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FASTGRASS: A Mechanistic Model for the
Prediction of X=. 1, Cs, Te, Ba, and Sr Release from
Nuclear Fuel under Normal and Severe-Accident Conditions

User's Guide for Mainframe,

Workstation, and Personal Computer Applications
m..
J. Rest and S. A. Zawadzki

Abstract

The primary physical/chemical models that form the basis of the
FASTGRASS mechanistic computer model for calculating fission-product
release from nuclear fuel are described. Calculated results are compared
with test data and the major mechanisms affecting the transport of fission
products during steady-siate and accident conditions are identified.
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FASTGRASS: A Mechanistic Model for the
Prediction of Xe, I, Cs, Te, Ba, and Sr Release from
Nuclear Fuel under Normal and Severe-Accident Conditions

User's Guide for Mainframe,
Workstation, and Personal Computer Appiications

by

J. Rest and S, A, Zawadzki

Executive Summary

This report descripes the primary physical/chemical models that for.
the basis of the FASTGRASS mechanistic computer medei for calculating
fission product release from nuclear fuel. In addition, it compares
calculated results with test data. Input instructions for execution on
mainframe and personal computers are provided, as is a description of
FASTGRASS output, The theory of noble-gas behavior and its effect on the
release of 1, Cs, Te, Ba, and Sr is discussed. The behavior of these fission
products in the presence of grain-growth phenomena and fuel
liguefaction/dissolution and oxidation is presented, as is the chemistry of
the Sr, Ba, I, and Cs in the fuel system,

Valicztion of mechanistic models for gas release and swelling (s
complicated by data containing large systematic errors, phenomena
characterized by synergistic effects, and uncertainties in material
properties. Statistical regression analysis is recommended for the selection
of a reasonably well-characterized data base for gas release from trradiated
fuel under normal and transient heating conditions. 't i1s demonstrated that
an appropriate data selection method is required to reai'stically examine the
impact of differing descriptions of the phenomena, and uncertainties in
selected materials properties, on the validation results. Comparison of
FASTGRASS predictions with test data indicates two major trends:

(1) fission-product release behavior from solid fuel depends strongly on fuel
microstructure and {rradiation history, as well as on fuel temperature,
transient scenario, and internal fuel-rod chemistry; and (2) fuel
liquefaction/dissolution, fracturing, and oxidation also exert a pronounced
effect on release during fuel-rod degradation.



2

The FASTGRASS mechaaistic approach to the prediction of fission-
product release during normal irradiation, postirradiation annealing, and
severe core-damage accident conditions compores well with release trends
noted from in- and out-of-reactor experiments. The FASTGRASS
predictions agree much bewter with the data over a wide range of
temperature, fuel burnup. 2ud fuel-damage conditions than the conventional
temperature-only, semiempirical correlations.



1 Introduction

Both the Three Mile Island (TMI)-2 and Chernobyl accidents have
increased public awareness of the potential for large-scale fission-product
release during severe core-damage accidents. Bota events resulted in
significant release of noble gases (Xe, Kr), and volatile (I, Te, Cs) and
alkaline eartt  ;, and Ba) radionuclides from the fuel itself. Differences in
primarcy coolam and design of containment buildings largely determined the
ultimate release characteristics of the plants. However, a detailed analysis of
fission-product release for severe accidents requires adequate time-
dependent prediction of the release of volatile and alkaline-earth fission
products, (VFPs) and (AEFPs), respectively, from fuel, and subsequent
analysis of the transport behavior of the fission products from the degraded
core, primary system, and containment. The first step in this analysis is the
prediction of VFP and AEFP release from severely damaged fuel. This paper
describes the primary physicai/chemical models that form the basis of the
Fast Gas Release and Swelling Subroutine (FASTGRASS) mechanistic code
for the estimation of the release of six fission products, including those with
the most serious effects on human health. In terms of the health
consequences, as indicated in Table 1, i, Te, and Cs are the primary risk-
dominant radionuclides associated with the release of fission products
during severe core accidents.! The next most important fission products
with respect to public health are Sr, Ru, and Ba. Based on an assessment of
long- versus short-lived fission products,? FASTGRASS does not directly
include the effects of radioactive decay. However, this effect can be
indirectly modeled in FASTGRASS by using effective generation rates
(obtained, for example, from the ORIGEN code).?

In recent vears, considerable progress has been made in identifying gas-
release mechanisms in UOg-base fuels during steady-state conditions.4 This
progress has been made through both experimental and theoveti~al work
and has been tested and utilized in the development and application of
computer codes. The delineation of fission-gas behavior during off-normal
or transient conditions, and a predictive capability for this phenomenon is
much less advanced. An understanding of and the capability to p ‘edict the
behavior of fission gases in nuclear fuel during off-normal conditions are
essential to any rational estimate of fuel-element integrity, fission-product
source, and the associated safety issues.



Table 1. Ranking of Radionuclides with Respect
to Health Effects

Element Rank Ranking Factord
lodine, | 1 38
Tellnrium, Te 2 37
Cesium, Cs 3 31
Strontium, Sr (4)b 16
Ruthenium, Ru (4) 6
Barum, Ba 6 11
Yttrium, Y 7 6
Cerium, Ce (8) 5
Antimony, Sb (8) 5
Plutonium, Pu (10) 4
Curium, Cm (10) 4
Molybdenum, Mo (12) 3
Lanthanum, La (12) 3

aRanking factor is based upon amount of species released
and health consequences,
bparentheses denote equivalence in rank.

In general, most of the theoretical and computer code development on
fission-gas behavior has separately addressed either the steady-state regime
(e.g.. Ref. 5) or the transient regime (e g.. Ref. 6). Relatively little effort has
been directed toward developing a consistent, comprehensive picture of the
full range of possible reactor operating conditions. Indeed, some authors
have indicated that understanding the steady-state regime is sufficient to
predict the transient regime (e.g., see last paragraph of Ref. 2). That this is
not so has been demonstrated extensively in the literature,7-14

FASTGRASS is a mechanistic computer code for predicting fission-
product behavior in UOg-bas fuels during steady-state and transient
conditions. This code represents an attempt to develop a predictive
capability for the full range of possible reactor operating conditions, and
acknowledges an intimate rela‘ionship between the pretransient history and
the accident scenario. FASTGRASS was originally developed to satisfy the
need for a fast-running . Iternative to ihe Steady-State and Transient-Gas

R IR ENNNEEN=,
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I. Cs, Ba. and Sr) and the fuel. Section 6 describes phenomena affecting
fission-product release under severe accident conditions, where fuel
oxidation-induced grain growth, molten-zircaloy-cladding-induced fuel
dissolution/liquefaction, and quench-induced fuel shattering occur. In
Section 7 the theory is compared with data. Section 8 compares fission-
product release from conventionally irradiated fuel during out-of-reactor
high-temperature heating tests in a flowing-steam atmosphere, as
determined by an NRC empirical model and FASTGRASS. Sections 9 and 10
describe FASTGRASS input and output, respectively. FASTGRASS
configuratior has been designed to provide flexibility in altering model
options (e.g., invoking or not invoking microcracking, grain growth, etc,,
model options for gas precipitation in solids, etc.) and materials properties.
For example, FASTGRASS has been used to analyze the behavior of He
bubbles in austenitic stainless steels,!® Kr implanted into Ni,!7 as well as the
behavior of fission gas in uranium sili~ide (UgSi, U3Siz) aluminum dispersion
fuels.'® Finally, Section 11 presents remarks and conclusions.

2 FASTGRASS Theory of Fission-Gas Behavior in
Solid Fuel

The FASTGRASS code mechanistically predicts atomic and bubble
behavior of fission gas in U092 fuel unde: steady-state and transient
conditions. Models are included that assess the effects of fission-product
generation, atomic migration, bubble nucleation and re-solution, bubble
migration and coalescence, and channel formation on grain faces, of
interlinking on grain edges, and microcracking on both the amount of
released fission products and on their distribution witnin the fuel.
FASTGRASS solves a set of coupled nonlinear differential equations for the
intra and intergranular concentrations of fission-product atoms and gas
bubbles of the form

dC )
_.a_.tl:—-a‘c' 'biCi"‘e'- (1)

The variables in Eq. 1 are defined in Table 2. Ti. . basic equations solved in
FASTGRASS are described below, In these basic equations, Cg, Cp, Cf, and
Ce are the concentrations of intragranular gas atoms, gas bubbles, grain face
bubbles, and grain edge bubbles, respectively, and Ny, Nf, and Ne are the
corresponding number of gas atoms per bubhle.
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Table 2. Definition of Variables in Eq. 1, dC; /dt=-a,C{ - bC; +e,

Cy

a, (,'.;‘

Gy

€1

Concentration of intra-
granular gas atoms,
VFPs, and AEfPs

Conceniration of intra-
granular gas bubbles

Concentration of grain
face gas bubbles, VFPs,
and AEFPs

Concentration of grain
edge bubbles, VFT's,
and AEFPs

Rate at which gas atoms
are lost dee to gas bubble
nucleation

Rate at which gas »vbbles
are jost due to bubble
coalesce.ce

Rate al which gas bubbles
are lost due to bubble
coalescence

Rate at which gas bubbles
are lost Jue to buby o
coalescence

Ra‘e at which gas atoms, VFPs,
and AEFPs are lost due to radio-
lytic decay. diffusive flow to the
grain boundaries. grain bound-
ary sweeping. diffusion into gas

bubbles, cheniical reactions.
and fuel dissolution

Rate at which gas bubbles are

lost due to diffustve flow to the
grain boundaries. grain bound-

ary sweeping, gas atom “e-
solution. and fuel dissowution

Rate at which gas bubbles, VFPs,
and AEFPs are lost due to diffu-

9n to grain edges. formation
o1 grain face, channels, micro-

cracking, chemical reactions,
fuel Bguefaction /disschution,

and long-range migration

Rate at which gas bubbles, VFPs,
and AL Ps are lost due to jong-
range grain edge/bubble inter-

connection, microcracking.
chemical reactions, and fuel
liguefacticn/dissolution

Rate at which atoms, VFPs,
and AEFPs are gained dae
to atom re-solution,
fission oi uranium nuclei,
chemical reactions. ~nd

long-range mifgratio.

Rates at which gas bubbies
are gained due to bubble
nucleation, diffusion of
gas atoms into bubbles,

and long-range migration

Rate at which gas bubbles,
VFPs, and AEFPs are gained
due to intragranular migra-
tion to ¢ /in faces, chemical
reactions, and long-range
migration

Rate at which gas bubbles,
VFPs. and AEFPs are gained
due to migration of grain-
face fission products to
grain edges. and chemical
reactions
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Cg =0 at t=0 forosrsdg/2, {(3b)
Cg =O0atr=dg/2fortpststp AL, (3¢)
—-5 =0 atr = 0 for tg St Sty +At, (3d)

where At is an increment of time,

The concentration of gas atormns in a spherfcal grain described in
Eq. 3a is

L 6 9%%) S, G, o
. K = 0.
ﬁdr\Dgr ar ot et " "

Euler's theorem may now be used to obtain a variational principle equivalent
to Eq. 4:

1/2d ,
8 Ig4ﬁf9—&lf?£i\‘2+—§- SE-+KK\C r2dr=0
4 iz'\dr) 28t | ot ke ik (Ba)
L ;

which assumes that Dirichlet boundary conditions are to be applied. An
approximate solution to the problem may now be obtained by choosing a trial
function that satisfies the boundary conditions and minimizes the integral in
Eq. 5 in terms of free parameters in the function. Many types of trial
function could be chosen, but piecewise functions are easier to handle than
global functions. Quadratic functions are attractive because they allow an
exact representation of Eq. 3a for long times. To meet the objective of a
realistic level of accuracy with a minimum of computer storage and running
time, the spherical grain is split into two concentric regions of
approximately equal volume (Fig. 1), In each region, the gas concentration
is represented by a quadratic function constrained to have dCg¢/dr =0 atr =
0. In the outer Region 1I {Fig. 1}, the concentration. function is constrained
to a value of Cg = 0 at r = dg/2. The two functions are also constrained to be
continuous at the cornmon boundary of the two regions. This leaves three
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=Kgaio +(Caq +C8a7 +Claq)/ t.

(aeDg /4§ +q9/8 )Cg +(ql 1Dy /d + QIZ/ét)Clgi
=Kgq13+(Coa9 +C3ay2) 7 8t,

(51)

where C?.Cg, and c?, are the values of the concentrations at the evaluation
points at the start of the time increment. The various q coefficients are
integrals, which, when directly evaluated. are, to four figures,

q1 = 4.552, q2
qs = 0.02167, qs
q7 = 0.07615, qs8
qio = 0.01008, o011

qis = 0.1083.

