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GRASS-SST: A Comprehensive, Mechanistic Model
for the Prediction of
Fission-gas Behavior in UQ,-base Fuels
during Steady-state and Transient Conditions

by

J. Rest

ABSTRACT

The steady-atate and transient gas release and swelling
subroutine (GRASS-SST) ‘s a mechanistic computer code for
predicting fission-gas behavior in UQO;-base fuels. GRASS-SST
treats fission-gas release and fuel swelling on an equal basis
and simultaneously treats all major mechanisms that influence
fission-gas behavior. The GRASS-SST transient analysis has
evolved through comparisons of code predictions with the
fission-gas release and physical phenomena that occur during
reactor operationand transient direct-elecirical-heating (DEH)
testing of irradiated light-water reactor fuel. The GRASS-SST
steady-state analysis has undergone verification for end-of-life
fission-gas release and intragranular bubble-size distributions.
The results of GRASS-SST predictions for transient fission-gas
release during DEH tests are in good agreement with experi-
mental data. Comparisons of GRASS-SST preaictions of gas
release and bubble-size distributions with the results of DEH
transient tests indicate that (1) coalescing bubbles do not have
sufficient time to grow to equilibrium size during most tran-
sient conditions, (2) mobilities of fission-gas bubbles in UQ,
are enhanced during nonequilibrium conditions if the excess
pressure in the bubble is sufficient to generate an equivalent
stress greater or equal to the yield stress of the surrounding
matrix, and (3) channel formation on grain surfaces and coales-
cence of the channels with each other and with the tunnels of
gas alongthe grain edges can contribute to grain-bourdary sep-
aration and/or the rapid, long-range interconnection of porosity.
The phenomena of grain-boundary separation and /or long-range
interconnection of porogity provides an important release mech-
anism for fission gas that has moved out of the grains of ir-
radiated fuel.




I. INTRODUCTION

The Steady-State and Transient Gas Release and Swelling Subroutine
(GRASS-SST) is based on the GRASS code first reported by Poeppel.' GRASS
was originally developed for the prediction of fission-gas behavior in Liquid
Metal Fast Breeder Reactor (LMFBR) fuel during steady-power irradiations
and was designed to be compatible with the LIFE LMFBR fuel-performance
code ?? Whereas GRASS was primarily concerned with intragranular fission-
gas phenomena, GRASS-SST includes models for intra- and intergranular
fission-gas-bubble behavior as well a* a mechanistic description of the role
of grain-edge interlinked porosity on fission-gas release and swelling. In
general, GRASS-SST has evolved through comparisons of code predictions
with the fission-gas releases and physical phenomera that occur during Light
Water Reactor (LWR) operation, and during transient Direct Electrical Heating
(DEH) tests on irradiated LMFBR and LWR fuel.*"'° The DEH tests are spe-
cifically designed to aid in developing and verifying the GRASS-SST transient
analysis,

The influence of fission gases produced in oxide fuels during irradiation
on fuel performance has been the subject of many investigations over the past
20 years.! The inert fission gases are known to precipitate into bubbles. The
bubbles grow as a result of bubble motion and coalescence and diffusion of
gas atoms to bubbles. The growing bubbles cause the fuel to swell. In addi-
tion, fission-gas bubbles retained in the fuel on grain surfaces and edges can
cause radical changes in the fuel microstructure. These changes in the fuel
microstructure can then result in an enhanced gas release and/or fuel
swelling.®’

Fission-gas released from the fuel to the fuel-rod plenum ani fuel-
cladding gap stresses the cladding, degrades the thermal conductivity of the
gap-gas mixture, and thus increases the fuel-rod operating temperatures.
Fission-gas behavior during normal operation is fairly well known and is con-
sidered in fuel design. The effects of fission-gas on the behavior of the fuel
are not well known and may be more severe during off-normal conditions than
for steady-power irradiations because of increased fuel temperatures, Large
stresses on the ciadding can lead to cladding rupture, :ereas excessive fuel
temperatures can result in fuel melting.

In general, models developed over the past 20 years to predict the
behavior of fission gases in oxide fuels have enjoyed limited success. They
have evolved through the synergistic interplay of mechanisms for fission-gas
behavior. As limitations in the predictive capability of the models were dis-
covered, additional mechanisms cthought to have a dominant effect on fission-
gas release and swelling were included. For example, the early Booth model'?
was based on the diffusion of gas atoms in a concentration gradient within a
spherical volume to the surface of the sphere where the gas was assumed to
be released. Yuill et al.'’ enlarged on the Booth model by including the effects



of temperature gradients and by assuming that the gas atoms were released
when the gas reached the pellet surface rather than being released from the
boundary of an "equivalent" volume. MacEwan and Stevans' and Carroll et al.'®
included the effects of gas-atom trapping based on the results of experiments
that indicited a decrease in diffusion coefficient with an increase in fission

rate and ¢ xposure.

In the early 1960's, observations of fission-gas bubbles in irradiated
U0, introduced the possibility that fission-gas release might be controlled by
bubble behavior rather than by ~*omic diffusicn.'® In addition, it was demon-
strated that fission-gas bubbl - uld be destroyed as a result of re-solution
of gas atoms from bubbles in ¢ . radiation field.!” Subsequently, the sub-
stantial effect of grain-edge imerlinked porosity on gas release and fuel swell-
ing was demonstrated.'®!? Finally, transient heating tests®’ on irradiated fuel
have indicated that fission-gas-bubble behavior may have an important effect
on the evolution of the fuel mizrostructure by causing grain-boundary separa-
tion. Grain-boundary separation can then provide pathways that permit the
trapped fission gas to escape from the fuel.

Any model that attempts a realistic description of fission-gas release
and swelling as a function of fuel-fabrication variables and a wide range of
reactor operating conditions must treat fission-gas release and fuel swelling
as coupled phenomena and must include many mechanisms influencing fission-
gas behavior. In addition, a mechanistic treatment of fission-gas phenomena
includes the potential for a predictive capability outside the range of condi-
tions used for model verification,

GRASS-SST calculations include the effects of production of gas from
fissioning uranium atoms, bubble nucleation, a realistic equation of state for
xenon, lattice bubble diffusivities based on experimental observations, bubble
diffusion, bubble migratior, bubble coalescence, re-solution, temperature and
temperature gradients, interlinked porosity, and fission-gas interaction with
structural defects on both the distributior of fission-gas within the fuel and
on the amount of fission-gas released from the fuel. GRASS-SST calculates
the fission-gas-induced swelling due to, and the fission-gas-bubble-size dis-
tributiun for, bubbles in the lattice, on grain boundaries, on dislocations, and
along the grain edges, and the total fission-gas release as a function of time
for steady-state and transient conditions. Fission gas released from the fuel
reaches the fuel surface by successively diffusing from the grains to grain
boundaries and then to the grain edges, where the gas is released through a
network of interconnected tunnels of fission-gas and fabricated porosity.

Phenomena identified through comparisons of code predictions with
DEH experimental results have been included in the GRASS-SST analysis ®
In particular, GRASS-SST includes the effects of the degree of nonequilibrium
in the UQ, lattice on fission-gas bubble mobility and bubble coalescence.
GRASS-SST also accounts for the observed formation of grain-surface channels’
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which, in addition to providing a direct path through which gas residing on the
grain surfaces can reach the grain edges, can coalesce with each other as well
as with the grain-edge tunnels and therefore contribute to intergranular sep-
aration and /or cause long-range pore interlinkage. This concept of fission-
gas release is in strong contrast to earlier models, many of which are based
on the assumption that the gas is released once it encounters a grain boundary.
Sections II and III describe the models included and the calculational procedure
used in the GRASS-SST code, respectively, in detail. In Sec. IV, the numerical
procedure used in GRASS-SST is benchmarked. Sections V and VI, respec-
tively, describe verification results and sensitivity analyses obtained with the
code for the behavior of fission gas in oxide fuels under steady-state conditions.
Section VII presents models for phenomena identified through a comparison of
code predictions with DEH experimental results and gives the results of the
verification of the GRASS-SST transient analyses. Section VII discusses the
extension of phenomenology observed during transient heating to the descrip-
tion of high burnup gas release. Finally, in Sec. IX the conclusions of the
present work are summarized.

. DESCRIPTION OF BASIC MODELS

A. Intragranular Fission Gas

The rate of fission-gas production, 7, is assumed to occur primarily
within the UQO, grains and is assumed proportional to the fission rate, B. That
iy,

= B, (l)

where a is the number of gas atoms produced peor fission event. The noble
gases xenon and krypton are very insoluble in the UQ, lattice and tend to nu-
cleate into fission-gas bubbles. The nucleation 1ate, NR, at which gas atoms
combine to form two atom clusters is given by

NR = INCi (2)

where C,, is the rate at which gas atoms collide, and fy, the nucleation factor,
is the probability that two atoms that have come together actually coalesce.
Coalescence may require the proximity of one or more vacancies or vacancy
clusters .®®

The basic equations for intragranular bubble coalescence in GRASS-
SST are the same as those used by Gruber,®' but the calculational procedure
18 more approximate. In general, the determination of the fission-gas bubble-
size distribution requires the simultaneous solution of an extremely large set
of coupled nonlinear integral-differential equations for bubbles from a few

angstroms (single gas atom) to many microns in radii. No exact analytical
solution exists for this class of problem.
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For the purpose of calculation (i.e., reasonable code running times),
the bubbles are classified by an average size, where size is defined in terms
of the number of gas atoms per bubble. This method of bubble grouping sig-
nificantly reduces the number of equations needed to describe the bubble-size
distributions. The bubble classes are ordered so that the first class refers
to bubbles that contain only one ges atom. If S denotes the average number
of atoms per bubble for bubbles in the ith class (called i bubbles henceforth),
then the bubble-size classes are defined by

8i = m8.,, (3)

where the integer m 22, i22,and S§; = 1. The 8§, class is assumed to consist
of a single gas atom associated with cne or more vacancics or vacancy clus-

ters. In the lattice, P% and PS. the probabilities in cm?/s of an i bubble co-

alescing with a j bubble, where the bubbles move by random (motion in a
concentration gradient) and biased (motion in a temperature gradient) migra-
tion, respectively, are given by?!

p?j = 4n(r; + rj)([)f + DJ{’), random, (4)
and
pR - n(r; + r-)2|v~ - v;|, biased (5)
ij b L6 B 1|' :

where r; is the average i-bubble radius (mm), D{’ is the average lattice i~bubble
diffusion coefficient (mm?/s), and v, is the velocity (mm/s) of an i bubble
moving in a temperature gradient,

Assume i 2 j in all cases. The rate of coalescence Cij of i bubbles
with j bubbles is given by

where
- BT
Py = Pjj + Py (7)

and F; is the number of i bubbles per unit volume. For i = j,Cyj becomes
Cy = 1P, F%, : (8)

8o that each pairwise coalescence is counted only once.
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Coalescence between bubbles results in bubbles grcwing from oie size
class to another. The probability that a coalescence between an i bubble and
a j bubble will result in a k bubble is given by the array Ti-k.“ The number
of gas atomns involved in one such coalescence is Sj + Sj. The array Tijk is
defined by the three conditions:

1. The total probability of producing a bubble is unity; i.e. ,E Tijk = k.

2. The number of gas atoms, on the average, is conserved; i.e.,
ETiijk = 8§ +Sj'

3. For a given pair ij, only two of the T;;x array elements (corre-
sponding to k and k + 1, where S $§; + Sj € Sk4yi e, m2 2) can

be nonzero.

