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t h e n e r d f o r t h e c " T , ; ) u t e v c o d i - s t o i n r l u d r - . i n i m p r o v e d . - o - . K - l f o r t h o e v o l u t i o n <" 'f t ! ; r - r . ' " ' ' ' ' ' r

o d p . e p o r o s i t y .

2 . K A S ' I L . - I A S S r . - i l i - u l i t i o n a l r r o i - e d i i r c

T h e n o r . t i n p o r 1 . ' . t i t r i i f f c - r e n r e s b v t v a c n F A S T C R A . n S n n d C R A 1 > 5 S S T a r e i n t h e - . i l r o r i t :

u s e d f o r r - . i ) < - n 1 . i t i n g t h e e v o l u t i o n o f l . u b h l e d e n s i t y . i t i d s i z e o v e r t i m e . I n C R A S S - S S T , t ' - .

b u b b l r - s i z t 1 d i s i r i h u t i o n i s t . p o c i f i f d b y t s i l c t i l . i t i n p t h e d i n s i t i e s o f b u b b l e s i n e . i c h o f .-.

number r f b n W i l c - s i z o c l . i . f ; . . cs . Each I m b b l o - a i z c cl.i:;r, i s r h . i r . i c t e r i z e d by .in .-ivi_-r.i£e nur ' .n :

of a t o i t s pei b i i b b l c , t h e v n l u c of which d i f f e r s fiotn that of t h e p r e c e d i n g r . i zo c l a s s by a

c o n s t a n t m u l t i p l i e r . (The nur.biT of s i z e c l . i n r . e s ir. a v a r i a b l e t! . . i t i s de te r ; - , inod d y n . i ~ i c -

a l l y d n r i r . j ; .1 c o n p u t p r r u n . ) Cli.ingcs i n t h e b u b b l o - s i z j d i s t r i b u t i o n , c.uu.ed by b u b b l e

c o a l e s c e n c e nnd r c - s o l u t i o t i , f o r e x a m p l e , a r e detc-i i;ii;i.*d by s o l v i i ^ a l a r g e n m b e r of

i n t e g r a l d i f f e r e n t i a l -cuint i n n s fo r e a c h t i n e s t e p . S o l i u i o n s . i r e c a r r i e d o u t f o r b u b b l e s

on gr.-iin s u r f a c e s , . i lonp d i s l o c a t i o n s , nnd in t h e b u l k : : . . i t r i x . ' The i t e r a t i v e . s o l u t i o n •.:"

a l . ) r ; ;e y: 'u-r of r . -up led i <;•:.it'<"•".'! i s n , - , i jnr fun t r : ' •! t o r t o tin? c c " 5 i i t o r ris-i t i n e s iif

GRASS SST.

In c o n t r a s t t o t h e i..ul r I c l . v . s d e s c r i p t i o n of t h e b u b b l o - s i z e d i s t r i b u t i o n i n

CRASS-SST, K.iSK,^.VSS u:;< <; o n l y two c l . i : ; : ; u s : one f o r s in ; ; ' - ? £ a s ato::-s and one f o r £-1 s l jubM.

In a d d i t i o n , t h e d o s c r i ' . t ion of b u b b l e s nn d i u l o r a t i o n s h.is been d e l e t e d . In CRASS-SST, i '

• ' • - . , f • • - . . i • . . . ( • • - . • r , r - i • i ; • r ' • • • . ' ' • ' • * ' • : • • • ! r •

i i i U - i s . . . . i . l i r , : . . . : . . t . i . . . i n I . i r , . J >i i - ' . .. ' . ' • ' • • ; . . : . : . , ' . '
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e l a s t i c s . i r e a v . i i l . i h l c t o f u l l y c h . i r . i c U r i , - c t h e d i s t r i b u t i o n s . I n K A S T f . K A S S , •.. i t ! i o n l y t •„•

