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FASTGRASS: A Mechanistic Model for the 
Prediction of Xe, I, Cs, Te, Ba, and Sr Release firom 

Nuclear Fuel under Normal and Severe-Accident Conditions 

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

by 

J. Rest and S. A. Zawadzki 

Executive Summary 

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

Validation of mechanistic models for gas release and swelling is 
complicated by data containing large systematic errors, phenomena 
characterized by synergistic effects, and uncertainties in material 
properties. Statistical regression analysis is recommended for the selection 
of a reasonably well-characterized data base for gas release from Irradiated 
fuel under normal and transient heating conditions. It is demonstrated that 
an appropriate data selection method is required to realistically examine the 
impact of differing descriptions of the phenomena, and uncertainties in 
selected materials properties, on the validation results. Comparison of 
FASTGRASS predictions with test data indicates two major trends: 
(1) fission-product release behavior from solid fuel depends strongly on fuel 
microstructure and irradiation history, as well as on fuel temperature, 
transient scenario, and internal fuel-rod chemistry; and (2) fuel 
liquefaction/dissolution, fracturing, and oxidation also exert a pronounced 
effect on release during fuel-rod degradation. 
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The FASTGRASS mechanistic approach to the prediction of fission-
product release during normal irradiation, postirradiation annealing, and 
severe core-damage accident conditions compares well with release trends 
noted from in- and out-of-reactor experiments. The FASTGRASS 
predictions agree much better with the data over a Avide reinge of 
temperature, fuel bumup, and fuel-damage conditions than the conventional 
temperature-only, semiempirical correlations. 
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1 Introduction 

Both the Three Mile Island (TMI)-2 and Chernobyl accidents have 
increased public awareness of the potential for large-scale fission-product 
release during severe core-damage accidents. Both events resulted in 
significant release of noble gases (Xe, Kr), and volatile (I, Te, Cs) and 
alkaline earth (Sr, and Ba) radionuclides from the fuel itself. Differences in 
primary coolEint and design of contsiinment buildings largely determined the 
ultimate release characteristics of the plants. However, a detailed analysis of 
fission-product release for severe accidents requires adequate time-
dependent prediction of the release of volatile and alkaline-earth fission 
products, (VFPs) and (AEFPs), respectively, from fuel, and subsequent 
analysis of the transport behavior of the fission products from the degraded 
core, primary system, and containment. The first step in this analysis is the 
prediction of VFP and AEFP release from severely damaged fuel. This paper 
describes the primary physical/chemical models that form the basis of the 
Fast Gas Release and Swelling Subroutine (FASTGRASS) mechanistic code 
for the estimation of the release of six fission products, including those with 
the most serious effects on human health. In terms of the health 
consequences, as indicated in Table 1, I, Te, and Cs are the primary risk-
dominant radionuclides associated with the release of fission products 
during severe core accidents.! The next most important fission products 
with respect to public health are Sr, Ru, and Ba. Based on an assessment of 
long- versus short-lived fission products,^ FASTGF?ASS does not directiy 
include the effects of radioactive decay. However, this effect can be 
indirectiy modeled in FASTGRASS by using effective generation rates 
(obtained, for example, from the OFilGEN code).3 

In recent years, considerable progress has been made in identifying gas-
release mechanisms in U02-base fuels during steady-state conditions."* This 
progress has been made through both experimental and theoretical work 
and has been tested and utilized in the development and application of 
computer codes. The delineation of fission-gas behavior during off-normal 
or transient conditions, and a predictive capability for this phenomenon is 
much less advanced. An understanding of and the capability to predict the 
behavior of fission gases in nuclear fuel during off-normal conditions £ire 
essential to any rational estimate of fuel-element integrity, fission-product 
source, and the associated safety issues. 
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Table 1. Ranking of Radionuclides with Respect 
to Health Effects 

Element 

Iodine, I 
Tellurium, Te 

Cesium, Cs 
Strontium, Sr 

Ruthenium, Ru 
Barium, Ba 
Yttrium, Y 

Cerium, Ce 
Antimony, Sb 

Plutonium, Pu 
Curium, Cm 
Molybdenum, Mo 

Lanthanum, La 

Rank 

1 
2 

3 
(4)b 

(4) 
6 
7 

(8) 
(8) 

(10) 
(10) 
(12) 

(12) 

Ranking Factor^ 

3 8 
37 

31 
16 

16 
11 

6 

5 
5 
4 
4 

3 

3 

^Ranking factor is based upon amount of species released 
and health consequences. 

^Parentheses denote equivalence in raiik.. 

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

FASTGRASS is a mechanistic computer code for predicting fission-
product behavior in U02-base fuels during steady-state and transient 
conditions. This code represents an attempt to develop a predictive 
capability for the full range of possible reactor operating conditions, and 
acknowledges an intimate relationship between the pretrcinsient history and 
the accident sceneirio. FASTGRASS was originedly developed to satisfy the 
need for a fast-running alternative to the Steady-State and Tremsient-Gas 
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Release and Swelling Subroutine (GRASS-SST). 15 Both GRASS-SST and 
FASTGRASS have been developed under U.S. Nucleair Regulatory 
Commission sponsorship. (GRASS-SST development was initiated in 1974, 
and FASTGRASS, in 1978.) Subsequentiy, additional fission products (Cs, I, 
Ba, Sr, and Te) were added to the FASTGRASS calculation. The most 
important differences between FASTGRASS gas-behavior models and 
GRASS-SST are in the algorithms used for calculating the densities of 
bubbles in each of a number of bubble size classes. Each bubble size class is 
chgiracterized by an average number of atoms per bubble, the value of which 
differs from that of the preceding size class by a constant multiplier. The 
number of size classes is a variable that is determined d5mamically during a 
computer run. Changes in the bubble size distribution, caused by bubble 
coalescence and irradiation-induced re-solution, for example, are 
determined by solving a large number of integral/differential equations for 
each time-step. Solutions are CEirried out for bubbles on grain surfaces (faces 
and edges), along dislocations, £ind in the bulk matrix. An iterative solution 
of a large number of coupled equations is a major contributor to the 
computer running times of GRASS-SST. 

In contrast to the multiclass description of the bubble size distribution 
in GRASS-SST, FASTGRASS calculates the evolution of the average size 
bubble (e.g., corresponding to the peak in a GRASS-SST-calculated 
distribution). A typical calculation of one-node gas release with FASTGRASS 
entails the simultgmeous solution of five equations: intragrcinular gas atom 
and bubble density, bubble densities on the grain faces and edges, and gas 
release due to long-range porosity interconnection along the grgiin edges. 
Single gas atoms are characterized by their number density and atomic 
radius, whereas gas bubbles are characterized by number density and average 
size, expressed as the average number of atoms per bubble. The equilibrium 
radii of the bubbles are determined with a modified hard-sphere equation of 
state, and the nonequilibrium radii are determined on the basis of vacancy 
kinetics and interactions between reactive fission products (e.g., I, Cs, Ba, 
and Sr) and the fuel. 

Sections 2 and 3 of this report present an overview of the modeling of 
noble-gas release from solid fuel. The release of noble gases plays a major 
role in establishing a route for fission-product migration from the interior of 
the solid fuel matrix to the exterior or escape surface. In Section 4, the 
models are compared with postirradiation anne£iling data. Section 5 
describes the chemical interactions between reactive fission products (e.g.. 
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I, Cs, Ba, and Sr) and the fuel. Section 6 describes phenomena affecting 
fission-product release under severe accident conditions, where fuel-
oxidation-induced grain growth, molten-zircaloy-cladding-induced fuel 
dissolution/liquefaction, and quench-induced fuel shattering occur. In 
Section 7 the theory is compared with data. Section 8 compares fission-
product release from conventionally irradiated fuel during out-of-reactor 
high-temperature heating tests in a flowing-steam atmosphere, as 
determined by an NRC empirical model and FASTGRASS. Sections 9 and 10 
describe FASTGRASS input and output, respectively. FASTGRASS 
configuration has been designed to provide flexibility in altering model 
options (e.g., invoking or not invoking microcracking, grain growth, etc., 
model options for gas precipitation in solids, etc.) £ind materials properties. 
For example, FASTGRASS has been used to analyze the behavior of He 
bubbles in austenitic stainless steels, 16 Kr implanted into Ni,!'^ as well as the 
behavior of fission gas in uranium silicide (UsSi, U3Si2) aluminum dispersion 
fuels. 18 Finally, Section 11 presents remarks and conclusions. 

2 FASTGRASS Theory of Fission-Gas Behavior in 
Solid Fuel 

The FASTGRASS code mechanistically predicts atomic and bubble 
behavior of fission gas in UO2 fuel under steady-state and transient 
conditions. Models are included that assess the effects of fission-product 
generation, atomic migration, bubble nucleation and re-solution, bubble 
migration and coalescence, and chEinnel formation on grain faces, of 
interlinking on grain edges, and microcracking on both the amount of 
released fission products £ind on their distribution within the fuel. 
FASTGRASS solves a set of coupled nonlinear differential equations for the 
intra Eind intergranular concentrations of fission-product atoms and gas 
bubbles of the form 

dC, 

dt 
1 _ ,2 = -aiCi -b iCj+Ci . (1) 

The variables in Eq. 1 are defined in Table 2. The basic equations solved in 
FASTGRASS are described below. In these basic equations, Cg, Cb, Cf, and 
Ce are the concentrations of intragranulgir gas atoms, gas bubbles, graiin face 
bubbles, and grain edge bubbles, respectively, and Nb, Nf, and Ne are the 
corresponding number of gas atoms per bubble. 



Table 2. Definition of Variables in Eq. 1, dCj / dt = -a^cf - biCi + ê  

Ci a,Cf biCi ei 

Concentration of intra-
granular gas atoms, 
VFPs. and AEFPs 

Concentration of intra-
granular gas bubbles 

Concentration of grain 
face gas bubbles, VFPs. 
and AEFPs 

Concentration of grain 
edge bubbles, VFPs, 
and AEFPs 

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

Rate at which gas bubbles 
are lost due to bubble 
coalescence 

Rate at which gas bubbles 
are lost due to bubble 
coalescence 

Rate at which gas bubbles 
are lost due to bubble 
coalescence 

Rate at which gas atoms. VFPs, 
and AEFPs are lost due to radio-
lytic decay, diffusive flow to the 
grain boundaries, grain bound­
ary sweeping, diffusion into gas 
bubbles, chemical reactions, 
and fuel dissolution 

Rate at which gas bubbles are 
lost due to diffusive flow to the 
grain boundaries, grain bound­
ary sweeping, gas atom re­
solution, and fuel dissolution 

Rate at which gas bubbles, VFPs, 
and AEFPs are lost due to diffu­
sion to grain edges, formation 
of grain face, channels, micro­
cracking, chemical reactions, 
fuel liquefaction/dissolution, 
and long-range migration 

Rate at which gas bubbles, VFPs, 
and AEFPs are lost due to long-
range grain edge/bubble inter­
connection, microcracking, 
chemical reactions, and fuel 
liquefaction / dissolution 

Rate at which atoms, VFPs, 
and AEFPs are gained due 
to atom re-solution, 
fission of uranium nuclei, 
chemical reactions, and 
long-range migration 

Rates at which gas bubbles 
are gained due to bubble 
nucleation. diffusion of 
gas atoms into bubbles, 
and long-range migration 

Rate at which gas bubbles, 
VFPs, and AEFPs are gained 
due to Intragranular migra­
tion to grain faces, chemical 
reactions, and long-range 
migration 

Rate at which gas bubbles, 
VFPs. and AEFPs are gained 
due to migration of grain-
face fission products to 
grain edges, and chemical 
reactions 
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2.1 Intragranular Fission Gas 

The concentration of gas atoms, Cg, is determined by solving the 
equation 

-^ = -16KFNRgDgC| - 47t(Dg + D5)(Rg + Rb)CgCb 
dt 

•^|Vb-Vg|(Rg + Rb) CgCb-SrVgCg + - - f - i r = d g / 2 
dg 8r 

-3Cgdg(t)Vgb / df + KK + bNbCb + 5bNfCf + SbNgCe. (2) 

In Eq. 2, Rg, Rb, Dg, Db, and Vg, Vb are the radii of the intragranular gas 
atom and gas bubble, diffusion coefficients, and velocities, respectively. F N 
is the nucleation factor, i.e., the probability that two gas atomis that have 
come together actually stick. S"" is the grain boundary area per unit 
volume; dg, the grain diameter; K, the fission rate (fissions/cc/s); and x, the 
number of gas atoms produced per fission. The successive terms on the 
right-h£ind side (RHS) of Eq. 2 represent, respectively, 1. the loss of gas 
atoms due to bubble nucleation; 2. and 3. the random £tnd biased capture of 
gas atoms by bubbles; 4. and 5. biased and random diffusion of gas atoms to 
grain boundaries; 6. loss of gas atoms due to grain boundary sweeping; 7. gas 
atom generation due to fission; and 8-10. the gain of gas atoms due to gas 
atom re-solution from intragranular, grain face, and grain edge bubbles. 

The fifth term on the RHS of Eq. 2, the flux of gas atoms diffusing to the 
grain boundaries in a concentration gradient, is obtained by solving for the 
concentration of gas atoms, Cg, within a spherical grain satisfying the 
equation 

at r^ Br 
+ KK. (3a) 

V 
'g^ ar 

In general, Eq. 3a is solved with the boundary conditions 
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Cg = 0 at t = 0 for o < r < dg /2 , 

Cg = 0 at r = dg/2 for to < t < to At, 

(3b) 

(3c) 

ac 
ar 

^ = 0 a t r = Ofor t o < t < t o + A t , (3d) 

where At is an increment of time. 

The concentration of gas atoms in a sphericsd grain described in 
Eq. 3a is 

r ^ d r 
D,,r 

dc..^ C^ C° 

ĝ  dr 5t 5t 
(4) 

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

l/2dg 

d \ 4% 

0 

DafdCa^ 'g g 
dr 

'g 
26t 

^Cg 
5t 

V 

'g 
J 

r^dr = 0, (5a) 

which assumes that Dirichlet boundary conditions are to be applied. An 
approximate solution to the problem may now be obtained by choosing a trial 
function that satisfies the boundary conditions and minimizes the integral in 
Eq. 5 in terms of free parameters in the function. Many t5rpes of trial 
function could be chosen, but piecewise functions are easier to handle than 
global fianctions. Quadratic functions are attractive because they allow £in 
exact representation of Eq. 3a for long times. To meet the objective of a 
realistic level of accuracy with a minimum of computer storage and running 
time, the spherical grain is split into two concentric regions of 
approximately equ£il volume (Fig. 1). In each region, the gas concentration 
is represented by a quadratic function constrained to have dCg/dr = 0 at r = 
0. In the outer Region II (Fig. 1), the concentration function is constrained 
to a value of Cg = 0 at r = dg/2. The two functions are also constrained to be 
continuous at the common boundary of the two regions. This leaves three 
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Fig. 1. Configuration of the two-zone model 

free parameters. Matthews and Wood^^ chose these to be the 
concentrations C^,C|,£indC|, respectively, for the radius ratios pi = 0.4, p2 
= 0.8, and p3 = 0.9, where p = 2r/dg. These positions are the midpoint 
radius of Region I, the boundary between the regions, and the midpoint 
radius of Region II, respectively. Thus, the trial functions are as follows: 

For Region I, 

Cg = c f (0.64 - p2) / 0.48 + (p2 - O.ie) / 0.48. (5b) 

For Region II, 

Cg = 5C|(l0p2 - 19p + 9) + 10C§(l8p- 10p2 - 8). (5c) 

Eqs. 5b and 5c are substituted for Cg in Eq. 5a and an extremum is found by 
differentiating with respect to Cf ,C | , andC | in turn. The following three 
linear equations are thus obtained: 

(qiDg / d | + q2/8t)cf + (qsDg / d | + q4/8t)ci 

= Kgq5+(c?q2+C§q4)/8t. (5d) 
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(qsDg / d^ + q4/8t)cf + (qgDg / d^ + qy/gijcf 

+ (q8Dg/d|+q9/8t)c§ 

= KgQlO + (C?q4 + C§q7 + cgqg) / 5t, 

(qgDg / d l +qg/8t)c| +(qiiDg / d | +qi2/5t)c§ 

= Kgqi3 + (c§q9 + C§qi2)/8t, 

(5e) 

(5f) 

where cf .C2, andCs are the values of the concentrations at the evaluation 
points at the stEirt of the time increment. The various q coefficients sire 
integrals, which, when directly evaluated, are, to four figures. 

qi = 4.552. 

q4 = 0.02167. 

q7 = 0.07615. 

qiO = 0.01008, 

q i3 = 0.1083. 

q2 = 0.06935, 

qs = 0.09102, 

qs = -38 .72 , 

q i l = 87.04, 

qa = -4 .552 , 

qe = 37.78, 

qg = 0.008456. 

qi2 = 0.08656, 

Equations (5d)-(5f) can be directly solved to obtain the concentrations 
Ci, C2, and C3 as follows: 

1 IT' * 

^ 2 - F2 

^ X i + ^ X 3 - X 2 
F7 (5g) 

F 2 + — F S - F 4 
Fi F7 ^ ^ 

and 

C§=(x3-F5Cf)/F7. (5h) 

where 
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Fi =qiDg / d | +q2 /6t , Fg = qsDg / d | + q4 / 6t, 

Xi = Kgqs + (Ciq2 + C2q4) / St, 

F4 =q6Dg / d | +q7 /5t, F5 = q8Dg / d ^ + qg /5t , 

X2 = Kgqio + (Ciq2 + cHq7 + cgqg) / 5t, 

F7 = qi iDg / d | + qi2 / 5t, and 

X3 = Kgqi3 + (c§qg+cgq^2) /St-

The flux of gas atoms to the boundary (in units of atoms/cm^/s) is given by 

6Dg ac 
J = -

dg ar ^=dg/2- (5i) 

J = — | - ( - 6 0 C f + 2 4 0 C | ) . (5j) 

For proper coupling of the diffusive flow process to other processes that 
affect fission-gas behavior, (e.g.. gas atom re-solution, gas atom trapping by 
bubbles, Eind gas bubble nucleation and coalescence) information is required 
on the average concentration of fission gas Avithin the grain. 

Matthews eind Woods ^^ determined that the best expression for the 
average concentration within the grains, Cg. is given by 

Cg = 0.2876Cf + 0.2176C| + 0.4261C|. (5 k) 

At the end of an iteration, the concentrations Ci, C2, £ind C3 in Eq. 5k are 
scaled by imposing the condition that the average concentration calculated 
by use of Eq. 5k is equal to the average concentration calculated by use of 
Eq. 2, i.e., that 

(51) 
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The modified C f . C | . a n d C | then become the initial values of these 
concentrations (i.e.. cP,C2, and C3) to be used for the next iteration. The 
diffusive flow of fission-gas bubbles is treated in a manner analogous to that 
for fission-gas atoms, but Avith K = 0 in Eq. 3, This method of coupling 
diffusive flow to other processes that affect fission-gas behavior (e.g., gas 
atom re-solution, gas atom trapping by gas bubbles, gas nucleation and 
coalescence) is computationgdly efficient and has been benchmarked against 
various analytical solutions. 19 

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

R^ jR-xV 2 ; 
(6a) 

where cos 9 = (R2 - X^ - r2)/2rX. A strEiightforward integration of 
Eq. 6a results in 

b = ^ ( F 2 - F i ) . (6b) 

where 

F 9 = R " 
R R^ 
— + • 

1 
6 16^ 8 l X 

R (6c) 

F,={R-xy 
6 16A, 8 l I (6d) 

where X is the average distance an ejected atom travels, bo is a measurable 
property of the material, and 6 is a measure of the "strength" of gas atom 
re-solution fi*om grain boundary bubbles. 

To solve for Cg with E}q. 2, a number of terms on the RHS must be 
determined. RHS Terms 2, 3, 6. and 8 depend on Cb- The equation for Cb, 
the concentration of intragranular bubbles, is given by 
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dCj 
dt 

= 16KFNRgDgCg2 / Nb + 47c(Dg + Db)(Rg + Rb)CgCb / Nb 

+K Vb - Vg (Rg 4- R b f CgCb / Nb - S rVbCb + ^ % 
dg ar r=dg/2 

- f ^ V g b - b C b + — N b ^ - C f + — C e 
(7) 

The interpretations of the first six terms on the RHS of Eq. 7 Eire analogous 
to those given for Eq. 2. The last term accounts for the introduction of grsiin 
face Eind grEiin edge bubbles into the lattice due to bubble puUoff (if the 
bubbles Eire bigger than a given critical size Kf Eind/or Ke = 1; otherwise they 
are equal to zero) from a moving grEiin boundEiry, Eind/or the presence of 
large temperature gradients. 

2.2 Intergranular Fission Gas: Grain Faces 

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

dCf _ 3V gb 
dt 

= -5bCf - —-^KfCf - Vf (area / vol)Cf - Vf FAWGE / dgCf - PACf / 1 

+ s r (VgCg /Nf + VbCbNb / Nf) -1-

+3d(t)Vgb(Cg / Nf +CbNb / Nf) / dg. 

DgaCg 

Nf ar 
, DfaNb 9Cb 

r=dg/2 Nf ar r=dg/2 

(8) 

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

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

Ap = 7iR^Cfff(e), (9) 

where ff (0) is a geometrical factor that accounts for the lenticular shape of 
the grsiin face bubbles. If the gas is assumed to be made up of equal, closely 
packed, touching bubbles, the maximum areal coverage per unit area of grain 
face is Ap = 0.907. (Under conditions where this assumption is not valid, 
Ap* < 0.907, the FASTGRASS code utilizes a nominal value of Ap = 0.50). 
Grain face saturation (i.e., the initiation of gas channel formation) occurs 
when 

A P > A F S « « (10) 

where §o.a is the grEiin face area per unit volume 

Equations 9 and 10 do not account for local variations in fuel microstructure. 
To include these effects in the calculation of grain face channel formation, it 
is assumed that the local variations in fuel microstructure csm be 
represented by the width, Of, of a distribution of A, Eq. 9, such that the 
fraction of grain face channel interlinkage is given by 

'^ -^L=A:S- ^ ( — A ) ' z^-'?]'^- •"' 
'F"^v 

The width of the distribution in Eq. 11 is a function of erratic structural 
parameters, depending on locEil fuel condition and heterogeneity; in 
principle, it can be determined experimentEilly. 

2.3 Intergranular Fission Gas: Grain Edges 

The equation for Ce, the grain edge bubble concentration, is given by 
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dC^ SVfjhKpCp FAWGE Ne / 
^ ^ = -6bCe gb ^ % V f ^ ^ ^ ^ ^ — 1 - P i C f 
dt dg dg Nf 

+ P A ^ ( l - I ^ ) C t / t - ^ C , (12) 

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

PI = — - 7 = e x p - ( x - B v e d g e - B v p o r ) / 2 a , 
'e >'- '̂̂ *'x=nvcrlt 

dx, (13) 

where Byedge = 4/37iReaeCe, and ae is a geometrical factor that accounts 
for the ellipsoidEil shape of grain edge bubbles. Bvcrit = 0.05 is the value of 
the grain edge swelling at which long-range Interconnection would take 
place if the fuel microstructure and gas bubble morphology were 
homogeneous; Bypor = 0.0 for p > 92% of theoreticEil density. In the 
absence of microcracking, the fission gas that would have been vented via 
the crack remEiins on the grain boundsiries. (FASTGRASS contEiins a model 
for intergranular microcracking due to overpressurized fission-gas bubbles. 
This model has been discussed in a previous paper,^ and is sunraiEuized in 
Appendix A. The effects of microcracking on interlinkage Eire included by 
redefining Pj as Pi = maximum (Pj, Mc), where Mc is the fraction of the 
grEdn boundciry area/volume which has opened up due to microcracking. 
Retained grain edge fission gas causes the deformation of the grsiin edges 
(i.e., grain edge fission-gas-bubble swelling), and the subsequent increased 
long-rEinge interconnections of grain edge tunnels. This interconnection of 
grain edge tunnels provides the pathways for enhEmced fission-gas release. 
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The FASTGRASS intergranular swelling model has been benchmarked 
against experimental results, i^ 

2.4 Calculation of Average Number of Gas Atoms per Bubble 
Nb, Nf, and Ne 

Equations 2, 7, 8, and 12 express mass bEilance and are solved by 
assuming that the average number of atoms per bubble does not change over 
the Integration time-step, i.e., Nb = Nf = Ng = 0. Subsequent to the 
calculation of the Ci's. chEinges in Ni are calculated by exEiminlng the bubble 
growth and shrinkage fluxes that influence the average size bubble. For 
example, changes in Nb are calculated by evaluating 

N.aJ- 167tRbDbCg + TcRgabVbCg + 47t(Dg + Db)(Rg + Rb)CgCb / % 

-bCb-167cFNRgDgC| -f- — | 5 _ o 
'g 

^ C f + ^ 
iNf Ney 

(14) 

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

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

d g ^ 
dt 

^ V f F W G E c f . P ^ C f / t ' dP, PI + Ce ̂ ^ + Vf (area / vol)Cf 
dt (15) 

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

2.6 Options for Calculating Bubble Radii 

2.6.1 General Formulation 

Whereas IntragrEinular bubbles are assumed to be sphericEil, the 
intergrcinular gas bubbles Eire assumed to be lenticular on the grain faces Eind 
ellipsoidal along the grain edges. Grsiin comer bubbles are grouped with 
edge bubbles and Eire assumed to have the same shape. 

