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Abstract

Treating the average volume grains as thermodynamically closed subsystems, a method to evaluate the volatile
fission products migration at the grain boundary and their release in the void volume of the fuel elements is proposed.
The method considers the phenomena of the intergranular bubble growth and interlinkage, grain growth and grain
boundary resolution. Analytical solutions of the diffusion problem associated with the volatile fission products be-
haviour taking into account their direct yield from fission and from precursors simultaneously with the diffusion and
decay, irradiation induced resolution and fuel grain growth, during a time-step varying irradiation history have also
been derived. The results are very accurate and point out the strong effect of the boundary condition changes on the
volatile fission products behaviour when the simultaneous effects of the intergranular bubble coalescence, the precur-
sors, the irradiation induced resolution and grain growth are considered. Comparative analyses versus other similar
models of the diffusion of only stable gas species of fission products are also presented. © 1999 Elsevier Science B.V.
All rights reserved.

1. Introduction

It is known that the microstructure of the fuel is intimately related to the behaviour of the fission gases, but how easy
it is for fission gases to escape from the fuel once they have reached the grain boundary were a matter of much dispute
[1]. Many attempts to improve the physical meaning of this complex process were made and extensive theoretical works
were done [1-9]. Speight [2] showed that the intragranular bubbles which arise during the fuel irradiation are short time
saturated with gas atoms and a stationary state is reached between the fission gas atoms which are trapped inside
bubbles and the atoms that redissolve into the matrix because of the interaction between the intragranular bubbles and
the fission fragments.

Special attention has been focused on the manner in which the Speight’s treatment of the fission products resolution
at the grain boundary can be quantified versus other processes simultaneously involved in their behaviour [3-10,12,18].
Thus, Turnbull and Friskney [4] changed the perfect sink boundary condition from the Booth sphere model [19], by an
imperfect one and defined the grain boundary solute atom interaction energy of the volatile fission products to consider
their chemical interaction with the fuel matrix. Forsberg and Massih [9] found the corresponding generalisation of the
diffusion equation with a time dependent concentration on the grain boundary in the form of an integro-differential
equation and gave rigorously analytical approximations for short times and long times, associated to the diffusion
problem simultaneously with irradiation induced resolution.

The effect of grain growth on the fission gas diffusion at the grain boundary in oxide fuels has been firstly pointed out
by Hargreaves and Collins [20], that consider a supplementary accumulation of fission gases at the grain boundary,
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proportionally with the rate of grain growth. In a similar manner Notley and Hastings [25], developed a microstructure
model of fission gas release that, for the first time, includes the material properties specific for a fuel manufacturer
(Canadian fuel).

It is however difficult to point out the weights of the processes involved in fission products behaviour during a real
irradiation history. A complete mathematical description in both steady state and transient fuel operating conditions
would be necessary.

To this aim, in Refs. [11,12,15] a method of calculating diffusion of the stable fission gas species simultaneously with
the grain growth in oxide fuels has been outlined. The method consists mainly of a new mass balance of the diffusing
species using a time dependent coordinate system. Its main result was that for a better prediction of the fission gas
behaviour, specific grain growth laws must be considered for every fuel manufacturer [11].

The method has been also extended to consider the irradiation induced resolution of the stable species of Xe and Kr
at the fuel grain boundaries [12]. Based on Forsberg and Massih’s mathematical formulation of the diffusion problem
associated to the fission gas diffusion, the properties of the Heaviside function and the method of calculating the fission
gas diffusion simultaneously with the grain growth, Paraschiv and Paraschiv [12] introduced the fission gas resolution at
the grain boundary using a constant correction parameter to define the mass balance of stable fission gas species in a
thermodynamically closed subsystem associated to the average volume grain. They found analytical solutions of the
diffusion of stable fission gas species simultaneously considering the grain growth both in steady state and in transient
irradiation conditions of the oxide fuel, in the form of the analytical approximations for short times and long times
previously calculated by Forsberg and Massih [9]. Based on these, they proved the effect of grain growth on the in-
cubation times of the intergranular bubble coalescence.

Special studies were dedicated to the manner in which a grain volume distribution function could influence the
fission gas release [13,14]. For a continuous distribution of the fuel grains, the irradiation induced resolution involves
the same volatile fission products surface concentration at the boundary of any fuel grain, if the thermodynamic forces
on grain boundary are the same anywhere at the fuel grain boundaries. This assumption becomes very useful when the
real grain volume distribution function is accounted for [14]. The method described above has been also applied to
describe the volatile fission products behaviour inside the oxide fuel, but only for the simple case of the Booth sphere
model (zero boundary condition for gas diffusion at the grain boundary) [15].

The purpose of this paper is to present an extension of the method to the volatile fission products behaviour during a
step-wise irradiation history of the oxide fuel. The following processes are considered:

e Fission products yielding directly as fission fragments or from precursors.

e Migration of fission products at the grain boundary by both diffusion and sweeping.

e Intergranular bubbles growing and interlinkage as a result of the migration at the grain boundary of the stable spe-
cies of Xe and Kr (the major components of the fission gas).

e Irradiation induced resolution at the grain boundary corresponding to every decay chain as a time-step dependent
function.

All the above mentioned processes occur in a polycrystal that can alternatively be characterised by a grain volume
distribution function and whose grain boundaries move in time during a time-varying irradiation history.