• ; i / e r ] r . - . , • ' • • - v i f t i » • . T r • f . r - - i - . - r - . i - i . t I •: f r , • r - • • . 1 n r i . , , ) , ' , ] , . . ; , .., .. , r , . r. , > . , . , . . , - ; . , . . ,- . . ,

a t o m s a r c c h . - i r . i c t i T i z i . - d b y t h e i r n u o b t T d e n s i t y and atomic r a d i u s , w h i l e t h e £ . J S b u b h l t - K . 1 :

c h a r a c t e r i z e d by n u m b e r d e n s i t y a n d a v e r a g e s i z e , e x p r e s s e d a s t h e : . u n b e r o f . i t o . . i s p e r h u M

T h e ni invb'-r ritunities o f Jti 's: .1? a n d b u b b l e s a r t - d e t c . - r r . i n o d f o r b o t h t h e i n t r . ' i R r . i n u l a r , i n d

g r a i n - s u r f a c e t t - g i o n s b y s o l v i n g t h e f o l l o w i n g s e t o f e q u a t i o n s :

d f t ?

d t = b j f ? + c ? , ( 2 )

Q?.l 2

d t - -" - A l E i - B;p , i + C j , ( 3 )

a n d

dV = "B?8? + c?> ( ' °
w h e r o f j .'iiid f ? . i r e thu 1 s i t i g l f : - . i t o r r ,'incJ ! u ] h h ] t - d r n ; i ; w-..; , zc;.;!(-< t i v t - l y , f f r f hi- i . - j i r , ; , 1 : •(..!;

l a r r e g i o n , n n d £ j . i nd f j . i r e . t h e c o r r r ' , ;>o::i! i r . r , < ;H. . J I [ i t ;' e s f o r t h e r r ; i i n t o i : r . - l • r i c-s . ; h . '

o t h t ' T p ; i r .ir:.ft t r s a r c t i t - f i i i f -d .'K; f o l ! ( . *-^ :

a ] , Aj : R.itf.-, i n c : n ' / ! . , . i t w h i c h i n t r . i - . i n d i ; i t *•!;•,! . i n u l a r j-..\fi o t u m s , r o r . p o r t i v d y ,

a r c J u M d u e t o i . u c l c - i t i o n i n t o t ' . ' .o L : i b h l f s .

b j : B . i t e , i n s , a t v h i c l i i n i r . r ' . r . - r r . i l . - i r j - a s , i t . i ;nr ; a r e l o s t d m ' t o d i f f u-. i o n t o

C,.is b u b b l e s .n;.<l b i a r . i - d raipr.it i m i t o g r a i n b u n : : d a r i e r . .

c j : D i f f r r t - i i c o b < - t - < f i ) ( 1 ) t h e r a l e - , i n ntovx era - s , a t v h i i h i n t r . - i i ' r . m u l ; i r fr.as

a to : - : - ; . i r e ;;. n- r .11 i d b y f i •,•. i o n i rig . m d r< - s o l u t i o n a n d ('•'•) t h e r . u t a t w h i c h

t h e £ . i s ;ttcimf; .TIT- l o s t b y r a n d o m d i f f u s i o n t o p r a i n b o u i u ^ d r i c s . F o r [ i ^ n s i i n t

c a l c u l a t i o n s , t h n l o s s o f [;.-ir. . i t o : : s d u e t o r . m i l i r a d i f f v i s i o n t o ; ; r a i n b o u n d a r i e s

i s n o t i n c l u d e d ; n c ; , b u t i s i n c l u d e d a l n n i ; w i t h t l i e b i a s e d d i f f u s i o n coi r .?- ' . r . i .n t

i n b j .

b y : K a t e , i n s ' , a t w h i c h i s i l r a ^ r . i i m l a r b u M i l f S a r e l o s t b y b i a s e d n - i c r a t . i o n t o g r a i n

b o u n d a r i e s a n d r e - s o l u t i o n .

C 2 ? R . i t c , i n a t o n s cm ^ s ' , a t w h i c h i n t r a g r . i m i l j r b u b b l e s . i r e p t o d u c r c ? b y n u c l e a t i o . - ,

a n d d i f f u s i o n o f £ a s a t o t T i s t o h u b b i e s .

