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SUMMARY

The goal of this deliverable is to present a synthesis of the model developments achieved during the
INSPYRE Project with respect to the description of inert gas (i.e., helium and fission gases) behaviour in
MOX fuel. The models presented are designed for use in fuel performance codes and are particularly
suited for the simulation of fuel experiencing fast reactor conditions (higher temperatures and burn-up
compared to light water reactor conditions). They allow for fast and robust numerical solution. The
principles of the models presented herein are described in Deliverable D6.1, whereas the details about
the inclusion in fuel performance codes will the subject of D7.2.

Despite their targeted application, all the developed models are physics-based, allowing for the use of
lower-length scale information either by introducing/disregarding specific mechanisms or by defining
specific model parameters. The characteristic length scale at which inert gas behaviour is described by
the models herein presented is the scale of the fuel grain. This is in line with the approach followed in
state-of-the-art models used in fuel performance codes.

The conclusion of this deliverable includes a possible roadmap for future developments to be targeted
in INSPYRE and after the end of the project.
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1 INTRODUCTION

The current description of inert gas behaviour in fuel performance codes presents significant limitations
when it comes to mixed oxide (MOX) fuels in fast reactor (FR) conditions [1-4]. These limitations are
due to three main reasons:

= Alimited amount of experimental data concerning inert gas behaviour is available.

= Expected high values of release suggested that detailed description of inert gas behaviour was not
required.

= Several inter-related phenomena connected to inert gas behaviour (e.g., pore migration towards the
centre of the pellet, formation of columnar grains, redistribution of uranium and plutonium [5-7])
are currently decoupled from gas behaviour in fuel performance codes (if treated at all).

As identified in the objectives of INSPYRE and discussed in the previous deliverable D6.1 [8], the proper
modelling of inert gas behaviour in fast reactor (FR) MOX is fundamental in fuel performance codes. In
fact, even from a purely engineering point of view, there are indications that expected fission gas release
are well below 100% in several designs of Gen-IV FRs (e.g., MYRRHA, ALFRED) [9-12]. Moreover, the
relative scarcity of experimental data/information calls for the development of physics-based models
instead of correlation-based models. These models can be informed from lower-length scale knowledge
(either simulations or experiments) whereas the development of correlations relies on (expensive)
integral irradiation experiments. Lastly, physics-based models allow for effective multi-scale bridging,
gaining better understanding about the detailed mechanisms involved and transferring knowledge
acquired from separate-effect experiments and lower-length scale calculations to the engineering-scale
of fuel performance codes (as demonstrated for UO2 in LWRs, e.g.,, [13,14]). This implies a more efficient
and effective use of coordinated research efforts, potentially speeding up the development and licensing
of FR MOX.

The present deliverable is a synthesis of publications prepared in the INSPYRE Project, for which explicit
reference is provided in each section. Four specific aspects are addressed: (1) intra-granular helium
behaviour and helium production, (2) diffusion of inert gas in columnar grains, (3) grain-boundary
venting tailored to high temperature conditions, and (4) a model describing the formation of HBS and
its characteristic depletion of intra-granular gas.

The principles of the models presented herein are described in Deliverable D6.1, whereas the details
about the inclusion in fuel performance codes will the subject of D7.2. All the described models are
implemented in SCIANTIX [15], a mesoscale code treating inert gas behaviour and designed to be
included directly in fuel performance codes

The conclusion of this deliverable includes a possible roadmap for future developments to be targeted
within and after the framework of INSPYRE.

www.eera-jpnm.eu/inspyre



D6.4 version 1 - Synthesis of inert gas behaviour models developed § I N PYR E

-

HELIUM BEHAVIOUR

Helium behaviour is potentially critical in MOX fuels irradiated in fast reactor conditions because of the
higher production of actinides presenting a-decays compared to light water reactors (LWRs) fuels. This
section covers the details concerning a physics-based model describing intra-granular helium behaviour
(Section 2.1) and details of a depletion model tracking the concentration of actinides (Section 2.2).

1.1 Intra-granular helium behaviour

We present in this section the mechanistic model developed to describe intra-granular helium
behaviour in oxide fuel. The proposed model is suitable for application in fuel performance codes, and
is hence implemented in the fission gas behaviour module SCIANTIX [15] and compared with the
current model adopted in the TRANSURANUS performance code [16-18].

The content of this section is published in L. Cognini, A. Cechet, T. Barani, D. Pizzocri, P. Van Uffelen, L.
Luzzi, “Towards a meso-scale mechanistic description of intra-granular helium behaviour in oxide fuel for
application in fuel performance codes”, Nuclear Engineering and Technology, 2020 [19].

1.1.1 Model description

The proposed model aims at a physics-based description of the helium release and retention
mechanisms by extending state-of-the-art models developed for the description of intra-granular fission
gas behaviour (such as [14,20,21]) by including the treatment of helium solubility. Although it is not
usually considered for xenon and krypton (as discussed and ruled out, e.g., by Losonen [22]), solubility
of fission gases was included in rate theory models by Veshchunov [23] due to its potential contribute
at high temperatures. In this work, we propose a description of helium solubility in oxide fuel in line
with [22,23]. It was shown that helium solubility in oxide nuclear fuel is linearly proportional to the
infusion pressure at a fixed temperature [24] and hence that the system He-UO; obeys Henry's law:

Cs = kuyp (1)

Where, ky (at m-3 MPa'1) is Henry's constant for the He-UO; system, Cs (at m-3) is the solubility achieved
at a pressure p (MPa).

The inclusion in the model of the mobility of intra-granular helium bubbles was proposed by Talip et al.
[25], based on the observation of helium release rates from doped fuel samples. This model extension
follows the generalization of Speight’s rate theory model [20] proposed by Van Uffelen et al. [26]. In this
work, however, we do not include this bubble-diffusivity term since the only bubble diffusion coefficient
available is that derived in [25] by fitting the experimental results of helium release rate during
annealing of doped fuel samples. This dataset is herein selected as validation base for the proposed
model and therefore we apply parameters derived independently in the frame of INSPYRE [8].