2. Statement of the problem

Taking into account that the stable species of Xe and Kr give the main contribution of the fission gas release in the
void volume of the fuel element [1], the behaviour of an arbitrary volatile fission species, k, can be treated using, with
only few changes, the method previously proposed in Ref. [12]. Thus, we will use below the assumption that the average
volume grain can be treated at any time-step, grain growth-controlled or temperature-controlled, as a thermody-
namically homogeneous closed subsystem (there is no mass transfer with the surrounding of any component). Then,
from the conservation condition of the total number of the atoms of an arbitrary species k, the number of atoms which
remain at any time at the grain boundary is

Nf(r) = OF — N/ = N*, (1)

where Q¥ is the total amount of gas atoms of species k, generated in the fuel grain, N* the amount of species k from
the fuel grain and NF is the amount of species k vented out from the grain boundary to the void volume of the fuel
element.

Assuming an homogeneous yielding of species k inside the fuel grains, there will result that the total amount of
species k generated inside the topological suitable sphere associated with the average volume grain up to the time ¢, can
be written as
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Similiar as in Ref. [15], build-up and decay of fission products of species k, inside the unit volume of the fuel #* (), is
described by a system of coupled differential equations whose solutions for an arbitrary linearized decay chain during a
stepwise irradiation history is

k k —ij At k 1 —e % A k
wh(0) = Y P | )Y e nF )Y e (5 P= e, (3)
Z ;ngi — ) Z} I1 (i — 4) H
where n'_, is the build-up of nuclide i, by unit decay and/or by unit neutron reaction of nuclide i — 1,
; i A . oi1o(t , -
Moy = fi 7 i +8i /3—1()1 dict = Ay + 0i10(2). (3a)

fi, is the build-up of nuclide i by unit decay nuclide i — 1, g/, build-up of nuclide i, by unit neutron reaction, 4;_, the
decay constant of nuclide i — 1, ’ the fission yield of nuclide /, o;_; the average microscopic neutron reaction cross
section of nuclide i — 1, ¢(¢) the neutron flux and F(¢) the fission rate (assumed constant on the time-step
Aty =t — tp).

Taking into account that the total number of the fuel grains will change in time as a result of grain growth, a new
configuration of closed subsystems must be defined at any time-step. Thus, if some boundaries between the fuel grains
were at a previous time inside the topological suitable volume associated with the new average grain volume, they will
be moved out during irradiation.

Simultaneously with the fission products diffusion, a population of intergranular gas bubbles nucleate and grow until
they interlink and the volatile fission products are vented out in the void volume of the fuel element. Many authors
[9,16] have shown that a saturation of the grain boundaries with gas atoms of stable Xe and Kr species can be defined
when the intergranular bubbles interlink and the fission gas is vented out.

Because of the external forces, the intergranular bubbles disappear after the fission gas release from the grain
boundary. As long as new fission products arrive at the grain boundaries, a new bubble population will nucleate and
grow.

The problems mentioned above can be considered by an adequate balance of the amount of the diffusing species &,
inside the closed subsystem described above. That means that if N/‘?’( atoms of species k, have been released in the void
volume of the fuel element from the average volume grain corresponding to a previous time-step ¢;, using the classical
approximation of a fixed number of fuel grains of the same volume as the average volume grain N,;, the contribution to
the fission gas released from the unit volume will be

. 3
k _ NSk _ sk
'Zr'ijj Nérmej 5 (4)

J

where a; is the radius of the average volume grain at the time-step ¢;.

With only few changes, n* ; can also be calculated using the grain volume distribution function that is specific for
every fuel manufacturer [14]. Thus let g;(¥) be specific grain volume distribution function at the time-step ¢;, corre-
sponding to a spherical form of the fuel grains and normalised to the unit volume. Then the contribution from the unit
fuel volume to the fission gas release in the void volume of the fuel element is given by,

N1
ko_ 2,03Y d3
nr'f_éi/o a‘g(a’) da’. (4a)

J

The factor 1/2 in Eq. (4a) has been introduced to take into account that the separation surface is shared in every point
by two neighbouring grains.

Besides the amount of species k, released in the void volume of the fuel element it also yields from its precursors and
decays during the fuel irradiation, so that according to Eq. (3) at the current time ¢, we have

l’Z'(fL) = P[’l (thl) = T .
' = = e (4= 4y)
where n/(#;_1) is the amount of species 1, that has been vented out from the unit fuel volume up to the end of the times
step 1.
For an arbitrary decay chain, the diffusion equation for the fission product of index number, k, in the system of the
boundary velocity v* [15] is

, (5)

i=1
i#
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where D} is the diffusion coefficient in the system of the boundary velocity, A; the decay constant, y, the fission yield
of the species k and #f_, build-up of the nuclide k as a result of the decay of the nuclide k£ — 1, according to
Eq. (3a).
Based on the Speight’s definition of the gas concentration at the grain boundary [2], we defined the concentration of
species k at the boundary of the average volume grain [12] as,

CHlafo). 1] = ¢(1) = b [0F — N — N(), )
40
where a(¢) is the radius of the topological suitable sphere associated with the average volume grain V(). It has been
previously calculated by Speight [2], that a saturation of the intragranular gas bubbles arises shortly after the beginning
of the fuel irradiation and an effective diffusion coefficient can be defined for an accurate description of the gas diffusion
at the grain boundary.