B i : R a t e , i n s , a t w h i c h i n t e r £ i a n u l a r £.ir, a t o m s a r e l o r - t by d i f f u s i o n t o b u b b l e s ,

m i g r a t i o n o u t o f t h e a n m i l u s , m i g r a t i o n t o t h e g r a i n o i ' f l c s , a n d r e - s o l u t i o n .

C j : R a t e , i n .it.—-.s i n - s ' , . i t ' . . i . i r h i n t L-r g r . - i r . u l a r £ . i s a t c f ; a r e p r o d u c e d 1-y d ! : : ' : i : ..

o f a t o " i s f r o n t h e l a t t i c e , m i g r a t i o n o f a t o m s i n t o t h e o n n u l u s ( u ~ t h e t e m p e r a t u r e

g r n d i r t i t ) f r o m t i n ' b o r d c r i n c a i : n u l ' i s , a n d r c - s o l u l i o n .

B 2 : R a t e , i n s ' , a t v h i c l i i : i t >•! t r . i n u l n r b o b b l e s a r e l o s t b y b i a s e d m i g r a t i o n o u t n f

t h e . i : r n ' ' ' " 5 , v i . " . . > J r\ i -,r.i t i i v i t o g r a i n f l j e e , , a n d r e - s o l u t i o n .

C j : R a t e , i n . i t . ' - s i ^ ' s ' , . i t i . h i c h i n u r ^ i . m u l . i r t ; . i s b u b b l e s a r c i n o i k u i J b y

I
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nuclcacion, diffusion of c J S atoms to bubbles, migration of bubbles from t!)0

V ' l • i •• , ••' •••:!' 1 1 i i f '.••'' 1 •••. i n t o I I I " m i M i l i n ( u p t h e t < • • : • " i . 1 1 u r i ' n . 1 . ! i . M (

The above parameters are, in general, functions of the average bubble size, S, wlii,

is determined as follows: During each time step, the processes of bubble nuclcation, pas-

atom diffusion to bubbles, bubble coalescence; and bubble rc-solution can lead to changes .'

the average bubble size. Coalescence increases S, while rc-.so] tit ion decreases S; bubble

; n u - 1 - i t i . •} .••.:;•;-: •• ,i •; : " f u : i - . n ;.•'•.: I - 1 • s t . v - ' i d t o M i b n { . : e S . I . n t r. ! > e t J n _ - f : .!.•:.'. •

change in bubble iJunsily during a particular time step. Then

C - -- (4)

vhere F is the rate at which the bubble density is clanging as a result of the nbove-

Cicnt i<it!<.'d ;•!•• ' • /-.us, Yj " £2 o r P2 is '-!"'< bubble density, find h is the internal ri~e --tip >•

the code. If £, is gieater than a threshold value c and bubble density is increasing, the

bubble- si/.e is incrt-.-j-.ed by a factor of 6. Similarly, if £ is greater than c and bubble

density is ripen-asin?,, tin.' average bubble size is decreased by a factor of 6. Note that a

change in bubble size- Ic-.nds to a corresponding change in bubble density, since the total

number of £.-1% nlr..-;-'-, in bubbles is conserved. The convergence parameters c and 6 were deter-

mined to have the values 0.05 and 5, respectively, by decreasing them to the point where

further reductions had a n.inin-.al effect on calculated results.
r

3. Models Describing; Fi '̂ .irm-C.i?; _Phrnonicna_ Pur ing Transi fnt_Jk^at^ng Cond i tio:.s

Ccm.parisions of CJKASS-SST predictions of gar; release and bubble-size distribution'.

with the re'-.u?ts (if DtH transient tests have resulted in the deve] oprnont and inclusion in

GRASS- SST .me!, cubnequfiit 1 y, FASTCJiAfS of the following key models:

3.1 Gas-channel f'orr..i t inn on Ccnin Surfaces

SI--M ox.i-ir. it ion of lli'Al-t ui. tfd fur] ̂  ' has revoali-d the develop,rnt of sinuous

channels on the grain faens after a saturation density of grain-boundary fission 2 a s n'ls ̂ "'

attaiiu'H (i.e., after a specific fraction of tho grain Surface has been occupied by gas

bubble'.). The-.c fire '.liinnols link up and extend to the grain-rcige channels, thus enh.i.ici-

tlio release of gar, from the grain surfaces.