From these three conditions, it follows that k = i, and
TijkSk + (1 - Tjjk)Sk+, = Si +8j. (9)

Thus, the probability that a coalescence between an i bubble and a j bubble
results in a k bubble is given by

Sy o8-8 : 8 o
Sk 41 = Sk Sk+1 - Sk’

Tiik
and the probability that the coalescence results in a k + 1 bubble is given by

ijkt Sk +1 = Sk Sk - Sk

The array Tijk may be considered as the probability that an i bubble
becomes a k bubble as a result of its coalescence with a j bubble. The rate
Nk at which i bubbles become k bubbles is given by

T A (12)
ik frd ij+ijk

The j bubble is assumed to disappear; gas atoms are absorbed into the

i bubble. The rate Xj of disappearance is given by

%« 3 C (13)

izj

The rate Njj at which i bubbles become k bubbles, with k = i +1, is
reduced by the re-solution of gas atoms, Re-solution is the result of a direct



(or possibly indirect) collision between a fission fragment and a gas bubble.
From Eqs. 11 and 12,

Nig = 2 € 3T}
ik i%i ijk

a1
T
0!1
vq

The expression

Y Patus,
& W

is the rate at which gas atoms are added to an i bubble. Re-solution causes
an i bubble to logc gas atoms at a rate given by b;S;, where bj is the proba-
bility that a gas atom in an i bubble is redissolved. The reduced Nj, becomes

F.
i
If the expression within parentheses is negative, then N, is zero, and Njk',
the rate at which i bubbles become i - 1 bubbles with k' = i - 1, is defined as
Fy 5 i
TR - (b:S; - g R 1
N * L0 % e g Py o

Equations 15 and 16 are proportional to the probabilities that any par-
ticular i bubble becomes ani 4+ | or ani - | bubble, respectively; the ratio
of the probabilities is equal to the ratio of the rates. Clearly, the above defini-
tions Njj and Njj» are consistent with the conservation of the total number of
gas atoms,

The model for the i bubble re-solution constant is based on the work
of Nelson®® and is given by

b'l - Bbo[l - ri/(ri : rd)], (17)

where B is the fission rate (fissions/m?*s), rq is the average distance an
cjected atom travels from the bubble surface, and b, is a constant. The re-
solution rate decreases as the bubble size increases. This is due to a de-
creased probability of escape for an ejected atom. This model for single gas-
atom re-solution from bubbles is in contrast to some theories which assume
whole bubble destruction (for small bubblesg) as a result of a single collision
between a fission fragment and a fission-gas bubble .??

13
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B. Fission Gas Pinned to Dislocations

The atomic fission gas diffuses by random migration to dislocations
at a rate governed by**

?
d - _ZZD'_"‘_. (18)
Ln(rc/rl)

where p is the dislocation density (mm/mm?), ¢ is the concentration of fis-
sion gas in the lattice, r; is the mathematical radius of a single gas atom, and
r. is the radius of the cylindrical capture volume; i.e.,

(ned)e = L. (19)

The fission gas can aiso migrate to dislocations in a temperature gradient.
In this case, the rate of migration of an i bubble is given by

B? = ZOrivi. (19)

Once the fission gas is pinned to dislocations, the gas can coalesce
with both lattice and dislocation bubbles (re-solution causes gas atoms to be
knocked back into the lattice), and the gas can be pulled back into the lattice
by the force of a temperature gradient if the fission-gas bubbles grow beyond
a specified critical size.?® Coalescence probabilities for bubbles on disleca-
tions can be derived based on a solution of the one-dimensional, time-
independent diffusion equation and are given by

"o d d
Pij : (Di + D.,i )/J;T (20)
and

P:} = (v = V_j)/p' (21)

where D? is the average dislocation i-bubble diffusion coefficient. The co-
alescence probabilities for dislocation bubbles coalescing with lattice bubbles
are given by Eqs. 4 and 5 with the diffusivity of the dislocation bubble equal
to zero; i.e., the bubble on the dislocation is assumed pinned and immobile.

C. Intergranular Fission Gas

The fission gas migrates as gas atoms and in the form of gas bubbles
from the UQO, lattice (where the gas is generated) to grain boundaries by dif-
fusion and also by biased migration in a temperature gradient. The diffusion
of the atomic fission gas is a complex process in which the gas becomes
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trapped by diffusion to fission-gas bubbles and is subsequently released by
re-solution after an average wait period. The GRASS-SST model for fission-
gas diffusion to the grain boundaries is a generalization of a calculation by
Speight.?® Speight solved the problem of fission-gas atom diffusion from the
lattice to the grain boundaries by assuming that the deposition of gas, produced
at a rate 1] per unit volume per second, satisfied the equations

g—g :T|+Df’vzc-gc+bu\

and . (22)
ou b
s v gl bt J

where ¢ = c(r,t) is the local average concentration of gas in solution, u is

the corresponding amount of gas per unit volume in bubbles, DY is the atomic
diffusivity of fission gas in the lattice, g is the probability per second of a
gas atom in solution being captured by a bubble, and b is the corresponding
probability per second of a gas atom within a bubble being redissolved.

Speight solved Eq. 22 subject to the boundary conditions
cla,t) = 0

and ) (23)
c(r,0) = 0

where a is the grain radius. However, the boundary conditions listed in Eq. 23
are not suitable for certain classes of important problems. For example,

Eqs. 22 and 23 are not applicable under load-following conditions when the
fission rate, B, changes as a function of time. In addition, the GRASS-SST code
is used to simulate a steady-state reactor irradiation (B # 0, b # 0, g # 0)
followed by an out-of-reactor DEH heating ramp (B = b = 0, g # 0). The
boundary conditions for Eqs. 22 applicable under these conditions are

cla,t) = Cg(t)
and : (24)

C(r, to) = CI(t(\)

In keeping with the spit‘t of the GRASS-SST calculational procedure,
the calculation of intragranular zas-atom diffusion to grain surfaces is treated
as follows. The solution to Eqs. 22 subject to the boundary conditions listed
in £q. 24 can be shown to be equivalent to the sum of the solutions of two sep-
arate problems: the solution of Eq.. 22 and 23, and the solution of
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g'f =Df’vzcugc+bu g

and P, (25)
du
R i bu y

with the boundary conditions lieted in Eq. 24.

Equations 22 and 23 will be valid for constant T fromt = 0 tot = t,;
att = ty, T changes to T', and fromt = t, tot = t;, the solution is the sum
of the solutions of Eqs. 22 and 23 and Eqs. 24 and 25 with t replaced by t',
where t' = t - t,, and CI(to) is the intragranular gas concentration at t = t,.
Betweent = t, and t = t,, when the gas production rate is 1|", the solution is
obtained in an analogous fashion. The approximation, c(a,t) = 0 for the first
time interval is quite good, since the fission-gas concentration on the grain
boundaries early in life is very small. Under transient DEH test conditions,
the solution for intragranular fission-gas diffusion is obtained from Eqs. 24
and 25 with t replaced by h, the code time increment; Cy(t) &nd Cg(t) are com-
puted as a function of time,

For irradiation times t such that
(b + g)az/[)f'rrz >bt>5, (26)

Speight*® derived an approximate solution to Eqs. 22 and 23 for the fractional

fission-gas release fgr' given by
1/2
4| Dbt 3Dt bt
[gr 2 o | e—— s (27)
afn(b + g) 2a%(b + g)

This expression is analogous to that derived by Booth'? for gas-atom diffusion
(with no trapping) if an effective diffusion coefficient is defined by

! ¢ .5
Datr = BI g~ (28)

o

Tha factor b/(b + g) is the probability that, at a given time, a particular gas
ew... i8 dissolved, and heince becomes a freely mobile species. For the rest
of the time, the gas atom is bound within relatively stationary bubbles.

The GRASS-SST calculation uses the rate of intragranular gas-atom
diffusion to grain boundaries. The rate of fission-gas-atom diffusion to the
grain boundaries, ng, can be obtained from Eq. 27 from
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d(f,pt)
gr
SR B (29)

where R¥ is in atoms /mm?®s. Thus,

/2

q . 6nf _Dboe 3D! bt s
' a|n(b +g) al(b + g)

In an analogous fashion to the derivation of Eq. 30, an approximate ex-
pression for the rate of fission-gas diffusion to grain boundaries can be ob-
tained from a solution to Eqs. 24 and 25. The result is

-1/2

5 Db ptb

R} = 3(Cp - Cyg z +' Spa—. (31)
b rgt-t) aib+g)

The sum of Eqs. 30 and 31 represents an approximate solution of Eqs. 22 and
24 for the rate of intragranular gas-atom diffusion to grain boundaries, valid
for the range of irradiation times specified by Eq. 26.

During a DEH transient-heating ramp, P = b = 0. An approximate solu-
tion for these conditions can be obtained by setting b/(b + g) = 1 in Eq. 31. The
approximation is quite good in light of the solution procedure outlined above;
that is, Cy(t) and Cg(t) are recomputed for every time increment and indirectly
contain the effect of the trapping of gas atoms by bubbles. This solution will
be valid for GRASS-SST time increments, h, that satisfy the condition'?

mDth

= & 1. (32)

a

Fission-gas bubbles can migrate to the grain boundaries in a tempera-
ture gradient. (The migration of bubbles to the grain boundaries by Brownian
motion was determined to be small.) The rate of bubble migration is given by

BE - i (33)

where s%“ is the grain-boundary area per unit volume. (This expression is
very approximate for small bubbles.)

Once on the grain boundaries, the fissior gas can coalesce (re-solution
is operative; a fraction of all ejected atoms are assumed to be knocked back
into the lattice), the gas can be pulled back into the lattice by the force of a
temperature gradient if the fission-gas bubbles reach a certain critical size,?®
and the gas can migrate to the grain edges. Coalescence probabilities for
bubbles on grain boundaries can be derived based on a solution of the time
independent two-dimensional diffusion equation and are given by
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oo
P = (D8 + Df)/sy (34)
and
pg = 2(vi - vy)(ry + rj)/53°’ (35)

where Df 8 the average grain-boundary-bubble diffusion coefficient.