0.06935,
0.09102,
-38.72,
87.04,

43
Qe
q9
q12

=

-4.552,
37.78,
0.008456,
0.086548.

Equations (5d)-(5f) can be directly solved to obtain the concentrations

C}. Cg, and C3 as follows:

X; - FyC

cf =
F

Fox +Fsx.
F 1+F7 a~Xg
EZF EQF_F '
) 2+F7 s~y

C§ =

-

and

C§ =(X3- FsC§)/Fy.

where

(5g)

(5h)
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The modified Cf,C§, and Cg then become the initial values of these
concentrations fi.e., Cl (‘2 and (‘0‘ to be used for the next iteration. The
diffusive flow of fission-gas bubbles is treated in a manner analogous to that
for fission-gas atoms, but with K = 0 in Eq. 3. This method of coupling
diffusive flow to other processes that affect fission-gas behavior (e.g., gas
atom re-solution, gas atom trapping by gas bubbles, gas nucleation and
coalescence) is computationally efficient and has been benchmarked against
various analytical solutions, 19

The last three terms on the RHS of Eq. 2, which account for the effects
of fission-induced gas atom re-solution, depend on the rate, b, at which gas
atoms are ejected from the bubble. The rate b is calculated under the
assumption that gas aton e-solution from a spherical bubble is isotropic
and proceeds by the knocking out of single gas atoms. Thus,

l+cose\2
b -‘S-IRA g /) = s

where cos 6 = (R? ~ A2 - 12)/2r). A straightforward integration of
Eq. 6a results in

b ls.g.f(rz -F), (6b)
where
[R.R? 1 R]
Fo 2 R? = & e 4 =] R = [ 6c¢
2=R 5 * 16 "8l x)J i

er-—A R 1)2 (
8

F,:-(R*Ml . = A-ﬂ] (6d)

where A is the average distance an ejected atom travels, b, is a measurable
property of the material, and & is a measure of the “strength" of gas atom
re-solution from grain boundary bubbles.

To solve for Cg with Eq. 2, a number of terms on the RHS must be
determined. RHS Terms 2, 3, 6, and 8 depend on Cy,. The equation for Cy,
the concentration of intragranular bubbles, is given by



i e e e i e

R S S S p——— TP —— v — i A e ke R S S U Su——

14

dCyp, _ 2 >
<2 = 16RFWRDC? /Nyt an{Dy + Dy YRy + RpJCyCp /Ny,

2 - . 6Dy, JC
+Klvb - ‘,’gkRg + Rb) Cng / Nb - S?aVb(,b + \.(—i.gh —-(:’-r-b" r:dg /2

7)
; 3V K K (
SChy . _bCy BN (._LC i ¥ g ‘

The interpretations of the first six terms on the RHS of Eq. 7 are analogous
to those given for Eq. 2. The last term accounts for the introduction of grain
face and grain edge bubbles into the lattice due to bubble pulloff (if the
bubbles are bigger than a given critical size K¢ and/or Ke = 1. otherwise they
are equal to zero) from a moving grain boundary, and/or the presence of
large temperature gradients.

2.2 Intergranular Fission Gas: Grain Faces

Six basic quantities must still be determined before Eqs. 2 and 7 can be
solved: Ny, Ni, Ne, Cr, Ce, and Vg, the velocity of a moving grain boundary.
The equation for Cy, the concentration of gas bubbles on the grain faces
(assuming that the grains have an approximate tetrakeidecahedral structure)
is given by

\ 3\.’
4Cf - _sbC, - 2K C; - Vylarea / volICy — Vg FAWGE / dgCq - PACy /1
dt d f f f g-f f
-
, 6 | Dg oC Dy N}, aC
+89%(V. €, / Ny +VuCpNp / N |- —| =2 & 42 b l
+3dlt)Vgn (Cy / N +CpNp / Ny ) / dg. (8]

The first and second terms on the RHS of Eq. 8 are loss terms due to bubble
asstruction by gas atom re-solution, and bubble pulloff, respectively. The
third term on the RHS of Eq. 8 is the loss of grain face bubbles due to bilased
migration out of the node (area = cross-sectional area of node boundary, and
vol = volume of node; in general, for solid fuel, a node has the shape of a
cylindrical annulus). The fourth and fifth terms represent the biased grain
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face bubble migration. and migration of grain face gas through grain face
channels to the grain edges. FAWGE is the average number of grain faces

per grain,

FASTGRASS caleulates grain face saturation by fission gas by directly
addressing the caleulated distribution of fission-gas bubble sizes. The
projected areal coverage of the grain face by these bubbles, per unit volume,
is given by

Ap =% R?(«fff(e). (9)

where {f (8 is a geometrica! factor that accounts for the lenticular shape of
the grain lace bubbles. If the gas is assumed to be made up of equal, closely
packed. touching bubbles, the maximum areal coverage per unit area of grain
face is AL = 0.907. (Under conditions where this assumption is not valid,
AR« 0.907, the FASTGRASS code utilizes a nominal value of Ap = (0.50).
Grain face saturation {i.e., the initiation of gas channel formation) occurs
when

Ap 2 ApS3@ (10)
where gga is the grain face area per unit volume
Equations 9 and 10 do not account for local variations in fuel microstructure,
To include these effects in the calculation of grain face channel formation, it
is assumed that the local variations in fuel microstructure can be

represented by the width, of, of a distribution of A, Eq. 9, such that the
fraction of grain face channel interlinkage is given by

A ol beenam A 2of i ]

he width of the distribution in Eq. 11 is a function of eitatic structural
parameters, depending on local fuel condition and heterogeneity: in
principle, it can be determined experimentally.

2.3 Intergranular Fission Gas: Grain Edges

The equation for Ce, the grain edge bubble concentration, is given by
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3V, K. Co ? 3K
ﬂ(.:‘i = -ah » _..--h‘.)_._'. £ \'i }'AW(JE‘ NC‘” E Pi )C‘
N. i dp,
Pa—£(1- P)Cp /t==-LCq.
+Pagg 1= B)Cr/ 1- 10 (12)

In Eq. 12, the last term on the RHS represents the loss of gas due to release
through long-range interconnection of grain edge porosity to a free surface.
The FASTGRASS mode! for calculating the probability of long-range grain
edge tunnel interconnection is based on the assumption that the long-range
interconnection is a function of the swelling of grain edge bubbles, This
assuniption is supported by experiment® as well as theory.® To account for
local fluctuations in fue! microstructure and gas bubble morphology, the
grain edge/porosity interlinkage fraction, Py, is assumed to be a statistical
distribution around an average value of the grain edge swelling, Byedge:

: % 2
pl = l j ex}{"(x o B"Edg(.‘ P vaur} /2Gg}dx. ( 1 3)

o{' N 2 n X= E$ verit

where Byedge = 4/ SnR,?ceCe, and oe is a geometrical factor that accounts
for the ellipsoidal shape of grain edge bubbles. Byerit = 0.05 is the value of
the grain edge swelling at which long-range interconnection would take
place if the fuel microstructure and gas bubble morphology were
homogeneous; Bypor = 0.0 for p 2 92% of theoretical density. In the
absence of microcracking, the fission gas that would have been vented via
the crack remains on the grain boundaries. (FASTGRASS contains a model
for intergranular microcracking due to overpressurized fission-gas bubbles.
This model has been discussed in a previous paper.® and is summarized in
Appendix A. The effects of microcracking on interlinkage are included by
redefining P1 as P| = maximum (P}, M¢), where Mg is the fraction of the
grain boundary area/volume which has opened up due to microcracking.
Retained grain edge lission gas causes the deformation of the grain edges
(i.e., grain edge fission-gas-bubble swelling!, and the subsequent increased
long-range interconnections of grain edge tunnels. This interconnection of
grain edge tunnels provides the pathways for enhanced fission-gas release.
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The FASTGRASS intergranular swelling model has been: benchmarked

against experimental results, 19

2.4 Cailculation of Average Number of Gas Atoms per Bubble
Nb, Nf, and Ng

Equations 2, 7, 8, and 12 express mass balance and are solved by
assuming that the average number of atoms per bubble does not change over
the integration time-step i.e., Ny =N; =N, =0. Subsequent to the

calculation of the Cy's, changes in N; are calculated by examining the bubble
growth and shrinkage fluxes that influence the average size bubtible. Fer
example, changes in Ny are calculated by evaluating

Nb @ é}' 16xRyDCE + KREay ViCE + 4Dy + Dy Ry + Ry, )CgCh / Ny
b

U
~be—16nFNRng\/g+——-g-tl~t3(—in = ]] (14)
&

In Eq. 14, the first three terms on the RHS correspond to the growth of the
average size bubble due to random and biased coalescence of these bubbles
with each other, and the growth of these bubbles due to a*cumulat. i1 of gas
atoms. The fourth and fifth terms on the RHS of Eq. 14 represent the
shrinkage of the average size bubble due to destruciion of bubbles by fission-
induced gas atom re-solution, and generation of very small bubbles by gas
atom nucleation (i.e., the introduction of small bubbles will tend to weight
the average-size bubble toward smaller sizes). The last two terms represent
the growth of the average-size bubble by introducing into the lattice larger
grain face and grain edge bubbles that have become detached from a moving
grain boundary. The proportionality sign in Eq. 14 indicates that the
changes in Nb are computed with a numerical algorithm that evaluates Eq.
14 and increments or decrements Ny by an amount proportional to this
value. When Ny, is calculated in this fashion, the results agree very well with
the results obtained when the evolution of bubble size distribution is
calculated with the GRASS-SST mechanistic model. The equations for N¢
and Ne are ubtained in a fashion analogous to that of Eq. 14.
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2.5 Fission-Gas Release

Contributions to fission-gas release, g. come from the venting of grain
face gas into interconnected grain edge tunnels, from the venting of
previously trapped grain edge gas through newly interconnected tunnels,
and from long-range migration of fission-gas bubbles up the temperature

gradient:

( Tt \ .
%% =~ Fg“ OF o +PACH 7t 4 Ce %}{L + Vy(area / vol)Cy (18)
. )

For a multinode caiculation, the various gas release contributions from each
individual node, given by Eq. 15, are summed up to obtain the total gas
reicased during time t. The total contribution of gas released due to long-
range migrr on of fission-gas bubbles up the temperature gradient depends
on the ~ross-sectional area of the inner or outer mode, depending on th«
direction of the gradient that bounds a free surface.

2.6 Options for Calculating Bubble Radii

2.6.1 General Formulation

Whereas intragranular bubbles are assumied to be spherical, the
intergranular gas bubbles are assumed to be lenticular on ti:e grain faces and
ellipsoidal along the grain edges. Grain ¢ ner bubbles are grouped with
ed.e bubbles and are assumed to have the same shape.

The diffusional growth of nonequilibrium intragranular bubbles is based
on an analysis by Gruber.20 The rate of change of the bubble radius is given

by

dRp _ Dyl ao2r)8] (16
dt Ryl ¥ e RkaT' )

where Dy, is the vacancy diffusion coefficient, £ is the atomic volume, KT is
the thermal energy, P is the internal gas pressure, Py i3 the ext»rnal
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hydrostatic pressure, and Y is the surface energy. For ease in calculating,
Gruber?0 provided an approximation for the relaxation time of the form

Ry, = RE +(RYI- R f1-e7V/%), (17)

where T is defined by the initial growth rate calculated with Eq. 16. In
FASTORASS, R‘{)q is obtained by solving an approximate equation of state
simuitaneously with the capillarity relation.

The difiusional growth of nonequilibrium intergranular bubbles is taken
from Speight and Beere.2! Accordingly, the rate of volume change of grain
boundary pores is given by

dv _ 2Pgp%( )
o i 3 p-_._ 3
at - KL\ p M) (18)

whiere V is the volume of the pore, p is the radius of curvature of the pore, L

a function of the fraction of the grain boundary area occupied by pores,
D, is the grain boundary diffusion coefficient, and W is the boundary
thickness. FASTGRASS provides three choices for the Xe equation of state:
Van der Waals, Harrison's extrapolation, and a perturbed hard-sphere
moder. The perturbeu hard-sphere model also provides an equation of state
for Kr and Ax.