The correction parameter b introduced to simplify the form of Eq. (6) depends on the resolution parameter ', the
surface-volume ratio (S/V = 3/a(t) for a spherical geometry of the fuel grains) and the effective diffusion coefficient
DF. For a step-wise irradiation history all these are time-step-dependent. The effective diffusion coefficient depends on
both the diffusing species &, and the intragranular bubbles resolution. On the other hand, because the volatile fission
products yield and decay simultaneously with their diffusion in the fuel matrix, the contribution of every precursor
from the decay chain to the isotope of interest is affected by its own diffusion properties. This implies a complicated
form of the solution of diffusion and it becomes more useful to evaluate the effective diffusion coefficient D¥, from
the experimental results for every decay chain of interest. For simplicity we will use in the following the notation
DF =D.

As it is mentioned by Olander [1], care must be taken in applying the resolution parameter because the form of the
term representing resolution can depend on whether the bubbles can be completely destroyed by a single encounter with
a fission fragment (Turnbull’s model [1]) or gradually consumed by loss of individual gas atoms (Nelson’s model [1]).
Olander proved that for small bubbles the two models give the same value of the resolution parameter.

In both of them the resolution parameter &' is linearly dependent on fission rate and for larger intergranular bubbles
a resolution efficiency has been defined by Nelson. Based on Olander calculations of the microscopic resolution pa-
rameter we can define

11/ eT\]° -3
=17 x 107 TgF (57N p=1-91-15|—+ = = ; B=854
B =17x10"7F (s7'); g { s[rb+B(2y)H, 85 (8)

where F is the fission rate and r, > 5 A, the bubble radius. At the time-step #; the correction parameter b can be written
[12] as
/lb/ ar ’
b, = —L=, 8
"7 3, (8)
where 4 is the resolution layer depth from the grain boundary (m) [2].
In order to simplify the solution method, the function C(x,¢) in Eq. (6) will be changed to

Cilx,1) = CF(x,1) = C*la(1), 1] = C*(x,1) — (1) ©)
The initial condition for a step-wise varying irradiation history can be written as
Ci(x,0) = Ci(x,0) — C*a(0),0] = C*(x, 11-1) — 9" (t21)- )
Thus, Eq. (6) becomes
dc* a k kg @ io o dof 1k k k 1 k k-1
T V(D*V,C") — C*V, 0" — "V, 0" — O MC" — 2@ + 9 F + 1 e C 7 ™ (10)

where V, = (8/(dx)) is the divergence operator versus the coordinate system of the boundary velocity v“.
Using the as-described transformation method to a fixed system [15], the ‘diffusion equation’ associated with the
radioactive fission products diffusion simultaneously with the grain growth can be written as

4

ou* k rok N N T ok koo k-1
E:Axo“ — Ay + D + M1 A U *a[ﬁf’ J] = 2l I + ey Ay [0 ], (11)

where A,, = ((8%)/(0x})) = the Laplace operator,
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and

u (xo,1) = C"(x,0)J (¢), D'(t) = D(t)a™ (1), 3F'(6) = pF (1) (1), J (1) = a*(r). (12)

J(¢) is the Jacobian of the transformation from the time dependent coordinate system to a fixed one [15]. From
Egs. (9) and (12), the total amount of species k, accumulated inside the fuel grain at any time is

NE(r) = /ck(x,z) v = /c’k(x, 0 dV + ot () V(1) = /uk(xo,t)d%+(pk(t) V(o). (13)
0 V(1) W
The solution of Eq. (11) can be written as a complete set of eigenfunctions,

U XO, Z‘{I XO Kk (14)

n=1
Taking into account that the eigenfunction and the eigenvalues of the Laplace operator satisfy equation,
Axo\{ln(x()) - —)v,,‘P,,(xO)
and based on the orthogonality properties of the eigensfunctions, Eq. (11) becomes

dkf 2 F o d

4= Ut AR+ A K | T ) = A0 o (o). (15)
where u, = [}, ¥, (xo) d¥p.
From Egs. (7), (13) and (14) it follows
POI(0) = = blOk — N — N = = 2ok~ STukb)|; Ok = 0f - NP (16)
4 =T r 4 145 |=T nzl"" ’ T T T

By Laplace transforming of Eq. (15) at an arbitrary time-step t; for constant size grain and constant fuel tem-
perature and after a first arrangement of terms one obtains

. + 2)u, N Kk 3 by u,
Kﬁ(p) M Z“men(P) _ " gfo) 4 1+f;H ! un K" (7o)
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where
<k wWF'1 3 oo kel 3
B -——— A — A 18
(p) = D p 4Tcl+b [+ )QT(P) Mi_17419r (p)}+4n 1+b QkT (%0)- (18)

Let us multiply Eq. (17) with eigenvalue u, and note, X*(t) = u,K*(t). Then in Laplace space one obtains

2
3uy by

)z’;(p) MZ m(p Xi(w) T ZX" )

Pl Pt Pt

- ~ 2
“ZEA(P) K inl(P) % 1th Sk—1
4 gk n_ — X . 19
FE s Mie—1%4-1 P+ p+j‘k+/LVlmZ>1 w (P) (19)
Let us also note
Xp+24) = 3 Z (20)
k 4r 1+ b (p+ Ak + /)