The diffusionEd growth of nonequilibrium intragrEmulEir bubbles is based 
on Ein Einalysis by Gruber.20 The rate of change of the bubble radius is given 

d R b ^ D u 
dt Rb 

1-exp- P - P h - 2Y Q 

kT 
(16) 

where Du is the vacancy diffusion coefficient, Q is the atomic volume, kT is 
the thermal energy, P is the internal gas pressure, Ph is the external 
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hydrostatic pressure, and "V is the surface energy. For ease in calculating, 
Gruber^O provided sm approximation for the relaxation time of the form 

Rb=RS+(R?-Rg)(i-e-*/^), (17) 

where '^ is defined by the initial growth rate calculated with Eq. 16. In 
FASTGRASS, Rb^ is obtained by solving an approximate equation of state 
simultaneously with the capillarity relation. 

The diffusional growth of nonequilibrium intergranular bubbles is taken 
from Speight and Beere.^i Accordingly, the rate of volume change of grEiin 
boundary pores is given by 

dV_2DgbWf 2Y 

dt kTL 
P — T - P h (18) 

where V is the volume of the pore, p is the radius of curvature of the pore, L 
is a function of the fraction of the grain boundEiry area occupied by pores, 
Dgb is the grain boundary diffiasion coefficient, and W is the boundary 
thickness. FASTGRASS provides three choices for the Xe equation of state: 
Van der Waals, Harrison's extrapolation, and a perturbed hEird-sphere 
model. The perturbed hard-sphere model also provides an equation of state 
for Kr and Ar. 

2.6.2 Van der Waals Equation of State 

The Van der WaEils equation of state is 

P(V - BN) = NkT, (19) 

where B is the Van der Waals constant (8.5 x 10-23 cm^/atom), smd N is the 
number of gas atoms in the bubble. Equation 19 is solved simultaneously 
with the capillarity relation 

" - ^^ +Ph- (20) 
Rb^ 
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The method of solving for R^^ consists of an interpolation (Regula Falsi, 
Fig. 2) that is applicable to any equation. Let x be the value of x for which 
chord AB (in Fig. 2) intersects the x-axis. 

From similar trlEingles 

X - X i _ Xi - x 

if(^=7Ky-
Solving for x gives 

__xif(x' i)-x' if(xi) 

^ = f(xi)-f(x,) • 

(21) 

(22) 

The value x is clearly a better approximation than either Xj or x j . 

Fig. 2. Method of Regula Falsi 
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2.6.3 Harrison's Extrapolated Equation of State 

FASTGRASS calculates the equilibrium bubble radius (cm) given the 
number of atoms/bubble, the temperature (K), the surface energy (erg/cm^), 
and the hydrostatic stress (djmes/cm^). The extrapolated equation of state 
for Xe, based on Hsirrison's work,22 is solved simultaneously with the genersd 
capillarity equation, Eq. 20. 

The equation of state assumed for Xe is 

P(DI - DLM) = AT. (23) 

where P is the gas pressure, DI is the inverse of the density, i.e.. the molsir 
volume, and DLM and AT are constants to be determined from the tabulated 
form of the equation of state for Xe published by Harrison.22 For a bubble of 
radius R that contains M moles (N atoms) of gas, the molar volume is given 
by 

DI = ̂ 7cR^/M, (24) 

where M = N/6.023xl02^. 

The sign convention for Ph is such that Ph is positive when the fuel is in 
compression. Equations 23-25 combine to form a quartic equation in R 

R4 3R3-3MrDLM^ArV_^M_2yDLM = 0, (25) 

which, in genersd. has four roots. The solutions to Eq. 25 Eure given in 
Appendix B. 

2.6.4 Modified Hard-Sphere Equation of State 

Based on a perturbed hard-sphere model. Ronchi23 utilized an equation 
of state of the form 
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iKr^P 
^ = zh«(y)-dVof(T)-AZ, (26) 

where r is the radius of the spherical volume of gas, Rg is the gas constant, 
Z^(y) = 1 + y - y^ - y"̂  / (i - y) (y = vd/4, where v is the effective gas volume 
Eind d is the gas density), AZ is a correction term discussed later, VQ is 
defined in Eq. 28 below, and f(T) is a function that can be calculated for a 
given interatomic potential and has the form 

oo 

f(T) = ̂ P " q S . (27) 
1 

where P = 1/T. and qji = constants based on those suggested by Ronchi.i^ 

The effective volume of the gas. v. is given by 

V = I^VC^LI^^ "" ̂ '̂̂ 1̂ ̂  "^4^^ •" ̂ ^^^\ (28) 

where 

Ay is Avogadro's number and 

, 37 r / , M9 , L843fl-L078(Ti-0.162)1 
B+=3/a^ l-exp(u/kT)r2dr = —p-i ; \ 09'^ - (29) 

LJ ^ *̂ ^ ^^ [ (T I -0 .553)TI ]T° -2^ 

where Tr is the reduced temperature and Tx =T^'^. 

The interatomic potential used in evaluating Eq. 29 is the Lennard-Jones 
F(12.7) potential, 

u(r) = eLF(12,7)[(aL / r)^^ _ (^^ / -̂7)], ^3^^ 

where F(12,7) is a constant. 

The AZ term in Eq. 26 is essentially a correction term that is 
proportional to the gas density to powers higher than 1 and has been 
determined by a fit to experimental data: 
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AZ = d? ^ ( 7 d r - L 3 3 / T r ) + A^(l + d?B^) 
Tr (31) 

where 

dr = reduced density, 

Tr = reduced temperature. 

di/dc (dc = 0.0265 moles/cm3). 

T/Tc (Tc = 289.8 K). 

Ax =0.615 
rL538'| 
I Tr J 

4 1.538 A 
[ Tr J 

. Eind 

Bx = 
1 when T< 1000 K. 

5 0 . 2 ( ^ - 0 . 2 5 ) ( j - - 0 . 8 4 ) - 5 . 4 w h e n T > 1 0 0 0 K . 

The hard-sphere equations of state, Eqs. 26-31, are solved simul­
taneously with the capillarity relation using the Regula Falsi method of 
interpolation described by Eqs. 21-22. 

2.7 Grain Growth/Grain-Boundary Sweeping 

FASTGRASS has been applied9'24 to the interpretation of the release of 
fission gas, I, Cs, and Te from irradiated high-bumup LWR fuel in a flowing-
steam atmosphere during high-temperature, in-cell heating tests 
performed at Oak Ridge National Laboratory (ORNL)25 and from trace-
irradiated and high-bumup LWR fuel during severe-fiael-dEimage (SFD) tests 
performed in the Power Burst Facility (PBF) Reactor in ldaho.26 The results 
of these analyses demonstrated that intragranular fission-product behavior 
during both types of tests can be interpreted in terms of a grain-
growth/grain-boundary-sweeping mechanism that enhances the flow of 
fission products from Avithin the grains to the grEiin boundaries. Basically, 
the model assumes that small intragranular bubbles, generally consisting of 
Xe, Kr, I, Cs, and vEirious fission-product compounds in the vapor phase, and 
gaseous VFP and A2EFP atoms in the path of a growing grsiin are swept up by 
grain boundEiry adhesive forces. Such grsiin boundary sweeping provides 
another mechanism for the collection of fission products at grain faces Eind 
edges. 
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The FASTGRASS theory of grain boundary sweeping of gas bubbles 
considers the interaction between the moving grain boundciry Emd bubbles in 
two distinct size classes: those on grain faces and those on grain edges. In 
addition, FASTGRASS provides a means of determining whether gas bubbles 
Eire caught up Eind moved along by a moving grain boundary or the grain 
boundary is only temporEirily retsirded by the bubbles and then brcEiks away. 

Speight and Greenwood27 proposed a grain growth theory that includes 
the sweeping of entrapped microbubbles by the front of Ein advancing grain 
boundEiry. The basic postulate of their theory is that small bubbles, because 
they exert a minimal drag force on Ein advEincing grain surface, are swept 
along with the moving boundciry, whereas large bubbles, because of their 
higher drag, detach from the advEincing surface. To assess the efficiency of 
bubble sweeping, they compEired the magnitude of the force exerted by a 
bubble on the boundary, i.e., 

Fb = 7cRbYgbSin2(l), (32) 

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

2Yeb 9 
^gb=-r~^gb' (33) 

where Rb = bubble radius, Ygb = grain boundary surface tension, <!)= Emgle of 
contact between the bubble and the boundsiry, re = radius of curvature of the 
grain, and 2rgb = characteristic distance of bubble spacing. 

Whereas Speight and Greenwood27 considered the effects of the moving 
boundary interacting v r̂lth a population of equal-sized bubbles, the theory 
presented here includes the effects on the moving boundary of two distinct 
distributions of bubble size, i.e., those on the grain faces and those on the 
grEiin edges (the motion of the moving boundary is retsirded by the presence 
of both grain face Eind grEiin edge bubbles). In addition, because FASTGRASS 
provides for a mechanistic cEilculation of intra- and intergranular fission-
product behavior, the coupled CEilculation between fission-gas behavior Emd 
grain growth is kinetically comprehensive. The magnitude of the totEd force 
exerted by the bubbles on the boundsiry, or vice versa, depends on bubble 
radius and Eingle of contact according to the relationship 

Fb = TiRbNf YgbSin2<t)f + 7cReNeYgbSin2(t)e = Nf Ff + NgEg, (34) 



25 

where the subscripts f smd e denote grain face and grain edge bubbles, 
respectively; Rf and Re are the corresponding bubble radii; Nf and Ne are the 
corresponding numbers of bubbles; ^f and (^^ are the corresponding smgles 
of contact between the bubbles and the boundsiry; and Ff and Fe represent, 
respectively, the forces exerted by a grain face and grain edge bubble on the 
boundary. 

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

. , DfFf 3a^Do2Ygb . _ (-E^'] . „_ . 
Vf = ^ ^ = 2-H^—2_sm2d)fexp—^ (35) 

* kT 4 Rp kT ^̂  ^IkTJ ^ ' 
and 

_ DfFf _ 3 ajDo 2Ygb f-KA 
kT 4 Rp kT V f = ^ ^ ^ - = : - "^Q ^"sin2(|)eexp -—g- , (36) 

kT 

where Vf and Ve, and Df and De are the velocities and diffusion coefficients 
of the face and edge bubbles, respectively; k is Boltzmann's constant; T is 
the absolute temperature; EIQ is the lattice constant; Do is the preexponential 
factor for surface self-diffusion of the matrix solid; and Eg is the activation 
energy for this process. 

To determine the contact angles <t>f and <t>e in Eqs. 35 sind 36, the 
velocity of the moving grain boundary must be evaluated. At temperatures of 
about 1900 K, atomic mobilities in UO2 result in an enhsmced migration of 
atoms from the convex to the concave side of a curved boundsiry. The atoms 
move toward the concave side of the boundsiry because, in that location, they 
are surrounded by a somewhat large number of neighboring atoms and 
thereby exhibit a lower effective energy state. In other words, the net flux of 
atoms, J, across a curved grsiin boundsiry occurs because the binding energy 
of the atoms in the matrix is somewhat higher on the concave than on the 
convex side of the boundary. The net result of this atomic motion is 
shrinkage of small grains with predominantly convex surfaces and growth of 
larger grains with concave surfaces. The net flux of atoms across the 
boundsiry can be expressed as^S 
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2 
J = ^ ^ e x p ( - Q / k T ) , 2kT (37) 

"̂ 0 

where v is the frequency of vibration of an atom in the solid lattice adjacent 
to the boundary, AE is the difference in energy between two atoms located 
on opposite sides of the boundary, and Q is the activation energy for grsdn 
boundary motion. The velocity of the grain boundary, Vgb, is the product of 
the flux, J , and the atomic volume, which is approximately equal to the cube 
of the lattice constant, 

AE 
kT* 

Vgb = Ja^ = vao ̂ e x p ( - Q / kT). (38) 

The energy difference, AE, can be related to the intrinsic properties of 
the curved grain boundary and to the size and number of gas bubbles 
attached to the boundsiry. In the absence of differential strsiin between 
adjacent grains, the intrinsic tension force of the grain boundsiry is the 
primary force acting on the boundary, sind it acts to move the boundsiry 
towsird the center of curvature of the convex grain. The grain face and grain 
edge bubbles exert a drag force in the opposite direction. If a section of 
grain boundary with sirea Agb moves a distance dx, then 

AE = 
2Ygb 

(Agb)-Fb dx. (39) 

where Fb is given by Eq. 34. The first term in the brackets in Eq. 39 
represents the adhesive effects of interfacial surface tension, i.e., Fgb of 
E^. 33. The number of atoms displaced from one side of the boundary to 
the other is Agbdx / ao. 

Dividing this expression into the preceding one gives the following 
equation for the energy chEinge per atom transferred across the boundary: 

AE 
_2a|Ygb^ 

1-
7tRfNfrcSin2(|)f 7tReNercSin2(|)e 

2A gb 2A gb 
(40) 

Inserting Eq. 40 into Eq. 38 5aelds the grain boundsiry velocity, i.e., 
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V.b=^^^exp(-9/in-) 
TckT 1-K 

TiNfRf 

Agb 

2^ 

RfJ 
sin2(t)f (41) 

-Yl 
7cN R̂̂ 2 Y ^ \ 

Agb V^ey 
sin2(|)( 

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

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

V f = V e = V g b . (42) 

The first equality in Eq. 42 yields 

sin2<t>f _ sui2<|)e 
R? Ri 

(43) 

From Eqs. 41-43, one obtains 

sin2(t)e = 3Dorc r E s - Q V i / 
4 R | V ^ I kT Ĵ >^ Agb 

\( \ 

Re , 

+ /2 
( AT r ) 2 Y TCNfRf 

V A gb R, 
\ ^ ) vReJ 

(44) 

Because sin 2<t) cannot exceed unity, the condition for bubble 
detachment is met when the RHS of Eq. 44 exceeds unity. If this condition 
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is satisfied and Rf = Re, both face and edge bubbles become detached from 
the boundary. If Rf "*" Re, the larger bubble becomes detached (we assume 
for the sake of this discussion that Re > Rf) and the condition that the 
smaller bubble be swept along with the moving boundary is examined by 
requiring that Vf = Vgb- This results in 

sin2(t)f = 3Dorc 
4 Rpv exp 

E s - Q 
kT + /2 

TcNfRf 
Agb v%; (45) 

If the RHS of Eq. 45 exceeds unity, the smaller bubble (Rf in this case) 
is also detached from the boundary. If the RHS of Eq. (44) or (45) is less 
than unity, both face and edge bubbles, or jus t face bubbles, respectively, are 
swept along with the moving boundary. The contact angles <t>f and *t>e cstn be 
computed from Eqs. 43-45 and used in Eqs. 35 smd 36 or 41 to determine 
the bubble or grain edge velocity. 

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

dCgb _ 3eCi d(dg) _ 3eCiVgb 

dt 'g dt 
(46) 

where Ci is the intragranular concentration of a fission product, dg is the 
grain diameter at time t, and e is a factor that describes the sweeping 
efficiency of the grain boundary. The value of e is assumed to be unity for 
the fission gases Eind atomic I, and 0.6 for atomic Cs. The lower vsdue of e 
for Cs is consistent with the high chemical affinity of Cs for UO2, other 
fission products, and metallic inclusions. 

For each fission product, Eq. 41 provides one term in the rate equations 
for intragranular fission products, e.g., Eqs. 2 and 7, and one term in the 
rate equations for the intergranular fission products. The bubble radii, the 
intra sind intergrEinular concentrations of the fission products, the grain size, 
the fi"action of the grain boundary area occupied by bubbles (jcNfRf/Agb and 
jcNeRe^Ag), and the probability of grain edge tunnel interlinkage are some of 
the key qusintities calculated as a function of time. 
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2.8 Fuel Oxidation Effects 

Fuel stoichiometry can have a pronounced effect on atomic mobilities in 
UO2 fuel and thus on grain growth kinetics. Data^Q on the diffusivity of I33xe 
in UO2 + X as a function of the fuel stoichiometric condition show that 
increased levels of O in solution in UO2 lead to observed increases in the 
diffusivity of i^Xe and ^^Kr. For example, a change from UO2.0 to UO2.12 can 
increase the diffusivity of ^^^Xe by more than two orders of magnitude. 
Thus, the stoichiometry of the oxide can have a significant impact on atomic 
mobility and grain growth characteristics. Indeed, in the highly oxidizing 
environment of fuel exposed to steam flow at elevated temperatures, UO2 
can be expected to become hyperstoichiometric (0 < x < 0.15) during the 
course of a severe core-damage accident.^o 

To account for such oxidation effects, two values of the activation 
energy, Q, are employed in the present version of FASTGRASS. For 
stoichiometric UO2.00 (nominal grain growth), Q = 357 kJ/mole. This value 
of Q for stoichiometric fuel is close to the value of 360 k J /M determined by 
MacEwan and Hayashi.^i For h5rperstoichiometric (oxidized) fuel, the 
activation energy is decreased to Q = 294 kJ/Mole, approximately 
proportional to the difference in activation energy between UO2 and UO2+X 
reported by Turnbull.32 This value of Q, for oxidized UO2, was determined 
by the requirement that the integrated intragranular Xe release as calculated 
by FASTGRASS be consistent with measured total (end-of-test) release 
values for SFD-scoping test. 18 

3 FASTGRASS Theory of Fission-Gas Behavior in Solid 
Fuel: Precipitation-Hindering Option 

3.1 Introduction 

As discussed in Section 3, conventionsil theories of gas precipitation in 
solids are based on the kinetics of gas bubble nucleation and groAvth (e.g., 
see Refs. 9, 33, sind 34). A gas bubble is nucleated when two or more gas 
atoms come together in the proximity of one or more vacancies or a vacEincy 
cluster. Subsequendy, bubble growth is determined by the relative rates at 
which atoms are gained (by gas atom diffusion to the bubble and by bubble 
coalescence) and lost (by irradiation-induced re-solution processes). In all 
cases, the rate of growth or shrinkage of the bubble to an equilibrium size 
depends on vacancy concentration sind diffusivity. 
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Conventional theory encounters conceptual difficulty during isothermal 
annealing of nuclear fuel that has been irradiated at relatively low power. 
Under these conditions, the as-irradiated material contains a high . 
percentage of gas in solution within the grain matrix. 27-34 Experiment-
ally,35-42 relatively high rates of gas release from low-power fuel have been 
observed during and after heatups to relatively low temperatures (1300-
2000°C). For "reasonable" choices of certain materials properties (i.e., those 
Eiffecting gas atom diffusion and bubble nucleation), conventional theory 
predicts a high rate of trapping of the gas in solution by the existing bubble 
population and, hence, a low rate of gas release to the grain boundaries and 
to the fuel surface. The equation for transport of a gas to the grain bound­
aries in a grain of radius dg/2 in the presence of intragranular precipitation, 
gas bubble nucleation, and irradiation-induced re-solution can be written as 

9Cg /a t = DgV2Cg-dh /d t + bNCb-(dN/dt)j^+K, (47) 

where (dN/dt)n = gas bubble nucleation rate. 

The rate of gas precipitation into bubbles, dh/dt , can be expressed as 

d h / d t = 47c(Rg+Rb)(Dg+Db)Cb(Cg-C^). (48) 

where Cg is the gas solubility. 

In solving Eq. 47, it is generally assumed that the grain boundary 
represents a perfect sink for the gas, i.e., Cg(dg/2) = 0 for t > 0, e.g., see 
Eqs. 3a-3d. The effect of irradiation-induced re-solution, i.e., the term 
bNCb in Eq. 2, although not important for postirradiation Einnealing 
conditions, plays a significant role in determining fission-gas dynsimics 
during irradiation. In turn, gas response during anneals is dependent on the 
initlEil conditions (e.g., bubble size distribution) set by the prior irradiation 
history. 

The fission gases are believed to be highly insoluble within the fuel 
matrix. Consequently, bubble nucleation is favored and occurs when two or 
more gas atoms come together in the presence of one or more vacEincies or 
a vacEincy cluster. The rate at which gas bubbles sire nucleated can be 
expressed as 

(dN / dt)n = 167tFNDgRgCg. (49) 
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where FN, the nucleation factor, is the probability that two gas atoms that 
come together actually form a stable nucleus. Once nucleated, the fission-
gas bubbles can grow by the accumulation of gas atoms and vacancies smd by 
bubble coalescence, and can shrink by irradiation-induced re-solution: 

dCb/dt = -167iRbDbCb+(dh/dt)/N+(dN/dt)n/N-bCb. (50) 

Diffusional growth of nonequilibrium intragranular bubbles is based on 
vacancy dynamics; bubble equilibration is assumed to occur by volume 
diffusion of vacancies. The rate of change of the bubble radius is given by 
Eq. 16, i.e., dRb/d t = Du/Rb{l-exp[-(P-Ph-2Y/Rb)Q/kT]} . 

The equilibrium radius is obtained by using an appropriate equation of 
state and the generalized capillary relation given by Eq. 20, i.e., 
P = 2Y/Rb+Ph. 

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

Alternatively, Rest^^ showed that, within the conventional theory, 
fission gas, I, and Cs release from irradiated high-burnup fuel in a flowing-
steam atmosphere during in-cell heating tests to 1700-2000°C, could be 
interpreted in terms of a grain-growth/grain-boundary sweeping mechanism 
that enhances the flow of fission-gas and volatile-flssion-product atoms 
from within the grains to the grain boundaries. Fission-product release as a 
function of time (heat-up and isothermal hold) was predicted accurately by 
the model, as was the observed grain growth. 
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However, appreciable grain growth has not been observed in several 
postirradiation annealing experiments where relatively high rates of gas 
release were measured.38.39 in addition, it is difficult to assess the 
validation results for the thermal re-solution model,^^ because the results 
strongly depend on the values chosen for certain critical materials proper­
ties (e.g., fuel oxygen-to-metal ratio, gas atom solution energy) and on the 
relative importance of other fission-gas release mechanisms (e.g., bubble 
coalescence, interlinkage of porosity on grain faces and grain edges). Pre­
sumably, Ronchi'*'* was unable to provide quantitative validation for his gas 
precipitation model (separate-effects model) because of a lack of coupling to 
other key fission-gas behavior models (multiple-effects phenomena). 

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

3.2 Model X: The Conventional Model 

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

A great variety of experimental techniques have been used in attempts 
to determine the diffusion kinetics of U ions in UO2 and U02+x-*®~^^ In 
general, the poor agreement among the many diffusion coefficient 
measurements has been ascribed, in part, to variations in, or lack of control 
of the stoichiometry of the samples. Measurements of the preexponential 
factor in an Arrehnius fit to the data reported in Ref. 40 vary from 4 x 10"^ 
to =1 cm2/s, whereas experimentally deduced activation energies range 
from 70 to «105 kcal/mole. The variation in the metal self-diffusion 
coefficient at 1600°C covers approximately five orders of magnitude for 
variations in the O-to-metal ratio of 1.98 to 2.10.^9 For purposes of this 
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Table 3. Values of Key Materials Properties Used in E>js. 16, 
20, and 47-50, which Define Model X 

Parameter Value 

Dg (cm2/s) 2.1 X 10^ exp(-45820/T + 3.5 x 1 0 - 3 0 K ) 

Fn 2.0 X 10""^ 

Du (cm2/s) 2.0 exp(-65000/T) 

study, the activation energy for U self-diffusion in stoichiometric UO2 is 
taken from the solution of the mass-action equations for the various defects, 
together with an expression for the diffusion coefficient of an individual 
vacancy. 35 For Model X, an upper bound on the preexponential factor^o.SO is 
utilized to de-emphasize the effects of bubble overpressurization. A larger 
value of Du in the Model X calculations results in larger bubbles, i.e., the 
bubbles approach equilibrium at a faster rate, as described by Eq. 16. 

3.3 Model Y: Modified Calculation of Gas Precipitation in Solids 

The conventional gas precipitation model. Model X, described above is a 
phenomenological description of one aspect of fission-gas behavior. Many 
authors (e.g., Refs. 33, 34, 35, and 9) have relied on this description of gas 
precipitation in a solid in modeling integral gas release behavior, where a 
multitude of synergistic mechanisms of behavior are simultaneously 
operative (e.g., diffusive flow, grain growth, grain face channel formation, 
grain edge tunnel interlinkage, microcracking). In addition, the multitude 
of models for integral gas release described in the literature do not 
incorporate a consistent set of materials properties. The situation is further 
complicated when one realizes that a consistent data base is not used for 
model validation. Thus, one is presented with a confusing array of models, 
validation results, claims, and criticisms. 