2.6.2 Van der Waals Equation of State
The Van der Waals equation of state is
P(V - BN) = NKT, (19)

where B is the Van der Wagls constant (8.5 x 10723 em3/ztom), and N is the
number of gas atorus in the bubble. Equation 19 is solved simultaneously
with the capillarity relation
p=2Lyp, (20)
Rhl
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The method of solving for ch oonsists uf an interpolation (Regula Falsi,
Fig. 2) that is applicable to any equauon Let X be the value of x for which
chord AB (in Fig. 2) intersects the x-axis.

From similar triangles

K-%X; _Xj-X

~f(xy)  f(x{)’ (21)
Solving for X gives

- lelxl) le x,)

X = ] (22)

f(x})-f(xy)

The value X is clearly a better approximation than either x, or xi.

Fix)
B
|
|
|
!
|
] *
! > x X,
0‘ ° z
|
]
A

Fig. 2. Method of Regula Falsi
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L"_Rgr = Z8(y) - dvof(T) - AZ, (26)

where r is the radius of the sgherlcal volume of gas, Rg is the gas constant,
ZhS(y)=|1+y -)'2 -y3]/(l—y) {v = vd/4, where v is the effective gas volume
and d is the gas density), AZ is a correction term discussed later, v, I8
defined in Eq. 28 below, and f{T) is a function that can be calculated for a
given interatomic potential and has the form

f(T)= Y B"qf, (27)
l
where § = 1/T, and g = constants based on those suggested by Ronchi., 14

The effective volumne of the gas, v, is given by

v=%Mvci[B*-&ﬂTi]avo[B’+f(T)]. (28)
where

Ay is Avogadro’s number and

oo

3 1.843[1- 1.078(T; - 0.162)
B*=3/0 I 1~ exp(u / KT)|r2dr & ——-— w‘l 29
) [-ex ) [(T) - 0.553)T | T * e

0

where T, is the reduced temperature and T = Trs’ 7,

The interatomic potential used in evaluating Eq. 29 is the Lennard-Jones
F(12,7) potential,

u(r) = e, F2.7f(oy /)2 - (on, /7| (30)

where F(12.7) is a constant.

The AZ term in Eq. 26 is essentially a correction term that is
proportional to the gas density to powers higher than | and has been
determined by a fit to experimental data:
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The FASTGRASS theory of grain boundary sweeping of gas bubbles
considers the interaction between the moving grain boundary and bubbles in
two distinct size classes: those on grain faces and those on grain edges. In
addition, FASTGRASS vrovides a means of deterinining whether gas bubbles
are caught up and moved along by a moving grain boundary or the grain
boundary is only temporarily retarded by the bubbles and then breaks away.

Speight and Greenwood?? proposed a grain grewth theory that includes
the sweepiiiZ of entrapped microbubbles by the front of an advancing grain
boundary. The basic postulate of their theory is that small bubbles, because
they exert a minimal drag force on an advancing grain surface, are swept
ajong with the moving boundary, whereas large bubbles, because of their
higher drag, detach from the advancing surface. To assess the etficiency of
bubble sweeping, they compared the magnitude of the force exerted by a
bubble on the boundary, i.e.,

Fi, = "RyY 18I0 20, (32)

with the adhesive effects of the interfacial surface tension, i.e.,

o 2Ygb
= £ mrgh,, (33)

where Ry, = bubble radius, Ygb = grain boundary surface tension, ¢= angle of
contact between the bubble and the boundary. r¢ = radius of curvature of the
grain, and 2rgy = characteristic distance of bubble spacing.

Whereas Speight and Greenwood?27 considered the effects of the moving
boundary interacting with a population of equal-sized bubbles, the theory
presented here includes the effects on the moving boundary of two distinct
distributions of bubble size, i.e., those on the grain faces ard those on the
grain edges (the motion of the moving boundary is retarded by the presence
of both grain face and grain edge bubbles). In addition, because FASTGRASS
provides for a mechanistic calculation of intra- and intergranular fission-
product behavior, the coupled calculation between fission-gas behavior and
grain growth is kinetically comprehensive. The magnitude of the total force
exerted by the bubbles on the boundary. or vice versa, depends on bubble
radius and angle of contact according to the relationship

Fp= KRbengSin'Z@f . RReNngbSln 20, = N¢Fy + NoFe, (34)
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where the subscripts { and e dencte grain face and grain edge bubbles,
respectively; Ry and R, are the corresponding bubble radii; Ny and N, are the
corresponding numbers of bubbles; ¢¢ and ¢, are the corresponding angles
of contact between the bubbles and the boundary: and Fy and Fe represent,
respectively, the forces exerted by a grain face and grain edge bubble on the
boundary.

The velocity of these bubbles can be determined from the individual
forces on the bubbles by utilizing the Nernst-Einstein equation. Assuming
that the movement of grain face and grain edge bubbles is contolied by
surface diffusion, the velocity of tiiese bubbles can be expressed as

DiFr 3aiD, 2y . (~E
Vi = =L = 2 20700 ZO8 5in 29 exp --——*i) (35}
(KT "4 R} kT P :
and
DFy 3aD. 2 (-E
Vi 5 ook 2 e el O . sin 20, 6x §)‘ 36
(KT "3 R} KT Pe CXP| 17 {36)

where Vr and Ve, and Dy and D are the velocities and diffusion coefficients
of the face and edge bubbles, respectively; k is Boltzmann's constant; T is
the absolute temperature; a, is the lattice constant; ), is the preexponential
factor for surface self-diffusion »f the matrix solid; and Eg is the activation
energy for this process.

To determine the contact angles ¢f and 9 in Eqs. 35 and 36, the
velocity of the moving grain boundary must be evaluated. At temperatures of
about 1900 K, atomic mobilities in VO result in an e hanced migration of
atoms from the convex to the concave side of a curved boundary. The atoms
move toward the concave side of the boundary hecause, in that location, they
are surrounded by a somewhat large number of neighboring atoms and
thereby exhibit a lower effective energy state. In other words, the net flux of
atoms, J, across a curved grain boundary occurs because the binding energy
of the atoms in the matrix is somewhat higher on the concave than on the
convex side of the boundary. The net result of this atomic motion is
shrinkage of small grains with predominantly convex surfaces and growth of
larger grains with concave surfaces. The net flux of atoms across the
boundary can be expressed as?®
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2aovygb [ (aNeR
Vg, = — exp(-Q / KT} 1- 15| —L2L sin 2¢; (41)
gb “ )[ /Z\ Agb Rf 1

AN R * 3)
= |sin2¢
}6[ Agy IRe ‘|

When the bubbles are widely spaced or very small, the second and third
terms in the brackets of Eq. 41 are negligible compared to unity, and Vg,
reduces to the intrinsic velocity of the curved grain boundary. The second
and third terms in the brackets in Eq. 41 account for the retarding effects
of the bubbles on grain boundary rmotion.

If both the grain face and grain edge bubbles are swept along with the
moving boundary, then

Vi =Ve=ng. (42)

The first equality in Eq. 42 yields

RYLE I

From Egs. 41-43, one obtains

) AN { 2y
st [ 32 - B0 92 2
€

+%[MI CI—LT] | (44)

Ag AR

Because sin 2¢ cannot exceed unity, the condiion for bubble
detachment is met when the RHS of Eq. 44 exceeds unity. [f this condition

1
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is satisfied and Ry = Re, both face and edge bubbles become detached from
the boundary. If Ry # Re. the larger bubble becomes detached (we assume
for the sake of this discussion that Re » Ry} and the condition that the
smaller bubble be swept along with the moving boundary is examined by
requiring that Vi = Vg,. This results in

-1
[SD r. [ E<~Q) i~ an-Rf [ 1. )
N 20 = | oL axp| = ~Rer | 4 hd N .
sin 20 L‘l R?\‘expk kT J+ 2[ Agb }Rf} (45)

if the RHS of Eq. 45 exceeds unity, the smaller bubble (R¢ in this case)
is also detached from the boundary. If the RHS of Eq. (44) ¢r {45) ' _ess
than unity, both face and edge bubbles, or just face hubbles, respectively, are
swept along with the moving boundary. The contact angles ®fang @ can be
computed from Eqs. 43-45 and used in Eqgs. 35 and 36 or .1 to determine
the bubble or grain edge velocity.

As the bounuary moves, the rate at which fission products are swept up
by the moving boundary is proportional to the rate of change of the volume
of the grain, i.e.,

dCg, _3eC d(dy) _3eCiVep s
dt  dg dt dg

where C; is the intragranular concentration of a fission product, dg is the
grain diameter at time t. and e is a factor that describes the sweeping
efficiency of the grain boundary. The value of e is assumed to be unity for
the fission gases and atomic I, and 0.6 for atomic Cs. The lower value of e
for Cs is consistent with the high chemical affinity of Cs for UOg, other
fission products, and metallic inclusions.

For each fission product, Eq. 41 provides one term in the rate equations
for intragranular fission products, e.g.. Eqs. 2 and 7, and one term in the
rate equations for the intergranular fission products, The bubble radii, the
intra and intergranular concentrations of the fission products, the grain size,
the fraction of the grain boundary area occupied by bubbles (anR? / Agn and
nNeRg /Ag). and the probability of grain edge tunnel interiinkage are some of
the key quantities calculated as a function of time.
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where FN, the nucleation factor, is the probability that two gas atoms that
come together actually form a stable nucleus. Once nucleated, the fission-
gas bubbles can grow by the accumulation of gas at »nis and vacancies and by
bubble coalescence, and can shrink by irradiation-'nduced re-solution:

dCy, / dt = ~16xRy,DyCy +(dh /dt) / N+ (dN/dt), / N=bCy. (50)

Diffusional growth of nonequilibrium intragranular bubbles is based on
vacancy dynamics; bubble equilibration is assumed to occur by volume
diffusica of vacancies. The rate of change of the bubble radius is given by

Eq. 16, L.e., dRy /dt =D, /Rp{1-exp[ - (P~ Py -2y/Rp)2/KT]} .

The equilibrium radius is obtained by using an appropriate equation of
state and the generalized capillary relation given by Eq. 20, i.e..

P=2y/Rp+Py.

To address the deficiencies of conventional theory as applied to
transient heating conditions, modifications to the conventional theory were
proposed by Macinnes and Brearly*3 ir. a model for the thermal re-solution
of fission-gas atoms from gas bubbles. They showed that, with selected
materials properties (e.g., gas atom solution energy), the high gas releases
observed during transient heating could be due to thermal re-solution from
bubbles, together with single-gas-atom diffusion to the grain boundaries.
More recently, Ronchi44 criticized this model and proposed an aiternative
theory, which considers the precipitation of gas into highly pressurized
bubbles and predicts that the elastic strain field produced increases with gas
precipitation, and finally leads to a lowering of the precipitation rate.
Ronchi%4 showed, in an analogous fashion to the thermal re-solution model,
that lowering the gas precipitation rate, combined with single-gas-atom
diffusion to the grain boundaries, qualitatively explained the high gas
releases observed in postirradiation annealing experiments.

Alternatively, Rest!0 showed that, within the conventional theory,
fission gas, I, and Cs release from irradiated high-burnup fuel in a flowing-
steam atmosphere during in-cell heating tests to 1700-2000°C, could be
inturpreted in terms of a grain-growth/grain-boundary sweeping mechanism
that enhances the flow of fission-gas and volatile-fission-product atoms
from within the grains to the grain boundaries. Fission-product release as a
function of time (heat-up and isothermal hold) was predicted accurately by
the model, as was the observed grain growth.
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However, appreciable grain grow!’. has not been observed in several
postirradiation annealing experiments where relatively high rates of gas
release were measured. 3839 In addition, it is difficult to assess the
validation results for the thermal re-solution model 45 because the results
strongly depend on the values chosen for certain critical materials proper-
ties (e.g., fuel oxygen-to-metal ratio, gas atom solution energy) and on the
relative importance of other fission-gas release mechanisms (e.g., bubble
coalescence, interlinkage of porosity on grain faces and grain edges). Pre-
sumably, Ronchi4* was unable to provide quantitative validation for his gas
precipitation medel (separate-effects model) because of a lack of coupling to
other key fission-gas behavior models (multiple-effects phenomena).

The purpose of this section is to assess the validation of mechanistic
models for gas release and swelling by addressing the complications that
generally arise from the use of data characterized by synergistic-effects
phenomena and by uncertainties in materials properties. The use of a
reasonably well-chaiacterized data base for gas release from irradiated fuel
under isothermal annealing conditions allows one to examine the effect of
differing descriptions of the phenomena and uncertainties in selected
materials properties on the validation results.

