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THE MECHANISTIC PREDICTION OF TRANSIENT FISSION-GAS
: RELEASE FROM LWR FUEL*

J. Rest and S. M. Gehl
Materials Science Division

ARGONNE NATIONAL LABORATORY
Argonne, Illinois .60439

ABSTRACT

The‘steady—state and transient gas release and swelling subroutine
(GRASS-SST) is a mechanistic computer code for the érediction of fission-gas
behavior in U02-base fuels. GRASS~SST treats fission-gas release and fuel
swelling on an'equal basis and simultaneously treats all major mechanisms
that influence fission-gas behavior. The GRASS-SST transient analysis has
evolved‘through comparisons of code predictions with the fission-gas release
and physical phenomena that occur during reactor operation and transient
direct-electrical heating (DEH) testing of irradiated light-water reactor fuel.
The GRASS~SST steady—statg,analysis has undergone verification for end-of-life
fission-gas release and intragranula; bubble~size distributions. The results
of GRASS-SST predictions for transient fission-gas release during DEH ﬁests-.
are in good ggréepgnt with expgriméntalvdata. Comparisons of GRASS-SST’
predictions of gas releaée and bubble-size distributions with the results of
DEH transient tests indicate that'(l) coalescing bubbles do not have sufficient
time tb grow to equilibrium size during most transient conditions, (2) mobilities

of fission-gas bubbles in U02‘are enhanced during nonequilibrium conditions if

‘the excess pressure in the bubble is sufficient to generate an equivalent

stress greater or equal to the yield stress of the surrounding matrix, and

*Work supported by the U.S. Nuclear Regulatory Commission.



(3) channel formation on grain surfaces and coalescence of the channels with
e&ch other and with the tunnels of gas along the graiﬁ edges can cohtribute to
grain-boundary separation aﬁd/or the rapid, long-range interconnection of
porosity. The phenomena of grain—bound;ry separation and/or 1ong-range inter--
conneétion of porosity provides an important release mecﬁanism‘for fission

gas that has moved out of the grains of irradiated fuel.
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1. Intrpduction

The influence of fission gases on the performance of oxide fuels has been
the subject of many investigations over the past twenty years [1]. The inert
fission gases produced during irradiation are known to precipitate into bubbles.
'The bubbles grow as a result of bubble coalescence-and diffusion of gas atoms
to bubbles. The growing bubbles cause the fuel to swell. Fission gas released
" from the fuel to the fuel-rod plenum and fuel-cladding gap stresSés'the cladding,
degrades the thermal conductivity of the gap-gas mixturé, and thus increases
rthe fuel-rod operating temperatures. Fission-gas behavior during normal
operation is fairly well known and is considered 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-state irradiations
begausg oﬁ_inc:gased fuel tgmpegapufgs.( Large stresses on the cladding can
'léad to cladding rupture, whereas‘e#cessive fuel temperatures can result in
fuel melting.

The impértance of fissionjgaS~behavior‘in nuclear reactor safety studies
stems from two considerations: (a) the possible release of radicactive Kr,
Xe, and I isotopes through a breaéh in the fuel-rod cladding into the environ-

ment during postulated accident situations; and (b) the need to determine

*Work supported by the U.S. Nuclear Regulatory Commission.



wheﬁher a fuel rod may be operated safely after a transient during which gas

is released fromlthe oxide pellets without cladding rupture. Althdugh the
empirical models used by manufacturers for the prediction of gés release during
normal operation are adequate for present-day licensing analyses, considerable
uncertainty exists as to the expected gas rglease during transients [1].

Although many in-reactor experiments have been performed over a range of transient
conditions, interpretation of‘the Tesults is compliéated by uncertainties in
fuel-temperature measurements that lead to large variances in release fraction [1,2].
In addition, the use of empirical models precludes the possibility of a pre-
dictive capability outside the range of conditions used to derive'the empirical
correlation. ’

In general, mechanistic models developed over the past twenty yeafs to
predict the behavior of fission gases in oxide fuels have enjoyed limited
success. They have évolved through the synergistic interplay of meqhanisms
for fission-gas behavior. As limitations in the predictive capability of the
models were discovered additional mechanisms thought to have a dominant effect.
on fission-gas release and swelling were included. For example, the early
Booth model [3] was based on the diffusion of gas atoms in a concentfation
_gradient W}thin.a:sgherical volume to the surface of the sphere where the
gas was assumed to be reieased. Yuill et al. [4] enlarged on the Booth model
by including the effects of temperature gradients and by assuming that the
gas.atoms were released when the gas reached the pellet surface rather than
being released from the boundary of an "equivalent" volume. MacEwan and
Stevens [5] and Carroll et al. [6] included the effects of gas-atom trapping
based on the results of experiments that indicated a decrease in diffusion
coefficient with an increase in fission rate and exposure. In the early l960$.

observations of fission-gas bubbles in irradiated’UO2 [7] introduced the



‘possibility that fission-gas felease might be controlled by bubble behavior
rather than by atomic diffusion. In additiom, it was demonstfated.that fission-
gas bubbles could be destroyved as a resulf of re-solution of gas atoms from
bubbles in an irradiation field [8]. 'Subsequently, the substantial effect of
grain-edge interlinked porosity on gas release and fuel swelling was demon~ -
ntrated [9,10]. Finally, transient‘heating tests [11,12] on irradiated fuel
have indicated that fission;gas—bubble behavior may have an important effect

on therevolution of the fuel microstructure ny causing grain-boundary separation.
Grain-boundary separation can then provide pathways ﬁhat permit the trapped
fission gas to escape from the fuel.

Any model that ‘attempts a realistic desc¥iption 6f fission-gas release
and swelling as functions of fuel fabrication variables and a wide range of
reécto: opernting conditions must treat fission-gas release and fuel swelling
as coupled phenomena and must include many mechanisms influencing fission-gas
behavior. In addition, a mechanistic treatment of fission-gas phenomena in-
cludes the potential for a predictive capability outside the range of conditions
used for model verification.

The Steady-state and Transient Gas-Releasé and Swelling Subroutine (GRASS-
SST) is'a conpqter program written to predict fission-gas behavior over a wide
‘range of light-water reactor (LWR) condi;ions. GRASS-SST is based on the-

GRASS code first reported by Poeppel [13]. GRASS was originally aeveloped for
the prediction of fission-gas behavior in Liqnid—Metal Fast-Breeder Reactor
(LMFBR) fuel during steady-state irradintipns, and was designed to be compatible
with the LIFE LMFBR fuel-performance code [14,15].