To shed some light on the effects of differing mechanistic descriptions 
of a natural phenomenon (each incorporating different sets of materials 
properties) and on the differentiability of the models when validated against 
the same data base, the conventional gas precipitation model has been 
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modified to arrive at "Model Y." Model Y is based on a model presented by 
Ronchi'*^ for the precipitation of gas into highly pressurized bubbles. 
Ronchi'^4 showed that the elastic strain field produced by the 
overpressurized bubbles increases with gas precipitation and finally leads to 
a lowering of the precipitation rate. The increased level of gas in solution is 
available for diffusion to the grain boundaries and for subsequent release to 
the fuel surface. 

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

^ = . R l e ( R ) ( j g - J . ) , ^^ -u-v-,v-s - v / ' (51) 

with 

)2 TcRS Jg = 47tRbDgCg exp (-Ag / kT) (52) 

and 

jiR^Jv = 47iRbDvCvexp(+Ag/kT), (53) 

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

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

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

gs = o=^n/^. (55) 

where a is the stress field around the bubble, fl is the lattice molecular 
volume, and \i is the elastic modulus. The stress field around the bubble is 
given by Ref. 51 as 

a(x) = (P-2Y/Rb)Rg(l -x3/x3) / (x3-R3) , (56) 

where x is the distance from the center of the bubble and XQ is the radius of 
the spherical volume on the surface of which the stress is assumed to be 
completely relaxed. Eivaluating a(x) near the bubble surface, and assuming 
that xo » Rb (usually the case), Eqs. 54-56 reduce to 

e(R) = dgs / dn = 2fl / n(Pi - 2Y / R)dPi / dn. (57) 

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

Using Eqs. 51-56, 

dPj^kT 
dn V 

^TCRfPi 
v^H-Vof 

(1-yf 

^ + d? f;^(14d, -1.333 / Tr) + 3A^B^d2 
^J) 

(58) 

Once e(R) has been evaluated with Eq. 58, Ek}. 51 can be integrated to 
obtain 

exp,^./K^)J--;"3:f:,-r)i. 
(59) 

where 
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G(t) = [(By -B '+H) / (Bv-B-H)]exp( -47t<eRb >Ht /RT) , 

A = CgDg, 

By = CyDy = Du, 

B' = 2Bvexp(+Ag/RgT) at t = 0, 

H = ( B ? + 4 A B V ) ,and 

<eR> = average of eRb between 0 and t. 

In Eq. 59, CyDy has been replaced by Du because U diffusion is rate 
controlling. The term exp(-Ag/RT) is the precipitation-hindering function: 
it starts at a given initial value and, for increasing t, tends to an asymptotic 
value. The modified calculation of gas precipitation in solids consists of 
multiplying Eqs. 48 and 49 by the precipitation-hindering function. This 
modification entails the assumption that bubble overpressure Avill result in a 
general state of stress in the matrix, which will, on average, hinder bubble 
nucleation as well as bubble growth by gas atom precipitation. This modified 
model wiU be designated in what follows as Model Y. FASTGRASS 
calculations for Model Y utilize Eqs. 51-59 and incorporate the values of key 
materials properties listed in Table 4. The thermal component of the gas 
atom diffusivity listed in Table 4 is that recommended by Matzke;52 the 
athermal component is within the scatter of values reported in Ref. 47. At 
1500°C, the thermal gas atom diffusivity measured by Matzke^S is »250 
times larger than that measured by Cornell (Table 3 and Ref. 46). This 
variance in reported values of certain materials properties is, in part, 
responsible for the difficulty in interpreting results of model validation. The 
values of the nucleation factor, Fn, and the U diffusivity, Dy, are a factor of 
500 larger and 200 smaUer, respectively, than are those used in the 
conventional model (Table 3). The value for Du shown in Table 4 is a factor 
of 10 larger than the value used in Ref. 35. 

3.4 Effect of Materials Properties on the Conventional-Model 
Calculation of Gas Precipitation in Solids 

The different values of the key materials properties listed in Tables 3 
and 4 represent experimental uncertainties, which contribute to the 
difficulty of model validation. For example, Ronchi44 has criticized the value 
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Table 4. Values of Key Materials Properties Used in Ek^s. 
51-59, which Define Model Y 

Parameter Value 

Dg (cm2/s) 3.9 x 10-2 exp(-45280/T) + 1.0 x lO'S^K 

F N 1.0 X 10-4 

Du (cm2/s) 0.01 exp(-65000/T) 

for the gas bubble nucleation factor, FN. used by Rest^ in a conventional-
model description of gas precipitation in solids as being "hardly justifiable" 
in that such a low value of FN would preclude gas bubble nucleation at 
relatively low temperatures. However, as will be shown in Section 4.2.1, 
although the combination of properties listed in Table 3 results in a reduced 
rate for gas precipitation during the heatup phase of isothermal anneals, the 
results of calculating bubble size distribution on the basis of the properties 
listed in Table 3, in the context of the conventional model, are consistent 
with experimental observations. To assess the effects of the different values 
of the properties listed in Tables 3 and 4, Model X and Y calculations will be 
compared with calculations for "Model Z," defined as the conventional 
model incorporating the properties listed in Table 4 (in contrast to Model 
X, which incorporates the properties listed in Table 3). 

4 Validation 1: Behavior of Fission Gas during 
Postirradiation Annealing Experiments 

4.1 Data Base Selection for Validation of Models X, Y, and Z 

The importance of utilizing well-characterized data for model validation 
should be obvious. Data analysis is performed here with the MINITAB 
statistical regression model.^3 The data listed in Appendix C were used to 
generate the scatter plots shown in Fig. 3. The upper half of each panel of 
Fig. 3 shows a MINITAB plot of the natural log of measured firactional gas 
release vs. gas release predictions obtained from a linear regression model 
fit to the data for the experiments reported in Refs. 35-42. The lower half 
of each panel shows the corresponding plot of the standardized residuals for 
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the regression fits vs. the natural log of the predictions of the fit. A random 
distribution of points about the horizontal line at standardized residuals = 0 
indicates an absence of bias or systematic error in the regression model. 

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

The coefficients of the 1/T terms (i.e., slopes of the Arrhenius plots) 
derived from the regression analyses illustrated in Table 5 vary from 9,595 
to 77,673 K. However, groups of data have reasonably consistent slope 
values: slopes associated with Figs. 3a, f, g, and h vary from 15,765 to 
21,669 K; slopes associated with Figs. 3d and e vary from 47,830 to 
54,510 K. The standard deviations of the regression fits shown in Table 5 
vary from s = 0.21 to s = 1.916. The top half of Fig. 4 shows a MINITAB plot 
of the natural log of measured fractional gas release vs. gas release predic­
tions obtained from a linear regression model fit to the combined data of 
Figs. 3a-h. The regression equation developed for Fig. 4 is listed in Table 5. 

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

The presence of systematic error in the data (e.g., as shown in Fig. 4) 
complicates the validation of mechanistic models for gas release and 
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swelling. It is clear that an appropriate data selection method is required to 
realistically examine the influence of differing descriptions of the 
phenomena and uncertainties in selected materials properties on the 
validation results. The statistical regression analysis described above is 
proposed for the selection of a "reasonably" well-characterized data base for 
gas release firom irradiated fuel under transient heating conditions. The 
selection criteria consist of a "reasonably" small value of the standard 
deviation, s, and the absence of any undue bias in the distribution of the 
standardized residuals. In the next section, it will be demonstrated that an 
appropriate data selection method, such as the one being proposed, is 
required to realistically compare Models X, Y, and Z for gas precipitation in 
solids during postirradiation annealing experiments. 
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Fig. 3. The results of MINITAB regression analyses for data (individual) from 
Refs. 35-42 and Tables C1-C8. The upper and lower parts of the 
figures show the natural log of the observed gas release, and the 
standardized residuals, respectively, plotted against the log of the 
predictions obtained with the regression fit. The open circles show 
the location of two overlapping points. In each case, the soUd 
diagonal line indicates perfect agreement between the regression fit 
and the data. 
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Fig. 3 (Cont'd) 

4.2 Comparison of Models X, Y, and Z for Gas Precipitation 
in Solids 

The data characterized by the smallest value of s and an absence of any 
undue bias in the distribution of standardized residuals are those of Ref. 35 
(see Fig. 3a and Table 5), listed in Table C2 in Appendix C. These data were 
accumulated by a sweep gas technique and thus have the added advantage of 
exhibiting time-dependent gas release.54 in addition, the data from Ref. 35 
consist of microstructural characterizations of the retsiined fission gases 
(e.g., intra and intergranular bubble size distributions and grain size). If we 
arbitrarily assign the value of s = 0.5 as an acceptable level for the standard 
deviation (a factor of 2.5 times larger than the standard deviation of the data 
from Ref. 35) and exclude any data with an obvious bias in the standardized 
residuals (Figs. 3b, 3f, and 3h), only the data from Ref. 35 remain 
"reasonably" well characterized. In this section. Models X, Y, and Z will be 
compared on the basis of model predictions for the experiment of Ref. 35. 
To highlight the effect of systematic error on limiting the validation value of 
a data base, the data of Ref. 36 (s = 0.41, visible bias in the standardized 
residuals) will also be used to assess predictions of Models X, Y, and Z. 
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Table 5. Regression Equations Developed for Figs. 3 and 4, 
with Pertinent Statistical Information 

R 2 (adj)c 
Fig. Equationa s^ (o/o) 

3a In(data) = 12.9 - 19515/T 0.2100 94.8 

3b In(data) = 6.54 - 9595/T + 0.361 ln(t) + 0.517 In(BU) 0.4080 72.4 

3c In(data) = 37.3 - 77673/T + 1 . 1 1 ln(t) 1.220 77.3 

3d In(data) = 42.6 - 47830/T - 2.00 ln(t) 1.9160 7.7 

3e In(data) = 23.0 - 54510/T + 1.88 ln(dT/dt) 0.7882 92.8 

3f In(data) = 11.3 - 17804/T + 1.54 In(BU) 0.3311 69.7 

3g In(data) = 10.7 - 15765/T 0.6628 63.9 

3h In(data) = 14.0 - 21669/T - 1.99 In(BU) 0.5573 86.6 

4 In(data) = 13.1 - 22673/T + 0.253 ln(t) + 0.295 In(BU) 1.494 37.5 

^Only independent variables having t-ratio absolute values greater than 2.0 
(which is often regarded as indicating a significant relationship between 
the dependent and independent variables) are included (except for Fig. 3d, 
where none of the independent variables have t-ratios greater than 2). 

^s is the root-mean-square (standard) deviation, 

CR2 (adj) is the proportion of the total sum-of-the-squares that is explained 
by tiie regression line, adjusted for degrees of freedom (when the sample 
size for the regression is small, R2 adjusted for degrees of freedom may 
differ considerably from the unadjusted value). 

4.2.1 Simulation of In-Reactor Irradiation 

Calculations from Models X, Y, and Z were incorporated within the 
context of the FASTGRASS code. Because the as-irradiated condition of the 
fuel is an importsmt input into transient fission-gas response, it is clearly 
necessary to identify differences in model predictions for the as-irradiated 
distribution of retained gases to more fully understand differences in the 
transient calculations. 

A one-node simulation of irradiation and a subsequent annealing 
experiment were performed. A one-node simulation is adequate for low-
power irradiations where diffusion is primarily athermal, and for transients 
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Flffif. 4, The results of MINITAB regression analyses for data (total) from Refs. 
35-42 and Tables C1-C8. The upper and lower parts of the figures 
show the natural log of the observed gas release, and the 
standardized residuals, respectively, plotted against the log of the 
predictions obtained with the regression fit. The open circles, 
upright triangles, and inverted triangles show the location of two, 
three, and four overlapping points, respectively. The solid diagonal 
line indicates perfect agreenvent between the regression fit and the 
data. 

where relatively low temperature gradients are encountered. The as-
irradiated condition of the fuel (fuel burnup of -2%) was simulated with the 
assumption of an average irradiation temperature of 1273 K. Table 6 shows 
values of average intragranular bubble radius and density, fractional amount 
of gas trapped, and fraction of gas on grain boundaries calculated with 
Models X, Y, and Z, compared with estimates obtained from electron 
microscopy of irradiated fueL^^ 

The differences between the Model X, Y, and Z calculations, shown in 
Table 6, can be explained in terms of the different values of the key 
materials properties used (Tables 3 and 4). Model Y calculations result in a 
higher density of bubbles and a greater percentage of trapped gas than 
Model X because of a higher rate of gas bubble nucleation (i.e., higher value 
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Table 6. Model Predictions for As-Irradiated Fuel Compared with 
Experimental Estimates 

Model 

X 

Y 

Z 

Experimental 
Estimate 

Bubble 
Radius 
(nm) 

0.65 

0.27 

0.38 

0.5 

Bubble 
Density 

(m-3) 

5 x 1023 

2.6 x 1025 

1.8 x 1025 

1 X 1024 

Fraction 
Gas 

Trapped 

0.10 

0.375 

0.674 

-

Fraction 
Gas on 

Boundaries 

0.15 

0.11 

0.06 

-

of Fn). On the other hand, the Model-Y CEdculation results in smaller size 
bubbles owing to a smaller value for the athermal gas atom diffusivity. The 
lower atom mobility reduces the bubble growth rate in an environment 
where the bubble shrinkage rate remains relatively constant (both 
csdculations use the ssmie model for gas atom re-solution from bubbles). 
Model-Y prediction of the fraction of gas trapped (0.375) is consistent with 
the value (0.40) assumed by Small and Maclnnes54 to provide agreement 
between model calculations (SINGAR) £ind the data of Ref. 35. 

Model-X calculation of the firaction of gas trapped in bubbles results in 
the lowest percentage of the three models: 10%, vs. 38% for Model Y and 
67% for Model Z. The effect of increased values for Fn and Dg on gas 
precipitation is evident in the increased value for the fraction of gas trapped 
calculated with Model Z, compared to Model X. The trapped-gas fraction 
calculated with Model Y is lower than that calculated with Model Z, owing to 
the asymptotic value of the precipitation-hindering function given in Eq. 59. 
In contrast to Ronchi's criticism of Model X, discussed in Section 3.4, values 
calculated with Model X for the average bubble radius and bubble density are 
in excellent agreement with the experimentally observed quantities listed in 
Table 6. 
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4.2.2 Simulation of Postirradiation Annealing Experiments 

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

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

To underscore the importance of "reasonably" well-characterized data 
for model validation, it is instructive to compare Models X and Y with data 
that show bias in the standardized residuals. The statistical analysis 
performed in Section 4.1 for the data of Burbach and Zimmermann36 gave 
an acceptable standard deviation of 0.4080 (Table 5), but a clear bias in the 
standardized residuals (Fig. 3b). Figure 6a shows Model Y-calculated values 
of fractional gas release vs. annealing time for a hold temperature of 1800^0 
at as-irradiated bumups of 0.3, 0.9, and 3.7 at.%. Also shown in Fig. 6a are 
the time-dependent data from Ref. 54. As is evident upon inspection of Fig. 
6a, the effect of systematic bias in the data precludes any definitive 
conclusion on the validity of Model Y for describing gas precipitation in 
solids during an 1800°C anneal. 
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Figures 6b and c show values for fractional gas release vs. annealing 
time, calculated with Models X and Y, for hold temperatures of 1900°C and 
2000°C, respectively, compared with time-dependent data from Ref, 54. 
Systematic bias is less effective in the higher-temperature/higher burnup 
regime (e.g., see Fig. 3b). The results shown in Figs. 6b and c, although not 
nearly as definitive as those shown in Figs. 5a-f, suggest that Model Y is a 
more appropriate description of precipitation kinetics in these experiments 
than Model X. 

A more rigorous level of model validation can be obtained if 
microstructural data are available. Figure 7 shows bubble diameters vs. 
temperature at 1800 s into the anneal, as calculated with Models X and Y, 
compared with data from Ref. 35 (obtained by electron microscopy) on 
mean bubble diameter. The results shown in Fig, 7 indicate that, although 
Model X is more in line with the data, neither Model X nor Model Y can 
explain the observed bubble diameters. Model Y provides smaller values of 
bubble diameter than Model X, owing to the precipitation-hindering effect 
of overpressurized bubbles. This difference in model prediction will be 
more fully discussed in the following section. 

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

To examine this issue further, GRASS-SST code calculations of the 
intragranular bubble size distribution. Incorporating the X and Y gas 
precipitation models, were performed for the 1700°C anneal of Ref. 35. 
Figure 8 shows the GRASS-SST-calculated values of the bubble number 
density vs. the mean bubble diameter for anneal times of 300 and 900 s. 
Also shown in Fig. 8 are the FASTGRASS (Model X and Y)-calculated and the 
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experimentally determined quantities. The experimental observations in 
Fig. 8 include the reported uncertainty (± 1 standard deviation) in mean 
bubble diameter (no uncertainty in bubble counting was reported). As shown 
in Fig. 8, both the FASTGRASS-calculated and the experimentally 
determined bubble densities £ire in reasonable agreement with the GRASS-
SST-calculated bubble size distributions: the FASTGRASS-calculated 
densities represent the peak region of the GRASS-SST-calculated 
distribution (i.e., an average of the bubble size distribution); the observed 
quantities reflect bubble counting and diameter measurements within the 
limit of experimental resolution. In addition, the measured bubble size 
histograms in Ref. 35 are in good agreement with the calculated results 
shown in Fig. 8. The results shown in Figs. 7 and 8 demonstrate that great 
care must be taken when comparing calculated bubble densities based on 
"average bubble size evolution" models with measured quantities. 

4.3 Discussion 

The qualitative (and quantitative) differences between the Model-X, -Y, 
and -Z predictions, discussed in Section 4.2.2, have been ascribed to 
differences in the kinetics of gas precipitation in solids. It is important to 
point out that gas precipitation is not the only mechanism operative in 
describing gas release under conditions of postirradiation annealing: a 
complete description of intergranular gas bubble behavior is required to 
model the progress of the gas after its arrival at the grain boundaries. 
Within the context of the FASTGRASS code. Models X, Y, and Z have all 
incorporated the same model for intergranular bubble behavior (see Sections 
2.2-2.3). However, it is clear that differences in the as-irradiated bubble 
size distribution (as a function of fuel morphology), as well as differences in 
intragranular behavior during the anneal, can affect the intergranular bubble 
response and hence the time-dependent release predictions. The Model X, 
Y, and Z results, shown in Figs. 9a-c, respectively, help clarify the role of gas 
precipitation in solids under isothermal annealing conditions. Plotted in 
Figs. 9a-c are the time-dependent fractional gas release, the fraction of 
intragranular gas in bubbles, and the fraction of the retained gas that resides 
within the grains for the 1800°C anneal of Small35 (corresponding to the 
results shown in Fig. 5c). Also shown in Figs. 9a-c are the time-dependent 
data, represented by a band covering the range of reported experimental 
error. 
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As shown in Fig. 9, Models X and Y provide for a delayed precipitation of 
the atomic fission gas, compared to Model Z, which predicts that 100% of 
the intragranular gas has precipitated into bubbles by =90 s into the anneal, 
compared with =2000 s predicted by Model X and =375 s predicted by 
Model Y. The result of the delayed precipitation is the availability of 
intragranular atomic fission gas for diffusion to the grain boundaries. The 
fission gas diffuses to the boundaries at a rate set by the gas atom diffusivity. 
This combination of availability and mobility is reflected in the differences 
between the model calculations of the fraction of the retained gas that 
resides within the grains: at =400 s into the anneal. Model Y predicts that 
this fraction is «70%, compared to =30% predicted by Model X, and 88% 
predicted by Model Z. Although Model X predicts a delayed precipitation of 
gas in bubbles, the relatively low value for the gas atom diffusivity results in 
less gas release to the grain boundaries. Thus, the amount of gas reaching 
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the grain boundaries is greater for Model Y than for either Model X or 
Model Z. 

The effect of bubble overpressurization on gas precipitation as a function 
of the hold temperature is further demonstrated by the results shown in 
Fig. 10, which shows the excess pressure (overpressure) in intragranular 
bubbles as a ftinction of annealing time for the 1600, 1800, and 2000°C 
anneals of Small,35 as calculated by Model Y. As shown in Fig. 10, the excess 
pressure falls rapidly firom an initial value reached at the end of the heatup 
to a somewhat stable value that is maintained for the duration of the 
experiment. Because of decreased vacancy diffusivity, D^, experiments 
performed at lower temperatures give larger values for bubble overpressure. 
Thus, anneals performed at lower temperatures will sustain a larger 
percentage of gas atoms in solution within the grains for a longer period of 
time than those performed at higher temperatures. 

If very littie gas is left within solution at the h i ^ e r temperatures, one 
would expect a flattening out of the fractional release curve as a function of 
time for the anneals at higher temperatures, shown in Figs. 5a-c. However, 
as is evident from Figs. 5a-c, the fractional release continues to increase, 
even at the end of the temperature hold. This calculated (and observed) 
behavior is due to the effects of a grain-growth/grain-boundary-sweeping 
mechanism. As will be shown in Section 7.1.2, within the conventional 
Model X theory, fission gas, I, and Cs release from irradiated high-bumup 
fuel in a flowing-steam atmosphere during in-cell heating tests to 1700-
2000°C can be interpreted in terms of a grain-growth/grain-boundary-
sweeping mechanism that enhances the flow of fission gas and volatile 
fission-product atoms from within the grains to the grain boundaries. 
Fission-product release as a function of time (heatup and isothermal hold) is 
predicted accurately by the model, as is the observed grain growth. 

Figure 11 shows the results of FASTGRASS calculations for the 1800°C 
SmalPS anneal based on the Model Y gas precipitation model with and 
without the mechanistic grain-growth/grain-boundary-sweeping model (see 
Section 7). As shown in Fig. 11, calculations performed without the grain-
growth/grsiin-boundary-sweeping model give a flat fractional release curve 
after an anneal time of =200 s has been reached. The reason for this is that 
after =200 s into the anneal, the intragranular gas is fully precipitated into 
bubbles (see Fig. 9b), and the retained fission gas is basically frozen within 
the material (for these isothermal conditions, the bubble mobility is 
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effectively zero). Calculations performed with the grain-growth/grain-
boundary-sweeping model predict that the grains grow, on average, from an 
initial size of 8 |j,m to a final size of =8.5 |im. This magnitude of grain growth 
is consistent with the measured^S pre and posttest mean linear grain sizes of 
5.6 ± 0.3 ̂ m and 7.14 ± 3.65 ^im, respectively. 

4.4 In-Pile Gas Release 

Figure 12 shows predicted fission-gas release as a function of fuel 
b u m u p , and compares these results with the data of Zimmermann.56 
Uranium dioxide fuel with a fission rate of 10^^ f cm~3 s~i was used in these 
experiments. A temperature gradient of 1000°C s~i and grain diameters 
between 1 and 10 \im were used for the calculation. Four different sets of 
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calculated curves were generated for average fuel temperatures of 1250, 
1500, 1750, and 2000 K. The use of relatively small grain diameters for the 
calculation of the low-temperature Zimmermann^G data agrees with the 
results obtained by other authors.^^ Presumably, the use of relatively small 
"effective" grain diameters is required to simulate, to some degree, 
subgrain-boundary formation, which may have occurred in this fuel. The 
1250- and 1500-K data are bracketed by predictions based on 1- and 2.5-
\im grain sizes, respectively. The 1500- and 2000-K data are bracketed by 
predictions based on 2.5- and 5-fj.m, and 5- and lO-^mi grain sizes, 
respectively. Again, agreement between theory and data is reasonable. 

Figure 13 shows calculated end-of-life gas release for fuel irradiated In 
the Carolinas-Virginia Tube Reactor (CVTR), the H. B. Robinson (HBR) No. 2 
Reactor, and the Saxton Reactor, compared with measured values. Also 
shown in Fig. 13 are the predicted and measured end-of-life releases of 
Tumbull-FriskneySS and Zimmermann.56 To supply FASTGRASS with the 
proper operating conditions for the CVTR, HBR, and Saxton irradiations, 
FASTGRASS was coupled to an experimental LWR fuel-behavior code 
generated by modifying^Q the LIFE fuel-performance code. As is evident 
from Fig. 6, theory predicts the data reasonably well for fission-gas release 
between 0.2 and 100% and for bumups between 0.7 and 10 at.% (-7000-
100,000 MWd/MT). The largest differences between predictions and 
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measurement occur for the CVTR irradiations. These differences are 
attributed to uncertainties in power history and to uncertainties in the LIFE 
calculation of fuel temperatures. 

4.5 Average Size of Fission-Gas Bubbles 

Figure 14 shows predicted average bubble size compared with the data 
of Cornell et al.^o The data of Ref. 60 were obtained from transmission 
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electron micrographs of thin foils that were prepared from an irradiated 
UO2 pellet (which had acquired a burnup of 3.2 x 10^5 fm~3 in 40 days) so 
that the temperature dependence of the intragranular bubble size could be 
determined. Intragranular bubbles were observed in material where the 
estimated irradiation temperature was in the 860-1580°C range. Figure 14 
shows that theory underpredicts the bubble size measured by Cornel l^ for 
fuel temperatures below -1400°C. For temperatures greater than -1400*C, 
the predicted average bubble sizes agree reasonably well with the 
experimental observations. The discrepancy between the predicted 
(average) and measured bubble size for fuel temperatures below -1400°C 
could result from a discrepancy between the measured bubble diameters and 
the actual average size of the distribution, owing to the presence of small 
bubbles below the limit of experimental resolution. 