Because in Eq. (17) the index n has been arbitrarily chosen, a system of an infinite number of algebraic equations
must be written, whose solutions have the form (see Appendix A)



M.C. Paraschiv et al. | Journal of Nuclear Materials 275 (1999) 164—185 169

'y, 2
P VERATAS o' 2l
41t1+bL m+)»k+;~n]X(p+/1k)r)z>l
where
Xk(‘L') 3 b u, B (p)
R 0 4n 1[+bL,1 Xk + —l
() = (P + 24 + ) (p+ik+in)mz>1 O G )
~J—1 3u7
P n (p) 47 l+}7 ~k !
22
Tt G T (0 At ) Z:l ! (p} -

Taking into account that in a spherical geometry 4, = (nm)* and u> = 8n/4,, then Eq. (21) can be reduced to the
form

JnXk (x 6b, 6b;_
Py = Kb T 5 (12 = %) S Xi(e0)
" PA it du(p 2+ )X (p 4 1) In(p+ 2+ )X (p+ 24)
~k—1
~k ~k—1 6b X,y @
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Eq. (23) for the first isotope of the decay chain becomes
le
X (x 6b 6b,
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Using the substitution technique, from Egs. (23) and (24) the solution of an arbitrary #n, eigenfunction of the second
isotope from the decay chain has the following form:

2.2 2 ! 6by
v E E b X, (t0) T+h ImX ! (o
X = / n L
" Hif@—%}){l’”}ﬂn dn(p+ 2+ 1) X (p+ 1) Z(pu'ﬂm)

=1 j=1 m >1
6b; ~
+ii P} <%_ 1+1§L11)Zm>1ern(TO) N 87131(17) (25)
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and by mathematical induction, the arbitrary nth eigenfunction of the k isotope has the form
k 1 6by,
ok X (TO) 1+, )va TO }
Xﬂ(p . >
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In order to isolate the second order poles in the Laplace space, Eq. (26) can be written as
ko k v 6by,
k P, 1 1+b
X,(p) = (X () T RYT 7
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6by, X,y (0) 6b -
T+b, Zmﬂ o7, +/(jn) (ﬁ ~ b ) 2oz 1 Kn(T0) 871'31(]7) (27)

_@@+@+aw@+@ In(p+ 2+ )X (p+4)  da(p+ 2+ )X (p+ 1)

Before dealing with the solution of Eq. (27), let us observe that for the case of stepwise varying conditions from
Egs. (2)-(5) it follows
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where from Eq. (5) 7/ is the amount of species j, released from the unit volume of the fuel in the void volume of the fuel
element upto the time #,. Also n;(7o) is the amount of species j, generated inside the unit volume of the fuel up to the
beginning of the time-step #;,. From Eqgs. (18) and (28) the Laplace image of B*(t) on the time-step A¢; is

Bo) = 2 ﬂ-{@“—ﬁw“hﬁ
L)DL P 1 + bL 1 + bL,]
where ¥, (t9) and n%, | (1¢) are the amounts of species k released from the unit volume of the fuel to the void volume of the
fuel element at the beginning of the time-step #, and at the beginning of the previous time-step #,_1, respectively. If the grain
volume has changed as a result of the grain growth the amounts n’j’L and n*, | will differ accordings Eq. (4) or Eq. (4a).

Taking into account the form of Eq. (29), in order to transform Eq. (27) to the original space, we look for the
originals of the following functions:

=+ () — nl (o) |, (28)

—n ]_i_azflbL*] nk gk } (29)
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b (p+ 2+ 2)X(p+ 7))
1 6b; 1
G — , (30
Ch P+ 2+ 7)) Vb b (p+ 2+ 2,) "X (p+ 1) )
oy 1 1
Hl(p) = . :
) =7 + b p(p+ 2+ )X (p + 4)
Using Egs. (29) and (30), Eq. (27) can be written as
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Without loosing the generality of the solution method, the well-known approximations for long times and short
times can be used to calculate the originals of the functions defined by Eq. (30). Using in Eq. (20) the mathematical
identity

St @ (v )

and taking into account that for short times, or large p, = p + /1,

I +3by /P — 3b
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then we can write

; , 3
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The zeros of Eq. (32) are

3b 9p2 , 3b 9p2
P1+/12221:—2L+\/ £+ 3by; P2+A;¢:—22:TL+ T+3bL (33)

Now, using the notations

~ 1 Pk + 3bL\/p_A — 3bL
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D(X,) = the Dawson integral.
The originals of the functions defined by Eq. (30) are
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and Eq. (31) becomes
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The case of only stable fission gas species (/L; =0, j=1,2,...k) will involve the following form of Eq. (11):
Ou VF]
o = Ayu Jrﬁ**[le( 7). (35)

Using the same mathematical formalism as described above, the eigenfunctions associated to the concentration
u(Xy, t) give in the Laplace space a system of algebraic coupled equations for which expressions can be obtained from
Eq. (23) by simply taking 4, =0 (j =1,2,...k),

6b, 6b; ~
X)) % Z;“mxmu(H,;—H;L:)zm;le<m>+8nB<p>

)?,, = = = ’
) PHn dlp+ )X (p) 4 P Jn(p + 22)X ()

