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ABSTRACT 

MFPR code is a mechanistic code developed in collaboration between IBRAE (Russia) and 
IRSN (France). It describes both intra and inter-granular fission gas behaviour in different 
realistic situations such as in-reactor irradiation regime or LOCA transients or high temperature 
annealing modes. It includes improvements in the classical re-solution effects, from irradiation 
and from thermal effects. A new formulation of the grain growth model is proposed. The main 
specificity concerns the strong interaction between intra-granular gas and point or extended 
defects. The vacancy model included in the code allows self-consistent calculation of bubble 
nucleation factor, realistic description of grain bubble relaxation and implementation of model 
for enhanced bubble mobility in the vacancy field created at the end of annealing regime. The 
dislocation creep model, implemented for annealing regime, explains the observed burst release 
during high temperature ramps. 

Examples are given on ADAGIO, FLASH and VERCORS experiments, giving satisfying results. 
Further improvements are proposed concerning the grain growth model, dislocation model which 
might be extended to irradiation regime and the thermal resolution model. 

Keywords: Fission gas release, MFPR, grain boundaries inventory, LOCA, VERCORS. 

1. INTRODUCTION 

Any realistic description of fission gas release and fuel swelling as a function of fuel-fabrication 
variables and a wide range of reactor operating conditions must include many mechanisms. 

In this field, the code MFPR (Module for Fission Product Release) is being developed for 
mechanistic description of gas behaviour in several conditions development. It includes 
refinement of the existing mechanistic codes FASTGRASS [1] and VICTORIA [2]. As such, it 
constitutes a tool for interpretation of many experiments or for reliable prediction of gas 
behaviour in specific conditions. 

In this paper, the main characteristics and current status of the MFPR code, description of the 
new models, are presented regarding fission gas behaviour. This fission gas modelling is applied 
to three different situations : first, to irradiation regime during reactor operations conditions in 
the case of high burn-up fuel; then, to transient LOCA type conditions; finally, to out of pile 
annealing conditions at high temperature, up to 2573K. 
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2. PHYSICAL PROCESSES AND MODELS FOR FISSION GASES IN MFPR 

In MFPR, the process of the FP release from solid fuel is divided into two consequent stages : 
- Intra-granular gas transport from the bulk to the grain boundary then transfer in the 

inter-granular bubbles, 
- accumulation of fission gases in the inter-granular bubbles, and release to the open 

porosity through the system of bubbles on the grain boundaries and the net channels and tunnels. 
The model ignores the delay related to the gas transfer both through the net channels and through 
the open porosity. 

In the grain, the main phenomena included in the code are : 
•FP atom generation, diffusion to grain boundaries and capture by grain bubbles (or re-solution 
from these bubbles). 
•Bubble nucleation, growth, diffusion and biased migration in temperature and vacancy gradients 
to grain boundaries. 
•Bubbles coalescence and sweeping by grain boundaries (recrystallisation) and by dislocations 
(creep). 
;Vacancy field evolution and interactions with gas atoms and bubbles. 

Inter-granular bubbles are classified into three groups : bubbles on the grain faces (GF), on the 
grain edges (GE) and in the grain corners (GC). The GF bubble growth progresses up to the grain 
surface saturation, when interlinkage of the GF bubble and formation of grain face channels to 
the grain edges and corners occur. Growth of the GE and GC bubbles leads to their 
interconnection by tunnels and formation of open porosity. 

2.1 Intra-granular fission gases transport (bimodal representation) 

For gas atoms the transport equation in the grain takes the general form (in spherical geometry 
for a grain, considered in the code as a tetrakaidecahedron l ) : 

ac 
 = o(13 g VC g )— W bmg (V g )C g — Fg b W jis (1) at 

Cg is the gas atoms concentration, Dg is the gas diffusion coefficient expressed from Killeen-
Turnbull formulation [3] and vg is the biased mobility of atoms. 
The first term describes random atoms transport, the second term concerns biased migration 
(grain boundary sweeping associated with grain growth), the fourth term represents creation by 
fission. The third one represents atoms interaction with bubbles including bubble nucleation 

(conuc), capture of atoms by bubbles (cocap, including thermal re-solution of atoms, for Ceq see eq 7 
) and re-solution of atoms from bubbles by irradiation effects (corsi). 

