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GRASS-SST: A . Comprehensive, Mechanistic Model
for the Prediction of .

Fission-gas Behavior in UO -base Fuels2

during Steady-state and Transient Conditions

: by-

J. Rest

ABSTRACT ,

The steady-atate and transient gas release and swelling
subroutine (GRASS-SST) is a mechanistic computer code for
predicting fission-gas behavior in UO -base fuels. GRASS-SST2

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
fis sion- ga s release and physical phenomena that occur during
reactor operation and transient direct-electrical-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-SSTpredictions for transient fission-gas
release during DEH tests are in good agreement with experi-
mental data. Comparisons of GRASS-SST predictions of gas '

release and bubbic-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 UOz |
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 l

matrix, and (3) channel formation on grain surfaces and coales-
.

cence of the channels with each other and with the tunnels of I

gas along the grain edges can contribute to grain-boundary sep- |

aration and/or the rapid,long-range interconnection of porosity.
The phenomena of grain-boundary separation and/or long-range
interconnection of porosity provides an important release mech-
anism for fission gas that has moved out of the grains of ir-

radiated fuel.
1

. _ _ . _ _ - - - _ _ _ _ - _ - _ _ - _ - _ - _ _ _ - _ - _ _ _ _ - - _
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I. INTRODUCTION

The Steady-State and Transient Gas Release and Swelling Subroutine
(GRASS-SST) i's 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 .2 > 3 Whereas GRASS was primarily concerned with intragranular fission-
gas phenomena, GRASS-SST includes models for intra- and intergranular
fission-gas-bubble behavior as well ac 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 phenomer a that occur during Light
Water Reactor (LWR) operation, and during transient Direct Electrice1 Heating
(DEII) tests on irradiated LMFBR and LWR fuel.4-3 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 inicrostructure. These changes in the fuel
microstructure can then result in an enhanced gas release and/or fuel
swelling.5'7

Fission-gas released from the fuel to the fuel-rod plenum and 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 cladding can lead to cladding rupture, mereas 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 thought to have a dominant effect on fission-

l3gas 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

- - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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of temperature gradients and by assuming that the gas atoms were released f
|when the gas reached the pellet surface rather than being released from the

boundary of an " equivalent" volume. MacEwan and Stevens" and Carroll et al.15
included the effects of gas-atom trapping based on the results of experiments
that indicsted a decrease in diffusion coefficient with an increase in fission
rate ar.d e xposure.

In the early 1960's, observations of fission-gas bubbles in irradiated
UO introduced the possibility that fission-gas release might be controlled by I

2 I

bubble behavior rather than by '+omic diffusion."' In addition, it was demon-
strated that fission-gas bubbi + uld be destroyed as a result of re-solution
of gas atoms from bubbles in 6 e radiation field." Subsequently, the sub-
stantial effect of grain-edge interlinked porosity on gas release and fuel swell-
ing was demonstrated.ta,19 Finally, transient heating tests '7 on irradiated fuel5

have indicated that fission-gas-bubble behavior may have an important effect
on the evolution of the fuel microstructure 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 ar.d 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.

|GR. ASS-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 migration, 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-
tribution 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

t,

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.8
In particular, GRASS-SST includes the effects of the degree of nonequilibrium

,

in the UOz lattice on fission-gas bubble mobility and bubble coalescence. |
7

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 Dell experimental results and gives the results of the

,

verification of the GRASS-SST transient analyses. Section VIII discusses the
extension of phenomenology observed during transient heating to the descrip-
tion of high burnup cas release. Finally, in Sec. IX the conclusions of the
present work are summarized.

II. DESCRIPTION OF BASIC MODELS

A. Intragranular Fission Gas

The rate of fission-gas production,71, is assumed to occur primarily
within the UO2 grains and is assumed proportional to the fission rate, B. That
io,

T} = as , (1)

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

Ng - fNCn, (2)

where Cn is the rate at which gas atoms collide, and fN, 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
c lu s te r s .20

The basic equations for intragranular bubble coalescence in GRASS-
SST are the same as those used by Gruber,23 but the calculational procedure
is 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 bubbie-size
distributions. The bubble classes are ordered so that the first class refers

If S denotes the average number |to bubbles that contain only one gt.s atom. i
of atoms per bubbic for bubbles in the ith class (called i bubbles henceforth),'

then the bubble-size classes are defined by
.1

Si = mS . i, (3) )t

where the integer m 2 2, i 2 2, and S =' 1. The Si class is assumed to consistt
of a singic gas atom associated with one or more vacancies or vacancy clus-

In the lattice, P{ and Ph the probabilities in cm /s of an i bubble co-
3

ters.

'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 '2

Ph = 4n(ri + rj)(Df + Df), random, . (4)

and
1

Ph = n(ri + rj)2 vj - vi . bia s ed, . (5)

|

whereri is the average 1-bubble radius (mm), Df is the average lattice i-bubble
diffusion coefficient (mm /s), and vi is the velocity (mm/s) of an i bubble2

moving in a temperature gradient.

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

C j = P j F Fj , (6)i i i

where

Pij = P +P (7)
.i

1

and F is the number of i bubbles per unit volume. For i = j, C j becomes
i

i

1

F, (8)3Cit.=}Pii .
1

so that each pairwise coalescence is counted only once.

.
.

O

w- -w n v- w w - ur- -
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Coalescence between bubbles results in bubbles grcwing from one 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 T jk. The numberi
of gas atoms involved in one such coalescence is Si + Sj. The array T jk i8i
defined by the three conditions:

1. The total probability of producing a bubble is unity; i.e.,[ T jk = l-i
k

2. The number of gas atoms, on the average, is conserved; i.e.,

fT jk k = Si + Sj-i S

3. For a given pair ij, only two of the T jk array elements (corre-i
i + Sj ' S + : i.e., m 2 2) cansponding to k and k + 1, where Sk 8S k

be nonzero.

From these three conditions, it follows that k = i, and

T jk k + (1 - T jk)S +i =Si+Sj- (9)i S i k

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

S +1 -Si - Sj Sjk
= 1 S +i - S , '10)Tijk = s +1 -Sk k kk

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

Si + Sj - Sk Sj;

T = - - - (11)ij k+1 S +1 -SS +1 -Sk k k k
I

|

The array T jk may be considered as the probability that an i bubblei
becomes a k bubble as a result of its coalescence with a j bubble. The rate

Nik at which i bubbles become k bubbles is given by

ik = .b. C j T jk. (12)N i i
5J1

The j bubble is assumed to disappear; gas atoms are absorbed into the
i bubble. The rate X; of disappearance is given by

Xj = 12)[ C j. (13)
, . i

|

|

| Th'c rate Nik 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

,

1
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(or possibly indirect) collision between a fission fragment and a gas bubble.
From Eqs.11 and 12,

ik * .E. C jT jkN i i
5J1

S-
[P FF=

ij t 3Sk-Sijsi

Fi
P jFjSj. (14)* is-Sij ik

The expression
+

[ P jFjS-i 3js1

is the rate at which gas atoms are added to an i bul$ble. Re-solution causes
an i bubble to lose gas atoms at a rate given by b S , where bi is the proba-ii
bility that a gas atom in an i bubble is redissolved. The reduced Nik becomes

F.
N

ik * sk - S )ij i

If the expression whhin parentheses is negative, then Nik is zero, and Nik'>
the rate at which i bubbles become i - 1 bubbles with k' = i - 1, is defined as

Fi
F Sj). (16)P

Nik' "31_ sk' ji ij j

Equations 15 and 16 are proportional to the probabilities that any par-
ticular i bubbic becomes an i + 1 or an 1 - I bubble, respectively; the ratio
of the probabilities is equal to the ratio of the rates. Clearly, the above defini-
tions Nik and Nik' 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 *2 and is given by I

bi: Sbo[1 - ri/(ri + rd)], (17)

3where B is the fission rate (fissions /m s), rd is the average distance an
ejected atom travels from the bubble surface, and bo 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 bubbles) as a result of a single collision
between a fission fragment and a fission-gas bubble.23

_ _ _
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B. Fission Gas Pinned to Dislocations

'The atomic fission gas diffuses by random migration to dislocations
z4at a rate governed by