Summarizing, the proposed model includes single-atom diffusion (in an equivalent sphere [27]),
trapping of single atoms at intra-granular bubbles and irradiation induced re-solution of gas atoms from
intra-granular bubbles, helium solubility, and helium production rate as follows:

www.eera-jpnm.eu/inspyre _



—
D6.4 version 1 - Synthesis of inert gas behaviour models developed é I N PY R E

dc 10,0
a=S+Dr—ZaT mc—ﬁ(c—CS‘ig)+am (2)
aom

E=,8(C—C'S‘ig)—am

in which r (m) is the radial coordinate along the fuel grain (assumed as spherical) and ¢ (s) is time, c and
m (atm3) are the concentration of helium single-atoms and helium in intra-granular bubbles,
respectively, S (at m3 s1) is the helium production rate (this term includes ternary fissions, (n,a)-
reactions on oxygen, and a-decays.), f§ (s'1) is the trapping rate and «a (s1) is the irradiation-induced re-
solution rate, D (m? s'1) is the single-atom diffusion coefficient, and Cs;; (at m3) is the intra-granular
helium solubility. Using Eq. 1, these solubilities are related to the helium pressure in those bubbles, i.e.

CS,ig = kaig (3)
The boundary conditions assumed for the single-atom diffusion problem are

c(r=a,t)= CS,gb = kagb

d (4)
ac(r =0,t) =0

Where, a (m) is the radius of the spherical fuel grain and Csg, (at m-3) is the inter-granular helium
solubility.

Besides the definition of each model parameter appearing in Eq. 2, which is detailed in the following, it

is worth noting that the introduction of the solubility calls for the necessity of evaluating the helium

pressure within intra- (pig) and inter-granular bubbles (pg), as expressed in Eq. 3. This is not trivial

since:

= Intra-granular and inter-granular bubbles could have very different size and helium densities, and
thus in order to calculate their pressure a wide ranged equation of state is required, or a combination
of different equations of state tailored to each bubble population [28].

= The knowledge of solubility of helium at grain boundaries is limited, since the experimental
knowledge about solubility in UO; derives from infusion in single crystals and powders, with the lack
of data available for polycrystalline samples [29]. The estimation of the gas content in inter-granular
bubbles is therefore strongly dependent on model assumptions.

In view of these intrinsic limitations in the general application of the model formalized in Eq. 2, we focus
on the simplified version of the model applicable to the simulation of fast annealing experiments
performed in vacuum conditions [25]. Despite the loss of generality, this approach allows us to assess
the performance of the model with a subset of parameters and to compare its results with the
experimental measurements of release rates during annealing in KEMS of doped UO; performed by Talip
etal [25].

In annealing conditions, the irradiation induced re-solution rate is null, @ = 0, whereas the condition of
fast transients allows neglecting the helium production rate, S = 0, with the average intra-granular
concentrations of helium initialized to c(t) = co and m(t) = mo. Moreover, the experiments being
performed in vacuum (i.e., in the KEMS), the pressure at grain boundaries is assumed to be zero, pg, = 0,
implying by Eq. 3 that Csg, = 0. Under these assumptions and using Henry’s law (Eqg. 3), Eq. 2 becomes

www.eera-jpnm.eu/inspyre
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dc 10 ,0 19 ,0
a = Dr—zgr WC + ﬁ(C — kaig) = Dr—zgr mc — ﬁC + ﬁkaig
(5)
adm
E = IB(C - kaig) = fc— IBkaig
in which the term Skupig plays the role of a thermal resolution.
By using the classic trapping rate by Ham [30]
B = 4mDRigN;g (6)

where Rig (m) is the radius of intra-granular bubbles and Nj; (at m3) is the intra-granular bubble density,
and using the equation of state derived by Van Brutzel et al. [28] for the intra-granular bubble pressure
pie (Pa) (for the sake of completeness, the equation of state is: pig = kKTZ/Va, Z = (1+y+y2-y3)/(1-y)3,
y =nd3/6Vy, with Vi (m3) = 7.8 10-30, and d being the hard-sphere diameter given by d (m) = 2.973 10-
1010.8414 - 0.05 log(T (K)/10.985)])
_ kT ;
Pig =7 (7)
Where, k (] K1) is the Boltzmann'’s constant, T (K) the temperature, Z the compressibility factor, and Vs
the atomic specific volume, i.e., Vat = Vig/nne, with Vig (m3) being the intra-granular bubble volume and
nue (at) being the number of atoms per bubble. We can write:
kTZnye kTZ
Bkupig = 4D RigNigkyy ———— = | 4nDR;gkyy — | (nyeNig) 1= ym (8)
Vig Vig
Where y (s1) is interpreted as a thermal re-solution rate (this definition of the thermal re-solution is
dependent on the choice of the equation of state for intra-granular helium bubbles. Different equation
of states will imply different formulas for y [22]). With this notation, Eqg. 5 can be written as:

dc 10

—=D——7%—(—
ot rzc')rr (')rzc Be+ym
9)
(')m_ B
9 ~hemm

which is formally the homogeneous form (i.e., with no source term) of the system studied by Speight
[20].

As for the model parameters to be used in Eq. 9, we adopt Ham's trapping rate 8 [30] (Eq. 6), the thermal
re-solution rate y defined by Eq. 8, and the diffusion coefficient D by Luzzi et al. [31], recommended for
infused samples (the samples were estimated to have 0.04 dpa at the time it was examined, far from
typical values reached in irradiated fuel), i.e.