The fraction of thr- grain surface occupied by gns bubbles can br calculated direct

from the f i ssioti-g.is bubble d i st 1 ibut ion , as follows:

If r . is the average radius of grain boundary bubbles in the iih size class, and g.

is the volume density of such bubbler., ther tho projected are.il coverage per unit

volume, A , of these bubbles on the boundary is given by

A. = T. 2g.- (6)

r~4. fd) -.-i •. b ,;•'••!-ii .1 ] Vi'iMi--, vlicn-iS K-nl }• nl.ir .;!;.-:prr; r-i^ht be c->:pi":t od '.s a

i 2 ]
result of gr.iin-oou.i-'.'.rjf ff-r.sion effects. Kovover, S L M examinations of the DF.H-

testod fuol rovcal that the grain-boundary bubbles, on the average, do not deform

appreciably from p'nricity.

The total projected covoiagc per unit volume, A, of grain-boundary bubbles (gas atoms

n , - 1 '. ' 1 , i .••. . i • 1 ) •••'.'•. ' . n • y
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If the E a s is assumed to occupy equal, close-packed, touching bubbles, tlicn the maximum

arcal coverage pur unit area of grain boundary is A* = 0.907. (Under conditions where this

assumption is not valid, A* <O.9O7. The calculated results are relatively insensitive 10

v.f]:i-s cf A* "-O.'iQ.) fr ;i:i '.••'::.: i ry sauir.it \^n (i.e., I !i..- i n i t ;.) t i -Mi of -.:s -rh .:. , l

tion) occurs when

Where S is the grain-boundary area per unit volume.

When eq. (8) is satisfied a portion of the grain-boundary g.is is vented to the j',i'ai:i

edges. Subsequently, if •-

A < A * S v
a a ,

the channels are assumed to sinter shut and remain so until eq. (8) is again satisfied.

3.2 Edge-tunnel Intcrlirikage

SEM examinations of DEH-tcsted fun! have also revealed the development of inter-

connected tunnels of gas along the grain edges. Recent experiments] evidence suggests th.it

the establishment, of these interconnected rdp.e tunnels is necessary for transient gas rele;:.-

during DKH tests.

In the CKACS treatment of interlinked porosity, which is statistical in nature, the

degree of pore inter]inkage alonR the grain edges is a function of both the grain and pore-

size distributions; The node]' , which is based on the mathematical theory of percolation,

uses the concept of an arbitrary distribution of sites with randomly distributed bonds or

links that join pairs of sites.

In contrast to the experimental results described in Refs. [1] and [2], the above

formlism for calculating the evolution of interconnected porosity does not predict that a

rapid increase in long-range porosity interconnection will occur after a critical value of

swelling due to fission-gas bubbles *>as been reached. The probaMe reasons for this defi-

ciency are as follows: (a) The geometry ossurr.ed in the above node! docs not correspond to

observations of DK!!- and PBF-tc;>tcd fuel. (b) CRASS dors rot include a realistic calculate.

of the size distribution of pores in which the internal gas pressure Is less than the surfa.

tension-induced pressure. (c) Material properties used in the CRASS calculation of the por-.

size distribution are experimentally alrost inaccessible.

Thus, to provide a more realistic calculation of the pore-interlinkagc fraction, th

slat i'.l ii'al :"I*I!""1 is ;u|.pl.. • • :it .rl by thr ;,'.<} i t ion.il rri t .•>' ion

B
v ( c r i t )'

where B . . is the calculated volume strain due to grain-edge fission-gas bubbles, and
v ̂ cnge}

B , . = 0.05 is the critical gas-bubble volume fracLion above '..'hich extensive long-range

interconnprHon of t!:o grain-else tunnels is assumed to take place. U1ie.n oq. (9) is s.His-

f i ^ - i i , ' I I •.!•.' ̂ \ .•'. ,\^i.'._c -i i - ; ;' • r i; • 1 .:. " ' : s u . ' . . t c •';•. i !, r . i l i o n i s f i - K . ' '•-•> i '••



J- R e st -6- Cl/6
exterior of ihe fuel. If. subsequently, B . . . becomes less than B . . ., rhr edge

v(edge) v(crit)

tunnels art: assumed to sinter shut, nnd the calculation of pore, intorl inkage is again per-

f . I •! \ i . i ••• ! . ' • : - i i I i - . '••;• : M ! ' • •.! •;••:. ' . r ' 1 ' - 1 • ,-, v . 1 I *;. i T , i:<. : : , n l : • :, ;;• • . . t .