GRASS-SST calculations include the effects of production of gas from
fissioning uranium atoms; bubnle nucleation; a realistic equation of state for
xenon; lattice bubble diffusivities based on experimental observations;
bubble diffusion; bubble migration; bubble coalescence; re-solution; tempera-

ture and temperature gradients; interlinked porosity; and fission-gas interaction



with structural defects on bofh the distribution of fission gas within the
fuel and the amount of fission gas released from the fuel. GRASS-SST éalculates
the fission-gas-induced swelling due to, and tﬁe fission-gas-bubble-size
distributions for, bubbles in the laftice, on grain boundaries, on dislocatioms,
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‘fo grain
boundaries and then to the grain edges where the gas percolates out through a
network of interconnected tunnels of fission-gas and fabricated porosity.
(GRASS-SST has evolved through comparisons of code predictions with ﬁhe
fission-gas ‘releases and physical phenomena that occur during reactor operation
and transient Direct-Eléctrical—Heating (DEH) tests of irradiated~LWR fuel.
Tﬁe DEH tests are specifically designed to aid in the development and verifica-
tion of fhe transient portion of the GRASS-SST code. ’The DEH tests have pro-
vided two distinctly different types of input. First, in some cases, discrepancies
between the predicted and measured gas-release fraction pointed out deficiencies
in the exiéting models. New models were then developed based on independent
knowledge or theories_ofAthe physical processes involved. The treatment of
‘heating-rate effects on fission-gas-bubble mobility and growth evolved in this
way. |
Second, additional gas-release mechanisms were directly observed in the
DEH tests. The GRASS—SST deséription of grain-surface channel formatibn is
based on such observations {11,12]. Grain-surface channels can coaleéce,with
each other as well as with the grain-—edge tunnels and therefore contribute
to intergranular'separation and/or cause long-range pore interlinkage. This
concept of fission-gas release is in strong contrast to earlier models, many
of which are‘ﬁased on the assumption that the gas is released once it encounters

_a grain boundary.



'In the présent paper, the DEH test results for a series of power-coéling
mismatch (PCM) simulations will be described and cﬁmﬁared with the results
of in~reactor transients to establish the vélidity of the DEH technique. The
GRASS-~SST models bésed‘on theAexperimental results will then be described;
Finally, GRASé—SST predictions of fission-gas release will be compared with
results obtained.from steady-state irradiations and DEH experiments.

é; - Transient DEH experiments
2.1. Fuels

The DEH experiments were performed on two fuel types with different
'irradiation_histories. Most of the experiments were performed on commercial
" pressurized water reactor (PWR) fuel obtained ffom the-H. B. Robinson No. 2
Reactor. Fuel from rods F7 and G6 of assembly BO5 were used in the preseﬁt
study. This fuel was irradiated to a peak burnup of 3.14 at.% in two reactor
cycles at peak linear heaf-generation rates (LHGR) of 22.4 and 17.7 kW/m,
respectively [12]. The axial power profiles for the rods contained broad
plateaus that extended over the central 52.5 m of the 3.7-m fuel regiomns [16].
The rod-averaged fission-gas release during the Robinson irradiation was
~n0.2% of the amount generated [17]; The low gas release is indicative of low
opera?@pg tgmperatures.

- During irradiation, the deﬁsity of the Robinson fuel increased from the
as-fabricated value of 92% to a final density of 94% of theoretical. Approximately -
half of ;he pérosity in the irradiated fue; ig in the form of large, roughly
spherical pores with diameters in the range 0.03;0.25 mm. These pores, formed
during'faﬁrication, were apparently not altered during irradiation. Examples
of this type of porosity are visible in the polished plane section through an
as-irradiated fuel pellet from the high power region shown in fig. 1. Most
of the remaining porosity comsists ‘of isolated intergranular pores that are
too small to be visible at the magnification of fig. 1. These pores range in

size from 0.5 to 2.0 um and have a specific surface area of 69 mmz/mm3. " The



fine-scale pores are remmants of the as;fabricated porosity after in-reactor
densification.b A fhird clasé of porosity, éonsisting éf nearly spherical
features with diameters between 10 and 50 nm, was also present within the
grains and on the grain boundaries of the as-irradiated structure. Because

of their small size, these features were assumed to be fission-gas bubbles.
Estimates of the density of fission-gas bubbles from replica fractqgraphs gave
values of 10lo to 10ll 3ubbles/mm3. For fractional radii 0.7, the grain size
(mean linear intercept) increased during irradiation to &6 ﬁm from an initial
value of n3 pm.

One DEH experiment was performed on a specimen taken from an experimental
load-follower rod irradiated in the Saxton PWR. This rod, no. 843, experienced
peak LHGRs of &50 kW/m,for short periods during its irradiation [18]. Pro-
nounced axial power peaking also occurred. At the axial level from which the
DEH test specimen was obtained, the tiﬁe—averaged LHGR was 536 kW/m [18].

The rbd-averaged fission-gas release for rod 843 was 8.5%.

A transverse séction through rod 843 at &0.43 m above the rod bottom is
éhown in fig. 2. This position was slight;y above the peak power positionm.

A zone of high density fuel extends from a fractional radius of @0.60 to:the
oﬁter’pgllet radius.v The @icrogtructure qf‘ghis material was apparently
almost unaltered during irradiationm. For'ffactional radii 50.60, the grain
size was larger (10-12 um mean linear intercept). Intergranular porosity was
present in this central zone. The inner zone is the dark gray region in the
center ofvthe section showing in fig. 2. Radial cracks extend inward from
the pellet radius to  roughly the boundary of the grain-growth region. Most

of these cracks end in a large circumferential crack that lies close to the

boundary between the inner and outer zones.



The total amounts of fission gas retained in the fuels after irradiation
were deﬁermined to allow calculations of the fra;tional releases during DEH
:traﬁsients. 4The,fis;ion-gas retention was determined by collecting and
analyzing the gases released when fuel specimens'we;e dissol&ed in nitric
acid. The resultsAof fuel-dissoiution experiments on Robinson and Saxton
fuel. specimens ére given in table 1. The data listed for the Saxton fuel
correspond to the axial position from which the DEH test specimen was obtained.
These values were interpolated from the resplts of three dissolution experiments
at nearby locatioms.

2.2. The DEH technique

In the DEH technique [19,20], electric current is passed through a stack
of pellets in the axial direction. The specimen is cooled by flowing‘helium.
The ohmic heatinngf the UO2 and thg radial heat.losé to the helium coolant
produce a radial temperature profile that approximates the profiles obtained
for nuclear heating. The electronic control circuitry.of the apparatus used»
for the present experiments is capable of varying the power-input levels and
power-ramp rates over wide ranges. to simulate the temperature profilesvof a
variety of nuclear heating conditioms. The equipmeﬁt has the capability for

-£ollecting.