D. Rate of Growth of Coalescing Bubbles during Transient Conditions

During steady-state conditions, it is reasonable to assume that, when
two fission-gas bubbles coalesce, the noninstantaneous rate of growth of the
resultart Lubble to equilibrium size can be treated as instantaneous.?’” How-
ever, in a transient analysis, this assumption breaks down, and the noninstan-
taneous rate of growth of coalescing bubbles must be included. The need for
a GRASS-SST model that describes the limited rate of growth of coalescing
bubbles became apparent when GRASS-SST-calculated bubble-size distributions
for DEH test conditions were compared with qualitative experimental observa-
tions. The code predicted similar end-of-test bubble distributions in the lat-
tice and on the grain boundaries. However, the observed intragranular bubble
densities were much lower than predicted. A similar conclusion concerning
the need to include the effects of nonequilibrium coalescing bubbles in the
anal/sis of fission-gas behavior during transient conditions was reported in
a comparison of fission-gas release and swelling (FRAS) code predictions with
DEH tests on irradiated mixed-oxide fuel.?®

In general, when two bubbles initiate coalescence, a strain field is
generated in the lattice around the growing bubble. Initially, bubble coales-
cence is a volume-conserving preccess. Subsequently, vacancies that move
under the influence of the strain field migrate to the bubble, resulting in an
increase in the bubble volume. As vacancies enter the growing bubble, the
strain field gradually relaxes and vanishes (to first order) when the bubble
has reached its equilibrium size.

A bubble-relaxation time, 7;, can be defined such that, at a time t = t;
after the initiation of bubble coalescence, the resultant bubble has approached
a stable configuration by an amount 1 - 1/e. A precise determination of 7; is
not within the scope of the GRASS-SST calculations at this time. However, 7;
can be estimated from a consideration of lattice-vacancy thermodynamics.
The rate equations for the bubble radii and the lattice vacancy concentration
will be described to illustrate the approximations involved in estimating Ty
Let r; be the sum of the radii of the coalescing bubbles. If primary creep is
neglected, the rate of growth of r; is given by?! #

: D
g ——x[cv - CS cxp(-Pfo/kT]. (36)
fi
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In Eq. 36, c{ is the fractional equilibrium vacancy concentration given by
ey = exp(-Ef,/kT), (37)
D, is the vacancy diffusion coefficient given by

Dy = D, exp(-EJ/kT), (38)

Ef, and E{,“ are the vacancy formation and migration energi s, respectively,

DY, is a preexponential factor, (1 is the atomic volume, P®" is the excess in-
ternal gas pressure for each bubble of radius r{ given by

2y
ex . pB e
P{ Pi (T) T (39)

where vy is the effective surface tension, and P8 iz the gas pressure within a

bubble of radius r{ at temperature T. The explicit rate equation for cy(T) is
given by®

dey e ex
Tp ¢ -4™Dycy ) riCi + 4nDycy riCj exp(-P;"Q/kT)
) i=1
1/2
25 T8
+ a DV<Z I‘IC1> (CS - CV)' (40)
f=y

where C; is the concentration of bubbles of radius ri, and d is the grain
diameter,

To determine the variation of piex reauires solving the simultaneous
rate Eqs. 36 and 40 for ri(t) and ¢, (t). Obviously, Eqs. 36 and 40 can only be
solved numerically., However, the dimensional form of the two contributions
to ¢y and the term i. r{ suggests three relaxation times:*’ one for the vacancy
concentration where the vacancies are supplied by bubbles, one for the vacancy
concentration where the vacancies are supplied by grain boundaries, and one
for the growth of bubbles given by

2

i

T.B 2 ---x— (4‘)
1 e'
Dycy

In the following discussion, we shall assume that the rate of growth of non-
equilibrium bubbles can be qualitatively characterized by Eq. 41.
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Instead of directly calculating the individual fission-gas bubble be-
havior, GRASS-SST groups the continuum of bubble sizes into a relatively
small number of bubble-size classes with each size class, i, characterized
by an average bubble radius, r{. The basic GRASS-SST calculation is for the
rate at which bubbles grow from the i to the i + 1 size class. The motivation
for treating the problem from this level is that much less computer time is
required. The effect of a limited rate of growth of coalescing bubbles on the
GRASS-SST calculation is a reduction in the rate at which bubbles grow from
the i into the i + 1 size class by the amount

(1 - (1 - u.)exp(-At/T?)], (42)

where 4t is the code time step (i.e., the fuel temperatures and stresses are
assumed constant during 4t), and » (0 $ x £ 1) corresponds to the bubble-class
transfer rate that would exist in the total absence of point-defect motion.

Eq. 42 is used for both intra- and intergranular fission-gas-bubble coalescence.
However, one would expect that, because of enhanced grain-boundary-vacancy
diffusion, the grain-boundary-bubble relaxation times would, in general, be
smaller than the lattice-bubble relaxation times.

E. Gas-channel Formation on Grain Boundaries

The SEM examinations of DEH-tested fuel, described in Ref. 5, re-
vealed the developmeont of sinuous channels on the grain faces after a saturation
density of grain-boundary fission gas has been attained. These face channels
link up and extend to the grain-edge channels, thus enhancing the release of
the gas from the grain surfaces.

The GRASS-SST model for grain-boundary saturation by fission-gas
bubbles is based on the fact that the grain-boundary area occupied by fissions
gas bubbles is nearly independent of the bubble-size distribution. (That is, the
bubble-surface area is conserved after bubble coalescence.) If the gas is as-
sumed to occupy equal, close-packed, touching bubbles, then the maximum
areal coverage per unit area of grain boundary is A* = 0.907. Since the bubble
size does not affect the atom areal density, the areal coverage by the fission
gas is approximately equal to the coverage by a single bubble of radius rmax,
formed by the coalescence of all the gas on the grain face. The assumption
that the bubble-surface area is conserved after bubble coalescence leads di-
rectly to an expression for rp,ax in terms of the total number of bubbles on
the boundary; i.e.,

Ymax * Tiy/Ni (43)

where all bubbles on the grain face are assumed to have radius rj, and Nj is
the total number of bubbles. The condition for grain-boundary saturation by
fission gas is then given by
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ﬂrf’nax - %”asA‘ﬁ"' (44)

where an approximate tetrakaidecahedral (14-sided) lattice geometry has been
assumed, In Eq. 44, a is the grain radius and Sga is the grain-boundary area
per unit volume. Combining Eqs. 43 and 44 leads to an expression for Nzat(i),
the minimum number of gas bubbles with radius r; per unit area of grain

boundary required for saturation:

0.395A* _0.008
NESE(L) = : 45
A ) |4nr‘z rf i
where 89% = 1.185/a. For example, the minirnum number of 500-A -dia

(5 x 10"5-mm-dia) bubbles per unit area of grain boundary required for satura-
tion is

N82t(500) = L2098 - 1 3 x 107 bubbles/mm?, (46)
Y500

This result is in reasonable agreement with the measured 500-A (5 x lO"-mm)
grain-boundary bubble-saturation density of 2.2-4.2 x 10" /mm? (Ref. 30).

. Fission Gas along Grain Edges

The GRASS-SST calculation for the diffusion of fission-gas atoms from
the grain boundaries to the grain edges is based on a model by Fisher?® for
diffusion in an isotropic slab. Fisher assumed that the grain boundary could
be represented as a uniform isotropic slab of material of width & within which
diffusion occurs according to Fick's laws. Furthermore, he assumed that the
matrix is infinite and an initially zero concentration of the diffusing material
exists in the body. The diffusivity, Dlg. in the boundary is assumed to be higher
than the diffusion coefficient, DY, in the grain lattice on either side. Diffusion
then proceeds along the slab (in the y direction).

Fisher calculated fission-gas-atom diffusion on grain boundaries by
solving Fick's equations for gas on the boundary and within the grains subject
to the boundary conditions of (a) continuity of composition at the transition
between boundary and grains and (b) a boundary concentration at the surface,
(Ig, given by

¢ = Cg at t20 and y = 0. (47)

The concentration distribution ¢(x,y,t) in a specimen that has a boundary per-
pendicular to the surface is then given approximately by

c(x,y,t) = Cg exp(-n'4oa~"?)erfc(€/2), (48)
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where the dimensionless coordinates v, £, and o are defined by

L
R L 4 ¢ . R-8/2 I 1 I
P = ——g—-—-l-np e s —-—g'_'l—Eo and x = Dg g e (483)
(DPt) (DPt) t (D)
The average concentration, €, in a plane y = constant is
c = Cg exp(-n't0a"172), (49)

Integration over the entire length of the slab of the expression for T
gives the total quantity of gas on the boundary after a time t, and differentiating
this expression with respect to time gives the rate at which the gas is diffusing
to the grain edges. In GRASS-SST, Cg is obtained as a function of time from
the solution of the bubble-size distributions. Under these conditions, the time t
is replaced by the code time increment h, and the rate of gas-atom diffusion 1o
the edges is given by

C
RY = 4hfb{[l - exp(-xrb)]/x - r exp(-xrp)}, (50)

where ry, is the effective distance the gas must travel before encountering an
edge and x is given by

1 1/2
A EEAS (51)
it sDE <D$h) :

To determine ry requires an assumption about the microstructure of
the fuel. If the fuel is assumed to consist of an assembly of identical tetra-
kaidecahedral grains, then ry can be approximated by

ry = a/m. (52)

The fission gas can also migrate to the edges in a temperature gradient at a
rate given by

8 . : =/
Bl = Vi cos (:,‘,rb, (53)
where & is the average angle between the orientation of a grain boundary and
the temperature gradient.

Fission gas that has migrated from the UO, grain surfaces to the grain
edges remains trapped at the edges unless a path exists through which the gas
can escape from the fuel. Tunnels of porosity along the grain edges have been
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observed in irradiated fuel under a variety of conditions.'® For fuel swelling
below “7%, the degree of interlinked porosity appears to be strongly dependent
on the fuel microstructure (i.e., grain size, fuel density, and pore-size dis-
tribution). Above “7% fuel swelling, extensive interlinkage of the edge porosity
has been observed that results in a nearly complete network of open paths
through which fission gas reaching the grain edges can escape.

In the GRASS-SST treatment of interlinked porosity, which is statistical
in nature, the degree of pore interlinkage along the grain edges is a function
of both the grain and pore-size distributions. The model, which is based on
the mathematical theory of percolation,? uses the concept of an arbitrary
distribution of sites with randomly distributed bonds or links that join pairs
of sites. The concentration of bonds is given by

~ number of bonds
number of sites’

The model predictﬁ’2 that long-range interlinkage of sites will occur for
P21.569. (54)

As applied to nuclear fuel, the sites are represented by intergranular
pores; a bond is formed when two adjacent pores become connected. In this
casc, the concentration of bonds, P, can be expressed as®

26N | ° 8 ( )
P = {CN|1 + (fg! - 1) ; (55)

ﬂ q

which enables P to be calculated from the two experimental parameters f
(the fractional porosity) and q (the ratio of grain size to pore size) and the
geometrical factor CN (the coordination number for a compact arrangement
of pores).