3.2 Model X: The Conventional Mode!

The FASTGRASS gas precipitation model for the conventional theory
that will be explored in this report is given by Eqs. 16, 20, and 47-50. In
particular, the conventional gas precipitation model (Model X) is given by
Egs. 1-6, with the values of key materials properties listed in Table 3. The
first and second terms in the expression for Dg in Table 3 represent
thermal4® and athermal4” gas atom diffusion, respectively.

A great variety of experimental techniques have been used in attempts
to determine the diffusion kinetics of U fons in UO2 and UO24x.48-49 In
general, the poor agreement among the many diffusion coefficient
measurements has been ascribed, in part to variations in, or lack of control
of the stoichiometry of the samples. Measurements of the preexponential
factor in an Arrehnius fit to the data reported in Ref, 40 vary from 4 x 1077
to =1 em2/s, whereas experimentally deduced activation energies range
from 70 to =105 kcal/mole. The variation in the metal self-diffusion
coefficient at 1600°C covers approximately five orders of magnitude for
variations in the O-to-metal ratio of 1.98 to 2.10.49 For purposes of this



3.3 Model Y: Modified




34

modified to arrive at “Model Y." Model Y is based on a model presented by
Ronchi* for the preci=ation of gas into highly pressurized bubbles.
Ronchi?*? showed that the elastic strain field produced by the
overpressurized bubbles increases with gas precipitation and fnaliy leads to
a lowering of the precipitation rate. The increased ievel of gas in solution is
available for diffusion to the grain boundaries and for subsequent release to
the fuel surface.

Ronchi** developed equations of the following form for the interaction
energy, Ag. of vacancies and gases in solids with the strain field of the
bubble:

d(Ag)

-—d;—é-an%t(R)(Jg~Jv}, (51)
with

Ry = 4nRpDLCyexp(-Ag / KT) (52)
and

tR{J, = 4nR D, C, exp(+Ag / KT), (53)

where Jg and Jy are the fluxes of gas and vacancies into the bubbles,
respectively; €(R) is the increase in strain energy caused by the precipitation
of one gas atom; and Dy and C, are vacancy diffusivity and concentration,
respectively. The physical basis for Eqs. 51-53 is as follows. Because gas
precipitation produces a volume increase, the free energy due to strains
created by a volume misfit, gg. is positive and vanishes when thc bubble
achieves its equilibrium size, i.e., when vacancy di#fusion (plastie
deformation) further reduces the internal energy of the system by relieving
the strains produced by precipitation. Under steady-state condisions, the
energy gain of the gas atoms jumping from the lattice to the gas phase is
preponderant and the bubble is an energy well for the gas in the solids.
However, the strain energy of the bubble may affect the potential of the
incoming atoms: the gas in bubbles has a lower potential than that in the
solid, but, within the strain field of the bubble, the potential of the dissolved
atoms increascs.

The increase in strain energy, gs. caused by the precipitation of one gas
atom is, by definition,
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€(R)=dgg /dn, (54)

where n is the moles of gas precipitated into the bubble. The strain energy
in the vicinity of the bubble is given by

e = 020/ 1, (55)

where o is the stress field around the bubble, 2 is the lattice molecular
volume, and ¥ s the elastic modulus, The stress field around the bubble is
given by Ref. 51 as

o(x):(P—zy/Rb)Rg(l—xg/xa)/(xg—Rg). (56)

where x 18 the distance from the center of the bubble and xg s the radius of
the spherical volume on the surface of which the stress is assumed to be
completely relaxed. Evaluating o(x) near the bubble surface, and assuming
that xo »> Ry, (usually the case), Eqs. 54-56 reduce to

e(R) = dgg / dn =262/ u(P, - 2v / R)dP, / dn. (57)

To evaluate dP/dn, the modified hard-sphere equation of state {Section
2.6.4) is utilized,

Using Eqs. 51-56,

31“——- +dy ]{ Jl—l{,-vof

d" (1-y)
- g@“d? -‘-{14d,-1.333/ T,)+3Axﬁ,'!?]u (58)
d.| d; T, :
Once e[R) has been evaluated with Eq. 58, Ey 1 vai he integrated *
obtain

E [By + H (B, ~H)G(t)]
ep(+AL/RIT)= =5p T am]

(567)

where
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the regression fits vs. the natural log of the predictions of the fit. A random
distribution of points about the horizontal line at standardized residuals = 0
indicates an absence of blas or systematic error in the regression model.

The regression equations incorporate the reported test temperature
and time, the irradiation burnup, the heating rate (when available), and
pretest grain size (when avatlable) as independent variables. Table 5 lists
the regression equations developed for Figs. 3a-h, along with pertinent
statistical information,

The coefficients of the 1 /T terms (i.e., slopes of the Arrhenius plots)
derived from the regression analyses lllustrated In Table 5 vary from 9,595
to 77.673 K. However, groups of data have reasonablv consistent slope
values: slopes assoclated with Figs. 3a, I, g and h vary from 15,765 to
21.669 K. slopes associated with Figs. 3d and e vary from 47 £30 to
54,510 K. The standard deviations of the regression fits shown in Table 5
vary from 8 = 0.21 to s = 1.916. The top half of fig. 4 shows a MINITAB plot
o’ Jhe natural log of measured fractional gas release vs, gas release predic-
£ s obtained from a linear regression model fit to the combined data of
Figs. 3a-h. The regression equation developed for Fig. 4 is listed in Table 5.

The bottom half of Fig. 4 shows a plot of the standaidized residuals for
the regression fit shown in the top half of the figure vs. the natural log of the
predictions of the fit. Again, a random distribution of points about the
horizontal line at standardized residuals = 0 indicates an absence of bias or
systematic error in the regression model. The distribution of points in the
bottom half of Fig. 4 shows a high degree of systematic error: the distri-
bution of points tends to fan out as the gas release values become smaller,
The presence of systematic error in the data is also readily apparent in Figs.
3b, f, and h, and in the large variation of derived activation energies listed in
Table 5 for the data sets shown in Figs. 3a-h. Systematic error is introduced
into the data when key operating parameters, such as temperature and the
external environment, are not accurately controlled. For exampie, only two
of the eight experiments analyzed in Fig. 3 and Table 5 reported values for
the fuel heating rate. Brearly et al.45 inteipreted the variation in release
obscrved by Bridge et ai.3® (see Figs. 3d and 4 and Ref. 38) as due to smz. 'l
changes in the fuel O-to-metal ratio.

The presence of systematic error in the data (e.g., as shown in Fig. 4)
complicates the validation of mechanistic models for gas release and
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realistically examine the influence of differing descriptions of the
phenomena and uncertainties in sclecled materials properties on the
validation results. The statistical regression analysis described above is
proposed for the selection of a “reasonably” well-characterized data base for
gas release from irradiated fuel under transient heating conditions, The
selection criteria consist of a ‘reasonably” small value of the standard
deviation, s, and the absence of any undue bias in the distribution of the
In the next section, it will be demonstrated that an

standardized residuals.

appropriate data selection method, such as the one being proposed, is
required to realistically compare Models ¥, Y, and Z for gas precipitation in
solids during postirradiation annealing experiments.
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4.2.2 Simulation of Postirradiation Annealing Experiments

FASTGRASS calculations with Models X, Y, and Z for the postirradiation
arneaing experiments incorporated the steady-state conditions discussed
above, a 60-s hold at 1273 K (out of reactor), a ramp to temperature at 12.5
K/s, and a hold at temperature for = 1800 s, Figures 5a-51 show values for
fractional gas release vs. annealing time, calculated with Models, X, Y, and Z,
for annealing temperatures of 1500, 1600, 1700, 1800, 1900, and 2000°C,
respectivel . Also shown in Figs. 5a-f are the time-dependent data from Ref,
54. For each experiment, the cumulative release data are represented by a
band covering the range of reported experimental error. The results from
Models X, Y, and Z are shown as continuous curves. As is demonstrated in
Figs. Ha-f, the time dependence of the fractional release s reproduced more
adequately by Model Y than by Modeis X or Z. In general, Model X
predictions are in better agreement with the data than the predictions from
Model Z. In these experiments, the observed early rapid release, fo!lowed
by a flatter'ng of the release rate, is qualitatively reproduced by Model Y (the
data at 1900°C are anomalous in that the release increases with a decrease
in temperature, e g., compare with results obtained at 2000°C).

If only the total gas release values at the end of the anneal were
available, differentiation between Models-X and -Y would be ambiguous. An
explanation of the differences between Model-X and -Y predictions for total
gas release, bascd on vncertainties in various materials properties (e.g.,
grain size), could easily be provided. Model validation, however, is most
often performed with only total gas release data.

To under xcore the importance of "reasonably” well-characterized da‘a
for model valida.'on, it is instructive to compare Models X and Y with data
that show bias in ti.. standardized residuals. The statistical analysis
performed in Section 4.1 for the data of Burbach and Zim.iermann36 gave
an acceptable standard deviation of 0.4080 (Table 5), but a clear bias in the
standardized residuals (Fig. 3b). Figure 6a shows Model Y-calculated values
of fractional gas release vs. annealing time for a hold temperature of 1800°C
at as-irradiated burnups of 0.3, 0.9, and 3.7 at.%. Also shown in Fig. 6a are
the time-dependent data from Ref. 54. As is evident upsn inspection of Fig.
6a, the effect of systematic bias in the data precludes any definitive
conclusion on the validity of Model Y for describing gas precipitation in
solids during an 1800°C anneal.
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Figures 6b and ¢ show values for fractional gas release vs. anncaling
time, calculated with Models X and Y. for hold temperatures of 1900°C and
2000°C, respectively, compared with time-dependent data from Ref. 54,
Systematic blas is less effective in the higher-temperature/higher burnup
regime (e.g., see Fig. 3b). The results shown in Figs. 6b and ¢, although not
nearly as definitive as those shown in Figs. Sa-f, suggest that Model Y is a
more appropriate description of precipitation kinetics in these experiments
than Model X,

A more rigorous level of model validation can be obtained if
microstructural data are avallable. Figure 7 shows bubble diameters vs.
temperature at 1800 s into the anneal, as calculated with Models X and Y,
compared with data from Ref. 3% (obtained by electron microscopy) on
mean bubble diameter. The results shown in Fig. 7 indicate that, although
Model X is more in line with the data, neither Model X nor Model Y can
explain the observed bubble diameters. Model Y provides smaller values of
bubble diameter than Model I, owing to the precipitation-hindering effect
ol werpressurized bubbles. This difference in model prediction will be
more fully discussed in the following section.

It would be easy to dismiss the validity of Models X and Y on the basis of
the results shown in Fig. 7. However, one must be very careful in
interpreting the measured "mean-bubble” diameter and the FASTGRASS-
calcuiated "average-size-bubble” radius. It is not obvious a priori that the
measured and calculated quantities are one and the same. For the calculated
average size. the average 1s taken on the sink strength (i.e., fram the sum of
the sink diameters), whereas the experimental size histograms usually refer
to the observable bubble volume dis*ribution (i.e., they are measured and
scaled on the basis of the largest sizes with morphologically significant
concentrations; the smallest classes are practically cut off by the optical
resolution limits of the correspondingly adopted detection method,
transmission electron microscopy, scanning electron microscopy, tc.).

To examine this issue further, GRASS-SST code calculations of the
intragsinular bubble size distribution, incorporating the X and Y gas
precipitation modcls, were performed for the 1700°C anneal of Ref. 35,
Figure 8 shows the GRASS-SS8T-calculated values of the bubble number
density vs. the mean bubble diameter for anneal times of 300 ana 900 s.
Also shown in Fig. 8 are the FASTGRASS (Model X and Y)-calculated and the
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As shown in Fig. 9, Models X and Y provide for a delayed precipitation of
the atomic fission gas, compared to Model Z, which predicts that 1009% of
the intragranular gas has precipitated into buboles by =90 s into the anneal,
compared with =2000 s predicted by Mode. £ and =375 s predicted by
Model Y. The result of the delayed precipitation is the . "ailability of
intragranular atomic fission gas for diffusion to the yrain boundaries. The
fission gas diffuses to the boundaries at a rate set by the gas atom diffusivity.
This combination of availability and mobility is reflected in the differences
between the model calculations of the fraction of the retair d gas that
resides within the giains: at =400 s into the anneal, Model Y predicts that
this fraction is =70%, compared to =30% predicted by Model X, and 88%
predicted by Model Z. Although Model X predicts a delayed precipitation of
gas in bubbles, the relatively low vaiue for the gas atom diffusivity results in
less gas release to the grain boundaries. Thus, the amount of gas reaching
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effectively zero). Caleulations performed with the grain-growth/grain-
boundary-sweeping model predict that the grains grow, on average, from an
initial size of 8 um to a final size of =8.5 ym. This magnitude of grain growth
is _onsistent with the measured® pre and posttest mean linear grain sizes of
56 * 0.3 pum aud 7.14 * 3.65 um, respectively.

