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1. Tontrodection

CRASS-G8T 1w a ceiprehensive nechanistic computer code for predicting fission-puas
ly]
r

' et

been verified for steady-power frtudiations in the Ho B. Folbinason #eactor, the
Virginia Tobe Reactor, and the Santun Reactor and for 11 transient direct-elcectrical-heati:

(1,2}

(DEH) tcosts on {rradiated corcereial LWR foel. GRASS-SST Is currently couplied to the

1
LIFE-LWR fur)-behavior cnde { ]nnd the Direct Electrical Hrating Transicat Terjperature J2is:

i?)

bution (LEHITD) code

feor sready power wnd DEH transiont ealenlations, respectizely, and

L o bl S o L S RS FT T - utg

GRASS- 58T dn tronply depcniont on the winler of aondiocar, coupled integral-paitial-

differential cpatinne roguired to oltein 1 satisfactory wolution for che bulbhle @ fae dise:

bution functinns. Fiouion gas releace el swelling are calevlated divectly cuce the
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mize conputer exeention tize,  In opder to retain the congreliensive caloulational oopebiilie
of GRASS 48T while at the oo tize providing a fast-ruuning eption to GRAGS-LST,
ment of the Fosioriss code was inifiated.  Although based on GFASS. 88T

¥
mately an ovder of capnitude faster in cxecutinn.
The FASTGHALS coleulational procedure is degeribed in this paper, alaone with moded

of key phyoical processes included in Loth FASTEEASS cnd GPASS-CST. A comprehensive tre-at
[1)

ment of GRASS-SST has been publisted elsewhere and is not incluled here. Predictions of

.o

fission-pas release obhtained from GF ~SST and FASTGAATS analyeces are eompared with caper!

of thrne resules enphasizes

mental obnerv:tion for a ceries of LEH tents. The discu:

the need for the guzputer codes to fnclude an improved colel for the evolution of the srais

edpe porosity.

2. FASTL

The wost imporcant differences between FASTGRASS and GR

3 Caleulational Procodure

S 85T are in the algorit!

used for calralating the cvolution of bubble density and <ize over time. TIn GRASS-SST, -t
bubble -size distribution is wpecified by calculating the dinsitics of bubbles in cach of =
number ef bubble-size elas.es. Each bubble-size claus is characterized by an average numbo:
of atorms per hubb]c,-thc valuce of which differs from that of the preceding size class by a
constant multiplier. (The number of size classes is a variable that is deteriiined dynamic-
ally during a conputer run.) Changes in the bubble-size distribution, caused by bubble
coalescence and re-solution, for example, are determined by solving a large nunber of
integral-dif{fcrential rcuations for cach time step. Solutions are carricd out for bubbles
on grain surfaces, along dislocations, and in the bulk mutrix.[l' The iterative solution «f
a large Ler of coupled (gt ions is a cajar contrilater to the co~outer rua tines of

GRASS S5T.
In contrast to the nulticlaws description of the bubble-size distribution in

GRASS-SST, FASTGRASS usiesy only two classes: one for singl: gas ators and one for gas bubhbl

In addition, the descrivtion of bubblés on dislocations has been deleted.  In GRASS-SST, U
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classes are available to fully characterize the distributions. In FASTGRASS, with only tw

? . £

afrze cliines svaitahte for darer- god farrcraeadar Mabhhlea, carar e Ooerinae
atoms are chaructuerized by their number density and atomic radius, while the g5 bubhles ar.
characterized by nutber lensity and average size, expressed as the nunber of ataus per hals

The number densities of atoms and bubbles are deternined for both the intrapranclar and

grain-surface tegions by solving the following scet of equatiens:

dfy »

. Sty s Lede 4 oy, a0

dt v : i .

df,

do ° Thafz 4+ <y, 2

dagy 2

i & - - B + y

gt ey - Biep * Cp (3
and

dg ‘

kA ~Bagp + Cap, (")

dt !

where fy and f, are the single-atom and bubble denrities, respectively, for the dntrag: s