B2 XY

and..ssmpling the fission gas released during transient heating of
LWR fuels. The heiium—coolant<stream~basses over the sample and through a
series of traps and filters to remove particulate and condensable material
-before leaving the hot‘cell. Released fission gases are carried along with
the helium s;ream.and collected 6n activated charcoal traps. Volumetric,
'chemical, and isotopic analyses of the fission gases are performed after the
DEH tests. Details of the experimental methods and specimen-preparation pro-

cedures are given in ref., 12,



Transient temperature histories of the DEH tests are calculated with the
DEH Transient Temperature Distribution (DEHTTD) code [21].--The transient
}ﬁeat-transfer equation .is solved by this code, which accepts,ﬁeasured Values‘
of current, voltage, and surface temperature as input and uses expressions
taken from the literature for the thermal and electrical conductivities pf
Uoé. |
For use in the present study, a model for the effect of intergranular
separations on heat transfer'was included in the DEHTTD code. These separatiomns,
which are déscribed in the next section, form during transient
heating and reduce the effective thermal coﬁductivity of the fuei. In the-
DEHTTD code, fhe.separatibns are assumed to form linearly with time, and the
reduction in thermal conductivity is assumed to be proportional to the extent
Agf the sepérations, as measured by their specific'surface area. That is, the

‘code uses a thermal-conductivity expression of the form

" = -
Tg = (1 F)TK R

" where Té is the effective thermal cénductivity, F is»the cracking factor (so
called because the séparations often resemble cracks), and Tk is the tempera-
ture—dependent'thermal-conﬁuctivity expression of Washington '[22]. The
cracking factof; F, was assumed to equal zero at the start of transient

heating and to increase linearly with time to a maximum value, which occurred

at maximum power, given by

F__=1.55 x 107> s* ,
max v
where Szp.is the posttest value of pore-solid surface area per unit volume in



2.3. Experimental results

The model development and verification of the transient portion of
GRASS—~SST. are based on the results of 13 PCM-type DEH tests. The experimental
conditions, fission-gas release results, calculated temperature history para-
~meters, and quantitative stereology results for these tests are summarized in
table 2. The center-line heating rates ranged from 6.0 to 76°C/s. A variety
of temperature distributions at the time of maximum power input were produced
by selection of the heating rate apd test time. Centrai melt zones were pro-
duced in tests 21, 26, 33, and 35. The other transients were terminated prior
to melting. The last column in table 2 gives S;P as the pore-solid surface
area (per gram of fuel) produced duringbthe transient.

The gés-release data were weakly correlated with the bEH energy input,
as shown in fig. 3. The dasﬁed.lines in this figure indicate the gemeral
trend of increaéing gas-release fraction with~increasing energy input. The
détum~point for tesf 31 lies well outside the dashed lines. During test 31, the
- fuel was operated at a steady-state input of &500 W for 1100 s before the
transient was applied. The energy deposition during the preheat period was
56.5 x 10% W-s.

Given .the wide variation. in .power ramp rates and maximum power levels,

TR T

the Qeak correlation of gas release with energy input is not surprising.
However, gas release was strongly correlated with simple representations of
the transient temperature hisfory. An example of such a correlation is the
plot of % Xe release versus maximum center temperature shown in fig. 4.
.Gas release increages monotonically as the temperature increases; enhanced
gas-release fractions were observed for center-line temperatures in excess of
n2500°C. Equally strong correlations were obtained when gas release was

plotted versus maximum volume-averaged temperature,'T

max® °F maximum volume-

averaged temperature gradient, (dT/dR)max [11,12]. Gas release was not



10

correlated strongly with "time~at-temperature" terms such as the time integral
of center-line temperature [11,12].

The relatively high gas-release fractions of tﬁe DEH-tested specimens
suggest the existence of pathways that allow some or all of the gas which
reaches thé grain boundaries to escape. Examination of the posttest micro-
structure confirmed the pfesence of such pathways and indicated the processes
responsible for their formation.

The most readily apparent difference between the pre- and posttest fuel
structures is the pfesence of pﬁttgrns pf intergranular separations in the_
latter. Intergranular separations are present in the ummelted regions of
specimens in'Which'céntrél“meltiﬁg ocﬁurred and'in'sbme‘of~the'specimens in
which no melting occurred. Examples of the various morphologies identified
as directional and nondirectional intergraﬁular'separations are shown in
fig. 5. The initial stages in. the formation of directional and nondirectionai
patterns of intergranular separations are shown in figs. 5A and 5B, respectively.
These separations are crack-like in appearance. The patterns of intergranular
separation are nearly fully developed in figs. 5C and 5D. Note that, for
both directional and nondirectional patterns; almost every grain is adjacent
to ;}gggg;ﬁp;qp, gnd'ghghsgpgrgtiCns are_in;erlinked over loﬁg distances
throﬁgh the structure. »Examples of varying degfees of development of both
classes of intergranular separation are present in a single test speéimen.

In some cases, as shown in fig. 5E, wide variations in the amount of direction-
ality occurred over distances of &100 um. For individual test specimens, an
appreciable degree of directiopality was present in @4OZ of the area that
showed intergranular separétions. Directional separations tended to be
oriented perpendicular to theée pellet radius. However, the local orientation
direction was influenced by the presence of stress concentrators, such as

large pores and cracks, and near contact points between pellet fragments.
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The dénsity of intergranula; separations also increased in the vicinity of
sources of stress concentration.

Varying. amounts of plastic deformation are assgciated with the grains
adjacent to the separations. This effect is most evident in the hottest
unmelted fuel. An example of this type of plastic flow is shown in fig. SE;
The characteristics exhibited in figs. 5A-E indicate that‘mechanical stresses
are at least partly responsible for the formation of the intergranular
separations.

A final example of a form of intergranular separation, shown in fig. 5F,
was present in fuel that was heated to temperatures close to the melting point.
These separations occupy grain boundaries of all orientations with equal
frequency. The rounded outline of these features contrasts with the sﬁarper
edges and crack-like appearance of the separations shown in fig. 5A-E.

The structure shown in fig. 5F is charactéristic of high-temﬁgrature grain-
boundary swelling.

Evidence that £ission-gas effects were, in part, responsible for the
formation of the separations was obtained by examining the éosttest micro-
structures in ﬁhe scanning electron microscope (SEM). Specimens were prepared
~by.-fracturing .DEH-tested .specimens at ‘,:\qo,r;;__;;:ne,g;géf;.a,;t,n}'e- ..A series of micro-
graphs along a radial traverse of fhe speéimen from test 24 are shown in
fig;lé.‘ At the outermost radial positions (figs. 6A and B), intergranular
fracture predominated. The grain surfaces are covered with fission-gas bubbles
that range~in size from the limit'Af resolution (&35 nm) to'&SO nm., Where
trgnsgranulaf fracture occurred, no bubbles are visible. A marked increase inv
bubble size and density (values of '\41013 bubbles/mm3 were determined for the
area in fig. 6A) has occurred over the as-irradiated microstructures. The

average bubble size increases toward the center of the pellet, i.e., where
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transient temperatures were higher, as shown in figs. 6C apd D. When the
bubbles reach @O.ZIum in diameter, additional bubble coalescence results in
. .the .formation ofusinuousagrainfsurface channels (figs. 6C-E). Grain-boundary-
chamnel formation and bubble growth appear to proceed at different rates on
individual grain faces, even for faces on the same grain. The arrow in
fig. 6F indicates a grain face on which the channels have éoalesced to form
a nearly complete separation between two adjacent grains. More extensive
grain-boundary separation has occurred at the location shown in fig. 6G, and
the predominant fracture mbde-has changed to transgranular. ©Note that, in
addition to the intergranular separations, intragranular bubbles with diameters
of 0.1 to 0.3 um are present. This sequence of micrographs shows how
intergranular separations may be formed by a mechanism that involves growth
and coaieécence of fission-gas bubbles.