D (m?s™1) = 2.0 10" Pexp(—2.12 (eV)/kT) (10)

Henry's constant is selected after the review of Cognini et al. [29]. We use the relation reported for single
crystals, since Eq. 9 describes the solubility of helium within a fuel grain

ky (atm™3MPa™1) = 4.1 10%*exp(— 0.65 (eV)/kT) (11)

www.eera-jpnm.eu/inspyre _
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For the sake of comparison, we report the model for helium behaviour currently implemented in
TRANSURANUS [18]. This model includes the treatment of intra-granular helium diffusion with an
effective diffusivity D acting on the total helium concentration, in line with [20,27]. The diffusion
coefficient is based on the best-estimate correlation derived by Federici et al. [17]. The governing
equation is

WZ eff%%rz%(c+m)+5 (12)
with the source rate being calculated from the TUBRNP depletion module [18,32]. As for the inter-
granular helium behaviour, the model assumes that above 800°C all the gas reaching the grain
boundaries is released, whereas at lower temperatures the helium is trapped at the grain boundaries
up to a certain saturation. In TRANSURANUS, a model describing the absorption of helium from the rod
free volume is also present. This model is out of the scope of this work and is therefore not discussed.

It should be added that the effective diffusivity by Federici et al. [17] is the only parameter considered
in the model of TRANSURANUS since the grain-boundary release temperature threshold and the grain-
boundary retention [18] are turned off to represent the vacuum conditions in which the annealing is
performed. The effective diffusion coefficient Detr proposed by Federici et al. represents (in the model of
TRANSURANUS) a combination of the single-atom diffusivity D, the trapping rate 5, and the thermal and
irradiation-induced re-solution rate @ and y, i.e., Deir= (a + ¥) /(S + a + ¥) D, whereas the new mechanistic
model proposed describes each of these parameters separately. Up to a certain degree, it is expected
that adding physics-based parameters with considerable uncertainty [28,29,31,33] results in a limited
predictive capability of the model itself. Nevertheless, the combination of the physics-based parameters
should attempt to reproduce the effective diffusion coefficient by Federici et al, in view of its (i)
capability in reproducing experimental data (Fig. 2), and it (ii) being the best-estimate fit of several
experimental diffusivity measurements [17]. This represents a development target for future work on
mechanistic models.

Both the new model (Eg. 2) and the current TRANSURANUS one (Eq. 12) were implemented in SCIANTIX
[15,34,35].

1.1.2 Comparison with experimental data

The goal of the separate-effect experiments performed by Talip et al. [25] was to investigate the helium
release from UO; samples doped with 0.1 wt.% of additive (Pu0z) containing 66.7 wt.% of 238Pu0,, and
aged 15 years. Helium desorption experiments were performed on the samples in a Knudsen Effusion
Mass Spectrometry (KEMS) system connected to a Quantitative GAs MEasurement Set-up (Q-GAMES).
In this technique, the helium released from the samples during the annealing is collected, purified and
quantitatively measured by comparison with a known spike of gas [36].

Five annealing experiments were carried out with the temperature sequences shown in Fig. 1. These
sequences are characterized by a heat up step (around 30 minutes with 10-30 K min-t), followed by a
holding at the annealing temperature (for 1 to 3 hours). In three out of the five annealing sequences, the
temperature is decreased after the plateau, while in the two others there is a second heat up phase up
to 2200 and 2300 K. For each temperature sequence, two figures of merit were analysed: the helium
fractional release and the helium release rate. The helium fractional release is measured up to the end
of the annealing plateau, while the helium release rate is measured continuously to the end of the
annealing history (i.e., for two cases, up to 2200 and 2300 K).

www.eera-jpnm.eu/inspyre _
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The experimental measurements are supported by TEM images [25] allowing the authors to estimate
the population of helium bubbles in the sample before annealing. In line with Talip et al. [25], we assume
an initial concentration of helium single-gas atoms c¢o = 1.6 1024 at m3 and a helium concentration
trapped in intra-granular bubbles of mo = 8.3 1022 at m3. Based on the measurement of bubble size in
the order of 1-2 nm, it is assumed a bubble density of 400 atoms per bubbles, resulting in a number
density of Nig = 2.08 bubbles m-3 intra-granular bubbles. These values are used for the initialization of
the helium behaviour model in SCIANTIX. The selection of the other model parameters (helium
diffusivity and solubility) is described in the previous section. Besides these parameters, we briefly
recall that since the annealing is performed in vacuum conditions, we assume zero retention of helium
at the grain boundaries. Moreover, we neglect the source term because of the short duration of the
annealing histories.

2673
—1320K (a)
2473 | |—1400 K (b)
—1400 K (c)
2273 F|—1600 K (d) \
1800 K (e)
2073

—_

(=]

=]

s
T

._.
~
]
w

TEMPERATURE (K)
2

1073

873

673

0 1 2 3 4 5 6
TIME (h)

Figure 1: Temperature histories of the annealing experiments considered [25].

Since the grain size, a (m), and its evolution affect helium behaviour (e.g., via the diffusion rate D/a2 (s-
1) and the grain-boundary sweeping) Talip et al. [25] measured the grain size before and after the
annealing experiments, reporting a general trend of strong grain growth. In order to attempt to account
for this effect, the grain growth and the consequent grain boundary sweeping were included in
SCIANTIX: we use the Van Uffelen et al. grain growth model [37] and the model present in
TRANSURANUS for the swept volume fraction [38].

Figures 2 and 3 collect the results of the SCIANTIX simulations using both the new helium behaviour
model and the model already available in TRANSURANUS. The simulation results are compared with the
experimental release in terms of helium fractional release (Fig. 2) and of helium release rate (Fig. 3).

It can be seen in Fig. 2 that both the current TRANSURANUS model and the newly proposed model
exhibit a satisfactory agreement with the experimental results [39]. The mean square errors calculated
between the simulation results and the experimental data are reported in Table 1, and quantitatively

www.eera-jpnm.eu/inspyre
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confirm this observation. Despite adopting an effective treatment of helium diffusivity, the
TRANSURANUS model catches both the kinetics and the integral values of the helium release
remarkably well for all annealing temperatures considered.