F g _+b = COn„cC COcap (C g — C eq )C b — COrsigO(N b )Yb (2) 

with, when the grain is surrounded by its neighbours, 7 faces, 12 edges, and 6 corners. 
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Strongly associated with the above formulations for atoms in grain, the following equations are 
proposed for atoms in bubbles (with Yb their volume concentration). 

a Yb 
= V (D bV 17b ) — 03/41718 (V b ) F g b , Yb = Nb Cb

at 

The mean number of atoms in a bubble evolution is given by 

aNb 
= wci 171 (Au, + coca (C — Ce )— bgo(N b ) 

at s c 2C P g

(3) 

(4) 

The first term of equation (4) deals with bubble coalescence associated to bubble diffusivity 
which is expressed from classical effects of surface diffusion, plastic deformation and 
vaporisation-condensation [1] or from Mikhlin's formulation [4]. 

From classical mechanistic codes [1,2], MFPR is rather specific on the following points. 

2.1.1 Re-solution effects (irradiation +thermal) 
According to [5], re-solution of gas atoms by irradiation occurs from a thin periphery layer (.% 
1-1.5 nm) of bubbles. However, the ejection of a gas atom into surrounding matrix does not 
automatically result in its re-solution, because within the re-solution layer 8— 1 nm, atoms would 
tend to return back to the bubble. This gives : 

dNb/dt = 4r,DcgRb— blVb (5) 
with the renormalised expression for the re-solution probability b' (from bo that of pure Nelson's 
model) : 

b bo[ii/(A, + Rb)] .[ 5/(8 + Rb)]. (6) 
In the case of thermal re-solution, the kinetic equation for the number Nb of gas atoms in a 
bubble with the radius Rb under annealing conditions in the Van-der-Waals approximation, takes 
the form : 

dNb

dt 
where cg" = PK,yo(P, 7), and o(P,T)= exp(BxePlkT), is the function accounting for the gas 
phase non-ideality in the Van-der-Waals approximation (k the Boltzman constant), P is the 
pressure within the bubbles, T is the temperature, Bxe is the Van-der-Waals parameter for Xe, 

and KS(T) is the Xe solubility in UO2 (K 5 is supposed to be of Arrhenius type temperature 

dependent with adjusted parameters). 

= 47Dg Rg [c g egg ], (7) 

2.1.2 Point defects (vacancies and interstitials) effects 
The characteristics of grain bubbles are strongly dependent on the concentration of point defects 
[6]. The bubble nucleation factor is equal to the vacancy concentration which in addition 
determines bubble relaxation. Also, in some annealing conditions, the vacancy gradient inside 
the grain makes additional possibility for increased bubble mobility [7]. 
In MFPR, the general expression for vacancy evolution is : 
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acv = D ,Ac -4-rD,,RbCb(c,- c,b,s [DvZ v p d (c„- c7)+aDicicv ]+ K at v 
with c„ and ci number of vacancies and interstitials per uranium atom, D. and Di correspondingly 
the vacancy and interstitial diffusion coefficients, a the recombination constant, K = F z.,,C2 is the 
atomic displacement rate where F is the fission rate, Q the vacancy molar volume and zs is the 
damage formation in the fission track volume. The dislocation sink strength constant Zv for 
vacancies is of the order of unity. 
In Eq.(8), the thermal equilibrium vacancy concentration, c„eq, is approximated by Arrhenius 
correlation. The second term in the right hand side of Eq.(8) describes a mechanism of the 
vacancy sink into bubbles that is connected intimately with the bubble relaxation. The boundary 
concentration of vacancies at the bubble surface, Cvbs, is given by : 

cvbs = Cve" exp(-1-2SPIkT). (9) 

It depends on difference between the actual and equilibrium bubble gas pressures, 8P, defined as 

(8) 