’
lar region, and gy and g, are the corrcrponding quantities for the srain toundlorics.  The

follows:

wters are defined

other parn

ay, Ay: FRate, in cdfe, at which intra and intergranular s atems, respectively,
T
are Jost due to nucleation into pas baubbles,

b): Rate, in s l, at which intraprannlar gas atoas are lost due to diffusicn te

gas buhbles aud bianed migration to grain houndaries.

c1: Differcoco betwien (1) the rate, in atoms e Ts 1, at viiich intragranular gas
atoms are ginsrated by fiosioning and re-nolution and (2) the rate at which

the gas atoms are lost by random diffusion to grain boundaries. For transicnt
calculations, the loss of gas atons due to randem diffusion to grain boundarics

.

is not included in cj, but is included alvug with the biased diffusion compruent
in by.

bz: Rate, in 5-1, at which iutragranular bubbles are leost by biascd migration to grain
boundaries and re-solution.

ey Rate, in atoms cm_3s-l, at which intragranular bubbles are procduced by nucleatios

and diffusion of gas atoms to bubbles.

By: Rate, in s_l, at which intergranular gas atoms are lost by diffusion to bubbles,

migration out of the snnulus, migration to the grain edges, and re-solution.

ke . . -
Cy: Rate, in stess m s Y, at which intergranolar gas aters are produced Ly diila

of atons from the lattice, migration of atoms into the annulus (u> the temperature

gradient) frem the bYordering annulus, and re-solution.

Bp: Rate, in 5-1, at vhich intergranular bubhles are lost by biased migration out of

LI

the anavlea, Hioaod misration to grain edges, and re-solution.

Cy: Rate, in ato s a 571, a4t which intergranular gas bubbles are producad by



J. Rest 4~ cl/e

nucleation, diffusion of gas atoms to bubbles, migration of bubbles from the

Toreia, o e i o of e T inte the anpulus (up the tetaeratnre eradiont)

The above parameters are, in general, functions of the average bubble size, S, whi
Is determinnrd as follows: During ecach time step, the processes of bubble nucleation, gas-
atom diffusion to budbbles, bubble coalescence. and bubble re-solution can lead to chanpes
the average bubble size. Coalescence increases §, while re~solution decrcases S; huhble
auctoatioy oad e r i i dan te T s tend to st bilise S0 Tt fhe the (roact!
change in bubble density during a particular time step. Then

- Fh
£ Y2 %)
vhere F is the rate at which the bubble density is clicnging as a result of the above-

ol

rentioned procovses, y2 7 £y or g is the bubble density, and h is the internal rime =t

the code. If § is greater than a thresheld value € and bubble density is increasing, the
bubble size is increasied by J factor of §. Similarly, if £ is greater than e and buhble
density is decreasing, the average bubhle size is decrcased by a factor of 6. Note that a
change in bubble size leads to a cqrrcsponding change ia bubble density, since the total
number of gas atoms in buhbbles is conserved.  The converépnce parameters ¢ and § were duter-
mincd to have the values 0.05 and 5, respectively, by decreasing them to the point where

further reductions had a minimal cffect on calculated results.
L 4

3. Models Describing Fission-Gas Phenomena During Transicnt Heating Conditio:.c
Conparisions of GHASS-SST predictions of gas release and bubble-size distribution.
with the reqaults of DEH transient tests have resulted in the development and inclusion in
GRASS-SST and, suanoqurntly, FASTCRASS of the following key models:
3.1 Gas-charnel Forimation on Grain Surfaces
SEM cxanin.tion of DEH-tuueed fuel (2) has revealed the developmnent of sinucus
channels oun the grain faces after a saturation density of grain-boundary fission gas has b.
attained (i.e., after a specific fraction of the grain furface has been occupied by gas
bubbles). Thene face channels Tink up and extend to the grain-ecdge channels, thus enhaaci-
the release of gas from the grain surfaces.
The fraction of the grain surface occupied by gas bubbles can be calculated dircut?
from the fission-gas bubble distribution, as follows:
If r is the average rndius.of grain boundary bLubbles in the ilh size class, and g
is the volume density of such bubbles, ther the projected areal coverage per unit

volume, Ai' of these bubbles on the beundary i§ given by

A, = nr g, -
i iBy (6)
Fy. (6) =305 spterical wahlles chares Yeaticular shapes richt be expectod s a

result of grain-dousdary tension effects. However, SiM examinationsl‘] of the DFEH-
tested fuel reveal that the grain- boundary bubbles, on the average, do not deform

appreciably from spluricity.