L
Rd= 2nD pc

tn(r /ri), (18)i
c

where o is the dislocation density (mm/mm ), c is the concentration of fis-3

sion gas in the lattice, ri is the mathematical radius of a single gas atom, and
is the radius of the cylindrical capture volume; i.e.,rc

z(nr )p , g, (19)e

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

dB; = 2p rivi. (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.25 Coalescence probabilities for bubbles on disloca-
tions can be derived based on a solution of the one-dimensional, time-
independent diffusion equation and are given by

Ph = (Df + Df g (20)

and

P; (vt - vj)/p, (21)
=

where Df 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 UO lattice (where the gas is generated) to grain boundaries by dif-2

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

t
,

- ., . , . . _ . - _ . - . _ . . _
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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.Z(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 Tl. per unit volume per second, satisfied the equations

= Tl + Df v c - gc + bu 'a

and ), (22)

Bu
"E*~ "

6t j

where c = c(r,t) is the local average concentration of gas in solution, u is
the corresponding amount of gas per unit volume in bubbles, Df 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

c(a , 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, S, changes as a function of time. In addition, the GRASS-SST code
is used to simulate a steady-state reactor irradiation (s / 0, b / 0, g / 0)
followed by an out-of-reactor DEH heating ramp (s = b = 0, g / 0). The '

boundary conditions for Eqs. 22 applicable under these conditions are
.

'c(a, t) = C (t)g

and ). (24)

c(r, to) = C (to). ,y

In keeping with the spitit of the GRASS-SST calculational procedure,
the calculation of intragranular tas-atom diffusion to grain surfaces is treated
as follows. The solution to Eqs. 22 subject to the boundary conditions listed*

in Eq. 24 can be shown to be equis tlent to the sum of the solutions of two sep-
arate problems: the solution of Eqc. 22 and 23, and the solution of

-- ..-. . . - -- ~ . - _ -
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de t8 S

g = D V c - ge + bui

and ), (25)

au
g = gc - bu

with the boundary conditions lieted in Eq. 24.

Equations 22 and 23 will be valid for constant h from t = 0 to t = to;
at t = to, h changes to D', and from t = to to t = t , the solution is the sumi
of the solutions of Eqs. 22 and 23 and Eqs. 24 and 25 with t replaced by t',
where t' = t - to, and C (to) is the intragranular gas concentration at t = to.

7

Between t =ti and t = tz, when the gas production rate is 9", 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; C (t) cnd C (t) are com-

7 8
puted as a function of time.

<

For irradiation times t such that

(b + g)a /Dfn > bt > 5, (26)
3 2

26Speight derived an approximate solution to Eqs. 22 and 23 for the f actional
fission-gas release fgr, given by

- -t/z

4 Dfbt 3Dfbtf
n(b + g), Za (b + g).

(27)=- -

Mr a 2

l2This expression is analogous to that derived by Booth for gas-atom diffusion
(with no trapping) if an effective diffusion coefficient is defined by

Dfg7 = Df ( }b g'

TF o factor b/(b + g) is the probability that, at a given time, a particular gas
is dissolved, and hence becomes a freely mobile species. For the resto a. .

of the time, tbc 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, Rg, can be obtained from Eq. 27 from

_ _ _ - _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _ - _ _ - _ . .
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d(fgr )t
RS = Tl (29).dt

,

where Rg is in atoms /mm si Thus,3

- . - 1/z

Rg = 6y Dfbt 3DfbtB
-(30).n(b + g) 2.a

, ,

a (b + g)
1

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

I- g /2 9-

Dfb Dfb
R{' = 3(C

,

I - C )<i a (b + g)(t ~- to_) a(b+g) (31)*-

8 3 3
,

(- .

-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) = i in Eq. 31. The
approximation is quite good in light of the solution procedure outilned ab'ove;
that is, C (t) and C (t) are recomputed for every time increment and indirectly._I g
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!*

n Dfhz

s 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

B8 = S"y", (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,25 ;

"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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= (D8 + DS)/Sf (34)P

and

= 2(vi - vj)(ri + rj)/S"" (35)P y

i

where D[ is 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
resultant bubble to equilibrium size can be treated as instantaneous.27 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-
tion s . 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 noncquilibrium coalescing bubbles in the
analysis 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.as

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 process. 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, Ti, can be defined such that, at a time t = ti
after the initiation of bubble coalescence, the resultant bubble has approached

_

a stable configuration by an amount 1 - 1/e. A precise determination of Ti is
not within the scope of the GRASS-SST calculations at this time. However, Ti
can be estimated from a consideration of lattice-vacancy thermodynamics.
The rate equations for the bubbic radii and the lattice vacancy concentration
will be described to illustrate the approximations involved in estimating T .i
Let ri be the sum of the radii of the coalescing bubbles. If primary creep is
neglected, the rate of growth of ri is given by27>29

dri D .

XP(-Pf *0/kT (36)= cdt v- .
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In Eq. 36,'c$ is the fractional equilibrium vacancy concentration given by

Ic$ = exp(-E /kT), (37)y

D is the vacancy diffusion coefficient given byy

D =D exp(-Em/kT), (38)y y y

IE and E are the vacancy formation and migration energies, respectively, i
y y

D is 'a preexponential factor, O is the atomic volume, P** is the excess in- !y
1

ternal gas pressure for each bubble of radius ri given by

P"* = Pg(T) '- (39)i
,

where y is the effective surface tension, and PE is the gas pressure within a
bubble of radius rt at temperature T. The expli* cit rate equation for c (T) isy

29given by

y y riC1 + 4nDyc" riCi exp(-P[*0/kT)= -4nD c
i=1 i=1

C)1/2
N

+ 12 V'iiD [ ri i (c$-c), (40)d y y
i=1

where Ci is the concentration of bubbles of radius ri, and d is the grain
,

diameter.
.

To determine the variation of P"* requires solving the simultaneousi
rate Eqs. 36 and 40 for ri(t) and c (t) Obviously, Eqs. 36 and 40 can only be py

solved numerically. However, the dimensional form of the two contributions !
29to c and the term 1.11 suggests three relaxation times: one for the vacancyy

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

B, D
T

(41)i' D c$,y

In the following discussion, we shall assume that the rate of growth of non-
equilibrium bubbles can be qualitatively characterized by Eq. 41.

I

- . . - _- . .. . _ . . .
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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, ri. The basic GRASS-SST calculation is for the
rate at which bubbles grow from the i to the.1 + 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

I

(1 - (1 - x)exp(-ot/7B)], (42)i

where at is the code time step (i.e., the fuel temperatures and stresses are
assumed constant during ot), and n (0 5 x 51) 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 fucl, described in Ref 5, re-
vealed the developmunt 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 fission-
gas bubbles is nearly independent of the bubble-size distribution. (That is, the
bubbic-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-

in terms of the total number of bubbles onrectly to an expression for rmax'

the boundary; i.e.,

= rig, (43)r max

where all bubbles on the grain face are assumed to have radius ri, and Ni is
the total number of bubbles. The condition for grain-boundary saturation by
fission gas is then given by

.