Figure 3 reports the comparison of the simulation results with the experimental data in terms of helium
release as function of temperature. For the annealing sequences with the first plateau at 1320 K (Fig.
3a) and 1400 K (Fig. 3b) two distinct peaks can be observed. Beside the relatively poor quantitative
agreement, both the new proposed model and the TRANSURANUS model correctly predict the onset of
both release-rate peaks in this annealing transient. This is particularly important since this two-peaked
release-rate evolution has been ascribed to the mobility of helium intra-granular bubbles [25], which is
not considered in the herein presented models. It could be said that since the description by Federici et
al. is effective, it includes already also the mobility of intra-granular bubbles. The coefficient proposed
by Federici et al. is Arrhenius-like, i.e., Defr = Do exp(-E/kT) with E being the activation energy, 1/kT the
Boltzmann’s factor and Dy a pre-exponential, while it is expected that the motion of intra-granular
bubbles should have a specific activation energy, different from that of single atoms. In the present
description, for these two cases, the second peak is caused by the rise in temperature of the annealing
transient (Fig. 1) and the consequent increase in the diffusion rate of helium towards the grain
boundaries, together with a strong grain growth and the associated grain boundary sweeping. Itis worth
noting that grain boundary sweeping plays a major role in the formation of the second peak and
therefore it is crucial to include this effect not to underestimate this peak (Fig. 4).

Figure 3e shows the highest temperature plateau analysed, i.e., the annealing sequence with the first
plateau at 1800 K (Fig. 1, yellow curve). This case shows two release-rate peaks, with an almost 100%
helium fractional release (Fig. 2e). Both the peaks are observed during the heat up phase of the
annealing. This behaviour suggests the activation of a second release mechanism with an activation
energy higher than that of either the diffusivity of single atoms by Luzzi et al. [31] or the effective
diffusivity by Federici et al. [17], since the temperature of 1800 K is not sufficient for a significant grain
growth. The new proposed mechanistic model is unable to catch this second peak at higher temperature,
despite the additional parameters compared to the current TRANSURANUS model. With suited
parameters, the model itself could explain a two-peak release behaviour. A possible mechanism could
be in a first stage the diffusion of single atoms activates, leading to trapping of gas at intra-granular
bubbles and to diffusion towards the grain boundaries - i.e., causing the first release peak; then at higher
temperature, the thermal resolution becomes dominant compared to trapping and hence helium is
resolved in the matrix and becomes available for diffusion leading to the second peak. This hypothetical
evolution of intra-granular helium is not predicted by the model since thermal resolution is dominant
at lower temperatures compared to trapping. Consequently, the helium is resolved from intra-granular
bubbles and then (at higher temperature) diffuses towards the grain boundaries, resulting in a single
release peak.

It appears that the most critical parameter is the thermal resolution. This can be deduced from the fact
that the activation of the diffusivity proposed by Luzzi et al. [31] is similar to that proposed by Federici
et al. [17], and consequently both the models considered are able to predict correctly the onset of the
first peak. The thermal resolution term on the contrary contains both the equation of state of intra-
granular bubbles (which is not trivial to address [28]) and Henry’s constant, on which a very limited and
spread experimental dataset is available [29].
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Figure 2: Comparison of SCIANTIX results (new helium model and current TRANSURANUS model)
with experimental helium fractional release from [25]. Each subfigure corresponds to an annealing
sequence referred to by the temperature of its first plateau (a) 1320 K, (b) 1400 K, (c) 1400 K, (d)
1600 K, and (e) 1800 K, respectively (see Fig. 1).

1 4E+21
# D[xperimental data - Talip etal., 2014 -
!
128421 - =
—SCLIANTIX - New model » -
L]

_ Foo
T == SCTANTIX - TRANSITRANITS model
o 1OE+21 | .
=1
= -
15 .
& 800120 .
=
= 3
o -
= :
o 6,06120 .
= ]
=
2
= )
E 4 0LE+H20

20FE+20

00FE+00 = i L !

673 R73 1073 1273 1473 1673 1573 2073 2273 2473
TEMPERATURE (K}
(a)

www.eera-jpnm.eu/inspyre



D6.4 version 1 - Synthesis of inert gas behaviour models developed E%”r I N S PYRE

1 4E+21

* [xperimental data - Talip etal., 2014

1.2E+21 | . . -
—SCIANTIX - New model

——SCTANTIX - TRANSTTRANITS model

10E+21 |

0L120 |

SE RATE (at m™ =)

60LH20

ek B B B -J

T.IIM RELEA

- 40020 |

HE

2O0F+20

G673 873 1073 1273 1473 1673 1873 2073 2273 2473 2673
TEMPERATURE (K)

(b)

0,0E+00

1,8E+20

* Expcrimental data - Tahp ctal., 2014
| 6E+20
—SCTANTIX - New model

FARI20 - | SOTANTIX - TRANSURANUS model

1,2E+20

1,0E+20

B

SE RATE (at m™ =)

0L 19

M RELEA

s 00LEHLS

HET

4 0E+19

20E+19

0,0E+00
G673 773 873 973 1073 1173 1273 1373 1473

TEMPERATURE (K)

(c)

www.eera-jpnm.eu/inspyre



D6.4 versi

HELIUM RELEASE RATE (at m* 1)

HELIUM RELEASE RATE (at m* 1)

Figure

on 1 - Synthesis of inert gas behaviour models developed E I N g PYRE

9,0E+20
¢ [xperimental data - Talip etal., 2014
8OF+20 | %
a0
—SCIANTIX - New model s 3
700120 | % I
~——&CTANTIX - TRANSURANIIS model .“" .
L]
606120 '
L)

50E+20

400120

30020

20E+20

1.0E+20
00FE+00
673 773 &73 973 1073 1173 1273 1373 1473 1573 1673
TEMPERATURE (K}
(d)
1,8E+21
¢ [xperimental data - Talip et al., 2014 .

