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Med ia nte el empl eo  del Codigo de Combustibles B A C O ^ ^  

se ha investigado la i n f l u e n c i a  que diferentes m o d e l o s  

de con duc ta ncia t é r m i c a  C o m b u s t i b 1e - V a i n a ,ejercen en la 

pred icció n de las t e m p e r a t u r a s  del Combustible,

Se han utilizad o c u a t r o  m o d e l o s  dif ere nt es en la 

si mulación del c o m p o r t a m i e n t o  t e r mo-mec án ico de un e l e m e n  

to combustible tipo A t u c h a , b a j o  un determinado ciclo de 

p o t e n c i a .



" C O M P U T A T I O N A L  EXPERIENCE" S H O W I N G  THE INFLUENCE OF THE 
FU EL- TO-SH EA TH THERMAL C O N D U C T A N C E ,  IN R E A C T O R  FUEL TEMPE 
R A T U R E  P R E D I C T I O N S .

* * * *Carlos Ba igorria Santiago H a r r i a g u e  Klaus Lassmann

A B S TR AC T

Th ro ug h the B A C O ^ ^  code, the influe nc e of the pellet- 
sheath gap thermal conductance m o d e l s  on t em pe rature  predictions 
has been i n v e s t i g a t e d . Four d i f f e r e n t  mo dels have been used for 
sim ul at ing the t h e r m o - m e c h a n i c a 1 b e h a v i o r  of a reactor fuel ele- 
ment .

N O M E N C L A T U R E

d : radial gap. (cm)
h : f u e l - t o - s h e a t  heat tr an sf er c o e f f i c i e n t  or gap thermal 

conductance. (Watt/cm^ °K) 
km : th er mal conductivity of the f i l l í n g  gas in the gap.

( W a t t /cm °K)

2 kf . k s
k : -------------- i where kf : t h e r m a l  c o n d u c t i v i t y  of the fuel

1c ■p “f* 1cs k g í t h e r m a l  c o n d u c t i v i t y  of the sheat

(Watt/cm ° K)

R ,R : Rou g h n e s s  of sheath and fuel inner sur faces (mean valúes), s r
(cm)

R : root me an square of the fuel and sheath r o u g h n e s s . (cm)

H : Sheath M eyer hardness. (MPa)

g : Sum of the temperatures ju m p  d i s t a n c e s  of sheathand fuel. 
(cm)

P : co nt ac t pressure. (MPa)

* C o m i s i ó n  Nacional de E n e r g í a  A t ó m i c a  - Argentina.
** K e r n f o r s c h u n g s z e n t r u m  K a r l s r u h e -  Germany,



h^ : thermal c o n d u c t a n c e  of the fuel-gas interfase. 
(Watt/mm^ °K)

h : thermal c o n d u c t a n c e  of the sheath-gas i n te rf ase. 
S &

(Watt/mm^ °K)

hg : thermal c o n d u c t a n c e  of the filling gas in the gap. 
(Watt/mm^ °K)

B : Burnup (MWd/MtU)

IN TRODU CT ION

(2)One of the c o - a u t o r s ,  L a s s m a n n  , in a recent p u b l i c a -  
tion has pro posed a n e w  inodel for the fuel-to-sheath h e a t  trans- 
fer coefficient. Als-o, in that paper, current m o d e l s  are criti- 
cally reviewed wi t h  m o r e  than 388 ex perimental re sul ts.

The above m e n t i o n e d  inodel, used in the URANU S  ̂  ® ̂ c od e , 
has b e e n  in co r p o r a t e d  to the BACO code which admits, a l t e r n a t i v e  
l y , the use of d i f f e r e n t  models .

In the pr ese nt  work, the co mpu tatio nal e x p e r i e n c e  con- 
sists in four runs of the code, simulating the t h e r m o - m e c h a n i c a l  
b e h a v i o r  of a fuel e l e m e n t  of a reactor of the type H WPR, for a 
d e term in ed  power cycle; each run was performed w it h a d i f f e r e n t  
mo del  for the m e n t i o n e d  c o e f f i c i e n t  in order to d i s c e r n  the in- 
fluence that this c o e f f i c i e n t  has in fuel-sheath t e m p e r a t u r e  pre- 
d i c t i o n s .