SP = P - Ph 27 , P=  NbkT (10) Rb
(Vb -B xeNb ) 

where Ph is the external hydrostatic pressure, y is the effective surface tension for UO2 , P is 
the gas pressure within a bubble given by the Van-der-Waals equation of state, Vb is the bubble 
volume. 
Deviation from equilibrium gas pressures together with the non-equilibrium vacancy and 
interstitial concentrations determines the rate of the bubble volume relaxation: 

dV, 
= 4aRb (1),.(cv - Dici ) (11). 

dt 
In the case of steady-state irradiation conditions, bubble relaxation can be regarded as a fast 
process, and the bubble volume, Vb, can be approximated using the equilibrium equation 
according to which 6P = 0 and Cvbs = Cveg . 

In annealing conditions, the vacancy diffusivity is related to the equilibrium uranium self-
diffusion coefficient, Dueq, by 

cveq Dv = Dueq 
D(7 and Dv are approximated by Arrhenius correlations [8] and the relaxation rate is given by eq 

11 but with neglecting effects of interstitials (DiCi). 

2.1.3 Extended defects (dislocations) effects 
Sweeping of bubbles by moving dislocations may induce gas release at high temperature. 
A model is implemented into MFPR (for post-irradiation conditions) with the main following 
simplifications. 

• Dislocation loops formation and growth are not taken into consideration during the annealing 
stage (segments of dislocation lines only). 

• Once attached to dislocation segment, gas particle does not leave it inside the fuel grain. 

Dislocation creep mechanism is described in terms of two variables : the dislocation density, Pd , 
and the atoms-on-dislocations density, Yd . The fluxes Fg.,d and Fb-od describing the 
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de,, = Dv~cv -41rD,,RbCb (cv - cts )-[D,,Zvpd (c,, -<q )+ aD;c;cJ+ K (8) 
cJt 
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attachment of gas atoms and bubbles to dislocations are added to corresponding transport 
equations for Cg and Cb (Eqs 1 and 3). Variables, Pd and Yd , satisfy following equations : 

ayd =
Fg-->d + Fb-)d -kobmg (vd )Yd + 2V(D,,Vcv )1 (12) at 

aPd  
at 

m n
wbmg \' d ) N d 

where the dislocation velocity is defined as: 

(13) 

( 27r Duv 
d 

vo
rnd 

(d) 
d'f' 1`b 

(d) 
b 

v 0 
V = d the intrinsic 

eq 
Cl ' J 

mobility , 
Bln(L I Rd ) 

(Pd being the pinning factor (by attached bubbles) : 

d 
(Rhd)

N(bd) 7Y d d) .=  D2,,(0 )v
1+  d d 

Iod N i(,d) (d)

Here B is the Burger's vector length (lattice parameter), L characterises mean distance between 
dislocations, Rd is the dislocation core radius. 
If the number of atoms captured by dislocations is sufficiently small to satisfy the inequality 

2Rb(d)Yd /Nb(d) < Pd 5 

the characteristics, Rb(d) and Nb(d) (size and mean number of atoms in bubbles), of bubbles 
captured by dislocations are equal to the corresponding bulk values (Rb and NO. 
After complete coverage of dislocations, the condition 4,d) 2Ri, =1 is applied giving rapid 

coalescence of bubbles attached to dislocations and strong pinning of dislocations. This means 
that after rapid growth of bubble radius within one order of magnitude the dislocation velocity 
will practically turn to zero, i.e. dislocations will be pinned by attached bubbles. At this time, the 
main source of vacancies is grain boundary and strong vacancy gradient could enhance grain 
bubble diffusivity from the simple relation (Evan's mechanism [7]) : 

v"c(r)= 2Dv 
acv 

r 
(15) 

(14) 

2.1.4 Grain growth 
A new approach was developed from [9]. In presence of inter-granular bubbles, the grain 
boundary velocity, vgb , is written as: 

v - —
d

d ° g = v gb 1 gb 
g.' dt 

(16) 

where vg°b is the base velocity , cogb is the retarding factor, dgr the grain diameter. 