4.4 In-Pile Gas Release

Figure 12 shows predicted fission-gas release as a function of fuel
burnup, and compares these results with the data of Zimmermann, 56
Uranium dioxide fuel with a fission rate of 1014 f em 3 §°! was used in these
exyv-riments. A temperature gradient of 1000°C s-! and grain diameters
bevween 1 and 10 um were used for the calculation. Four different sets of
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calculated curves were generated for average fuel temperatures of 1250,
1500, 1750, and 2000 K. The use of relatively small grain diameters for the
calculation of the low-temperature Zimmermann®6 data agrees with the
results obtained by other authors.57 Presumably, the use of relatively small
“effective” grain diameters 18 required to simulate, to some degree,
subgrain-boundary formation, which may have occurred in this fuel. The
1250~ and 1500-K data are b acketed by predictions based on 1- and 2.5~
um grain sizes, respectively. The 1500~ and 2000-K data are bracketed by
predictions based on 2.5- and 5-um, and 5- and 10-um grain sizes,
respectively. Again, agreement between theory and data is reasonable.

‘igure 13 shows calculated end-of-life gas release for fuel frradiated in
the Carolinas-Virginia Tube Reactor (CVIR), the H. B. Robinson (HBR) No. 2
Reactor, and the Saxton Reactor, compared with measured values. Also
shown in Fig. 13 are the predicted and measured end-of-life releases of
Turnbull-Friskney58 and Zimmermann.56 To supply FASTGRASS with the
proper operating conditions for the CVTR, HBR, and Saxton irradiations,
FASTGRASS was coupled to an experimental LWR fuel-behavior code
generated by modifying5® the LIFE fuel-performance code. As is evident
from Fig. 6. theory predicts the data reasonably well for fission-ges release
between 0.2 and 100% and for burnups between 0.7 and 10 at.% (-7000-
100,000 MWd/MT). The largest differences between predictions and
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compared with the data of Zimmermann56
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These differences are

attributed to uncertainties in power history and to uncertainties in the L'FE
calculation of fuel temperatures,

4.5 Average Size of Fission-Gas Bubbles

Figure 14 shows predicted average bubble size compared with the data
of Cornell et al.50 The data of Ref. 60 were obtained from transmission
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data of Zimmermann®6 for burnups greater than 3%. Again, the agreement
between theory and experiment is quite good.

Figure 17 shows predicted retained gas in pores at 3 and 12 at.%
bumup as a function of {rradiation temperature, compared with the data of
Zimmermann®€ for burmups greater than 3%. In contrast to the reasonable
agreement between theory and experiment for the total retained gas and the
gas retained in the matrix (Figs. 15 and 1€. respectively), the results for the
fission gas retained in pores are consistently below the average of the
measured values. The reason for this discrepancy is not clear in that the
retained gas in pores plus the retained gas in the matrix should equal the
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total retained gas (as in the predicted results). Note that Zinmmermann's56
data do not, in general, obey this sum rule. Given that the predicted results
for the total retained gas and the gas retained in the matrix are in
reasonable agreement with the data (Figs. 15 and 16), the predicted results
for fission gas retained in pores should agree with a consistent set of data
obtained for these conditions.
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4.7 Fission-Gas S.selling

Figures 18 and 19 show predicted rates of s velling due to retained
fission gas as a function of irradiation temper; ture, compared with the
results obtained by Zimmermann,®! for UOg fuel irradiated over the burnup
ranges of 0-1, 1-2, 2-2 3-4, and 4-5 at.%. Zimmer ann®! obtained the
swelling results shown in Figs. 18 and 19 by com; < the external volume
changes of the UOy with calculated values for UOjy a. - sification (i.e.,
irradiation-enhanced sintering of oxide fuel). In general, the predicted
swelling rates obtained with FASTGRASS agree reasonably well with the
results obtained by Zimmermann 6!

Figure 18 shows a very strong temperatur dependence of the sweiling
rate at low burnups. However, with increasing bumup (Fig. 19), the swelling
rate and the temperature de, ‘ndence diminigh, owing to saturation of the
fissioni-gas swelling rate caused by the enhanced release of fission gas at
increased values ol fuel bumup (see Fig.12).
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incorporated into FASTGRASS (see Appendix A). This mode! estimates the
growth rate of a grain boundary bubbie under tiie driving force of internal
pressurization. The volume growth rates due to crack propagation and to
diffusional processes are compared to determine the dominant mode o.
volume swelling. Knowiedge of the mechanical properties of UO2 is not
required.

The FASTGRASS model was executed with a fuel behavior code5? for the
steady-state irradic ©~... * a fue! rod in the HBR reactor to generate the
required initial cone\{ v s for transient analysis. The HBR fuel had average
heat-generation rates of 22.4 and 17.7 kW/m in the first and second cycles,
respectivelt and reached ¢ waximum burnup of 3.14 at.%. Subsequeatly,
FASTGRASS was executed with a tronsient-temp .1 ature code®1.62 (or a
series 1 DEH tests. The calcwational scenario is as follows (sce Fig. 20)
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5 FASTGRASS Theory of Fission-Product Behavior in
Solic Fuel: UQ,/Fission-Product Chemistry

,
{ The FASTGRASS maodel for reactive VFP and AEFP release is based on

: two major assumptions; 1, because the VFPs and AEFPs are known (o react

: with other elements to form compounds, a realistic description of

! VFP/AEFD release must include the effects of chemistry on behavior, and 2.
i because the noble gases have been shown to play a major role in establishing
| the interconnection of escape rovtes from the interior to the exterior of the
fuel, a realistie description of VFP/AEFP release must include, a priori a
realistic description of fission-gas release and swelling. The physical
reasonableness of these assumptions has been supported, thus far. by good
agreement between model predictions and actual observation. FASTGRASS
treats only stable fission products, i.e., no provisions have heen included for
radiolytic decay. A special version of FASTGRASS has been utilized to assess
the behavior of short-lived fission products.?

| _ bBased on the work of Tam et al. 54 the following system of equations is
used to assess Cs and | sequestering behavior in UOg fuel:

| 2Cslg) + UOz(c) + 0a(g) = CsyUO4(c). (60)
’ 2Cs(g) + Mole) + 209(g) — CTsaMo04(c). (61)
Csig) + 1{g) = Cslc), (62)

where g and ¢ designate gas and condensed ohases, respectively.

physical basis for the primery reactions governing the chemical behavior of |
and Cs in UOg-based fuel is reasonably well established and documented in
the literature 54-66 However, the internal fuel rod chemistry governing Ba
and Sr release is less certain and no mechanistic model exists at this time
for the estimation of the release behavior of these elements from severely
damaged fuel, Rather, the release of these fission products is based solely
on empirical correlations obtained from a limited data base. Here we
postulate a basis ‘or estimating such Ba and Sr release.

|
|
I Tellurium (Te) is considered non-reective within the fuel matrix. The

I

:E

|

I Barium and Sr belong to the Group Il (alkaline earth) elements. As

| discussed in Ref. 67. evidence indicates that Ba and Sr may be present in
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specific variables associatec. with these equations are defined in Table 2
These calculations for fission-product chemistry and migration are
performed sequentially, as a function of time. This method of calculating
VFP/AEFP behavior is rcasonable as long as the chosen integration time-
steps are small enough so (nat a quasichemical equilibrium is maintained.

6 FASTGRASS Thecory of Gas Bubble Behavior in
Degraded Fuel

A wide range of matenal interaction and phase transformation
phenomena can be expected at the elevated temperatures associat>d with
severe core-darave accidents: one of the more significant is the steam-
cladding {of Zircalov) reaction, with ZrO; and oxygen-stabilized alpha-
Zircaloy |la-Zr{O]}] byproducts.

6.1 Effect of Fuel Liquefaction

Figure 25 piesents the pseudobinary equilibrium diagram for UOg and
oxygen-saturated o-ZriQ). As indicated, oxygen-saturated o-Zr(O) will
dissolve UOg if the two are in contact at temperatures in excess of =2170 K.
A eutectic melt is formed with a 5% mole fraction of UQq, whereas, at
higher UOs compositions, there exists a mixture of liquid with a (U-Zr)Og
solid component that is analogous to a slush. A mixture of two liquids (i.e.,
Ly + Lg) oconrs at temperatures above =2673 K, when the U0 mole
composition is between =23% and 85%.

Such parameters as fuel pellet microcracking, oxidation state, wetting
characteristics, and time at temperature also exert a profound influence on
the dissolulion process. Until the influence of such parameters can be
tstablished from a systematic data base, modeling of dissolution effects on
fission-product release must, of necessity, rely primarily on empirical
evidence. For present purposes, two limiting conditions on fuel dissolution
will be considered: grain boundary dissolution (2673 K > T > 2170 K),
where limited attack of molten o-Zr{O) on the fuel microstructure results in
a residual 1 rich melt phase at grain boundaries, which effectively acts as a
melt pathway for the escape of fission products to the pellet surface; and
Juel matrix dissolution (>2673 K), where more extensive attack of molten
a-Zr(O) on the fuel microstructure results in dissolution of the entire grain
structure over a portion of the fuel pellet radius so that fission-product
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boundaries). This is in contrast to release processes in solid fuel, where
release can occur directly upon the arrival of fission gas at the grain edges, if
a stable network of interconnected porosity is encountered.

Modeling of bubble rise in a viscous liquid is based on an estimate of the
time that is necessary for a pore to rise from the interior of the melt to the
free surface. An approximation of the bubble velocity can be obtained by
assuming that bubble interference during an increment of time is negligible
and variations in properties along the distance of travel are minimal. Under
such assumptions, the classical cxpression for bubble rise in a viscous liquid
can be employed. If a submerged, rigid bubble is allowed to rise from rest in
the liquid, it will accelerate until it reaches a constant terminal velocity, Vy,.
In this situation, the effects of gravity, F 4, and drag, Fq, are just balanced by
the effects of buoyancy, Fy: Fy, = Fg + Fq. 1. €., the balance of the equilibrium
force for such steady-state bubble rise can be written as

4

P 4 N
a nRppLE = = NRngg +6nR U V),

3 (77)

where Ry, is the bubble radius, py, is the liquid fuel density, g is the
gravitational constant, pg is the gas density in the bubble and py, is the
viscosity of liquefied fuel.
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Notinig that pg, >> pg, one can express the terminal rise velocity as

vy, = 2RERLE

9 (78)

Because the liquid lamina can be expected to nave a snaseclike random
structure in a partialiy dissolved fuel pellet, direct vertical bubble rise is
unlikely. Bubble migration is, therefore, viewed as upwardly biased in a
snakelike path, so that the effective rise velocity, Vi, is taken to be half
(between zero and the terminal veiocity) the terminal velocity, ie., Vi = 1/2
Vit

Fission-gas bubbles can also migrate in the liquid by a volume diffusion
mechanism. The diffusivity of a bubble of radius Ry, migrating by volume
diffusion. is

30

Dy, =~
. 4RRb

Dy, (79)

where Q is the molecular volume and Dy, is the U-atom diffusivity. The U-
atom diffusivity in molten UOy is based on the Sutherland-Eins’ein model
and is given by

KT

anrapy

(80)

u

The velocity of a bubble moving by a volume diffusion mechanism in the
presence of a temperature gradient, AT, is expressed by

Vi = .D.LL%&LVT‘ (81)

where Q% is the volume diffusion heat of transport.