A first assumption for pore interlinkage would be to consider the con-
dition P> 1.57 as the abrupt limit for intergranular release through percola-
tion. Actually, P is a function of the local values and spatial variances of
fractional porosity, pore size, and grain size. Therefore, a statistical dis-
tribution around an average value of P must be assumed. In this case, one
obtaineg

pore interlinkage 1 ®

e ) 2! - 2 2
fraction u oJ/2n /X518 exp[-(x - P) /20 Jdx, (56)

where ¢ (width of distribution of P) can be calculated from the experimental
histograms of pore size, grain size, and fractional porosity.’® The gas released



from a section of fuel is determined by the amount of gas reaching the pores
multiplied by the pore interlinkage fraction; the remaining gas contributes to
grain-edge swelling.

In contrast to the experimental results described in Refs. 5 and 18,
the above formalism for calculating the evolution of interconnected porosity
does not predict that a rapid increase in long-range porosity interconnection
will occur after a critical value of swelling due to fission-gas bubbles has been
reached. The reasons for this deficiency are (a) the geometry assumed in the
above model does not correspond to observations of DCH- and PBF -tested
fuel, (b) GRASS-SST does not include a realistic calculation of the pore-size
distribution (pores in which the internal gas pressure is less than the surface-
tension-induced pressure), and (c) material properties used in the GRASS-SST
calculation of the pore-size distribution are experimentally almost inaccessible.

Thus, to provide a more realistic calculation of the pore-interlinkage
fraction, the above model is supplemented by the additional criterion

pore-interlinkage fraction = 1.0, if By > Bycrit (57)

where By is the calculated volume strain due to fission-gas bubbles, and
Bycrit (0.07) is the critical gas-bubble volume fraction above which extensive
long-range interconnection of the grain-edge tunnels is assumed to take place.
If, subsequently, By becomes less than Bycrit, the edge tunnels are assumed
to sinter shut, and the calculation of pore interlinkage is again performed via
percolation theory. Turnbull and Tucker'® observed that, in nontransient-
tested UQ,, interlinked grain-edge tunnels were stable when the volume frac-
tion was >0.07. The critical value for tunnel interlinkage in GRASS-SST is
taken from their work.

Intergranular crack propagation has the potential to release fission
gas that would otherwise be trapped on grain surfaces and edges. DEH tran-
sient heating tests indicate the likelihood of gas release by this mechanism.3?
However, the magnitude of the effect is unknown.

A\ the present stage of development, GRASS-SST does not contain
models for the formation and interlinkage of the planar intergranular separa-
tions observed in DEH-tested fuel.®>7*® [n particular, the contribution of these
separations to the total swelling does not appear in the calculated value of B,,.
As a result, By it 18 smaller than the critical volume fraction (~0.18) mea-
sured in DEH transient experiments.®'’

G. Fission-gas-bubble Diffusivities during Steady-state Conditions

Estimates of the diffusivity of atomic xenon at 1500°C, based on the
results of various experiments,* differ by as much as three orders of magni-
tude. Little is known about the bubble diffusivities in UO, at high temperatures
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7. CALCULATIONAL PROCEDURE

A. Calculation of Bubble -size -distribution Functions

A System of coupled equations for the evolution of the fission-gas
bubble -size distributions in the lattice, on dislocations, and on grain bound -

aries can be derived based on the models discussed above. The equations have
the form

- O s g O (s 14 At . -
F{ = afFFy - bFf +c§‘ e AR WG ORI S BN W T (62)

where F? is the number of a-type bubbles in the ith size class per unit volume,
and o = 1, 2, 3 represents the lattice, dislocation. and grain-boundary distribu-

tions, respectively, and the coefficients b?’ and C ey functional relationships
of the form

¥ = aliyh B o i “ . 2
q1 'qi(F..... Fi'l' 1 i+l' nF ) Q—Z. B " l,Z,Y- 1'

In 1. 62, af vepreJents the rate at which o-type bubbles are lost from
(grow cut of) the ith size class due to coal - ence with bubbles in that clas; b?
represents the rate at which o -tvpe bubbl:+ .re lost from the ith size class
due to coalescence with bubbles in other size classes, migration out of the
structural region, change in bubble type ¢u~ to bubble migration processes and
re- solution; C?’ represents the rate at w:uch bubbles are being added to the
ith size class due to fission-gas generation, bubble nucleation, bubble growth
resulting from bubble coalescence, migration processes, and bubble shrinkage
due to gas-atom re-solutior

Figure 1 is a GRASS5-SST flow chart for one annular fuel region.
Usually, for modeling purposes, the fuel is divided inte many annular regions.
For this situation, GRASS-SST takes into account the migration of the fission
gas inward from one annular region to the next as a result of a temperature
gradient. Because the coefficients b? and C? in Eq. 62 have an explicit spatial
as well as time dependence, the solution procedure exhibits a radial coupling
between the various annular fuel sections. After receiving the operating con-
ditions, such as the time step, local fuel temperatures and stresses, grain
sizes and densities, the GRASS-SST subroutine calculates the bubble radii for
the size classes of bubbles under consi ie-. tion (the initial number of size
classes is an input number) using Harrison's extrapolated equation of state for

xenon*! as well as the gere.alized capillary relaton

pgg(T) - E.l - ch,l, (63)
- ri
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residing along the grain edges is allowed to shrink or expand due to changes

in temperature by assuming that the edge tunnels have a constant internal pres-
sure and follow an ideal gas behavior. The total fuel swelling strain due to
fission-gas bubbles (solid fission-product swelling is not included) for an axial
segment of the fuel is then obtained by summing all the components of swelling
strain, AV, over all the annular fuel regions k; i.e.,

[‘vtot s Z Z Ava' (66)
k o

Fission-gas Release

Most of the gas released from the fuel exits via the interconnected
porosity reside along the grain edges (see Sec. 11.F). In addition, bubbies do
migrate through the fuel, and the rate at which the gas leaves any zone is in-
cluded in the term b? in Eq. 62. If a central hole exists in the fuel, thea gas
leaving the zone nurlrounding the centrai hole will be released from the fuel.
The gas release rate to the central ' ole is given by

= [0 P8
GReentrzl hole © Ah Z Z F‘iy"i Si) (67)
o i

where A} is the area of the inner boundary of the innermost fuel region, v?’ is
the average velocity of an g-type bubble (bubbles pinned to dislocations are not
included), and S; is the average number of atoms in the ith size range. The
total gas release from the fuel is then given by

+ GR (68)

GRygial = GRy

interconnected porosity central hole’

IV. CODE BENCHMARK

To @+ =onstrate the degree of accuracv of the GRASS-SST solution
procedure, t' code was run against a classic literature preblem based on a
solid theoretical foundation*® for which a rigorous numerical solution e<:ists.
Gruber?' calculated the evolution of the lattice bubble -size -distributic1 func-
tion for an isothermal anneal at 1500°C, where the initial concentration of
fission gas consisted only of fission-gas atoms. Gruber assumed that the gas
obeyed the ideal gas law and surface diffusion was the mechanism for bubble
mobility.

Before the Gruber-calculated bubble-size-distribution functions and

the GRASS-SST results can be compared, the basic differences in the ap-
proaches taken must be resolved; Gruber orders the bubble sizes by the num-
ber of atoms/bubble, whereas GRASS-SST groups the bubbles into size classes,
with each class characterized by an average number of atoms/bubble. If F(N)
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represents the number of bubbles with N atoms per bubble and G(y) is the
number of bubbles in yth size class (where mY ™! is the average number of
atoms per bubble for bubbles in this class), then F(N) is related to G(y) by

F(N)AN = G(y)dy, (69)
for

N = (m)Y"'. (70)

Thus, the relation between Gruber's distribution function F(N) and the
GRASS -5ST bubble -size distritution Gly) is given by

F(N) = Gl(y)/[N 2n(m)]. (71)

Gruber presented his results in terms of reduced (dimensionless) time
and with the distribution function normalized to a gas-atom concentration of 1.

Figure 2 shows F(N)calculated using

o B R B U R B ; | GRASS -SST for Gruber's conditions
44— & 7+0.94 x 10° o and withm = 2 (the GRASS-SST
o T=1.451 10° predictions at n = 729 were calcu-

o 723,75 » 10% lated with m = 3) for three succes-
sive values of the reduced time T,
where, following Gruber,

0 8 tin, 1)

v = 91.7adD L(Y/RT) %,  (72)

and a, is the interatomic distance
in centimeters, f; is the number of
gas atoms per unit volume, t is
the time in seconds, and Dg is the
surface -diffusion coefficient in
cm?/s. In Fig. 2, the solid curves
Fig, 2 are fits to Gruber's results. The
agreement between the GRASS-SST

0 200 400 600 800 1000
NUMBER OF GAS ATOMS PER BUBBLE

(RASS-8ST=-calculated »  * le=size Distributions ; g

as a Function of the R ! Time 7 for an Iso- solution procedure and Gruber's
thermal Anneal at 1500°C. The solid curve are precise numerical analysis appears
fits to Gruber's results, Neg. No. MSD-62926, to be excellent.

The variation in GRASS-SST results (for Gruber's problem) with in-
creasing m is shown in Fig. 3, where the swelling strain due to the reta‘qed
fission gas is plotted against » for m = 2 to 10. As m increases, the pre-
dicted swelling strain increases, and the difference in results between m = 2

and m = 10 is about a factor of two. However, the number of coupled equations
involved ir the solution procedure is a factor of three larger for m = 2 than
for r. = 10. Thus, the value of m used for any problem depends on an optimi-

zatio be.ween the degree of accuracy required and the length of code running
time.
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is the prediction of the Booth model for gas release from a spherical grain.
The agreement between GRASS-SST (for these unrealistic operating conditions)
and the Booth modei is excellent.

ST T

Another test of the
GRASS -SST calculational pro-
cedure and the various mecha-
nisms for fission-gas behavior
incorporated in GRASS -SST is
that the GRASS-SST results
should reduce to the predictions
of simple analytical models un-
der specific (unrealistic) operat-
ing conditions. Figure 4 shows
GRASS-SST re¢sults for the dif-
fusion of fission gas to grain
boundaries in the limit of no
bubble nucleation, no coales -
cence, and no re-solution (Cj;
b; = 0). This situation is not
realistic, but would be compa-
rable to low fission rates and

temperatures. The solid curve
12
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diction of the Booth model.