. - . - - . m-m e- . , . - - - . , - . . . . - - - -_. _ _ _ _ _ _ _ _ _ _ _ _
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S""
2nr "" A * (44)*max

where an approximate tetrakaidecahedral (14-sided) lattice geometry has been
assumed. In Eq. 44, a is the grain radius and S""is the grain-boundary area
per unit volume. Combining Eqs. 43 and 44 leads to an expression for Nsat(i),g

'the mmimum number of gas bubbles with radius ri per unit area of grain
boundary required for saturation:

Nsat(1) = 0.395A*
0.008

(45)=
,A 14nr rja

whe re S"" = 1.185 /a. For example, the minimum number of 5001-dia
(5 x 10-5-mm-dia) bubbles per unit area of grain boundary required for satura-
tion is

Ng8at(500) = 0 08 7 2= 1.3 x 10 bubbles /mm . (46)
r500

This result is in reasonable agreement with the measured 500-d (5 x 10-5-mm)
grain-boundary bubble-saturation density of 2.2-4.2 x 10 /mm2 (Ref. 30).7 >

F. 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 31for
diffusion in an isotropic slab. Fisher assumed that the grain boundary could
be represented as a uniform isotropic slab of material of width 6 within which
diffusion occurs according to Fick's laws. Furthermore, he assumed that the
matrix is infinite z.nd an initially zero concentration of the diffusing material ,

exists in the body. The diffusivit S I

than the diffusion coefficient, Df,y, D , in the boundary is assumed to be higher|in the grain lattice on either side. Diffusion

then proceeds along the slab (in the y direction),
l

Fisher calculated fission-gas-atom diffusion on grain boundaries by j
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,
C , given byg

c=C at t20 and y = 0. (47)g

' The concentration distribution c(x, y, t) in a specimen that has a boundary per-
po'ndicular to the surface is then given approximately by |

c(x, y, t) = C8 "*P('"i% "'l )#ICIE/2), (48)P

_ _ _ _ _ . _ _ _ . _ _ . _ - . . _ _ _ _ _ . _ _ _ _ _ , _- _ _ _ . _ _
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where the dimensionless coordinates e, C, and a are defined by

LD
5 = x - 6/2 6/2y 1T = and (48a)a =

h, (Dft)3f3(Dft)g, (D f t)3 f3, D

The average concentration, c, in a plane y = constant is4

c =C XP(- n ! '% a- 1/2) . (49)8

Integration over the entire length of the slab of the expression for E
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, C is obtained as a function of time fromg
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 to
the edges is given by

C
Rf = g {(1 - exp(-xrb)l/X - Tb "XP(~Xrb)}, (50)

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

1/242D 1/4
i n

X= (51)
6Df Dfh

To determine rb 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 rb can be approximated by

rb = a / 81. (52)

The fission gas can also migrate to the edges in a temperature gradient at a.

f rate given by
J

Ilf = vi cos 5/rb, (53)

where 5 is the average angic between the orientation of a grain boundary and
the temperature gradient.

Fission gas that has migrated from the UO2 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
1

_ _ . . _ _ _ - _ _ _ _ - - - _ - . . -
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observed in irradiated fuel under a variety of conditions.18 For fuel swelling j

below ~7%, the degree of interlinked porosity appears to be strongly dependent |
on the fuel microstructure (i.e., grain size, fuel density, and pare-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 I

the mathematical theory of percolation,32 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

p _ number of bonds
number of sites '

The model pred'icts that long-range interlinkage of sites will occur for32

P2 1.569 (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

33casc, the concentration of bonds, P, can be expressed as

- --I
2

1 - (1 + 4/
9 l1-

P =jCN 1 + (f l - 1)2CN (55)p ,

n q
_ _

which enables P to be calculated from the two experimental parameters f p
(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
o bt a in s.

pore interlinkage 1 =
2p(_( , p)z/Zo ]dx, (56)c

fraction a M **l 57

where e (width of distribution of P) can be calculated from the experimental
histograms of pore size, grain size, and fractional porosity.33 The gas released '

.

__
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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 DEH- 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 almostinaccessible.

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 > Bverit, (57)

where B is the calculated volume strain due to fission-gas bubbles, andy

Bvcrit (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 Bverit, the edge tunnels are assumed
to sinter shut, and the calculation of pore interlinkage is again performed via
pe rcolation theory. Turnbull and Tuckerl8 observed that, in nontransient-

tested UO , interlinked grain-edge tunnels were stable when the volume frac-2

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.5>7
However, the magnitude of the effect is unknown.

At 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.5'7'8 In particular, the contribution of these
separations to the total swelling does not appear in the calculated value of B .y
As a result, Bverit is smaller than the critical volume fraction (~0.18) mea-
sured in DEH transient experiments.5'7

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,M differ by as much as three orders of magni-
tude. Little is known about the bubble diffusivities in UO2 at high temperatures
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(>l500*C). For example, between 1800 and 2800 C (UO2 melts at about 2850 C),
there are six to seven orders of magnitude separating bubble diffusivities,

35 and those ob-based on an extrapolation of Gulden's measurements at 1500 C
tained from the theory of surface diffusion.2' In general, intragranular bubble
transport by surface diffusion under typical steady-state conditions is thought
unlikely.

Bubble movement by surface diffusion requires that the matrix atoms
move out of the UOa crystal and onto the bubble surface easily, and vice versa.
Ilowever, during equilibrium conditions, the bubbles may be faceted and thus
will move slower through the solid than predicted by surface diffusion. The
rate of motion of a faceted bubble has been shown to be determined by the fre-

,
quency of nucleation of steps, instead of the time required for atoms te move

| from a step on one side of the bubble to a step on the other side.36-39
|

During steady-state conditions, GRASS-SST intragranular bubble dif-
fusivities are assumed to have the form

Df = Df(rg/ri)L62, (58)

where Df is the diffusivity of a bubble with radius ri. For intragranular dif-
2fusion, the exponent in Eq. 58 was found to have the value of 1.62 by fitting

Eq. 58 to published experimental data. Above ~1250 C, the atomic diffusivity
is assumed thermally activated, and

Df = 2.1 x 10-4 exp{-91,000/(RT)], (59)

in em /s.4 IIere R is the gas constant in cal / mole K, and T is the tempera-2

ture in K. At lower temperatures, the diffusion coefficient in enhanced by
i r radia t ion ," '42 and

Df = 2.0 x 10-29s exp(-3161/T). (60)

In practice, the bubble-diffusion coefficient Df is limited to values less than
or equal to those predicted by a modified surface-diffusion model.21

The empirically derived diffusivities, Eqs. 58-60, result in fis sion-gas
bubble diffusion in the matrix slower than predicted by the theoretical model
based on surface diffusion, probably because the motion of a bubble requires
the nucleation of " steps." %~ 39 Since grain boundaries contain natural steps,
the bubble diffusivities on the grain boundaries will probably be " enhanced"
and will exhibit a different temperature dependence when compared with lattice
i,ubble diffusivitie s. The values of the grain-boundary fission-gas-bubble dif-
fusivities should lie between the values for the bubble diffusivities in the lat-
tice (as a lower limit) and the values of the bubble diffusivities calculated
from the theory of surface diffusion.

_ - _ _ __ _ _ _ _ _ ..
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Few data are available on the values of fission-gas-bubble diffusivities
43on grain boundaries. The grain-boundary fission-gas-bubble diffusivities

'#used in GRASS-SST (for diffusivities less than those calculated from the theory
of surface diffusion and greater than those calculated using Eq. 60 are

DF = 1.12 x 10-8 exp[-32,000/(1.986T)](rg /ri)i.6z(cm /s). (61)
2
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IIL . 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

5

5'f = . afF;"Ff - bfFf + Cf (i = 1, . ., N; a= 1,2,3), (62)

where Ff is the number of a-type bubbles in the ith size class per unit volume,
and a = 1, 2, 3 represents the lattice, dislocation. and grain-boundary distribu-
tions, respectively, and the coefficients bf and C, .,acy functional relationships
of the form

a = 1: S = 1, 2, 3; y = 2, 3;

qf = qf(Ff, ..., F _3, F[, Ffy, .., Fh) a = 2: S = 1, 2; y = 1;i .

a = 3: S = 1, 3; y = 1.