The extent of the intergranular separations can be quantitatively char-
acterized by measﬁring, with éuantitative'stereology téchniQues, the pore

. , P
volume fractiom, VP and pore-solid surface area, S as functions of

[0 )
v’ v
radial position. The measurements were performed on optical micrographs and

included features X0.5 um in size. If pretest values of VP and S%P are also

\Y
.known,.. the, yolume increase. (i.e. .swelling). .and.the new pore-solid surface
area produced during the transient can be calculated.

The relationships between gas release and the transient microstructural
changes are shown in figs. 7 and 8. Approximately 27 gas release was ébserved
without any microstructural change. For tests in which swelling was N18%, an
approximately linear increase in gas release with swelling was observed.

~For larger swelling values, the percentage gas release increased more rapidly

as the swelling increased. The slope change in the 7% Xe release versus %

swelling curve is believed to be the result of the rapid interlinkage of the
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intergranular porosity when the pore-volume fraction reaches a critical value.

(The term "intergranular porosity,"

as used in the balance of the present

paper, collectively signifies the intergranular bubbles, channels on grain

faces and edges, and planar separations observed in the.posttest examinations.)
The interlinked porosity allows fission gas on grain edgés and boundaries to
escape. For swelling below the critical value, gas release is believed to

occur mainly by diffusional mechanisms. This explanation is consistent with
studies of percolation probabilities, in which extensive long—range inter-
connection of a éecond pﬁase~in a matrix is predicted 1if the volume fraction.

of the second phase exceeds a critical. value [9,23—25]. Interconnection of the
second~phase particles is negligible for volume fractions less than the critical
value. Critical volume fractions of 0.07 [9], 0.17 [23], 0;20 [24], and 0.36 [25]
have been reported in the literature. In these studies, the critical volume
fractions were pbserved to be functions of the size distfibution and the shape
of the-second—éhase particles. Fig. 7 suggests that the critical volumé
fraction for the interconnection of the intergranular porosity is &0.18, which
is within the range of reported values.

As shown in fig. 8, the use of S;P.as a measure of the development of
intergranular.separations.yields.a result, similar to that observed in fig. 7.
That is, énhanced gas releéée occurs fof-surface—area values 4250 cﬁz/g.

The high gas releases during DEH testing, the microstructures observed in
transient-tested fuel, and the COrrelatioﬁ of gas release and microstructural
change indicate that the mechanisms responsible for the formation of the inter-~
granulér porosity can operate in series with intragranular bubble diffusion to
transport_fissiqn gases from the grain interiors to the pellet surface. There~
fore, an understanding of the processes‘involvéd in the formation of the

grain-surface and edge channels and planar intergranular separatioms is
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important for the mechanistic modeling of transient fission-gas release.
Preliminary conclusions about these processes can be made from further inter-
.pretation qf.the;posttest,microstructures.

The series of micrographs in fig. 6 indicates that intergranular separations
can_form by the diffusion-controlled processes of growth and coalescence of
fission-gas bubbles. However, crack-like separations are present at radial
positions where the‘predqminant features on the grain surfaces are isolated
fission-gas bubbleé. That is, the gfadual processes of bubble growth and
coalescencé can be interrupted by the more rapid process of crack propagation.

The stresses responsible for cracking are the result of the applied
axial load, differential thermal expansion, andlthe pressurization of inter-.‘
granular fission-gas bubbles. The intergranular propagation of the cracks
is partly due to the reduction in grain-grain contact area by'the inter-
granular bubbles. Crack propagation is accompanied by varying amounts of
plastic flow in the adjacent grains; the amount of plastic flow depends upon
the local temperature. For temperatures ciose to the melting point, stresses
are relieved by plastic flow without mechaniéal cracking, and bubble and
channel coalescence are largely responsible for the observed intergranular
sceparatione. |

The passage of a crack front through a given grain-grain contact can
only resﬁlt in gas release if the gas on that Surface.has not been vented by
the interlinkage of the grain-surface channels to an edge tunnel or preexisting
crack that feaches-the external surface., This situation suggests a possible
analytic treatment in which gas release is viewed as a stochaétic process
determined by the probabilities of channel interlinkage and crack propagation

© on every gtéin surface in the system. The calculational requireménts'for such
an analysis would obviously be quite large. In the GRASSQSST treatment,

which will be described in section 4.3, the probabilities for intergranular
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sepafation by bubble growth and_coalescence are characterized by a swelling
parameter. Stabilized, long-range interlinkage is assumed to occur when local
fuel swellipgﬂexceeds a.critical value. This model is in qualitative agree-
ment with the empirical result of -enhanced gas release for fuel swelling above
é critical leyel (see fig. 7).

3. Correlation of nuclear’and electrical heating

As a check on the capability of the DEH technique to simulate in-reactor
transient conditions, the behavior of the Saxton fuel during a nuclear-heated
transient in thé powgr—burst facility (PBF) [26] was compared with that of the
Saxton aﬁd Robinson fuels during DEH testing. A detailed discussion of the
results of this study is beyond the scope of the present paper. However, a
brief summary of the p;incipal findings will be given.

Planar intergranular separations.of the.type shown in fig. 5 were observed
on both DEH.and PBF-tested Saxton fuel specimens. Nondirectional separatioms
predominated in the Saxton fuel, although directionality did occur in the vicinity
of preexisting cracks. For pésitions near cracks, a marked similarity was noted
for the separations in both the transient-tested Saxton and Robinson fuels,
as shown in fig. 9. The SEM examination revéaled isolated fission-gas bubbles,
0.8 muoustunnelsandplanarseparatlonsOnthegraln,surfacesof both DEH- and
PBF-tested fuels, as.shown in fig. 10. Thé resintering of grain-surface
channels was observed in the PBF-tested fuel but not in DEH-tested materials.
This: difference is almpst certainly due to the differences in the transient
thermal histories and not.to the heating method.