^ D j , I n : • . ', i ..' •'• . . 1 . . : . • • < ' , „ • ' • . • • ! . I . . . ; , . : i ' i i v l . i - ' . l ::,.•'.. ! l : . M r : 1 ..•_:. i - ; i •- I . ^ . •. : . ,•

critical value for tunnel interlinkage in CRASS is taken from their work.

3.3 Effect of Transient Hearing; on the Mobility oj_lntra_£r.iriular Fission-nas Bubbles

Analyses with CR/.SS-SST for steady-state conditions, coupled with experimentally

tlf-t- t: ii:i.(i f v . ii.r, " i ^ r n l f . T ; i ? - i n r i :if; I)!:'! l o s t s , i m l i c . i t e t h a t l.-irgc q u a n t i t i e s o f p. a s i r e

l»i ;;u'. t:.i.i ;•• • i -J o u t o f t h e 1 0 r . . ; n s o i i - h 1 ; - Li , , n s i I-II t V i t i n r . T h i s r. I U . I S L - •<:' f : ••••:!

gas from the grains is much greater than can be. explained by moans of empirical sttady-stati

diffusivitic;; measured under isothermal annealing conditions . Steady-state, iTi-;iile

ca] culat ions are coriipl ica ted by the interplay of bubble dif fuui vi t ics and resolution rate.

The validity of uninr; tnpiric.ii steady-state dif f usi vi t i es having values much lower than

predicted by a surfarc-di f fusion inechaninni is dependent on the validity of the re-solution

parameter used in the calculations. Th<" value of the re-solution parameter used in the CRA°:

calculation;; yields a re-;;ol ul ion rate of ̂ 10 6/s for a fission rate of 1 0 1 3 fissions/cm'" s.

This value is; within the ratine of . oportot! results . In addition, analyses for transient-

heating conditions indicate that G('./<£S ?ST can account for the rapid diffusion of fission g.-.-

out of the. l'0? grains (luting DKII tests if the high-t < :• 'per.it tjre biihblf nobilities are. enli.inc.-:

due to an inrrt-.'ised rate of otonj at t .'u h: ''-nt to and detachment froni the bubble surface.

The physical basis behind this approach is as follows. During equilibrium condi-

tions, the bubbles nay be faceted, and t ho rate of mot inn of a faceted bubble i:; determined

by the frequency of nucleation of step:', instead of the time required for ators to ::,ove from

a step on one side of a bubble to a step on the other side. (Th.it is, the atos at (.achrr.ent

and detach;; -fill rate is slower than predicted by sui face diffusion.) Ilcvcvcr, if th'; atoa

attachment .ind the d.r>tach;;.ent rate increases during transient conditions, higher bubble

diffusivities would result.

Since plastic tloform.-itlon of the UO; due to an overpressurized bubble is expected f

result in .1 high density of dislocations around the bubble surface, the diffusivity of such

a bubble voulri be expected to increase rapidly. In effect, bubble diffusion would depend

more on the time required for atoms to n.ovc from a step on one side of a bubble to a step

on the other (i.e., surface diffusion) than on the frequency of nucleation of steps.