The solid curve is the pre~
Neg. No. MSD-(2025,
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V. VERIFICATION OF GRASS-SST STEADY -STATE ANALYSIS

GRASS-SST was run using the nominal fuel-rod fabrication parameters
for three steady-state irradiations in the Carolinas-Virginia Tube Reactor
(CVTR), one irradiation in the H. B. Robinson No. 2 reactor, 2ud one irradia-
tion in the Saxton reactor. To supply GRASS-SST with the proper operating
conditions for these irradiations, GRASS-SST was coupled to an LWR fuel -
behavior code generated by making suitable modifications* to the LMFBR LIFE
fuel -performance code.’’? GRASS-SST was coupled to the fuel -behavior code
mechanically (i.e., for the calculation of the fission-gas-bubble swelling com -
ponent of the total fuel swelling) as well as thermally (i.e., for the calculation
of the amount of fission gas released to the fuel-cladding gap and fuel-rod
plenum). Reciprocally, the LWR fuel-behavior code supplied GRASS-SST with
operating conditions such as fuel temperature, state of stress, linear power,
fuel density, and grain size.

Figare 5 shows the predicted versus the measured end-of-life gas re-
lesnse for these irradiations. The diagonal line indicates perfect agreement
between GRASS-SST predictions and ex -
periment. Table I shows the values of
D ROBINSON FUEL AT ~3 a1 % BU . s
0 Bl i oo various parameters used in the calcula-
® SAXTON FUEL @ AT ~2 01 % BU tion of the predicted results in Fig. 5,
along with the equation number where the
parameter first appears. As is evident
20} - from Fig. 5, GRASS-SST predicts the data
reasonably well for fission-gas release
between 1/4 and 30%, and for burnuns ve-
tween 0.7 and 3 at. %.
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! Figure 6 shows GRASS-SST -
i calculated intragranular bubble density
——e e rsus Bubble diameter at 2 fractional
o o 20 %0 radius of ~0.20 for the H. B. Robinson fuel
ORRG3 =337~ CALCULATED 0AS HELEASE O8) at end of life. Also shown in Fig. 6 is an
estimate of the measured density of fission-
gas bubbles obtained from replica fracto-
graphs.” Bubbles having diameters less
than 100 A were below the limit of reso-
lution and thus were not observable. The calculated bubble -size distribution,
shown in Fig. 6, consists mainly ot fission-gas atoms and very small (~100 A)
fission-ga= bubbles. The absence of large bubbles is due to the low fuel tem-
peratur: z characteristic of the H. B. Robinson irradiation, especially during
the second cycle when centerline temperatures were about 900°C. From
Fig. 6, the calculated bubble densities are in reasonable agreement with the
data.

Fig. 5. Comparison of GRASS=SST Predic=-
tions with End=of-life Gas Release,
Neg. No, MSD=65143,
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TABLE I. Values of Various Parameters Used in Calculating
GRASS-SST-predicted Results

Parameter Value Defired in Eq. No.
o 0.30 l
N 0.9x107° 2
by 1 x 107" em’ 17
rq 5x 107" mm 17
oq 1 x 10" mm/mm’ 18
E! 2.2 eV 3
D:, 1 mm?/s 38
| 2 2.2 eV 38
" 1 42
6 5% 107" mm 48a
CN 4.0 55
o] 0.30 56
Bycrit 0.07 57
¥ Y = 1507 - 0.3459T erg./cm‘a 63

2Data from Ref, 48,

.
E

rllllllll s ) & L

[

&8 xnl;ul

10"

E: E Fig. 6
- il
E ] GRASS=-8ST-calculated Intragranular Bubble Den-
. sity vs Bubble Diameter for H, B. Robinson Fuel at
. === GRASS-SST PREDICTIONS End of Life, Compared with Experimental Data.
WE™ Sty O Mes-s 4 Bubbles with diameters £100 A were below the
= i T . 4  limit of resolution. Neg. No. MSD-64690.

. §
i
1

243 uml

—
—
=t
—
=

10? R TP TT0 ] SO W 10 G
o' 0 0®

BUBBLE DIAMETER (A)



Figure 7 shows GRASS-SST -calculated results for fuel swelling due to lat -
tice, grain-boundary, and grain-edge fission gas versus burnupin CVTR rod 33.833.
The temperature historyis also re-
- .Q;:“m‘.;:;“.::. s e wre ugs cordedand illustrates the variable
AT g T AL e ag’ power levels atwhichthe rod was op-
g erated. Despite the complicatedirra-
diation history of this rod, one feature
of fuel swelling is quite clear: At
burnups ~0.5at. %, the grain-edge
swelling begins to dominate the sum of
the lattice and grain -boundary swell -
ing contributions, and, at burnups
>0.5at. %, mostof the volume increase
results from the interlinked tunnels of
fissiongas along the grain edges. At

RERASE,

=

Sy

woime LATTICE SWELLING
o GRAIN-BOUNDARY

FRACTION OF FUEL VOLUME OCCUMED 8Y FISSION GAS MU

SWELLING \ i 111
» B - SYEINGE iy ' Fmrnups <0.5 at.. %, most of.the swelling
\ is due to the lattice and grain-face
i hubbles.

BURNUP (AT %
This feature of fission-gas

swelling is in qualitative agreement
with the results of Turnbull and

Fig, 7. GRASS=SST=calculated Lattice, Grain=boundary,
and Grain-edge Swelling v+ Burnup for CVTR
Rod 33,833, The upper scale show: the fuel tem=

: £8 ‘ 4
perature that corresponds to each set of swelling Tucker,'® in which the grain-edge
results and illustrates the vaicious fuel-rod power  swelling in UO, irradiatedat 1750°C
levels, Neg. No, M «(4684, dominated the grain-face swelling at

~0.42 -at. % burnup. Turnbull and
Tucker found that, at lower burnups (0.13at. %), grain-face bubbles dominated
the volume increase and, ata relatively medium burnup (~0.26 at. %), the grain-
face and grain-edge swelling had approximately the same order of magnitude.

Figures 8 and 9 show GRASS-SST -calculated results for the radial dis -
tribution of fuel swelling and percentage of retained fission gas, respectively,
at 0.78 at. % burnup in CVTR rod 33.833. The results shown in Figs. 8 and 9
indicate that most of the fuel swelling is at the center of the UO, rod and is due
to excessive concentration of fission-gas hubbles along the grain edges. At
much higher temperatures, when extensive columnar grain growth has occurred
and permits many of these interlinked tunnels to vent to the fuel-rod plenum,
the curve in Fig. 8, which describes the radial dependence of swelling, becomes
bell-shaped and peaks at approximately the fuel midradius.*” This behavior is
typical of breeder-reactor fuel. The radial distribution of retained fission gas
shown in Fig. 9 rises quite sharply from the 25% fraction of retained gas at
the central region to 99% at approximately three -fourths of the fuel radius.
This feature of fission-gas behavior agrees qualitative'y with reported results.*’
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i'ig. 8. GRASS-SST-calculated Swelling
vs Fractional Radus for CVTR
Rod 33,833, Neg. No, MSD=62058,

Fig. 9. GRASS-8ST=calculated Fraction of Re-
tained Fission Gas vs Fractional Radius for
CVTR Rod 33,833, Neg. No, MSD=62663,

In Sec. VII, GRASS-SST verification results are presented for transient
heating (DEH) tests on fuel pelle‘s irradiated in the H. B. Robinson and Saxton
reactors. The steady-state s! .l.tion establishes the initial cenditions in the

fuel pellet before DEH testing (e.g., bubble -size distributions and amounts and
location of retained gas).

Table 11 shows results of the GRASS-SST steady-state simulations (see
also Figs. 5 and 6) for total gas release from the rods as well as the quantity
of gas retained in the pellets used for DEH testing. Also listed in Table II are
the experimentally determined values for these quantities.” From Table II,

the calculated quantities of retained gas in the pellets before DEH testing are
in reasonable agreement with the data.

TABLE I'. GRASS-SST -calculated Values for Total Gas Release from
Saxton and H. B. Robinson Fuel Ruds and for Quantity of Gas
Retained in Pellets Used for DEH Testing, Compared with
Experimental Results

Total Calculated
Quantity of Gas
Remaining in

Total Calculated
Gas Release
from Rod,

Total Measurec
Gas Release

Total Measured
Quantity of Gas
Remaining in

from. Rod, Fuel Pellet, Fuel Pellet,
Fuel mm mole mm mole umole /g umole/g
H. B. "obinson 0.12 0.18 36 31
Saxton 1.10 0.958 17 16
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Vi. STEADY-STATE SENSITIVITY ANALYSES

Information that can be used to determine the influence of individual
physical models on the overall behavior of fission-gas in LWR fuels as well
as to assess key factors influencing fission-gas release can be obtained
through sensitivity (or parametric) analyses. Tables III and IV list the re-
sults of GRASS-SST calculations for fractional fission-gas release from
UO, grains to the grain edges versus temperature for various values of ir«
radiation time, grain size, fission rate, and temperature gradient. These
values for the fractional fission-gas release are upper bounds on the amount
of gas that would actually be released from the fuel; due to the incomplete
interconnection of grain-edge tunnels within the UO,, the amount of gas re-
leased from the fuel is usually less than that released to the grain edges.

TABLE 11I. GRASS-SST Calculations for Fractional Fission-gas Release from ,
10~ and 30-um Grains for Fissfon Rate of 1 x 10'® f/ecm’+s and
Temperature Gradient of 200°C/cm, Neg. No. MSD-64693,

FISSION - GAS
Y RELEASE (%)
FROM
SL0-um GRAINS
N\
H TIME (n)
ms-ou-m}
RELEASE (%)
FROM 60 1] 210 810 1010 2010 | 3010 4010 | %010 6010 | 8010 | 10010 | 11960
”"‘M GRAINS
aR 013] o014 o016] 020 o024 o030 038 o38| 042] o044] 049 0S83] 08¢
1200
0005 0008 |0ONA 002 oo  [0021 0028 0028 |0OM 10033 |o0B7 004 0044
022 o029 o<40f o6!] o096] 140 173] 198 2.2! 24 278| 304| 329
1300
00l 002 |oo4 |oo6 |00 ol |o19 022 |02 027 032 |038 |o3e
0%6| 092 166 365 s03| @899 08| 1277 w21 1546 (756 1928| 2072
1400
004 009 0w 08 (092 |14 74 208 |2.27 |247 |2M™® 303 (328
192 426 781 M28| 2083 2908| 3470 3901| 4250 4542| 8cie| 8378] 3636
1800
= 015|087 138 280 (480 (582 [689 7.70 836 889 |97 1034|1090
K™ 648 211" 1937 2974] 3696| 4678| 5398 595/| 6384 6732| 7283 76.6| 7074
¥ | 1600 I
4 082 [220 |43 767 liowe 138 [1398 [i1794 [i96s [2108 [2384 2614 2018
@ 1427 2136] 78] 41 77| se618| 7093| 7829 8252 €519 8702 8933 907S| 9169
8| 170
)
S 235 Ja8. 1749 (1332 (1982 2804 (3376 (3832 |42 [45.40 9___|5340 (%908
1730] 2715| 4218 64 36| 7869 €790| 9116] 9283 9586 9457 9849 9608| 965
1800
423 796 1426 [25% (3669 (%022 (%94 6560 (7056 (7448 [BON (8392 |8697
2673] 4496] 64i0| 8333 91(9] 9533 9677| 9752 9799 983/ 9872 9897 9914
1900
695 |1496 12963 4338 |s9&R 8469 (8936 (9219 |9402 |96 4 _*gzg _!Lg__ﬁ
4200) €140| 8OO0, 9261 9659 9643 96896| 9924 9939 9949 99%0| 999¢C 100
2000
1230 (201 4123 6467 8160 (9285 (9630 97.73 (9844 (9883 (9920 (9935 (9943
86 64| 9554 9808 00 00 100 00 (%) 00 100 00 00 00
2400
7531|9198 (9726 |9929 |io0 100 100 00 190 00 0 100 10




TABLE IV, GRAS5-SST Calculations for Fractional Fission-gas Release from
10-ym Grains for Fiseion Rate of 1,3 x 10' f/am’+s for Two Values of
Temperature Gradient, Neg, No. MSD-64694.