I.oFE+21 F
—SCIANTIX - New model

140121 |
——SCTANTTX - TRANSTTRANUS maodel

L
2
s
12E121 |
’
ol
LOE+21 | o
r
8.0L120

600120

4,0E+20

2,0E+20
0,0E+00
673 §73 1073 1273 1473 1673 1873
TREMPERATURE (K)
(e)
3: Comparison of SCIANTIX results (new helium model and current TRANSURANUS model)

with experimental helium release rate from [25]. Each subfigure corresponds to an annealing history
which is referred to by the temperature of its first plateau, respectively (a) 1320 K, (b) 1400 K, (c)

Www.eer

1400 K, (d) 1600 K, and (e) 1800 K (see Fig. 1).

a-jpnm.eu/inspyre



D6.4 version 1 - Synthesis of inert gas behaviour models developed ﬁ I N :5 PYR E

+  [xperimental data - Talip etal., 2014
0.9 F | —SCIANTIX - New model
------- SCIANTIX - New model No GBS
08 F

=
-1
T

=
=3
T

=
b
T

HELIIIM FRACTIONAIL RELEASE ()
= =
" tn

=
=]
T

01 r

TIME (h)

(a)

1,4FE+21

*  Expermmental data - Talip etal 2014

—— SCIANTIX - New model ~

LRIl SCIANTIX - New model - No GBS .

1 OF+21 |

SO0E+20 r

60F20 | R

TUM RELEASE RATE (at m? &)

R e B E e

- 4 0FE+20 ¢

I

2000200

0,0F+00 bt :4

673 873 1073 1273 1473 1673 1873 2073 2273 2473

TEMPERATURE (K)
(b)

Figure 4: Comparison of SCIANTIX results (new helium model), including and excluding grain
boundary sweeping (GBS), with experimental data from [25]. Each subfigure corresponds to the
1320K temperature history, respectively (a) fractional helium release and (b) helium release rate.
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Table 1: Validation metric (mean square error) for the comparison of the simulation results with the
experimental data by Talip et al. [25] in terms of helium fractional release (see Figs. 1 and 2). Lower
values of the validation metric correspond to a better agreement.

Annealing history Current TRANSURANUS model New mechanistic model
1320K (a) 1.48 0.74
1400 K (b) 0.64 0.76
1400 K (c) 0.76 0.69
1600 K (d) 0.62 0.64
1800 K (e) 0.28 0.57

1.2 Helium production rate

In this section, we present the new depletion model embedded in SCIANTIX. The main reason for the
development of such a module is to have the capability to predict the evolution of actinides in MOX fuel
in fast reactor conditions since they represent a relevant helium source. This depletion model relies on
average microscopic cross-section lookup tables generated via SERPENT high-fidelity calculations and
involves the online solution of Bateman’s equations for a subset of relevant actinides. The results are
verified in terms of the evolution of actinide and helium concentrations for MOX fuel in fast reactor
conditions by comparing them with the high-fidelity results from SERPENT. Moreover, the results are
compared to those of TUBRNP, a depletion module tailored to the evaluation of relative radial power
and burn-up profiles in fuel performance codes and currently used in TRANSURANUS.

This model is described in A. Cechet, S. Altieri, T. Barani, L. Cognini, S. Lorenzi, A. Magni, D. Pizzocri, L.
Luzzi, “A new burn-up module for application in fuel performance calculations targeting the helium
production rate in (U,Pu)O: for fast reactors”, Submitted to Nuclear Engineering and Technology.

1.2.1 Model description

Several state-of-the-art dedicated depletion codes allow tracking the evolution of the nuclides
inventory, e.g., Monte Carlo neutronic codes like SCALE [40]. Despite the high accuracy in the numerical
methods and the results, depletion codes are not affordable in the frame of fuel performance
simulations. Nonetheless, depletion models need to be embedded in fuel performance codes to keep
track of the evolution of nuclides relevant for heat generation by fission, finally determining the relative
radial power profile. The traditional simplifying approach used in these depletion models is the
definition of macroscopic cross-sections representative of different reactor types and neutron spectra
(e.g., SFR, LFR). Up to now, there is no standard methodology for generating these macroscopic cross-
sections, and various neutronics codes (e.g., SCALE, MONTEBURNS, SERPENT) have been applied for
this purpose. In the TUBRNP model (the depletion model adopted in TRANSURANUS), important steps
to include the production of helium were taken by Botazzoli et al. [41], with a recent extension to Th-
based LWR fuels by Tijero et al. [42]. It should be underlined that a direct coupling of the SERPENT and
TRANSURANUS code was developed for the simulation of Gd-doped UO; in the frame of the ESSANUF
project, and that a similar coupling in the open source SALOME platform for nuclear reactor simulations
is under development in the frame of the McSAFE project.

The herein presented depletion model is designed:
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= To predict the helium production inside a MOX fuel grain in fast reactor irradiation conditions since
the initial enrichment in plutonium nuclides leads to a higher content of a-emitters in MOX fuel with
respect to UO;.

= Toyield areliable estimation of the actinide evolution, which is a critical predictive capability for fuel
performance codes even if it is not strictly an objective of Task 6.1 of INSPYRE [32,43].

The methodology adopted consists in coding multi-dimensional lookup tables for each relevant cross-
section. The values are obtained from SERPENT with reaction rates calculation [44]. This methodology
has been applied to MOX fuel in two different reactor conditions: sodium fast reactor (MOX/SFR) and
lead-bismuth eutectic fast reactor (MOX/LBE-FR).

