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THE ROLE OF BUBBLE-SIZE EQUILIBRATION IN THE

TRANSIENT BEHAVIOR OF FISSION GAS

by

E. E. Gruber

ABSTRACT

An explicit analysis of bubble-size equilibration by volume

diffusion has been derived and incorporated into the FRAS2 code.

This code was developed for mechanistic analysis of transient

fission-gas behavior in LMFBR fuel, but had been limited by the

approximation that the time required for bubble-size adjustment,

following coalescence or changes in temperature or pressure, was

negligible.

The equilibration phenomenon is illustrated by several

idealized examples. If the fuel temperature rises linearly with

time, an isolated bubble will expand rapidly toward its equilib-

rium size only after the temperature reaches a critical value

that depends on both bubble size and heating rate. Conversely,

if the temperature is reduced uniformly, an isolated bubble

will shrink only until diffusion becomes too slow for further

size change. The final size that is "frozen in" may be signifi-

cantly larger than the final equilibrium size. Finally, iso-

thermal equilibration following coalescence of two equal bubbles

can be described conveniently in terms of relaxation times,

which depend on bubble size and temperature.

However, a complete picture of the role of equilibration in

transient fission-gas behavior can only be gained through an

investigation of the bubble-size distribution and its evolution.

Such an investigation is carried out with the FRAS2 code, in

which the explicit equilibration model is implemented. Since

nonequilibrium bubbles in a thermal transient are generally over-

pressured, the gas represents a source of energy that can con-

ceivably disrupt the fuel. This "dispersive potential" is also

calculated in the FRAS2 code.
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I. INTRODUCTION

Migration and coalescence of fission-gas bubbles are important phenomena

in the transient behavior of nuclear fuels. An understanding of these funda-

mental processes is essential to develop useful treatments of the effects of

fission gas on fuel swelling and disruption during thermal transients.

Since both migration and coalescence rates depend on bubble size, it is

necessary to characterize this size accurately in modeling calculations. In

most analyses, the bubble radius r is assumed to satisfy the equilibrium rela-

tion r = 2y/(p - ph), where y is the surface tension and p - ph is the excess

pressure in the bubble compared to the hydrostatic stress in the surrounding

medium.

When two bubbles coalesce, however, two distinct processes occur, essen-

tially consecutively. First, there is a conversion from a double-bubble con-

figuration to a larger single bubble with the same total volume. This step

occurs, in the case of small bubbles (r 1 um), primarily by the surface-

diffusion migration of atoms driven by capillarity effects. Other mechanisms

could also contribute to this morphology change, depending on conditions:

volume diffusion, evaporation-condensation, and even viscous flow or creep. The

initial result of this first step is a spherical bubble of the same volume as

the initial bubble pair. Nichols1 has shown that the driving force for this

step is the decrease in surface energy because of the net reduction in surface

area, and that coalescence should occur for all practical cases.

The second process is one of volume adjustment. Since for instantaneous

coalescence the gas pressure is unchanged, while r is increased, the surface-

tension restraint 2y/r is not sufficient to balance the gas pressure, and the

bubble will tend to expand. This expansion must take place by long-range

migration of atoms or volume diffusion (although creep may contribute in some

cases). The process of volume adjustment is always thermodynamically favorable

and is driven by the free energy change of the gas within the bubble. Nichols

has pointed out, however, that volume adjustment is much slower than coales-

cence, because of both a lower driving force and a slower transport mechanism.

This difference in rates, in fact, is the feature that makes it convenient to

consider coalescence and size adjustment as occurring consecutively, rather

than simultaneously.
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These considerations were at least qualitatively recognized even before

Nichols' analysis. However, because of the difficulty in incorporating the

volume-equilibration process into modeling of fission-gas behavior, it has

generally been assumed that coalescence and equilibration both occur

instantaneously.2, 3 This assumption has come into question recently as model-

ing efforts have matured and as the experimental data base has broadened.