For larger bubbles in the presence of a relatively large temperature
gradient, vapor transport can strongly dominate both buoyancy-driven
bubble rise and volume diffusiori. For this case, the bubble velocity is given
by
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Table 8. Values of Various Parameters Used in '*STGRASS

Symbol Value
PL 8.72 g/cm3
Hi 4x 102 g/s?
e 1.42 x 10-8¢m
Qv 48 x 10-12 crgs
Po 4.16 x 1074 dynes/cm?
AH, 1 x 10-11 erg
m{UO3) 448 x 1022 g
mo (Xe) 219x 1022 ¢
Dy 2.1 x 104 ¢-21000/RT ¢m2/g
Dba 1.486x10 '} ¢~108000/RT cm?/s
Rg.og
b,
B R, €Ry: 3.42x1080Q%/3% ;"m’m cm?/s
nR?(Rg)
3.42x1084/3¢~108000/RT snn(R )2
R, > Ry 7 Lcm?/s
KR, Ra
Rs 1,12 x 176 em
3 1.12 x 104
A 5 x 1007 em
be 2x 10717 em3
Ob 0.01 em2/cm3
o 0.02
Y 1601.4 - 0.345T erg/em?  (solid)
YL 450 erg/cm? (liquid)
Dy, 2.0 e64200/T om?2/s
DgsW 3.1x10 8¢ - 24000/T cm® /5

4For nonequilibrium conditions, FASTGRASS utilizes a theoretical model
for the diffusion of overpressurized fission-gas bubbles, developed by
Rest.7 This model is sumiuarized in Appendix D.
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From Fig. 26, it can be secn thot, for small bubbles (<1 pym) and small
values ol the temperature gradient (<160 K/cm), volume diffusion dominates
bublde motion. On the other hand, large bubbles (21 wm), in the absence of
significant temperature gradients, move primarily under the forces of buoy-
ancy. In liguid UOg with temperature gradients 2 5000 K/cm (see Fig. 27),
bubbles with radit of up to <1 pm move primarily by volume dillusion,
whereas bubbles with radii greater than 1 pm imove primarily by viscous rise.

Bubbles moving in a liquelied medium can coalesce anc grow, Because
FASTGRASS considers only a single bubble size class per distinct
inorphological fuel region fi.e., the average-size bubble), the rate of change
ol the ubble density, Cy,, for a bubble of radius Ry,, moving by random and
biasev  lgration in a liquefied lamina (e.g., a destroved grain boundary
region) is given by [see Eq. 14, and subsequent discussionj

(.:l) = —(lﬁﬂRh[)h + u,,uR,,;’V,,)(:?,. (84)

where ay, is a parameter that incorporates the effects of a distribution of
bubble sizes, and Vy, is given by either Eq. 78, 81, or 82, The value of @ = 45
makes the second term on the RHS of Eq. 84 correspond to the product of
the bubble density and the interaction volume swept out by each bubble.

For fuel matrix dissolution, FASTGRASS considers the interaction
between gas atoms in solution and two distinet bubble size populations:
those that had been in the fuel lattice prior to fuel dissolution and those that
nad been on the grain boundaries or in a liquefied lamina. The coalescence
probaiility for these bubbles is given by

P(R|.R2)= 2R(D| +D2)(R| +R2)+ R(Rl +R2)2(V2— V”. (85)

where R), D}, V) and Rg, D9, Vo are * e radius, diffusivity, and velocity of
bubble size distribution | and 2, respectively. Prior to fuel
iiquelaction/dissolution, the bubbles are av. . m=d to be spherical in the bulk,
lenticular on the grain faces. and ellipsoidal on the grain edges. Subsequent
to fuel liquefaction/dissolution, all bubbles are assumed to be spherical.

FASTGRASS analyses of the PBF-SFD 1-1 test indicate that liquefaction-
induced fission-product release depends on initial coalescence and growth
of relatively small (0.04-pm-diameter) bubbles in the liquefied material due
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to a volume diffusion mechanism (i.e., the fuel used in SFD 1-1 was trace-
irradialed and populated with a distribution of extremely small bubbles
before the onset of liquefaction/dissolution, (see Fig. 26). Whereas volume
diffusion (i.e., self diffusion of the U4+ jon) is relatively slow in solid U0O9, it
appears to be a significant factor in the motion of small bubbles in liquefied
UOg. The growth of small bubbles in the liquefied material is predicted to
occur mainly by the volume diffusion mechanism until the bubbles reach
sufficient size (see Fig. 26). Subsequently, the release of fission gas (and
other fission products trapped in the bubbles) is dominated by the motion of
relatively large (=1-um-diameter) bubbles under buoyant forces.

7 Validation 2: Comparison between Predictions and
Data for Fission-Product Release during Severe-
Accident Conditions

FASTGRASS predictions of fission-product release behavior have been
compared with three sets of data: 1. the data obtained by Parker and
Barton,#? based on out-of-reactor induction heating experiments on declad,
crushed low-burnup (1000) fuel; 2. data from high-temperature, in-cell
heating tests on irradiated high-burnup LWR fuel in a flowing stream
atimosphere, performed at ORNL:4! and (3) data from the in-reactor PBF-
SFD Tests 26 in which 1-m-long, trace-irradiated (89 MWd/t) and normally
irradiated (35000 MWd/t) fuel rods were tested under accident conditions.

7.1 Comparison with Qut-of-Reactor Data
7.1.1 Data of Parker and Barton

It Table 9, the data of Parker and Barton4? are compared with
FASTGRASS predictions of Xe, Ba, and Sr release at four fuel temperatures
and two values of fuel burnup. Parker and Barton4? heated irradiated UGg
specimens for =5.5 h in an inert environment. Because fuel fragments with
unknown values ol open pore/solid surface area were used in most of the
tests, a quantitative comparison between prediction and experiment is
difficult. To simulate the fragmented state of the test samples. 10 and 25%
of the grain boundaries were assumed to be fractured for the 1000~ and
4000-MWd/t samples, respectively, As is evident frem Table 9. the
FASTGRASS predictions follow the trend observed for Xe, Sr, and Ba release
as a function of temperature and burnup. For low-burnup irradiations, most
of the Ba and Sr is prediated to be in atomic form rather than in a
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Table 11. Predicted Chemical Form of Retained Ba (4000 Mwd /U

Temp.
(*C) Form Lattice Faces Edges
:
: 1400 Ra 0.25 0 0
' BaOfc) R.75 0 0
3 BaOl(g) 0 0 0
} BallOy4 94 0 0
§ 1610 B 55 0 0.1
BaOlc) 23 0 0.4
BaOlg) 0 0 0
BalOy 70 0 1
1780 Ba 22 0 7
BaO(c) 26 0 8
BaO(G) 0 0 0
| BallOg 28 0 9
| 1980 Ba 16 0 50
r BaOlc) 6 0 19
: BaO(g) 0 0 0
BalUOy 2 0 F

» correctly assess the state of the fuel prior tc the test, a thermally and
mechanically coupled model. consisting of FASTGRASS and the LIFE-LWR
fuel behavior code, was used for the  reactor irradiation period.®® The
total gas released during the irradiavion was =0.2%.

The value of Q for stoichiometric UOg oo was used for both test
simulations. This resulted in predictions of no grain growth for HI-1 and a
;‘ 26-45% increase in grain size for HI-3. These grain growth predictions are
' consistent with microscopic observations. Scanning electron micrographs
of HBR fuel specimens before and after Test HI-3 show that the grain size
: before transient heati § was =6 uym, whereas post-test examination
! indicates an =50% increase in grain size. More detailed microscepic results
I are presented in Ref. 75.
E

To reflect the reported experimental uncertainty in temperaturce for
Test HI-3, each part of Fig. 29 includes three predicted curves, which
correspond to test temperatures of 2273 + 50K. Also shown in Fig. 29 are
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the predictions in the absence of grain growth. On the basis of reasonable
agreement between predictions and da.a for fission-gas and Cs release when
a grain-growth/grain-boundary-sweeping mechanism is operative (Fig. 29),
and between predicted and observed end-of-test grain size, it is concluded
that grain boundary sweeping of fission products is a key mechanism for
moving fission products from within the grains to the grain boundaries
under HI-3 test conditions.

Whereas partial oxidation of the cladding was observed after Test HI-3,
no visual evidence of appreciable fuel oxidation was detected. This result is
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7.1.3 Fission-Product Behavior in High-Burnup Fuel during ORNL
In—-Cell Heating Tests with Fuel Liquefaction

Figure 31 shows FASTGRASS predictions of fission-gas release for Test
H1-3 with and without the effects of fuel liquefaction, compared with
experimental observations. As discussed in Section 7.1.2 and shown in Figs.
29 and 31, the FASTGRASS calculations made under the assumption of no
liquefaction are in good agreement with the data. The calculations made
under the assumption that fuel liquefaction occurred in Test HI-3 (Fig. 31)
show a degradation in the fission-gas release, and do not agree with the
da.a. The reason for this result is that, during fuel liquefaction, the resultant
enhanced growth of fission-gas bubbles in the liquefied lamina bordering the
UOg grains reduces grain growth rates and grain boundary sweeping of
intragranular fission products into the liquefied region. In addition, just
subsequent to fuel liquefaction, fission-product release rates are reduced
owing to decreased mobility in a viscous medium, compared to vapor
transport through interconnected tunnels. The effect of reduced grain
growth rates during fuel liquetaction is demonstrated in Fig. 32, which
shows FASTGRASS predictions for grain growth during Test HI-3 with and
without the effects of fuel liquefaction. Also shown in Fig. 32 is the reported
grain size observed in the posttest fuel. As shown in Fig. 32, the predicted
grain size without the effects of fuel liquefaction {s consistent with the
observations, whereas the calculated grain size for the case of fuel
liquefaction is substantially below the reported values. The FASTGRASS
resulis for fission-gas release and grein growth during Test HI-3 in the
absence of fuel liquefaction arc consistent with the result that only minimal
evidence of fue' liguefaction was observed in Test HI-3.

Figure 33 shows FASTGRASS results for fission gas release during Test
HI-4 with and without effects of fuel liquefaction, compared with the
experimental observations. The fuel specimen for Test Hi-4 consisted of a
20.3-cm-long fuel segment from a rod that had been irradiated in the Peach
Bottom-2 reactor to about 10,100 MWd/MTU. Again, FASTGRASS-LIFE-
LWR was used to simulate the irradiation period prior to the transient test.
About 9% fission-gas release occurred from this rod during the irradiatio

Test HI-4 consisted of 20 mi:n at a teinperature of 2273 t 50 K in a flowing
steam-helium atmosphere.

Grain boundary liquefaction of the fuel, i.e., formation of liquid U at
temperature, was observed in portions of the fuel, principally near large
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amounts of Zircaloy.79% As shown in Fig. 33, the FASTGRASS results for
tission-gas release dunng Test HI-4 under liguefaction conditions are
consistent with this observation. The calculations m#-'« under the
assumption of no fuel liquefaction effects sudstantially overpredict the
reported data. In addition, the FASTGRASS prediction of <10% increase in
grain sice is consistent with the observation of no grain growth within a 15%
uncertainty range.
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growth oceurs, the majority of the lission gas s predicted o cemain tapped
within the gratn interior, with a total fractional retention of »80% even as
fuel temperatures approach 2400 K. However, if the grain growth i
enhanced owing to fuel exidation. a much larger fraction of the intragranular
gas is swept to grain boundaries, with only =10% retention within grains at
fuel temperature of <2400 K. Such predictions clearly illustrate the
important influence of the grain-growth/sweeping process on the
morphology and attendant release behavior of gaseous and volatile fission
products.

Figure 3€ shows FASTGRASS predictions of grain growth in the hottest
fuel region of SFD-ST for cases of nominal and enhanced grain growth.
Theory predicts a more than twofold increase in grain siz. {for a 10-um
initial grain size) when hyperstoichiometric grain growth activation energy
is invoked. Because the steam flow conditions of the SFD-ST scoping test
produced an oxidizing environment, enhanced grain growth appears
appropriate for this analysis. The analysis is also consistent with the fuel-
oxidation-enhanced grain growth noted in the PBF-SFD scoping test, where
both UsOg precipitates and a substantial increase in grain size were noted
upon posttest fuel examination.

In Table 12, FASTGRASS-VFP predictions for fission-product release
during SFD 7T are compared with measured values. The cale alations shown
in Table 12 were made by assuming that requench provided the apprupriate
mechanisms (e.g., fuel iracturing) for the release of most of the fission
products predicted to be on the grain boundaries. (FASTGRASS-VFP does
not currently contain a model for requench-induced processes, e g., grain
boundary fracturing.)