In the general case of different types of intergranular bubbles (face f, edge 'e', and corner 'c') the 
retarding factor can be written as: 

= 
81v )kTR2 n gb gr f 

16 Ygh D1' 
+ n + 
Dh r): 
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2
, ( n1 n n JJ-l 
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The base grain boundary velocity is approximated by the Arrhenius type correlation: 

(0) 
gb =V° 

R gr 

where Ro = 10µ,m is the scale factor, vo, n, and Egg, are fitted parameters on Bourgeois tests 
[10]. 

Ro
exp(— E gb Pal (17) 

2.2 Inter-granular fission gases transport 

2.2.1 Intergranular swelling model 

Any gas transferred to grain boundary as atoms or bubbles belongs to inter-granular porosities, 
first to face bubbles population. Coalescence of face bubbles due to their random migration is 
considered as the main mechanism of grain face bubbles relaxation [11,12], on the base of the 
general theory of grain face bubbles migration and coalescence [13]. 
The general equation for the evolution of face bubbles concentration is written in the form: 

dX 

dt
f  = w X 2 — 7 X2nuc g (Dc.s f (18) 

where caw, is frequency of bubble nucleation, cod, is frequency of coalescence of bubbles, Xg is 
surface concentration of atoms on grain faces. 
Coalescence frequency of bubbles randomly moving on a surface can be represented by : 

cod, = D87rDb —871-aD17 (19) 

ln(  ) 
2R2 ° 

where z° is the characteristic time of two-fold increase of the mean bubble radius Rf • D is 

represented in a form depending on the dominating microscopic mechanism of bubble migration, 
fitted on experimental data [9]. 

2.2.2 Modes for FP Release by Bubble Interlinkage 
The equations governing the gas transport from the system of inter-granular to the open porosity 
are based on a percolation type approach [14]. In the case of grain face bubbles, the rate equation 
takes the form 

1' = F 0 
dt 

Of 9(A* — Af) (21) 

where e(x) is a Heaviside step function (= 0 for x <0, =1 in other cases), Af is the projected 
area coverage of the grain face by the GF bubbles and the constant A* is set equal to 0.5 [2], Af is 
the gas flux to the grain boundary. The critical area coverage of the grain face determines the 
onset of formation of the interconnected channels from GF bubbles to the grain edges. 

The rate equations for the concentration of a gas component in the GE and GC bubbles are of the 
form 
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where R0 = lOµm is the scale factor, v0, n , and E gb are fitted parameters on Bourgeois tests 
[10]. 

2.2 Inter-granular fission gases transport 

2.2.1 Intergranular swelling model 

Any gas transferred to grain boundary as atoms or bubbles belongs to inter-granular porosities, 
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dXJ 2 2 
~ = CVnuc X g - CV els X f ( 18) 

where m wc is frequency of bubble nucleation, CVc1s is frequency of coalescence of bubbles, Xg is 
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81rDb 8 D 
cvc/s = D :::: ;ra b (19) 

ln(-¾i-0 ) 
2R1 

where r 0 is the characteristic time of two-fold increase of the mean bubble radius R1 . Db is 

represented in a form depending on the dominating microscopic mechanism of bubble migration, 
fitted on experimental data [9]. 
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where ~x) is a Heaviside step function (= 0 for x <0, =1 in other cases), A1 is the projected 
area coverage of the grain face by the GF bubbles and the constant A* is set equal to 0.5 [2] , Ar is 

the gas flux to the grain boundary. The critical area coverage of the grain face determines the 
onset of formation of the interconnected channels from GF bubbles to the grain edges. 

The rate equations for the concentration of a gas component in the GE and GC bubbles are of the 
form 
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d Y =7-1e F (1-0 )0e , 
dt e ga'  

d
Yc = RcFgas (1— 0 f )0, 

dt 

where (with Tic = Tie = 1/2). 