Fuel from just above the film-boiling boundary of the PBF test rod
released ~v507% of the ‘available fission gas. This value %s in the range of
fission~gas releases observed fcr the DEH-teste&'Robinson fuel. The smaller
release fraction during DEH testing of the Saxton fuel (16%) is due to the

differences in tempervature history for the DEH and PBF transients.
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The microstructure comparisons and the gas-release results for the
nuclear and electrically heated transients demonstrate that the same mechanisms
act to allow fission-gas transport from the grain boundaries to the pellet
exteriors. Therefore, the DEH tests can be used to simulate fission-gas
behavior during in-~reactor transients.
4. Models for fission-gas behavior during transient conditions
4.1, Rate of growth of coalescing bubbles during transient conditions
; Dﬁring.steady-state conditions, ‘it is reasonable to assume that, when
two fission-gas bubbles coalesce, the nbninstantaneous rate of growth of the
resultant bubble to-equilibrium size can be treated as instantaneous [27].
However, in a'tfaﬁSient'anéLYéis; this dssumption breaks down, and the non-
instantaneous rate of growth of coalescing bgbbles must be included. The
need for a GRASS-SST model that describes the limited rate of growth of coalescing
bubbles‘beéame apparent when GRASS-SST-calculated bubble-size distributions for
DEH test conditions were compared with qualitative experimental observations.
The code predicted similar end-of-test bubble distributions in the lattice and
on the grain boundaries. However, the observed intragranular bubble demsities
were much lower than predicted. A similar conclusion concerning the need to
“inﬁlude the effects.of nonequilibrium 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 predictioﬁs~with DEH tests on
irradiated mixed—oxiae fuel [28]. |

In general, when two bubbles initiate coalescence, a strain field is
generated in the lattice around the growing bubble. Initially, bubble coalescence
is a volume-conserving process, subsequently, vacancies that move under the
influence of the strain field migrate to the bubble, which results in an in-
crease 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,'ri, can be defined



17

such -that, at a time t.= T after the initiation of bubble coalescence, the
resultant bubble hésAapproached a stable configuration by an amount 1-1/e.

A precise determination of T, is not within the scope of the GRASS-SST calcula-
tions at this_time. However, an estimate of T, can be ogtained from a con-
sideration of lattice-vacancy thermodynamics. The rate equations for the
bubble radii and the lattice vacancy cqncentration will be described to
illustrate the approximations involved in estiﬁating T, Let T, be the sum

of the radii of the coalescing bubbles. If primary creep is neglected, the

rate of growth of r, is given by [27,29].

dr, DT o . ex '
E—— = I‘;[CV - CV F-'XP<"Pi Q/kT)] . (1)

In eq. (1), c: is the fractional equilibrium vacancy concentration given by
= epElAD , )
v v ! )
DV is the vacancy diffusion coefficient given by _ .

D, = D3 exp(—Ef:/kT) , (3)

f ' . . . . .
where EV and E$ are the vacancy formation and migration energies, respectively,

o : ' . ex ,
DV is a preexpomnential factor, and Q is the atomic volume. Pi is the excess

internal gas pressure for each bubble of radius ri given by
ex _ .8 _ 2y

i
where vy is the effective surface tension, and Pg is the gas pressure within a

bubble of radius r, at temperature T. The explicit rate equation for cV(T)

i
is given by [29]
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dcv N N ox
Frale -4anc ‘.E riCi + 4vacV .Z ri_Ci exp(-Pi Q/kT)
i=1 i=1
= N 11/2
+ 13 D T r.C, ®-c), ' (5)
v o 14 v vl

where Ci is the concentration of bubbles of radius ., and 4 1is the grain
diameter.

To determine the variation of Pix, it is necessary to solve the simultaneous
'ﬁtateﬁequationsa(lbuapd-(S)Afor ri(t):and,cv(t). Obviously -the solution of
eqs. (1) and (5) can only be obtained numerically. However, the dimensional
form of the two contributions to év and the term in fi suggests three relaxa-
 tion fimes [29]: one for thelvacancy concentration where the vacancies are
_supblied by bubbles, one for the vacancy concentration where the vacanciés

are supplied by grain boundaries, and one for the growth of bubbles given by

r2 .

r? = le . : (6)
D ec
v

In ;he fo]lnwiqg discu§sion, Qe shall assume that the rate of growth of non-
equilibrium bubbles can be qualitatively'characterized by eq. (6).

Insfead of directly calculating the individual fission-gas bubble behavior,
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 avefage
bubble radius, . The basic GRASS-SST.calculation [30] is for the rate at which
bubbles grow from the i to the i + 1 size class. fhe motiﬁation 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 ié a reduction in the rate at which bubbles grow from the i into

the 1 + 1 size class by the amount
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[1- (1-x) exC-at/TH] . (N

Here'ﬁt is the code time stepA(i.e.“the:fuel‘témperatures'and stresses are
assumed constant during At), and «x (0 < x < 1) éorresponds to the bubblef
class transfer rate that would exist in the total absence of point-defect
motion.. Eq. (7) 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 smalier than the lattiée—bubble relaxation times.
z4ﬁ2.UGas-qhanneZbermaiion on.grain,boundbries

The SEM examinations of DEH-~tested fuel, deécribed‘in section 2.3,
revealed the development 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 grainms.

The GRASS-SST model for grain-boundary saturation by fission-gas bubbles
is bésed on the fact that the grain-boundary area occupied by fission-gas
bubbles is nearly independent of the bubble-size distribution (i.e.Athe bubble-
surface area is conserved after bubble coalescence). 1If the gas is assumed
to occupy equal, close-packed, touching bubbles, then the.maximum areal coverage
per unit area of grain bduhdéry 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 T oax’ which
is formed by the coalescence of all the gas on the grain face. The assumption
that the bubble-surface area is comserved: after bubble coalescence leads
. directly to susspression for r . in terms of the total _numher of bubbles on the

boundary; i.e.



20

max

r = riJE; , | > (8)

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 givén by

GO0
2 _ 4 3 v : '
T =3 ma A*-jjr , ¢))

max

where an approximate tetrakaidecahedral (l4-sided) lattice geometry has been .
assumed. Im eq. (9), a is the grain radius and Sia is the grain-boundary

area per unit volume. Combining eqs. (8) and (9) leads to an expression for

sat

NA (i), thé minimum number of gas bubbles with radius.r, per unit area of

i

grain boundary required for saturation

sat,,, _ 0.395 A* _ 0.008
N (i) = — = ,
A 14 2 2

Ty r;

(10)

where-S:G = L;185/a. For example, the minimum number of SOO—R—dia 5 x 10-5~

mm~dia) bubbles per unit area of grain boundary required for saturation is

N320(500).= 2028 = 1.3.x.10" bubbles/m® . (A1)
F500 -

This result is iﬁ reasonable agreement with the measured 500-4 (5 x lO-S—mm) gfain-
boundary bubble-saturation density of 2.2-4.2 x 107/mm2 [31].- |
"4.3. Fission gas along the grain edges

The GRASS-SST calculation [30] for the diffusion of fission~gaslatoms from
the grain boundaries to the grain edges is based on a model by Fisher [32]
for diffusion in an isotropic slab. Fission gas that has migrated from the
U0, grain surfaces to the grain edges remains Erapped af the edges,.unless a

2

path exists through which the gas can escape from the fuel.
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In the GRASS-SST treatment [30] of interlinked grain-edge porosity, which is
statistical in ﬁature, the degree of pore interlinkage along the grain edges
is a function of both the grain aﬁa pore-size distributions. -The model,
which is based on the mathematical theory of percolation [33], utilizes fhe
concept of an arbitrary distribution of sites with randomly distributed bonds
or links that join éairs of sites. As applied to nuclear fuels, the sites
are represen£ed by intergranular pores; a bond is formed when two adjacent
pores become connecﬁed. The gas released from a section of fuel is determined
by the amount of gas that reaches the pores multiplied by the pore-interlinkage
fractioﬁ;.fhe remaining gas contributes to grain-edge swelling.