4.6 Retained Fission Gas 

Figure 15 shows predicted total retained fission gas at 3 and 12 at.% 
burnup as a function of UO2 irradiation temperature, coraipared with the 
unrestrained data of Zimmemiann.56 Zimmerman's data in Fig. 15 are for 
burnups greater than 3 at.% and presumably include the entire b u m u p range 
covered by the experiments. The predicted values of total retained fission 
gas agree reasonably well with the data. As shown in Fig. 15, above 3% 
b u m u p and at temperatures of «1600K and higher, burnup exerts no 
influence on the retained-gas concentration. In addition, the amount of 
retained gas decreases as the irradiation temperature increases; at low 
temperatures, fission-gas retention is relatively high. 

To evaluate the retained fission gas, Zimmermann^e ground the 
irradiated fuel in a ball mill to particle sizes noticeably smaller than 1 |im. 
The fission gas released during the grinding is called "gas in pores." 
Zimmermann56 states that this gas originates from intragranular pores and 
bubbles with diameters down to 10 nm and from gas that was retained on 
the grain boundaries. After grinding, the powdered fuel was dissolved in 
nitric acid. The fission gas released during the dissolution process was in 
solution within the fuel matrix or in very small intragranular bubbles, and is 
thus called "gas in the matrix." 

Figure 16 shows predicted retained fission gas in the matrix at 3 and 12 
at.% b u m u p as a function of irradiation temperature, compared with the 
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data of Zimmermann56 for bumups greater than 3%. Again, the agreement 
between theory and experiment is quite good. 

Figure 17 shows predicted retained gas in pores at 3 and 12 at.% 
bumup as a function of irradiation temperature, compared with the data of 
Zimmermann56 for bumups greater than 3%. In contrast to the reasonable 
agreement between theory and experiment for the total retained gas and the 
gas retained in the matrix (Figs. 15 and 16, respectively), the results for the 
fission gas retained in pores are consistently below the average of the 
measured values. The reason for this discrepancy is not clear in that the 
retained gas in pores plus the retained gas in the matrix should equal the 
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total retained gas (as in the predicted results). Note that Zimmermarm's56 
data do not. in general, obey this sum rule. Given that the predicted results 
for the total retained gas and the gas retained in the matrix are in 
reasonable agreement with the data (Figs. 15 and 16), the predicted results 
for fission gas retained in pores should agree with a consistent set of data 
obtained for these conditions. 
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4.7 Fission-Gas Swelling 

Figures 18 and 19 show predicted rates of swelling due to retained 
fission gas as a function of irradiation temperature, compared with the 
results obtained by Zimmermann,6i for UO2 fuel irradiated over the bumup 
ranges of 0-1, 1-2, 2-3, 3-4, and 4-5 at.%. Zinmiermann6l obtained the 
swelling results shown in Figs. 18 and 19 by comparing the external volume 
changes of the UO2 with calculated values for UO2 densification (i.e., 
irradiation-enhanced sintering of oxide fuel). In general, the predicted 
swelling rates obtained with FASTGRASS agree reasonably well with the 
results obtained by Zimmermann.^i 

Figure 18 shows a very strong temperature dependence of the swelling 
rate at low bumups. However, with increasing bumup (Fig. 19), the swelling 
rate and the temperature dependence diminish, owing to saturation of the 
fission-gas swelling rate caused by the enhanced release of fission gas at 
increased values of fuel bumup (see Fig. 12). 
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4.8 Microcracking during Transient Conditions 

The ability to determine whether microcracking will occur during a 
given thermal transient is an important element in the prediction of fuel 
temperatures and fission-product release.'^•8 Microcracking can reduce the 
thermal conductivity, Fc, of UO2 to -50% of the Fc value in dense fuel.62.63 A 
change of this magnitude will have a strong effect on calculated temperature 
profiles. As an example, calculations of the centerline temperature of fuel 
that had undergone a thermal transient induced by a direct electrical 
heating (DEH) techniques 1.62 vary by as much as 600 K, depending on 
whether or not microcracking is considered. 

As a first-cut approach to modeling ductile-brittle behavior of oxide 
fuels, a model based on the work of DiMelfi and Deitrich^s has been 
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incorporated into FASTGRASS (see ./^pendix A). This model estimates the 
growth rate of a grain boundary bubble under the driAong force of internal 
pressurization. The volume growth rates due to crack propagation and to 
diffiisional processes are compared to determine the dominant mode of 
volume swelling. Knowledge of the mechanical properties of UO2 is not 
required. 

The FASTGRASS model was executed with a fuel behavior codecs for the 
steady-state irradiation of a fuel rod in the HBR reactor to generate the 
required initial conditions for transient analysis. The HBR fuel had average 
heat-generation rates of 22.4 and 17.7 kW/m in the first and second cycles, 
respectively, and reached a maximum bumup of 3.14 at.%. Subsequently, 
FASTGRASS was executed with a transient-temperature code6i.62 for a 
series of DEH tests. The calculatlonal scenario is as follows (see Fig. 20). 
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Based on DEH-test operating conditions, the radial transient-temperature 
profile is calculated and subsequently used for the calculation of the fission-
gas response. In turn, the fission-gas behavior results are used for the 
calculation of fuel microcracking. If microcracking occurs, the fission-gas 
release, retention, and swelling results are updated accordingly. Finally, the 
microcracking results are passed back to the transient-temperature 
calculation, where the thermal conductivity expression is modified, and the 
calculation proceeds to the next time-step. 

Figures 21-23 show the predicted pore-solid surface area per unit 
volume, Sv, as a function of pellet radius for DEH Tests 22 and 32. 34 and 
29, and 33 and 37, respectively, and measured values^^ of Sv for the same 
tests (the measured pore-solid surface is assumed to be produced mainly by 
fuel microcracking). 

In general, considering the complex synergistic nature of the 
phenomena and the relatively wide range of test conditions, the predicted 
results agree remarkably well with the data. For example, there is 
reasonably good agreement between theory and data for both Tests 33 and 
37, which had heating rates of 22 and 234 k / s , respectively (Fig. 23). The 
greatest discrepancy between the predictions and experiments occurs for 

Fig. 20. Interrelationship between fuel fracturing 
(microcracking), temperature scenario, 
and fission-gas-bubble response 
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Test 22 (Fig. 21), where the theory underpredicts the data obtained near 
the center of the pellet by more than a factor of two. The implication of this 
underprediction of fuel microcracking is that the calculated fuel 
temperatures will be low, with a resultant underprediction of fission-
product release (see Fig. 20). This scenario will be addressed further in the 
following section. 

4.9 Transient Fission-Gas Release 

Figure 24 shows the predictions for transient fission-gas release for ten 
transient DEH tests on irradiated UO2 fuel. Nine tests were on fuel 
irradiated in the HBR reactor and one test was on fuel irradiated under 
relatively high-power, load-following conditions in the Saxton reactor.6i 

Except for Test 22 (12% gas release measured), the predictions are in 
reasonable agreement with the measured values. There appears to be 
relatively uniform scatter of the predicted vs. the measured values on either 
side of the diagonal line, indicating random, rather than biased, 
uncertainties. Random uncertainties are most likely associated with the 
calculation of fuel temperatures. The complex S3niergism among radial heat 
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flux, fuel microcracking. and fission-gas response has already been 
discussed in Section 4.8 above (see Fig. 20). In addition, the actual 
transient-temperature profiles for the DEH tests conteiin asymmetries due 
to nonuniform heating associated with the inhomogeneity of the DEH test 
pellets. These asymmetries have not been quantified and were not included 
in the analysis of the DEH tests. 

FASTGRASS predicts that 2.3% gas release occurred during DEH Test 
22, compared to the measured value of 13.1% (Fig. 24). As discussed in 
Section 4.8 above, and shown in Fig. 21 , the theory also underpredicts (by 
more than a factor of two near the pellet center) the amount of pore/solid 
surface area generated during DEH Test 22 by fuel microcracking. Based on 
the discussion of the synergism involved in the determination of radial heat 
flux (represented pictorially in Fig. 20), this underprediction of fuel micro­
cracking should lead to underprediction of fuel temperatures and, hence, to 
an underprediction of fission-gas release. Because relatively reasonable 
predictions for fuel microcracking were made for the other DEH tests (Figs. 
21-23). the predictions for fuel temperatures and fission-gas release in 
those tests should also be reasonable (if the fission-gas response theory is 
accurate). Indeed, they are, as demonstrated in Fig. 24. 
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5 FASTGRASS Theory of Fission-Product Behavior in 
Solid Fuel: UOa/Fission-Product Chemistry 

The FASTGRASS model for reactive VFP and AEFP release is based on 
two major assumptions: 1. because the VFPs and AEFFs are known to react 
with other elements to form compounds, a realistic description of 
VFP/AEFP release must include the effects of chemistry on behavior, and 2. 
because the noble gases have been shown to play a major role in establishing 
the interconnection of escape routes from the interior to the exterior of the 
fuel, a realistic description of VFP/AEFP release must include, a priori, a 
realistic description of fission-gas release and swelling. The physical 
reasonableness of these assumptions has been supported, thus far, by good 
agreement between model predictions and actual observation. FASTGRASS 
treats only stable fission products, i.e., no provisions have been included for 
radiolytic decay. A special version of FASTGRASS has been utilized to assess 
the behavior of short-lived fission products.2 

Based on the work of Tarn et al.,64 the following system of equations is 
used to assess Cs and I sequestering behavior in UO2 fuel: 

2Cs(g) + U02(c) + 02(g) -^ Cs2U04(c), (60) 

2Cs(g) + Mo(c) + 202(g) -> Cs2Mo04(c). (61) 

Cs(g) + Kg) = Csl(c). (62) 

where g and c designate gas 8ind condensed phases, respectively. 

Tellurium (Te) is considered non-reactive within the fuel matrix. The 
physical basis for the primary reactions governing the chemical behavior of I 
and Cs in U02-based fuel is reasonably well established and documented in 
the literature.^'*"^^ However, the internal fuel rod chemistry governing Ba 
and Sr release is less certain and no mechanistic model exists at this time 
for the estimation of the release behavior of these elements from severely 
damaged fuel. Rather, the release of these fission products is based solely 
on empirical correlations obtained from a limited data base. Here we 
postulate a basis for estimating such Ba and Sr release. 

Barium and Sr belong to the Group II (alkaline earth) elements. As 
discussed in Ref. 67, evidence indicates that Ba and Sr may be present in 
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the fuel as simple oxides, uranates, molybdates, or zirconates. The simple 
oxides and the molybdates would be the most stable of these compounds; 
compounds formed with Sr tend to be more stable than the corresponding 
Ba compounds. In general, the formation of such compounds can be 
expected to immobilize Ba and Sr within the fuel matrix, and thus limit 
their release potential. Therefore, of particular interest with respect to 
release modeling is the establishment of a basis for estimating the amount of 
Ba and Sr that remains in the more mobile elemental atomic form, versus 
the quantities of these fission products that react to form less volatile 
species. 

A qualitative guide to the chemical state of fission-product Ba and Sr in 
oxide fuel is their affinity for oj^rgen. The stability of fission-product Ba and 
Sr. as elements or as oxides in the presence of UO2, depends on the 
difference between the free energy of the fission-product oxide and the fuel 
oxygen potential. For fission-product compounds with free energies below 
that of the fuel oxygen potential, an oxide is predicted; for compounds with 
free energies above that of the fuel oxygen potential, a stable element is 
predicted. Comparison of the O potential of stoichiometric UO2 fuel with 
the free energies of formation of Ba and Sr fission-product oxides clearly 
indicates that Ba and Sr have a high propensity to form oxides. 
Stoichiometry also plays an important role: hyperstoichiometric fuel tends 
to show an enhanced potential for the formation of fission-product oxides. 

The Ba and Sr reactions of interest are as follows: 

Barium Strontium 

Ba + 1/2 O2 -^ BaO Sr + 1/2 O2 -^ SrO 
Ba + Zr + 3/2 O2 -^ BaZrOa Sr + Mo + 2 O2 ^ SrO 
BaO + Mo + 3 /2 O2 "^ BaMo04 SrO + UO2 + 1/2 O2 "^ SrU04 
BaO + U02 + 1/2 02 -^ BaU04 

The alkaline earths also exhibit the potential to form iodides. However, 
because high-yield Cs has a higher free energy of formation with I than do 
Ba and Sr, the potential for Csl formation is greater, and tends to limit the 
formation of Ba and Sr iodides. Thus, for all practical purposes, the above 
reactions can be expected to control the internal fuel rod chemistry of Ba 
and Sr. The free energies of formation, AG, for some of the above reactions, 
and for several relevant Cs reactions, are presented in Table 7; they are 
based upon values suggested in Ref. 68. 
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Table 7. Free Energy of Formation of Ba and Sr Fission Product Oxides 

Reactants^ Product Free Energy, AG 
(cal/mol product) 

Temperature 
(K) 

Barium 

Ba(c) + 

Bad) + 

Ba(c) + 

Ba(l) + 

BaO{c) 

Ba(c) + 

U02(c) • 

Strontii 

SrO(c) 

Sr(c) + 

Sr(l) + 

Sr(g) + 

Cesium 

Cs(g) + Kg) 

2Cs(g) + U02((c) + 02(g) 

2Cs(g) + Mo(c) + 202(g) 

Ba(c) + 1/2 02(g) 

Bad) + 1/2 02(g) 

Ba(c) + 1/2 02(g) 

Bad) + 1/2 02(g) 

BaO{c) 

Ba(c) + U(c) + 202(g) 

U02(c) + BaO(c) + 

Strontium 

SrO(c) 

Sr(c) + 1/2 02(g) 

Srd) + 1/2 02(g) 

Sr(g) + 1/2 02(g) 

Cesium 

BAO(c) 

BAO(c) 

BaO(g) 

BaO(g) 

BaO(g) 

BaU04(c) 

1/2 O2 BaU04(c) 

SrO(g) 

SrO(c) 

SrO(c) 

SrO(c) 

Csl(s) 

CS2U04(C) 

CS2Mo04(g) 

-117713 + 16.7T 

-133186 + 24.56Tb 

- 3 1 3 6 7 - 12.95T 

- 3 8 3 7 3 - 6.76T 

98138 - 33.21T 

-473010 + 87.3T 

- 8 1 5 1 7 + 22.32T 

135344 - 36.42T 

-141156 + 22.92T 

-142835 + 24.55T 

-174079 + 43.44T 

- 7 3 0 4 1 + 15.81T 

-233152 + 91.62T 

-325372 + 86.52TC 

2 9 8 - 9 8 3 

983-2122 

2 9 8 - 9 8 3 

9 8 3 - 2 2 6 8 

2 9 8 - 1 4 0 3 

298-2938 

298-1041 

1041-1654 

1654-2938 

952-2892 

^c, g, and 1 designate crystalline, gas, and liquid phases, respectively. 
^The value of AG listed in Ref. 68 is incorrect. 
cThe value of AG listed in this analysis is AG = -297715 + 79.166T. 

In addition to the formation of oxides, uranates, molybdates, and 
zirconates, which can be expected to be dispersed throughout the fuel 
matrix, evidence supports the possibility that Ba and Sr aggregate into 
inclusions that effectively form a separate phase within fuel (i.e., physical 
and chemical properties determined by inclusion composition rather than 
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fuel properties). However, the consensus among various researchers is that, 
in normally irradiated fuel, both Ba and Sr exist primarily in the fuel matrix 
in oxide form and not as a prime constituent of metallic inclusions. Because 
of uncertainties in composition, oxidation state, homogeneity, and the 
indication that Ba and Sr are not major inclusion constituents, holdup of 
these elements via metallic inclusion sequestering will not be considered in 
this analysis. Indeed, one would expect that inclusions containing Ba and Sr 
would be primarily of the oxide form rather than metallic. 

Equilibrium fission-product distributions for the various phases of the 
fuel/fission-product system at 1500 K have been calculated. 67,68 xhe 
calculations are based on UO2 fuel at 2 at. % bumup, an O-to-U ratio that is 
slightly h5^erstoichiometric, and a 10% void volume in the fuel. Such an 
equilibrium distribution may not be achieved at 1500 K in a transient 
sequence, because release of the fission products to voids and bubbles may 
be too slow. Moreover, the estimates of solutions of fission-product oxides 
in urania are based on sparse data. In spite of these limitations, 
thermochemical equilibrium calculations indicate that the most probable 
distribution of Ba and Sr in the UO2 is as follows: 

Bcirium Partitioning in UO2 Strontium Partitioning in UO2 
(%) (%) 

SrO 96 
SrMo04 4 

BaO 
BaU04 
BaMo04 
BaZr04 

59 
3 5 

4 
2 

In view of the thermochemiccd conditions in fissioned UO2 fuel 
discussed above, FASTGRASS assumes that the following reactions dominate 
Sr and Ba sequestering effects within the UO2 matrix: 

Sr(s) + 1/2 02(g) = SrO(c) (63) 

SrO(c) = SrO(g) (64) 

Ba(s) -I- 1/2 02(g) = BaO(c) (65) 

BaO(c) = BaO(g) (66) 

U02(c) + BaO(c) = 1/2 02(g) = BaU04(c) (67) 
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where s represents atoms in solution, and c and g represent crystalline and 
gas phases, respectively. 

For the Sr and Ba reactions, the concentration of nine chemical species 
[Sr, SrO(c), SrO(g). O2, Ba, BaO(c), BaO(g), BaU04(c), and UO2] must be 
determined to specify the fraction of fission-product Sr and Ba that is 
available for release from the fuel matrix either in atomic form, or as an 
oxide. Six additional chemical species result from the I and Cs reactions (I, 
Cs, Csl, CS2UO4, CS2M0O4, and Mo). From the law of mass balance, the total 
fractional atom concentration of Sr, Ba, Cs, I, and Mo equals the sum of their 
respective fission yields, i.e., 

Csr = Csr + CsrO(c) + CsrO(g) = 0-0926 BU, (68) 

Csa = Csa + CBaO(g) + ̂ BaOtg) + CBaU04 = 0.0682 BU, (69) 

Ccs = Ccs + Ccsi + 2CCS2UO4 + 2CCS2M0O4 = 0.1882 BU, (70) 

Cf =Ci-FCcsi= 0.011 BU, (71) 

CMO = CMO + CCS2M0O4 = 0.2348 BU, ^^2) 

where C^ = total fractional concentration of species i (e.g., Sr, Ba) generated 
as a function of fractional bumup , BU, and Ci = fractional concentration of 
the individual chemical forms of species i. The concentrations of O2 and 
UO2 can be assessed from standard models as a function of temperature, 
O/U ratio, b u m u p , and fuel density; thus , seven of the fifteen concentrations 
are known. The eight remaining equations can be obtained from the law of 
mass action. For the reaction(s) Sr + 1/2 02(g) = SrO(c), Eq. 63, the 
equilibrium constant, Ki, can be expressed in terms of the free energy of 
formation, AG, and the concentration of the reaclants and products, i.e.. 

K i = e x p : : ^ ^ = ̂ SrgicL^ (73) 
^ RT Cs^P^/^' 
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where AGi is obtained from Table 7, PQ^ is the oxygen partial pressure, and 
asrO(c) is the activity of SrO(c). For the reaction Ba{s) + 1/2 02(g) = BaO(c), 
Eq. 65, the equilibrium constant, K2, can be similarly expressed as 

K 2 = e x p = ^ ^ = ̂ 5aOIcL. (74) 

RT CeaPi/^' 

The remaining six equations, [Eqs. 60-62, 64, 66, and 67] can be expressed 
in terms of the corresponding free energies of formation and concentrations 
of the reactants and products in a similar manner. 

To utilize the free energies given in Table 7 for the reactions described 
by Eqs. 63 and 65, one must know the corresponding solution energies for 
Ba and Sr. The values used in this analysis for Ba and Sr are 46,700 and 
33,000 cal/mol, respectively. 

The activities of the VEirious reaction products in a condensed phase can 
be written as an activity coefficient times the concentration of the reaction 
product (e.g., aBaO(c) = «BaO(c)CBaO(c)]- It is assumed that £dl the condensed-
phase Ba, Sr, and Cs reaction products are distributed uniformly within the 
UO2 matrix so that ai = 1, where i denotes the particulcir reaction product. 

Following the anedysis of Csl formation in UO2 given by Cronenberg and 
Osetek, 69-70 n jg assumed that the formation of the reaction products, 
Csl(g), SrO(g), and BaO(g), requires the presence of reaction sites, which 
are primarily microbubbles containing the noble fission gases Xe and Kr. 

The activities of the gas-phase reaction products, i.e., Csl(g), BaO(g), 
and SrO(g), are equal to their corresponding partial pressures, Pcsi. PsaO. 
and PsrO- Once these partial pressures have been calculated, they can be 
used in conjunction with an equation of state of the Van der Waals form, 

P(V - BN) = NkT, 

where B is the Van der Waals constant, V is the bubble volume, and n is the 
number of atoms of Csl(g), SrO(g), or BaO(g) in the bubble in atoms/cm^, to 
calculate the quantity of Csl(g), SrO(g), and BaO(g) in the material. Because 
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the bubble volume, V, is calculated directly in FASTGRASS, no remaining 
unknowns are present in this calculation. 

The oj^gen partial pressure is calculated according to the analysis of 
Blackburn and Johnson,68 and is given by the following expression: 

pl/2 _ (̂ ~ ̂ )^[(^~ ^)^ ^^^(^"^)^^- ^H'^^ (75) 
^2 ~ 2B(3-(t))/(t) 

where A = exp(78300/T - 13.6), B = exp(16500/T - 5.1), and (]) = O/U. 

The value of (j) can be calculated by taking into account the fissioning of 
235u and the formation of the oxides and uremates given in Eqs. 60-72, i.e.. 

<t) = <l>o+;^(<!'o-«)-«' (76) 

where a = Csro(c) + ̂ Sr)(g) •*" ̂ BaO(c) + ̂ BaO(g) •*" ̂ BaU04 + 2CCS2UO4 + 4Ccs2Mo04 • 
N ^ is the initial number of heavy-metal atoms, t is the irradiation time, and 
<^o is the starting O/U ratio. In general, because f and T are functions of 
time, Eq. 76 is phrased in differential form and integrated over time. 

Simultaneous solution of this coupled system of equations, Eqs. 60-72, 
75, and 76, jdelds equilibrium concentration as a function of fuel b u m u p and 
temperature. The amount of Sr and Ba that is predicted to be retained in 
the fuel in atomic form, or in the vapor phase in microbubbles is assumed 
available for release, whereas all other species are assumed to be 
immobilized within the fuel microstructure. 

Once the fractions of atomic Sr and Ba are known, their mobility 
through the fuel microstructure is assessed. Csl{g), BaO(g), and SrO(g) are 
assumed to migrate within fission-gas bubbles. The migration of atomic I, 
Cs, Ba, and Sr is handled in a fashion analogous to that of the noble gases; 
the concentrations of these species within the grains and on the grain 
boundaries are described with equations of the form shown by Eq. 1. Cs, I, 
Sr, and Ba gas atom diffusivities are taken to be the same as that of Xe. The 
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specific variables associated with these equations are defined in Table 2. 
These calculations for fission-product chemistry and migration are 
performed sequentially, as a function of time. This method of calculating 
VFP/AEFP behavior is reasonable as long as the chosen integration time-
steps are small enough so that a quasichemical equilibrium is maintained. 

6 FASTGRASS Theory of Gas Bubble Behavior In 
Degraded Fuel 

A wide range of materisd interaction and phase transformation 
phenomena can be expected at the elevated temperatures associated with 
severe core-damage accidents; one of the more significant is the s team-
cladding (of Zircaloy) reaction, with Zr02 and oxygen-stabilized alpha-
Zircaloy la-Zr(O)] byproducts. 

6.1 Effect of Fuel Liquefaction 

Figure 25 presents the pseudobinary equilibrium diagremi for UO2 and 
oxygen-saturated a-Zr(O). As indicated, ojQ^gen-saturated a-Zr(O) will 
dissolve UO2 if the two are in contact at temperatures in excess of =2170 K. 
A eutectic melt is formed with a 5% mole fraction of UO2, whereas, at 
higher UO2 compositions, there exists a mixture of liquid with a (U-Zr)02 
solid component that is analogous to a slush. A mixture of two liquids (i.e., 
Li + L2) occurs at temperatures above =2673 K, when the UO2 mole 
composition is between =23% and 85%. 