(36)
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where from Eq. (29)
By 1T [a@b b
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In a similar manner as in Eq. (30) we will define the following functions:
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Substituting Eqgs. (38) and (37) in Eq. (36) after the separation of the second order poles, Eq. (36) becomes
6b e . 8nyF'H,
2,(p) = Xo(a)G(p) — LS 2O ) )] 4 EL D) (39)
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The originals of Eq. (38) are,
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Thus the original function of Eq. (39) is
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(40)

From Egs. (13), (14) and (16) the total amount of species & which remain inside the average volume grain after the
volatile fission products diffusion simultaneously with grain growth and grain boundary resolution is

N (0) = XA 0) + (O — N ) (@)

m=1
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The knowledge of the number of the volatile fission products N*(#,), from the average volume grain, along with
Egs. (1) and (4) or Eq. (4a), allows one to evaluate at any time the amount of volatile fission product of species k, either
arrived at the grain boundary or released in the void volume of the fuel element.

As a result of the local thermal gradients, the fuel microcracking along the grain boundaries could arise during the
fast fuel cooling in those regions where large grain boundary areas are covered with fission gas bubbles. Specialised
thermomechanical codes could give information about these regions from the fuel pellets.

Also the rising of a continuous network of interconnected tunnels where the gas is vented all the time out of the grain
boundary could be associated to a sequence of incubation times no smaller than the smallest time-step chosen for
calculation.

In both cases described, the diffusion equation associated to the fission products migration is the same as Eq. (6) but,
because the function changes given by Egs. (9) and ('), it is necessary to change the initial condition to

3b,-
X;(0) = X (1) +uy %N/k(&—l) (42)

as a result of the boundary condition changes to the perfect sink one (the correction parameter becomes b, = 0).

3. Application and discussion of the results and of other similar models

To illustrate the results of the evaluation method described above on the volatile fission products behaviour during
the fuel irradiation, we use the same model of calculating the surface density of the saturation number of atoms of the
stable fission gases from the grain boundary as described in Refs. [9,10,12]. At stationary equilibrium with the external
forces on the grain boundary, the surface concentration of the gas atoms arrived inside the intergranular bubbles at
boundary saturation n*, can be calculated supposing the bubbles to be identical, lenticular shaped pores comprising
spherical caps of fixed coalescence radius in the plane of the grain boundary with diedhral angles 20 = 100° [9,10],

L _ SO {2~/

v

" 3kgT sin®0

+ Pm} , (43)

where £(0) = 1 — (3/2)cos0 + (1/2) cos®0, and £, is the coverage fraction at grain boundary saturation (we taken it as 1
in the following discussion), y the surface tension of the bubble (0.6 J/m?), kg the Boltzmann constant (J/K), T the fuel
temperature (K), r, the bubble radius (0.5 pm), P., is the hydrostatic pressure (Pa).

To reduce the number of the parameters involved in fission product behaviour inside the fuel oxide, the hydrostatic
pressure has been assumed to be zero in the present analyses.

The expression of the diffusion coefficient has been taken from Ref. [17]. The neutronic parameters used (decay
constant, fission yields, etc.)have been taken from Ref. [15].

Using Egs. (1)-(4), (40)—(42) along with the assumption that the kinetics of migration of the stable fission gas species
governs the intergranular gas bubble nucleation, growth and interlinkage, the amount of any volatile species that
migrated at the boundary of the fuel grains or in the void volume of the fuel element can be calculated with a high
accuracy for any kind of irradiation history. Dividing the power history in small time-steps of constant irradiation
conditions (constant grain size, constant temperature, etc.) the solutions can be extended for both slower and fast power
transients (Figs. 11-14). The kinetics of volatile fission products migration depend on the diffusion parameters, the
irradiation induced resolution and chemical properties of the nuclide of interest and on its precursors [4]. That is, the
results presented in the following are only qualitative and only an effective diffusion coefficient along with the irradi-
ation induced resolution corresponding to stable gas species are considered.

Further comparisons with the experimental results to give the adequate weights of the model parameter are nec-
essary. The accuracy of the method described depends on the number of the eigenfunctions X, (¢), given by Eq. (34) for
radioactive products and Eq. (40) for stable gas species. Comparisons with the analytical solutions described in Ref.
[12] of the stable gas species behaviour using a constant correction parameter of the same range of the values as used for
all the temperature histories from the present analysis shown that one hundred functions are enough for a calculation
relative error smaller than 10~*.

An important result of all the analyses presented here is the strong dependence of the kinetics of gas diffusion on
the correction parameter. The theoretical treatment of irradiation induced resolution in the model presented by
Speight, introduces the resolution layer depth /, and the resolution parameter 5" as physical parameters of resolution.
If the resolution parameter can be defined using Eq. (8), we have no information about the 4 parameter other than
Ref. [10] where its values are taken to be between 10~® and 10~ m. In the following discussion we have fixed A =
1078 m.
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The correction parameter is a function of the fuel temperature and it varies by about three order of magnitude. Thus,
because of its dependence on the diffusion coefficient, the correction parameter will change exponentially with the fuel
temperature and this feature becomes important during fuel transients. During the constant temperature histories
(Figs. 1-10), it depends linearly on the grain size changes Eq. (8') and will increase to about two times at 1400°C and
three times at 1600°C up to the end of the irradiation history (500 MWh/kgU at 60 kW/m linear power). As already
pointed out [15], when the grain growth is considered, the equilibrium between the fission products diffused at the grain
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Fig. 1. Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1200°C).
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Fig. 2. Evolution of the concentration of the 33Xe species in the void volume of the fuel element and total cumulated value in both void
volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1200°C).
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Fig. 3. Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C).
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Fig. 4. Evolution of the concentration of the '**I species in the void volume of the fuel element and total cumulated value in both void
volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C).
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Fig. 5. Evolution of the concentration of the **™Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C).
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Fig. 6. Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both void
volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C). The
precursors contribution has been neglected.