In coﬁtrast‘to-the'expérimentgl results- described in section 2.3, the
above formalism for éalculating the evolution of interconmnected porosity does
hpt predict that a rapid increase in long-range porbsity interconnection will
occur after a critical value of swelling due to fission-gas bubbles has been
reached. The reasoms for this deficiency are (a) the geometrybassumed in the
abové model does not correspond to observations of DEH- and PBF-tested fuel,

(d) 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-
‘tensiqneénduced pfessure), and (c)‘matefial properties used in the GRASS-SST
calculation of the pore-size distribution are experimentally almost.inaécessible.

Thus, to provide a more realistic calculation of the pore-interlinkage

‘fraction; the above model is supplemented by the’additibnallcriterion

pore-interlinkage

fraction = l.Q ? if Bv > B

verit ' (12)

where BQ is the calculated volume strain due to fission-gas bubbles, and Bvcrit

(0.07) &suthewtritical~g&s4bdbble-Molume fraction abowve which extensive
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long-range interconnection of the grain-edge tunneis is assumed to take place.
Turnbull and Tucker [9] observed that, in nontransient—tested'UOz, interlinked
. grain-edge tunnels were stable‘when tho,volume fraction was >0.07. The
critical value for tunnel interlinkage in GRASS-SST is taken from,their work.

It is recognized that intergranular crack propagation has tne potential
to release fission gas that would otherwise be trapped on grain surfaces and
edges. The DEH tests indicate the likelihood of gas release by this
mechanism, Howéver, 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 separations
observed in DEH-tested fuel, e.g. see fig. 5. In particular, the contfibution
of these separations to the total swelling does not appear in the calculated
value of B . As a result, B verit is smaller than the critical volume fraction
obtained experlmentally (see section 2.3).

4.4. The effect of transient heating on intragrarular fzsston—gas bubbles

Analyses with GRASS-SST for steady-state conditions coupled with experi-
mentally determined fission-gas felease during DEH tests (see section 2.3)
indicate thatAlarge quantities of gas are being transported out of the U02
grains -..idur.,i:r_l,gL..-.!:‘r.a,an,s,.i.sen,t»“,‘h,_.ea;t;..ing .. .This E&lﬁasg.,Of‘ fission gas from the grains
is much greater than can be explained by means of empirical steady-state
diffusivities [30]. 1In addition; analyses for transient-heating conditions
indicate that GRASS-SST can account for thelrapid diffusion of fission gas

out of the U0, grains during DEH tests if the high-temperature bubble

2
mobilities are enhanced due to an increased rate of atom attachment to and
detachment from the bubble surface. The physical bnsis-behind this approach is

as follows. During equilibrium conditions, the bubbles may be faceted, and

the rate of motion of a faceted bubble is determined by the frequency of nucleation
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of steps instead of the time required for atoms to move from a step on one side
of a bubblé to a step on the other side (i.e. the atom attachment and detach-
ment rate is slower.than predicted by surface diffusion) [34-38]. However, if
the atom attachmént and 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 enhanéed release of fission gas from the grains
to the grain boundaries during transient-heating cogditions. Observations
of the DEH-tested pellets reveal no evidence of'UO2 reérystallization. GRASS-SST
analyses iﬁdicafe that a rapid diffusion of fission-gas bubbles (&100 K ih._
diameter) as well as gas atoms occurs during the DEH transient heati&g. Dis~
location 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 incr;ase in the,atom'attachmént aﬁd défachr
ment rate would lead t0'increased'bubble.moBility for small aé well as large bubbles.
4.5, The mobility of overpressurized fission-gas bubbles

It has been shown that bubbles intersected by dislocations havé higher
\diffusivities than bubbles in a perfect lattice [39]. The bubble diffusivities
weré satisfactorily deécribed by a rate-controlling nucleation mechanism,
in which ledges introduced into the bubble surface by the dislocation rotated
about the dislocation, causing the bubble to migrate. Since dislocations ﬁay
extend to the grain‘surfaces, they can serve as channels that facilitate the
migration of the bubbles out of the grains to the grain boundaries. During
steady-sﬁate~heating, the dislocation density is relatively small, and the
effective diffusivites Qf the intragranular bubbles would not be expected to
be appreciably altered.

However, during transient heating, differemtial thermal expansion and

external loads can increase dislocation densities. The stress field around
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overpressurized bubbles can lead to additional increases in the disiocation
density near the bubble. Overpreésurization is due to a lack of vacancies

in a lattiée that is not in thermodymamic equilibriﬁm. If the overpressure
in a bubble results in an equivalent stress that exceeds the yield strength

of the UO then plastic deformation of the material around the bubble will

99
result. As the bubble surface intersects the resultant dislocations, ledges
will be producéd that can facilitate atom attachment and detachment.

Since piastic deformation of the UO2 due to an overpre;surized buﬁble is
expected to result in a high denéity of dislocatioms around the bubbie surface,
the diffusivity of such a bubble would ﬁe expected to increase quite rapidly.
iﬁ effect, bubble diffusion would depend more on ‘the time required for atoms
to move from a step on one side of a bubble to a step on the other (i.e.
surface diffusion) than on the frequency of nucleation of steps.

As the lattice approaches thermodynamic equilibrium, the bubbles will
expand at a faster rate as a result of the availability of lattice vacancies
and will lose their'overpressurization. When the material around a bubble is
no longer undergoing plastic deformationm, thé dislocations will quickij anneal
out. Under these conditions, bubble mobility will be quickly reduced és the
‘égffusioniof the bubbles becomes'9ncgV;gain dominated by the frequency of step
nucleation.

4.6. 4 model for the diffusion of overpressurized fission-gas bubbles

In an attempt to quantify the iaeas presented in section 4.5, consider

the excess internal gas pressure in a bubble of radius ri that is given by

ex _ .8 _ 2y .
Py P? (T) z, , (13)

where Ywis7phe'effgg;1ve,surfaée tension, and

8omy - 3 _ |
Pi(T) 3nikT/(lurri 3bvni) | (14)
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is the.gas pressure within the bubble at temperature T. Eq. (14) is a re-

23

.arrangement of the Van der Waals equation; bV = 8.3 x 10" “° is Van der Waals

.constant,for xenon/krypton, k is<thelBQltzmann constant, and n, is the number
of gas atoms in the bubble of radius r,. P;x is a measure of the resultant
pressure in the matrix, which vanishes under the initial equilibrium conditioms.
In eq. (13), the effect ofAexfernal stresses has been neglected. Consider a
time interval, At seconds, of the fraﬁsient during which the fuel temperatures
aré increasing at a rate d4T/dt (°C/s). During»tﬁis time, bubble coalescence

and re-solution aré assumed not to occur and n, is constant and given by the
initidl equilibrium conditions

28 3
n, =3 ﬁyri/(ler

: + b)) (15

i

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

1

First consider the case where the bubble radius, ri, is constant over the
time interval At. The timeﬂrz required for the bubble to obtain an excess
pressure sufficient to generate an equivalent stress equal to the yield stress,

cy, of the surrounding matrix is, using eqs. (13) and (14), given by

dr
1 dt °’

(16)

where Gy = cy(T) is used' to emphasize that Gy is a strong function of the fuel
temperature. Eq. (16) does not take into account the situation in which the
bubble may be overpressurized prior to the beginning of the time interval At.