Such parameters as fuel pellet microcracking, oxidation state, wetting 
characteristics, and time at temperature also exert a profound influence on 
the dissolution process. Until the influence of such parameters can be 
established from a systematic data base, modeling of dissolution effects on 
fission-product release must, of necessity, rely primarily on empirical 
evidence. For present purposes, two limiting conditions on fuel dissolution 
will be considered: grain boundary dissolution (2673 K > T > 2170 K), 
where limited attack of molten a-Zr(O) on the fuel microstructure results in 
a residual U-rich melt phase at grain boundaries, which effectively acts as a 
melt pathway for the escape of fission products to the pellet surface; and 
fuel matrix dissolution (>2673 K), where more extensive attack of molten 
a-Zr(O) on the fuel microstructure results in dissolution of the entire grain 
structure over a portion of the fuel pellet radius so that fission-product 
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Fig. 25. Equilibrium pseudobinary phase 
diagram between UO2 and oxygen-
saturated a-Zr(O) 

transport is controlled by microbubble and atomic diffusion in a sea of 
liquefied fuel. 

Models describing fission-gas release behavior for these two limiting 
conditions have been developed and incorporated into FASTGRASS. For 
grain-boundciry-type dissolution, release of fission products occurs primarily 
by fission-product migration through the liquefied U, or U-Zr lamina (or 
film), to the fuel surface. For fuel-matrix-type conditions, release occurs by 
fission-product migration through the bulk melt to a free surface. Gas 
bubble mobility in the U/U-Zr melt can occur via bubble rise in a viscous 
liquid, evaporation/condensation, and volume diffusion, where the dominant 
mechanism is primarily dictated by bubble size. 

6.2 Effect of Fuel Dissolution 

For relatively large bubbles (see Fig. 26) in the absence of a strong 
temperature gradient, escape will be dominated by macroscopic forces, i.e.. 
buoyancy effects, through the liquefied lamina, to the surface of the fiael (the 
lamina is assumed to be 1-2 ^im thick and exist along the liquefied grain 
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Size dependence of bubble 
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100 K/cm at 2200 K 

boundaries). This is in contrast to release processes in solid fuel, where 
release can occur directly upon the arrival of fission gas at the grain edges, if 
a stable network of interconnected porosity is encountered. 

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

^^RbPLg = ̂ ^RbPgg + 67iRbliLVb. 
(77) 

where Rb is the bubble radius, pL is the liquid fuel density, g is the 
gravitational constant, pg is the gas density in the bubble and HL is the 
viscosity of liquefied fuel. 
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Noting that pL » pg, one can express the terminal rise velocity as 

'b,t 
_2RgPLg 

9^L (78) 

Because the liquid lamina can be expected to have a snakelike random 
structure in a partially dissolved fuel pellet, direct vertical bubble rise is 
unlikely. Bubble migration is, therefore, viewed as upwardly biased in a 
snakelike path, so that the effective rise velocity, Vt. is taken to be half 
(between zero and the terminal velocity) the terminal velocity, i.e.. Vb = 1/2 
Vb.t-

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

where Q. is the molecular volume and Du is the U-atom diffusivity. The U-
atom diffusivity in molten UO2 is based on the Sutherland-Einstein model 
and is given by 

kT 
Du = T — — • (80) 

47tra^iL 

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

V b = ^ i i % V T , (81) 
kT^ 

where Q*v is the volume diffusion heat of transport. 

For larger bubbles in the presence of a relatively large temperature 
gradient, vapor transport can strongly dominate both buoyancy-driven 
bubble rise and volume diffiasion. For this case, the bubble velocity is given 
by 
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V, 
Ally 

kT 
-VT, 
2 

(82) 

where ii Is the atomic volume, PQ exp(-AHv/kT) is the equilibrium vapor 
pressure. AHy is the heat of vaporization for the rate-diffusing species of the 
fiiel. I)v is its diffusivity In the vapor contained in the void, and a < 1 
measures any deviation from equilibrium vapor pressure at the pore surface. 
Dv is obtained from the kinetic theory of gases and is defined as follows: 

nv = 
2kT 

STca^P 
2kT 

n l^mi m2 

1/2 

(83) 

where ^o2 js the collision cross section between the diffusing species and 
the principal component of the gas phase in the void, P is the total gas 
pressure in the void (P = 2Y/R + Ph, where Ph = pressure in the surround­
ing liquid and Y = surface energy), and mi and m2 are the masses of the 
diffusing species and the principal component of the gas phase, respectively. 

Figures 26 and 27 show bubble velocities as a function of bubble radius 
obtained with Eqs. 78-83 at 2200 and 3125 K. Figures 26 and 27 
correspond to temperature gradients of 100 and 5000 K/cm. respecUvely. 
The values of the various parameters used in the above equations are listed 
in Table 8. 
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Table 8. Values of Various Parameters Used in FASTGRASS 

Sjmibol Value 

PL 

^* 
9v 

Po 
AHy 

m i ( U 0 2 ) 
m2 (Xe) 

D, 'g 

8.72 g / c m 3 
4 X 10-2 g / s2 
1.42 X 10-8cm 
4.8 X 10-12 e rgs 

4 .16 X 10-4 d y n e s / c m 2 

1 X 10-11 erg 
4 .48 X 10-22 g 
2.19 X 10-22 g 
2.1 X 10-4 e-9i000/RT c m 2 / s 

Dba 1.486xlO-^^e-lQQQQQ/^^n,2/, 
Rg09 

DeDf R i < R , 
3 . 4 2 X 1 0 6 Q 4 / V 1 0 ^ 0 0 / R T 

TtR? K) 
c m 2 / s 

Rs 
5 
X 

bo 
^h 

Oe 

Y 

YL 

Du 

DgbW 

3.42xlo6Q4/3e-108000/RT ^ ^ l ^ \ 

R i > R s : o - ^ kf£iU_cm2/s 

1.12 X 1-6 cm 
1.12 X 10-4 
5 X 10-^ cm 
2 X 10-17 cm3 

0.01 c m 2 / c m 3 

0 .02 
1601.4 - 0 .345T e r g / c m ^ (solid) 

4 5 0 e r g / c m 3 (liquid) 
2 .0e-64200/Tcm2/s 

^For nonequi l ibr ium condit ions, FASTGRASS utilizes a theoret ical model 
for the diffusion of overpressurized fission-gas bubbles , developed by 
Rest .7 This model is summar ized in Appendix D. 
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F>om Fig. 26, it can be seen that, for small bubbles (<1 )j.m) and small 
values of the temperature gradient (=100 K/cm), volume diffusion dominates 
bubble motion. On the other hand, large bubbles (>1 nm), in the absence of 
significant temperalure gradients, move primarily under the forces of buoy­
ancy. In liquid UO2 with temperature gradients > 5000 K/cm (see Fig. 27), 
bubbles with radii of up to =1 ^m move primarily by volume diffusion, 
whereas bubbles with radii greater than 1 ^m move primarily by viscous rise. 

Bubbles moving in a liquefied medium can coalesce and grow. Because 
FASTGRASS considers only a single bubble size class per distinct 
morphological fuel region (i.e., the average-size bubble), the rate of change 
of the bubble density, Cb, for a bubble of radius Rb, moving by random and 
biased migration in a liquefied lamina (e.g., a destroyed grain boundary 
region) is given by [see Eq. 14, and subsequent discussion] 

Cb=-(l67cRbDb+ab7tRbVb)Cb. (84) 

where (Xb is a parameter that incorporates the effects of a distribution of 
bubble sizes, and Vb is given by either Eq. 78, 81, or 82. The value of a = 4rc 
makes the second term on the RHS of Eq. 84 correspond to the product of 
the bubble density and the interaction volume swept out by each bubble. 

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

P(R,,R2) = 27c(Di + D2)(Ri + R2) + 7c(Ri+R2f(V2-Vi). (85) 

where Ri, Di, Vi and R2, D2, V2 are the radius, diffusivity, and velocity of 
bubble size distribution 1 and 2, respectively. Prior to fuel 
liquefaction/dissolution, the bubbles are assumed to be spherical in the bulk, 
lenticular on the grain faces, and ellipsoidal on the grain edges. Subsequent 
to fuel liquefaction/dissolution, all bubbles are assumed to be spherical. 

FASTGRASS analyses of the PBF-SFD 1-1 test indicate that liquefaction-
induced fission-product release depends on initial coalescence £ind growth 
of relatively small (0.04-nm-diameter) bubbles in the liquefied material due 
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to a volume diffusion mechanism (i.e., the fuel used in SFD 1-1 was trace-
irradiated and populated with a distribution of extremely small bubbles 
before the onset of liquefaction/dissolution, (see Fig. 26). Whereas volume 
diffusion (i.e., self diffusion of the U4+ ion) is relatively slow in solid UO2, it 
appears to be a significant factor in the motion of small bubbles in liquefied 
UO2. The growth of small bubbles in the liquefied material is predicted to 
occur mainly by the volume diffusion mechanism until the bubbles reach 
sufficient size (see Fig. 26). Subsequently, the release of fission gas (£ind 
other fission products trapped in the bubbles) is dominated by the motion of 
relatively large («l-|im-diameter) bubbles under buoyant forces. 

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

FASTGRASS predictions of fission-product release behavior have been 
compared with three sets of data: 1. the data obtciined by Parker and 
Barton,42 based on out-of-reactor induction heating experiments on declad, 
crushed low-burnup (1000) fuel; 2. data from high-temperature, in-cell 
heating tests on irradiated high-bumup LWR fuel in a flov^dng stream 
atmosphere, performed at ORNL;4l and (3) data from the in-reactor PBF-
SFD Tests,26 in which 1-m-long, trace-irradiated (89 MWd/t) and normally 
irradiated (35000 MWd/t) fuel rods were tested under accident conditions. 

7.1 Comparison with Out-of-Reactor Data 

7.1.1 Data of Parker and Barton 

In Table 9, the data of Parker and Barton^s are compared with 
FASTGRASS predictions of Xe, Ba, and Sr release at four fuel temperatures 
and two values of fuel burnup. Parker and Barton42 heated irradiated UO2 
specimens for ==5.5 h in an inert environment. Because fuel fragments with 
unknown values of open pore/solid surface area were used in most of the 
tests, a quantitative comparison between prediction and experiment is 
difficult. To simulate the fragmented state of the test samples, 10 and 25% 
of the grain boundaries were assumed to be fractured for the 1000- and 
4000-MWd/t samples, respectively. As is evident from Table 9, the 
FASTGRASS predictions follow the trend observed for Xe, Sr, and Ba release 
as a function of temperature and burnup. For low-burnup irradiations, most 
of the Ba and Sr is predicted to be in atomic form rather than in a 
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sequestered state; thus, it is available for diffusional release. During the 
rather long time at the indicated temperature (=5.5 h), FASTGRASS 
predicts significant release. This prediction is borne out by the data; e.g., in 
the case of the 4000-MWd/t fuel fragments, the measured Ba release was 
= 18% at 1780°C and =60% at 1980°C. The corresponding FASTGRASS-
predicted values follow the trend of these data, i.e., FASTGRASS predicted 
11% amd 57%, respectively. The Parker and Barton42 data (Table 9) show 
some anomalous behavior. For example, at 1000 MWd/t and 1610°C the 
measured Ba release is a factor of two larger thsm the Xe gas release. This 
type of reported behavior is even more pronounced for the case of I and Cs 
release (not shown in Table 9), where measured I and Cs releases were up 
to four times higher than the Xe release. 

Information on the predicted release mechanisms for these fission 
products is presented in Table 10. Results for Sr are similEir to those for Ba. 
Most intragranular release during these low-burnup tests is predicted to 
occur by a grain-growth/grain-boundary-sweeping mechanism. Grain-
growth/grain-boundary-sweeping effects are expected to be less important 

Table 9. Xe, Ba, and Sr Release Data of Parker and Barton, ReJ. 42, 
Compared with FASTGRASS Predictions 

Percent Released 

Temp. 
(°C) 
(°F) 

Burnup 
(MWd/t) 

Xe Ba Sr 
Data Predicted Data Predicted Data Predicted 

1400 
2552 

1000 
4000 

0.5 
6 

0.2 
2 

1.8 
0.5 

0.009 
0.002 

0.06 
0.08 

0 
0 

1610 
2930 

1000 
4000 

6 
14 

3.5 
9 

12 
15 

1.3 
0.5 

0.2 
0.5 

0.03 
0.02 

1780 
3236 

1000 
4000 

14 
42 

12 
29 

21 
18 

9 
11 

3.7 
6 

1980 
3596 

1000 
4000 

49 
71 

27 
69 

51 
60 

26 
57 

10 
33 

17 
23 

^Fragments of irradiated fuel, weighing 0.1-0.2 g, were held at the 
indicated temperatures for 5.5 h. 
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Table 10. Predicted Intragranular Migration oj Xe and Ba in 
4000-MWd/t Fuel Fragments during the Parker and 
Barton Tests (ReJ. 42) 

Temp. Percent Released to Grain Boundary by 
(°C) Product Diffusion Grain Boundary Sweeping 

1400 Xe 72 28 
Ba 8 92 

1780 Xe 11 89 
Ba 12 99 

1980 Xe 8 92 
Ba 14 86 

in higher burnup fuels, because of increased fission products present on the 
grain boundaries, which retard boundary movement, and because of 
sequestering of Ba £ind Sr by O in the fuel during fissioning. 

As is shown in Table 11, the Ba and Sr species migrating in the fuel cire 
predicted to be primarily in atomic form (this is also valid for Cs, not shown 
in the table). Very little BaO(g), SrO(g), and Csl is CEilculated to exist in 
bubbles, owing to their relatively low vapor pressure (e.g., compgired to the 
noble gases) and the limited available bubble volume for 4000-MWd/T 
irradiated fuel. These CEilculations indicate that if BaO(g), SrO(g), 8md Csl(g) 
exist outside of the fuel, the molecules were formed, for the most part, 
either in the fuel open porosity or at the fuel surface, £tnd not within fission-
gas bubbles. 

7.1.2 Fission-Product Behavior in High-Burnup Fuel during ORNL 
In-Cell Heating Tests with No Fuel Liquefaction 

Figures 28 and 29 show FASTGRASS predictions of fission-gas and Cs 
release for ORNL Tests HI-1 and HI-3,41.71-74 and compare them with 
corresponding measured quantities. The effects of fuel liquefaction £ire not 
considered here, but will be discussed in Section 7.1.3. Tests HI-1 and HI-
3 were conducted for 30 min at 1673 K and 20 min at 2273 ± 50 K, 
respectively, within a flowing-steam environment. The fuel specimens were 
20-cm-long sections of HBR fuel rod irradiated to 28,000 MWd/MTU. To 



85 

Table 11. Predicted Chemical Form of Retained Ba (4000 Mwd/t) 

Temp. 
(°C) Form Lattice Faces Edges 

1400 Ba 0.25 0 0 
0 
0 
0 

1610 Ba 5.5 0 0.1 
0.4 
0 
1 

1780 Ba 22 0 7 
8 
0 
9 

1980 Ba 16 0 50 
19 
0 
7 

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

The value of Q for stoichiometric UO2.00 was used for both test 
simulations. This resulted in predictions of no grain growth for HI-1 and a 
26-45% increase in grain size for Hl-3. These grain growth predictions Eire 
consistent with microscopic observations. ScEmning electron micrographs 
of HBR fuel specimens before and after Test Hl-3 show that the grEiin size 
before trcinsient heating was =6 jim, whereas post-test examination 
indicates an =50% increase in grain size. More detailed microscopic results 
are presented in Ref. 75. 

To reflect the reported experimental uncertainty in temperature for 
Test Hl-3, each part of Fig. 29 includes three predicted curves, which 
correspond to test temperatures of 2273 ± 50K. Also shown in Fig. 29 are 

Ba 
BaO(c) 
BaO(g) 
BaU04 

Ba 
BaO(c) 
BaO(g) 
BaU04 

Ba 
BaO(c) 
BaO(G) 
BaU04 

Ba 
BaO(c) 
BaO(g) 
BaU04 

0.25 
5.75 
0 
94 

5.5 
23 
0 
70 

22 
26 
0 
28 

16 
6 
0 
2 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
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the predictions in the absence of grain growth. On the basis of reasonable 
agreement between predictions and data for fission-gas and Cs release when 
a grain-growth/grain-boundary-sweeping mechanism is operative (Fig. 29), 
and between predicted and observed end-of-test grain size, it is concluded 
that grain boundary sweeping of fission products is a key mechanism for 
moving fission products from within the grains to the grain boundaries 
under HI-3 test conditions. 

Whereas partial oxidation of the cladding was observed after Test HI-3, 
no visual evidence of appreciable fuel oxidation was detected. This result is 
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consistent with the use of the stoichiometric grain growth law within 
FASTGRASS for Hl-1, HI-3, and HI-4 (see Section 7.1.3) test conditions. 

Figure 30 shows FASTGRASS predictions of fission-gas Eind Cs release 
for Test HI-2. The HI-2 test specimen was similEir to specimens used in 
Tests HI-I and HI-3. Test HI-2 was conducted for 20 min at =1973 K in 
flowing steam. Metallographic exEiminations74,75 of the tested fuel specimen 
revealed extensive fractures in the cladding, essentisilly complete oxidation 
to Zr02, and evidence of fuel-cladding interaction. Thus, it seems likely 
that fuel oxidation did occur during Test HI-2, in contrast to Tests HI-1, 
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HI-3, and HI-4. Each psirt of Fig. 30 shows predicted curves obtained with 
both the stoichiometric ("nominal") grain growth activation energy 
(maximum fuel temperature = 1973 ± 50 K), as well as predictions for the 
case of no grain growth (maximum fuel temperature = 1973 K). For cases 
where hyperstoichiometric grain growth activation energy was used, there is 
reasonable agreement between theory Emd experiment. Thus, both the 
experimental results available to date and the FASTGRASS analyses (Fig. 30) 
indicate that the UO2 diffusivities were enhanced to some extent during 
Test HI-2 owing to UO2 oxidation to U02+x-
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0.8 

-T ^ ^ 1 i , ^ p — T -
O Kr DATA ( a ) 
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ENHANCED GRAIN GROWTH 

1973 K (NO 
GRAIN 
GROWTH) 

2023 K 

1973 K 

1923 K 

20 40 60 80 

TRANSIENT TIME (min) 

100 

1.0 

0.8 

0.6 

0.4 

0.2 

T 1 1 f-

O Cs DATA 
T 

(b) -
FASTGRASS-VFP 

ENHANCED GRAIN GROWTH 

2023 K; 
1973 K (NO 
GRAIN 
GROWTH) 

1973 K -

1923 K -

20 40 60 80 

TRANSIENT TIME (min) 

100 

Fig. 30. 
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predictions of 
(a) fission-gas and 
(b) Cs release during 
ORNL Test HI-2, 
compared with 
measured values 
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7.1.3 Fission-Product Behavior in High-Burnup Fuel during ORNL 
In-Cell Heating Tests with Fuel Liquefaction 

Figure 31 shows FASTGRASS predictions of fission-gas release for Test 
HI-3 with and without the effects of fuel liquefaction, compared with 
experimental observations. As discussed in Section 7.1.2 and shown in Figs. 
29 and 31, the FASTGRASS CEilculations made under the assumption of no 
liquefaction Eire in good agreement with the data. The calculations made 
under the assumption that fuel liquefaction occurred in Test Hl-3 (Fig. 31) 
show a degradation in the fission-gas release, Eind do not agree with the 
data. Hie reason for this result is that, during fuel liquefaction, the resultant 
enhanced growth of fission-gas bubbles in the liquefied lamina bordering the 
UO2 grEiins reduces grain growth rates and grain boundEiry sweeping of 
intragranulEir fission products into the liquefied region. In addition, just 
subsequent to fuel liquefaction, fission-product release rates are reduced 
owing to decreased mobility in a viscous medium, compared to vapor 
transport through Interconnected tunnels. The effect of reduced grain 
growth rates during fuel liquefaction is demonstrated In Fig. 32, which 
shows FASTGRASS predictions for grain growth during Test HI-3 with and 
without the effects of fuel liquefaction. Also shown in Fig. 32 is the reported 
grain size observed in the posttest fuel. As shown in Fig. 32, the predicted 
gTEiin size without the effects of fuel liquefaction is consistent with the 
observations, whereas the calculated grain size for the case of fuel 
liquefaction is substantially below the reported values. TTie FASTGRASS 
results for fission-gas release Eind grEiin growth during Test HI-3 in the 
absence of fuel liquefaction are consistent with the result that only minimsil 
evidence of fuel liquefaction was observed in Test HI-3. 

Figure 33 shows FASTGRASS results for fission gas release during Test 
HI-4 with and without effects of fuel liquefaction, compared with the 
experimental observations. The fuel specimen for Test HI-4 consisted of a 
20.3-cm-long fuel segment from a rod that had been irradiated in the Peach 
Bottom-2 reactor to about =10,100 MWd/MTU. Again, FASTGRASS-LIFE-
LWR was used to simulate the irradiation period prior to the transient test. 
About 9% fission-gas release occurred from this rod during the irradiation. 
Test HI-4 consisted of 20 min at a temperature of 2273 ± 50 K in a flowing 
stesim-helium atmosphere. 

Grain boundary liquefaction of the fiiel, i.e., formation of liquid U at 
temperature, was observed in portions of the fuel, principEilly near large 
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amounts of Zircaloy.75 As shown in Fig, 33, the FASTGRASS results for 
fission-gas release during Test HI-4 under liquefaction conditions are 
consistent with this observation. The calculations made under the 
assumption of no fuel liquefaction effects substEmtially overpredict the 
reported data. In addition, the FASTGRASS prediction of <10% increase in 
grain size is consistent with the observation of no grain growth within a 15% 
uncertainty range. 
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7.2 Comparison with In-Reactor Data 

The PBF-SFD test series26.76 was initiated to obtain data on fission-
product behavior under conditions of severe core degradation similar to 
those experienced at TMI-2. Each test was performed with 1-m-long 
Zircaloy-clad UO2 fuel rods arranged in a 6 x 6 array, with comer rods 
missing. Trace-irradiated fuel (=90 MWd/t) was used in the first and 
second tests, and normally irradiated fuel (=30,000 Md/e) was used in the 
last two tests. The high-temperature fuel destruction phase of each test was 
achieved by reducing the inlet flow of coolant to the test bundle and 
increasing reactor power; the results were coolant boiloff, clad ballooning 
and rupture, Zircaloy and fuel oxidation by steam, clad melting and 
relocation, and release of noble gases and VFPs from the severely damaged 
fuel rods. 

7.2.1 Fission-Product Behavior in Trace-Irradiated Fuel during SFD 
Tests in the PBF Reactor with No Fuel Liquefaction 

The SFD-ST experiment consisted of a 32-rod bundle of PWR-type fuel 
rods, 0.91 m long and enclosed in an insulated shroud. The bundle was 
subjected to a slow heatup («2 h) in an O-rich environment to =1400 K in 
the lower part of the fuel bundle and =1800 K in the upper portion of the 
bundle and then rapid heatup («10 min) to 2400 K, followed by a rapid 
quench and coolant reflood. Considerable cladding oxidation and melting. 
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fuel liquefaction, and fuel fragmentation occurred. The SFD 1-1 test also 
consisted of a 32-rod bundle, but the temperature transient consisted of a 
rapid heatup (=30 min) in a steam-starved environment to 2400 K, followed 
by a slow cooldown (=20 min) without a rapid quench. The effective burnup 
levels for SFD-ST and SFD 1-1 are 88.9 and 79.1 MWd/MTU, respectively. 

In Fig. 34, the measured fission-gas release rates for SFI>-ST are 
compeired with the release rates predicted by FASTGRASS on the basis of 
both the stoichiometric (nominal) and hyperstoichiometric (enhcinced) 
grain growth activation energies. The enhsmced grain growth activation 
energy, which is assumed to be activated at a time when the pesik fuel 
temperatures exceed 1900 K, gives rise to a release-rate curve that 
simulates the trend of the ST data, whereas the nominal value of Q gives 
release rates that are approximately an order of magnitude below the data at 
fuel temperatures >1900 K. Such differences in predicted release 
characteristics due to grain-growth/grEiin-boundary-sweeping effects are 
further illustrated in Fig. 35, which shows intragrEinulEir fission-gas 
retention during SFD-ST as predicted by FASTGRASS. If nominal grain 
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growth occurs, the majority of the fission gas is predicted to remain trapped 
within the grain interior, with a total fractional retention of >80% even as 
fuel temperatures approach 2400 K. However, if the grain growth is 
enhanced owing to fuel oxidation, a much larger fraction of the intragranular 
gas is swept to grain boundaries, with only =10% retention within grains at 
fuel temperature of =2400 K. Such predictions clearly illustrate the 
important influence of the grain-growth/sweeping process on the 
morphology and attendant release behavior of gaseous and volatile fission 
products. 

Figure 36 shows FASTGRASS predictions of grain growth in the hottest 
fuel region of SFD-ST for cases of nominal and enhanced grain growth. 
Theory predicts a more than twofold increase in grain size (for a 10-|im 
initial grain size) when h)^erstoichiometric grain growth activation energy 
is invoked. Because the steam flow conditions of the SFD-ST scoping test 
produced an oxidizing environment, enhanced grEiin growth appears 
appropriate for this Emalysis. The analysis is also consistent with the fuel-
oxidation-enhanced grain growth noted in the PBF-SFD scoping test, where 
both U4O9 precipitates and a substantial increase in grsiin size were noted 
upon posttest fuel examination. 