(22) 

0 e F---- 0 (L* — le N bpe ) (23) 

L* is given by L* = Ledge — 2Rc , Ledge is the average edge length, le is the effective length of 
edge bubble, and Nbp, is the number of edge bubbles per grain edge. Equation 23 determines the 
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d 
Y = F g„ — .) (1— 0e) (24) 
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where You/ is the concentration of the gas component released from the fuel. 
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The surface diffusion model is formulated in terms of the fluxes to GF, GE and GC bubbles : 

= FS — ,f —sec — CO rfsiY f 

Fe = ReF f-->ec WresiYe 

Fc = rl c F f —>ec rc siY c • 

Fs describes an overall flux of xenon atoms deposited on grain boundaries : 
F(Xe) F5 = gb Frsi

where Fg(bXe) is volume density of overall flux of xenon atoms out of fuel and Frsi is the sum of 

resolution fluxes from all extra-granular bubbles: 
Frsi = wrfsi 

rsi 
y (Xe) co e y (Xe) ± co  C  y (Xe) 

rsi 
c 

CO being the re-solution rates. These fluxes self-consistently determine built-up concentration 

barrier co of the resolution layer, which reduces the diffusion flux from the grain F g(bxe) and 

determines the net flux deposited on the grain boundary FS --: Dco/8. 
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3. APPLICATIONS OF MFPR CODE 

During its development, MFPR code was validated on many separate effect tests in steady 
irradiation regime [16,17,18,19,20], in transient between two irradiation regimes [21,22] or in 
post irradiation annealing regime [10,23,24]. This code was alto recently applied to more 
realistic configurations or transients regarding more macroscopic observations as will be shown 
in the following paragraphs. 

3.1 Gas distribution during reactor operations 

Specific experiments were performed by CEA in ADAGIO facility in order to quantify locally 
the partition of gas inventories between grain boundary and matrix after irradiation regime prior 
any transient or after such a transient [25]. 

A test involving a high burn-up fuel of about 60 GWd/tU is considered here. The results given by 
a fuel performance code were used for evaluation of radial variations of temperature and fission 
rate of the samples, needed by MFPR as boundary conditions. 

Table 1 compares experimental and calculated results for inner and outer zones (derived from 
experimental sampling but not rim zone) of pellets from the nearly medium axial elevation of the 
above mentioned fuel rod. This comparison deals with relative fractions of gas released, gas in 
intra-granular locations (atoms or bubbles), gas in inter-granular locations. 

In outer zone, the temperature lies between 1050K and 822K decreasing during reactor 
operations. The fission rate decreases also from 1.6.1019/m3/s to 7.1018/m3/s. In inner zone 
temperature decreases from 1270 to 1065K and fission rate from 1.5.1019/m3/s to 8.81018/m3/s. 
Table 1 shows very satisfying results for outer zone whereas, for inner zone, the intra-granular 
gas content is overestimated by the code and gas release and inter-granular content are 
underestimated. 

Figure 1 shows the gas behaviour in inner pellet zone during reactor operations from MFPR 
modelling. These results were obtained considering a grain diameter of 11µ,m. It is shown that at 
the beginning of operations, the low amount of grain bubbles allows migration of gas atoms to 
the grain boundaries and significant increase in concentration and size of face bubbles. Nearly 
around 10GWd/tU the grain face coverage is reached and growth of edge and corner porosities 
begins. The bubble interlinkage is obtained near 20GWd/tU leading to the beginning of gas 
release. 

In figure 2 are given the mean radius and mean concentration of grain bubbles. For inner zone 
the results are rather consistent with those proposed from experimental evidences at 20GWd/tU 
by [20] and for comparable temperature by [26]. In that way the parameters for bubble 
nucleation and re-solution seem convenient with perhaps a sligth underestimation of bubble size 
and overestimation of bubble concentration. At higher burn-up, the authors of [20] showed that a 
second bubble population is created, with higher size (20-100nm) and lower concentration 
(1021/m3). Very often this population is near dislocations : this is not reproduced by the code in 
its present state. 
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For inner location, increasing gas atoms diffusion coefficient increases significantly the gas 
release (despite increase of bubble nucleation and atoms capture by bubbles). It is possible to 
obtain a value very close to that experimentally derived but with higher under-estimation of 
inter-granular content. At these rather low temperatures the thermal part of diffusion coefficient 
is low but the a-thermal part could be underestimated in the code formulation. 