In Q. 62, af repreaents the rate at which a-type bubbles are lost from
(grow cut of) the ith size class due to coalm ence with bubbles in that clas; bf
represents the rate at which a-type bubbles are 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 du? to bubble migration processes and
re-volution; Cf represents the rate at which 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 ga s -atom re-solutior

Figure 1 is a GRASS-SS'T flow chart for one annular fuel region.
U sually, for modeling purposes, the fuel is divided into 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 bf 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 consideuttion (the initial number of size
classes is an input number) using Harrison's extrapolated equation of state for

44 as well as the gete.alized capillary relationxenon

Pf(T) :. E - oH' (63)r

ri
-

._ __ _ _
,



28

where Pf(T) is the gas pressure in aOPERArlNG CON 0lil0Ns

{
bubble with radius ri, y is the surface

is the localenergy of UOz, and HCAtCutArt suestt
hydrostatic st re s s.RADll

A

oirrussits'$N
" After the bubble radii have been"

BitirlES

}
-

determined, the bubble diffusivities,

e.ALCutArt aussu _

mobilities, and coalescence probabili-
COAuSCENCE PR08AsltillES

~

ties as Well as the bubble diffusion and
migration rates are calculated. The

code then solves for the bubble-size,

s0tyt sysitS OF t0UAll0NS FOR distributions by using a modified mid-
euesu 5IZE Ol51RisUil0NS point rule to gene" ate a sequence of

|| . -afi - d + ci. (I * 1.NI approXimationsi eVery sequence is
b; * b tFg, ... F; 3, f el. FQ

~ interpolated by rational functions to
i i

ci cg(F g. .. Fp g. F ,3, .. FQa
i

obtain a " trial" solution until specified
- - - convergence criteria are satisfied. (If

- CHCK FOR CONVtRGENCE -

required, the code will increment ti e
number of size classes involved in the
calculation.) Finally, the fission gas
released and the swelling due to re-

tained gas are calculated.
11

'c*'AsEAYANI
' ' O g o M ai d.

REDuct TIME $rtP
swtttiNG Fiscion Gas

Fig.1. GRASS-SST Flow Chart. The intra - and intergranu-

)Y'
N eg. No, MS D-62922. la r swelling due to retained fission

. gas is calculated from the bubble-
I li stribution func tions, Ff,using

,, = $ tr r?F ', (64)C

1 1
1

is fl:e total cr-type bubble volume strain in the structural region
n V,id ration The intragranular swelling strain in this region is givenis e .

AVintra = AVi + AV ; (65)2

AV is the total intergranular swelling strain.3

The component of fuel swelling due to retained gas residing along the
grain edges is computed as the difference between the volume transported by
bubbles to the grain edges from the grain surfaces and the volume transported
by bubbles from the grain edges to the exterior of the fuel. The volume of gas
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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, 6V , over all the annular fuel regions k; i.e.,y

6V . (66)6V =
tot g

k a

~. Fission-gas Release

Most of the gas released from the fuci exits via the interconnected

porosity reside along the grain edges (see Sec. II.F). In addition, bubbles do
migrate through the fuel, and the rate at which the gas leaves any zone is in-
cluded in the term bf in Eq. 62. If a central hole extsts in the fuel, then gas
leaving the zone surrounding the central hole will be released from the fuel.
The gas release rate to the central ! ole is given by

h [ [ Ffvf S , (67)GR *Acentral hole i
a i

where Ah is the area of the inner boundary of the innermost fuel region, vf is
the average velocity of an a-type bubble (bubbles pinned to dislocations are not
included), and Si is the average number of atoms in the ith size range. The
total gas release from the fuel is then given by

GRtotal = GRinterconnected porosity + GReentral hole. (68)

IV. CODE BENCHMARK

To e monstrate the degree of accuracy of the GRASS-SST solution

procedur e, t'. , code was run against a classic literature problem based on a
solid theoretical foundation" for which a rigorous numerical solution exists.

2tGruber calculated the evolution of the lattice bubble-size-distributica 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- I

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-1 is the average number of
atoms per bubble for bubbles in this class), then F(N) is related to G(y) by

F(N)dN = G(y)dy, (69)
.

for

N = (m)Y d . (70)

Thus, the relation between Gruber's distribution function F(N) and the
GRASS-SST bubble-size distribution G(y) is given by

F(N) = G(y)/[N tn(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
' l l

' | ' I
' I GRASS-SST for Gruber's conditions'

s - and with m = 2 (the GRASS-SST#4- a r o.94 m io
o r 1.45 10

_

predictions at n = 729 were calcu-5

= r 3.75 , so lated with m = 3) for three succes-5

io- - sive value s of the reduced time T,

I. where, following Gruber,

3e- g -

= 91.7a$D fo(y/RT)#2t, (72)ks- -
T 3

4- - and ao is the interatomic distance
in centimeters, fo is the number of

2- -

gas atoms per unit volume, t is
I i I

- the time in seconds, and D is theo__i l i i
3

su a e- usion codcient in
NUMBER OF GAS AT S PER LE cm /s. In Fig. 2, the solid curves3

Fig, e are fits to Gruber's results. The

E U ~

GRASS-SST-estculated a ; > te-size Distributions
s lution procedure and Gruber's! Time r for an Iso-as a Function of the Rt :

precise numerical analysis appearsthermal Anneal at 1500"C. The solid curvc are
fits to Gruber's results. Neg. No. MSI)-02926, to be excellent.

The variation in GRASS-SST results (for Graber's problem) with in-
creasing m is shown in Fig. 3, where the swelling;, strain due to the retahed
fission gas is plotted against t for m = 2 to 10. A s 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 rc 10. Thus, the value of m used for any problem depends on an optimi-=

zatio beiween the degree of accuracy required and the length of code running
time.

a.
*
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,

|
7 I I I Another test of the

'
~ m. io

*** GRASS-SST calculational pro- i

m*8 j

4 cedure and the various mecha-
m*6 nisms for fission-gas behavior ,

' '

o.2- m'4 - incorporated in GRASS-SST is
m=3 that the GRASS-SST results,
m2g should reduce to the predictions

~
of simple analytical models un-*o

g,, ,_
der specific (unrealistic) operat-
ing conditions. Figure 4 shows

GRASS-SST rt .aults for the dif-
fusion of fission gas to grain

o J J I I boundaries in the limit of no
o io.o 20.0 30.0 40.0 bubble nucleation, no coales-

REDUCED TIME (10-4 7) cence, and no re-solution (C j =i
bi = 0). This situation is notFig. 3. Variation in GRASS-SST Strain Results

for Different Values of Size Classes realistic, but would be compa-

(Si = mS _1). Neg. No. MSD-G3211. rable to low fission rates andi

tempe ratu re s . The solid curve
is the prediction of the Booth model for gas release from a spherical grain.12
The agreement between GRASS-SST (for these unrealistic operating conditions) ;

and the Booth model is excellent.
-.

d 1.0 g | |
w
$ o GRASS

3 BOOTH

E
$ O.1- -

?
5
a
12
u.

g 0.01 - -

=|

5
5
<
$ o.ool l I I I

E o-5 10 - 4 o-3 io-2 ig_i ,,o

D t-
.

Fig. 4. GRAS 5-SST Results for Fractional Fission-gas Release to = |
Crain Boundaries vs D't under Specific (Unrealistic) Operat-

I 2ing Conditions (D' = D /a ). The solid curve is the pre-y
diction 'of the Booth model. Neg. No. MSD-02925

I

l
!

!
|
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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, and 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-pe rformance code.*'3 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 stres s, linear power,
fuel density, and grain size.

Figare 5 shows the predicted versus the measured end-of-life gas re-
lease for these irradiations. The diagonal line indicates perfect agreement

between GRASS-SST predictions and ex-
' ' '

~

pe rim ent. Table I shows the values of

17rutYr-i[i..sj' _ various parameters used in the calcula-30- o
g e SAxfON FUEL @ AT -2 M % 8U tion of the predicted results in Fig. 5,
M along with the equation number where the
$ parameter first appears. As is evident
E 20 - - from Fig. 5, GRASS-SST predicts the data
3 reasonably well for fission-gas release
S between 1/4 and 30%, and for burnuos be-
h

-
,

-

tween 0.7 and 3 at. %.
10

Figure 6 shows GR ASS-SST-
calculated intragranular bubble density

,, i i i versus bubble diameter at a fractional
'o 20 30 radius of ~0.20 for the H. B. Robinson fuel

GRASS-SST-CALCUL ATED GAS RELE ASE N at end of life. Also shown in Fig. 6 is an
estimate of the measured density of fission-Fig. 5. Comparison of GRASS-SST Predic-

tions with End-of-Hfe Gas Release, gas bubbles obtained from replica fracto-. .