Tlic model

xzed by the equation

Tlic model for the diffusion of overpressur ized fi.-sion gas bubbles is character-

0"n exp
•

1.6? ^ 2.38a

6.732 x 10" n exp [-(y),000 + 17,000cii)/kT]

where D. is the diffusivity of a bubble of radius r., T Is the absolute temperature, k is

Boltz;r.aim's toivit.int, and a. (ci. < 1) i_h-:r.-.c t .r ires the d.'2r..ee of iior.cqui 1 ibr iu-n i". t':o

lattice surrounding a bubble of radius r.; the larger a. becomes, the further the system is

from an equilibrium configuration. The expression used for a. is given by

at = 1.0 - CXP(-T^/T*). (11)
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In eq. (11),
" , 2o (T)

where t. is the time required for a bubble with radius r., which contains n. gas atoms, to

obtain an excess pressure sufficient to generate an equivalent stress equal to the yield

strpss, u t, of the surrounding n.Hrix; y is the effective snrf.u:e tension; Ti is the t. . •

ture at the beginning of the time interval, and dT/dt is the h<'.iLing rate. The 'mnM.'

relaxation time T. in eq. (11) is given by

B l ri
T i ( T ) ~ D ' 7

e > T " 1 5 0 0 ° c ;
V V

(13)

T i ( T > = Tid500°C), T <_ 1500°C

where c is the fractional oquil ibriuin vacancy concentration, given by

c* = exp (-E^/kT), f • (14)

and D is the vacancy diffusion coefficient, given by

E and E are the vacancy formation and emigration energies, respectively, and D is a

preexponential factor.

When ot. + 0, eq. (10) approaches the expression' ' for bubble d1fiusiviti.es ba:;ed

on the isothcrnal results of Cornell and Gulden. When a. •* 1 , eq. (10) approaches the

expression for bubble diffusivitics based on the theory of surface diffusion. For interne-

diate values of a., the diffusivities given by eq. (10) lie between those given by the

empirical expression (as a lower limit) and those obtained from the. theory of surface

diffusion (as an upper linit).

Eq. (10) is unique in the sense that it relates the bubble diffusivities to the

fuel yield stress, heating rate, and vacancy r.iobility, as well as to fuel temperature and

bubble radius. TK? validity of eq. (10) has been supported by the GRASS--SST and FASIGKAES

prediction of transient gas release under a wide range of DEH test conditions (see Section :

3.4 Rate of Growth of Coalescing Bubbles During Transienf Conditions

During steady-state conditions, it is reasonable to assume that, when two fission-

gas bubbles coalesce, the (noninstantanoous) growth of the resultant bubble to equili-

brium size can be tieatod as instantaneous. However, in a transient analysis, this

assumption breaks douTi, and the noninr.tantaneoun growth of coalescing bubbles must be

included. The need for a CHASS i:io,lol that desc r S1. <.••; the 3 :r;"i ii-d jirowth rate of coal osr in.;

bubbles becaTiC apparent when GRASS-SET-cai _u]atcd bubble-size distributions for DEH test

conditions were compared with qualitative experinental observations. The code predicted

similar end-of-Cest bubble distributions in the lattice and on the grain boundaries. How-

ever, the observed intrngranular bubble densities were nuch lower than predicted.

V n i - . ' T i - i - t . - n t ' : ^ i - " , ^ " ; i ' 1 . - > : 1 u . - - n .••f .n ' v l t d i . i t o . i f . n - . i h o f l - ( ' i l i . . 1 c l n c

bubbles is a reduction in the rate at which bubbles grow by the amount
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1.0 - exp (- T * / T " ) , (16)

• - • . . : . • . '
 ;

 • • ' • . • • • • • . . ' • ; • ! . , • . , ! n n , • • • . - i ? - . . i v .

! 1

4• The_Ca_lcu_lation_of__T_r̂ ijti_siunt Tcmperature_ JH_s tor.û s_

During each time step, C'RASS-SST and FASTCRASS accept as input the radial distril.i

tion of fuel temperatures. For steady-state irradiation, the temperatures cre supplied by

an integral fuel-rod code such as LIFE-l.WR. For the out-of-reactor DEH tests, temperatur<

arc supplied by thr DHnTU rode . This rode uses measured values of DFH power in;.tic .,- .!