The depletion model accounts for the three main processes of helium production: (n,a) reactions on O+,
a fraction of ternary fissions, and a-decays of actinide elements [17]. Botazzoli et al. [41] showed that
the transuranic elements up to Cmgzss are sufficient for a satisfactorily description of helium formation
due to a-decays. This translates in the following equation in this model:

%[Hed = AUy [U234] + Aqu,5:[U23s] + A u,5,[U236] + Aau,54[U238]

+ AaNp,,, [NP237]

A Puyss [PU238] + Ag puyso [PU230] + Ag puy,g [PUzao0] + A puy,, [PU242]

+ AgAmyy [AMoa1] + Ag am,,, [AMo4s] (13)

+Aa,Cm242 [Cm242] + Aa,Cm243 [Cm243] + Aa,CmZM [Cm244] + Aa,Cm245 [Cm245]

O — o
+ 16O-rl,az¢)[016] +YTFF

Where, [X;] (at m=3) is the concentration of the nuclide X;, 4, %, (s!) is the alpha decay constant of the

nuclide X;, Olﬁan,a (m2) is the energy-averaged cross-section for the (n,a) reaction on Os6, ¢ (m2 s1) is
the local energy-averaged neutron flux (see Eq. 14), ytf is the ternary fission yield of helium, set equal
to 0.22% [45], and F (fiss m3 s1) is the local fission rate. As can be seen in Eq. 13, to have a reliable
estimation of the helium source, we considered a selected set of actinides. To follow the evolution of
these actinides, a total of 23 nuclides needs to be considered (Fig. 5). Not all of the neutron reactions
(especially neutron multiplication reactions) are considered in the depletion model, since the inclusion
of all of them would have implied a rise in the computational time not justified by a significant
improvement in the accuracy of the results.

In the present depletion model, the estimation of the local neutron flux feeding the Bateman equations
is carried out based on the fission rate density, based on the relation

F =56 (14)

where F (fiss m3 s1) is the fission rate and E (m1) is the one-group macroscopic fission cross-section

and ¢ (m2 s1) is the energy-averaged local neutron flux. To evaluate the one-group macroscopic fission
cross-section, the following assumption is adopted [46]:

k
%= ) NG [X] (15)
i=1

. N . . : . : .
in which ™'a,- (m?) is the microscopic, energy averaged fission cross-sections of the nuclide X;.
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Figure 5: Father-to-daughter relations between the 23 actinide nuclides tracked in the depletion
model. The inner and the outer circles contain the daughter and parent nuclide, respectively. In the
middle circle the relation (i.e., type of nuclear reaction) between the parent and the daughter nuclides
is indicated.

The methodology used to build the herein presented depletion model parameters (i.e., the values of the
energy-averaged cross-sections) is depicted in the upper part of Fig. 6:

1. Runasetof SERPENT calculations with different initial fuel compositions, representative for the
analysed fuel/reactor combination.

2. For each initial Pu/HM enrichment e, collect the values of the energy-averaged microscopic
cross-sections at different burn-up values (e.g., bu (GWd/tam) =0, 5, 10, 15, ...), evaluated by the
reaction rate integrals in SERPENT.
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3. Each microscopic cross-section is therefore characterized at discrete sampling points as a
function of initial enrichment e, and local burn-up bu, i.e., the energy-averaged cross-section for

reaction r of nuclide X; will be a discrete function X‘Er (eg, bu).

4. These discrete functions are hard-coded as two-entry lookup tables in SCIANTIX.

Relevant fuel /reactor case

SERPENT
SIMULATION

HIGH-FIDELITY
Evolution of nuclides
concentrations

AVERAGE
CROSS-SECTIONS

LOOK-UP
TABLES

INTERPOLATOR

Evolution of nuclides
concentrations

OFFLINE

SCIANTIX
SIMULATION

VERIFICATION

Figure 6: Methodology applied for the generation of the cross-section lookup tables by SERPENT
(offline), the solution of the depletion calculation in SCIANTIX (online) and the consequent comparison
of the results (verification).

These steps are to be performed once and for all and hence referred to as offline operations. The set of
Bateman equations is solved by SCIANTIX (online, lower part of Fig. 6), or equivalently by SCIANTIX
coupled with a fuel performance code. This online calculation requires an interpolation within the cross-
section values in the lookup tables in terms of initial Pu/HM enrichment and current burn-up. This
interpolation is computationally inexpensive, but brings about additional information with respect to
using a fixed value for the cross-sections during the all irradiation [41,47,48]. These tables depend on
the fuel/reactor combination, since the energy-averaged cross-sections strongly depend on the neutron
energy spectrum, which in turn is determined by the whole reactor characteristics. Together with the
decay constants, these lookup tables constitute the required information to calculate each parameter in
the depletion model.
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1.2.2 Verification against high-fidelity simulations

The main features and options used to build the SERPENT simulations in the three fuel/reactor cases

herein analysed are reported in Tables 2 and 3.

Table 2: SERPENT input parameters used for the generation of the lookup tables.

Parameter MOX/SFR MOX/LBE-FR
External Pellet radius (mm) 2.71 2.71
Radial gap (mm) 0.115 0.115
U/HM 80-607 80-602
Pu/HM 20-40p 20-400p
Enrichment width (at/HM%) 2 2
0/HM 1.97 1.97
Fuel density (g cm3) 10.97 10.97
Column length (mm) 650 650
Cladding material 15-15Ti SS 15-15Ti SS
Cladding thickness 0.45 0.45
Cladding density (g cm3) 7.95 7.95
Coolant Sodium Lead Bismuth Eutectic
Coolant prism side (mm) 6.7 6.7
Coolant prism height (mm) 670 670
Coolant density (g cm-3) 0.61c 10.28¢
Total burn-up (GWd/tum) 200 200
Burn-up width (GWd/tum) 5 5
Burn-up steps 41 41
Power density (kW kg1) 40 40

a: Assumed natural uranium isotopic composition.
b: Pu238/Pu 2.332%, Puz39/Pu 56.873%, Puzs0/Pu 26.997%, Puz41/Pu 6.105%, Puz42/Pu 7.693% (wt.%).

¢ From Sobolev [51].

Table 3: Input settings used for the SERPENT simulations.