The total ptojected coverage per unit volume, A, of grain-boundary bubbles (gas atoms

AEIYCE RNV I SO PO ST D LR A oty
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If the pas {s assumed to occupy equal, close-packed, touching bubbles, then the maximum
areal coverage per unit area of grain boundary is A* = 0.907. (Under conditions where this

assumptlan is not valid, A* <0.907. The calculated results are relatively insensitive 10

- > - . . . . .
valu-s of A% ~0.0500)  Craia tean ey saturation (fle., the iaitiation of ~as-cho 0

tion) occurs when
> aa
A~ A"Sv P (8)
Where Svaa is the grain-boundary arca per unit volume.

When eq. (8) is satisfied a portion of the grain-boundary gas is vented to the yrain

edges. Subsequently, if .
A < AxS
v

.

aa
y

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

]
3.2 Edge~tunnel Interlinkape
SEM exaninacions of DEH-tested fun]fz] have also revealed the development of inter-

connected tununels of gas along the grain ecdges. Recent experimental evidence suggests that

the establishacent of these interconneccted edpe tunnels is necessary for traunsient gas releas

during DEH tests.

In the CRASS treatment of interlinked porosity, which is statistical in nature, the
degree of poare iuterlinkage along the grain edges is a function of both the grain and pore-
size distributions. The mode][lj, 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 experimcental results described in Refs. {1] and (2], the above

formilism for calculating the evolution of interconnccted porosity does not predict that a
rapid incrcase in long-range porocity interconnection will occur after a critical value of

swelling due to f[ission-gas bubbles has been reached. The probable reasons for this defi-

cjency are as follows: (a) The geometry assumed in the above model doecs not correspend to
observations of D¥H- and PBF-tcsted fuel. (b} GRASS doers rot include a realistic calculati.
of the size distribution of pores in which the internal gas pressure 1s less than the surfa

tension~induced pressure.  (c) Material properties used in the GRASS calculation of the por.

sfize distribution are &xprriﬁcnta]ly alrost inaccessible.
Thus, to provide a more realistic calculation of the pore-interlinkage fraction, th

statistical sodel §s suppleonted by the idditicnal eriterion

(%)

pore-interlinkage fraction = 1.0, if Bv(odge) > Bv(crit)‘

is the calculated volume strain due to grain-cdge fission-gas bubbles, and

v{edge)
= 0.05 is the critical gas-bubble volume fraction above vhich extensive long-range

When eq. (9) is satis-

where B

B .

v(crit)
interconnection of the grain-cldee tunnels is assumed Lo take place.
vocensihcation I reio s T in e

fied, 211 “ho rela-cd e _on i it e el w0 Tas unh
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exterior of .he fuel. If, subsequently, Bv(edgc) becomes less than Bv(crit)’ the edge

tunnels arc assumed to sinter shut, and the calculatien of pore interlinkage is again per-
NUREIN |
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critical value for tunnel Interlinkage in GRASS is taken from their work.
3.3 Fffcet of Transicnt NHeating on the Mobility of Intragranular Fission-gas Bubbles
. 1 § T T e
Analyses with GRASS-SST J for steady-state conditions, coupled with experimentally
detrroined [1ooion-oas relense dJuring DEH toses, indicate that large quantities of nas are

Toane Y §F oon

boeing tiaa p ot d out of the POZ Sredins darivy treasient Loatine. ER

gas from the grains is much greater than can be explained by mcans of empirical steady-stat

. s . . - 1 .
diffusivities mcasured under isothermal annecaling COndlthnS[ ]. Steady-state, in-pile

talculations .are complicated by the interplay of bubble diffusivities and re-solution rate.
The validity of usiny capiricat steady-state diffusivities having values much lower than

predicted by a surface-diffusion mechanism is dependent on the validity of the re-solution

p
parameter used in the calculations. The value of the re-solution parameter used in the GRAY

calculations yields a re-solution rate of mlO_G/s for a fission rate of 1013 fissions/cm>-s.

