remaining 

var iab les .  These d e r i v a t i v e s  canaXbe obta ined by i m p l i c i t  d i f f e r e n t i a t i o n .  

Otherwise t h e  procedure i s  t h e  same. The r e l a t i v e  covariance o f  the  f u e l  

surface temperature i s  g iven  by 

where 

X ( t ) -  = (t, $ t2, & t3, f t4), and 

C = covariance m a t r i x  f o r  regress ion  

c o e f f i c i e n t s  o f  K ( t ) .  

An example i s  g iven  i n  Table 7. The value used f o r  K ( t )  and C a re  

K ( t )  = 0.0784 - (6.628-05) t + (2.083-08) t2 - (1 .015-12) t 
3 

( C u r v e - f i t  from F igure  3)  



TABLE 7. Fuel Surfaee Temperature Uncerta inty :  Example 

Uncertainty, 
Parameter Val ue '3 o 

Cont r i bu t i on  t o  C: 
s- 

Val ue % o f  To ta l  



V.A.5. GAP TEMPERATURE DROP: A t g  

The gap temperature drop i s  de f ined  as the  d i f f e r e n c e  between t h e  f u e l  

sur face temperature and the  c ladd ing  i n s i d e  sur face temperature, i.e., 

and i t s  r e l a t i v e  var iance i s  g iven  by 

where 

An example c a l c u l a t i o n  i s  g i ven  i n  Table 8. 

TABLE 8. Gap Temperature Drop Uncer ta in ty :  Example 

Uncer ta i  nt~v. 
Con t r i bu t i on  t o  C' t--- i - 3 

Parameter Vai ue % Value % o f  To ta l  



V. B. CALCULATIOIV OF UNCERTAIIVTY FOR GAP COIVDUCTANCE 

The u n c e r t a i n t y  c a l c u l a t i o n  f o r  t h e  gap conductance a re  de r i ved  f o r  two 

d i f f e r e n t  s i t u a t i o n s .  F i r s t ,  t he  e r r o r  propagat ion method used f o r  t h e  

i n te rmed ia te  parameters i s  de r i ved  f o r  t he  case where i t  i s  reasonable t o  

assume t h a t  t h e  e r r o r  d i s t r i b u t i o n  f o r  the  gap conductance i s  sy~i imetr ic  and 

approaches the Gaussian d i s t r i b u t i o n ,  i.e., t h e  assumptions a t  t h e  beg inn ing  

o f  Sec t ion  V hold.  When t h i s  i s  n o t  t h e  case, e.g., f o r  smal l  gap temper- 

a t u r e  drops, an a l t e r n a t e  e r r o r  a n a l y s i s  i s  given. The method i s  no t  

r e s t r i c t e d  t o  t he  nonsymmetric case. I t  can be used f o r  t h e  u n c e r t a i n t y  

c a l c u l a t i o n s  f o r  gap conductance i n  a1 1 cases. I f  the  gap conductance e r r o r  

d i s t r i b u t i o n  i s  symmetric, t he  u n c e r t a i n t y  l i m i t s  a re  symmetric. I f  the  

d i s t r i b u t i o n  i s  nonsymmetric, t h e  l i m i t s  a r e  nonsymmetric. 

The gap conductance i s  de f i ned  as 

where d i s  the  d iameter  se lec ted  f o r  f u e l - c l a d d i n g  gap. The r e l a t i v e  var iance  

f o r  t h e  gap conductance when de r i ved  by e r r o r  p ropagat ion  i s  

where 

and when 



If t h e  gap conductance i s  ca l cu la ted  u t i l  i z i  ng o n l y  t h e  i n s i d e  c ladd ing  

diameter, then d  = di and t h e  r e l a t i v e  var iance may be obta ined us ing  the  

same equat ions b u t  w i t h  t he  f o l l o w i n g  two changes 

An example appl i c a t i o n  o f  t h e  e r r o r  propagat ion formulas i s  contained i n  

Table 9. 

TABLE 9. Gap Conductance Uncer ta in ty :  Symmetric Example 

2 C o n t r i b u t i o n  t o  Ch - 
Uncerta inty ,  9  

Parameter Val ue % Val ue % o f .  Tota l  



The v a l i d i t y  o f  t he  e r r o r s  propagat ion method f o r  determin ing t h e  percent  

unce r ta in t y  f o r  the  gap conductance depends on a symmetry assumption f o r  the 

gap conductance e r r o r  d i s t r i b u t i o n .  I n  p a r t i c u l a r  t he  d i s t r i b u t i o n  must resem- 

b l e  a Gaussian d i s t r i b u t i o n .  The p rev ious l y  descr ibed ou tpu t  parameters are 

general l y  expected t o  s a t i s f y  t h i s  assumption. However, t he  gap conductance 

i s  e s s e n t i a l l y  t he  r a t i o  o f  the  two dependent parameters l i n e a r  heat r a t i n g ,  q, 

and gap temperature drop, A t  I n  t h i s  s i t u a t i o n  if the  unce r ta in t y  f o r  A t  
g ' 9 

i s  reasonably la rge ,  then, along w i t h  the dependence, the  d i s t r i b u t i o n  of 

h i s  expected t o  be nonsymmetric w i t h  s t re tched t a i l  f o r  h igh  gap conductances. 
9 

The e r r o r  propagat ion method o f  o b t a i n i n g  an u n c e r t a i n t y  f o r  gap conductance 

i s  n o t  adequate i n  t h i s  s i t u a t i o n .  

An a l t e r n a t e  procedure based on the  known dependence and assumed G3ussian 

d i s t r i b u t i o n s  o f  the l i n e a r  heat r a t i n g  and gap temperature drop i s  ava i l ab le .  

The procedure, due t o  ~ i e l l e r , ' ~ )  g ives nonsymmetric l i m i t s  f o r  t h e  uncer- 

t a i n t i e s .  The method f i r s t  ca l cu la tes  a confidence - in te rva l  f o r  t he  gap 

conductance. This  i n t e r v a l  i s  computed t o  correspond t o  t he  th ree  sigma 

l i m i t  chosen t o  represent  t h e  i n t e r p r e t a t i o n  g iven  t o  t h e  unce r ta in t i es .  

This  choice i s  r e f l e c t e d  i n  t h e  parameter t given below. 