Neg. No, MS N5143. graP s.7 Bubbles having diameters lessh
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 of fission-gas atoms and very small (~100 d)
fis sion -ga s hubble s. The absence of large bubbles is due to the low fuel tem-
peratuwa 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.
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TABLE 1. Values of Various Parameters Used in Calculating
GRASS-SST-predicted Results

Pa rame te r Value Defb' ed in Eq. No..

o 0.30 1

fN 0.9 x 10* * 2

bo 1 x 10*" cm' 17

rd 5x10*'mm 17

od I x 10' mm/mm 18
i

IE 2.2 eV 37y

3D 1 mm /s 38y

E* 2.2 eV 38

n 1 42

6 5 x 10*' mm 48a

CN 4.0 55
i

o 0.30 56

Dyc rit 0.07 57

2y Y: 1507 - 0.3459T crgs/cm 63

aData from Ref. 48.
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Figure 7 shows GRASS-SST-calculated results for fuel swelling due to lat-
tice, grain-boundary, and grain-edge fission gas versus burnup in CVTR rod 33.833.

The temperature historyis also re-
iesI*"%''"I/4i c rded and illustrates the variable'

isso sei en i e3go3

j 'f~ p.2 -a ___ _.rl power levels at which the rod was'op-i r r >

g

crated. De spite the complicated irra--g
,i diation history of this rod, one fe,atureg

!
- / of fuel swellingis quite clear: At

' ~ ~ ~

a ia' - burnups *0.5 at. %, the grain-edge, ' ' , .
8 : swelling begins to dominate the sum of
f:: the lattice and grain-boundary swell- !

y - ing contributions, and, at burnups
|j < >0.5 at. %, most of the volume increa se ' !

p E l results from the interlinked tunnels of
3 Z $4[$o'U ioIn'" fission gas along the grain edges. At*

g

6 _ $U$t0cc swcwno \ burnups <0.5 at. %, most of the swelling*

I p/ -o '
is due to the lattice and grain-face -

' #o ch . E4 o'se oI4e do o.'n bubbles.
BURNUP ( AT.% -

-This feature of fission-gas
Fig. 7. GRASS-SST-calculated I.attice, Grain-luundary,

and Grain-cdge Swelling u Durnup for CVTR swelling is in qualitattve agreement
. . . .

Rod 33.833. The upper scale show the fuel tern- with the results of Turnbull and
perature that corresponds to each set of swelling Tucke r,18 in which the grain-edge

swelling in UO irradiated at 1750*Cresults and illustrates the vnbus fuel-rod power 2

IcVels. Neg. No. M wC4084. dominated the grain-face swelling at
~ 0.42 -at. %burnup. Turnbull and

,

Tucker found that, at lower burnups (0.13 at. %), grain-face bubbles dominated
the volume increase and, at a 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 UOz 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 ret'ained gas at

.the central region to 99% at approximately three-fourths of the fuel radius.
This feature of fission-gas behavior agrees qualitatively with ' reported results."

- . . , . . - - . -
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Fig. 8. GRASS-SST-calculated Swelling Fig. 9. GRASS-SST-calculated Fraction of Re-
vs Fractional Rad us for CVTR tained Fission Gas vs Fractional Radius for
Rod 33.833. Neg. No, MSibC2058 CVTR Rod 33.833 Neg. No, MSi> 62663.

In Sec. VII, GRASS-SST verification results are presented for transient
heating (DEH) tests on fuel pelle*5i irradiated in the H. B. Robinson and Saxton
reactors. The steady-state sf .uk tion establishes the initial cenditions in the ,

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

Table II 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 esper'imentally determined values for these quantities.47 From Table II,
the calculated quantitles of retained gas in the pellets before DEH testing are
in reasonable agreement with the data.

TABLE !!. GRASS-SST-calculated Values for Total Gas Release from
Saxton and 11. B. Robinson Fuel Rods and for Quantity of Gas

Retained in Pellets Used for DElf Testing. Compared with
Experimental Results

Total Calculated Total Measured
Total Calculated Total Measured Quantity of Gas Quantity of Gas

Gas Release Gas Release Remaining in Remaining in
from Rod, from Rod. Fuel Pellet. Fuel Pellet,

Fuel mm mole mm mole umole /g umole/g

it. 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
UO2 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-2

1 cased from the fuel is usually less than that released to the grain edges.

TABLE III. GRASS-SST Calculations for Fractional Fission-gas Release from .

10- and 30-um Grains for Fission Rate of 1 x 1013 3f/cm .s and
Temperature Gradient of 200*C/cm. Neg. No. MSD-64693.

riSsion-cas
REL( AS( (%)

FROM
iO gm onAins

7tME N
FISSION-GA
REL( ASE 4%)

FNOW 60 110 210 $10 1010 2 010 3010 40f0 500 6010 8 010 10010 11960
30 m GRAINS

0 13 0.14 0.t 6 0.20 0.24 0.30 0.35 0.38 0.42 044 0.49 QS3 0.56
1200 .

0005 0006 0.0% 0 012 0 016 0 021 0 025 0.028 003 0.033 027 0.046 0.044
~

022 0.29 040 0 61 0.96 140 1.73 1.98 2.21 2.41 2.75 3.04 3.29
13')0

0 00 0 02 0 04 006 0 10 O tS O t9 0 22 0.25 0.27 0.32 0.35 0.38

| 0 56 0 92 1 66 365 SOS 899 11. 0 8 12.7 7 64.23 IS 4 6 17 56 t9.2 8 2a72

| 1400

0 04 0 09 0 se O So 0 92 1.48 *74 2 03 2.27 2 47 2 79 3.03 3.25.

192 426 788 M 28 2083 29.08 34.70 39 01 42 50 4542 50.H S3.76 56.56
1500

d-
0 IS 0 57 I3S 2 80 4 60 S 82 6 89 7.70 8 36 8 89 9 71 10.5 4 10 90

648 1 2 .41 19.37 29 74 36.96 46.78 53.98 59 51 63 84 6732 72.5 3 7 6.16 78.74
y !600 l

3 0 82 2.20 4.36 767 10 16 13 51 IS 95 t? 94 19 6 S tile 2364 2684 2015
! 14 27 21.3 6 9 '< S 41.77 $618 7053 7829 82.52 8519 8702 89 33 90 75 9169

k 1700

7 2 35 4 8 *, 7 49 13 32 19 82 20 04 33 78 38 32 421s 45 40 SO 91 SS 40 $9 08
17 00 2 7 tS 42.18 64 38 7869 87 90 9 t.16 92.83 93.86 94.S7 9549 96.09 96 S t

4800
4 23 7 96 M26 2S S8 34 69 SO 22 5911 65.00 70.S6 74 48 801t 83.92 88.S?

26 73 44 96 6410 83.33 98.19 95 33 96.77 97.52 9799 98.31 98.72 9&97 99.64
1900

69S I4 98 2S 6S 43.35 $9 62 7& S6 84 69 89 36 9 2. 19 94 02 9684 9729 9792
4280 6140 8090 92 61 96 $9 9843 91L98 79.24 99 39 9949 99.YO 999C 10 0

2000

IL 30 76 IS 41 2S 6487 8160 92.85 9830 97.75 98 44 98 83 9820 99 36 99 43
86 64 9154 9&OS 00 10 0 00 10 0 k:0 00 10 0 00 00 10 0

l 2400
'

75 31 91 98 97.26 99 29 10 0 00 10 0 10 0 00 00 00 10 0 00

.
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|
TABLE IV. GRASS-SST Calculations for Fractional Fission-gas Release from i

10-pm Grains for Fission Rate of 1.3 x IOR 3f/c.m .s for Two values of
Temperature Gradient. Neg. No. MSD--64694.

|
FISSION-GAS |
RELEASE (%) '

WITH A j
200* C/cm
7EMR GRADIENT

FIS$3ON- 71ME th)
GAS

MLEASE(%)
WITH A 1000*C/cm 11 0 280 310 $10 1010 2 010 3010 4 080 S 010 $ 910
TEMP ORA 01EN7

0.29 0.32 0.34 0.39 0.48 0.55 0.64 073 0.82 0.89
1200

0.30 0.36 0.42 0.54 0.80 1.11 1.39 4.66 f.91 2.13

0.6S 0.86 1.09 1.48 t.9 8 3.08 4.02 4.83 S. S S 6.14
1300

088 1.44 l.97 2.89 4.51 6.20 7.76 9.07 10.22 11.1 5

1.59 2.S 4 3.39 S.12 9.19 13.4 9 17.0 9 20.02 22.S2 24.51
1400

2.78 4 62 6.07 8.31 12.21 17.49 21.2 7 24.38 27.06 29.f9
3.70 8.38 11. 8 9 16.5 6 24.56 34.S8 41.5 4 46.88 St.24 54.57