Another more reliable explanation is linked to the well known fuel restructuring effect. Very 
often, in inner part of the pellets some grain growth is observed leading to the possibility of 
fission gases transfer due to grain shrinkage. In our case, at low temperatures, the code does not 
calculate any grain growth. In fact, at the beginning of reactor operations when inter-granular 
porosities were not significantly created, some grain growth might have occurred leading to early 
transfer of gases out of grain then to early release. Later, the new grain size could prevent 
interlinkage, giving significant inter-granular content. Thus the temperature dependence of base 
grain boundary velocity (see eq 17) could be reviewed. 

3.2 LOCA type conditions 

MFPR gas modelling in reactor operations permits to evaluate further gas behaviour and release 
during LOCA type transient. Such transient was reproduced in FLASHS experiment [27] on 
irradiated fuel (50GWd/tU). 

The global gas release was measured after the test for each nuclide. For stable gases the relative 
fraction was estimated at 6%. For such experimental conditions, the gas behaviour calculated by 
MFPR is described in figure 3 for outer radial locations in the pellet (a similar curve is obtained 
for inner location with low intergranular content). 

The relative gas release fraction (reported to local creation) from outer location is about 9% (5% 
for inner location). The results obtained from MFPR calculations might be considered as 
satisfying because both values bracken the experimental result. The quick temperature rise 
induces significant increase of the size of inter-granular porosities which reach interlinkage 
criteria leading to creation of open porosities and gas release. 

In this temperature range (and for a very quick sequence) no release can be foreseen from the 
grain itself. Indeed, the temperature increase gives higher atoms diffusivity which results in 
higher nucleation and capture by bubbles (in addition some bubble coalescence is observed). At 
such low temperatures there is no mechanism to explain any bubble release and the sequence is 
too short to allow any gas atom release by diffusion. The grain content remains the same but with 
a significant transfer of gases from atoms to bubbles. 

3.3 High temperature annealing conditions 

Such conditions are reproduced in VERCORS experiments [28] as for instance in the VERCORS 
4 test for irradiated fuel (-40GWd/tU) at high temperature (1573 then 2573K). 
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Figure 4 gives the gas release from MFPR calculation compared to the experimental value. Note 
that the calculation deals with stable gases and the experimental values with short half-life gas. 
Figure 5 represents the calculated intra-granular gas behaviour during the experiment. 
During the oxidation plateau, thermal re-solution transferred some Xe atoms from grain bubbles 
into the fuel matrix leading to grain bubble concentration decrease in connection with gas atoms 
concentration increase (see figure 6). This effect gives some few additional gas release due to 
atoms motion, underestimated compared to experimental values. 
Then, during temperature ramp, there is a very sharp drop of this concentration mainly due to 
significant increase of the bubble diffusivity, accentuated in the case of the Mikhlin's 
formulation where the migration of bubbles is assumed to be caused by mass transport both on 
the bubble surface and through the matrix around the bubble [4]. This leads to bubble capture by 
dislocations and to grain bubble coalescence and mean grain bubble radius strong increase as 
explained in paragraph 2.1.3.. 
Just after bubble coalescence, Xe atoms capture becomes very significant and the atom 
concentration sharply decreased (figure 6). 
The strong bubble capture by dislocation occurred after clad oxidation plateau. This is related to 
bubble radius increase and dislocation velocity increase. This velocity increases because the 
uranium self diffusivity (Du) becomes significant at these temperatures but also and mainly 
because the pinning factor increases during a short time due to the high value of bubble 
diffusivity as expressed by Mikhlin's formulation. This is a very important point of MFPR model 
which implies that dislocation velocity is still significant even after important dislocation 
coverage. 
This leads to important dislocation creeping and corresponding release of trapped Xe (atoms or 
bubbles). This effect is a short time process which explains the burst Xe release calculated. 