The computations f o r  F i e l l e r ' s  method are  g iven  by 

where 

2  2 2  2  DISCR = t2c2  - 2C + Cy + (1  - t Cy) C X  
x~ X~ 

The c a l c u l a t e d  gap conductance 1  i m i  t s  may be changed t o  percent  u n c e r t a i n t i e s  

by 

I n  c a l c u l a t i n g  the  upper and lower  l i m i t s  two apparent anomalous 

s i t u a t i o n s  can occur. F i r s t ,  the va lue o f  DISCR can be negat ive. Th i s  

-imp1 i e s  t he  1  i m i t s  a re  from 0 t o  i n f i n i t y .  Second, t h e  computed i n t e r v a l  

may n o t  i n c l u d e  t h e  h  value. I n  t h i s  case, the  ac tua l  i n t e r v a l  i nc ludes  
9  

a l l  r e a l  values ou ts ide  o f  the c a l c u l a t e d  i n t e r v a l .  Both o f  these 

s i t u a t i o n s  a re  a  consequence o f  1  arge u n c e r t a i n t y  associated w i t h  A t  
g  ' 



Tab1 e 10  shows t h e  necessary i n f o r m a t i o n  f o r  c a l c u l a t i n g  t h e  u n c e r t a i n t y  

1 i m i  t s .  Th is  example i s  t h e  same as f o r  Tables 4-9. The u n c e r t a i n t y  based 

on t h e  e r r o r  propagat ion i s  21.6 percent.  

TABLE 1 0. Gap Conductance U n c e r t a i n t y  : Nonsymmetric Exarr~pl e 

Uncer ta in ty ,  R e l a t i v e  Var iance 
Parameter Val ue % Covariance 
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0 1.0 2.0 3.0 4.0 5.0 

FIGURE 5. Gap Conductance U n c e r t a i n t y  Versus L i n e a r  Power 
f o r  Rods 1, 5, and 6, IFA-431 



- UPPER LIMIT 

- LOWER LIMIT 

FIGllRE 6. Gap Conductance Unce r ta in t y  Versus L inear  Power 
f o r  Rod 2, IFA-431 



FIGURE 7. Gap Conductance Uncer ta in ty  versus L inear Power 
f o r  Rod 3, IFA-431 



UPPER L I M I T  

LOWER L I M I T  

L INEAR POWER, W l m  x ldl 

FIGURE 8, Gap Conductance U n c e r t a i n t y  Versus L i n e a r  Power 
f o r  Rod 4, IFA-431 



FIGURE 9. Gap Conductance Versus L inear Power 
f o r  Rods 1-6, IFA-431 
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DISCUSSION OF ASSIGNED UNCERTAINTY VALUES 

This appendix discusses the  f a c t o r s  i nvo l ved  i n  deducing each o f  t he  

major i n p u t  var iab les  f o r  h  
gap' 

1.0 LINEAR HEAT RATING, q 

The l i n e a r  heat r a t i n g  i s  obta ined from a  combination o f  assembly power 

and neutron detec tor  outputs. Each o f  these w i l l  be t r e a t e d  i n  turn.  

1.1 Fuel Assembly Power 

A t  t he  beginning o f  t he  f i r s t  i r r a d i a t i o n  cycle, t he  t o t a l  power i n  the  

t e s t  assembly i s  c a l i b r a t e d  the rma l -hyd rau l i ca l l y  under fo rced convect ion coo l -  

i n g  and i s  r e l a t e d  t o  t h e  average o f  t he  neutron detec tor  cur ren ts .  A f t e r  t h i s  

c a l i b r a t i o n  the  assembly i s  operated under na tu ra l  c i r c u l a t i o n  cool ing,  and the  

assembly power and i n d i v i d u a l  f u e l  rod  l i n e a r  heat r a t i n g s  are  deduced from the  

neutron de tec to r  cur ren ts .  The ca l  i b r a t i o n  i s  no t  repeated. 

The t e s t  assembly i n l e t  p o r t s  near t he  bottom o f  t h e  assembly as shown i n  

F igure A-1 are c losed f o r  the  fo rced convect ion c a l i b r a t i o n  run  by a c t i v a t i n g  

the  c a l i b r a t i o n  valve. 

Forced c i r c u l a t i o n  cool i ng i s int roduced from the  s ~ ~ b c o o l  e d  p l  enum chamber 

and b o i l i n g  i s  es tab l  ished i n  the channel. This i s  shown schemat ica l ly  i n  

F igure A-1 . 
The assembly i s  operated a t  constant power which i s  c o n t r o l l e d  by the neu- 

t r o n  de tec tor  readings wh i l e  the  subcool ing i s  var ied. The b o i l i n g  power i s  

computed and p l o t t e d  versus the  measured subcooled power. F igure A-2 shows a  

p l o t  copied from d i g i t a l  computer r e s u l t s .  The p l o t s  o f  b o i l i n g  power versus 

subcooled power are very c lose t o  a  s t r a i g h t  l i n e .  The i n t e r s e c t i o n  o f  the  

ex t rapo la ted  p l o t s  w i t h  the  abscissa g ives the  minimum subcooled power requ i red  
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t o  suppress b o i l i n g  i n  t h e  channel under i dea l  condi t ions.  The subcooled power 

i s  equal t o  t h e  t o t a l  channel power which i s  cor rec ted  f o r  t h e  ~ ~ i o d e r a t o r  heat- 

i n g  e f f e c t  t o  g i v e  t h e  channel power associated w i t h  the  assembly. - 

The accuracy of t h e  assembly power de terminat ion  depends on t h e  fo l l ow ing  

fac to rs :  (8) 

c a l i b r a t i o n  o f  i n l e t  and o u t l e t  t u r b i n e  f l ow  meters 

ca l  i b r a t i o n  o f  coolant  thermocouples 

temperature p r o f i l e  across t h e  coo lan t  channel where the  i n l e t  and o u t l e t  

thermocouples are  loca ted 

i n f l u x  of heat from the  moderator i n t o  t h e  coolant  channel 

s l i p  f a c t o r  constancy 

s igna l  t o  no ise  r a t i o  

accuracy o f  data hand1 i n g  equipment. 

The o u t l e t  t u r b i n e  accuracy i s  very good, b e t t e r  than +0.5%, wh i l e  t h e  i n l e t  

t u r b i n e  c a l i b r a t i o n  i s  more doubt fu l  due t o  t h e  sho r t  and complicated i n l e t  

sec t ion .  Comparison w i t h  the  o u t l e t  tu ' rb ine  immediately p r i o r  t o  measurements 

g ives good c o n t r o l ,  however, and t h e  accuracy obtained i s  est imated t o  be b e t t e r  

than 22%. 

The c a l i b r a t i o n  o f  coolant  thermocouples i s  very good, about k.2 pV. An 

18°F (10°C) temperature r i s e  i n  t he  channel has an accuracy o f  +0.5%. 