surface !i: ;\Ti:i:rc lo MI;-.V th-j '_ r.,n« i <- -:ic in .it-flow t-tjw.i t ion. !>.;iri",s , cr.s for :'••..• i' •

and electrical conductivities of irradiated fuel are required in the code; these are c.ike::

from the available literature on the properties of UO2 . Some of the problems arsoc iate d

the use of data obtained fruni relatively high-purity UO2 to describe the behavior of irrac:
[2]

aLcd fuel have br-t-n rf-scriho! fl-ovhort . An additional probl(_-:[> is the continual r, •'. ::-;

in Lherc-.a] conductivity cau^-.d by fuel microcrackin£ during transient boating. This piu:.^
[4]

non has al;;o been observed during nuclear beating . Failure to account for the reduced

thermal conduct ivi. y can lead to errors of as nuch as 600°C in the. calculated fuel-center

temperatures.

Several models have been developed to describe the effect of fuel tiiicrocracHng r̂.

thermal conductivity . The current model, which was used for the calculations

reported in this paper, is based on the assumption of a simple linear relationship

between the surface area of microtracks and the reduction of thermal conductivity. Surf.->••••

area was selected because it gives a convenient measure of the extent of microcrackir.g.

^ficrocracking is assuned to occur linearly with time during the transient until n.^xir:.-::.: ::<.-..

is reached, after which no c-cidi tion.il nirrocracking is assumed. The formula used to calcu-

late the effective thermal conductivity is

Tk " (1 " a V V <17>
where T is an appropriate literature value for UO2 thermal conductivity, S is the surfuc

area of microcracks per urit volume of structure, a is a time-dependent parameter, and T*

is the modified thermal coii>!uciivi ty used in the Dl'HTTD calculations.

The patamoter a is used to describe the. tine-dependent formation of microcrrfeks.

The value of a is ?ero at the start of transient heating, increases lii.early with tine to

maximum at the time of maximum DEI! power, and remains constant thereafter. The maximum V.J '

of a was determined by trial-anrf-error matching of the calculated radius of melting to the

experimentally observed value for DKH lust 33. The same maximum value of a was used in th-

temperature calculations for all of the DEH tests.

The surface area of microcracks is generally observed to be a function of radial

position in the fuel pellet. Surface area is usually highest at the pellet centerline for

near the eil̂ e of the :.elt /one for to:;tu in vaich no! ling occurs) and di-crc,r;..'S as L!I.J ,...

phery of the pellet is approached. As part of the posttost examination of fuel specimens,

the radial profile of microcracking is characterized by measuring S in A to 6 annular zc:,

For the purposes o£ the DKIiTTD calculations, the measured values of S are approximtcd by

a ;-ci7vn--"-iHJ , which is '-iib̂ t i tut ed into eq. (17) at each radial node of DEHTTD.
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5. Conipnrison of Code Predict Jons for Transient Gas Release with

Expprimont.il Results

scries of DEI] cxpui iiu'ius. FASKIKASS executed thuse problems approximately one order of

magnitude faster thnn GRASS-SST. The results of these calculations are shown in Figs. 1 ,ir..

2. In each of these figures, the solid line indicates the position of perfect agreement

between predictions and experiment. As is evident, the GRASS-SST and FASTGRASS predicting-

are in ro.isnn.TMe .1 greenu-nt with the experimental -cisnrt" -::its.

The fart lli.it IIX.'-.̂ S-SST -ind i.'-.̂n I-.ASS ran p r *. ̂ ; : ̂  L : lio I'i".:. i r.ir.s i i-n t / -s r.l *.

reasonably well for all DF.H tests supports the models of key processes described in PL-CI ior

For example, the mobility of fission-gas bubbles is enhanced during severe none t;ui 1 ihr i i:.-i

conditions. Using empirical diffusivities neasured umier isothermal condition:;, the code

significantly unicrpredicts the data for transient r.as rr-'ense.

Figure 3 shows CRASS--SST results for the radi.nl profile of transient fission~;>is

(xenon) release during D LCI I test 33, plotted with laser-sampling d.it? for krypton. (The

FASTCRASS predictions are similar^ The predicted results show a gradual decrea.se in

fission-gas release from 96Z at a fractional radius of 0.16 to about 90% at a fractional

radius of 0.69. The predicted rclc4.se then sharply decreases in a stepvise manner to about.