: . N 1 - :
This value is within the range of .eported rosults{ }. In addition, analyscs for transient-

heating conditions indicate that GRAGS SST can account for the rapid diffusion of fission go-

out of the U0, grains duting DEH tests if the high-termperature bubble mobilities are enhance!

due to an increased rate of atom attachient to and detachmeat from the bubble surface.

The physical basis behind this approach is as follows. During equilibrium condi-
tions, the bubbles may be laceted, and the rate of motion of a laceted bubble is determined

by the froguency of nuclteation of steps instead of the time required for atoms te nove {rom

a step on one side of a bubhle to a step on the other side. (That is, the atom attachzeat

and detachirnt rate is slower than predicted by surface diffusion.) HNewever, if the aton

attachnent «nd the detachient rate increases during transient conditions, higher bubble

diffusivitices would result.

Since plastic deformation of the UO; due to an overpressurized bubble is expected t

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

a bubble would he expected to increase rapidly. Tn effect, bubble diffusion would depend

more on the tiwe required for atoms to nove {from a stcp on one side of a bubble to a step
on the other {i.e., surface diffusion) than on the frequency of nucleation of steps.

The modolll] for the diffusion of overpressurized fizsion gas bubbles is character-

ized by the cquation =
6.732 x 101! exp [-(¥1,000 + 17,000;)/kT]

e (10)

b, =

: 1.62 1 2.38a
(4084r1)

vhere Di is the diffusivity of a bubble of radius ro T is the absolute temperature, k is

thae

1) characterizes the degrece of noncquilibrium in

at, and o, (a, <
’ i ( i-

Boltzimann's con
lattice surrounding a bubble of radius L the larger o, becomes, the further the systea is

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

1)

n

- (o BsY
1.0 ~ exp-( rilti).

oy
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In eq. (11),
4 9 20 (T)
L R N I n,) 1
v Y 1 Vo T

where Tz is the time required for a bubble with radius_ri, which contains n. gas atoms, to
obtain an excess pressure sufficient to gencrate an equivalent stress equal to the yield
stress, o, of the surrounding rmatrix; y s the offective surface tension; Ty is the to -
ture at the beginning of the time interval, and dT/dt is the heating rate. The hebblo
relaxation time TE in eq. (11) is given by

B, _ w3 S

(M = "e, T Z1500°C;

vV (13)
TE(T) = 12(1500"16), T £ 1500°C

e . s sq st . .
where e, is the fractional equilibrium vacancy concentration, given by

e _ f .
e, = exp ( Ev/kT), , (14)
and Dv is the vacancy diffusion coefficient, given by
- o Mg °
D, D exp ( bv/kT) s as)

f m . . s s . o .
E  and Ev are the vacancy formation and migration encrgies, respectively, and DV is a

precxponential factor.

When a, + 0, eq. (10) approaches the cxprc:sion{i] for bubble difiusivities bhasoed
on the isothermal results of Corncll and Gulden. When ui + 1, eq. (10) appreaches the
expression for bubble diffusivitics basced on the theory of surface diffusion. For interrc-
diate values of s the diffusivities given by eq. (10) lie betwcen those given by the
empirical expression (as a lower 1limit) and thuse obtained from the theary of surface
diffusion (as an upper limit).