The nonuniform temperature d i s t r i b u t i o n  across t h e  i n l e t  t o  t h e  channel 

i s  n e g l i g i b l e  because the re  i s  e x c e l l e n t  mix ing  before t h e  coo lan t  enters the  

assembly. The d i s t r i b u t i o n  across the  o u t l e t ,  however, i s  d i f f i c u l t  t o  de te r -  

mine as the re  i s  1 i t t l e  i n fo rma t ion  ava i l ab le .  The bes t  es t imate  i s  obtained 

by studying the  consis tency o f  t h e  measurements and t h e  degree of agreement 

between the  var ious  c a l i b r a t i o n  methods. 

The i n f l u e n c e  o f  t:,? heat f l u x  from t h e  moderator i s  smal l .  It can amount 

t o  as much as 10 kW a t  low channel power and h igh  subcooling, bu t  i t  i s  taken 

i n t o  account, so even i f  some e r r o r  i s  invo lved i n  determining t h i s  heat f l u x ,  

t h e  o v e r a l l  e r r o r  c o n t r i b u t i o n  i s  very small , probably l e s s  than +0.5%. 



The calibration method i s  based on  assuming a constant s l i p  factor during 

a subcooled power ramp. The results of the measurements give a plot of boiling 
power versus subcooled power which i s  very close to a s t raight  l ine ,  indicating 

that the assumption i s  valid. 

The signal to  noise ra t io  does n o t  normally cause any diff icul ty with sound 

instruments. The noise i s  easily f i l t e red  out. 

There i s  always fu l l  control with the performance of the data handling sys- 
tem, so errors caused in th i s  equipment can be neglected compared t o  error from 

other sources. 

Another factor which influences the accuracy of assembly power indication 

by the beta current neutron detectors i s  the specif ici ty  of the power indicators 

themselves. Part of the neutron flux registered by these instruments originates 

in other fuel assemblies, and th i s  portion of the signal will depend on the flux 

distribution in the core. 

Taking the above factors into account, Halden estimates that the in-reactor 

assembly power measurements have accuracies in the +3 to +5% range. (4) 

A value of +4 1 /2% was selected for  the IFA-431 assembly power accuracy. 

1.2 Neutron Detector O u t p u t  

Each assembly i s  equipped with six vanadium, self-powered, beta current 

neutron detectors to  monitor the power in the fuel assembly af te r  the in i t i a l  

thermal -hydraul i c  cal i bration. One detector failed in the IFA-431 assembly 

shortly a f t e r  startup. 

Each vanadium neutron detector i s  3.93 in.  (1  00 mm) long and i s  located so 

that the center of the detector and the thermocouple junction are located on 
essentially the same plane. 

The neutron detector output i s  an average of the current generated over 

the length of the detector. A nonsymmetrical flux gradient or spiked flux 

along the length of the detector could produce incorrect power generation 

results.  I t  appears that  the axial flux gradients along the neutron detectors 

are symmetrical and without spikes, so errors from th is  source should be minimal. 



The neu t ron  d e t e c t o r s  used i n  t h e  t e s t  assemblies a r e  n o t  c a l i b r a t e d .  

T h e i r  p r e c i s i o n s  a r e  based on t he  r e s u l t s  o f  t he  i r r a d i a t i o n  o f  30 s i m i l a r  t ype  

vanadium neutron de tec to r s  i n  t h e  S tudsv ik  R2-0 Reactor i n  Sweden. The 30 
2  de tec to r s  were i r r a d i a t e d  i n  a  thermal neut ron f l u x  o f  1.1 x  10'' n/cm -sec. 

The e r r o r  l i m i t s  f o r  t h e  ou tpu t s  o f  t h e  de tec to r s  a r e  est imated t o  be 22.5% 
2  a t  a  neut ron f l u x  of 1.1 x  10" n/cm -sec. 

I n  a d d i t i o n  t o  c o r r e l a t i n g  t h e  d e t e c t o r  ou tpu t s  t o  t he  neu t ron  f l u x  i n  t h e  

S tudsv ik  r eac to r ,  Halden has conducted long- te rm t e s t s  o f  s i m i l a r  neut ron detec-  

t o r s  i n  t h e  HBWR. These long- term t e s t s  have es tab l i shed  t h e  d e t e c t o r s  as 

a  re1  i a b l e  and accura te  ins t rument  w i t h o u t  a  measurable change i n  s e n s i t i v i t y  

a t  t h e  h i ghe r  f l u x  l e v e l s  i n  t he  HBWR. 

\ The s e n s i t i v i t i e s  o f  t h e  t e s t  assembly neut ron de tec to r s  a r e  c a l c u l a t e d  

from t h e  s e n s i t i v i t i e s  of  t h e  c a l i b r a t e d  de tec to r s  and t he  phys i ca l  cha rac te r -  

i s t i c s  o f  t h e  t e s t  assembly d e t e c t o r s  supp l ied  by t h e  manufacturer .  To account 

f o r  u n c e r t a i n t i e s  i n  t h i s  c a l c u l a t i o n ,  +0.5% i s  added t o  t h e  +2.5% f o r  t h e  c a l i -  

b ra ted  de tec to r s  t o  g i v e  an u n c e r t a i n t y  o f  +3.0% f o r  t h e  t e s t  assembly 

de tec to r s .  

The vanadium de tec to r s  have a  c a l c u l a t e d  burnup r a t e  of 0.013%/month a t  a  
2  neut ron f l u x  of 1  x  1013 n/cm -sec. Based on t h i s  r a t e ,  t h e  neut ron de tec to r  

end-of-1 i f e  (EClL) burnup f o r  IFA-431 i s  0.06%. Because o f  t h i s  1  ow value, t h e  

neut ron d e t e c t o r  ou tpu t s  were n o t  co r rec ted  f o r  burnup. 

A disadvantage o f  t h e  vanadium de tec to r s  i s  t h e i r  s low response t ime 

(5.5 min, 0  t o  63%) t o  power changes. Consequently, du r i ng  up and down power 

ramps, a  c o r r e c t i o n  f a c t o r  should be cons idered f o r  t h e  ou tpu t  va lues.  



1.3 Fuel Rod Linear Heating Rating 

The fuel rod l inear  heat rating i s  calculated from the following equation: 

where: q = l inear heat rating 
C = conversion factor which converts assembly power to individual rod 

l inear heat rating 

K = calibration factor:  r a t io  of assembly power to  average of neutron 

detector currents 

N = single neutron detector current 

C N  = neutron flux t i l t  correction factor.  

The uncertainty associated with the conversion factor ,  C ,  takes into 

account the uncertainties in the dimensions, density, and enrichment of the 

fuel. This uncertainty i s  calculated to  be +0.2%. The uncertainty associated 

with N was evaluated as +3%. 

The IFA-431 t e s t  assembly i s  located in the outermost ring of the reactor 

where a significant radial flux t i l t  exis ts  across the t e s t  assembly. This 

necessitates correcting the output signals from the neutron detectors to the 

axis of the fuel rods. This i s  accomplished with the flux t i1  t factor ,  C N .  