boundary and the total generated inside the fuel grains cannot be reached. This can be seen in Figs. 2, 4-8 and 10 where
the time evolution for some constant temperature irradiation histories are depicted. Only at 1200°C (Fig. 2) a quasi-
stationary state of **Xe evolution can be observed. Because the correction parameter depends linearly on the grain size
which is almost constant, it does not change significantly at a fuel temperature of 1200°C and this can be followed in
Fig. 2. Moreover, there is no fission gas release in the void volume of the fuel element during the whole irradiation
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Fig. 7. (a) Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C).
(b). Detail A corresponding to Fig. 7(a) for '**Xe.

40x108 ———TT T T T T T T T T T T T T

- - - 135Xe migrated at the boundary considering neutron capture
| —— 135Xe migrated at grain boundary without neutron capture 4
—— Released in the void volume

3.0x103

2.0x10° =

Release (mol/mc)

1.0x103

[ ) TR B RUN NI A N (N
o 50 100 150 200 250 300 350 400 450 500
Burnup (MWh/kgU)

Fig. 8. Evolution of the concentration of the 3*Xe species in the void volume of the fuel element and total cumulated value in both void
volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1400°C).

history at 1200°C. At 1400°C the first intergranular bubble coalescence (the first incubation time) is reached at 340
MWh/kgU and it slowly goes down at ~70 MWh/kgU for 1600°C temperature history.

The kinetics of the fission products behaviour become more complex versus the cases presented in Ref. [15] where
only the irradiation induced resolution has been neglected. Because the boundary condition Eq. (7) becomes zero after
every intergranular bubble coalescence, a fast release of the gas atoms from the grain surface to the grain boundary can
be observed and the grain boundary saturation with gas atoms is reached shortly after the bubble interlinkage (Figs. 3
and 9). Figs. 4-8 show the behaviour of the volatile fission products '3*I, 13¥mXe, 133Xe, without the contribution of its
precursors, the total **Xe, and respectively '*Xe with and without its decaying by neutron absorption during the
constant 1600°C temperature history. Versus the time evolution depicted in Fig. 3 corresponding to the stable fission
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Fig. 9. Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1600°C).
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Fig. 10. Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a constant temperature history (1600°C).

products and function of the decay properties of the above mentioned isotopes, peaks of various forms arise, repre-
senting their amount any time after the intergranular bubble coalescence. An interesting situation can be observed in
Fig. 10, where as a result of reducing of the incubation times, even if the saturation state at the grain boundary is not
reached, the lowest amount of '33Xe released in the void volume of the fuel element is almost constant during the ir-
radiation history.

Figs. 11-14 show the kinetics of release of both stable gas species and '3*Xe, during a slower transient (7 days at 60
kW/m after 100 MWh/kgU at 1000°C) and a fast ramp (30" at 60 kW/m after 300 MWh/kgU at 1000°C), respectively.
For both these temperature histories, the saturation condition is reached and ~36 mol/m? fission gas are released at the
end of the slower transient (Fig. 11) at ~1850° C and respectively ~14 mol/m? at the end of the fast ramp (Fig. 13) at
~1950°C in the void volume of the fuel element. Also, along with the stable gas species about 0.7 mol/m?® '33Xe during
the slower transient history (Fig. 12) and 0.1 mol/m?® '33Xe during the fast ramp history (Fig. 14) are released. A high
amount of fission gas (~150 mol/m?) is released shortly after the fuel temperature increasing from 1400°C to 1600°C
and this can be seen in Fig. 15(a) and b and analogously for **Xe in Fig. 16(a) and (b). The behaviour of the volatile
fission products during transients can be explained following the change of the correction parameter as a result of the
temperature increases. Thus, at 1400°C the assumption that the successive saturation with gas atoms at the grain
boundary for time-steps smaller than the time-step chosen for calculation (~1 MWh/KgU) implies the rising of a
network of intergrannular tunnels at the grain boundary which is equivalent to the nullifying of the correction pa-
rameter b as can be seen in Fig. 15(a) and Fig. 16(a) versus Fig. 15(b) and Fig. 16(b) respectively. As it can be seen the
kinetics of the fission gas release are however quite different.