Command Description Values

SSC: number of sub-steps for corrector steps

set pop Sets parameters for simulated neutron population in criticality | NPG=10'000
source mode. NGEN =100
NPG: number of neutrons per generation NSKIP =30
NGEN: number of active generations
NSKIP: number of inactive generations

set ures Sets unresolved resonance probability table sampling on or off. | OPT =1
OPT: option to switch probability table sampling on (1/yes) or
off (0/no)

set bc Sets the boundary conditions for all outer boundaries of the Reflective boundary
geometry. condition
set bumode Sets the burn-up calculation mode. CRAM

set pcc Sets the time integration method in burn-up calculation. MODE = LELI
MODE: time integration method. SSP =30
SSP: number of sub-steps for predictor steps SSC =30
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set xcalc Calculation mode for transmutation cross-sections.
We use spectrum-collapse mode.

set egrid Sets the unionized energy grid reconstruction parameters. TOL = 5-10-
TOL: fractional reconstruction tolerance EMIN =10
EMIN: minimum energy in the grid (MeV) EMAX =15
EMAX: maximum energy in the grid (MeV)

set powdens Sets normalization to power density. PDE =4-10-2

PDE: power density (in kW g1)

In SERPENT, the absolute value of the reaction rate integrals depends on source normalization. In this
work, for each test case, we used a power density of 40 kW kg1 (which corresponds to a fission rate of
1.32-1019 fiss m3 s'1, assuming 208 MeV fiss1) to normalize the source. We calculated energy-averaged
cross-sections as

[, 12 %oy (eq, bu, EY$(r, E)d*rdE
f, [ ¢(r,E)d3rdE

Where, X;, ey and bu are respectively the considered target nuclide, the initial enrichment and the burn-

*ig. (eq, bu) =

(16)

up, and X"ar (e, bu, E) (m2) is the microscopic cross-section, which is a function of burn-up bu, initial fuel

enrichment ejand incident neutron energy E , while ¢p(r, E) (m2 s eV-1) is the neutron flux per energy
as function of the neutron energy E and space.

The other results we obtained using SERPENT are the helium and actinide concentrations as a function
of burn-up and initial enrichment of Pu/HM. The results of these high-fidelity simulations will serve as
comparison in the assessment phase of the depletion model.

The geometry used in the SERPENT simulation is a cylindrical geometry (fuel pellet) in a prismatic space
(coolant) with a reflective boundary condition on the coolant external surface. The calculation is
performed for a single fuel rod. In both the MOX/SFR and MOX/LBE-FR cases the initial fuel composition
is chosen based on standard nuclides compositions which would likely be similar to those adopted in
the Gen-1V ESFR and MYRRHA concepts [49]. As for the cladding material, it is 15-15 Ni-Cr, Ti stabilized,
stainless steel for both the MOX/SFR and MOX/LBE-FR cases.

The depletion calculation in SERPENT is performed in 41 equally distanced burn-up steps. The initial
fuel composition foresees a value of enrichment from 20 % to 40 % with steps of 2 % in both cases. The
initial neutron population is set to 10’000 for both cases, with 100 active neutron generations and 30
inactive generations. The solution of the burn-up matrix is achieved through the Chebyshev Rational
Approximation Method [50], while we use linear extrapolation as predictor method and linear
interpolation as corrector method for what concern the time integration method in burn-up
calculations.

To assess the proposed depletion model, we carried out in SCIANTIX the same simulations described in
Table 2. The results shown refer to a Pu/HM concentration of 20% for both MOX/SFR and MOX/LBE-FR
cases. The irradiation lasts approximately 106’000 hours (12 years) for both cases. Table 4 reports the
main SCIANTIX input parameters.

The results of SCIANTIX are compared also to those of TUBRNP (TRANSURANUS version vim1j18), the
burn-up model implemented in TRANSURANUS that is tailored to the evaluation of relative radial
profiles. It is worth noting that, aside from specific cases such as Gd-doped fuels in VVER reactors,
TURBNP adopts burnup-independent microscopic cross sections. As proven by the example for Gd-
doped fuels, generalization of TUBRNP to include burnup-dependent microscopic cross section is
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possible. SERPENT results are considered as high-fidelity reference to compare both SCIANTIX and
TUBRNP. Given this, we use as validation metric

N
_ 1 <Cl - Ri
v= NE_ R,
i=1

Where, C; is the calculated value (either SCIANTIX or TUBRNP), R; is the reference value, and N is the
number of burn-up steps and the summation is intended over each burn-up step.

For each case (MOX/SFR and MOX/LBE-FR), Figs. 7-27 collect the helium and actinides concentrations
as a function of burn-up. From the observation of the nuclide profiles, it emerges that the depletion
model implemented in SCIANTIX demonstrates a satisfactory agreement with the reference model for
every nuclide, especially at low/average burn-up (< 50 GWd/tum). U237, Puz43 and Amzss are not shown
because of their very low concentration in fuel matrix at the end of irradiation (< 102! at m-3). Looking
at the validation metric reported in Table 5, the general predictive capability of the new depletion model
is in line with the results of TUBRNP in each test case. We should note that the TUBRNP module has been
validated for few FBR applications against experimental data up to 100 GWd/tum and is dedicated to the
evaluation of relative radial power and burn-up profiles in fuel performance codes. TUBRNP thus
focuses on the local concentrations of the most relevant nuclides, while the new depletion model tracks
the evolution of a larger number of nuclides. Moreover, the new model shows a good prediction
capability for nuclides that present a non-zero concentration at the beginning of irradiation (i.e., U23g
and plutonium nuclides). Heavy nuclides, like americium and curium, present a higher v, because they
are created by successive neutron capture reactions, whose cross-sections are affected by the
propagation of the error of the cross-sections and the concentrations of the respective precursors.

)2 (17)

Lastly, since helium is produced by a-decays of several nuclides, it is expected that the error in the
evaluation of the a-emitters propagates in the helium concentration. Nevertheless, Fig. 7 shows a
satisfactory agreement between the new depletion model and SERPENT, with a value of the validation
metric v that is comparable to TUBRNP for each fuel/reactor combination, proving that a set of burn-up
and Pu/HM enrichment dependent cross-sections is very effective in the description of the fuel
evolution as burn-up increases.