FISSION - CAS
RELEASE (%)
WITH A
200" C/em
TEMP GRADIENT
FISSION- TIME (h)
GAS
RELEASE (%)
WITH A 1000° C/em 1o 210 310 | 810 1010 | 2010 | 3010 | 400 | 8010 | 8910
TEMP GRADIENT
029 032 o34l o039| o4e| o0ss| oea| 73| o082| c89
1200
0% |o%¢ |oaz [ose |oso |in 139 (166 |19 2.13
063 oes| 1.09] 14| 98] 3.08| 402| 83| 585| 6.4
1300
aee (144 197 [209 |48 |e20 [7.76 [9.07 [i022 |18
189| 284| 339 82| 919| (349] 17.09| 2002| 2252| 245
1400
276 |ae2 1607 |e31  |iz2 [ire9 [2127 |2430 (2706 [29m
3761 03i| 1189 1656 2456 3458 4154 4688 | 5 24| s457
1800
- 692 (1087 |13.9% |89 |2648 |[36.04 (4263 |a771 [si88 |8800
3 1021 2003] 2578| 3362| 4426/ 5328| 5933 ¢a39| easr| 7170
! 1600
P 473 [2208 |2609 3493 |43.26 [8i39 [s796 (6347 |s797 |71 %2
@ 2334| 3246| 3541 3981| Si21| 66.86| 77.96| 83:2| 8636 8636
¥ 1769
w 2635 [3331 |3846 (3924 |8198 7038 [7988 [es2 [#8s4 [90%e
24.39| 2878] 3694 5388| 74.21| 8703 9146 9368| 9502| 9583
1800
2314|2064 |3882 (%629 (7778 9074 [9490 [96.80 (9782 [99.36
2470 44 80 €107 7682| B944| 9538| 9788 9827 9472| 9898
1900
2752 (%198 |6920 |@%02 |9826 |9ee0 9933 |9seo [9972 [9977
3986| 6875 BO37| B979| 9637 98.85 9Ns6| 9957| 9966| 297¢
2000
5300 (@277 |92 [9739 (9932 [9973 |9s w2 |eas7 [wes 999
9763| 9973 9992 9996] 9998 100|100 00| 100 00
2400
100|100 100 100 0o |100 100 100 100 100

The following observations can be uerived from the results of this
analysis:

l. The fractional fissicn-gas release has a strong dependence on
temperature. Figure 10 shows the fractional fission-gas release as a function
of temperature for various values of the fuel burnup calculated from Table III.

2. The fractional fission-gas release is time-dependent. The rate of
gas release depends on the irradiation time as well as on the temperature.
In all cases, the fractional gas release increases with the time.

3. The fractional fission-gas release has a strong dependence on the
UO, grain size. The rate of fissicn-gas release increases as the UO, grain
size decreuscs. For example, Fig. 11 shows the fractional fission-gas release
from 10- and 30-um grains as a function of temperature for two values of the

37
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fuel burnup. These results
agree with recent experiments
in which fission-gas release
from UQO, peliets irradiated at
1750°C decreased significantly
with increasing grain size.”
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4. The fractional
fission-gas release has a mod-
erate dependence on the temper-
ature gradient. The rate of
fission-gas release increases
as the temperature gradient
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Fig. 10, GRAS§5-85T-calculated Fission=ga, Release as a
Function of Fuel Temperature and Burnup from
10=pm Grains with 200°C /cm Radial Tempera~
ture Gradient, ANL Neg. No, 306=77-131,

5. The fractional
fission-gas release has a strong
dependence on the degree of in-
terconnection of grain-edge
tunnels. Due to the incomplete
intercunnection of the grain-

edge tunnels, the amount of gas actually released from the fuel will be less
than the amount released to the grain edges. In general, the degree of tunnel
interconnection depends on the fuel microstructure (e.g., grain size, UO, den-
sity, and fabricated pore-size distribution) and hence is a function of the

irradiation time,

Fig. 11

ORASS=55T=calculated Fission-gas Release
‘tom 10= and 30~um Grains as a Function of
Fuel Temperature with 200°C /em Radial
Temperature Gradient for Two Values of
Burnup. ANL Neg. No, 306=77=357,
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Intragranular gas-bubble diffusivities and gas-atom re-solution rates
in UO, are materials properties that can strongly affect intragranular gas
release during steady-state conditions. Estimates of the diffusivity of atomic



xenon at 1500°C, based on the results of various experiments,’* differ by as
much as three orders of magnitude. Gas-atom re-solution rates are extremely
difficult to obtain experimentally, and theoretical estimates are very model-
dependent. Figures 12 and 13 show the calculated end-of-life values for the
fraction of fission gas reaching the grain edges for the . B. Robinson fuel

as a function of the intragranular gas-bubble diffusivity and gas-atom re-
solution rate, respectively. These results were generated assuming that the
fraction, Fpp,, of the gas atoms knocked out of grain-boundary bubbles due to
re-solution which reenter the lattice equals 1.0.
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Figures 12 and 13 show that intragranular gas release increases as
the diffusivities increase and the re-solution rate decreases. The intra-
granular gas release increases as the re-solution rate decreases due to a
corresponding decrease in the flux of "re-solut’',. " atums from the boundaries
back to the lattice. However, the assumption that all gas atoms leaving grain-
boundary bubbles due to re-solution reenter the lattice (i.e., Fgp, = 1.0) may
not be realistic. Some of the gas atoms knocked out of grain-boundary bubbles
may remain on the boundaries, or stop close enough to the boundaries to be
quickly recaptured.
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Figures 14 and 15 show the calculated end-of-life values for the
fraction of fission gas reaching the grain edges for the H. B. Robinson fuel
for various values of the intragranular gas-bubble diffusivities and the gas-
atom re-solution rates, respectively, assuming that none, i.e., Fgy, = 0, of

the gas atoms leaving the boundaries due to

re-solution reenter the lattice.

Figure 15 shows that intragranular gas rclease increases as the re-solution

rate increases.

Figure 14 shows that intragranular gas release is relatively

insensitive to changes in the intragranular fission-gas bubble diffus.ivities.
These results show that, for Fgy, = 0, intragranular gas release is re-
solution controlled; i.e., the gas released from the grains consists mainly of

single gas acoms.
atom trapping sites.
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The GRASS-SST-calculated behavior of intragranular fission-gas
release as a function of the intragranular bubble diffusivities and of the gas-
atom re-solution rates for FBI, = 0 des-ribed above agrees with the theo-
retical predictions of Speight®' and others.’® The value of the gas-atom
re-solution rate calculated using Eq. 17 (see Table I for .he values of the
corresponding parameters) for a fission rate of 8.5 x 10'® f/m? s is
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b, = 1 x 107%/s compared to an upper limit established by Turnbull ana
Cornell” of b, £ 107%/s. Although the value of the gas-atom re-solution
rate, b;, used in GRASS-SST is consistent with this upper limit, b, = 10°¢/s
is smaller than most values previously reported.”® The values of the param-
eters used in Eq. 17(i.e., by and rg; see Table I) were selected to obtain the
best agreement between GRASS-SST predictions and experiment for both

steady-state irradiations (see Sec. V) and transient heating conditions (see
Sec. VII.LE).

VII. VERIFICATION OF GRASS-SST TRANSIENT ANALYSES

A. Experimental Support

The DEH experimentss’”‘ were performed on two fuel types with dif-

ferent irradiation histories. Most of the experiments were performed on
commercial pressurized-wate: -reactor (PWR) fuel obtained from the

H. B. Robinson No. 2 reactor. Fuel from rods F7 and G6 of assembly BO5
were used in the present study. This fuel was irradiated to a peak burnup of
3.14 at. % in two reactor cycles at peak linear heat-generation rates (LHGR's)
of 22.4 and 17.7 kW/m, respectively.” The axial power profiles for the rods
contained broad plateaus that extended over the central ~2.5 m of the 3.7-m
fuel regions.”® The rod-averaged fission-gas release during the Robinson
irradiation was - 0.2% of the amount generated (see Fig. 5).% The low gas
release is ‘ndicative of low operating termnperatures.

»

One DEH experiment was performed on a specimen taken from an
experimental load-follower rod irradiated in the Saxton PWR. This rod,
No. 843, experienced peak LHGR's of ~50 kW/m for short periods during its
irradiation.”” Pronounced axial power peaking also occurred. At the axial
level from which the DEH test specimen was obtained, the time-averaged

LHGR was ~36 kW/m."” The rod-averaged fission-gas release for rod 843
was 8.5% (see Fig. 5).%7

In the transient heating tests, ohmic heating of the fuel by the DEH
technique ,*®*? with cooling provided by a helium stream, produced tempera-
ture profiles similar to those that occur during reactor operation. After
steady-state temperatures were achieved, the power was increased in a
programmed manner to produce transient heating of the fuel. Temperature
profiles during the test were calculated on the basis of material properties
of UO, and experimentally measured parameters such as power input and fuel
surface temperatures. The calculated temperature proifiles have been verified
by their prediction of centerline melting of the irradiated fuel.®’

Posttest exarainations of the fuel were made to assess the changes in
the fuel that were due to transient heating. The most striking features re-
vealed in polished sections of the fuel were the appearance of cracks in the



form of intergranular separations within the fuel. This pattern of cracks
can be seen in Fig. 16, a high-magnification view of a transverse section of
transient-heated fuel ’ Experimental results’’ indicate that intergranular

separations can form by the diffusion-controlled processes of growth and

In addition, this gradual process of bubble growth and coalescence to

form channels and channel coalescence to form separations can be interruptod

by the more rapid process of crack propagation. Crack propagation results

from stresses on weakened grain boundaries. The stresses 1e¢sponsible for

cracking are the result of the applied axial load, differential thermal expan-

sion, and the pressurization of intergranular fission-gas bubbles. Separations
covering up to 80% of the fuel volume have been observed in UQ, pellets after

DEH testing

fission gas that had moved out of the grains of the irradiated fuel.