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

As was stated previously, the value of the activation energy, Q, for grain 
boundary motion in h)rperstoichiometric UO2 was determined by the 
requirement that the integrated intragranular Xe release, as calculated by 
FASTGRASS-VFP, must be consistent with measured total (end-of-test) 
release values for SFD-ST. Thus, agreement between predicted Xe release 
values and SFD-ST-measured values, shown in Table 12, is a consequence of 
this procedure when used to determine a value of Q for oxidized UO2. 
However, the successful interpretation of the HI 1-4 test series (Figs. 2 8 -
33) Emd of the trends of the PBF test fission-gas-retease-rate data (e.g.. Fig. 
34), and the reasonable agreement between the predicted integral releases 
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of I and Cs and the PBF data (e.g.. as shown in Table 12), support the 
hypothesis set forth in this report. 

The results of the FASTGRASS calculations indicate that, in the absence 
of a requench (and fuel liquefaction), very little fission-product release 
would have occurred during SFD-ST. The reason for this is that, owing to 
the low concentrations of fission gas in this trace-irradiated, low-bumup 
fuel, very little interconnection of fission-gas bubbles is predicted to occur 
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Table 12. FASTGRASS-VFP Predictions of Fission-Product 
Release during the SFD-ST Test, Compared with 
Measured Values 

Fraction Released 
Fission 

Product FASTGRASS-VFP Collection Tank 
Calculation Measurement 

Xe 0.50 =0.50a 

Cs 0.39 =0.32 

I 0.51 =0.49 

^Obtained from integration of release rate data. 

on the grain faces smd along the grain edges. This is in contrast to the 
ORNL transient tests on high-bumup fuel described earlier. The previously 
described relatively high concentration of fission gas in the high-bumup fuel 
enables a high degree of bubble interconnection to occur, with subsequent 
venting of retained fission products. 

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

FASTGRASS Emalyses indicate that for trace-irradiated fuel, most of both 
fission gases Emd volatiles (1 and Cs) are retained within the interior of 
individual grains either as individual atoms or as newly nucleated 
intragranular microbubbles. FASTGRASS-VFP calculations indicate that such 
morphology will exist until grain growth causes the sweeping of 
intragranular microbubbles to grain boundaries. Because grain growth 
normally requires fuel temperatures in excess of 1900 K, significEmt release 
during the heatup phase of these PBF/SFD tests is precluded. Only when 
temperatures above 1900 K cause destruction of the grain boundary 
structure (by liquefaction, eutectic fuel melting and/or quench-induced 
processes such as grEiin boundEiry fracturing) is significant release predicted 
for such low-bumup fuel. 

Test data for the PBF-SFD 1-1 and 1 ^ tests are presented in Table 13. 
The SFD 1-1 transient consisted of a slow heatup of trace-irradiated (89 
MWd/t) fuel to =1600 K, followed by a rapid heating that is driven by 
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Table 13. 

Species 

Noble Gas 

I 

Cs 

Te 

Ba 

Sr 

Percentage Fission-Product Release Measured during Two 
PBF-SFD Tests, Compared wUh FASTGRASS Predictions 

Data 

6.0±3.0 

12 

9.4 

sO.3 

=0.5 

Sl̂ 'D 1 

Total 
Release 

4.4 

4.6 

4.9 

0.15 

0.9 

0.3 

-1 

Potential 
Liquefaction 

Release 

3.9 

4.0 

4.3 

0.13 

0.8 

0.25 

Dataa 

3 0 - 5 1 

24 

42 

<0.5 

Sl-'D 1-4 

Total 
Release 

42 

42 

35 

0.3 

12 

14 

[ 

Potential 
Liquefaction 

Release 

15 

15 

12.5 

0.1 

4 

5 

^Excluding irreversible deposition and filter content. 

cladding oxidation in the upper regions of the fuel bundle. The peak fuel 
temperatures in most of the fuel rods were >2650 K. A significant amount of 
liquefaction/dissolution occurred in the SFD 1-1 test. In the SFD 1-4 
test,'77 the trEmsient closely matched that of SFD 1-1; however, irradiated 
(=35,000 MWd/t) fuel rods were used in the SFD 1-4 test bundle. The 
liquefaction/dissolution scenario for SFD 1-4 was assumed to be identical 
with that of the SFD 1-1 test. 

The spatial and axial temperature profiles provided to FASTGRASS were 
derived from calculations of the SCDAP computer modeF^ and were 
adjusted to the best-estimate temperature profile. The initial effective grEiin 
size was 8 iim. The general lack of fuel oxidation during the SFD 1-1 test 
dictates a grain growth model driven only by temperature. The =7% fuel 
dissolution noted during postlrradiation examination was simulated in 
FASTGRASS by allowing one of the ten fuel nodes to go into total dissolution 
(monotectic melting temperature = 2650 K), while four of the remaining 
nodes were modeled to have grain boundary liquefaction (liquefaction 
temperature = 2150 K). Because relocation information was not supplied, 
the cylindrical fuel geometry was maintained by FASTGRASS throughout the 
simulated transient. 
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In Fig. 37, the FASTGRASS-predicted fission-gas release rate for the 
SFD 1-1 test is compEired with measured release rates. FASTGRASS 
CEilculations Eire shown with and without the effects of fuel liquefaction/ 
dissolution. The release rates predicted by FASTGRASS with the effects of 
liquefaction/dissolution agree quite well with the trend of the release rates 
measured by SFD 1-1. In Fig. 38, FASTGRASS-calculated percent noble-gas 
release for SFD 1-1 Eire shown with and without the effects of liquefaction/ 
dissolution. In Table 13, the FASTGRASS noble-gas release fractions are 
compared with the results of the on-line and grab-sample measurements. 
FASTGRASS calculations made with the effects of liquefaction/dissolution 
predict releases that are in better agreement with measured values. 

The calculated SFD 1-1 noble-gas release (Fig. 38) is =4.4%, with 
liquefaction occurring at =2000 s. As indicated in Table 13, =3.9% noble-
gas release is predicted from nodes that experience liquefaction, the 
remainder (0.5%) being released during solid-phase fuel heatup. Although 
enhanced release is still relatively low (4,4% total), bubble size for trace-
irradiated fuel is quite small (=10 A diameter), and the mobility of the 
bubbles in liquids increases with increasing size. 

Figure 39 shows GRASS-SST- and FASTGRASS-calculated bubble size 
distribution in liquefied UO2 Just subsequent to fuel dissolution for Tests 
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rates for SFD 1-1 with and without the 
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SFD 1-1 and SFD 1-4. (FASTGRASS considers two bubble size classes for 
fuel that has undergone dissolution, corresponding to bubbles that existed 
within the bulk and on the grain boundaries Just prior to the phase change.) 
Also shown in Fig. 39 are the calculated results for SFD 1-1 jus t after fuel 
re-solidification. For the trace-irradiated SFD 1-1 fuel, the more detailed 
GRASS-SST mechanistic model shows that the peak in the bubble size 
distribution in liquid fuel occurs at a bubble diameter of =0.015 ^im. For the 
irradiated fuel of SFD 1-4, GRASS-SST shows a bubble size distiibution in 
liquid fuel with the peak occurring at a bubble diameter of =0.06 ^im. The 
calculated bubble size distribution for SFD 1-4 is both higher and broader 
than that for SFD 1-1. Thus, as the bubble velocity in the liquefied fuel 
depends on bubble size (e.g., see Fig. 26), and the bubble coalescence rate 
depends additionally on bubble density, e.g., see Eq. 84, gas bubble escape 
from liquefied fuel (and thus the escape of other fission products which are 
swept out by the bubbles, e.g., I and Cs) will, in general, be much greater for 
normally irradiated fuel than for low-bumup fuel. Figure 39 also shows that 
FASTGRASS tends to approximate the GRASS-SST bubble size distributions 
(at least at the onset of dissolution) by calculating a high density of smaller 
than "average" size bubbles (i.e., the peak of the distiibution), and a low 
density of larger than "average" size bubbles. 

As the system evolves in the liquefied state, the FASTGRASS-calculated 
bubble sizes come into better agreement with those calculated by GRASS-
SST. This is shoAvn in Fig. 39 by the GRASS-SST-calculated bubble size 
distribution for SFD-1-1 Just subsequent to fuel resolidification, and the 



Fig. 39. 
GRASS-SST- and 
FAST-GRASS-
calculated bubble size 
distribution in liquefied 
fiieljust subsequent to 
fuel dissolution for SFD 
1-1 and SFD 1-4, and 
FASTGRASS-calculated 
results for SFD 1-1 Just 
subsequent to fuel 
resolidification 

corresponding FASTGRASS-calculated value. The predicted releases are on 
the order of 50%. The results for SFD 1-4 do not appear in Fig. 39 because 
the predicted releases approached 100%. These results demonstrate that, 
in low-bumup fuel (e.g., SFD 1-1, TMI-2), appreciable fission-product 
retention in previously molten fuel is possible. 

The curves shown in Figs. 37 and 38 incorporate the FASTGRASS 
grain-growth-fission-product-sweeping model. In view of the 
postlrradiation exEimination findings of littie fuel oxidation, the FASTGRASS 
simulation of the SFD 1-1 test incorporated grain growth kinetics, which 
were activated solely by temperature. The initial grain size was taken as 8 
\im, and end-of-test calculated grain size was =12 îm. This compEu^es 
favorably with the 10-12-|im grain size found during postirradiation 
examination of fuel debris samples. Although only limited grain growth is 
estimated by FAST-GRASS, the effect of such grain growth on the sweeping 
of fission gas from the grain interior to grain boundaries during solid-phase 
fuel heatup is pronounced. As shown in Table 14, FASTGRASS predicts that 
3-85% of the retained gas in the undissolved pellets is trapped on the grsiin 
boundaries during solid-phase fuel heatup. However, once liquefaction 
temperatures (2150 K) are reached, partial release of this previously 
entrapped gas inventory is predicted to commence, with release occurring 
over the slow cooldown period, when the liquefied fuel was slowly cooled to 
a resolidified debris mass. Subsequent microcracking of fuel upon 
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termination of cooldown provides an additional mechanism (not considered 
here) for the added fission-product release that we noted late in the test. 

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

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

Table 14 presents the FASTGRASS-calculated behavior of I and Cs for 
SFD 1-1. The fission product I shows the same release characteristics as Xe 
and no Csl formation is predicted. Iodine is predicated to remain in atomic 
form and diffuse through the fuel matrix in a manner similar to that of Xe. 
TTiis observation is supported by the work reported in Refs. 69 and 70. On 
the other hand, fission-product Cs either reacts with the fuel to form Cs 
uranate or migrates in atomic form. Because both I and Mo are fission 
products and are widely dispersed in the fuel matrix for trace-irradiated 



Table 14. FASTGRASS-calculated I, Cs. and Xe Morphology for Test SFD 1-1 

Fission Product Inventory Trapped on Grain Boundaries 1%1 

Axial Maximum Fuel 
Node Temperature Liquefaction/Dissolution Xe I Cs 

(K) 
Csl CS2UO4 CS2M0O4 

2b 

3 

4 

5 

6a 

7a 

8* 

9 

10 

2349 

3025 

2862 

2662 

2663 

2438 

2437 

2436 

2439 

2213 

Yes 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

No 

No 

17.6 21.8 26 0 

85.4 

69 

78.3 

17 

29.8 

29.4 

35 

3.3 

86.8 

72.6 

80.1 

18.8 

28.3 

26.9 

32.5 

13.1 

20.3 

9.2 

22.9 

19.1 

5.8 

1.6 

2.0 

15.4 

0 

0 

0 

0 

0 

0 

0 

0 

63.7 

61.8 

54.8 

1.82 

2 6 

29.1 

21 

1.2 

0 

0 

0 

0 

0 

0 

0 

0 

aCraln boundary liquefaction temperature = 2150 K. 
^Monotectic melting temperature = 2650 K. 
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conditions, essentially no formation of Csl Emd CSM0O4 is predicted for the 
SFD 1-1 fuel. 

Table 15 presents the FASTGRASS-calculated release characteristics of 
Sr and Ba for the SFD 1-1 conditions. Both Sr and Ba react with the fuel or 
with O freed from the fissioning UO2 to form BaO, BaU04, and SrO. The 
chemical affinity of Ba and Sr for O results in near-total sequestering of Sr 
and Ba as oxides or uranates within the fuel matrix or at grain boundaries 
and at the fuel open porosity. 

Table 15. FASTGRASS-Calculated Ba and Sr Morphology for Test SFD 1-1 

Axial Maximum Fission-Product 
Node Temp. (K) Inventory Fuel 

Liquef./Dissol. 

Trapped at Grain BoundEiries (%) 

Ba BaO BaU04 Sr SrO 

la 
2b 

3 
4 
5 
6a 
7a 

8a 
9 
10 

2349 
3025 
2862 
2662 
2663 
2438 
2437 
2436 
2439 
2213 

Yes 
Yes 
No 
No 
No 
Yes 
Yes 
Yes 
No 
No 

0.14 

0 
0 
0 
0 
0 
0 
0 
0 

1.9 

0.9 
0.4 
0.9 
0.7 
0.1 
0.5 
0.25 
0.09 

14 

82 
67.3 
76.4 
29.7 
23.7 
18.3 
21.5 
3 

0 

0 
0 
0 
0 
0 
0 
0 
0 

12.6 

82.2 
64.9 
75.3 
25.9 
18.4 
13.8 
17.6 
1.7 

aGrain boundary liquefaction temperature = 2150K. 
t»Monotectic melting temperature = 2650K. 

8 Comparison of FASTGRASS with Empirical Models 

The NUREG-0772'78 fission-product release correlations (sometimes 
referred to as the CORSOR correlations) assume, for molten fuel, 100% 
instantaneous release of noble gases and the volatiles I and Cs. In contrast, 
release of these fission products from solid fuel is predicted to occur within 
about 10 min at temperatures exceeding =2000°C (2273 K). However, the 
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PBF-SFD data indicate that substantial fission product can be retained in 
liquefied fuel. FASTGRASS analysis of these test data supports these 
observations (see Section 7.2.2). For the trace-irradiated SFD 1-1 fuel, it is 
predicted that the low concentration of fission products in the fuel matrix 
will prevent appreciable bubble nucleation and growth, and hence, 
appreciable bubble escape velocities (see Figs. 26 and 27). For higher 
b u m u p fuels, the amount of release, Eilthough in general much greater than 
from trace-irradiated material, is still dependent on bubble mobility, fuel 
geometry, and time at fuel liquefaction temperatures. 

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

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

2. Cooldown to 500 K (simulated reactor shutdown). 

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

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

Figure 41 shows similar results for Cs release. For fuel temperatures of 
2000-2800 K, the Cs release is similar to the Xe release. For lower 
temperatures (1800 K), the Cs release is somewhat lower than the Xe 
release. At lower fuel temperatures, the Cs tends to become sequestered in 
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the fuel as CS2UO4 and CS2M0O4, although, even in the absence of such 
chemical effects, the FASTGRASS model would predict lower rates for 
release of atomic Cs by bubble transport than the NUREG-0772 correlation. 

Figure 42 shows FASTGRASS-calculated results for Ba. Virtually no 
release (i.e., <1%) occurs for fuel temperatures below 2000 K and hold 
times of several hundred hours. At 2200 K, the calculated Ba release is as 
follows: 14% after =4 h, 57% after a hold of =1 h at 2400 K (fuel heatup 
took =16 min), and 98% after a hold of =21 min at 2800 K. The limited 
release of Ba at temperatures below 2200 K is due to extensive sequestering 
of Ba as BaO(c) and BaU04(c) within the fuel matrix for this normally 
irradiated fuel. 

Figure 43 shows the results of the theory for 16 ORNL transient fission-
product release tests compared with measured values.^i-^3 'phe data shown 
in Fig. 43 are part of the data base used to derive the NUREG-0772 release 
rate correlations. The temperatures were ramped to values of 500-1600°C 
Emd held for various lengths of time before test termination. In general, the 
agreement between theory and experiment is reasonable. A range of 
predicted values is shown for three tests in Fig. 43; the values correspond to 
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Fig. 42. FASTGRASS-calculated Ba release 
during fuel heatups to 2200-2800 K 
and during subsequent hold periods 
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reported uncertainties''^ in the fuel temperatures during the test. The 
temperature uncertainties in these tests are attributed to combined heat 
from rapid oxidation of cladding and higher levels of ohmic energy 
deposition. 

Figure 44 presents FASTGRASS-calculated average fission-gas release 
rates (obtained from the linear portion of the fractional release curves 
shown in Fig. 40), plotted against the reciprocal of the absolute temperature 
and compared with various ORNL data and the NUREG-0772 release rate 
curve. The linear fit to the ORNL release data from horizontally tested (HI) 
rods results in a curve that lies between the somewhat high NUREG-0772 
correlations and the FASTGRASS predictions. The series of points above 
10-1 fraction/min (at 4.5 x lO^/T) are from Test HI-6. which was a short-
time test (=1 min). and the series of points at =3.5 x 10-2 fraction/min (at 
=5.0 X 104/T) are from Test HI-2, which most likely experienced ftiel 
oxidation. These points should be excluded from the comparison with the 
FASTGRASS curve, because this curve represents release from 
stoichiometric, solid fuel only, and for hold times representative of the 
linear portion of the fractional release curves shown in Fig. 40. The ORNL 
noble-gas release data from vertically tested (VI) fuel rods closely mirror the 
FASTGRASS curve. These findings support a mechanistic approach to 
modeling fission-product release, rather than the temperature-only 
empirical correlation employed in NUREG-0772. 
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Fig. 44. 
FASTGRASS-calculated 
release rates from solid fiiel 
obtained from the fractional 
release curves shown in 
Fig. 40, compared with 
various ORNL data and the 
NUREG 0772 release rate 
correlation 

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

Card No. 
Variable 
Name Description 

ITLE descriptive title 

IRSTAR IRSTAR = 0: Normal execution 

la 

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

DUMPl Defines Unit 15 for reading restart dump (IBM 
PC version only) 



108 

DUMP2 Defines Unit 16 for writing restart dump (IBM 
PC version only) 

GRS 

FL 

NF 

KF 

JPL 

rVFP 

KPL 

NRD 

J l 
J 2 

Initial amount of gas in fuel cladding. 

Fuel rod length (cm) 

Total number of axial sections 

Total number of radial rings 

Unused 

IVFP = 0: 

rVFP ^ 0: 

Unused 

NRD = -1 
= 0 
= 1 

Calculation is done for noble 
gases and for Te, I, Cs, Ba, Sr 
Calculation is done for noble 
gases only 

Van der Waal EOS 
Harrison EOS 
Hard-sphere EOS 

Calculation is done for axial 
ftiel sections J 1 through J 2 

Note: Input is done for axial fuel sections 
1 through NF 

MF Unused 

NXO NXO = 0, 1 Option for O/M calculation 
NXO = 0 is nominal value 
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I This card set provides the capability of 
PROG (I) modifying any member in labelled COMMON/ 
Identifier PROG/PROG(183). Last card of this set must 

have I = blank or zero. This card set is read 
in subroutine ZRDWR. 

DELT 

NPRINT 

INPLQ 

IREAD 

Time step (s) 

Printout option 
NPRINT ^ 1 : No printout 
NPRINT = 2: Partial printout for axial totals 

and rod totals only 
NPRINT > 2: Full printout 

Fuel liquefaction/dissolution option 
INPLQ = 0: No action 
INPLQ * 0: Read in card set #4E 

IREAD = 0: 

IREAD = 1: 

IREAD = 2: 

No change in fuel properties 
and operating conditions for 
this time step 
Fuel operating conditions to be 
updated for this time step; 
read in card sets #5 through 
#10 
Fuel operating conditions and 
fuel properties to be updated 
for this time step; read in card 
sets #5 through #14 

lOX Fuel oxidation option 
lOX = 0: No action 
lOX * 0: Read in card set #4D 



no 

IP 

M l 

IP = 0: No action 
IP = 1: Read in card sets #15 through #18 
IP = 2: Read in card sets #15 through #18, 

print card sets #16 through #18 

Temporary variable, ICL is the tellurium 
sequestering option 
Ml = 0: No action 
Ml > 0: ICL = 1; tellurium sequestered by 

cladding 
Ml < 0: ICL = 0; Te not sequestered; 

retained Te released from 
cladding 

IRSTAR 

INV 
INV = 0: 
INV > 0: 
1NV< 0: 

IRSTAR < 0: Halt calculation, write restart 
dump on unit 16, write 
summary printout 

IRSTAR > 2: Read in card set #3 in 
subroutine ZDWR 

IRSTAR other: No action 

Option to input fission-product inventories 
No action 
Read in card set #4B 
Read in card set #4C 

ITRAN ITRAN = 0: 
ITRAN * 0: 

Steady-state mode 
Transient Mode 

M2 Temporary variable, MCRK is microcracking 
option 
M2 = 0: 
M2 > 0: 

M2 < 0: 

No action 
MCRK = 1; do not Invoke 
microcracking model 
MCRK = 0; invoke 
microcracking model 

KFLX Radial flux depression option 
KFLX = 0: All FDP (K,J) = 1; do not include 

card set #9 
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KFLX = 1: Include card set #9 to define 
(FDP(K,1),K = 1,NF). Code will 
internally set 
(FDP(K,J) = FDP(K,1),J-2,NF) 

KFLX = 2: Include card set #9 to define J 
sets of (FDP(K,J),K = 1,KF) 

NCRK Option to input grain boundary fracturing 
data 
NCRK = 0: No action 
NCRK * 0: Read in card set #4A 

M3 Temporary variable; NOPT is grain growth 
option 
M3 = 0: 
M3 > 0: 
M3 < 0: 
NOPr = 0: 

NOPr = 2: 
NOPT = 3: 

No action 
NOPT = M3 
NOPT = 0 
No grain growth/grain boundary 
sweeping 
Empirical grain growth law 
Theoretical grain growth law 

NOTE: ICL, MCRK, and NOPT are initialized to zero at 
the beginning of the run 

ALP(K, J) Fraction of grain boundary area per unit 
volume separated by microcracks 

XGT(l-6) Fission-product inventories in fuel for noble 
gases (1), Te (2), I (3), Cs (4), Ba (5), Sr 
(6) in grams. Note that if XGT(I) <0, that 
particular inventory remains unchanged. This 
option is invoked after beginning of a case. 