1500
6.92 10.9 7 13.9 3 18.91 26.48 34.04 42.63 4771 S1.85 S6.00

'O 10.21 20.03 25.78 33.62 44.26 53.28 59.33 64.39 StS7 7 t.70

g 1600
>. 54.7 3 22J8 28.09 34.93 43.26 61.3 9 5796 63.47 67.97 78.32

h 23.34 32.46 35.41 3931 51.21 68.86 77.94 8 3.12 86.36 88.36

) 1700

g 26.35' 3 3.51 35.46 39.24 S4 95 70.36 79.85 86 21 88.54 90.58
24.39 2&78 36.94 53.58 74.28 87.03 91.4 6 93.68 95.02 95.83

1800

23l4 28 64 38 82 SS.29 77.78 90.74 94 90 96.80 97.82 98.38
24.70 44.80 61.07 76.82 89.44 95.38 97.55 98.27 91L72 9898

1900

27S2 58.98 6920 8S.02 9526 98.60 99.33 99.60 99.72 99 77
39 M 68.75 80.37 89.79 96.37 98.85 9R38 99.57 99.66 99. 7 d

2000
$3.09 82.77 9 2.16 97.39 99.32 99 73 99.82 9987 98 89 99.96

9763 99.73 99.92 99.96 99.98 100 00 0 10 0 10 0 10 0
2400

800 10 0 100 10 0 '00 100 40 0 100 10 0 10 0

The following observations can be cerived from the results of this

analysis:
-

1. 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 increuses with the time.

3. The fractional fission-gas release has a strong dependence on the
UO2 grain size. The rate of fission-gas release increases as the UO2 grain
aize decreases. 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
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'
- | | |, fuel burnup. These results.;

:
~

agree with recent experiments
1 0 - in which fission-gas release
- - from UO2 pellets irradiated at,

2 ,oo 1750*C decreased significantly
U- ! ! O ""N PE8 *

h - A
sunsup cuwe/me>

A s4 -

3
_ c ,,,

- s 22* [ 4. The fractional
6 O iO80 fission-gas release has a mod-
y' : E 5354 E erate dependence on the temper-

r i278 "

: ature gradient. The rate of
~

: fission-gas release increases
- as the temperature gradient

I I I I I I l | I I I increases.o,
,

1200 (300 1400 1500 1600 1700 1800 1900 2000 2l00 2200 2300 2400

impenArunc Pc' 5. The fractional

fission-gas release has a strong
Fig.10. GRASS-SST-calculated Fission-ga; Release as a

function of Fuel Temperature and Burnup from dependence on the degree of in-
10 pm Grains with 200*C/cm Radial Tempera- terconnection of grain-edge
ture Gradient. - ANL Neg. NO. 300-77-131. tu nn els. Due to the incomplete

interc0ilnection 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-2

sity, and fabricated pore-size distribution) and hence is a function of the
irradiation time.
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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|; 2

! release .during steady-state conditions. Estimates of the diffusivity of atomic
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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 H. B. Robinson fuel
as a function of the intragranular gas-bubble diffusivity and gassatom re-

Isolution rate, respectively. These results were generated assuming that the

fraction, FnL, 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-soluth" atoms 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., FBL = 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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4

bi = 1 x 104/s ' compared to an upper!11mit established by Turnbull and
Cornel 1 of b s; 10~5/s. 'Although the value of the gas-atom re-solution55

3

rate, bi, used in GRASS-SST is consistent with this upper limit, b = 10-6/s !i
is smaller..than most values previously reported 54 The values of the param-
eters used in Eq.17 (i.e., bd and rd; see Table I) were selected to obtain the
.best agreement between GRASS-SST predictions an'd experiment for both
steady-state irradiations (see Sec. V) and transient heating conditions (see
Se c. VII. E).

VII. VERIFICATION OF GRASS-SST TRANSIENT ANALYSES

A. Expe rimental Support j

The DEH experiments ,7,8 were performed on two fuel types with dif-s

ferent irradiation histories. Most_ of the experiments were performed on
commercial pressurized-water-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.7 The axial power profiles for the rods ;

contained broad plateaus that extended over the central ~2.5 m of the 3.7-m ~j

fuel regions.55 The rod-averaged fission-gas release during the Robinson j

irradiatiou was 0.2% of the amount generated (see Fig. 5).56 The low gas )
release is indicative of low operating temperatures.

One DEH experiment was performed on a specimen taken from an I

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.57 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.57 The rod-averaged fission-gas release for rod 843
was 8.5% (see Fig. 5).47

In the transient heating tests, ohmic heating of the fuel by the DEH
technique,58'" 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 UO2 and experimentally measured parameters such as power input and fuel
nurface temperatures. The calculated temperature proilles have been verified
by their_ prediction of centerline melting of the irradiated fuel.5'7

Posttest examinations 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

- - -. - . - _ _ _ . . . _
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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

5transient-heated fuci.4 5>7 Experimental results '7 indicate that intergranular
separations can form by the diffusion-controlled processes of growth and
coalescence of fission-gas bubbles,
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Fig.10. Optical Micrograph of Transient-heated Fuel Showing Separations Caused by Motion
at Grain Boundaries. The motion was in response to stresses from, for example, gas
pressure and fuel-end loading. From Ref. 4. Neg. No. MSD-187873.

In addition, this gradual process of bubble growth and coalescence to
form channels and channel coalescence to form separations can be interrupted

by the more rapid process of crack propagation. Crack propagation results
from stresses on weakened grain boundaries. The stresses r esponsible 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 UO2 pellets after
DEH testing and thus may have pro ided an important release mechanism for
fission gas that had moved out of the grains of the irradiated fuel.5-8

4
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The model development and verification of the transient portion of

. GRASS-SST are based on the results of 11 PCM-type DEH test's.8 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
70 4 the only large deviation from the

|. | | trend indicated by the parallel dashed
60 - / / o ROBINSON FUEL '._

/ / o SAXTON FUEL lines in Fig.17, This deviation may
50 - / '

- be due to the long, high-power pre-f

{9E NDCAT transient heating in test 31. Tests 21,
H $" "$

N /o| j2

g 40 - / 33f
- 26, and 33 were run to produce small

k30 - / -- melt fractions. The gas release from'
f

/ / the small amount of molten fuel has# g/36
' ' 0 31 - been shown in all cases to be small20

32 /

c mpared to the release from the
10 / 24 / -

unmelted region.7 Fuel melting didj g ^3 g
2 /

0 ~ n t occur for the other tests listed0 to 2D 3.0 4.0 10 62.0 63.0 64.0
in ' Fig. 17.

ENERGY INPUT (10, W s)
.

!

Fig,17. Percent Xenon Release vs Energy input for Transient temperature his-

Dell-tested Specimens (from Ref. 8). Neg. tories of the DEH tests are calculated
No. MSI)-04012, with the DEH Transient Temperature

Distribution (DEHTTD) code.6 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 .2

8For use in the present study, a mode 1 for the effect of intergranular
separations on heat transfer was included in the DEHTTD code. These sepa-
rations form du ring 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
specific surface area. That is, the code uses a thermal-conductivity ex-
pression of the form

'

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

where TK la the effective thermal conductivity, F is the cracking factor (so
called because the separations often resemble cracks), and Tg is the
temperature-dependent thermal-conductivity expression of Washington.61
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 powe r, given by .