The general effect of nonequilibrium on transient fission-gas behavior is

qualitatively simple: the bubbles do not expand as rapidly as predicted by

instantaneous equilibration models when temperature increases, pressure de-

creases, or coalescence occurs. As a result, the bubbles migrate faster,

causing enhanced release, and contribute less to swelling. A quantitative

assessment is not so simple, however. Coalescence probabilities also depend on

bubble sizes, both through the effect on migration velocity or diffusivity, and

through the effect on the cross sections for collisional coalescence.

In an attempt to include equilibration effects in the modeling of tran-

sient fission-gas behavior, Esteves4 developed a two-variable multigroup numer-

ical approximation to describe the evolution of the bubble population. This

work was extended by others,5 and applied to determine the importance of non-

equilibrium bubbles. A small but significant enhancement of fission-gas re-

lease for the TREAT H3 transient6 was predicted by the calculations. Other

features that were predicted included a "freezing in" of the bubble-size dis-

tribution during cooling and a reduction in swelling. The detailed two-

variable treatment, however, leads to increased complexity and computer storage

requirements.

The steady-state GRASS code also treats bubbles as growing to equilibrium

size instantaneously following coalescence. When GRASS results were compared

to experimental data, it was found that a modification was needed to describe

the limited rate of growth of coalescing bubbles. In an effort to keep com-

putational requirements small, a simple modification was developed by J. Rest.7

The rate at which bubbles grow from the i to the i + 1 class is now reduced

from the calculated rate by a relaxation-time factor, which depends on the

bubble size as well as the energies of formation and migration of vacancies.

C. Ronchi suggested a more comprehensive procedure by which the rate of

growth of nonequilibrium bubbles could be included explicitly in transient

calculations with the GRASS code.8 that analysis, which apparently has not
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been implemented, is based on the assumption that the force on a vacancy depends

on the variation in the radial stress component with distance from the bubble.

In another analysis of the equilibration phenomenon, W. Wang and R. Singh

have analyzed equilibration by primary creep.9 Vacancy diffusion was also con-

sidered in their work, but the driving force for vacancy diffusion was con-

sidered to be the equivalent stress at the bubble surface.

If equilibration were assumed to result from vacancy diffusion caused by

stress effects, the most plausible driving force for vacancy diffusion would be

the variation in hydrostatic stress with distance from the bubble. However,

for an elastic continuum, the hydrostatic stress does not vary with distance

from a bubble. The modification to the FRAS code3 is not based on stress con-

siderations. Instead, vacancy diffusion is considered to result from concen-

tration gradients that develop around bubbles. The thermodynamic approach is

used to establish boundary conditions, following Greenwood et al.1 0 Minimiza-

tion of the free energy change with respect to changes in bubble radius pro-

vides the equilibrium condition. The apparent driving force for equilibration

that results can be expressed in terms of pressures, but does not derive from a

mechanical analysis.

The motivation for the development of this treatment and its incorporation

into the FRAS2 codell arose from the results of comparisons of experimental

data with FRAS-code predictions. The experimental data included results from

direct-electrical-heating (DEH) tests12 and from FGR tests.13 Although good

agreement was obtained with the FRAS code in some cases, the bubble size was

greatly overpredicted in others. In particular, it appeared that the discrep-

ancy was greatest for rapid transients for which large bubbles were predicted,

and was a direct consequence of ignoring the equilibration time in the

calculations.1 1

The equilibration treatment applied in FRAS2 was developed as a compro-

mise; equilibration is calculated explicitly, as in the work by Esteves,4 but

only an average "nonequilibrium" is considered for each size class. The expli-

cit modeling is accomplished by assuming that coalescence initially conserves

volume and that equilibration in each size class proceeds at a rate determined

by volume diffusion. The modeling approach will be described in the next

section. The difference between the actual and equlibrium bubble sizes can be

calculated to show in detail the effects of nonequlibrium on the evolution of
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the bubble-size distribution, on release of gas from the grains to grain

boundaries, and on intragranular swelling. These results will be described in

Sect. III.