<

e prorided an important release mechanism [0t
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The model development and verification of the transient portion of
(GGRASS-SST are based on the results of 11 PCM-type DEH tests.” Figure 17,
a plot of xenon release as a function of total energy for these DEH tests, shows
that there is a general trend of higher gas-release fractions at higher total
power depositions. Test 31 shows

V11T T T N1 the only large deviation from the
b T g b indicated by th llel dashed
s} / /. ©ROBINSON FUEL _| trend indicated by t .e parz? e: ashe
/ / 6 SAXTON FUEL lines in Fig. 17. This deviation may
50 / /’ b il be due to the long, high-power pre-
7 Fgh: IS8 i transient heating in test 31. Tests 21,
2 ol P ARE INDICATED |
@ y 26, and 33 were run to produce small
& 30} / 027// J melt fractions. The gas release from
at 36«% / I the small amount of moliten fuel has
20} 32, L B been shown in all cases to be small
‘2 i compared to the release from the
[ J‘} 30 291 Wi H unmelted region.” Fuel melting did
0 l_P | - - eremiulbst iassat) ~ 4+ i
0 0 R T rmot c.:ccur for the other tes*s listed
4 i Fig. 17
ENERGY INPUT (10° W+s)
Fig. 17. Percent Xenon Release vs Energy Input for Transient temperature his-
DEH-tested Specimens (from Ref, 8), Neg. tories of the DEH tests are calculated
No, MSD=64912, with the DEH Transient Temperature

Distribution (DEHTTD) code.* The
transient heat-transfer equation is solved by this code, which accepts mea-
sured values of current, voltage, and surface temperature as input and uses

expressions taken from the literature for the thermal and electrical con-
ductivities of UO,.

For use in the present study, a model® for the effect of interpranular
separations on heat transfer was included in the DEHTTD code. These sepa-
rations form during transient heating and reduce the effective thermal con-
ductivity of the fuel. In the DEHTTD code, the separations are assumed to
form linearly with time, and the reduction in thermal conductivity is assumed
to be proportional to the extent of the separations, as measured by their

specif ¢ surface area. That is, the code uses a thermal-conductivity ex-
pressio of the form

Tk = (1 - F)Tg, (73)

where T’K is the effective thermal conductivity, F is the cracking factor (so
called because the separations often resemble cracks), and Tk is the
temperature-dependent thermal-conductivity expression of Washington."l
The cracking factor, F, was assumed to equal zero at the start of transient

heating and to increase linearly with time to a maximum value, which occurred
at maximum power, given by
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Fenax = 1.58 x 10736YP, (74)

where S%F is the posttest value of pore-solid surface area per unit

volume in units of mm™'.

B. Effect of Transient Heating on Intragranular Fission-gas Bubbles

Analyses with GRASS-SST for steady state conditions, coupled with
experimentally determined fission-gas release during DEH tests, indicate
that large quantities of gas are being transported out of the UO, grains during
transient heating. This release of fission gas from the grains is much greater
than can be explained by means of empirical steady-state diffusivities. In ad-
dition, analyses for transient-heating conditions indicate that GRASS-SST can
account for the rapid diffusion of fission gas out of the UO, grains during
DEH tests if the high-temperature bubble mobilities are enhanced due to an
increased rate of atom attachment to and detachment from the bubble surface.

The physical basis behind this approach is as follows. During equilib-
rium conditions, the bubbles may be faceted, and the rate of moticn of a faceted
bubble is determined by the frequency of nucleation of steps instead of the
time requiraed for atoms to move from a step on one side of a bubble to a step
on the other side. (That is, the atom attachment and detachment rate is
slower than predicted by surface diffusion.)*® % However, if the atom
attachment and the detachment rate increased during transient conditions,
higher bubble diffusivities would result.

Recrystallization and dislocation sweeping are other phenomena that
could, in principle, result in an enhanced release of fissicn gas from the
grains to the grain boundaries during transient-heating conditions. Observa-
tions of the DEH-tested pellets reveal no evidence of UQO, recrystallization.®
GPRASS-SS5T analyses indicate that a rapid diffusion of fission-gas bubbles
(<100 A in diameter) as well as of gas atoms occurs during the DEH transient
heating. Dislocation sweeping could conceivably move fission-gas atoms from
the grains to the grain boundaries, but is unlikely to have much effect on
fission-gas bubbles; the bubbles would act as pinning sites and retard the
motion of dislocations. On the other hand, a capid increase in the atom
attachment and detachment rate would lead to increased bubble mobility for
small as well as large bubbles.

C. Mobility of Overpressurized Fission-gas Bubbles

Bubbles intersected by dislocations have higher diffusivities than
bubbles in a perfect lattice.®® The bubble diffusivities were satisfactorily
described by a rate-controlling nucleation mechanism, in which ledges intro-
duced into the bubble surface by the dislocation rotated about the dislocation,
causing the bubble to migrate. Since dislocations may extend to the grain
surfaces, they can serve as channels that facilitate the migration of the bubbles
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interval, At seconds, of the transient during which the fuel temperatures are
increasing at a rate dT/dt (°C/s). During this time, bubble coalescence and
re-solution are assumed not to occur and nj is constant and given by the
initial equilibrium conditions

ng = §nYr/(kTyr; + 2Yby), (77)

where T, is the temperature at the beginning of the time interval At.

First consider the case in which the bubble radius, rj, is constant
over the time interval At. The time 7/ required for the bubble to obtain an
excess pressure sufficient to genera.tel an equivalent stress equal to the yield
stress, oy, of the surrounding matrix is, using Eqs. 75 and 76, given by

y 2C
&—Y + ak (4TTr.3 - 3bvni)
Mo F : dT

2n;k i dt ’

(78)

where oy = cy(T) is used to emphasize that o, is a strong funttion of the fuel
temperature. Equation 78 does not take into account the situation in which the
bubble may be overpressurized before the beginning of the time interval At.

If the bubble was initially in an overpressurized state, then Fq. 78 would
overestimate the time required for the equivalent stress generated by the
overpressurized bubble to become equal to Oy. On the other hand, if appre-
ciable bubble relaxation occurs during time 124 {l.e.. ry increases), then

Eq. 78 would underestimate the time required for the equivalent stress gen-
eraced by the overpressurized bubble to become equal to Ty

A rigorous appruach to the calculation of the excess internal gas
pressure for each bubble of radius ri, where i varies over the limits of the
bubble-size distribution, requires the numerical solution of a large set of
coupied partial differential equations for the rate of change of bubble radii
and the rate of change of the lattice-vacancy concentration, Cv_zq Because of
code-running time requirements, this approach is outside the scope of
GRASS-SST. However a phenomenological approach to the probtlein of bubble
overpressurization can be formulated by evaluating T4 as given by Eq. 78 with
respect to the bubble-relaxation time, T

Let @;, 0 < o; € 1|, characterize the degree of nonequilibrium in the
lattice surrounding a bubble of radius ri; the larger o, the further the system
is from an equilibrium contiguration. The change in @, can be written in terms
of @ and times T? and Tiy (i.e., see Eq. 41 and 78) as

doy = (1 - oi)d(TiB/T?). (79)



Thus, as Tiy decreases and TiB increases, the system departs more from its
ejquilibrium configuration. Conversely, as 1’}’ increases and T, decreases,
the system approaches equilibrium. Solving Eq. 79 for @ gives

o = 1.0 - exp(—TiB/‘T‘{). (80)

The problem that remains is to relate o, to the bubble diffusivity.
This can be accomplished by considering the limits of the bubble diffusivities
used in GRASS-SST. During steady-state conditions (i.e., o; << 1}, GRASS-SST
uses empirical intragranular diffusivities given by (see Eqs. 58 and 59)

1
D, = 2.1 x 107" exp(-91,000/kT)(r/x )" (81)

The diffusivity of a bubble moving by surface diffusion is given by

Df = 2.42 x 107% exp(-108,000/kT)/r}. (82)

Based on the discussions above, the bubble diffusivities during transient
heating conditions should be given by Eq. 82 as @ = |, Thus, using Eqs. 81
and 82, we can “xpress the fission-gas-hubble diffusivities in terms of the
equilibrium parameter, o;, as

6.732 x 107" exp[-(91,000 + 17,0009;)/kT]
1.62+2,380rf : (83)

(4084"i)

where r, of Eq. 81 is assumed to have the value of 0.24 x 10”" ¢cm. When

@i + 0, Eq. 83 -+ Eq. 81, and when o; = |, Eq. 83 = Eq. 82, For intermediate
values of o, the diffusivities given by Eq. 83 lie in between those given by
Fiq. 81 as a lower limit and those given by Eq. 82 as an upper limit.

To use Eq. 83, the UO, yield stress, Oy» in Eq. 78 must be determined.
In general, oy is a complex function of fucl temperature, strain rate, and
microstructure (e.g., UO, grain size). Experiments designed to measure the
U0, yield stress under steady-state and transient in-reactor conditions are
difficult to perform, and adequate data are lacking. The UO, yield stress used
in the calculation of gas-bubble diffusivities, as given by Eq. 83, has been de-
termined based on the data of Roberts.®*® Roberts conducted conventional
load-versus-deflection, strain-rate-change, and stress-relaxation tests on
UO,-20 wt % PuO, specimens in the strain-rate range of 0.1-0.4 h™! and in
the temperature range 1500-1800 C. The specimens prepared from me-
chanically blended powders with grain sizes of 2-14.5 um, were deformed in
four-point bending in a high-temperature, inert-atmosphere furnace. The
most significant observations from these experiments are the strong tem-
perature dependence of the flow stress (flow stress decreases as the tempera-
ture increases) and the increase in flow stress with an increase in grain size.

(In these experiments, the flow stress corresponds to the nroportional elastic
limit stress.)
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An analytical expression for the yield stress as a function of the
temperature and grain size was obtained from Roberts' data by quadratic
regression analysis. Explicitly, for Ty (in dynes/cm?),

oy = 9.8 x 10° exp(ag + a,/T + a,/T?), (84)
where

a0 = =179.1 + 7.0d + 0.243,

a, = 6.5%10%- 2,3 x 10*d - 8.6 x 10%d?,
and

a, = -5.8x 10%+ 1.8 x 107d + 8.9 x 10%d?,

Equation 84 is assumed valid for temperatures between 1500 and 2100°C and
for grain sizes between d = 2.0 and d = 14.5 um.