We are assunling +1% uncertainty -in the flux t i1  t factor. 

The uncertainties associated with theacalibration factor ,  K ,  and the 
l inear heat rating, q ,  are developed in the following three paragraphs. 

The available data for  calculating the uncertainty for  q consist of typical 

values for C, K, N, and C N  along with uncertainty intervals for  each factor 

where the errors a re  engineering estimates of error levels generally correspond- 

ing to  niaximuni l imits .  The assurr~ptions which are basic to th i s  analysis are: 

The engineering est-iniates of the error 1-iniits are equivalent to three 

standard deviation 1 imits, i . e . ,  25% corresponds to  + 100 where p i s  

the typical value and a i s  one standard deviation. 

* A factor to correct for  2 3 5 ~  d e ~ l e t i o n  and flux de~ress ion  chanqe should 
also be added. Since th is  factor i s  close to 1.0 for  IFA-431 data and 
since i t s  uncertainty i s  not easily estimated we have not included i t  in 
th is  report. 



The f o u r  f a c t o r s  C, K, N and CN a re  s t a t i s t i c a l l y  independent. This  

assumption i s  reasonable s ince  K i s  determined a t  t h e  i n i t i a l  s t a r t u p  and 

N i s  obta ined from subsequent measurements. Furthermore, t h e  v a r i a b i l i t y  

i n  C a r i s e s  f rom measurement e r r o r s  associated w i t h  t h e  dimensions, 

dens i ty ,  and enrichment o f  t h e  f u e l ,  and CN i s  a  f l u x  t i l t  c o r r e c t i o n  

independent o f  neutron de tec to r  ou tpu t .  

By propagat ion o f  unce r ta in t i es ,  t h e  3  a unce r ta in t y  f o r  t h e  l i n e a r  heat 

r a t i n g  i s  

where UC i s  t h e  engineer ing percent  u n c e r t a i n t y  on C, UK i s  t h e  engineer ing 

percent u n c e r t a i n t y  on K, UN i s  on N, and UC i s  on CN. I n  o rde r  t o  u t i l i z e  
N 

t h e  above r e l a t i o n s h i p ,  t h e  3  a percent  unce r ta in t y  must be ca l cu la ted  f o r  

f a c t o r  K. 

The equat ion f o r  c a l c u l a t i n g  K f o r  IFA-431 i s :  

where Qch i s  t h e  ca l cu la ted  assembly power and Ni  i s  t he  ou tpu t  from the  i t h  

neutron detector .  I f  i t  i s  assumed t h a t  t h e  neutron de tec to rs  and the calcu- 

l a t e d  assembly power a re  a1 1  s t a t i s t i c a l  l y  independent, then the above equat ion 

can be used a long w i t h  propagat ion of e r r o r s  t o  o b t a i n  t he  est imated e r r o r  l i m i t s  

f o r  K. U t i l  i z i n g  these assumptions, the e r r o r  1  i m i t s  f o r  K  f o r  IFA-431 a re  g iven  

Because one de tec to r  f a i l e d  i n  IFA-431, t h e  neutron f l u x  a t  t h e  f a i l e d  

de tec to r  l o c a t i o n  i s  ca l cu la ted  from t h e  opera t ing  de tec to rs  as fo l l ows :  



The u n c e r t a i n t y  l i m i t s  equa t ion  i s  

De tec to r  No. 6 i s  l o c a t e d  between Rods 4 and 5 a t  t h e  upper thermocouple 

l o c a t i o n .  Consequently, t h e  u n c e r t a i n t y  o f  t h e  l i n e a r  hea t  r a t i n g  f o r  these two 

rods w i l l  be g r e a t e r  than t h a t  f o r  t h e  o t h e r  rods .  

The u n c e r t a i n t y  assigned t o  t he  corr~ponents o f  q a r e  1 i s t e d  below: 

TABLE A-1 . Assigned U n c e r t a i n t i e s  f o r  L i n e a r  Power Factors  

I tem Uncer ta i  n t y  Symbol 

Channel Power 

Detector  Cur ren t  

C a l i b r a t i o n  Fac to r  4.7% K 
F l  ux T i  1 t Cor rec t i on  1 .O% 

(assumed) 

Conversion Fac to r  0.2% Uc 

2.0 CENTERLINE FUEL TEf1PERATURE 

Twelve thermocouples a r e  used i n  IFA-431 f o r  measuring t h e  c e n t r a l  fue l  

temperatures. The thermocouples have grounded j u n c t i o n s  w i t h  0.052 i n .  (1.575 mm) 

OD tungsten/22% rhenium sheaths and W 5% Re/W 26% Re seven-stranded thermo- 

couple w i res  w i t h  be ry l  1 ium o x i d e  i n s u l a t o r s .  

The thermocouples were f a b r i c a t e d  and c a l i b r a t e d  by t he  Idaho Nat iona l  

Engineer ing Labora to ry  ( INEL). Cal i b r a t i o n  o f  t h e  thermocouples over  t h e  range 

of use produces a b r i t t l e  assembly which i s  f r a g i l e  and sub jec t  t o  breakage. 

Consequently, o n l y  one thermocouple, which was n o t  used i n  t h e  i n - r e a c t o r  t e s t ,  

was c a l  i bra ted .  

The thermocouple was c a l i b r a t e d  aga ins t  a r e fe rence  thermocouple of bare 

W 5% Re/W 26% Re and an o p t i c a l  pyrometer as a second re fe rence .  The reference 

thermocouple and t he  o p t i c a l  pyrometer agreed w i t h i n  40°F (22°C) up t o  4000°F 

(2204"C), b u t  as t h e  temperature approached 4500°F (248Z°C), t h e  two d i f f e r e d  



more w ide l y .  The o p t i c a l  pyrometer was though t  t o  be c l o s e r  s i n c e  4500°F tem- 

p e r a t u r e  i s  above t h a t  g i ven  i n  most c a l i b r a t i o n  t a b l e s  f o r  W/Re thermocouples. 

The c a l i b r a t e d  thermocouple had t h e  f o l l o w i n g  l i m i t s  o f  e r r o r :  

Ambient t o  1000°F (538°C) = +lO°F ( 5 5 ° C )  

1000°F (538°C) t o  4000°F ( 2 2 0 4 " ~ )  = 21% o f  r ead ing  

4000°F (2204°C) t o  4500°F (2482°C) = +2% o f  r ead ing .  