II. ANALYSIS

Rate of Bubble-size Equilibration

The basic analysis of the rate at which the bubble volume changes was

Lven in an early paper in the field of bubble physics.1 0 The expression de-

Lved for the vacancy concentration at equilibrium near a bubble surface, based

i free energy considerations, is

cv cexp [p - (2Y/r) I /kT}.e xp-p-.(1)

here ce is the equilibrium vacancy concentration, S2 is the molecular volume of

he solid, k is Boltzmann's constant, and T is the absolute temperature. The

emperature of the gas is assumed to be the same as the fuel temperature. The

iffusion equation in spherical coordinates:

d2cv+ 2 dcv 0, (2)
dp2 p dp

as solved to determine the vacancy flux at the bubble surface, p - r, and

ence the rate of change of bubble radius. Arguments concerning fission

acancies and interstitials were introduced, but their contributions were con-

idered small in deriving the end result:

-Dvc up - (3)

there Dv is the vacancy diffusion coefficient. Several assumptions were made

.n the derivation of Eq. (3). First, the exponential in Eq. (1) was assumed to

>e small. Second, the bubble separation 2R was assumed to be much greater than

:he bubble radius r. Finally, the vacancy concentration at R was taken to be

:he equilibrium concentration.

A more general expression that includes the effect of local hydrostatic

reassuree and the effect of bubble separation, and does not use an approximation

.or the exponential, has been derived for the present application:

S Du r(R - r) h
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where Du has been substituted for Dvc , since uranium self-diffusion is rate-

controlling. The correlation coefficient is taken to be unity for the present.

There is one difficulty with Eq. (4) that must be considered. As the

bubble separation decreases, the equilibrium rate appears to increase. The

reason for this is the assumed boundary condition that the equilibrium vacancy

concentration is maintained at R even when R - r becomes very small. A more

realistic equation results from the simplification used by Greenwood et al.10

based on the assumption that R >> r. The physical implication is that the

gradient in vacancy concentration at the bubble surface is the same as it would

be if the bubbles were widely separated. The vacancy concentration between

close, nonequilibrium bubbles would consequently be reduced from the equilibrium

value. The general result is then

- l - exP[-(P-Ph-) ]}. (5)

The degree of nonequilibrium is indicated by the term in parentheses in

this equation. When a bubble is formed by the coalescence of two bubbles of

equal radius r, the radius increases very quickly to 21/3r; dr/dt is then

positive. Similarly, if the temperature rises, p increases, and again dr/dt is

positive. A decrease in hydrostatic pressure has the same effect.

B. Relative Importance of Equilibration

Although it is difficult to characterize the conditions under which equli-

bration is important, some simple illustrations can be given as an aid to

understanding the phenomenon. The more general application of the analysis, in

the FRAS2 code, will be considered in the next subsection.

Consider first a constant-temperature ramp: dT/dt s A. An equilibrium

bubble at some initial temperature, say 100 K, will tend to expand as the

temperature rises. However, the rate of expansion will be negligibly small

until the temperature is high enough for rapid diffusion. A simple computer

program was developed to apply Eq. (5), with material properties for mixed

oxide and ph - 0, to this situation, using finite-difference methods. The

bubble size is plotted in Fig. 1 for an initial bubble radius of 10 nm, and in

Fig. 2 for an initial radius of 100 nm, as functions of temperature for tem-

perature up to the solidus of mixed-oxide fuel. In both figures, the equilibrium
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bubble radius is shown by a dashed line, and the calculated radius dependence

is shown for several thermal ramp rates. The results show a very rapid expan-

sion occurring near a critical temperature that depends on heating rate and on

bubble size.

A related phenomenon is the "freezing in" of bubble sizes during cooling,

discussed by Greisemeyer et a. 5 This same analysis has been applied for nega-

tive temperature ramps to study bubble shrinkage during cooling. The results

are shown in Fig. 3 for a 10-nm initial bubble radius, and in Fig. 4 for a 100-

nm bubble. At high temperatures, equilibrium is maintained, but as the tem-

perature decreases, as asymptotic size is attained that depends, again, on

cooling rate and initial bubble size. This size can also be characterized

14
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by a critical temperature, as was done by Greisemeyer et al. for a more general

distribution of bubble sizes. The fact that the "critical temperature" is only

an approximation ihen a range of bubble sizes is considered was not noted by

Greisemeyer et al., but is apparent from a comparison of Figs. 3 and 4.