E. Comparison of Code Predictions for Transient Gas Release with
Experimental Results

Figure 18 compares the results of GRASS-SST calculations of transient
gas release with the measured results from the DEH tests shown in Fig. 17.
The diagonal line indicates the
position of perfect agreement between

65 -
60 I Lin Irrsrlmmllzns] GRASS-SST predictions and experi-
.} .:'; ;’(‘)::L? ment. The calculated results in
sl ASARTON Fig. 18 were made using Eq. 83.

P« As is evident, the GRAS5-SST pre-

g dictions are in good agreement

;J ¥ j . with the experimental measure-

gl 27*/ | ments. Using diffusivities obtained

a | E ' by setting o; = 0 in Eq. 83, i.e.,

s @ "1 using the empirical diffusivities

3 9011 1 given by Eq. 81, the code significantly
18- —1 underpredicts the data for transient
10} - gas release >5%, except for test 31

<4 for which the data are overpredicted

Lo O T et T TR Iy e R 55 A I e VO by about a factor of two.
O 5 10 15 20 25 30 35 40 45 50 % 60 6% 70
PREDICTED GAS RELEASE () The fact that GRASS-SST can

predict the DEH transient gas release
for all DEH tests, including test 31,
supports the hypothesis described

in Sec. VIL.D (i.e., the mobility of
fission-gas bubbles is enhanced when the bubble is overpressurized, if the
equivalent stress generated as a result of the excess pressure in the bubble
exceeds the yield strength of the surrounding matrix).

Fig. 18, GRASS-SST=-predicted Transient Gas Release
Using Eq, £3 vs Experimentally Measured
Values. Neg. No, MSD=64915,
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An additional demonstra-
tion of the need to model the effect
that transient heating has on bubble
mobility is given by the following
example. Suppose the capability
of GRASS-SST to predict DEH tran-
sient gas release depends only
upon a relationship between the
bubble mobilities and the transient
temperature, and not on other
parameters such as heating rate
and UQ, yield strength. For this
case, the bubble diffusivities during
transient heating could be de-
scribed by.the cure shown in
Fig. 19. In Fig. 19, a ‘ransition
curve starts at some critical
temperature, T, and connects
the steady-state diffusivities
with those given by the theory of
surface diffusion.

Figure 20 compares the
results, using the bubble diffu-
sivities shown in Fig. 19, of
GRASS-S5T calculations of tran-
sient gas release, with the mea-
sured results for the DEH tests
shown in Fig. 17. Except for
tests 24, 31, and 32, the GRASS-
SST predictions (Fig. 20) based
on the diffusivities shown in
Fig. 19 are in reasonable agree-
ment with much of the data, The
predictions for transient gas re-
lease from tests 24, 31, and 32
are off by more than a factor of
two. (Test 35 was not run for
this case.) The reason for this
overprediction of transient gas
release is that the diffusivities
shown in Fig. 19 describe en-
hanced diffusion of gas bubbles,
even during periods when the
heating rate is relatively low.

This relatively low rate
of heating is characterized by
test 31, which had a long steady-
st~te preheat at high power. The
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analysis leading to Eq 83 accounts for the dependence of bubble mobility on
heating rate and, as is evident from Fig. 18, predicts transient gas release
in good agreement with the measured values for all the data. As other
DEH test results become available, the validity of Eq. 83 will continue to be
examined.
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DEW TEST NUMBERS
5| ARE INDICATED -
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Fig. 20, GRA5S-88T~predicted Transient Gas Release Using the
Assumed Temperature=dependent Diffusivities Shown in
Fig. 19, vs Experimentally Measured Values, These re=~
sults indicate the need for a dependence of heating rate
on gas=bubble diffusivity, e.g.. as described by Eq. 83
and discussed in the text. Neg, No, MSD=064016,

Figure 18 shows that GRASS-SST predictions of trans.ent gas release
are in good agreement with the data; the deviation in the points from the
diagonal line appears to be random. The interpretation of the scarter between
predicted and measured results, shown in Fig. 18, requires a clear under-
standing of the uncertainties in GRASS-SST input quantities, e.g., the temper-
ature profiles in the DEH pellets as a function of transient time. Quantitative
information about these uncertainties is required for the calculation of hori-
zontal error bars (i.e., the effect of uncertainties in input quantities on
calculated results) for the points in Fig. 18.

For example, to predict DEH transient gas release requires two main
calculations:



l. The steady-power irradiation of the DEH-test pellet is simulated.
To date, this calculation has been performed by using GRASS-SST coupled
both thermally and mechanically to an experimenta. LWR version*® (LIFE- LWR)
of the LIFE®? fuel-behavior code, GRASS-SST and LIFE-LWR are used to
simulate the steady-state irradiation of the entire fuel rod; the initial condi-
tions in a specified pellet are then extracted and saved on a direct-access
file. The uncertainties involved in generating the initial conditions in the fuel
pellet arise from uncertainties in the LIFE-LWR-predicted steady-power
fuel temperatures; LIFE-LWR has only received limited verification.

2. The trarsient DEH test on the irradiated fuel pellet is simulated
using GRASS-SST coupled to the DEHTTD code.* The DEHTTD code calcu-
lates the radial temperature distribution in the fuel pellet as a function of
time. This calculation requires knowledge of the electrical and thermal
conductivities of the uncracked irradiated UO, as a function of temperature.
These conductivities are not well known at elevated teinperatures. In addition,
extensive grain-boundary separation has been observed in DEH-tested pel-
lets.’”® These separations change the thermal conductivity of the UO, by as
much as a factor of two. A simple semiempirical model has been developed
to predict the change in the thermal conductivity as a function of time, given
the total increase in the pore-solid surface area duriig the DEH test (see
Egs. 73 and 74). However, considerable
uncertainty remains in the calculated
o w temperatures (the calculated center tem-
o perature could be off by 100°C or more),
and this uncertainty s certainly reflected,
in part, in the scatter observed in Fig. 18.
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Figure 21 shows GRASS-SST re-
sults (xenon) for the radial profile of
transient fission-gas release during
DEH test 33 plotted with the laser-
sampling data (krypton) of Ref. 66. The
predicted results show a gradual decrease
in fission-gas release from 88% at a
fractional radius of 0.16 to 80% at a frac-
tional radius of 0.69. The predicted re-

Fig, 21, Radial Profiie of Fission=-gas Release lease then sharply decreases in a step-
during DEH Test 33 (from Ref, 66). function-like manner to less than 1% for

Neg. No, MSD=65142, the rest of the radius. This behavior is

in contrast with the relatively smooth
decline in the fractional fission-gas releasc from 82% at a fractional radius
of 0.1 to 20% at a fractional radius of 0.90, as shown in Fig. 21. The area
under the predicted curve is approximately equal to the area under the ex-
perimental curve; this result is reflected in the reasonable GRASS-SST

prediction of total transient fission-gas release during test 33 as shown in
Fig. 18.
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The behavior of the predicted radial profile of transient fission-gas
release, as shown in Fig. 21, can be understood in terms of the pore-
interlinkage model used in GRASS-SST. This model is based on the assump-
tion that a rapid long-range interconnection of the grain-edge porosity occurs
when the gas-bubble fractional swelling exceeds 7% (see Sec. II.F). Thus,
the step-function-like dec-ease in the predicted release at a fractional radius
of 0.69 is due to the transition between fuel regions where the gas-bubble
swelling was greater than 7% (for fractional radii less than 0.69) to fuel re-
gions where the gas-bubble swelling was less than 7% (for fractional radii
greater than 7%).

The qualitative difference between the predicted and experimental
results for the radial profile of transient fission-gas release indicates that
the GRASS-SST model for the rapid, long-range interconnection of grain-edge
porosity is too simple to account for the extensive network of grain-boundary
separations observed in DEH-tested fuel. A more realistic calculation of the
radial profile of transient fission-gas release would have to include models
describing grain-boundary separation as a function of the gas-bubble dis-
tribution, the temperature, the fuel microstructure, and the local stresses
generated within the fuel pellet.



VIII, (UGH-BURNUP GAS RELEASE

In 1969, Bellamy an'' Rich®’ present:d evidence that, for fuel rods
with centerline temperatures less than 1630 C, a large increase in gas re-
lease can occur at burnups above 3 at. %. Below 3 at. % burnup, the fission-
gas release is compatible with ditfusional release and "knockout” models.
The marked increase in gas release above 3 at. % was believed to arise in
part from the interconnection of grain-boundary gas bubbles and in par. from
the fracture under thermal stress of grain boundaries

bubbles.

53"‘[————\ Phenomena that result in an
250 F gy ity ;

200} enhanced rate of fission-gas release
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s may also influence steady-state gas
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during transient heating conditions
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results for two hypothetical irradia-
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(1.e., two extensions of the actual irra-

diation history). GRASS-SST results
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enhanced release of fission gas occurs

from fuel regions in which fission-gas
] VN DRRRANN PR W S S swelling has exceeded an assuned

R 8 9 10 value of ~7% for long-range porosity
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interconnection (e.g., se ¥a. 57).. Al

shown in Fig, 22, the breakaway gas

RASS~SST Predictions f : ey .
release occurs later for lower

fr High=burnup LWR [ .
temperature (lower-power) rods,

addition, the breakaway gas releas

will occur earlier for smaller values of the critical swelling required for

range porosity interconnection. Other factors, such as the mecl

ilad

"lCa separa-

tion of grain boundaries caused by applied stresses, can influence the amount

and the time of breakaway fission-gas release in high-burnup UQO, fuel.

IX. CONCLUSIONS

GRASS-SST provides a realisti. description of fission-gas release and
swelling as a function of fuel-fabrication variables and a wide range of operat-
ing conditions. GRASS-SST treats fission-gas release and fuel swelling on an
equal basis, and simultaneously treats all major mechanisms that influence
fission-gas behavior., The GRASS-SST steady-state analysis has undergone

verification for end-of-life fission-gas release, fuel swelling, and intragranular

bubble-size distributions.
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The results of GRASS-SST predictions for transient fission-gas release
during DEH tests are in excellent ugreemer: with experimental data. Compar-
isons of GRASS-SST predictions of gas release and hubble-size distributions
with the results of DEH transient tcsts indicate that (a) coalescing bubbles do
not have sufficient time to grow to equilibrium size during most transient con-
ditions, (b) the mobilities of fission-gas bubbles in UO, are enhanced during
nonequilibrium conditions, if the excess pressure in the bubble is sufficient to
generate an equivalent stress greater than or equal to the yield stress of the
surrounding matrix, and (c) channel formation on grain surfaces and coales-
cence of the channels with each other and with the tunnels of gas along the
grain edges can contribute to grain-boundary separation and/or the rapid,
long-range interconnection of porosity. The phenomenon of grain-boundary
separation and/or long-range interconnection of porosity provides an impor -
tant release mechanism for fission gas that has rn..->d out of the grains of
irradiated fuel.

Finally, phenomena that result in an enhanced rate of fission-gas
release during transient heating conditions may also influence steady-state
gas release at high burnup.
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