I r r a d i a t i o n  o f  t h e  thermocouples w i l l  have l o n g  t e rm  e f f e c t s  caused by t h e  

shun t ing  o f  t h e  EMF'S by conduc t ion  ac ross  t h e  i n s u l a t o r s  , by t ransn iu ta t ions  i n  

t h e  thermocouple m a t e r i a l s ,  and by temperature g r a d i e n t s  a l ong  t h e  thermocouple 

w i r es  . 
The i n s u l a t o r  shun t i ng  e f f e c t  was reduced t o  a  n e g l i g i b l e  l e v e l  by us i ng  

b e r y l l i u m  o x i d e  i n s u l a t o r s .  

The thermocouples used i n  these  t e s t s  ernploy tungs ten  and rhenium which 

t ransmute under neu t ron  i r r a d i a t i o n  t o  rhenium and osmium, r e s p e c t i v e l y .  These 

t r ansmu ta t i ons  a re  t h e  main cause o f  t h e  r e d u c t i o n  i n  t h e  s i g n a l  f rom t h e  thermo- 

couples w i t h  i r r a d i a t i o n  seen by i n v e s t i g a t o r s .  ( l o )  However, t h e r e  i s  cons ide r -  

a b l e  v a r i a t i o n  i n  t h e  magnitude of t h e  e f f e c t  seen. The reason f o r  t h i s  v a r i a -  

t i o n  i s  p robab ly  t h a t  t h e  e f f e c t  i s  n o t  con f i ned  t o  chauges o c c u r r i n g  a t  t h e  

h o t  j u n c t i o n .  The compos i t i on  changes r e s u l t i n g  f rom t h e  t r ansmu ta t i ons  g i v e  

r i s e  t o  inhomogenei t ies ,  caus ing Seebeck EMF gene ra t i on  i n  t h e  w i r e  s i t u a t e d  

w i t h i n  t h e  temperature g rad ien t . (12)  The da ta  f rom Reference 8 i n d i c a t e s  an 

o rde r  o f  magnitude o f  about 10% f o r  t h e  downward d r i f t  o f  t h e  EMF a t  a  thermal  
2  

neu t ron  f l u e n c e  o f  1  x  10" n/cm . 
2 The expected f l u e n c e  f o r  IFA-431 i s  about 1  x  l o z 0  n/cm -sec. Based on 

Reference 8, t h i s  f l u e n c e  would i n d i c a t e  a  downward EMF d r i f t  o f  1% f o r  IFA-431 

a t  EOL. No c o r r e c t i o n  f a c t o r  i s  a p p l i e d  t o  t h e  IFA-431 da ta .  However, an e r r o r  

va l ue  o f  51% i s  assumed f o r  t h e  i r r a d i a t i o n  e f f e c t s .  

The average e r r o r  band assoc ia ted  w i t h  t h e  i ns t r umen t  measurement and con- 

v e r s i o n  techn iques  ove r  t h e  range of temperature measurements i s  es t imated  t o  

be k0.6%. (9  1 



Combining t h e  c a l i b r a t i o n  e r r o r s  of 1% o r  2%, t h e  i r r a d i a t i o n  e f f e c t s  

e r r o r  of 1%, and t h e  i n s t r u m e n t a t i o n  o f  0.6% and round ing  o f f ,  g i ves  t h e  

f o l l o w i n g  es t imated  t o t a l  u n c e r t a i n t i e s  f o r  t h e  c e n t e r l i n e  fue l  temperatures:  

% o f  Reading 

1000°F (538°C) t o  4000°F (2204°C) = t 3  

4000°F (2204°C) t o  4500°F (2482°C) = 54 

3.0 FUEL THERMAL CONDUCTIVITY 

The f u e l  thermal c o n d u c t i v i t i e s  o f  t h e  t h r e e  fue l  types employed i n  t h e  

t e s t ,  95% TD s tab le ,  92% TD s tab le ,  and 92% TD uns tab le ,  were determined. The 

method c o n s i s t s  of hea t i ng  one sur face of a  t h i n  sample d i s c  w i t h  a  s h o r t  heat  

pu l se  f rom a  l a s e r  beam. The hea t  p u l s e  passes th rough  t h e  sample, and t h e  tem- 

pe ra tu re  t r a n s i e n t  on t h e  back su r f ace  o f  t h e  sample i s  measured and recorded. 

The thermal d i f f u s i v i t y  i s  determined f rom t h e  shape o f  t h e  temperature-versus- 

t ime  curve.  

The temperature t r a n s i e n t s  were measured o p t i c a l l y  us i ng  a  l i q u i d  n i t r o g e n  

cooled, ind ium ant imonide, i n f r a r e d  d e t e c t o r .  The s i g n a l  f rom t h e  d e t e c t o r  was 

d i sp l ayed  on an o s c i l l o s c o p e  and recorded on f i l m .  Co r rec t i ons  were made f o r  

hea t  losses,  b u t  pu l se  t ime  c o r r e c t i o n s  were n o t  r equ i r ed .  

Each sample was i n i t i a l l y  heated t o  1300 t o  1400°C w i t h  measurements be ing 

taken  a t  approx imate ly  100°C i n t e r v a l s .  On coo l i ng ,  measurements were taken 

a t  200 t o  250°C i n t e r v a l s .  Subsequently, each sample was heated t o  1600 t o  

1650°C. The samples were h e l d  a t  t h i s  temperature f o r  4  t o  5.5 hours. Measure- 

ments were made t o  compare t h e  thermal d i f f u s i v i t y  be fo re  and a f t e r  heat  t r e a t -  

ment. The sample was then  coo led  t o  room temperature and aga in  heated t o  1530 

t o  1650°C w i t h  measurements be ing made a t  200 t o  300°C increments.  

The thermal d i f f u s i v i t y ,  a, (cmZ/sec) was c a l c u l a t e d  f rom t h e  r e l a t i o n s h i p .  

where tlI2 i s  t h e  t ime  f o r  t h e  back su r f ace  o f  t h e  sample t o  reach 112 t h e  maxi-  

mum temperature;  tc i s  a  heat  l o s s  c o r r e c t i o n  which i s  determined f rom t h e  shape 

o f  t h e  t ime- temperature curve; and d  i s  t h e  sample th i ckness .  



The thermal c o n d u c t i v i t y ,  A, (W/cm-C) was c a l c u l a t e d  f o r  each thermal 

d i f f u s i v i t y  da ta  p o i n t  f rom t h e  r e l a t i o n s h i p  

3  where C (ca l /g-"C)  i s  t he  heat  capac i t y  and (g/cm ) i s  t h e  sample dens i ty .  
P  

The above 1  i m i  t ed  amount of ou t -o f - reac to r  thermal c o n d u c t i v i t y  and tem- 

pera tu re  data were analyzed by a  computer program which performs l e a s t  squares 

s o l u t i o n s  of l i n e a r  equat ions by or thogonal  t ransformat ions.  The program 

generates c o e f f i c i e n t s  f o r  a  t h i r d  o rder  po lynomia l ,  p r e d i c t s  a  t r u e  va lue f o r  

t h e  thermal c o n d u c t i v i t y  a t  t h e  i n p u t  temperatures, and est imates a  95% upper 

and a  95% lower  l i m i t .  The thermal c o n d u c t i v i t y  u n c e r t a i n t y  i n t e r v a l s  employed 

i n  t h i s  ana l ys i s  a r e  based on t h e  l i m i t s  est imated by t he  program f o r  t he  ou t -  

o f - reac to r  data. 