As was stated previously, the value of the activation energy, Q. for grain
boundary motion ‘n hyperstoichiometric UO» was determined by the
requirement that the integrated intragranular Xe release, as calculated by
FASTGRASS-VFP, must be consistent with measured total (end-of-test)
celease values for SFD-ST. Thus, agreement between predicted Xe release
values and SFD-ST-measured values, shown in Table 12, is o consequence of
this procedure when used to determine a vaiue of Q for oxidized U0
However, the successful interpretation of the HI 1-4 test series (Figs. 28-
33) and of the trends of the PBF test fission-gas-release-rate data (e.g., Fig,
34). and the reasonable agreement between the predicted integral releases
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Table 12. FASTGRASS-VFP Predictions of Fission-Product
Release during the SFD-ST Test, Compared with
Measured Values

Fraction Released

Fission
Product FASTGRASS-VFP Collection Tank
Calculation Measurement
Xe 0.50 «(). 604
Cs 0.3% «=0.32
I 0.51 «0.49

A0btained from integration of release rate data.

on the grain faces and wong the grain edges. This is in contrast to the
ORNL transient tests on high-burnup fuel described earlier. The previcusly
described relatively high concentration of fission gas in the high-burnup fuel

enables a high degree of bubble interconnection to occur, with subsequent
venting of retained fission products.

7.2.2 Fission-Product Behavior in Trace-lrradiated and High-Burnup
Fuel during SFD Tests in the PBF Reactor with Fuel Liquefaction

FASTGRASS una'yses indicate that for trace-irradiated fuel, most of both
fission gases and volatiles (1 and Cs) are retained within the interfor of
individual grains either as individual atoms or as newly nucleated
infragranuler microbubbles. FASTGRASS-VFP calculations indicate that euch
morphology will exist until grain growth causes the sweeping of
intragranular microbubbles to grain boundaries. Because grain growth
normally requires fuel temperatures in excess of 1900 K, significant refease
during the heatup phase of these PBF/SFD tests is precluded. Only when
temperatures above 1900 K cause destructior: of the grain boundary
structure (by liquefaction, eutectic fuel melting and/or quench-induced

processes such as grain boundary fracturing) is significant release predicted
for such low-burnup fuel.

Test data for the PBF-SFD 1-1 and 1-4 tests are presented in Table 13,
The SFD 1-1 transient consisted ui a slow heatup of trace-irradiated (89
MV'd /1) fuel to =1600 K, follow>d by a rapid heating that is driven by
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Table 13, Percentage Fission-Product nelease Measured during Two
PBF-SFD Tests, Compared with FASTGRASS Predictions
SFD 1-1 SFD 1-4
Species Potential Potential
Total  Ligquefaction Total  Liguefaction
Data  Release elease Data®  Release elease
Noble Gas  "0+3.0 4.4 3.9 30-51 42 15
| 12 4.6 4.0 24 42 15
Cs 9.4 4.9 4.3 42 35 12.5
Te £0.3 0156 013 <0.5 0.3 0.1
20.b 0.9 08 — 12 4
Sr - ¢ 0.25 —_ 14 5
;Excludmg irreversible « sriceieos 4. g content,

cladding oxidation in the upper 1 .glons of the fuel bundle. The peak fuel
temperatures in most of the fuel rods were 22650 K. A significant amount of
lHguefaction/dissolution occurred in the SFD 1-1 test. In the SFD 1-4
test,”” the transient closely matched that of SFD 1-1; however, irradiated
(35,000 MWd/1) fuel rods were used in the SFD 1-4 test bundle. The
liquefaction/dissolution scenario for SFD 1-4 was assumed to be tdentical
with that of the SFD 1-] test.

The spatial and axial temperature profiles provided to FASTGRASS were
derived from calculations of the SCDAP computer model”” and were
adjusted to the best-estimate temperature profile. The initial effective grain
size was 8 um. The general lack of fuel oxidation during the SFD 1-1 test
dictates a grain growth model driven only by temperature, The ~7% fuel
dissolution noted during postirradiation examination was simulated in
FASTGRASS by allowing one of the ten fuel nodes to go into total dissolution
(monotectic melting temperature = 2650 K), while four of the remaining
nodes were modeled to have grain boundary liquefaction (liquefaction
temperature = 2150 K). Because relocation information was not supplied,

the cylindrical fuel geometry was maintained by FASTGRASS throughout the
simulated transient,
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In Fig. 37, the FASTGRASS-predicted fission-gas release rate for the
SFD 1-1 test is compared with measured release rates. FASTGRASS
calculations are shown with and without the effects of fuel liquefaction/
dissolution. The release rates predicted by FASTGRASS with the effects of
liquefaction/dissolution agree quite well with the trend of the release rates
measured by SFD 1-1. In Fig. 38, FASIGRASS-calculated percent noble-gas
release for SFD 1-1 are shown with and without the effects of liguefaction/
dissolution. In Table 13, the FASTGRASS noble-gas release fractions are
compared with the results of the on-line and grab-sample measuremeuts,
FASTGRASS calculations made with the effects of liquefaction/dissolution !
predict releases that are in better agreement with measured values,

The calculated SFD 1-1 noble-gas release (Fig. 38) is ~4.4%, with
liquefaction occurring at <2000 s. As indicated in Table 13, «3 9% noble-
gas release is predicted from nodes that experience liguefaction, the
remainder (0.5%) being released during solid-phase fuel heatup. Although
enhanced release is still relatively low (4 4% total), bubble size for trace-
irradisted fuel is quite small (210 A diameter), and the mobility of the |
bubbles in liquids Increases with increasing size.

Figure 39 shows GRASS-SS8T- and FASTGRASS-calculated bubble size
distribution in liquefied UOy just subsequent to fuel dissolution for Tests

N e e ey e
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1 G PASTURASS (WITHOUT LIQUEFACT ION/DISSOLUTION)
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1o ) 4 NOBLE-GAS RELEASE RATES (GRAB- SAMPLES) —d 3500
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Fig. 37. FASTGRASS-calculated flssion-gas release
rates for SFD 1-1 with and without the
effects of liquefaction/dissolution,
compared with the measured values
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SFD 1-1 and SFD 1-4. (FASTGRASS considers two bubble size classes for
fuel that has undergone dissolution, corresponding to bubbles that existed
within the bulk and on the grain boundaries just prior to the phase change.)
Also shown in Fig. 39 are the calculated results for SFD 1-1 Just after fuel
re-solidification.  For the trace-irradiated SFD 1-1 fuel, the more detailed
GRASS-SST mechanistic model shows that the peak in the bubble size
distribution in liquid fuel occurs at a bubble diameter of «0.015 um. For the
irradiated fuel of SFD 1-4, GRASS-SST shows a bubble size distribution. in
liquid fuel with the peak occurring at a bubble diameter of «0.06 um. The
caleulated bubble size distribution for SFD 1-4 s both higher and broader
than that for SFD 1-1. Thus, as the bubble velocity in the liquefied fuel
depends on bubble size (e.g., see Fig. 26), and the bubble coalescence rate
depends additionally on bubble density, e.g., see Eq. 84, gas bubble escape
from liquefiec fuel (and thus the escape of other fission products which are
swept out by the bubbles, e.g., 1 and Cs) will, in general, be much greater for
normally trradiated fuel than for low-burnup fuel, Figure 39 also shows that
FASTGRASS tends to approximate the GRASS-SST bubble size distributions
(at least at the onset of dissolution) by calculating a high density of smailer
than “average® size bubbles (i.e., the peak of the distribution), and a low
density of larger than “average” size bubbles.

As the system evolves in the liquefied “tate, the FASTGRASS-calculated
bubble sizes come into better agreement with those calculated by GRASS-
SST. This is shown in Fig. 39 by the GRASS-8ST-calculated hubble size
distribution for SFD-1-1 just subsequent to fuel resolidification. and the
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termination of cooldown provides an additional mechanism (not considered
here) for the added fission-product release that we noted late in the test.

Table 13 also shows release fractions measured during the SFD 1-1 and
1-4 tests and the FASTGRASS VFP/AEFP-calculated release fractions, As
indicated, the FASTGRASS predictions are in reasonable agreement with the
reported data. However, because the SFD 1-1 and 1-4 temperature and
liquefaction/dissolution scenarios are somewhat uncertain, these results
should be considered qualitative rather than quantitative. For the trace-
irradiated fuel of the PBF-SFD 1-1 test, low release is predicted (Table 13),
Approximately 1% of the Ba and 0.3% of the Sr are predicted to migrate to
grain boundaries and to be trapped there durir g solid-phase fuel heatup.
During fuel liquelaction/dissolution, this inventory of J3a and Sr is predicted
to be released, This prediction agrees well with the test data (<1%
measured release). Rellable da.a on Ba and Sr release for the SFD 1-4 test
are not avatlable at this time,

Shown in Table 13 is the quantity of fission products -edicted to be
released through the liquefied regions of the fuel after fuel heatup and
during fuel conldown. For the SFD 1-1 test, essentially all of the fission
products are predicted to be released during the slow cooldown of liquefied
fuel to a reconfigured solid debris mass. The reason for this result is that,
during solid-phase heatup, in trace-irradiated fuel, 11 is calculated that very
little open porosity exists on the grain boundaries. Thus, fuel liguefaction
provides release paths for entrapped fission products. In the higher burmup
SFD 1-4 fuel, fission-product release is partitioned between release by
liquefaction and release through networks of open porosity. The greater
degree of open porosity in the irradiated SFD 1-4 “ael is due to much higher
concentrations of fission gas on the grain boundaries, and thus more
extensive interlinkage to the fuel surface,

Table 14 presents the FASTGRASS-calculated behavior of 1 and Cs for
SFD 1-1. The fission product 1 shows the same release characteristics as Xe
and no Csl formation is predicted. lodine is predicated to remain in atomic
form and diffuse through the fuel matrix in a manner similar to that of Xe.
This observation is supported by the work reported in Refs. 69 and 70. On
the other hand. fission-product Cs either reacts with the fuel to form Cs
uranate or migrates in atomic form. Because both | and Mo are fission
products and are widely dispersed in the fuel matrix for trace-irradiated
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Lomparison of FASTGRASS with Empirical Models
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PBF-SFD d+ia indicste that substantal fission product can be retained in
liguefied fuel. FASTGRASS analysis of these test data supports these
observations (see Section 7.2.2). For the trace-irradia * D 1-1 fuel, it is
predicted that the low concentration of fission products o the fuel matrix
will prevent appreciable bubble nucleation and growth, and hence,
appreciable bubble escape velocities (see Figs. 26 and 27). For higher
burnup fuels, the amount of release, although in general much greater than
from trace-irradiated material, is still dependent on bubble mobility, fuel
geometry, and time at fuel liquefaction temperatures.

Figures 40-42 show FASTGRASS predictions of noble gas, Cs, and Ba
integral release fractions for fuel frradiation to a 3 at.% burnup condition
and the following heating/cooldown scenario:

. Preirradiation to 3 at.% burnup at a temperature
of 1500 K (simulated normal reactor power vperation).

2 Cooldown to 500 K (simulated reactor shutdown).

3 Simulatec decay heat/loss-of-coolant accident, with a heatup
rate of 2 K/s to temperatures in the 1800-2800 K range, with
the fuel then held at constant temperature for up to several
hundred hours.

This heating scenario is similar to thar used at ORNL for the HI test
series: (however, the HI test hold times were <30 min, Figure 40 shows the
FASTGRASS-predicted fractional release for Xe. One hundred percent
fissin-gas release from solid fuel is predicted by FASTGRASS after an =11~
min hold at 2800 K ffuel heatup took =19 min), whereas a hold period of
=10 h is required at 2200 K to produce the same 100% fission-gas releases,
The etfect is ever nore dramatic at lower temperatures. The NUREG-
07772 correlations predict 100% release at 2800 and 2200 K in =1 min and
10 min, respectively. Thus, the FASTGRASS mechanistic code predicts a
much slower release rate than the NUREG-0772 correlation, even for
normally irradiated fuel (30,000 MWd/t),

Figure 41 shows similar results for Cs release. For fuel temperatures of
2000-2800 K, the Cs release is similar to the Xe release. For lower
temperatures (1800 K). the Cs release is somewhat lower than the Xe
release. At lower fuel temperatures, the Cs tends to become sequestered in
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Fig. 40. FASTGRASS-calculated fission-gas release during fuel heatups
to 1803-2800 K and during subsequent hold periods
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Fig. 41. FASTGRASS-calculated Cs release during fuel heatups to 1800~
2800 K and during subsequent hold periods
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8 & S ‘ 4 Predictions gf transtent gas
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./ measured values from the
L0 N ke i it SR =L ] ORNL HBU, HT, and HI tests.
S i 1 & The diagonal line indicates
MEASURED FRACTIONAL RELEASE M perfect agreement between

theory and experiment

reported uncertainties” in the fuel temperatures during the test. The
temperature uncertainties in these tests are attributed to combined heat
from rapid oxidation of cladding and higher levels of chmic energy
deposition.