If the bubble was initially in an overpressurized state, then eq. (16) would
overestimate the time required for the equivalént stress genefated by the
,omerpqgssunized@bubble«towbecome@qualﬁto;oy. Qn.the.other hand, if appreciable
bubble relaxation occurs during time rz (i.e. r, increases), then eq. (16)

would underestimate the time required for the equivalent stress generated by
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the oyerpres;urized éubble to become equal to qy.

A rigorous approach to the calculation of the excess internal gas pressure
for each bubble of radiﬁs ri,cwhere i va;ies over the limits of the 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 of
code‘running time‘requiremen;s,lthis approach is(outside‘the scope of GRASS-SST.

However, a phenomenological approach to the problem of bubble overpressurization

y

can be formulated by'evaluating Ty as given by eq. (16) with respect to the

bubble-relaxation time, T?.

Let s 0 < a, <1, characterize the degree of nonequilibrium in the

i

lattice surrounding a bubble of radius ri; the larger ay the farther the system

is from an equilibrium configuration. The change in a, can be written in terms

y

1 and T? [i.e. see eqs. (6) and (16)] as

of ai and times T

. 4

dey = (1= a) de/T]) . (17)

.B
Thus, as rz decreases and T, increases, the system departs more from its

i

. B
Y increases and Tt decreases, the

~ equilibrium configuration. Comversely, as Ty 1

system appfoaches equilibrium. 'Soélving eq. (17) for ay gives
a, = 1.0 —-exp(-TB/ry) . ' (185
i i’ i

The problem that remains is to relate a, to the bubble diffusivity.
This can be accomplished by considering the limits of the bubble diffusivities
used in GRASS~SST. During steady-state conditions (i.e. ai << l), GRASS-SST

uses empirical intragranular diffusivities given by ([30]

'ﬁi =2.1 x'IOaA exp(—9l,000'/kT)(rl/ri')"'l"'62 . (19)
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Eq. (19) is limited by constraints of compatibility with theoretical treatments
of bubble mobility by surface diffusion. The diffusivity of a bubble moving

by surface diffusion is given by

s 5

D] = 2.42 x 1072 exp(—lQS,OOO/kT)/ri . - (20)

Based on the discussions above the bubble diffusivities during tramsient heating
cqndiﬁions should be given by eq. (20) as ¢« - 1. Thus, using eqs. (19) and
(20); the fission-gas-bubble diffusivities can be expressed in terms of

the equilibrium parameter, ai, as

6.732 x 10’11 exp[-(91,000 + 17,000 ai)/kT]

Pt = —(1.62%2.38a) , (21)
~ B ; ,

(4084 r

where rl of éq. (19) is assumed to have the value of 0.24 x 10-7 cm. When

a, >0 eq. (21) -+ eq. (19), and when a; > 1 Eq. (21) » eq. (20). For inter-

i
mediate values of ays the diffusivities given by eq. (21) lie in between those
given by eq. (19) as a lower limit and those given by eq. (20) as an upper
limit.

To use eq. (21), the UO, yield stress, T in eq. (19) must be determined.

2
In general, cy i{s a complex function of fuel temperature, strain rate, and
microstructure (e.g. UO2 grain size). Experiments designed to measure the UO2
yield stress under steady-state and transient in-reactor conditions are difficult

to perform and adequate data are lacking. The UO, yield stress used in the

2
calculation of gas-bubble diffusivities, as given by eq. (21), has been determined
based on the data of Roberts [40]. Roberts conducted conventional load versus
deflection, strain-rate change, and stress-relaxation tests on U02-20 wt? Pqu

. . : . -1 .
-specimens in the .strain~rate ;range.from 0.1 to 0.4 h ~ and in the temperature

range from 1500 to 1800 C. The specimens, prepared from mechanically blended
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powders with grain sizes from 2 to 14.5 um, we:e_deformed in four-point bénding
in a higb—temperature, inert-atmosphere furnace. The most significant observa-
tions from these experiments are the strong temperature dependence of the flow
stress (flow stress decreases as the temperature increases) and the increase
in flow stress with an increase ;n grain size (in these experiments the flow
stress corresponds to the proportional elastic limit stress).

An analytical expression for the yield stress as a function of the -
_ temperature and grain size was obtained from Roberts' data by quadratic re-

gression analysis. Explicitly, for cy (in dynes/cmz)

_ 5 2 : '
o, = 9.8 x.107 exp(a, +~a1/T + a2/'1' ), (22)
where
ay = -179.1 + 7.0d + 0.2d2 ,
a, = 6.5 x 10° - 2.3 x 10%d - 8.6 x 10%d% ,
and . :
a, = -5.8 x 108 + 1.8 x 107d + 8.9 x 10°d> .

Eq. (22) is assumed valid for temperatures between 1500 and 2100 C and for
grain sizes between d = 2.0 and d = 14.5 um.

5. Comparison of code predictions for steady-state conditiomns with
experimental results

In this section, GRASS-SST steady-state results for the irradiations of
fuel used in DEH testing will be discussed. GRASS-SST results for other steady-
state irradiations have been discusséd previously [30]. |

The purpose of the steady—state simulation is to establish the initial
conditions. in the fuel pellet prior to DEH testing (e.g. bubble-size distributions
agd amounts and location of re;ained gas). GRASS-SST simulated a steady—-
state irradiation of commercial PWR fuel in the H. B. Robinson reactor and an

irradiation of rod 843 in the Saxton reactor. TFor these steady-state irradiatioms,
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- GRASS-SST waé run with an experimental version of the LIFE-LWR fuel-behavior
code {[41]. fable 3 shows the results of the steady-state simulations
for total gas release from the rods as well as the quantity of gas retained
in the pellets used for DEﬁ testing. Also listed in table 3 are the experimentally
detefmined values for.these quantities. From table 3, the calculatgd quanfity
of retained gas.iﬁ the pellets prior to DEH tesfiﬁg are in reasonable agree-
ment with the data.

As an additional check that GRASS-SST is supplying the correct initial
conditions to the transient analysis, the GRASS-SST—calculétedlintragranular
bubble density versus bubble diameter at a fractional fadius of &0.20 for
the H. B. Robinson fuel pellets at end of life is shown in fig. 11. Also
shown in fig. 1l is an estimate of the measured density of fission-gas bubbles
obtained from replica fractographs (see section 2.1). Bubbles with diameters
<100 A were below the limit of resolution and thus were not observable. The
calculated bubble-size distribution, shown in fig. 11, consists wmainly of
fission-gas atoms and quite small (¥100 K) fission-gas bubbles. The absence
of large bubblés is due to the low fuel temperatures characteristic of the
H. B. Robinson irradiation, especially during the second cycle when center-line

- ~temperatures. were 5&QO°C,M¢Erqm.fig.ull,wthg calculated bubble densities are
in reasonable agreement with the data.