However, a curve f i t  t o  t he  expanded da ta  base i n  F igure  4, which has more 

s c a t t e r  b u t  a  h ighe r  d e n s i t y  per  temperature i n t e r v a l ,  shows s i m i l a r  r e s u l t s :  

TABLE A-2, Comparison o f  Regression on Two Thermal 
Conduc t i v i t y  Data Sets 

Typ ica l  95% Confidence Residual Standard 
I n t e r n a l  a t  800°C D e v i a t i o n  

Source (W/cm-C) (W/cm-C) 

F igure  3  
( D i f f u s i v i  ty  Data 57 x 10 - 4  

f o r  IFA-431 Fue l )  

F igure  4  
(Expanded Data '4 
Set per  Ref. 6 )  

As noted i n  Appendix D, use o f  t h e  curve fit t o  t h e  expanded da ta  s e t  does 

n o t  inc rease  the  h  u n c e r t a i n t y  very  much. 
gap 



4.0 THERMAL NEUTRON FLUX DEPRESSION 

The f l u x  depression fac to r ,  F, was taken from the  r e s u l t s  of a  THERMOS (1.1 ) 

c a l c u l a t i o n  fo r  a  10% enr iched UO p e l l e t .  However, the  unce r ta in t y  on F can 2 
be b e t t e r  appreciated by consider ing the  approximate so l  u t i o n  Io (Kr )  where I. 

i s  a  mod i f ied  Bessel 's func t ion  and K i s  t he  e f f e c t i v e  inverse  d i f f u s i o n  

l e n g t h  f o r  t he  neutrons, and as such i s  p ropor t iona l  ' to t h e  square r o o t  o f  the  

product o f  s c a t t e r i n g  and absorpt ion cross sect ions f o r  t he  f u e l .  With F' 

def ined as 

f o r  a  so l  i d  p e l l e t ,  i t  i s  poss ib le  t o  de f i ne  a  range f o r  K such t h a t  

F' = F  + X%, f o r  F d .85 .  The f o l l o w i n g  t a b l e  summarizes the  r e s u l t s .  

TABLE A-3. Va r ia t i on  o f  F  With K 

From the t a b l e  we see t h a t  a  +5% v a r i a t i o n  i n  F  corresponds t o  a  t14% 

v a r i a t i o n  i n  K, which corresponds t o  about 220% v a r i a t i o n  i n  cross sect ions. 



5.0 WATER FILM HEAT TRANSFER COEFFICIENT 

Experiments were performed i n  the  SAPHIR swimming pool type r e a c t o r  a t  

the  I n s t i t u t e  f o r  Reactor Research i n  ~ u r e n l i n ~ e n  and i n  SILOETTE a t  t h e  Center 

f o r  Nuclear Studies i n  Grenoble t o  determine heat t r a n s f e r  coe f f i c i en ts .  (12;13) 

The average unce r ta in t y  f o r  t he  SAPHIR data i s  +9.5% and t h a t  f o r  SILOETTE 

i s  +15.1%. The author d i d  no t  g i ve  reasons f o r  t h i s  d i f f e r e n c e  nor  were the  

reasons apparent from the  data. A heat t rans fe r  c o e f f i c i e n t  ca l cu la ted  us ing 

Nussel t, Reynolds, and Prandt l  Numbers was shown by the  author  t o  l i e  w i t h i n  

the  range o f  unce r ta in t y .  

An unce r ta in t y  va lue  o f  515% f o r  t h e  water f i l m  heat t r a n s f e r  c o e f f i c i e n t  

was selected.  

6.0 ADDITIONAL UNCERTAINTIES 

Add i t iona l  u n c e r t a i n t i e s  considered a re  those associated w i t h  crud deposi- 

t i o n  on the  c ladd ing  surface, bu l k  water temperature, and c ladd ing  thermal con- 

d u c t i v i t y .  The u n c e r t a i n t i e s  f o r  t h e  l a t t e r  two parameters a r e  as fo l l ows :  

+% Uncer ta in ty  

Bulk water temperature 1 

Cladding thermal c o n d u c t i v i t y  5 

Crud depos i t i on  on f u e l  rods i r r a d i a t e d  i n  the  HBWR has r a r e l y  been 

observed du r ing  p o s t i r r a d i a t i o n  examination. Crud was found on two assemblies 

which had a square l a t t i c e  o f  f u e l  rods i n  a square shroud and on a burnout t e s t  

which was taken i n t o  c r i t i c a l  heat f l u x  cond i t i ons  numerous times. On f u e l  rods 

i r r a d i a t e d  i n  assemblies w i t h  c i r c u l a r  shrouds (IFA-431 and IFA-432 are i n  c i r -  

c u l a r  shrouds), adherent zrud deposi ts  have been v i r t u a l l y  absent even t o  burn- 

ups i n  t he  30,000 MWd/MTM range. (a )  I n  view o f  t h i s  h i s t o r y  o f  crud depos i t ion  

i n  t he  HBWR, we a r e  assuming c rud- f ree  surfaces du r iog  the  i r r a d i a t i o n .  I f  

p o s t i r r a d i a t i o n  examination shows s i g n i f i c a n t  amounts o f  c rud  depos i t ion ,  appro- 

p r i a t e  c o r r e c t i o n  f a c t o r s  w i l l  be app l i ed  t o  the  data. 

(a )  This  in format ion i s  taken from a memo dated December 16, 1975 - Crud 
Formation on Fuel Rods i n  HBWR - from Hanevi k (Halden Reactor P ro jec t )  
t o  J. A. Christensen. 
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EXAMPLES OF RELAT IVE  VARIANCE CALCULATIONS 

A. R e l a t i v e  Var iance  o f  A tp  



B .  Relative Covariance of A t f  and A t  
C. C ~ t , , ~ t -  

a A t c  a A t  aatf 
First note tha t  - = = - - a b ddi  - 0 so tha t  the l a s t  three terms 

a h f  
are  0. Then 

a A t  Pn(do/di ) A t c  2~ t 
C= - - -  - - -  f -  A tf  

act 2 r  b 9 aq 9 

Hence 

c o v ( ~ t , , A t ~ )  = 2 c - - do ' a t c ,~ t f  nt ,  a t f  Cq - l$T7Tj- o 'I 
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When t h e  gap conductance d i s t r i b u t i o n  i s  approx imate ly  Gaussian, t h e  

e r r o r  p ropagat ion  u n c e r t a i n t y  i s  adequate. 