Initialization of fission-product inventories 
and associated variables NNF = NKF = 1 
If INV < - 1 , NNF = NF, NKF = KF 
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This card set consists of NNF * NKF sets of 
data. For SV and CI, the index N refers to 
1: gas in lattice 
2: bubbles in lattice 
3: bubbles on face 
4: bubbles on edge 

SV(N,K,J),N=1,4 Temporary variable that holds the radii (cm) 

CI(N,K,J),N=1,4 Temporary variable that holds apportionment 
factors. (CI(1) + CI(2) + CI(3) + CI(4) = 1.0 

GOU(N,K,J),N=l,6 Temporary variable that holds the XGT(I) as 
in card set #4B above. If NNF = 1 and NF >1, 
results (2 through J) = results(l) 

NXKJ(J) Indices specifying grain growth activation 
energies for each axial section 
NXKJ(J) = 1: nominal; no fuel oxidation 
NXKJ(J) = 2: enhanced; fuel oxidation 

ISUM(J) Temporary variable; ILIQ(J) is a flag that 
controls liquefaction/dissolution for each 
axial section 
ISUM(J) = 0: No action 
ISUM(J) * 0: ILIQ(J) = 1 
ILIQ(J) = 0: No liquefaction/dissolution 
However, if temperature > TKAUML 
(= PROG(79) = 3123), begin melting. 
Code will then internally set ILIQ(J) = 5. 
Should temperature later become 
< TKAUML, ILIQ(J) - 5 
ILIQ(J) = 1 : No action until temperature > 

TKLIQ (= PROG(81) = 2170), 
Whereupon ILIQ(J) is set 
internally to 2 and TLIQS(J) is 
calculated. After TLIQS(J) 
seconds and temperature is 
still > TKLIQ, 1L1Q(J) is 
internally set to 3 and llque-
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faction is assumed to occur. 
If temperature > 
TKDIS (= PROG(80) = 2650), 
dissolution is assumed to 
occur, ILIQ(J) is internally set 
to 4. Should temperature 
become < TKSOL (= PROG(82) 
= 1373), ILIQ(J) = -ILIQ(J) 
enables code to remember 
that section J experienced 
liquefaction/dissolution 

If IREAD 9t 0, go to card #15 

5A TS(K, J) Temperatures at boundaries of regions 
(K,J)(K) 

6A TK(K, J) Average temperature of regions (K,J) 

(K) 

7A POW(J) Unear power in axial sections (kW/ft) 

8A PRSO(K,J) Average hydrostatic pressure in regions (K,J) 

(psi) 

9A FDP(K. J) See KFLX on card #4 

lOA PLENP Plenum pressure (psi) (not used) 

If IREAD = 2. go to card #15 

12A RS(K,J) Radius of the boundary of region (K,J)(cm) 

13A POROS(K,J) Average fractional porosity in region (K,J) 

14A GRSIZ(K,J) Average grain diameter in region (K,J) (cm) 

If IP = 0, go to card #4 
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15 

TMAX The code will execute until the 
TDMIN total time > TMAX or the minimum fuel 
TDMAX temperature TK (K,J) < TDMIN or the maxi­

mum temperature TK(K,J) > TDMAX 

I PRINT (If NPRINT = JPRINT, printout for every 
J PRINT IPRINT time step wifl be provided with 
IWRITE NPRINT = IWRITE 

IPOW IPOW = 0: Do not read in POW(J) 
IPOW = 1: Read in POW(J) 

16 TD(K,J) Temperatures TS(K,J) incremented by TD 
(K,J) during DELT 

17 DPOW(J) Power incremented by DPOW(J) during DELT 

If IPOW = 0, go to card #4 

18 POW(J) Linear power in axial section J (kW/ft) 

Repeat sequence starting with #4 

Dictionary of Variables in COMMON/PROG/PROG(183) 

Variable 
Index Name 

1 - 9 A( l -9 ) Parameters in the calculation of the UO2 yield 
strength 

10 AADCl Pre-exponential factor for gas atom diffusion 
coefficient (cm^/s) 

11 AADC2 Activation energy for gas atom diffusion (cal) 
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12 ACON Parameter that relates grain boundary area per unit 
volume to the equivalent grain diameter 

13 ALFA Used to define DRC (in ZRDWR); to be used in 
defining DRDT (in RDCAL in equilibrium model for 
radii calculations 

14 ASTAR Fraction of areal coverage of grain face by bubbles 

required for channel formation 

15 ATMVOL Volume associated with one molecule of fuel (cm^) 

16 AVN Avogadro's number 

17-22 BADC(l-6) Coefficients in the semi-empirical/ 
phenomenological expression for intragranular 
bubble diffusivities 

23 BOLTZ Boltzmann's constant (ergs/K) 

24 BVCRIT Critical value of grain edge swelling required for 
long-range tunnel interlinkage 

25 CALCA Proportionality constant between theoretical and 

actual boundary separation rate 

26 CD Characteristic crack diameter (cm) 

27 CRT Relative error permitted in the integration 

28 CRl Relative error permitted in the bubble radius 

calculation 

29 DELHV Molar heat of vaporization (ergs/mole) 

30 DUl(l) Pre-exponential factors in expression for vacancy 
31 DU1(2) diffusion, in lattice (1) & in faces and edges (2) 

(cm2/s) 
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DU 1(3) Parameter used in calculating the average bubble 
size in the lattice 

DU 1 (4) Parameter used in calculating the average bubble 
size on faces or on edges 

DU2(1) Activation energy for vacancy diffusion 
corresponding to DUl(l) above (cal) 

DU2(2) Activation energy for vacancy diffusion 
corresponding to DU1(2) above (cal) 

DU2(3) Parameter used in calculating the average bubble 
size corresponding to DU1(3) above 

DU2(4) Parameter used in calculating the average bubble 
size corresponding to DU1(4) above 

DZERO Pre-exponential factor in the expression for surface 
diffusion of UO2 (cm2/s) 

EPSB Parameter for the modified hard-sphere equation of 

state 

FAWGE Average number of grain faces per grain 

FFM Parameter for the modified hard-sphere equation of 
state 

FFN Parameter for the modified hard-sphere equation of 
state 

FGPF(l-9) FGPF(l-9) are the number of noble gas, Te, I, Cs, 
Ba, Sr, CsL BaO, and SrO atoms, respectively, 
produced per fission event 

FINT Unused 

FN Probability that two colliding atoms stick together 
to form a bubble nucleus 
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54 GAMMAL Surface energy of a liquid/vapor interface (erg/cm2) 

55 GBR(l) Multiplies RESCON to obtain effective irradiation-
induced 

56 GBR(2) re-solution of gas atoms from grain face and edge 
bubbles, respectively 

57 GC Parameter for the modified hard-sphere equation of 
state 

58-59 G1,G2 Coefficients in the expression for UO2 surface 
energy 

60 PDSC Converts hydrostatic stress from Ibs/sq. in. to 
dynes/cm2 

61 PTPL POROS-PTPL contributes to PRF(K) 

62 PZERO Pre-exponential in the expression for the vapor 

pressure of the fuel (d3nies/cm2) 

63 QS Activation energy for surface diffusion (ergs/mole) 

64 QSSTAR Heat of transport for surface diffusion (ergs) 

65 QSURF Activation energy for surface diffusion (cal) 

66 QVSTAR Heat of transport for the volume diffusion 

mechanism (cal) 

67 RCV Universal gas constant, R (cal/K) 

68 REDIS Average distance traveled by an atom ejected from a 

grain boundary bubble (cm) 

69 RESCON Re-solution constant (cm3) 

70 RG Gas constant [ergs/(gmol»K)] 

71 RHOL Uquid density (g/cm3) 
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72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

RLAMS Proportional to gas atom jump distance (cm) 

SBCF Width of distribution of grain-face channel 
formation probability 

SIG Average collision diameter of UO2 and Xe 
molecules (cm) 

SIGMA Parameter for the modified hard-sphere equation 
of state 

SIGPI Width of distribution of grain edge porosity 
interlinkage probability 

TC Parameter for the modified hard-sphere equation 
of state 

THETA Twice THETA is the dihedral equilibrium angle that 
a gas bubble msikes with the grain boundary 

TKAUML Temperature at which melting occurs (IQ 

TKDIS Temperature at which dissolution occurs (K) 

TKLIQ 

UPG 

VC 

VIS 

WMl 

WM2 

Temperature at which liquefaction occurs (K) 

TKSOL Temperature at which solidification occurs (K) 

Unused 

Parameter for the modified hard-sphere equation 
of state 

Viscosity of molten material (g/s»cm) 

Molecular weight of UO2 

Molecular weight of Xe 
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88 XDL(l) Maximum size of time step H used internally during 
steady state (s) 

89 XDL(2) Maximum size of time step H used internally during 
transient (s) 

90 XDL(3) Maximum size of time step H used immediately 
after dissolution/melting (s) 

91 XKP Ratio of the thermal conductivity of a pore to the 
thermal conductivity of fuel 

92 XKl( l ) Nominal value of parameter in grain growth model, 
NOPT = 2 

9 3 XK1(2) Nomin£il value of parameter in grain growth model, 
NOPT = 2 

9 4 XK2(1) Nominal value of parameter in grain growth model. 
NOPT = 2 

9 5 XK2(2) Enhanced value of parameter in grain growth 
model, NOPT = 2 

9 6 XK3(1) Nominal value of parameter in grain growth model, 
NOPT = 3 

9 7 XK3(2) Enhanced value of parameter in grain growth 
model, NOPT = 3 

98 XK4(1) Nominal value of parameter in grain growth model, 
NOPT = 3 

99 XK4(2) Enhanced value of parameter in grain growth 

model, NOPT = 3 

100 XK4C Parameter in grain growth model 

101 XMLT Maximum radius of bubbles on faces during 
liquefaction (cm) 
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102 XMLTC 2*XMLTC = thickness of liquified boundary (cm) 

103 ZZl Unused 

104 BUMP(l) The maximum factor by which SAVG(2) can 
increase in a given time step H is (1 + BUMP(l)) 

105 BUMP(2) The maximum factor by which SAVG(3) and 
SAVG(4) can increase in a given time step H is 
(1 + BUMP(2)) 

106 GBSCE Grain boundary sweeping efficiency 

107 RC Factor by which SAVG (2 through 4) can decrease 

108 SVI( 1) Initial number of gas atoms per bubble in lattice 

109 SVI(2) Initial number of gas atoms per bubble on faces 

110 SVI(3) Initial number of gas atoms per bubble on edges 

111 TSC(l) TSC(l) *CRT is the minimum convergence criterion 
for Te 

112 TSC(2) TSC(l) *CRT is the minimum convergence criterion 
for I 

113 TSC(3) TSC(l) *CRT is the minimum convergence criterion 
forCs 

114 TSC(4) TSC(l) *CRT is the minimum convergence criterion 
forBa 

115 TSC(5) TSC(l) *CRT is the minimum convergence criterion 

for Sr 

116 TSC(6) Unused 

117 VFN(l) I solubility coefficient 
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118 VFN(2) Cs solubUity coefficient 

119 VFN(3) Ba solubiUty coefficient 

120 VFN(4) Sr solubility coefficient 

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

121 XOALP(l) Atoms in lattice 

122 XOALP(2) Bubbles in lattice 

123 XOBLPd, 1) Bubbles on faces 

124 XOBLP(2,l) Bubbles on edges 

125 XOBLPd,2) Bubbles in liquefied material 

126 XOBLP(2,2) Unused 

127 ZZ2(1) Unused 

128 ZZ2(2) Unused 

Parameters in chemical equilibrium model 
(activities) 

132 CSDCl Pre-exponential factor in expression for Cs 

diffusion (cm2/s) 

133 CSDC2 Activation energy for Cs diffusion/1.987 (cal) 

134 GBSC(l) Grain boundary swelling efficiency factors 

135 GBSC(2) Grain boundary swelling efficiency factors 

136 HSOL(l) Ba solution energy (cal) 

129 
130 
131 

ACI(l) 
ACI(2) 
ACI(3) 
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137 

138 

139 

140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 

HSOL(2) 

OMO 

TKLM 

TOL 
WKD1(1,1) 
WKD 1(2,1) 
WKD1(1,2) 
WKD1(2,2) 
WKD2(1,1) 
WKD2(2,1) 
WKD2(1,2) 
WKD2(2,2) 
WKKl(l) 
WKE1(2) 
WKE2(1) 
WKE2(2) 
WOBS(l,l) 
WOBS(2,l) 
WOBS(l,2) 
WOBS(2,2) 
WQ(1,1) 
WQ(2,1) 
WQ(1,2) 
WQ(2,2) 
WQ(1,3) 
WQ(2,3) 
WQ(1,4) 
WQ(2,4) 
WQ(1,4) 
WQ(2,5) 
WQ(1,6) 
WQ(2,6) 
XOMC 

O/M for stoichiometric UO2 = 2.DO 

Maximum temperature bound in other 
chemistry model 

Parameters in fuel/fisslon-
product chemistry model 
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10 FASTGRASS Output Description 

ACAEN 

NPRINT < 1: No output 
= 2: Limited output 
> 2 : Full output 

Separated grain boundary area per unit volume 
(cm2/cm3) 

ALPHA 

AREA 

BAL,BAF,BAE,BAOL, 
BAOF,BAOE 

BDBBLE 

Fractional coverage of grain boundary area per 
unit volume by microcracks 

Surface area of annular region (K, J) through 
which fission products are migrating (cm2) 

Ba concentrations in lattice, grain faces, and 
edges, respectively (#/cm3). The first 
entry is for after chemistry, the second for 
before chemistry, 

Intragranular diffusion coefficient of atoms and 
bubbles (cm2/s) 

BDMODL 

BDSURF 

BDVOL 

BETAB 

BIASA 

Bubble velocity based on BDMODL (cm/s) 

Diffusion coefflcient for bubble movement, based 
on surface diffusion (cm2/s) 

Bubble diffusivity due to volume diffusion in a 
liquid medium (cm2/s) 

Intragranular bubble nonequilibrium parameter 

Same as RANDA, but for biased diffijsion 

BIASB,BIASBAO,BIASSRO Same as RANDB, but for biased diffusion 

BUK 

BVEVCD 

Fractional bumup 

Bubble velocity for above (cm/s) 
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BVKJ 

BVLIQ 

BVS 

BVSE 

BVSF 

BVSL 

BVSURF 

BWOL 

C C 

CNVF,EQK2 

CSL,CSF,CSE, 
CSIL,CSIF,CSIE 

DCIE 

DELT 

DTDT 

Total strain due to gas bubbles 

Bubble velocity due to viscous rise in a liquid 
medium (cm/s) 

Average swelling strain 

Fractional gas bubble strain due to bubbles 
trapped on grain edges 

Fractional gas bubble strain due to bubbles 
trapped on grain faces 

Fractional gas bubble strain due to bubbles 
trapped in the lattice 

Bubble velocity, based on surface diffusion (cm/s) 

Velocity of bubbles due to a volume diffusion in a 
liquid medium in the presence of a temperature 
gradient (cm/s) 

Convergence criteria 

Parameters in chemical equilibrium model 

Cs concentrations in lattice, grain faces, and 
edges, respectively (#/cm3). The first entry 
is for after chemistry, the second for before 
chemistry. 

Fission-enhanced diffusion coefficient (cm2/s) 

Time step (s) 

Heating rate in region (K,J) (K/s) 

EGRE Rate of gas migration from grain faces to edges 
due to grain face channel formation (s-^) 
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EPRF 

ERRG... 

FACE, EDGE 

PGBAOB 

FOBS (FBGSB,FGBSS) 

PGR 

FGRJ,FTERJ,FIRJ, 
FCSRJ,FBARJ,FSRRJ 

FGRMGO 

GAMMA 

GASMGO 

GBS 

GEN 

GOJ... 

GRD 

GSIN 

Rate of gas atom release due to increased edge 
tunnel interconnection 

Fractional error for Xe, Te, I, Cs, Ba, and Sr 

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

Fraction of grain face area per unit volume 
covered by bubbles 

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

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

Fractional gas release for Xe, Te, I, Cs, Ba, and Sr 

Fraction of generated gas released due to long-
range migration processes (e.g., viscous rise in a 
liquid medium) 

Surface tension of UO2 (dynes/cm) 

Gas migration out of armular region (atoms/cm^) 

Rate of intragranular gas release due to grain 
boundary sweeping mechanism (s-i) 

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

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

Grain size (cm) 

Fission-gas generation rate (atoms/s/cm3) 
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Current time increment (s) 

Current upper limit on the value of H (s) 

Suggested value for next time increment (s) 

I concentrations in lattice, grain faces, and 

edges, respectively (#/cm3). The first 
entry is for after chemistry, the second for before 
chemistry 

Flag indicating the current state in liquefaction/ 
dissolution model 
ILQ = 0: No liquefaction or dissolution 
ILQ = 1: Liquefaction model has been 

invoked, but liquefaction has not 
occurred yet because 
temperature is below TKLIQ 
(2170 K) 

ILQ = 2: Temperature is > TKLIQ, but 
TCAP < TLIQS 

ILQ = 3: TCAP ^ TLIQS. Liquefaction is 
now occurring 

ILQ = 4: Dissolution is occurring 
ILQ = 5: Melting has occurred (no 

liquefaction or dissolution). 
Temperature > TKAUML 
(3123 K) 

ILQ =-3: Liquefaction has occurred, but 
materisil has now solidified due 
to temperature drop below 
TKSOL (1373 K) 

ILQ =-4: Dissolution has occurred, but 
material has now solidified due 
to temperature drop below 
TKSOL (1373 K) 

ILQ =-5: Melting had occurred, but 
material has now solidified due 
to temperature drop 
below TKSOL (1373 K) 
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J 

JX 

K 

LTCE 

OML.OMF,OME 

OUT 

PEX 

POROS 

PPOL.PPOF.PPOE 

PRF 

PRFOLD 

PRSO 

RAD 

Axial section 

NXKJ(J); index to indicate whether nominal or 
enhanced values of various parameters are being 
used 

Radial section 

Gas atom and gas bubble concentration in lattice 
(#/cm3) 

O/M in lattice, on faces, and on edges 

Gas release for noble gases, Te, I. Cs, Ba, Sr, 
Csl. BaO, SrO, respectively (moles) 

Bubble over-pressure (dynes/cm2) 

Average as-fabricated porosity in region (K,J) 

Partial pressure of oxygen in lattice, on faces, and 
on edges (dynes/cm2) 

Pore interlinkage probability fraction at end of 
current time step 

Pore interlinkage probability fraction during the 
previous time step. 

PRSO (K.J) (lbs/cm2) 

Bubble radii (cm). Note: For grain faces and 
edges, RAD is the equivalent radius assuming a 
spherical shape, i.e., lenticular and ellipsoidal 
bubble geometries are used on grain faces and 
edges, respectively 

RANDA (RANBA,RANSR) Fraction of gas (BA,SR) arriving at faces due to 
random diffusion of gas atoms 
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RANDB,RANBAO, 
RANSRO 

Fraction of bubbles, BgO and SrO in bubbles 
arriving at faces due to random diffusion of 
bubbles 

RATIO 

REQ 

RET 

RGE 

RGF 

RGGL,RGGF,RGGE 

Fractional radius of region (K,J) 

Equilibrium bubble radius (cm) 

Retained quantity of noble gases, Te, I, Cs, Ba, Sr, 
Csl, BaO, SrO, BaO(c), SrO(c), CS2UO4, 
Cs2Mo04Ba2U04, respectively (moles) 

Fraction of retained fission product on edges for 
noble gases, Te, I, Cs, Ba, Sr, Csl, BaO, SrO, 
BaO(c), SrO(c), CS2UO4. CS2M0O4. Ba2U04 

Fraction of retained fission product on faces for 
noble gases. Te, I, Cs, Ba, Sr, Csl, BaO, SrO, 
BaO(c), SrO(c), CS2UO4. CS2M0O4, Ba2U04 

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

RGL 

RPIN 

Fraction of retained fission product in lattice for 
noble gases, Te, 1, Cs, Ba, Sr, Csl, BaO, SrO, 
BaO(c), SrO(c), CS2UO4, CS2M0O4, Ba2U04 

Fraction of retained intragranular fission gas that 
resides in bubbles 

RRCON (1-9) Fractional release rates for noble gases, Te, I, Cs, 
Ba, Sr, Csl, BaO, SrO, (1/s) 

RS(K,J), RS(K+1,J) Radii of the two boundaries of region (K, J) (cm) 

SAVG Average number of gas atoms/bubble 
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SRL, SRF.SRE, 
SROL,SROF,SROE 

TAU 

TCAP 

TEL,TEF,TEE 

TFPV 

TGRAD 

TKI 

TKIO 

TLIQS 

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

VOLUME 

Sr concentrations in lattice, grain faces, 
and edges, respectively (#/cm3). The first 
entry is for after chemistry, the second for before 
chemistry. 

Time for which integration has been completed 
(s) 

Time elapsed since clad wetting (s) 

Te concentrations in lattice, grain faces and 
edges, respectively (#/cm3) 

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

Temperature gradient in region (K,J) (K/cm) 

Average temperature in region (K,J) (K) 

Previous value of TKI [K) 

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

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

Volume of the region (K, J) (cm^) 

11 Conclusions 

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

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

2. Fission-product behavior strongly depends on fission-product/fuel 
chemistry. This conclusion is evident in the differences in behavior of 
Xe, I, Cs. Ba. and Sr. Cs. Ba, and Sr become sequestered within the UO2 
as oxides, uranates, or molybdates. Formation of BaO(g), SrO(g), and Csl 
within the fuel is severely limited by their relatively low vapor pressures 
and the available bubble volume. The behavior of Cs, Ba, and Sr strongly 
depends on the P02 in the fuel. The chemical form of retained fission 
products is important for accidents where reheating and reliquefaction 
of fuel debris occurs after the primary accident scenario. 

3. Fuel liquefaction/dissolution, fracturing, oxidation, and relocation 
strongly affect fission-product behavior during severe fuel-damage types 
of accidents. Fuel liquefaction/dissolution provides rapid escape paths 
for fission products entrapped in previously solid irradiated fuel (in 
trace-irradiated fuel, liquefaction/dissolution provides the major release 
paths). In addition, liquefied fuel provides a mechanism for continued 
high release, because fuel is slowly resolidified during the cooldown 
phase of the accident. Fission-product release strongly depends on 
timing and extent of fuel dissolution and relocation. For trace-
irradiated, or very low bumup fuel, appreciable fission-product 
retention in previously liquefied fuel can occur due to low 
concentrations of fission products, and limited bubble growth in the 
liquefied material. For higher bumup fuel (under similar accident 
conditions), much larger bubble growth is predicted; hence, relatively 
lower fission-product retention is expected. In addition to liquefaction 
effects, oxidation of solid fuel leads to enhanced diffusivities and 
release rates. Fuel fracturing can also provide escape paths for fission 
products trapped on the grain boundaries of solid fuel. 

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

The ability to determine whether microcracking will occur during a 
given thermal transient is an important element in the prediction of fuel 
temperatures and fission-gas release. In principle, a "classical" mechanical 
treatment, involving the high-temperature stress/strain relationships of 
UO2, could be used to study microcracking. Not only is this approach very 
complex, but it would require knowledge of the mechanical properties of 
UO2. including strain rate effects, at high temperatures. Data in this area 
are sparse, and are almost nonexistent for temperatures in excess of 2400K. 

As a first-cut approach to modeling the ductile/brittle behavior of oxide 
fuels, the DiMelfi-Deitrich model63 has been used in the FASTGRASS code. 
This model estimates the growth rate of a grain boundary bubble under the 
driving force of internal pressurization. The volume growth rates due to 
crack propagation and diffusional processes are compared to determine the 
dominant mode of volume swelling. Knowledge of the mechanical 
properties of UO2 is not required. 

The underljang structure of the model can be summarized as follows: 
A fission-gas bubble on a grain boundary is assumed to act as a two-
dimensional (cylindrical) crack nucleus. DiMelfi and Deitrich^S assert that 
such a crack will propagate if the internal bubble pressure exceeds that 
required for bubble equilibrium, i.e., if 

P > 7 - < J . (Al) 

where 

p = internal bubble pressure 

Ys = fuel-gas surface energy 

p = bubble radius of curvature 

<7 = tensile stress normal to the boundary. 

Further, if a bubble, initially at equilibrium, is subjected to transient 
heating, the internal pressure will increase above the equilibrium value. 
Under these conditions, crack propagation will occur unless diffusional 
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growth of the bubble occurs rapidly enough to maintain equilibrium 
conditions. 

According to the DiMelfi-Deitrich model,63 during most thermal 
transients, the initial mode of bubble growth will be crack propagation. The 
"cracklike" bubble tends to retain its equilibrium shape by diffusional 
transport of material along the grain boundary. However, if the heating rate 
is sufficiently high, high-pressure, cracklike growth predominates. Thus, 
the competition between diffusional growth and crack growth determines 
whether bubbles tend to remain isolated or rapidly become part of an 
interconnected network of microcracks. 

In the DiMelfi-Deitrich analysis,63 an attempt is made to predict the 
dominant mode of bubble growth by comparing the rates of volume swelling 
due to crack propagation and diffusional growth. In practice, this is done by 
comparing the instantaneous value of the grain boundary diffusion 
coefficient, Di, with the minimum value needed to maintain the equilibrium 
bubble volume, Df^^. (The derivation of D^*" is discussed in detail in Ref. 
63. If Di < D™*", cracking dominates: this behavior is termed "brittle." If 
Di > Dg^ , diffusional growth or "ductile" behavior dominates. 

The minimum diffusion coefficient, D™*", is given by 

-„Pjmin _ (mk^^ kXAT'̂  
^ ^ g -(^ ys jHLii(Ap)- (A2) 

where 

w = grain boundary width 

m = average number of atoms per bubble arriving at the grain boundary 

k = Boltzmann's constant 

Ys = surface energy of UO2 

X, = average bubble spacing in the grain boundary 

A = instantaneous heating rate 

T = temperature 

H = geometric factor 

L = bubble length 

Q = molecular volume of UO2 
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Ap = pressure in excess of that required for an equilibrium grain 
boimdary bubble. 

In deriving Eq. A2, the ideal gas law and zero normal stresses on the grain 
boundary were assumed. (A conditional equation for D™ " can be derived for 
the case of nonzero normal stresses on the grain boundary, e.g., see Ref. 63.) 

The FASTGRASS code provides the gas bubble input for Eq. A2 as a 
function of time (i.e., X, L, m, Ap). We have some reservations about the 
quantitative aspects of the DiMelfi-Deitrich analysis63 but use it here as an 
interim model because it does seem to address the important real physical 
phenomena. 