6. Comparison of code predictions for transient gas release with experimental
results ‘ ‘ ~ '

Fig. 12 shows the results of GRASS-SST calculations of transient gas
release versus the measured results from the DEH tests shown in fig. 3 for
which fuel temperature and.gas—release data. were available. The diagonal line
indicates the position of perfect'agreement between GRASS-SST predictioné and

—experiment. +The .calculated -results.-in-fig. 12 .were.made utilizing eq. (21).
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As 1is EVidgnt, the GRASS-SST predictions are in good aéreement with the experi-
mental measufements. Using diffusivities obtained by setting o, = 0 in
eq. (21), i.e. using the empirical diffusivities given by eq. (19), the code
significantly ﬁnderpredicts the data for transient gas release >57%, except
”fof'test 31 for which the data are overpredicted by about a factor of two.
Tﬁe fact that GRASS-SST can predict the DEH transient gas release for all

DEH tests, including tést 31, supports the hypothesis described in section 4,
i.e. the mobility of fission-gas bubbles is enhanced when the bubble is over-
pressurized, if the equivalent stress generated as a result of»the excess
pressure in the bubble'exceeds the yield strength. of thg surrounding matrix.

‘An additional demonstration of the need to model the effect that‘transient
heating has on bubble mobility is given by the following example. 'Suppose
the capability of GRASS-SST to predict DEH transient gas release depends oﬁly
upon a relationéhip between the bubble mobilities and the transient temperature

and not on other parameters such as heating rate and UO yield strength. For

2
" this case, the bubble diffusivities during transient heating could be described
by the curve shown in fig. 13. 1In fig. 13, a trahsition curve initiatesiat
some critical temperature, Tc, and connects the steady-state diffusivities with
those given-by the theory of su;facg diffusion. Fig. 14 shows the results,

" using the bubble diffusivities shown in fig. 13, of GRASS-SST calculations of
transient gas release versus the measured results for the DEH tests shown in
fig. 12. Exéept for tests 24, 31, and 32, the GRASS-SST predictions (fig..l4)
based on the diffusivities shown in fig. 13 are in reasonable agreement with
much of the da;é. The predictions for transient.gas release from tests 24, 31,
and 32 are off by more than a factor of two (test 35 was not run for this case).
The reason. for this overprediction of transient gas reléase is that the
diffusivities shown in fig. 13 descfibe enhanced diffusion of gas bubbles

even during periods when the heating rate is relatively low. This relatively

low rate of heating is characterized by test 31, which had a long steady-state



31

preheat at high power.: The analysis leading to eq. (Zi) accounts for the
dependence, of bubble mobility on heating rate and, as is evident from fig. 12,
predicts transient gas release in good agreement with.the‘meésured values for
all the data. As other DEH test results become available, the validity of
eq. (21) will continue to be examined.
7. Conclusions

The results of GRASS-SST predictions for transient fission-gas release
during DEH tests are in excellent agreement with expefimental data. -Comparisons
of GRASS;SST predictions of gas release and b;bble—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 conditioms,

(b) the mobilities of fission-gas bubbles in UO, are enhanced during non-

2
equilibrium conditions, if the excess pressure'in the bubbie is sufficient to
generate an equivalent stress greater than or equal tO'the yield stress of the
surroﬁnding matrix, and (c) channel formation on gfain surfaces and coalescence
of the channels with each other and with the tunnels of gas along the grain

' edges can contribute to grain-boundary separation énd/or the rapid, long-range
interconnection of porosity. The phenomena of grain-~boundary separation and/or

Jlong-range interconnection of porosity provides an important release mechanism.

for fission gas that has moved out of the grains of irradiated fuel.
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Table 1

Postirradiation fission-gas retention for Robinson and

Saxton fuels

Gas retention

_Saxton

_ ‘ (umole/glU02)
Fuel type
. Xe Kr
-.Robinson 30.6 2.4
16




Table 2

Experimental data “for DEH

tests
Gas release

‘ from v

“Avg. . ] unmelted - Avg, Max oP

‘ Y a .
Test Test power Energy Xe release Kr release Fractional fuel (%) center center Swelling Sg

duration ramp input melt —————  heating tem ) 4 2;

no. (8) .rate, (10% W.s) (umole/g) (%) (umole/g) (%) radius Xe Kr rate »(Qgs . (10" mm®/g)

(W/s) (°c/s)
21 68 10 3.16 14.3 + 0.3 56.0 + 1.0 1.3 60 0.33 44.1 55 NAS - NA 25.6 4.12
22 36 7.3 1.64 3.8+ 0.1 13.1 + 0.5 0.54 . 25 35 2480 14.8 2,93
23 28 7.3 1.17 0.3-1.3 1-5 0.04-0,2 2-10 28 1970 NA NA
24 50 8.4 2.54 3.7+ 0.1 12.0 + 0.5 0.71 30 25 2610 12.4 2.10
26 54 2.1 4.32 19.1 + 0.5 63.1_1 1.6 1.4 61 0.32 59 +2 57 <36 <3420 31.8 4.69
27 54 . 7.4 3.24 10.0 + 0.2 33.3 + 0.7 1.5 " 63 24 2850 NA NA
29 59 4.5 2,50 0.62 + 0.2 2.0 + 0.6 0.09 4 7.6 1560 0 0
30 70 - 0.7 1.46 ‘0.1 +0.03 0.4+0.1 0.02 0.8 6.0 1280 NA NA
31 71 12 62.7 6.3 + 0.5 20.1 + 1.5 0.45 19 12 2850 11.1 2.54
32 60 5.5 2,59 4.9+ 0.7 16.1 + 2.4 0.36 15 20 2600 18.1 2,68
33 100 5.0 4.14 13.0 + 0.7 42.6 + 2.2 1.2 49 0.20 40 + 2.6 47 15 2950 23.3 4.23
35P 37 16 1.92 2.2 + 0.4 16 + 2.9 0.42 17 0.20 12+ 2.2 14 45 . 3010 NA NA
36 11 100 0.96 7.0+ 0.9 22,8 + 3.0 .0.47 20 76 2520 NA NA

aAssuming that all

b

Saxton fuel.

NA = not available.

gas was released from the fuel that melted.



Table 3° '

GRASS-SST calculated values for total gas release from Saxton and H. B. Robinson

fuel rods and for the quantity of gas retained in pellets used for DEH testing
compared with experimental results '

Total calculated

gas release from

Total measured
gas release

Total calculated
quantity

Total measured
quantity -

Fuel of gas remaining of gas remaining
(mmr;gle) i;:mmzii) in fuel pellet in fuel pellet
(umole/g) (umole/g)
2. B. 0.12 0.18 36 31
Robinson
Saxton 1.15 0.958 17 16




Fig. 1. Transverse section through the high power region of Robinson rod F7.



wig. 2. Transverse section through Saxton rod 843 near the peak power positiom.
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Fig. 9.

Intergranular separations in (A) PBF- and (B) DEH-tested fuel.
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