After dislocation pinning (ie after 104s) (figure 7), the grain boundary becomes the main source 
of vacancies and the vacancy field becomes significant (see figure 8 between 11000 and 13000s ) 
allowing enhanced grain bubble mobility [7] (see eq 16). The vacancy concentration is equal to 
thermal equilibrium value at the beginning of experiment since no point defects are created by 
irradiation in this case. At low temperature (300K at the beginning) vacancy diffusivity is very 
low which means that the vacancy concentration at the bubble surface is equal to the bulk 
concentration (cvac). In addition it is likely that 8P (eq 10) is very low and thus this bulk 
concentration is near the thermal equilibrium value. When temperature rises up to nearly 800K at 
the first temperature plateau, 8P increases reducing bubble surface vacancy concentration and 
bulk vacancy concentration. In the "high temperature" part of the test, the vacancy concentration 
increases again in relation with temperature and reach the final thermal equilibrium value at the 
end of experiment 
In the final part of the transient, some calculated gas release is due to grain growth. The 
calculated mean grain size increased from 15µ to 22.5µ whereas no grain growth was seen 
experimentally in relation with the formulation of retarding effect of inter-granular porosities. 

5. CONCLUSIONS 

MFPR code includes many improvements in the classical re-solution effects for both irradiation 
(intra and inter-granular effects with diffusion on grain boundaries) and thermal effects. Also, the 
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grain growth model was reviewed and new formulation proposed. The main specificity of MFPR 
concerns the strong interaction between intra-granular gas and point or extended defects. The 
vacancy model allows self-consistent calculation of bubble nucleation factor, realistic description 
of grain bubble relaxation and enhanced bubble mobility in the vacancy field created at the end 
of annealing regime. The dislocation creep model, implemented for annealing regime, explains 
the observed burst release during high temperature ramps. 

Applied to situations like in-reactor irradiation regime or LOCA transients or high temperature 
annealing modes, the code gives satisfying results. It is shown that a good evaluation of gas 
inventory between inter and intra granular location is of prime importance for reliable evaluation 
of gas release in LOCA conditions. 
Nevertheless, some discrepancies were highlighted and permitted to propose further 
improvements. Namely, reactor irradiation calculations showed that the grain growth model 
might be reviewed for intrinsic grain boundary mobility. Also, the dislocation model might be 
extended to this regime in order to self-consistently calculate the dislocation behaviour allowing 
rim zone formation by grain subdivision in the case of high density of dislocations and to 
reproduce the creation of the new high size bubble population observed at high burn-up. 
In annealing regime, it was shown that the thermal resolution model might be reviewed. A very 
important question concerns the bubble growth mechanism above 1600K which determines 
further bubbles behaviour. The model describing interaction between bubbles and dislocations 
might be improved, (in relation with bubble diffusivity formulation). 
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FIGURE CAPTION 

Table 1: Gas location during reactor operations for inner and outer radial zones of an 
irradiated fuel (60MWd/tU). Comparison between experimental results and those from MFPR 
(1.3.1) calculations 

Figure 1: Gas behaviour in inner radial zone of an irradiated fuel (60MWd/tU) given by 
MFPR1.3.1 calculation 

Figure 2 : Grain bubble characteristics (mean radius and concentration) given by MFPR (1.3.1) 
calculation for inner and outer radial zones on an irradiated fuel (60MWd/tU). 

Figure 3: Inter-granular gas behaviour and release calculated by MFPR(1.3.1) for outer pellet 
radial location in a LOCA type experiment performed on irradiated fuel (-50GWd/tU) (FLASH5 
experience). 

Figure 4: Comparison for gas release values in VERCORS 4 experiment between MFPR (1.3.1) 
calculation (for stable gases) and experimental values (for short half-life 135Xe). 

Figure 5: Intra-granular gas behaviour in VERCORS 4 calculated by MFPR (1.3.1) 

534 

[12] A.V. Berdyshev and M.S. Veshchunov, "Modelling of grain face diffusion transport and 
swelling in UO2 fuel", - Preprint IBRAE-2002-14, Moscow, 2002. [12] J. 