Figure 44 presents FASTGRASS-calculated average fission-gas release
rates (obtained from the linear portion of the fractional release curves
shown in Fig. 40), plotted against the reciprocal of the absoclute temperature
and compared with various ORNL data and the NUREG-0772 release rate
curve. The linear fit to the ORNL release data from horizontally tested (HI)
rods results in a curve that lies between the somewhat high NUREG-0772
correlations and the FASTGRASS predictions. The series of points above
10-" fraction/min (at 4.5 x 10%/T) are from Test HI-6, which was a short-
time test («] min), and the series of points at =3.5 x 102 fraction/min (at
«5.0 x 104/7) are from Test HI-2, which most likely experienced fuel
oxidation. These points should be excluded from the comparison with the
FASTGRASS curve, because this curve represents release from
stoichiometric, solid fuel only, and for hold times representative of the
linear portion of the fractional release curves shown in Fig, 40, The ORNL
noble-gas release data from vertically tested (V1) fuel rods closely mirror the
FASTGRASS curve. These findings support a mechanistic approach to
modeling fission-product release, rather than the temperature-only
empirical correlation empicyed in NUREG-0772.
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9 FASIGRASE Input Description

Description of Driver Input for FASTGRASS-VFP/PARAGRASS-VFP

Variable
Card No, Name

~Description

|
ITLE
IRSTAR
la
DUMPI1

descriptive title
IRSTAR = O0; Normal execution

IRSTAR = 1: Problem restart; program reads
restart dump ‘rom Unit 15

Defines Unit 15 for reading restart dump (IBM
PC version only)
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118 VFN(2) Cs solubility coefficient
119 VFN(3) Ba solubility coefficient
120 VFN(4) Sr solubility coefficient

Indices 121-128 are factors used to assess biased coalescence probabilities
when using equal sized particles to characterize a distribution,

121 XOALP(1) Atoms in lattice

122 XOALP(2) Bubbles in lattice

123 XOBLP(1,1} Bubbles on faces

124 XOBLP{2,1, . 'ubbles on edges

125 XOBLP(1,2) Bubbles in liquefied material

126 XOBLP(2,2) Unused

127 Z222(1) Unused

128 222(2) Unused

129 ACI{1) Parameters in chemical equilibrium model

130 ACH2) (activities)

131 ACI(3)

132 CSDC1 Pre-exponential factor in expression for Cs
diffusion (em?2/s)

133 CsDC2 Activation energy for Cs diffusion/1.987 {cai)

134 GBSC(1) Grain boundary swelling efficiency factors

135 GBSC(2)  Grain boundary swelling efficiency factors

136 HSOL(1)  Ba solution energy (cal)












EPRF

ERRG. ..

FACE, EDGE

FGBAOR

FGBS (FBGSB, FGBSS)

FGR

FGRJ . FTERJ FIRJ,

FCSRJ FBARJ, FSRRJ

FGRMGO

GAMMA
GASMGO

GBS

GEN

125

Rate of gas atom release due to inereased edge
tunnel interconnection

Fractional error for Xe, Te, 1. Cs, Ra, and Sr

Gas bubble concentration on the grain faces, and
edges, respectively (#/cm3)

Fraction of grain face area per unit volume
covered by bubbles

Fraction of gas (Ba, Sr) arriving at faces due to
grain boundary sweeping

Fractional gas release for noble gases, Te, I, Cs,
Ba, Sr

Fractional gas release for Xe, Te, I, Cs, Ba, and Sr
Fraction of generated gas released due to long-
range migration processes (e.g., viscous rise in a
liguid medium)

Surface tension of UOg (dynes/cm)

Gas migration out of annular region (atoms/cm3)

Rate of intragranular gas release due to g.ain
boundary sweeping mechanism (s~!)

Generated quantity of noble gases, Te, I, Cs, Ba,
Sr. respectively (moles)

Xe, Te, I, Cs, Ba, and Sr released during DELT
(moles)

Grain size (cm)

Fission-gas generation rate (atomns/s/cm3)
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RANDB RANBAO),
RANSRO

RATIO

REQ

RET

RGE

RGF

RGGL,RGGF . RGGE

RGL

RPIN

RRCON (1-9)

RS(K.J), RS(K+1,J)

SAVG

128

Fraction of bubbles, B,O and S;0 in bubbles
arriving at faces due o randon. diffusion of
bubbles

Fractional radius of region (K.J)
Equilibrium bubble radius {¢m)

Retained quantity of noble gases, Te, I, Cs, Ba, Sr,
Csl, BaO, SrO, BaOlc), SrO( ,, CsaUO4,
CsyMo0O4BazU04, respectively {(moles)

Fraction of retained fission product on edges for
noble gases, Te, I, Cs, Ba, Sr, Csl, BaO, SrO,
Ba0(c), SrO(c), CsaU04, CSpM004, BalUO4

Fraction of retained fission product on faces for
noble gases, Te, 1, Cs, Ba, Sr, Csl, BaO, SrO,
BaO(c), SrO(c), CspU04, CsaMo0O4, BagUOy

Fractinn retained in the fuel lattice, on the faces,
and on the edges, respectively, for Xe, Te, I, Cs,
Ba, and Sr

Fraction of retained fission product in lattice for
noble gases, Te, 1, Cs, Ba, Sr, Csl, BaO, Sr0,
BaOlc), SrO(c), Csal104, CsaMo04, BagU04

Fraction of retained intragranular fission gas that
resides in bubbles

Fractional release rates for noble gases, Te, I, Cs,
Ba, Sr, Csl, BaO, SrO, (1/s)

Radii of the two boundaries of region (K.J) (cm)

Average number of gas atoms/bubble



SRL, SRF SRE,
SROL.SROF ,SROE

TAU

TCAP

TEL,TEF,TEE

TFPV

I'GRAD
TKI
TKIO

TLIQS

TS(K.J) TS(K+1.,J)

VOLUME

11 Conclusions
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Sr concentrations in lattice, grain faces,

and edges, respectively (#/cm3). The first

entry is for after chemistry, the second for before
chemistry.

Time for which integration has been completed
(s)

Time elapsed since clad wetting (s)

Te cencentrations In lattice, grain faces and
edges, respectively (#/cm3)

Fission rate per unit volume in region (K.J)
(fissions/cm3/s)

Temperature gradient in region {K.J) {K/cm)
Average temperature in region (K.J) (K)
Previous value of TKI (K)

Time required for liquefaction front to move
across pellet radius (s)

Temperatures of the two boundaries of region
(K,J) (K)

Volume of the region (K.J) (em3)

The FASTGRASS analyses discussed in this paper support three major
conclusions about fission-product behavior during severe fuel damage

conditions:

1. Fission-product behavior in solid fuel strongly depends on fuel
microstructure and irradiation history as well as fuel temperatures.
This conclusion is most clearly demonstrated by the differences
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between fission-product behavior of trace-tiradiated fuel (SFD 1-1) and
normally irradiated fuel (SFD 1-4, ORNL tests),

/ission-product behavior strongly depends on fission-product /fuel
chemistry. This conclusion is evident in the differences in behavior of
Xe, I, Cs, Ba, and Sr. Cs, Ba, and Sr become sequestered within the U0y
as oxides, uranates, or molybdates. Formation of BaO(g). SrO(g). and Csl
within the fuel is severely limited by their relatively low vapor pressures
and the available bubble volume. The behavior of Cs, Ba, and Sr strongly
depends on the Pog in the fuel. The chemical form of retained fission
products is important for accidents where reheating and reliquefaction
of fuel debris occurs after the primary accident scenario.

Fuel lquefaction/dissolution, fracturing, oxidation, and relocation
strongly affect fission-prodiuct behavior during severe fuel-damage types
of accidents. Fuel liquetaction/dissolution provides rapid escape paths
for fission products entrapped in previously snlid irradiaied fuel {in
trace-irradiated fuel, liquefaction/dissolution provides the malor release
paths). In addition, liguefied fuel provides a mechanism for continued
high release, because fuel is slowly resolidif~d during the cooldown
phase of the accident. Fission-product release strongly depends on
timing and extent of fuel dissolution and relocation. For trace-
irradiated, or very low burnup fuel, appreciable fission-product
retention in previously liquefied fuel can occur due to low
concentrations of fission products, and limited bubble growth in the
liquefied material. For higher burnup fuel (under similar accident
conditions), muct: larger bubble growth is predicted; hence, relatively
lower fission-product retention is expected. In addition to liguefaction
effects, ovidation of solid fuel leads to enhanced diffusivities and

release rates. Fuel fracturing can also provide escape paths for fission
products trapped on the grain boundaries of solid fuel.

The FASTGRASS mechanistic approach to the prediction of fission
product release during severe core-damage accidents compares well
with release trends noted in recent in~ and out-of-reactor
experiments. The FASTGRASS predictions are in much better
agreement with the data over a wide range of temperature, fuel burnup,
and fuel damaye conditions than the present NUREG-0772
temperature-only empirical correlations.
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Appendix A: FASTGRASS Model for Determining
Ductile/Brittie Fuel Response

——

The abilitv to determine whether microcracking will occur during a
given thermal transient is an important element ia the prediction of fuel
temperatures and fission-gas release. In principle, a “classical” mechanical
treatment, invelving the high-temperature stress/strain relationships of
U009, could be used to study microcracking. Not only is this approach very
complex. but it would require knowledge of the mechanical properties of
U034, including strain rate effects, at high temperatures. Data tn this area

are sparse, and are almost nonexistent for temperatures in excess of 2400K.

As a first-cut approach to modeling the ductile/brittle behavior of oxide
fuels, the DiMelfi-Deitrich model®3 has been used in the FASTGRASS code.
This model estimates the growth rate of a grain boundary bubble under the
driving force of internal pressurization. The velume growth rates due to
crack propagation and diffusional processes are compared to determine the
dominant mode of volume swelling. Knowledge of the mechanical
properties of UO3 is not required.

The ninderlying structure of the model can be summarized as follows:
A fission-gas bubble on a grain boundary is assumed to act as a two-
dimensional (eylindrical) crack nucleus. DiMelfi and Deitrich®3 assert that

such a crack will propagate if the intermal bubble pressure exceeds that
required for bubble equilibrium, i.e., if

b

pitep, (A1)
wher:

p = internal buibble pressure
Ys = ‘uel-gas surface energy
P = bubble radius of curvature

¢ = tensile stress normal to the boundary.

Further, if a bubble. Initially at equilibrium, is subjected to transient
heating, the internal pressure will increase above the equilibrium value.
Under these conditions. crack propagation will occur unless diffusional









Appendix B: Solution of Harrison's Equation of State with
Capillarity Equation
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y 2+ by +bo=0, (B3)

where
b; =a az- 4ap.

b =-af - aga.

For the cubic equation, {f

bng-aw-t-)iﬂ).

2 27 (B4)

there is only one real root, which is given by

u=(-%9+\/5)“3+(—929~-*f5)”3- (B5)

In the case where b; > O, it may be that u is the difference of two

approximately equal numbers. Therefore, the expression for u is rewritten,
multiplying it by

(8] (-]

_Eiq b
(-99?+J6)2,3+(—%-J6)2/3+

+~/b)2/3

b
3
-}
3

to obtain

us=-

273 273 i B6
(Bo4B) +(-2-vB) 4B -
2 ) 2 3

Once the root, u, of the resolvent cubic is obtained, the four roots of the
guartic equation are given as roots of the two quadratic equations






radius

the

quilibrium bubbi

| then be two corresponding

1tus. where

three qua

ombinatior
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PTJ = SL] xTr + Bl;. (B12)

The values of Sly and Bl are obtained from a least squares fit of PTj to the
published values of the pressure, P. Values of Sly and Bl for 17 different
values of the density, d;. are given in Table B3, along with the correspond’ 2
values of the molar volume, DI).  (Pressure calculated in this way is in
dynes/em?.) DILM and AT are computed with an fterative scheme. If no

solution is found, the bubble radius is computed using the hard sphere
method.

Table B1. Possible Roots of the Quartic Equation

a3 agu/l-a, u ¢ co R

| 2 '
_3_3- [8 +1u B .‘I‘._.-ao _El.- 'c-i"'CO
N f +« 2 Y4 2 J4 2 J4

m . -
Y0 DRV R T -
4 2

. s . 2 Ya 2 4
il g - - JE
f‘.ﬁ-Ja +u i - B E..-a ..._gl- .
' . . 2 Va R 2 Ya~ %
o 2 2
ay_[ad, L\/y_- a_ld.
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