,

>

, , , _ . . _ ...__,-~-..--.u._--



. _ . _ _ _ . .. .. . _ - - _ _ __, __ _ _ _ _

44

Fmax = 1,55 x 10-3S$P, (74)

where Sf is the posttest value of pore-solid surface area per unit
volume in units of mm-1

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 UO2 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 UO2 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'surfice,

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 required for atomr, 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.)36-39,63 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 fission gas from the
grains to the grain boundaries during transient-heating conditions. Observa-
tions of the DEH-tested pellets reveal no evidence of UO2 recrystallization.62
GRASS-SST 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 rapid 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 dialocation,
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

d

=
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out of the grains to the grain boundaries. During steady-state heating, the
dislocation density is relatively small, and the effective diffusivities of the
intragranular bubbles would not be expected to be appreciably altered.i

| However, during transient heating, differential thermal expansion and
! externa 11oads can increase dislocation densities. The stress field around an

overpressurized bubble can lead to additional increases in the dislocation
density near the bubble. Overpressurization is due to a lack of vacancies in
a lattice that is not in thermodynamic equilibrium. If the overpressure in a
bubble results in an equivalent stress that exceeds the yield strength of the
UOz, then plastic deformation of the material around the bubble will result.

|

Since the bubb.'.e surface intersects the resultant dislocations, ledges are

produced that can facilitate atom attachment and detachment.

due to an overpressurized bubbleSince plastic deformation of the UO2
is expected to r esult in a high density of dislocations around the bubble sur-
face, the diffusivity of such a bubble would be expected to increase rapidly.
In effect, bubble diffusion would depend more on the time required for atoms
to move froni n step on one side of a bubble to a step on the other (i.e., surface
diffusion) than on the frequency of nucleation of steps.

As the lattice approaches thermodynamic equilibrium, the bubbles
expand at a faster rate as a result of the availability of lattice vacancies and
lose their overpressurization. When the material around a bubble is no longer
undergoing plastic deformation, the. dislocations quickly anneal out. Under
these conditions, bubble mobility is quickly reduced as the diffusion of the
bubblea becomes once again dominated by the frequency of step nucleation.

D. Model for Diffusion of Overpressurized Fission-gas Bubbles

To quantify the ideas presented in Sec. VII.C, consider the excess
internal gas pressure in a bubble of radius ri given by

Pf(T) b , (75)PfX =

ri

where y is the effective surface tension, and

Pf(T) = 3nikT/(4rtrj - 3b nt) (76)y

is the gas pressure within the bubble at temperature T. Equation 76 is a re-

8.3'x 10-23 is Van der Waals ]arrangement of the Van der Waals equation; by =

constant for xenon / krypton, k is the Boltzmann c.onstant, ni is the number of
gas atoms in the bubble of radius ri, and P[* is a measure of the resultant
pressure in the matrix, which vanishes under the initial equilibrium conditions.
In Eq. 75, the effect of external stresses has been neglected. Consider a time

- - - - - - - - _ - - _ _ _
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t

interval, 6t 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 ni is constant and given by the
initial equilibrium conditions

j nYr[/(kT ri + 2yb ), (77)-ni = i y

where T is the temperature at the beginning of the time interval 6t.i

First consider the case in which the bubble radius, ri, is constant
over the time interval 6t. The' time T{ required for the bubble to obtain an
excess pressure sufficient to generate an equivalent stress equal to the yield
stress, c , of the surrounding matrix is, using Eqs. 75 and 76, given byy

Y (4nr{~ - 3b ni)+ y
\1 dTy= -T 7, (78)T i t

where ey = o (T) is used to emphasize that c is a strong fun'etion of the fuely y
tempe ratu r e. Equation 78 does not take into account the situation in which the
bubble'may be overpressurized before the beginning of the time interval ot.
If the bubble was initially in an overpressurized state, then Eq. 78 would
overestimate the time required for the equivalent stress generated by the

, overpressurized bubbic to become equal to o . On the other hand, if appre-y

Eq. 78 would underestimate the time required fo[r the equivalent stress gen-
' ciable bubble relaxation occurs during time T (i.e. , ri increases), then

erated by the overpressurized bubble to become equal to c .y

A rigorous approach to the calculation of the excess internal gas
pressure for each bubble of radius ri, where 1 varies over the limits of the

i
bubble-size distribution, requires the numerical solution of a large set of
coupled partial differential equations for the rate of change of bubble radii ''

and the rate of change of the lattice-vacancy concentration, c .29 Because ofy

code-running time requirements, this approach is outside the scope of
G R ASS-SST. Ilowever a'phenomenological approach to the probictn of bubble
overpressurization can be formulated by evaluating T{ as given by Eq. 78 with 1

Brespect to the bubbic-relaxation time, T i, ,

Let ai, 0 s ai.s '1, characterize the degree of nonequilibrium in the
' lattice'su rrounding a, bubble of radius ri; the larger ai, the further .the system
is from an equilibrium configuration. The change in ai can be written in terms

' B
and T[ (i.e. , see Eq. 41 and 78) as .,j of 'ai and times Ti

dai = (1 - ai)d(Ti j7{), (79)
B

.
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BThus, as T[ decreases and T increases, the system departs rgore from itsi
equilibrium configuration. Conversely, as T[ increases and T decreases, ;'

i
'the system approaches equilibrium. Solving Eq. 79 for 'ai gives

al . = _1. 0 - exp (- Ti /T
B

(80),

The problem that remains is to relate at o the bubble diffusivity.t

This can be accomplished by considering the limits of the bubble diffusivities
used in GRASS-SST. During steady-state conditions (i.e., ai << 1), GRASS-SST
uses empirical intragranular diffusivities given by (see Eqs. 58 and 59)

Df = 2.1 x 10-C exp(-91,000/kT)(rt/rt)l 62 (81)

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

8 2.42 x 10-25 exp(-108,000/kT)/rj. (82)D =

Based on the discussions above, the bubble diffusivities during transient
heating conditions should be given by Eq. 82 as a - 1. Thus, using Eqs. 81
and 82, we can 'xpress the fission-gas-hubble diffusivities in terms of the
equilibrium parameter, ai, as

1

6,73 2 x 10-11 exp[-(91,000 + 17,000ai)/kT]
D= (83)i

(4 084 ri)t. 62+z.3sai
,

where ri of Eq. 81 is assumed to have the value of 0.24 x 10-7 cm. When
ai - 0, Eq. 83 - Eq. 81, and when ai - 1, Eq. 83 * Eq. 82. For intermediate
values of ai, the diffusivities given by Eq. 83 lie in between those given by
Eq. 81 as a lower limit and those given by Eq. 82 as an upper limit.

To use Eq. 83, the UOz yield stress, o , in Eq. 78 must be determined.y
In general, cy is a complex function of fuel temperature, strain rate, and
microstructure (e.g., UOz grain size). Exper ments designed to measure thei

UO3 yield stress under steady-state and transient in-reactor conditions are
difficult to perform, and adequate data are lacking. The UO2 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.6s Roberts conducted conventional
load-versus-deflection, strain-rate-change, and stress-relaxation tests on
UO -20 wt % PuO~2 specimens in the strain-rate range of 0.1-0.4 h-1 and in2

the temperature range 1500-1800 C. The specimens prepared from me-
chanically blended powders with grain sizes of 2-14.5 pm, 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-
tuie increases) and the increase in flow stress with an increase in grain size. i

-(In these experiments, the flow stress corresponds to the proportional clastic '

~ limit stress.)
|

|
1
.

i
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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 oy (in ~ dynes /cm ),2

5 2y = 9.8 x 10 exp(ao + ai/T + a /T ), (84)o z

where

2ao= - 179.1 r 7. 0d + 0. 2d ,

5 4 2 2ai = 6.5 x 10 - 2. 3 x 10 d - 8.6 x 10 d ,
and

s 7 5 2- 5. 8 x l o + 1. 8 x 10 d + 8. 9 x 10 d .a2 =

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

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
65 7- T | f~T T F~T 7 I I I |

Position of perfect agreement between
60- ocn itsi nwacRs - GRASS-SST predictions and experi-
33_ , '" ja - me nt. The calculated results in
30_ asAxton _ Fig.18 were made using Eq. 83.

p ,3_ _ As is evident, the GRASS-SST pre-j 33
_

dictions are in good agreement
y 3,_

27 f
_

with the ' experimental measure-
m e nt s. Using diffusivities obtainede

$3
~ _

by setting o'i = 0 in Eq. 83, i.e. ,
25- - using the empirical diffusivities; a 36 m