[13] Ya.E. Geguzin and M.A. Krivoglaz, "The Movement of Microscopic fuclusions in Solid 
State", Metallurgiya, Moscow, 1971, (in Russian). 

[14] R.J. White and M.O. Tucker, J. Nucl. Mater., 118 (1983) 1-38. 
[15] M.S. Veshchunov, A.V. Berdyshev, V.I. Tarasov, Development of Fission Gas Bubble 

Models for UO2 Fuel in Framework of MFPR Code,- Preprint IBRAE-2000-08, Moscow, 
2000. 

[16] C. Baker, J. Nucl. Mater., 71 (1977) 117. 
[17] R.M Cornell J. Nucl. Mater., 38 (1971) 319 
[18] J.A Turnbull J. Nucl. Mater., 38 (1971) 203 
[19] H.Zimmermann, J. Nucl. Mater., 75 (1978) 154. 
[20] S. Kashibe, K. Une, K.Nogita J. Nucl. Mater., 206 (1993) 22 
[21] M Mogensen and C.Bagger, J. Nucl. Mater., 199 (1993) 85 
[22] I.L.F.Ray, H.Thiele, Hj.Matzke, J. Nucl. Mater., 188 (1992) 90 
[23] G.J.Small, AERER 12956, Harwell Laboratory, May 1988 
[24] K. Une, S. Kashibe, J. Nucl., J. Nucl. Mater., 189 (1992) 210. 
[25] S.Ravel et al in "Fission Gas Behaviour in Water Reactor Fuels" Seminar proceedings 

Cadarache, France 26-29 September 2000 (p 347) 
[26] C. Baker, J. Nucl. Mater., 66 (1977) 283 
[27] M.Bruet et al "High bum up fuel behavior during a LOCA type accident : The FLASH 5 

experiment". Proceedings of the IAEA Technical Comittee Meeting on "Behavior of 
Core Material and Fission Products Release in Accident Conditions in LWR's". 
Cadarache, France 16-20 March 1992. 

[28] G. Ducros, P.P. Malgouyres, M. Kissane, D. Boulaud, M. Durin, Nucl. Eng . Design., 
208 (2001) 191-203. 

FIGURE CAPTION 

Table 1: Gas location during reactor operations for inner and outer radial Zones o-f an 
irradiated fuel (60MWd/tU). Comparison between experimental results and those from MFPR 
(1.3.1) calculations 

Figure l: Gas behaviour in inner radial zane of an irradiated fuel (60MWd/tU) given by 
MFPRl.3.1 calculation 

Figure 2 : Grain bubble characteristics (mean radius and concentration) given by MFPR (1.3.1) 
calculation for inner and outer radial zones on an irradiated fuel (60MWdltU). 

Figure 3: Inter-granular gas behaviour and release calculated by MFPR(l.3.l)for outer pellet 
radial location in a LOCA type experiment performed on irradiated fuel (-50GWd/tU) (FLASH5 
experience). 

Figure 4: Comparison for gas release values in VERCORS 4 experiment between MFPR (1.3.l) 
calculation (for stable gases) and experimental values (for short half-life 135Xe). 

Figure 5: Intra-granular gas behaviour in VERCORS 4 calculated by MFPR ( 1.3.1) 
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Figure 6: Evolution of the characteristics (radius and concentration) of grain bubbles and of gas 
atoms concentration in grain in VERCORS 4, calculated by MFPR (1.3.1). 

Figure 7: Dislocation coverage factor (in each radial mesh) in VERCORS 4, calculated by 
MFPR (1.3.1). 

Figure 8: Evolution of the vacancy concentration in VERCORS 4 calculated by MFPR (1.3.1). 
This concentration is expressed relative to the thermal equilibrium value and given for each 
radial mesh of the grain. 
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Figure 7: Dislocation coverage factor (in each radial mesh) in VERCORS 4, calculated by MFPR (1.3.1). 
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Figure 7: Dislocation coverage factor (in each radial mesh) in VERCORS 4, calculated by MFPR (1.3.1). 
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