Gap co n d u c t a n c e  m o d e l s  are described in s e c t i o n  1. R e ­
sults are showed and c o m m e n t e d  in section 2.

The general in put data for the runs are showed in Ta ble  I 
and the power cycle in Ta ble II-



1. D e s c r i p t i o n  of the gap c o n d u c t a n c e  roodels.

The followíng models have b een  s e l e c t e d  for the comparati 
ve study:

a) E o s s - S t o u t e  (with m o d i f i c a t i o n s  due to G o d e s a r -
T o b b e ^ ^  and K a i s e r ^ ^

b) Cam pb ell et a l ^ ^
s t ( 2 )c) L a s s m a n n / o \

d) Br o u g h t o n  - McDonnald 

Th e _Ross — S toute_model

The heat transfer coefficiént w i t h i n  the xnodel generally 
known as R o s s - S t o u t e  model is:

(1)

is the heat tr ans fer  coeffi- 
c i e n t  c o r r e s p o n d i n g  to the 

the gap

is that c o r r e s p o n d i n g  to the 
c o n d u c t i o n  throug h the solid- 
s o l i d  cont act s p o t s . (*)

In the present paper k^ and g are c a l c u l a t e d  according to 
God esa r - Tobbe and Kaiser (Appendix 1).

The Campbell model

This m od el  is based in'the R o s s - S t o u t e  model, with some 
mo d i f i c a t i o n s  int roduced in order to fit in re act or  m e a s u r e m e n t s .

h = h + h f s

where h = -------
2,5 (Rg+ R f ) + g + d

co nd ucti on  through the gas filling
k P

and h = ---------------
S 0,5 R 1/2 H

(*) In the pr es en t work radiation t erm s are neglected.



Wit hin  this m o d e l  the coeffic ie nt is:

k k P 1 ̂  2h in
1.5 (Rf + R c ) + g + d 8,6 . 10“ 2 R 1/ 2 H

T h e _ L a s s m a n n _ m o d e l .

This model is e x t e n s i v e l y  e x D lai ne d in Ref.2. W i t h i n  it 
the first térra of e q u a t i o n  (1) is ob tai ne d from:

1/h, = l/ h£ + 1/h + 1/h f fg sg g

Wh8re k (1 + 115 R . ) / Watts \
h . -------1.. _____ j . s , f

S 2,55 R ± \ m m  °K /

k /W at t sm I
mm

The second term ar ise s f r o m  the fo llo win g correlation:

k and g are g iven a c c o r d i n g  to Godesar-Tobbe and K a i s e r , m
(Appendix 1).

/ o \
T í i e _ B r o u g l 2 t o r i _  — _ M < c D o T i i i a l d _ T n o d e l ___

This model c o n s i d e r s  fuel-sheath geometries r a n g i n g  from 
an open gap with p a r t i a l  contact zones to a closed gap w i t h  
strong contact. The s i z e  of the contact zone depends of the 
b u r n u p .

For zero co ntact pr e s s u r e ,  the thermal con ductance is
■%> ̂



given b y :

h = (1 - F) h. + F h (6)r s

where
k

d + R

: as d e t e r m i n e d  by B r o k a w ^ ^ a n d  D e a n ^ ^  , A p p e n d i x  1 

km
h -------

R

The f r a c t i o n  of pellet c i r c um fe rence in cont a c t  with the 
cladding, F, is a s s u m e d  to be an inverse p o w e r  low f u n ct ion of 
the ratio b e t w e e n  the radial gap and the p e l l e t  radio.

1
F -------------------- -----------  + 0,3 (7)

, b

(  ; )
a l----------- / + 1,429

where
r : p e l l e t  radio 
a : 100 - 98 F' 
b : 4 - 0,5 F'

1
with F*= 1 -

i B - 600 \

V 1000 J
4

+ 1

W h e n  the fuel and sheath are in s t r o n g  co nt a c t  (contact 
pressure l a r g e r  than z e r o ) , the c o n d u c t a n c e  is g i v e n  b y :

t I W \ n m
h s l— i — r  c p + —

\ c m  °K ¡ R

_ ?where C = 5 x 10 and
A*



n = 1 for 0 ^ P ^ 6 , 8  M P a  
and n = 1/2 for P ^ 6 , 8  M P a

RESULTS

By using the ge ne r a l  input data of Table I and the p o w e r  
hi story of Table II, four r un s of the BACO code have been p e r f o r  
med, each one with a d i f f e r e n t  mo del  for the gap thermal c o n d u c -  
tance desc ribed in sectio n 1. The results of interest from the 
point of ví e w  of BACO teraperature p r e d i ctions are shown in Fi g s . l  
to 4 .