These conc lus ions  a r e  based on examining t h e  Monte Ca r l o  r e s u l t s  us ing t he  

IFA-431 rods 1  t o  4  ope ra t i ng  parameter values. (Only t h e  general  parameter 

values f rom the  ac tua l  t e s t  da ta  were used--not t h e  ac tua l  h i s t o r y  o f  t h e  

rods .) For  each r o d  1  i n e a r  hea t  r a t i n g  va l  ues were se lec ted  a t  100, 200, 

300 and 400 W/cni. Hence, t he  s tudy cons i s t s  o f  16 d i f f e r e n t  r o d  ope ra t i ng  

cond i t i ons .  For  each o f  t he  ope ra t i ng  c o n d i t i o n s  t he  procedure was: 

To assume each i n p u t  parameter was gaussian w i t h  mean and u n c e r t a i n t y  

s p e c i f i e d  by t h e  ope ra t i ng  cond i t i ons .  

To randomly generate 500 values f o r  each i n p u t  parameter. 

To per form t h e  c a l c u l a t i o n s  necessary t o  o b t a i n  t he  i n te rmed ia te  para- 

meters and gap conductance (completed 500 t imes) .  

To eva lua te  f o r  each i n p u t  and o u t p u t  parameter t h e  d i s t r i b u t i o n  o f  

t he  500 values (histogram, s t e m l l e a f  d i sp lays ,  p r o b a b i l i t y  p l o t s ,  t e s t  

s t a t i s t i c s ,  e t c . ) .  

To c a l c u l a t e  t h e  o u t p u t  parameters' average va lue and u n c e r t a i n t y  f o r  

comparison a g a i n s t  t he  methods i n  Sec t ion  V. 

The d i s t r i b u t i o n s  o f  the  i n p u t  and i n te rmed ia te  parameters under a l l  16 

c o n d i t i o n s  appeared Gaussian when assessed by p r o b a b i l i t y  p l o t t i n g  and by t h e  

W-test f o r  normal i t y .  I n  t h e  case o f  gap conductance t h e  d i s t r i b u t i o n s  tended 

t o  be skewed t o  t h e  r i g h t  e s p e c i a l l y  f o r  r o d  3. F i gu re  C-1 shows a  frequency 
4  p l o t  o f  gap conductance va lues f o r  t h e  500-element " rod 3" sampl e  a t  3.0 x  10  W/m. 

2 The i n t e r v a l e s  a r e  0.02 W/m -C x l o4 ,  and t he  numbers w i t h i n  t h e  p l o t  r ep resen t  

t h e  second d i g i t  t o  t h e  r i g h t  o f  t h e  decimal place. Note t h e  l o n g  t a i l  a t  

h i g h  h  values. 
9  

Comparisons o f  t h e  e r r o r  propagat ion a n a l y s i s  and t h e  Monte Car lo  r e s u l t s  

a re  con ta ined  i n  Tables C-1, C-2, and C-3. The f i r s t  two t a b l e s  a r e  f o r  t h e  

i n te rmed ia te  parameters and t he  t h i r d  f o r  gap conductance. The agreement 

shown between t h e  s imu la ted  and e r r o r  p ropagat ion  r e s u l t s  i s  good f o r  t h e  
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FIGURE C. l  Stem/Leaf o f  S imu la ted  Gap Conductance Values f o r  

Rod 3, 3.0 W/m x 104 



TABLE C. 1 Comparison o f  E r r o r  Ana l ys i s  and Monte Car lo  Resu l t s  
f o r  IFA-431 Rod 1 I n t e rmed ia te  Parameters 

Parameter Val ue U n c e r t a i n t y  
E r r o r  E r r o r  

Parameter Ana lys is  Monte Ca r l o  Ana l ys i s  Monte C a r l o  

F i l m  Temperature Drop A t f  

Ca ldd ing Temperature Drop A t c  

I n s i d e  Cladding Temperature ti 

Fuel Surface Dens i t y  ts 

De l t a  Temperature Drop A t  
9 



TABLE C.2 Comparison o f  E r r o r  Ana l ys i s  and Monte Car lo  Resu l t s  
f o r  IFA-431 Rod 3 I n t e rmed ia te  Parameters 

Parameter Value U n c e r t a i n t y  
E r r o r  E r r o r  

Parameter Ana l ys i s  Monte C a r l o  Ana l ys i s  Monte Car lo  

L 

F i l m  Temperature Drop A t f  

C l  adding Teniperature Drop A t c  

I n s i d e  Cladding Temperature ti 

Fuel Sur face Temperature tS 

Gap Temperature Grad ien t  A t  
9 

2.0 x l o 4  W I ~  87.3 
3,o 80.0 
4.0 70.9 



TABLE C.3 Comparison of Gap Conductance Error Analysis 
and Monte Carlo Results  f o r  IFA-431 Rods 1 and 3 

Rod 1 

hg (w/m2-c) x 1 o4 
Error  Analysis 
Monte Carlo 

Uncertainty (symmetric) 

Error  Analysis 
Monte Carlo 

Uncertainty (F ie l  l e r ' s )  

Error  Analysis 
Monte Carlo 

Rod 3 

hg (w/m2-C) x 1 0 4 
Error  Analysis 
Monte Carlo 

Uncertainty (symmetric) 

Error  Analysis 
Monte Carlo 

Uncertainty (F ie l  l e r '  s )  

Error  Analysis 
Monte Carlo 

Linear Heat Rating (W/m) x 10  
4 

2.0 3.0 4.0 



i n t e rmed ia te  parameters. For  gap conductance t h e  u n c e r t a i n t y  l i m i t s  based on 

F i e l l e r ' s  method show good agreement. F i e l l e r ' s  method was appl i e d  t o  t h e  

s imulated mean values and u n c e r t a i n t i e s  f o r  t h e  l i n e a r  hea t  r a t i n g  and gap 

temperature drop i n  t h e  same manner as presented i n  Sec t ion  V.C. The e r r o r  

propagat ion u n c e r t a i n t i e s  do n o t  agree as w e l l  w i t h  t h e  s imu la ted  r e s u l t s ,  

espec ia l  l y  as t h e  u n c e r t a i n t y  increases.  

A d i r e c t  comparison o f  t h e  c a l c u l a t i o n s  f o r  t h e  gap conductance uncer- 

t a i n t i e s  w i t h  t h e  s imu la ted  gap conductance va lues i s  presented i n  Table C-4. 