Eq. (10) is unique in the sense that it relates the bubble diffusivities to the
fuel yicld stress, heating rate, and vacancy mobility, as well as to fuel temperature and
bubble radius. Tk> validity of eq. (10) has been supported by the GRASS-SST and FASTGRASS
predicticn of transient gas release under a wide range of DEH test conditions (see Section °

3.4 Rate of Growth of Coalescing Bubbles During Transient Conditions

During steady-state conditions, it ﬁs reasonable to assume that, when two fission-
gas bubbles coalesce, the (noninstantaneous) growth of the resultant bubble to equili-
brium size can be treated as instantancous. However, in a transient analysis, this
assunption breaks down, and the noninstantancous growth of coalescing bubbles must be
included.  The aced for a C(RASS model that descriles the 1imited groewth rate of coalesecing
bubbles became apparent when GRASS-SST-cali.ulated bubble-size distributions for DEH test
conditions were compared with qualfitative expeviricntal observations. The code predicted
similar end-of-test bubble distributions in the lattice and on the grain boundaries. How-
ever, the obscrved intragranular Lubble densities were much lower than predicted.

The offeet om tho P FANS e atenlanion Sf A T8 0ted rate of Lreath of conlocciae

bubbles is a reduction in the rate at which bubbles grow by the amount
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1.0 - exp (- /1), ' (16)
. : C T e G ey,
4. The Calculation of Transient Temperature Histories

Dutring cach time step, GRASS-SST and FASTGRASS accept as input the radial distribe
tion of fuel temperatures. For steady-state irradiation, the temperaturces ore supplied by

an {ntegral fuel-rod code such as LIFE-LWR. Fer the out-of-reactor DEH tests, temperaturs

are supplied by the DHHITD rodefz]. This ecode uses measurced values of DEH power inpur

¢ transicat beat=low equation. Fapress.ons for tho

surface torperature tu soive

and electrical conductivities of irradiated fuel are required in the code; these are taken
from the available literature on the properties of U0,. Some of the problems associated w:

the use of data obtained from relatively high-purity UO; to describe the behavior of irraci

(2]

L An additional problem is the continual rod @

ated fuel have bLewen describe! elwovherc
in therual conductivity caused by fuel microcracking during transicnt heating. This phoie
[4]

.non has also been ohserved during nuelear heating Failure to account for the reduced

thermal conductivi.y can lead to errors of as nuch as 600°C in the calculated fucl-center

temperaturcs.
Several models have heen developed to describe the effect of fuel microcracking r=

thermal conduclivity[ll. The current model, which was used for the calculations

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

Surfnc-

between the surface arca of microtracks and the reduction of thermal conductivity.
area was seclected bucause it gives a convenieont measure of the extent of microerackingz.

maN

Microcracking is assumed ta occur linearly with time during the transient until mox

is reached, after which no edditional microcracking is assumed. The formula usecd to calcu

late the effective thermal conductivity is

Te = 1 - nSV) Ty» (17)
where Tk is an appropriate literature value for U0, thermal conductivity, Sv is the surfac

area of microcracks per urit volume of structure, a is a time-dependent parameter, and Ti
is the woadified thermal conductivity used in the DFHITD calculatious.

The parameter a is uscd to describe the time-dependent formation of microcracks.
The value of a is 7zero at the start of transient heating, increases lincarly with time to
maximum at the time of wmaximum DEH power, and remains constant therecafter. The maxinun va®
of a was determined by trial-and-error rmatching of the calculated radius of melting to the
experimentally abserved value for DEH test 33, The same maximum value of a was used in th.
temperature calculations for all of the DEH tests.

The surface avea of microcracks is gencrally observed to be a function of radial
position in the fuel pellet. Surface arca is usually highest at the pellet centerline (cer
near the edge of the relt zone Zor tests in which aclting occurs) and decreases as the ;o
phery of the pellet is approached. As part of the posttest examination of fuel specirens,
the radial profile of microcracking is characterized by measuring Sv in 4 to 6 annular zc:
For the purposes of the DEHITD calculations, the measured values of Sv are approximated by

a »alvnsmial, which is cubstitnted into eq. (17) at cach radial node of DEHTTD.
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‘ransient Gas Relcase with

5. Lomparison of Code Prudictions for

Experimental Results
series of DEH cxpetinents. FASIGRASS executed these problems approximately one order of
~magnitude faster than GRASS-5ST. The results of these calculations are shown in Figs. 1 an
2. In each of these figures, the solid line indicates the position of perfect agrcement
between predictions and expcriment. As is evident, the GRASS-SST and FASTGRASS predictions
are in reasonable agreement with the cxperimental measar.-oats.

transicit o .= vl .