The label in - each c u r v e  means': 1) Run with P o s s - S t o u t e  
2) with Lassmann, 3) with C a m p b e l l  and 4) with Brough ton - M c D o n  
nald m o d e l s .

In figure 1 the gap w i d t h  and the contact pr ess ure are 
plotted. For the cycle d e s c r i b e d  in Table 1 whxch has a s u d d e n  
power increment after 50 day s  of irradiation, the four m o d e l s  
predict the pellet-sheat c o n t a c t  to occur at the second p o w e r  
ratnp. A- slight larger gap is pr e d i c t e d  by the model 4.

In Fig.2 the gap c o n d u c t a n c e s  are plotted. Untíl 50 days 
approx i m a t e l y  the models 1 to 3 show no difference s and the m o ­
del 4 pr edi cts higher val ú e s  when the gap is open due to the 
a s sump ti on of the pellet f r a c t i o n  to be ín soft contact (zero 
contact pressure) with the sh eat h,

From 50 days up the four thermal conductances i n c rease 
quickly be cause of the sh arp increment in the contact p r e s s u r e .

The later decrease is due p r i n c ip ally to the release of 
fission gases into the gap. De sp it e th% increment in gas densjL 
ty as the irradiation e v o lv es, fission pr'oducts no rma lly  r e d u c e



the the rmal c o n d u c t i v i t y .

The fuel ce ntra l temperatures are show n in Fig. 3. Before 
the contact time, a diff er ence of about 300° K e x i s t s  be tw e e n  the 
valúes p r e d i c t e d  by us ing the model 4 and t h o s e  p r e d i c t e d  by us- 
ing the o t h e r  three.

A fter the contact a difference of less th an 150°K exists 
be twe en the fou r  pred ic tions. That is, w h e n  the pellet and 
sheath are in c o n t a c t  a differe nce of a p p r o x i m a t e l y  60% in the 
thermal c o n d u c t a n c e  va lú es produces a d i f f e r e n c e  less than a 10% 
in the c a l c u l a t e d  valú es  for the fuel ce ntral t e m p e r a t u r e .

In Fig. 4 the calc ul ated inner sheat an d fuel surfaces 
tem per at ures ar e  shown.

As e x p e c t e d ,  the sheat surface t e m p e r a t u r e  does not de- 
pend of the ga p conduc tance.

In a d d i t i o n ,  at the fuel surface a d i f f e r e n c e  of less 
than 100°K b e t w e e n  the pr ed ictio ns resulting for d i fferen t mo- 
dels of the ga p c o n d u c t a n c e  is obtained; this v a l u é  amountsto 
about 15% of th e fuel tem pe ra ture valúes.

By the en d  of the power cycle the d i f f e r e n c e s  in p r e d i c ­
tions are less than 5% of the temperature v a l ú e s .

C O N C L U S I O N S

The B A C O  code has be en used for s i m u l a t i n g  the thermal- 
me cha n i c a l  b e h a v i o r  of a fuel element of a H W P R  unde r a given 
power cycle.

Four m o d e l s  of f u e 1 - 1o-sheath c o n d u c t a n e e s  have been  used 
for d i f f e r e n t s  runs of the code in order to c o m p a r e  the thermal 
pr edictions . « *



For the cycle proposed we have found that different no- 
deis lead to no important d i f f e r e n c e s  in fuel t e m p e r a t u r e s .