The preceding discussion gives some indication of the dominance of diffu-

sion kinetics in bubble equilibration for an isolated bubble. Another impor-

tant situation is the equilibration of the product bubble formed by the

coalescence of two smaller bubbles. This situation can also be treated in a

simplified way to develop an understanding of the conditions for which equili-

bration is important.
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The relaxation-time concept provides a convenient, quantitative description

of the effects of the parameters involved in equilibration. An exponential

decay of some parameter with time is implied in the definition of a relaxation

time T. The process considered here is the variation of the radius of a

product bubble formed at t = 0 by the coalescence of two identical bubbles of

radius ri. The product-bubble radius r varies from an initial value r0 toward

an asymptotic value req. If the equilibration were a true exponential decay,

the variation in r would be described by

r = r +(r - r )(1 - e ) . (6)

Differentiation of Eq. (6) gives

dr r - r0-t/T
dr _ e - (7)

The relaxation time T can consequently be defined from the initial slope,

by setting t - 0 in Eq. (7) and solving for T:

r - r
ego .(8)

T=(dr/dt)t (8)t -o

The actual variation of r is described by Eq. (4), which can be simplified

for the present purpose by assuming that ph - 0 and that the gas is ideal. The

simplified form of Eq. (4) then becomes

- 1 - exp -_((r_/r)2 - 0.5)11 . (9)

Although Eq. (9) is hardly of the same form as Eq. (7), the variation of r with

t will be shown to be very similar to that described by Eq. (7).

Equation (9) can be simplified further by noting that, for y - 0.626 J/m2 ,

0 - 4.08 x 10-20 mm3, and T - 2300 K, we have 4y(/kT - 3.23 nm. Since the

variation of (ri/r)2 ranges from 0.5 to 0.63, it follows that, for r > 4 nm,

the exponential factor is < 0.1. Expansion of the exponential and neglect of

higher-order terms yields the approximate result

4D rA
d _- T (r2 - 0.5 r2 ) . (10)
dt rakT
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At t = 0, we find r = 1.2599 ri; the initial slope is therefore

(dt t=0
t 0. 3275yfDu

r kT
(11)

From this result and the definition of T in Eq. (8) we obtain the general

result

T 0.471 r kT/yADu (12)

Equation (12) can be applied to quantitative examples by substituting the

material parameters mentioned above and the self-diffusion coefficient1 4

Du = 1.9927 exp(-55600/T) mm2/s (13)

to obtain

T m 1.275 x 10-18 r T exp(55600/T) s (14)

A simple finite-difference approach was used to solve Eq. (9) for the

bubble radius as a function of time, using T = 2273 K and r - 10 nm. The

results are represented in Fig. 5 by the symbols.

1.40

1.35

1.25
0 0.I

Tome, s
0.2

Fig. 5. Bubble Equilibration FoLLowing Coaesocence
of Too 10-nm BubbLes at 2273 K.

-/

I i r



18

A normalized form of Eq. (6):

r/ri = 1.2599 + 0.1543 (1 - et/) , (15)

was also solved for the same example, using T = 0.1216 s, calculated from Eq.

(14). The results are shown by the solid line in Fig. 5. At t = T, the dif-

ference between r and r has decayed to 1/E times the initial difference. The

discrepancy in the results by the two methods is small; the use of the initial

slope from Eq. (11) to define the relaxation time is therefore a good approxi-

mation.

Equation

influences of

shown in Fig.

4 -

3

2

0 -

.4

1600 '800 2C

Fig. 6. Re I=
Coal

(14) has been applied to a range of conditions to demonstrate the

bubble radius and temperature on relaxation time. The results,

6, indicate that smaller bubbles should equilibrate quickly

at sufficiently high temperatures.
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C. Incorporation of Equilibration in the FRAS Code

Consideration of the above discussion of equilibration effects leads to

the conclusion that a general treatment is complicated. Temperature, pressure,

coalescence, and bubble sizes must all be considered. Since the analysis

carried out by the FRAS code includes all of these factors, 15 it is a logical

step to incorporate equilibration explicitly into the code.