I n  t h i s  t a b l e  t he  ac tua l  gap conductance l i m i t s  a r e  g iven  f o r  rods 1  and 3 based 

on bo th  e r r o r  propagat ion and F i e l  l e r ' s  method. Note t h a t  t he  l owe r  and upper 

1  i m i t s  a re  l a r g e r  f o r  F i e l l e r ' s  method. Th i s  i s  most acu te  f o r  h i gh  uncer- . 

t a i n t i e s  (as measured by e r r o r  propagat ion) .  Two reasons f o r  t h i s  s h i f t  can 

be given. F i r s t ,  the  upper 1  i m i t  f rom F i e l l e r ' s  method takes account o f  t h e  

skewness i n  t h e  gap conductance d i s t r i b u t i o n .  Second, because o f  t h e  skewness 

t h e  u n c e r t a i n t y  es t ima te  f rom the  e r r o r  propagat ion i s  i n f l a t e d  r e s u l t i n g  i n  

t he  l i m i t  be ing  lower  than necessary. The percen t  below and above i tems g i v e  

t h e  percentage of  t h e  500 Monte Ca r l o  values t h a t  a r e  below and above t h e  

i n d i c a t e d  l i m i t s .  Based on t he  i n t e r p r e t a t i o n  o f  u n c e r t a i n t y  g i ven  i n  Sec t ion  V, 

approx imate ly  0.125% would be expected i n  each case, i .e . ,  0.6 observa t ions  

below and above. F i e l  l e r ' s  method s a t i s f i e s  t h i s  i n t e r p r e t a t i o n  b e t t e r  

than e r r o r  propagat ion.  



TABLE C.4 E r r o r  Propagat ion and F i e l l e r ' s  Method Gap Conductance 

- L i m i t s  and Cornparison t o  IYonte Car l  o D i s t r i b u t i o n s  
(hg Val ues i n  ~ / m 2 - c  x 1 04) 

L i n e a r  Heat R a t i n g  (W/m) x 1 0  4 

1 .O 2.0 3.0 4.0 

Rod 1 

E r r o r  P ropaga t ion  
Lower L i m i t  0.205 

hg Upper L im i  t 0.295 

% Below 
% Above 

F i e l  l e r ' s  Method 
Lower L i  mi t 0.21 1 

hg Upper L i m i t  0.302 

% Below 
% Above 

E r r o r  P ropaga t ion  
Lower L i  mi t 

hg Upper L i m i  t 

% Below 
% Above 

F i e l  l e r ' s  Method 
Lower L i m i t  
Upper L i  mi t 

% Below 
% Above 
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PARAMETRIC STUDIES 

The f o u r  i n p u t  v a r i a b l e s  which have t h e  most e f f e c t  on t he  u n c e r t a i n t y  

o f  deduced gap conductance a re  l i n e a r  heat  r a t i n g ,  fue l  thermal c o n d u c t i v i t y ,  

center1 i ne temperature and f 1  ux depression. The assigned u n c e r t a i n t i e s  f o r  

these i n p u t  v a r i a b l e s  a r e  s u b j e c t  t o  debate. We a t tempt  t o  show i n  t h i s  

appendix t h e  e f f e c t  o f  v a r y i n g  t h e  assigned u n c e r t a i n t y  o f  each o f  t he  f i r s t  

t h ree  parameters. The e f f e c t  o f  v a r i a t i o n  o f  f l u x  depress ion u n c e r t a i n t y  

would be s i m i l a r  t o  t h a t  f o r  1  i n e a r  power. 

1. The L inea r  Power, q 

The assigned u n c e r t a i n t y  f o r  q i n  t h i s  t e s t  was 25.6% r e l a t i v e .  

A  more g e n e r a l l y  used es t imate  i s  210%: F igure  D-1 shows t he  uncer- 

t a i n t y  i n  hg as a  f u n c t i o n  o f  a t  a t  300 W/cm f o r  bo th  cases. 
9  

Note t h a t  f o r  Uq = lo%,  and AT g rea te r  than a200 C, t h i s  
gap 

f i g u r e  imp1 i e s  t h a t  u n c e r t a i n t y  i n  c a l c u l a t e d  f u e l  temperatures i s  

always g rea te r  than  100 C f o r  powers equal t o  o r  g r e a t e r  than 

300 W/cm. 

2. The Center1 i n e  Temperature t, 

Inc reas ing  t h e  u n c e r t a i n t y  on t h e  measured c e n t e r l i n e  temperature 

w i l l  a l s o  inc rease  t h e  u n c e r t a i n t y  of hg, b u t  n o t  n e a r l y  so d r a s t i c a l l y  

as w i t h  q. F igure  D-2 shows t he  r e s u l t  o f  doub l ina  t he  assigned cen te r -  

l i n e  temperature u n c e r t a i n t y  o f  t3%.  



\ 
\ Uq = 10%: 

UPPER LINCERTAINTY L I M I T  \ LOWER IJNCERTAINTY L I M I T  

Uq = 5.6% : 
UPPER UIVCERTAINTY L I M I T  
LOWER LIIVCERTAINTY L I M I T  

ATgap, DEGREES C 

FIGURE D-1 . Comparison o f  D i f f e r e n t  U n c e r t a i n t i e s  f o r  q 
a t  Mean Value o f  3.0 W/m x 104 



Ut = 6% 
C \ 'L UPPER LIMIT 

LOWER LIMIT 

1 
0 100 200 300 400 500 6 

Atg, DEGREES C 

4 FIGURE 0-2. D i f f e r e n t  U n c e r t a i n t i e s  f o r  tc a t  3.0 x 10 W/m 



3. Fuel Thermal Conducti v i  t y  

The data taken o u t - o f - p i l e  on a  few p e l l e t s  by PNL may represent  

t he  i n - p i l e  thermal c o n d u c t i v i t y  a t  s t a r t u p  bu t  may d iverge  fro111 t h e  

t r u e - i  n-p i  l e  va l  ue a f t e r  some burnup and cyc l  i n g  has occurred. We 

decided t o  a t  l e a s t  t e s t  the  e f f e c t  o f  us ing  another c u r v e - f i  t f o r  t h e  

thermal c o n d u c t i v i t y .  The c u r v e - f i t  chosen was one repor ted  i n  

Reference 7, which u t i l i z e d  over  400 data p o i n t s  from var ious  authors, 

repor ted  from both i n - p i l e  and o u t - o f - p i l e  t e s t s .  The c m a t r i x  r e s u l t i n g  

from t h i s  c u r v e - f i t  was: 

The r e s u l t i n g  unce r ta in t y  curves a re  shown i n  F igure  D-3. 
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