4% for the rest of the radius. This behavior is in contrast with the relatively smooth

decline in the fractional fission-gas release from 82% at a fractional radius of 0.4S to ?C

aL a fractional radius of 0.90, as .shown in Fig. 3. The area under the predicted curve is

approximately equal to the aroa under the experimental curve; this result is reflected in t..

reasonable GRASS-SST prediction of total transient fission-gas release ("̂ 'lOSO during test 3'..

as shown in Fig. 1.

6. Di_scjjf!5>Jqn' of Resujts

Figures 1 and 2 show that both GR.\SS-SST and FASTGRASS give reasonable preiiicLions

of fission-gas reloar.e for a series of UEI1 experiments that encompass a wide range of hoati:

rates and m.ixir.um fuel temperatures. Note that the predictions agree to within a factor of

two with the experinent.nl values, and that the predictive capabilities of GKASE-S5T and r.V̂

GRASS are roughly equal. Therefore, the greater co-iputing speed of FAS'K'RASS r.akrs this cr

an aLtrartive alternative for some analytical descriptions of fuel-rod bih.ivior. On the

other hand, CRASS-SST is useful for applications in which [.ore dot.iilfd predictions, e.g.,

bubble-size distributions, are necessary, and for substantiating FASTCRASS predictions for

specific conditions of interest.

The differences between the predicted and measured fission-gas release valuer, in

Figs. 1 and 2 are the summation of several contributing effects. The following discussion .

possible sources of error is not meant to be exhaustive. Rather, the intent is to illustr.i:

sor;e of the proM s tVit '. ,vc }",-n • ncou.it. -i .d in ur. in,; ::.c ^V-SS-SSr .i:id FAS.'-.-S.1,?!; ' - ' .

Inaccuracies in the measurement of the fission gas released during the DliH transit-

lead to .in uncertainty of up to 57. in the reported values' . These uncertainties are iruii

catcd in Figs. 1 and 2. Uncertainties in the calculated transient temperatures used by

GRASS-SST and FASTGRASS can lead to additional rrors. These uncertainties are due to the

-I.HJ t !t»-- i .-.;->. i » t .! t .i ] L-1 r o i in ^ ̂  i i .i... L^ , > .'.uui i -.ur». '. • n t.
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Another source- of the differences shown in Figs. I and 2 is the oversimplified

. , ;...;:.. : < : . . i ! , .1 j , , ' • . . • , : i , * n 1 . ? . T h i - . ' ••!.>').•] i >i >>.!•<. ••! " U ] ! , . •

. I M M H l ' l l i ' . l t ' : : . . l . 1 l . l , . i i ! h . l ,; !..!!..•• .••.:•..•...• ! M ' l l > • ! l i . ' . ' - L i i l i • • . ' • • • . . • • • • •

the grain ctlf.c gas-bubble fraction.il swelling exceeds 5%. Thus, the stepwise decrease in

the predicted release at a fractional radius of 0.69 in Fig. 3 is due to the transition

between furl regions where the gas-bubble swelling was greater than 5% (for fractional radii

l"ss than 0.65) to f-iel regions where the swelling was less than 5% (for fractional radii

; ; i « t , r :',.i:> 0. (.'.).

The qualitative difference between the predicted and experimental results for L ::<_-

radial profile of transient fission-gas release (and, calculations indicate, sorae of the

deviation of the predicted &as release from the measured results shown in Figs. 1 and 2)

indicates ttvit the CRASS fnorie] for the rapid, long-ranj'.e int erco;inec tion of grain-edce pt>rr;:-

ity is too sii:iple to account for the evolution of the grnin-rdge porosity observed in L" •".!;-

tested fuel. A more realistic, calculation of the radial profile of transient fission-gas

release would have to include models describing thn evolution of the intfirgranular porosity

as a function of the f,nr;-bubblc distribution, the temperaturc .<;id heating rale, the fuel

microstructure, and the local stresses generated within the fuel pellet. This work is

currently in piogiess.
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