W

I
Z
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x
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This step is conceptually simple, although its accomplishment in the code

required extensive revision. The method can be summarized by the following

steps: (1) Migration and coalescence are calculated as before, except that the

nonequilibrium bubble size is used to calculate migration velocity and coales-

cence probability. (2) Volume is conserved upon coalescence. The volume per

bubble is averaged over all bubbles in each size class. (3) All bubbles in

each class are assumed to equilibrate at the same rate, determined by the

average conditions in the class.

Separation of the coalescence and equilibration steps requires some jus-

tification, since both occur simultaneously in each time step. The time step

is selected internally in a manner that precludes a large change in the popu-

lation of a given size class in one time step. The average degree of non-

equilibrium of any size class is therefore not significantly altered by

coalescence in a time step, and most of the bubbles in a given class are

affected only by equilibration during the step. It is therefore appropriate to

evaluate the equilibration continuously over each time step. The validity of

this approach is supported by preliminary analyses that indicate no significant

effect of time-step size within the normal range of sizes.

A more important limitation enters in the assumption that the degree of

nonequilibrium in each size class can be adequately represented by the average

volume per bubble. Each size class is characterized by the mean number of gas

atoms per bubble. Each coalescence results in the loss of two bubbles, with

their associated numbers of gas atoms and bubble volumes, from their size

classes, and the addition of one bubble, containing the same total number of

gas atoms and bubble volume, to a product-bubble class. In practice, the

product bubble is split fracticnally between two adjacent classes so that both

gas atoms and bubble numbers can be properly conserved. This procedure is

necessary because only a finite number of size classes is chosen. The product

bubble rarely contains the exact number of atoms used to represent a size class

and will generally contribute less than the average volume per bubble in its

new size class. Nevertheless, the volumes of added bubbles are averaged with

the volumes of existing bubbles in the size class, to provide an average volume

per bubble, from which a new, nonequilibrium, average radius is calculated for

the size class.
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The equilibration is calculated for each time step and size class accord-

ing to Eq. (5), using a simple finite-difference treatment. The coalescence

time step is subdivided as needed for the equilibration calculations. Some

error is undoubtedly introduced by this procedure, but that error is difficult

to quantify. The approximation is presumed to provide an effective compromise

between the limitations of the unmodified FRAS code and the complexity of a

multivariate analysis, such as that of Esteves.4

The modified code, called FRAS2, has been applied in several analyses to

determine whether the results are consistent with experiments, and whether the

detailed response of bubble distributions to thermal transients is as antici-

pated. Results of these analyses are presented in the next section.
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III. RESULTS OF FRAS2 ANALYSES

A. Equilibration Effects in the H3 Transient

A series of calculations has been carried out to illustrate the effects of

equilibration for the TREAT H3 transient,6 which was analyzed in the original

calibration of the FRAS code.1 5 Figure 7 shows the results of four calculations

10 2---
Symbol D:, m /s QO, MJ/mole

0 3.5 0.280
0.8 0 4.5 0.419

0 2.5 0.419
S2.5-0.FRAS Resultsfor the TREAT H3S0.6FRSRult

Test, Assuming Different Surface-
diffusion Coefficients and Heats

0.4 of Trans port.

0.2

0 1 2 3 4 5
Mean Radius, nm

with the FRAS code (assuming equilibrium bubbles) for two values of the surface-

diffusion pre-exponent D8 and three values of the heat of transport Q*. The

release fraction is plotted as a function of the mean bubble radius. A parame-

tric analysis based on FRAS results has indicated a close relationship between

the mean radius and the migration distance, which determines the release

fraction.16 This relationship varies slightly as the FRAS input parameters are

varied, but only within a narrow range, as illustrated by Fig. 7. When Q* is

increased, the curve shifts slightly toward higher release fractions. When D8

is increased, however, the curve simply extends further along the same path.