An apparently unexpected situation can be followed in Fig. 17(a) where a decreasing temperature history is depicted.
Because the fuel temperature decreases from 1800°C to 1600°C the irradiation induced resolution will dominate the
fission gas diffusion at the grain boundary. A higher amount of gas atoms will be turned back to the fuel matrix rather
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Fig. 11. Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in
both void volume and at the grain boundary along with the correction parameter changes, during a slower temperature transient (7
days at 60 kW/m).
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Fig. 12. Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a slower temperature transient (7 days at
60 kW/m).
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Fig. 13. Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in
both void volume and at the grain boundary along with the correction parameter changes, during a short temperature transient (30 min
at 60 kW/m).

than being diffused at the same time at the grain boundary. A detail of this behaviour is shown in Fig. 17(b) and similar
situations for '**Xe can be seen in Fig. 18(a) and (b). After the equilibrium is settled, the fission gas slowly increases on
the grain boundary and the saturation condition is reached again only after ~70 MWh/kgU. Because the fuel tem-
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Fig. 14. Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a short temperature transient (30 min at
60 kW/m).
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Fig. 15. (a). Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in
both void volume and at the grain boundary along with the correction parameter changes, during an increasing temperature history
(considering that a permanent network of interconnecting tunnels has been formed). (b). Evolution of the concentration of the stable
gas species in the void volume of the fuel element and total cumulated value in both void volume and at the grain boundary along with
the correction parameter changes, during an increasing temperature history.

perature decreases up to the end of irradiation, the correction parameter of gas resolution will strongly increase from
b = 1.4 at the beginning of irradiation (1800°C fuel temperature), to b = 1073 at the end of irradiation (1000°C fuel
temperature). It has been shown in Ref. [12] that as a result of the large domains of values of the resolution layer depth
A and of the resolution parameter 4’ it is difficult to associate a constant value of the correction parameter for gas
resolution when an arbitrary irradiation history is studied. The method described above becomes useful because the
only unknown parameter for gas resolution at the grain boundary is the resolution layer depth of the volatile fission
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Fig. 16. (a). Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in
both void volume and at the grain boundary along with the correction parameter changes, during an increasing temperature history
(considering that a permanent network of interconnecting tunnels has been formed). (b). Evolution of the concentration of the '33Xe
species in the void volume of the fuel element and total cumulated value in both void volume and at the grain boundary along with the
correction parameter changes, during an increasing temperature history.

products. Moreover, the results presented above suggest that the values 4 > 10~ m will give in effect lower amounts of
fission gas release. Obviously, only by calibration with the experimental results, the method could become a powerful
device to evaluate the volatile fission products behaviour during fuel irradiation. Other processes such as fuel stoi-
chiometry changes, fuel microcracking, can be easily quantified for every temperature-controlled or grain growth-
controlled time-step and their weights can be calculated by adequate changes of the diffusion coefficient or the boundary
condition for gas diffusion. The thermodynamically induced resolution at the grain boundary of the volatile fission
products is also an important parameter and it can be easily considered by adding a concentration-dependent term to
Eq. (6) in the same manner as that used by Turnbull and Friskney [4].

In attempting to improve the Notley and Hastings model [25], McDonald et all. [22], solve the diffusion
equation

ack
- = V(DVC) — 3 CE + 3 F 4+ jy CF (44)
CHa(r), 1 =0, (44a)

that was derived from the mass balance of the diffusing species &, applied to arbitrary fixed systems.

They added artificially a term to Eq. (44), proportional to ((3 da)/(adt)) (the sweeping contribution [22]) and
transformed Eq. (44) to a fixed volume by using the variable changes in spherical symmetry x ~ r/a(¢). El-Saied and
Olander extended the solution of Eq. (44) to a grain volume distribution function [13] and Forsberg, et al., gave a
solution of Eq. (44) considering the irradiation induced resolution of the stable fission gas species at the grain boundary
as time dependent [18], applying the rule chain of differentiation [13] to the function C*(r,¢) — C*(x(¢), t) as previously
introduced by McDonald et al. [22].
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Fig. 17. (a) Evolution of the concentration of the stable gas species in the void volume of the fuel element and total cumulated value in
both void volume and at the grain boundary along with the correction parameter changes, during a decreasing temperature history. (b).
Detail A corresponding to Fig. 17(a), for stable gas species.

But Eq. (44) does not describe adequately the diffusion from the fuel grains simultaneously with the grain growth. It
results from the mass balance of a diffusing species in any fixed region inside the fuel grains but not simultaneously on
the entire grain volume that change in time as a result of the grain growth.

The adequate theoretical description of this problem has been given in Refs. [11,12,15] and also some supplementary
criticisms have been done in Ref. [21]. As for example [21], to use the spatial coordinate as independent of time in a time
dependent domain, as it results from the condition (44a), it is necessary to give a supplementary definition of the
concentration beyond the grain boundary, to maintain its continuity by both at the left and at right hand of the
boundary, any time, as it is the case of the Newman’s problem [23,24].

To illustrate the discrepancies between the two manners of work, the above described solution method of Eq. (6)
along with the initial and boundary conditions (7) and (9') has been used to evaluate the fission gas release (FGR) from
a region of the fuel where the material parameters, the irradiation conditions and the temperature history are identical
with those described in Ref. [18]. For comparison, in Fig. 19(a) and (b) are shown the results published in Ref. [18]. The
difference between the Fig. 19(a) and b is only the time-step chosen for FGR evaluation, using the mathematical
formalism presented above. Thus in Fig. 19(a) a time-step of 5 h was used, while in Fig. 19(b) the time-step was of 1 h.