To evaluate the relative effects of crack growth versus equilibrium 
bubble growth on such properties as fuel temperature, intergranular 
swelling, grain boundary areal coverage, interconnected porosity, and gas 
release, the microcracking results are transmitted back to FASTGRASS and 
the thermal codes as a function of time. For example, the thermal 
conductivity, Fc, of UO2 is given by 

Fc=Fo[l .0-C2(^)^XiAt, 

= F°(l .0-C2Sv), (A3) 

where 

F° = thermal conductivity of uncracked, stoichiometric UO2 

Ci, C2 = constants 

(Ac/Ae)i = ratio of the areal coverage of a crack to that of an equilibrium 
bubble 

Xi = projected grain face areal coverage per unit volume of 

bubbles 

At = time increment 

Sv = pore/solid surface area per unit volume. 
The constant Ci is nonzero whenever Di < D™*" (see Eq. A2). The effect of 
microcracking on the thermal conductivity of UO2, as described in Eq. A3, 
can result in values for Fc ~ 50% of the value in dense fuel. A change of this 
magnitude will strongly affect calculated temperature profiles. 
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Appendix B: Soiution of Harrison's Equation of State with 
Capiiiarity Equation 

Simultaneous solution of Harrison's Equation of State, Eq. 23, with the 
capillarity equation, Eq. 20, results in the quartic equation 

4 2 Y ^ 3 3 M f AT^ 
R - ' + ^ R ' ^ -

Ph 47tV Ph 
DLM + AT R_3M2Yj,LM = 0, 

J 47t Ph (Bl) 

which, in general, has four roots and is subsequently carried out by utilizing 
the Van der Waals equation assuming that Ph = O. The algorithm for finding 
the appropriate root is given below. 

The quartic equation in R, Eq. Bl is rewritten with 

R'* + a3R^ + aiR + ao = 0, 

a 3 = ^ x l O ^ . 
^ Ph 

3 Air 
a i = - — M 

47t 

and 

a o = - — M b ^ x l O ^ ® , .T.o\ 
° 47C Ph t^2) 

where the factors of 10 reflect a change in units from cm to microns. It 
appears that, for physically realistic values of the coefficients, two of the 
roots are real and two are imaginary. If Ph is positive, only one of the real 
roots is positive and corresponds to the equilibrium bubble radius. 

If Ph is negative, both real roots are positive, the smaller being the 
stable equilibrium bubble size and the larger the unstable equilibrium bubble 
size. To find the roots of the quartic equation, the real roots of the resolvent 
cubic equation are first calculated as follows: 
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y^ + biy + bo = 0. (B3j 

where 
bi = a i a3 -4ao . 

l > o = - a i - a o a a . 

For the cubic equation, if 

V. bg b? _ 
b = : f + ^ > 0 . (B4) 

there is only one real root, which is given by 

In the case where b i > O, it may be that u is the difference of two 
approximately equal numbers. Therefore, the expression for u is rewritten, 
multipl)ring it by 

(.̂ .VEf%(-k..VH v2/3 / K- _ N 2 / 3 U 
+ —i 

3 
v2/3 / K \ 2 / 3 

3 (-^^4^-^-4-
to obtain 

bo 
u = -- 2/3 r h . ^ ^ 2 / 3 u * (B6) (-^^VH)-.(-^-VHf%| 

Once the root, u, of the resolvent cubic is obtained, the four roots of the 
quartic equation are given as roots of the two quadratic equations 
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X 2 + M x + H = ±, 
2 2 

(^1 \ 
as + u x2 + r^u-ailx + 

( 2 U 
- a o (B7) 

where the radicand on the right is the perfect square 

|^.uX±Jif-ao 
Â  

a<i 
and the sign is chosen according to the sign of the middle term, - r ^ u - a i . 

The quadratic equations can be rewritten as 

X^ + CiX + co = 0, (B8) 

where 

Ci = ̂ ± J ^ + u. 

and 

co = t±J^-a„ 

with the pairing of the signs chosen according to the value of the term 
- ^ u - a i . When this term is >0, the signs are chosen either both positive or 
both negative: when it is < 0, the signs are chosen one positive and one 
negative. The roots of the quartic, then, are 

R = - | - ± . c? -Co- (B9) 

The cubic equation has three real roots for the case b < 0. Again, it appears 
that, for physically realistic cases, only one of the roots is required. When 
b = 0, the root is given by 
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u-21 ^oY' 
" - 2 I -^ • (BIO) 

When b < 0, the root is given by 

bl re u = 2 . | -^cos^-J , ^^^^j 

where 

In general, there exists no more than one stable equilibrium bubble radius 
for a given set of conditions. In the case of a compressive-stress state, the 
stable radius is given by the single positive real root. In the case of a tensile 
stress state, there may exist one stable equilibrium bubble radius and one 
unstable equilibrium bubble radius. There will then be two corresponding 
positive real roots. The larger of the two is the unstable radius, whereas the 
smaller of the two is the stable radius. For large tensile stresses, there may 
be no equilibrium bubble radii and the two positive roots become imaginary. 
An algorithm that selects the appropriate root has been developed and is 
utilized. The selection is based on the signs of the three quantities, aa, 
a3u/2 - ai, and u. Only four out of eight possible combinations need be 
considered. The algorithm is summarized in Table Bl . A generally more 
accurate formula can be written for the case when one of the quantities is 
defined as a difference. For example, consider the first entry in Table Bl, 
where as is positive and ci may be rewritten, after multiplying by 
-1 / 2[ aa / 2 + yaa / 4 + u j, as u / (aa + ̂ aa + 4u). The actual algorithm used is 
summarized in Table B2; Other combinations of aa, aau/2 - ai , and u are not 
expected. 

The equation of state published by Harrison22 is in tabular form: 
therefore, it is necessary to write an algorithm to determine the parameters 
DLM and AT in Eq. Bl . Harrison22 presents Xe pressures for various values 
of gas temperature and density. Above about twice the critical temperature, 
Tc (which is 289.74 K for Xe), the pressure, PTj, at any given density varies 
linearly with the reduced temperature.TR, and Is given by 
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PTj = SL) X T R + BIj. (B12) 

The values of SLj and BIj are obtained from a least squares fit of PTj to the 
published values of the pressure, P. Values of SLj and BIj for 17 different 
values of the density, dj, are given in Table B3, along with the corresponding 
values of the molar volume, DIj. (Pressure calculated in this way is in 
dynes/cm2.) DLM and AT are computed with an iterative scheme. If no 
solution is found, the bubble radius is computed using the hard sphere 
method. 

Table Bl. Possible Roots of the Quartic Equation 

aa a3u/2-ai u ci CQ R 

+ 

-

+ 

^3. 
2 

2 

2 

H" 
H" 
H-

u._, 
2 

J l _ . 
2 

-U ._ . 

2 

. . 2 t-
1 ? h-
. . 2 
U 

V4 

-ao 

-ao 

-ao 

- C l _ . 
2 

Cl 

2 

2 

c? 

V4 

- C Q 

- C Q 

-Co 
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Table B2. Roots of the Quartic Equation 

aa aau/2-ai u Cl CO R 

u 2ar 
+ + + a3 + Va|+4u u+Vu2-4ao Cj + Vc?-co 

aa a§ + u 2 

2co 

Ci + Vci-4co 

2 
u - a o 

2co 

Ci-Vcf-4co 

Cl Ici ^ u u 2 . C Q . 

Cl -VcT Co 

Tabte B3. Numerical Values of SLj. BIj. and Dlj 
Obtained from Harrison's Equation 
of State 

J 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

SL, 

4.609549D7 
1.023694D8 
1.703587D8 
2.526025D8 
3.521511D8 
4.731379D8 
6.196518D8 
7.906285D8 
1.008552D9 
1.256461D9 
1.586655D9 
2.031876D9 
2.664192D9 
3.634192D9 
5.312070D9 
8.898734D9 
2.20247D10 

BIj 

-1 .207604D7 
-4 .706789D7 
-1 .035440D8 
-1 .810945D8 
-2 .785537D8 
-3 .945201D8 
-5 .230308D8 
-6 .534924D8 
-7 .885254D8 
-8 .397070D8 
-1 .060535D9 
-1 .358462D9 
-1 .780490D9 
-2 .429179D9 
-3.56662D9 
-5 .974869D9 
-1 .472302D10 

Dlj 

595.0918 
292.5459 
195.0306 
146.2729 
117.0184 

97.51529 
83.58454 
73.13647 
65.01020 
58.50918 
53.19016 
48.75765 
45.00706 
41.79227 
39.00612 
36.56824 
34.41716 

dj 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
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APPENDIX C: Gas Release Data 

Table Cl. Summary of Gas Release Data Obtained 
by Small, Ref. 35, with the Sweep Gas 
Technique 

Temp. 

rci 

1500 
1600 
1700 
1800 
1900 
2 0 0 0 

Release on 
Heating 

(%) 

1.5 
9.3 

16.1 
26.4 
62.3 
53.4 

Isothermal 
Release 

(%) 

5.7 
0.5 
4.2 
1.6 
4.6 
9.4 

Total 
Release 

(%) 

7.2 
9.8 

20.3 
28.0 
66.9 
62.8 

Table C2. Summary of Gas Release Data Measured 
by Burbach and Zimmermann, Ref. 36 

.Temp. 
CO) 

1800 
1800 
1800 
1800 
1800 
1800 
180O 
1800 
1800 

1900 
1900 
1900 
1900 
1900 
1900 

2 0 0 0 
2 0 0 0 
2 0 0 0 
2 0 0 0 
2000 
2 0 0 0 
2 0 0 0 
2 0 0 0 

Bum-up 
(% HMA) 

0.3 
0.3 
0.3 
0.9 
0.9 
0.9 
0.9 
3.7 
3.7 

2.4 
3.7 
3.7 
3.7 
3.7 
3.7 

0.3 
0.3 
0.3 
0.3 
0.9 
3.7 
3.7 
3.7 

Time 
(mln) 

2.5 
2.7 

16.7 
3.1 
5.1 

15.5 
30.0 

2.5 
5.5 

16.0 
3.2 
4.0 
4.8 
7.0 

15.0 

2.5 
4.7 
7.5 

15.5 
5.9 
2.9 
8.0 

15.5 

Annealing 
FOR 
(%) 

3.9 
2.3 

21.0 
11.8 
12.3 
23.6 
14.6 
24.6 
22.2 

46.6 
24.4 
29.3 
26.6 
29.7 
43.2 

15.0 
10.1 

5.4 
13.2 
31.3 
28.4 
37.7 
41.9 
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Table C3. Summary of Gas Release Data^ Obtained by KiUeen and Baker, 
Ref. 37 

Sample 

3001-A 
3001-B 
3002 
3003 
3004 
3005 
3006 

Weight 
(mg) 

148.0 
148.0 
211.9 
268.8 
613.2 
910.9 
495.9 

Ramp 
rc s-1) 

0.060 
0.060 
0.077 
0.082 
0.10 
0.10 
0.10 

Temp.b 
(°C) 

1410 
1560 
1540 
1600 
1340 
1450 
1750 

Time 
(h) 

18 
3 

18 
17 
18 
64 

0.3 

Release at 
End of 

Anneal (%) 

0.1 
4.5 
4.5 

15.5 
<0.1 
20.5 
25.0 

Expected 
Errorc 

{%) 

10 
10 
10 
10 
10 
15d 
15d 

ain Ar/2% H2 atmosphere. 
l>Measured value. Sample temperature expected to be 10-20° higher. 
^Expected error is due to calibration and background drift. 
^Error is higher owing to furnace cracking, which made assessment of the gas 
flows uncertain. In particular, the fractional release can be expected to 
be low owing to loss of released gas before counting. 

Pellet 
No. 

25 
25 
22 
20 
24 
19 
19 
10 
10 
10 
10 

Table C4. Summary of Gas Release Data Obtained by 
Bridge, Cordall and Young, Ref 38 

Anneal 

266/1 
266 /2 
5HT 
6HT 
8HT 
9HT 
lOHT 
10/2 
10/3 
10/4 
10/5 

Aimealing 
(h) 

At 
1400°C 

13.5 
12.5 
12.5 
15.75 
12.75 
14 
11 

-
-

19 
12 

time 

At 
1650°C 

— 

-
7.25 
7.25 
13.75 

12 
50.5 
28.5 
19.5 
23 
18 

Total 
measured 

gas 
release 

(%) 

0.18 
5 

29 
11.23 
2.86 
0.13 
0.37 

25.84 
23.32 
11.93 
3.60 

Mean grain diameter with 
Std. Dev.(mm) 

Unannealed Annealed 
sample sample 

8.2 ± 1.2 
8.2 ± 1 . 2 12.0 ± 2 . 4 
9.4 ± 1 . 5 11.0 ± 2 . 0 
9.4 ± 1 . 6 7.4 ± 2 . 7 
8.0 ± 1 . 2 8.7 ± 2 . 4 
8.0 ± 1 . 2 9.0 ± 1 . 2 
8.0 ± 1.2 7.8 ± 1.3 
9.5 ± 2 . 0 8.8 ± 1 . 6 
9.5 ± 2 . 0 10.3 ± 1 . 7 
9.5 ± 2 . 0 9.4 ± 1 . 5 
9.5 ± 2.0 9.9 ± 1.2 
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Table C5. Summary of Series-l (Sealed Capsule) AnneaUr^ 
Experiments by Small Ref 39 

ID 

1400/300 
1400/600 
1400/900 

1500/300 
1500/600 
1500/900 

1600/300 
1600/600 
1600/900 

1700/300 
1700/600 
1700/900 

Annealing 
Temp. 
{°C) 

1400 
1400 
1400 

1500 
1500 
1500 

1600 
1600 
1600 

1700 
1700 
1700 

Dwell 
Time 
(8) 

300 
600 
900 

300 
600 
900 

300 
600 
900 

300 
600 
900 

Heating 
Rate 

("C s-1) 

13 
18 
57 

50 
20 
20 

62.5 
20 
62.5 

75 
60 
64 

Specimen 
Mass 
(mg) 

51.9 
47.6 
30.0 

72.7 
52.8 
28.7 

80.3 
58.3 
68.0 

77.2 
111.8 
65.2 

85Kr Release 

(mCl 
±10%) 

0.02 
0.02 
0.42 

1.72 
0.11 
0.09 

9.01 
4.59 
14.71 

34.15 
103.05 
100.8 

(% of 
Inventory) 

0.01 
0.01 
0.34 

0.58 
0.05 
0.09 

2.75 
1.93 
5.30 

10.84 
44.50 
37.90 

Table C6. Summary of Gas Release Data 
Obtained by Zimmermann, 
Ref. 40 

Temp. 

rc) 

1400 
1400 
1400 
1400 
1400 

1500 
1500 
1500 
150O 
1500 
1500 
1500 
1500 

1600 
1600 
1600 
1600 
1600 

Bumup 
(% FIMA) 

2.4 
3.7 
3.7 
3.7 
3.7 

2.4 
2.4 
2.4 
2.4 
2.4 
3.7 
3.7 
3.7 

2.4 
2.4 
2.4 
3.7 
3.7 

Annealing 
Time 
(mln) 

180 
10 
30 
60 
360 

8 
30 
58 
120 
180 
8 
30 
180 

15 
55 
115 
8 
30 

FXJR 
(%) 

3.2 
12.4 
17.4 
24.3 
12.5 

12.2 
16.9 
15.0 
20.8 
15.5 
19.6 
28.2 
38.3 

16.1 
27.5 
25.1 
28.8 
37.3 



Table C7. Summary of Data from Fission-Product Release Tests Conducted on 
Commercial LWR Fuel by CoUins, Osborne, Lorenz. and Malinauskas, Ref. 41 

Test Number 

Characteristic/Parameter 

Specimen source^ 
Specimen length (mm) 
Specimen mass^ (g) 
Fuel bumup (MWd/kg) 
In-reactor gas release (%) 
Steam flow rate (g/min) 
Test heatup rate (K/s) 
Test temperature (K) 
Effective time at test 

temperature^ (mln) 
UO2 grain size (mm) 

Pretest 
Posttest 

Fuel/cladding interaction 
85Kr fission product release^ 

(% of Inventory) 

Hl-1 

HBR 
203 
168 
28.1 
0.3 
0.81 
1.2 
1675 

33.8 

2.8 
3.4 
None 

3.13 

HI-2 

HBR 
203 
166 
28.1 
0.3 
0.76 
1.3 
2000 

22.5 

2.8 
3.9 
Minor 

51.8 

HI-3 

HBR 
203 
167 
25.2 
0.3 
0.31 
2.1 
2275 

21.3 

2.8 
4.3 
Yes 

59.3 

Hl-4 

PB 
203 
306 
10.1 
10.2 
0.29 
2.3 
2200 

21.6 

6.6 
6.6 
Yes 

31.3 

HI-5 

Oco 
152 
133 
38.3 
4.1 
0.30 
1.1 
2025 

21.5 

9.2 
8.9 
Minor 

19.9 

HI-6 

Mont 
152 
170 
40.3 
2.0 
1.7c 
2.3 
2250 

2.5 

-
-

Yes 

31.6 

^Reactors: HBR = H. B. Robinson 2, PB = Peach Bottom 2, Oco = Oconee 1, Mont = Monticello. 
^ o t a l of UO2 and Zircaloy. 
^Average value over test time; rate varied from 0.2 to 2.4 g/min during test. 
(^Includes estimates for heatup and cooldown effects. 
^Includes S^Kr released during reactor operation. 



144 

Table C8. Summary of Gas Release Data Obtained by 
Parker and Barton, Ref. 42, for UO2 Heated 
5.5 h in Pure Helium 

Temp. 
(°C) 
(°F) 

1400 
2552 

1610 
2930 

1780 
3236 

1980 
3596 

Irradiation Level 
(Mwd/ton)a 

= 1 
1005 
1000 
4000 

= 1 
1005 
1000 
4000 

= 1 
1005 
1000 
4000 

«1 
1005 
1000 
4000 

Xe-Kr 
Gas Release (%) 

0.8 
0.8 
0.5 
6.1 

2.7 
2.6 
6.0 

14.0 

3.7 
12 
14 
42 

12 
29 
49 
71 

aOnly the 1 Mdw/ton pellets were full size (7 g). 
The high-bumup samples were 0.1-0.2-g 
fragments, with a total weight of 1-2 g. 
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Appendix D: Mobility of Fission-Gas Bubbies during 
Normal and Transient Conditions 

The Mobility of Overpressurized Fission-Gas Bubbles 

The physical basis for this approach is as follows. During equilibrium 
conditions, bubbles may be faceted, and the rate of motion of a faceted 
bubble is determined by the frequency of nucleation of steps instead of by 
the time required for atoms to move from a step on one side of a bubble to a 
step on the other side.i^ (That is, the atom attachment and detachment 
rates are slower than predicted by surface diffusion.) However, if the atom 
attachment and detachment rates increase during transient conditions, 
higher bubble diffusivities will result. 

Because plastic deformation of the UO2 due to an overpressurized 
bubble is expected to result in a high density of dislocations around the 
bubble surface, the diffusivity of such a bubble (if otherwise restricted in its 
mobility, as the steady-state model assumes) would be expected to increase 
rapidly. In 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. 

A Model for the Diffusion of Overpressurized Fission-Gas 
Bubbles 

In an attempt to quantify the ideas presented above, consider the 
excess internal gas pressure in a bubble of radius ri that is given by 

P,«' = P,^(T)-2Y/r,, (DI) 

where y is the effective surface tension and 

pg(T) = f(rj.nOT ^j32) 

is the gas pressure within the bubble at temperature T. Equation (D2) 
represents any general gas law where the internal gas pressure is linearly 
dependent on temperature (ideal gas behavior. Van der Waals, etc.) and 
f(ri,ni) is, in general, a function of the bubble radius and the number ni of 
gas atoms/bubble. The term P f is a measure of the resultant pressure 
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transmitted to the matrix, which vanishes under the initial equilibrium 
conditions. In Eq. DI, the effect of external stresses has been neglected. 
Consider a time interval. At (s), of the transient during which the fiiel 
temperatures are increasing at a rate dT/dt (°C/s). During this time 
interval, 

T = T i + ^ A t , (D3) 

where Ti is the fuel temperature at the beginning of the time interval At, 

and 

pS(Ti) = f(r,,ni)Ti. (D4) 

First consider the case where the bubble radius ri is constant over the 
time interval At. The time xi required for the bubble to acquire an excess 
pressure sufficient to generate an equivalent stress equal to the yield stress 
Oy of the surrounding matrix is. using Eqs. D1-D4, given by 

y ^ ^y^'i'^i 
*̂ (37dT/dt)' (D5) 

Equation D5 does not take into account the situation in which the bubble 
may be overpressurized prior to the beginning of time interval At. If the 
bubble was initially in an overpressurized state, Eq. D5 would overestimate 
the time required for the equivalent stress generated by the overpressurized 
bubble to become equal to Oy. On the other hand, if appreciable bubble 
relaxation occurred during time ^ (i.e., ri increases), Eq. D5 would 
underestimate the time required for the equivalent stress generated by the 
overpressurized bubble to become equal to Oy. 

A rigorous approach to the calculation of the excess internal gas 
pressure for each bubble of radius ri, where i varies over the limits of the 
bubble size distribution, requires the numerical solution of a large set of 
coupled partial differential equations for the rate of change of bubble radii 
and the rate of change of the lattice vacancy concentration Cv Because of 
code running-time requirements, this approach is outside the scope of 
FASTGRASS. However, a phenomenological approach to the problem of 
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y 

bubble overpressurization can be formulated by evaluating ^ as given by Eq. 
D5 with respect to the bubble relaxation time, xf. 

Let ai (0 ^ ai ^ 1) characterize the degree of nonequilibrium in the 
lattice surrounding a bubble of radius ri: the larger ai, the farther the 
system is from an equilibrium configuration. The change in ai can be 
written in terms of ai and times ^ and xf as 

dai = (l-ai)d(Tf/xf). (D6) 

y R 

Thus, as '̂ 1 decreases and xf increases, the system departs further from its 
equilibrium configuration. Conversely, as '^i increases and xf decreases, the 
system approaches equilibrium. Solving Eq. D6 for ai gives 

ai = 1.0-exp(-xf/xf). (D7) 

The bubble relaxation time in Eq. D7, xf, is given by 

'^^^^^^' (D8) 

where Cy is the fractional equilibrium vacancy concentration, given by 

C^=exp(-Ei/kT), (D9) 

and Dv is the vacancy diffusion coefficient, given by 

D^=D°exp(-E^/kT), (DIO) 

where E^ and E^ are the vacancy formation and migration energies, 
respectively, and D° is a preexponential factor. 

The problem that remains is to relate ai to bubble diffusivity. This can 
be accomplished by considering the limits of the bubble diffusivities used in 
FASTGRASS. During steady-state conditions (i.e., ai « 1), empirical 
intragranular diffusivities are given by^^ 
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D } = 2.1xlO"'^exp(-91,000/kT)(ri /ri)^-^^cm2/s. (DI 1) 

Equation DI 1 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 

Df =2.42xlO"2^exp(-108,000/kT)/ri '* cmVs. (D12) 

Based on the discussions above, the bubble diffusivities during transient 
heating conditions should be given by Eq. D12 as a -* 1. Thus, using 
Eqs. D l l and D12, the fission-gas bubble diffusivities can be expressed in 
terms of the equilibrium parameter, ai, as 

4.9202x10"^^exp-(91,000 +17,OOOttj) / kT 

(3365.51rif-®^"'^-^^"*) 

where r i of Eq. D l l is the radius of a gas atom (0.24 x 10-^ cm). The form 
of Eq. D13 was chosen to make log Di a linear function of ai, i.e., log 
Di = log D } + (log Df - log D } ) ai. 

When ai -^ 0, Eq. D13 approaches E^. D l l for bubble diffusivities based 
on the isothermal results of Cornell^'* and Gulden. ^^ When ai ^ 1, Eq. D13 
approaches Eq. D12 for bubble diffusivities based on the theory of surface 
diffusion. For intermediate values of ai, Eq. D13 lies between the values 
given by the empirical expression (as a lower limit) and those obtained from 
the theory of surface diffusion (as an upper limit). 

Equation D13 is unique in the sense that it relates bubble diffusivities to 
fiiel yield stress, heating rate, and vacancy mobility, as well as to fuel 
temperature and bubble radius. 

To use Eq. D13, the UO2 yield stress, Oy, in Eq. D5 must be determined. 
In general, Oy is 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 UO2 j^eld stress 
used in the calculation of gas bubble diffusivities, as given by Eq. D13, has 
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been determined based on the data of Roberts.^o who conducted 
conventional load-versus-deflection, strain rate change, and stress relaxation 
tests on UO2 20 wt.% PUO2 specimens in the strain rate range of 0.1-0.4 h- i 
and at temperatures from 1500 to 1800°C. The specimen, prepared from 
mechanically blended powders with grain sizes ranging from 2 to 14.5 |xm, 
were deformed in four-point bending in a high-temperature, inert-
atmosphere furnace. The most significant observations 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 in 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^o by quadratic 
regression analysis. Explicitly, for Oy (in d)ni/cm2), 

Oy = 9.8 X 105 exp(ao + a i / T + a2/T2) , (D14) 

where 

ao = -57,364866 - 7,0264656d + 0.52281105d2, 

o i = 1,9840863 x 10^ + 2,9969484 x lO^d - 2,07175 x 103d2. 

and 

C2 = -1.4947535 x lO^ - 3.0994649 x lO^d + 2,0330226 x lO^dS, 

Equation D14 assumes temperatures between 1500 and 1800°C and grain 
sizes, d, between 2,0 and 14.5 ^m. No further change in the ratio xf / x f of 
Ekj, D7 was assumed (all other parameters remained fixed) for temperatures 
<1500°C or >1800°C, 
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