Present information from the H3 posttest examination indicates a mean

bubble radius of about 32.5 nm and a release fraction of about 0.8 for the

radial node considered here.6 This set of values corresponds to a point that

would lie above the curve in Fig. 7. (The discrepancy from the original cali-

bration of the FRAS code results from a more realistic value for grain size in

the current version). Although these numbers are limited in accuracy,17 the

discrepancy appears to be significant.
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Since a possible source of disagreement is the equilibration time, the

FRAS2 code was used to calculate the gas release and mean radius as functions

of time. The pre-exponent of the volume-diffusion coefficient was varied by a

factor of 10 higher and lower than the nominal value [Eq. (13)] for these

calculations. The results are shown in Fig. 8.

10 - - - --

0.8 7
0" =20 mm 2/s

t 0.6 - 2000 Fig. 8.
FRAS2 Results for the TREAT H3

Test, Assuming Different Vtwne-
~ diffusion Coefficients.

0.2 -

0 10 20 30 40 50
Meon Rodius, nm

The higher value gives complete equilibration throughout this transient,

which involves fairly small bubbles. The results agree very closely with the

corresponding curve in Fig. 7. The nominal and lower values result in non-

equilibrium bubbles early in the transient. Release is enhanced for a given

mean bubble size in these cases.

These results indicate that, for this particular set of conditions, the

predicted equilibration behavior is in general agreement with the experimental

results. Since the role of equilibration is relatively small here, because the

mean intragranular bubble size is small and equilibration is rapid, the effects

are not strong enough to provide a quantitative benchmark test for the equili-

bration analysis of the FRAS2 code. However, the results of this comparison

provide at least qualitative support for the need for, and the validity of, the

analysis.

B. Effects of Equilibration on Gas Behavior

The basic difference between the results calculated with the FRAS2 code

and the results from the equilibrium analysis with the FRAS code can best be

demonstrated by examining the differences in the predicted bubble-size distribu-

tions. It is expected that:
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(1) the distribution will be narrower, since larger bubbles will not be
able to equilibrate rapidly;

(2) there will be more release of gas to grain boundaries, since, in
general, bubbles will be smaller, and hence more mobile;

(3) intragranular swelling will be reduced, because of the finite rate
of bubble growth; and

(4) there will be more, smaller intragranular bubbles, since coales-
cence probabilities will be reduced.

In each of these areas, the effect of equilibration must be determined

quantitatively. A number of variables are important in quantifying these ef-

fects, including transient period, initial gas concentration, grain size,

thermal gradient, and hydrostatic pressure. Only the first of these effects is

considered here.

A series of calculations was carried out to illustrate the effect of the

heating rate on the bubble-size distribution, on gas release to grain bound-

aries, and on intragranular swelling. Heating rates of 50, 500, and 5000 K/s

were considered, with other variables held constant. The values used were:

grain size, 10 um (mean linear intercept); initial gas concentration, 1 x 1017

atoms/mm3; initial temperature, 1500 K; final temperature, 3040 K; thermal

gradient, 500 K/mm; and pressure, 0.25 MPa.

Figure 9 shows the end-of-transient cumulative bubble-size distributions

for all six calculations. Logarithmic axes are used to cover the broad range

10"

C 10'K

.0

:0 10'0/

Bubble Radius. nm

of values predicted. Each distribution represents the number of bubbles per

m3 smaller than a particular radius. Several features are apparent from
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this figure: (1) There is a difference in bubble density between FRAS and FRAS2

predictions that increases with the ramp rate; (2) the mean radius, denoted by

small vertical arrows in Fig. 9, is reduced by about a factor of 2 when equili-

bration is included; and (3) the FRAS distributions are broader than the FRAS2

distributions. Values of the bubble density and mean radius are tabulated in

Table 1.