{ 5' 20- + - given by Eq. 81, the ' code significantly .7

15 - 35
Y E - underpredicts the data for transient22

10 -
s24

- gas release >5%, except for test 31|
23

l 5 -29 - for which the data are overpredicted
-130 1 I i i I I i l | I 1 I I9 by about a factor of two.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

PREDICT [0 GA$ RELEASE N The fact that GRASS-SST can,

predict the DEH transient gas release
Fig.18. GRASS-SST-predicted Transient Gas Release

f r all DEH tests, including test 31,Using Eq. 83 vs Experirnentally Measured
Values. Neg. No. MS D-G4915. supports the hypothesis described

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

. . , - -.
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T(W An additional demonstra-
sors es73 as73- 247s 2273 2073 le73 tion of the' need to model the effect
!3 I I I I ' | '' I '5 that transient heating has on bubble
3 - FROM THE THEORY OF mobility is given by the following
_

SURFACE DIFFU$lON
- example. Suppose the capability

'

,g. _ _
of GRASS-SST to' predict DEH tran-

! s ! sient gas release depends only
: 's -upon a relationship between the

\ [ bubble mobilities and the transientg
\

,g7 temperature, and not on other

E N E parameters such as heating rate
J 's : and UOa yield strength. For this

\ [ case, the bubble diffusivities during5 _ g
\ transient heating could be de-w ,g. _.

( ! \ 'E scribed by.the curve shown in
\

[ s : Fig. 19. In Fig.19, a ' ransition
\y [ [ curve starts at some criticalg

\y _ temperature, T , and connects3 g, _

TRANSITION \ E the steady-state diffusivities
c

$ E
C -

CURVE -

g
~

\g- with t' hose given by the theory of:,

surface diffusion.
e 1

8 -a
'

- 10 Figure 20 compares the ): =

[ E
~

results, using the bubble diffu- )
_

sivities shown in' Fig,19, of- -

g
- - GRASS-SST calculations of tran-

@ 16" sient gas release, with the mea-;

4 2
~

sured results for the DEH tests
{ k

~

shown in Fig.17. Except for
,

=|
-N - tests 24, 31, and 32, the GRASS-

;

5 35'2 .__ N _ SST predictions (Fig. 20) based !

h E s I on the diffu sivities shown in
\| 5 [ Fig.19 are in reasonable agree-

~ \
~ s - ment with much of the data. The

\
prectictions for transient gas re-,go _ ~s

_5 lease from t'ests 24, 31, and 325 \
s

2 \BASED ON are off by more than a factor ofg
"E AS " " " \ two. (Test 35 was not run for[ y eORNEtL A D g
GULDEN AT 1773 K \ this case.) The reason for this-g

10 - N
_g overprediction of transient gas2 N

: s : release is that the diffusivities
~ \ ~

shown in Fig.19 describe en-

_ , , ; ; ; ; hanced diffusion of gas bubbles,
'' even during periods when the !s.254 3 48i 3 rei 4.o44 . 4.339 4.824 s.sse

heating rate is relatively low.j _,

This relatively low rate
Fig.19. Intragranular Diffusivity of a 100-atom Fission-

gas Bubhic as a Function of 1/T. Assuming a heating is characterized by. . .

f Temperature-dependent Transition Curve with No test 31, which had a long steady-
Dependence on Heating Rate.'Neg.tlo. MSD-64696. state 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.

"
l I I | | | | | | | | | |

.o _ _

DEH TEST NLM8ERS

$$ ,_,_ ARE INDICATED _,,

'
* H.B. ROBINSON

50 - -

45 - -

y 40 - 33 -

s
W 35 -

27
~

1y,

30 - -

w
"

'

a 25 - -

g 36 >

2 20 - }3, -

32
15 -

m
-

22 s24
10 - -

.

29 .23

000
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

PREDICTED GAS RELEASE (%)

Fig. 20. GRASS-SST-predicted Transient Gas Release Using the
Assurned Temperature-dependent Diffusivities Shown in
Fig.10 vs Experimentally Measured Values. These re-
suits 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-04010. l

Figure 18 shows that GRASS-SST predictions of transient 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 scatter 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- i

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
calculat'.ons :

.

.

*
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1. 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 experimental LWR version 46 ( LIF E- LW R)
of the LIFE '3 fuel-behavior code, GRASS-SST and LIFE-LWR are used to2

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 trar.sient DEH test on the irradiated fuel pellet is simulated
using GRASS-SST coupled to the DEHTTD code.6 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 UO2 as a function of temperature.
These conductivities are not well known at elevated temperatures. In addition,

extensive grain-boundary separation has been observed in DEH-tested pel-
Icts.5'8 These separations change the thermal conductiv.My of the UO by as2

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 durir.g the DEH test (see

Eqs. 73 and 74). However, considerable
'

.' I FI-~'~ l uncertainty remains in the calculated i- f|O - temperatures (the calculated center tem-
i

'

'

so -- |
-

-- perature could be off by 100*C or more), |

""R I

2
~

b".!*
~

and this uncertainty :s certainly reflected, |

in part, in the scatter observed in Fig.18. )
t< 6o - '

--
,

9 |r i - Figure 21 shows GRASS-SST re-
3.o _

| o gg;Sauw _ sults (xenon) for the radial profile of |

_ | 7_ transient fission-gas release during
i . GRA$S-SST DEH test 33 plotted with the laser-

2o -

| PRE 0lc flONS (xd

|
samphag data (krypton) of Ref. 66. The

_. j _ predicted results show a gradual decrease

o __ L_la I L_1_xh , in fission-gas release from 88% at a
02 o4 o.s ce to fractional radius of 0.16 to 80% at a frac-

'"''" "^''"^ **
tional radius of 0.69. The predicted re-

lease then sharply decreases in a step-Fig, 21. Radial Proftie of Fission-gas Release
during Dell Test 33 (from Ref. 60), function-like manner to less than 1% for
Neg. No. MSib65142. the rest of the radius. This behavior is

in contrast with the relatively smooth

decline in the fractional fission-gas release from 82% at a fractional radius
of 0.1 to 20% at a f ractional 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 aosump-
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 pred'icted 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.

'

,

|

|

t

*
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VIII. (IGH-BURNUP GAS RELEASE

In 1969, Bellamy an) Rich" presentsd evidence that, for fuel rods
with centerline temperatures less than 1630"C, a large increase in gas re-
lease cais occur at burnups above 3 at. %. Below 3 at. % burnup, the fission-
gas release is compatible with diffusional 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 pa- . from 1

the fracture under thermal stress of grain boundaries weakened by gas
bubble s.

i

i$2 Phenomena that result in an
L.....-...............

200 -
enhanced rate of fission. gas releaseE

Q850
- during transient heating conditions

E'[ [ may also influence steady-state gas
| | I I I I I I I I I release. Figure 22 shows GRASS-SSTo

results for two hypothetical irradia-
tions in the H. B. Robinson reactorio -

TS 9 - MS Uoo c (i.e., two extensions of the actual irra- '
,

y e
| diation history). GRASS-SST results, , ,

y6 | for burnups > 5 at. % and centerline'd

5 - | temperatures <1200 C indicate that an;
#

{ [ enhanced release of fission gas occurs
3

2 - j from fuel regions in which fission-gasj
|i Jj | | | swelling has exceeded an assuntedc i t i 1

value of ~ 7% for long-range porosityo 1 2 3 4 5 6 7 8 9 lo
BURNUP (ot. */.) interconnection (e.g., see Eq. 57). As

shown in Fig. 22, the breakaway gas
Fig. 22. GRASS-SST Predictions for Gas Release

release omrs lMer for lower-
from High-burnup LWR Fuel. Neg. No. temperature (lower-power) rods. InAS t>.c4091.

addition, the breakaway gas release
will occur earlier for smaller values of the critical swelling required for long-,

range porosity interconnection. Other factors, such as the mechanical separa-
tion of grain boundaries caused by applied stresses, can influence the amount
and the time of breakaway fission-gas release in high-burnup UO fuel.4

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 tr ansient fission-gas release
during DEH tests are in excellent c.greement with ex perimental data. Compar-
isons of GRASS-SST predictions of gas release and bubble-size distributions
with the results of DEH transient tests 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 UOz 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 rc,cd 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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