Then, we concluded that s t a b l i s h i n g  trustable models 
for the fu el -to -sheat thermal c o n d u c t a n c e  could be relevant for 
p re di cting fuel teraperatures for hi g h  burnup elements or during 
transients, but not for fuel pins un der normal operating condi- 
t i o n s .
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a)

where

u

\

A P P E N D I X  1

MO D E L S  FOR THE RMAL C O N D U C T I V I T Y  OF GAS MIXTU RES AND FOR 
E X T R AP OL ATION LENGTH

G o d e s a r - T o b b e - K a i s e r

k„ = 2 ----------- - ------------  (1)

1 i + £ i  Bu  V ' i
m

,u . . . h J E i - (?:!-!iíí!EíL
3 k j c pi (9_5

: gas viscosity of gas i

vi : spfecific heats at c o n s t a n t  p r e s s u r e  and at constant 
volume re s p e c t i v e l y  of gas i

M. : molecula r weight of gas i
r~-

S^ : °Sutherland co nstan t of gas i 

T : temperature (°K)



Extragolation_lengtti_OTr_temgerature_¿uTnp d i s t a n c e

(2 - 0,827 a) 
g = 1 , 875  1 

a

where
a : a v e r a g e  a c c o m o d a t i o n  factor 
1 : a v e r a g e  me an free path

2_T_
S

c i a i

T  M ia ---------------
c .i
M.

1 (273 + S) T
1 =  _ _ 2------------- -----

P (T + S) 273 g

a : a c c o m o d a t i o n  fa ct or of gas i

1 = c. 1 . : av er a g e  m e a n  free pa th at 2 7 3 ° K  and
i 0.1 MPa.

1 q j : m e a n  p a t h  of gas i

P : gas p r e s s u r e  (bar) S

= /  c. S : av er age Sutherl and co nstan | i iS
i

b ) Br o k a w  - D e a n

T l i e x i i i i a l _ c o r » d T J C t i v i t j r

The r e l a t i o n s h i p  for calcu'lating the- t h e ^ i á l  c o n d u c t i v i t y  
is given by e q u a t i o n  (1) in a), with^t-he B^c ,áfe :

sr.?



B .. = A . .
13 13

CM. - M. ) (H. - 0,14 2 M.) 
1 + 2,41 — i — -1 — i ------------ 1-

(M. + M . ) 2
1  3

where

A. . =
1 3

£l + ( k i /kj ) 1/2 (Mi /Mj ) 1 / 4 j

2 j3 3 (1 + 1 / 2

For ver y diluite gases, that is, whe n  the ratio of the 
mean free path to the ch ar ac teristi c d i m e n s i ó n  of the gap exceeds 
about 0,01, the thermal co nductiv it y of the light gases should be 
divided by the factor ( D e a n ^ ^ )  .

k J ?
f = 1 + 0,002103

P R

where all the symbols have the p r e v i o u s  meaning.



Power up 

Constant 

Power 11 p 

Cons tant

G e n e r a l  input data

Fuel inner ra d i u s

Fuel ou ter  r a d i u s

Sheath inner ra d i u s

Sheath o ut er  ra dius

Act ive l e n g t h

Sheath m a t e r i a l

Fuel m a t e r i a l

Fuel d e n s i t y

Coolant p r e s s u r e

Outer sheat_h t e m p e r a t u r e

Fi llí ng gas c o m p o s i t i o n

Fillíng gas in it i a l  pressu re

Fuel surf a c e  r o ug hn ess

S h e a t h i n n e r  s u r f a c e  roughness

compac t 

0,531 cm 

0,540 cm 

0,595 cm 

5 30 cm

s t r e s s - r e l i e v e d  Zry-4 

U O 2 ( S t a i c h o m e t r í c  natural) 

95% TD 

12 MPa

578°K (constan t duríng  calcja 
1at i o n s )

He

1.7 MPa at r o o m  temper a t u r e  

2^m 

o , 7yt»m

Table II
oPower Cycle

I n i t i a l  Final linear power C,4c*c u m u l ate<  ̂ final
time (d) time (d) (w/cm) b u r n u p  ( M w d / M t U )

r amp 0 0.5

linear power 0.5 50

ramp 5 0 5 0.5

linear power 50.5 150

0 to 300 

300 

300 to 500 

50 0

25

2500

2524

7000



FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Gap width and contact p r e s s u r e  as functio n of the 
irradiation time.

Fuel-to-sheath thermal c o n d u c t a n c e  as function of 
the irradiation time.

Fuel central t e m p e r a t u r e  as f u n c t i o n  of the irra- 
diat ion t i m e .

Figure A : Surface fuel and inner sheath te mper a t u r e  as fu nc­
tion of the irr ad i a t i o n  time.
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