The differences of the FGR predictions between the two models are very small for the case of constant size grain
during the irradiation, but they increase when simultaneous grain growth is considered. Thus for the case of the step
function of the temperature history chosen in Ref. [18] whose parameters are 2000 h at 1000°C and then a ramp at
1600°C for 200 h, the amount of FGR predicted using the above described model is with about 2 mol/m?* greater than
the FGR from Ref. [18] and almost equal for the case of constant size grain. The stability of solutions (40) and (41) it is
obvious from the results depicted in Fig. 19(a) and (b), where for the two different time-steps the results are not sig-
nificantly changed.

The continuous line of FGR in Fig. 19(a) and b shown the FGR evolution after a succession of time-steps of the
grain boundary saturation, for which the correction parameter becomes zero. Consequently, the boundary condition
for gas diffusion is nullified as it was discussed above (Fig. 15(a) and (b)) but the differences in FGR predictions are
insignificantly.
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Fig. 18. (a) Evolution of the concentration of the '**Xe species in the void volume of the fuel element and total cumulated value in both
void volume and at the grain boundary along with the correction parameter changes, during a decreasing temperature history. (b).
Detail A corresponding to the evolution of the '33Xe species from Fig. 18(a).

4. Conclusions

It has been shown that treating the average volume grain of the fuel oxide as a thermodynamically homogeneous
closed subsystem, the mathematical formulation of the diffusion problem associated with the volatile fission products
migration at the grain boundary permits analytical solutions considering their direct yield from fission or from pre-
cursors simultaneously with the grain growth and the grain boundary resolution during both the steady state and
transient fuel irradiation conditions. In order to simplify the solution method a correction parameter for fission gas
resolution at the grain boundary has been defined. It depends on both irradiation induced resolution and the surface to
volume ratio of the fuel grains that can be evaluated from the average volume grain or using the real grain volume
distribution function of the fuel oxide.

The significant changes of the correction parameter during all irradiation histories analysed involve fast changes of
the volatile fission products amount at the grain boundary especially during temperature transients. Because the cor-
rection parameter depends on the grain size, the diffusion coefficient and the fission rate, it will change on a large scale
and cannot be considered constant when the real irradiation histories are simulated. The times of the intergranular
bubble interlinkage and the FGR from the grain boundary into the void volume are also important parameters in the
volatile fission products evolution on the grain boundary. Short time after the intergranular bubble interlinkage the
boundary conditions for fission gas diffusion will change to a perfect sink one and the fission products will easily
migrate from the grain surface resolution layer to the grain boundary. This mechanism accelerates the intergranular
bubble nucleation and growing. During the decreasing temperature histories the gas resolution becomes faster than the
gas diffusion at the grain boundary and the fission gas is absorbed rather in the grain surface than remaining inside the
intergranular bubbles.

Comparison with the other published models show their inadequate statement of the problem when the
volatile fission products diffusion from the fuel grains simultaneously with the grain growth in polycrystals in
analysed.
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between two models. (b). Fission gas release as a function of time after a discontinuous raise in fuel temperature(ramp) to (1600°C).
Comparison between two models.
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Appendix A

From Eq. (19) and using expression (21), we have to solve a system of n coupled equations of the form

3 bL M%(p‘F /L;C)

Xi+ay X, =R;; a=—-—— Al
! ‘;’ PN T An T b, (p+ A+ A) (A1)
or
(1+a1)X1+a1X2+a1X3+...+a1X,,:R1,
azXl + (1 +a2)X2 -|-612X3 +... +a2Xn :R27
a3X1 +d3X2 + (1 +a3)X3 + ... +a3Xn :Rg,7 (AZ)

aXi +a,Xo +a, X5+ ...+ (1 +a,)X, =R,



184

M.C. Paraschiv et al. | Journal of Nuclear Materials 275 (1999) 164—185

of which determinant is

1 +a; a ap
a 1+a; a
A= as az 1+a;
a, a, a,
1 1
" a) 1 +a
= <1 +Zak> “las as
k=1 )
ay ay
Using the Cramer method,
A
=y
it follows
1+a a; R,
a 1 +ay R2
Ay =
Xk ai ai Ry
ay ay R,
1 + a) — 1
a 1
_ (_1)k+kRk
Ak+1 0
a, 0
1 + Zai 0
"
a 1
_ (71)21( R,
Ak+1 0
a, 0

ay

a

as

1+a,

a

1+a;

an

0

a

a

ai

1+a,

1

= (DR [ 14 a | + (1) g (-1

and from (A.3),

Xy =Ry — a;

ik

2 R

(1 + 3 a,») .

Because both the index k and n are arbitrary chosen the system (A.2) can be extended to

Eq. (A.4) is the same for any k = 1,2, ...

I+Ya 1+Ya 1+>a
k=1 k=1 k=1
a) 1 + ay a
as as 1 + as
ai‘l al‘l all
1 1 0
ar u a
as = (1 + Zak> | as 0
k=1
1+a, a, O
1 + a -1 R1
a) 1 Rz
- 3 0 Ry
a, 0 . R, ...
-1 -1 -1
0 1 0
+ (=1 l+ka
0 (=) " a -
1 0 0
00 SOR;
“
1 0 R,
+ (=D a
0 0 Ryt
0 0 R,

>R

i=1

1+

a

as

—_—

R,
R,

Ryq1

1+a,

n
D
k=1

(A4)

an infinity equations and
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