Table 1. Results of Heating-rate Comparisons

Ramp Bubble Density, Mean Radius, Release, Peak Swelling,
Rate, Number/mm 3  nm % %
K/s FRAS FRAS2 FRAS FRAS2 FRAS FRAS2 FRAS FRAS2

50 1.0 x 108 1.1 x 108 1930 825 70.4 100.0 221 6.8

500 1.7 x 109 3.5 x 109 524 234 32.6 62.9 198 10.6

5000 4.6 x 1010 1.1 x 1011 106 61 15.0 21.7 66 10.9

A linear plot of the FRAS and FRAS2 results for the 500 K/s

is provided in Fig. 10. These distributions are very similar in
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Fig. 10.
Cumulative Bubble-size Distributions
Calculated with the FRAS and FRAS2
Codes for a 500-K/s Heating Rate.
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not in magnitude, to those calculated for the other thermal ramps. The FRAS2

distribution is much narrower, with about the same minimum bubble size, but

none of the larger bubbles predicted by the FRAS calculation.

The vertical arrows in Fig. 10 indicate the mean radii for the two cal-

culations. The FRAS2 calculation predicts a mean radius less than half that

predicted in the FRAS calculation. As a consequence, the gas release to grain

boundaries is increased by nearly a factor of two. Table 1 includes gas-

release results at transient termination for the three ramps.
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More detailed results of gas-release calculations are shown in Fig. 11 for

FRAS calculations and in Fig. 12 for FRAS2 calculations. In both cases,
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increasing the rate of temperature rise reduces the gas-release rate. The gas

release calculated by the two codes is very similar up to about 5% release,

which corresponds roughly to a mean bubble radius of 15 nm. The curves sub-

sequently diverge, with the least effect being seen for the fastest thermal

ramp, corresponding to the smallest mean bubble sizes. Again, it is apparent

that nonequilibrium effects are greater for larger bubbles.

Peak values of intragranular swelling are also listed in Table 1. The

major result is the large effect of absence of equilibrium, which reduces the

peak swelling by a factor of 30 in the slowest transient. More detailed re-

sults are shown in Fig. 13 for the FRAS calculations. Swelling decreases
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Fig. 11.
Gas Release to Grain Boundaries
for Three Heating Rates, Cal-
culated with the FRAS Code.

Fig. 12.
Gas Release to Grain Boundaries
for Three Heating Rates, Cal-
culated with the FRAS2 Code.
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only provide the nonequilibrium driving force, but swelling results from

equilibration or diffusion of vacancies to bubbles.

C. Dispersive Potential of Nonequilibrium Bubbles

The pressure of fission gas in intragranular bubbles is generally higher

than the equilibrium pressure, due to the finite time required for bubbles to

expand to the equilibrium size following coalescence or a temperature increase
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greatly as the ramp rate increases,

but gross swelling is predicted

even for the fastest ramp. This

swelling is beyond the level at

which the analysis of swelling by

collisional coalescence is con-

sidered valid. 3 The decrease in

swelling at higher temperatures

for the slowest ramp is caused by

release of gas to the grain bound-

aries (compare Fig. 11).

Figure 14 shows the intra-

granular swelling as modified by

nonequilibrium effects. The f all-

of f in swelling occurs at lower

temperatures than in the equilibrium

calculations because release is

more rapid, as shown in Fig. 12.

The effect of thermal ramp rate is

slightly less than in the FRAS

calculation.

There is a fundamental dif-

ference in the swelling in the two

calculations: in FRAS, swelling re-

sults directly and instantly from

coalescence and temperature in-

creases; in FRAS2, coalescence and

changing temperature or pressure

I
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during a thermal transient. This overpressured gas constitutes a source of

energy that can induce fuel disruption and dispersal in some situations. The

potential work that the gas can perform on the surrounding fuel can be calcu-

lated in the FRAS2 code.

The potential work that can be performed by the gas as each bubble expands

to its equilibrium volume has two components: the work W done against the

radial stress in the fuel, and the work required to create additional bubble

surface area. The dispersive potential W can therefore be expressed as the

difference between the decrease in free energy of the gas and the increase in

surface energy. With the assumptions that the gas expansion is ideal, iso-

thermal, and always at local equilibrium, the result for a given bubble is

W a mkT in (Vf/Vi) - Y(Af - Ai) , (16)

where m is the number of gas atoms in a bubble, V is the bubble volume, and A

is the surface area of the bubble. The subscripts i and f refer to initial

(nonequilibrium) and final (equilibrium) states, respectively. The dispersive

potential is calculated in the FRAS2 code by summing the contributions from all

bubbles in a unit initial volume.