The fact that GRASS-SST and 5500 RASS caa prodd
reasonably well for all DEH tests supports the models of key processes described in Sccetion
For example, the mobility of fission-gas bubbles is enhanced during severe noncquilibriua
conditions. Using empirical diffusivities measured under isothermal conditions, the code
significantly undcrpredicts the data for transient gas reloase.

Figure 3 shows GRASS-SST results for the radial profile of transient fi-sien-jas
(xenon) release during DEN test 33, plotted with laser-sampling date for krypton. (The
FASTGRASS predicticns are similar) The predicted results show a gradual decrease in
fission-gas relcase from 967 at a fractional radius of 0.16 to about 90% at a fractional
radius of 0.69. The predicted reledse then sharply decreases in a stepwise 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 827 at a fractional radius of 0.48 to 2C
at a fractional radius of 0.90, as shown in Fig. 3. The area under the predicted curve is
approximately equal to the area under the experimental curve; this result is reflected in t..

reasonable GRASS-SST prediction of total transient fission-gas releasce (V40%) during test 30

as shown in Fig. 1.

6. Discussiom of Results
Figures 1 and 2 show that both CRASS-SST and FASTGRASS give rcasonable predicticng
of fission-gas release for a serics of DBEN experiuents that encompass a wide range of heati:

rates and maxirum fuel temperatures. Note that the predictions agree to within a factor of
two with the experimental values, and that the predictive capabilities of GRASS-SST and Fax
GRASS are roughly cqual. Therefore, the greater conputing speed of FASICRASS makes this ¢’

an attrartive alternative for some analytical descriptions of fuel~rod bihavior. On the

other hand, GRASS-SST is useful for applications in which rore detailed predictions, e.g.,

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

specific conditions of interest.
The differences botween the predicted and measured fission-gas release values in

Figs. 1 and 2 are the summation of several coutributing effccts. The following discussien

the intent is to illustra:

1

possible sources of error is not meant to be exhaustive. Rather,

Lo TRASS-SST and FASIORARS

some of the provl. s that Yoove heen cpcouatered inoun
Inaccuracics in the mcasurcment of the fission gas released during the DEH transio

. . 2 s Co
lead to an uncertainty of up to 5% in the reported values[ ]. hese uncertainties are indi

cated in Figs. 1 and 2. Uncertainties in the c-lculated transient Llemperatures used by

GRAS5-SST and FASTGRASS can lead to additional rrors. These uncertainties are due to the

aad Lhe vapotd cotal crror dn coriace Lo ratut caure ent.
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Another source of the diffurences shown in Figs. 1 and 2 is the oversimplified
et e U i i Sectien 30200 This model is baied on the

[TSTIRE Civa oot i viadn gt

ansumptron Uhal o vapid Toig

the grain-edpe gas-bubble fractional swelling exceeds 5%. Thus, the stepwise decrease in

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

between fuel regions where the gas-bubble swelling was greater than 5% (for fractional radii
lnss than 0.65) to fael regions where the swelling was less than 5% (for fractional radii
sreater than 0.05).
The qualitative difference between the predicted and experimental results for the
radial profile of transient fission-gas relcase (and, calculations indicate, some of the
deviatinu of the predicted gas release from the measured results shown in Figs. 1 and 2)

indicates that the GRASS model for the rapid, long-range interconnection of grain-cdge peres:

ity is too simple to account for the cvelution of the grain-edge porosity observed in
tested fuel. A wmore realistic calculation of the radial profile of transient fission-gas
release would have to include mndels describing che evolution of the intergranular porusity
as a function of the gas-bubble distribution, the tewmperature and heating rate, the fuel

micrastructure, and the local stressgs genecrated within the fuel pellet. This work is

currently in progress.
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