It is also of interest to characterize the range of pressures to be ex-

pected and the potential volume increase. Clearly, if the overpressure in the

bubbles is small or can be relieved by a small volume change, the dispersive

potential will be small. Calculations were accordingly included in the FRAS2

code to determine the overpressure, weighted according to the number of gas

atoms in each bubble-size class. The volume potential has also been calculated

as the difference between actual, nonequilibrium volume and the potential

equilibrium volume, assuming no additional coalescence.

Application of the FRAS2 code allows a comparative evaluation of the po-

tential for dispersive fuel motion from intragranular gas. For illustration,

four cases have been considered (see Table 2): two calculated voiding-driven

transients in the CRBR, corresponding to two different numerical representation

of the reactor for computational purposes, and two thermal histories calculated

for TREAT experiments. Although the overpressures and potential volume in-

creases are considerably different for the two CRBR transients, the dispersive

potential differs by only 10.
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Table 2. Dispersive-potential Results from FRAS2 Calculations

Overpressure, Potential Volume Work Potential,
Case MPa Increase, % MJ/m 3

CR/N 0.26 67 3.0

CR/A 0.15 104 2.7

Fl 0.03 35 0.5

L5 0.17 27 1.2

The dispersive potentials of the TREAT experiments indicate that the L5

experiment involved considerably greater potential for fuel dispersal than the

F1 experiment. Experimental results are qualitatively consistent with this

result. These results are limited to consideration of the effects of intra-

granular gas in promoting early fuel dispersal. It must be recognized that

grain-boundary separation, breakup into chunks, and even gross swelling are

more likely to result directly from the effects of intergranular bubbles and

pressurized porosity. However, the source of this gas is inevitably the

intragranular gas.
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IV. SUh1KARY AND CONCLUSIONS

An explicit, although simplified, treatment of the rate of bubble equili-

bration has been developed. Examples have been presented to indicate condi-

tions under which nonequilibrium is important. The FRAS2 version of the FRAS

code has been developed to include this treatment of bubble equilibration.

Calculations have been carried out for a variety of cases to show the response

of fission gas to various transient conditions (e.g., various thermal ramp

rates) when equilibration is considered. The general results of these calcula-

tions indicate a reduction in mean bubble size, an increase in intragranular

bubble density, an increase in gas release to grain boundaries, and a major

reduction in intragranular swelling, compared to the equilibrium results.

These results are generally in agreement with expected behavior, based on

experimental results, and indicate a significant improvement in modeling

capability.

The greatest model difference between the FRAS and FRAS2 codes is in the

calculation of intragranular swelling. In the FRAS code, bubbles were assumed

to equilibrate instantly in response to coalescence or changes in temperature

or pressure. Large, unrealistic changes in swelling were often predicted. In

the FRAS2 code, swelling becomes a rate effect. Coalescence or changes in

temperature or pressure affect only the driving force for changes in bubble

volumes. Actual changes occur by the diffusion of vacancies to or from the

bubbles; this is the process that we have called equilibration, and it is the

only means by which swelling is altered in the FRAS2 code.

The presence of nonequilibrium bubbles in the fuel comprises a source of

energy that, under some conditions, may act to disperse the fuel. The disper-

sive potential of the fission-gas bubbles has been quantified by considering

the work that the expanding gas can perform against the stress in the material

surrounding the bubble. Examples of this dispersive potential have been pre-

sented for several situations.

The work described in this report has been limited to intragranular

fission-gas behavior. The behavior of fission gas after it is released to

grain boundaries is expected to play a major role in the response of irradiated

oxide fuel to a severe thermal transient. Work in progress will extend the

present analysis to consider the effects of grain-boundary gas.
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Work in progress also includes efforts to determine a "best value" for the

volume-diffusion coefficient, by comparison of the experimental results with

FRAS2 predictions. A major difficulty is that this coefficient can vary by two

orders of magnitude at 1773 K with a change in stoichiometry from 1.94 to

1.97.18 There is some variation in stoichiometry with both burnup and pellet

radius.
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