Table 4: SCIANTIX input parameters for two verification cases.

Parameter MOX/SFR MOX/LBE-FR

Irradiation time (h) 106’000 106’000
Burn-up at discharge (GWd/tum) 200 200
Fission rate (fiss m-3 s'1) 1.32-1019 1.32-1019
Grain radius (m) 10-10-6 10-10-6
Fuel density (g cm3) 10.97 10.97
0o/M 1.97 1.97
Usss (Wt.%) 0.6 0.6
Uz3s (Wt.%) 79.4 79.4
Puyss (Wt%) 0.5 0.5
Puz39 (Wt%) 11.3 11.3
Puzas0 (Wt%) 5.4 5.4
Puza1 (wt.%) 1.2 1.2
Puzas; (Wt.%) 1.6 1.6
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Figure 10: Evolution of the concentration (at m-3) of U236 in (a) MOX/SFR case, (b) MOX/LBE-FR case.

www.eera-jpnm.eu/inspyre

E[M)



>PYRE

D6.4 version 1 - Synthesis of inert gas behaviour models developed ﬁ‘ I N

% MOX/SFR
2w 10
1.95 T T T T
s SERPENT - Reference
s SCTANTIX
1ok TUBRNP _
185 | b

e
T

“a
L
T

" 238, - :

Slice average <" concentration (at m™)
= -
L =
T T

o
T

155 4
151 q
1.45 L - L .
0 50 100 150 200 250
Slice average burn-up ((}\\"d-"Lm_[]
()
" MOX/LBE-FR
195 T T T T
SERPENT - Reference
e SCLANTIX,
19k TUBRNP ]
LE5 - B
Too1r .
B
=]
2 7s
AR i
E
=
g u7r ]
f\':i
B 1.65 F g
o
S
=
[ ¥]
2 16t g
w
155 F g
151 B
145 . . . .
[} 30 100 150 200 250
Slice average burn-up ((]Wd-"ti [MJ

Figure 11: Evolution of the concentration (at m-3) of Uz3s in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 12: Evolution of the concentration (at m-3) of Npz37 in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 13: Evolution of the concentration (at m-3) of Npzss in (a) MOX/SFR case, (b) MOX/LBE-FR case.
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Figure 14: Evolution of the concentration (at m-3) of Np23¢ in (a) MOX/SFR case, (b) MOX/LBE-FR case.
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Figure 15: Evolution of the concentration (at m-3) of Puy3s in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 17: Evolution of the concentration (at m-3) of Puzso in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 19: Evolution of the concentration (at m-3) of Puz4; in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 23: Evolution of the concentration (at m-3) of Amz43 in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 24: Evolution of the concentration (at m-3) of Cmaz42 in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 25: Evolution of the concentration (at m-3) of Cmz43 in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 26: Evolution of the concentration (at m-3) of Cmz44 in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Figure 27: Evolution of the concentration (at m-3) of Cmazss in (a) MOX/SFR case, (b) MOX/LBE-FR case.
The result of TUBRNP is dashed above 100 GWd/tHM, i.e., outside its validation range.
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Table 5: Validation metric v for the comparison of the new depletion model and the high-fidelity
reference. The validation metric is reported also for the results from TUBRNP for the sake of
comparison. It should be noted that the evaluation of the validation metric for TUBRNP is on the range
0-200 GWd/tum, with the model being validated only up to 100 GWd/tum. Lower values of the

validation metric correspond to a better agreement.

Validation ~ MOX/SFR - MOX/LBE-FR
metric,v (/) SCIANTIX TUBRNP SCIANTIX TUBRNP
Hes 0.1242 | 0.0838 01321  0.1235
U234 0.1373 - 0.1372 -
Ugss 0.0063 | 0.0518 @ 0.0056 | 0.0495
Uzse 0.0068 | 0.0808 | 0.0070 | 0.0706
U237 0.1601 - 0.1619 -
Usss 0.0012 | 0.0073 | 0.0010 | 0.0071
Np237 0.0052 | 0.0344 00111 = 0.1866
Np2ss 0.1491 - 0.1417 -
Np2so 0.1372 - 0.1392 -
Pusss 0.0317 | 01253 | 0.0315 | 0.1137
Puzso 0.0072 | 0.0207 = 0.0061 | 0.0251
PUz4o 0.0012 | 00119 & 0.0011 | 0.0105
PUza1 0.0230 | 0.0245 = 0.0234 = 0.0351
PUzs2 0.0002 | 0.0130 | 0.0002 | 0.0127
Puz43 0.1516 - 0.1513 -
Amaa 0.1183 | 0.1169 | 0.1177 | 0.1130
Amaaz 0.0206 - 0.0204 -
Amzm | 0.1158 - 0.1169 -
Amaas 0.0004 | 00337 = 0.008  0.0306
Amaas 0.2470 - 0.2489 -
Cmaa 0.0339 | 02642 00336  0.2631
Cmass 0.0385 | 0.2064 | 0.0373 | 0.1859
Cmaa 0.0155 = 02901 = 0.0152 = 0.2918
Cmass 0.0153 | 0.1476 & 0.0150 | 0.1412

Table 6: Comparison between the execution time of TUBRNP and of the SCIANTIX depletion model.

Execution time (s) ' TUBRNP ' SCIANTIX
MOX/SFR 0.80 0.65
MOX/LBE-FR 0.61 0.66
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2 DIFFUSION IN COLUMNAR GRAINS

Because of the high temperature and temperature gradient, three microstructures are created the fuel
pellet in MOX operated in fast reactor conditions: from the rim of the pellet towards its centre:

(1) an external as-fabricated zone with unchanged density (T < 1600°C),

(2) an intermediate zone with equiaxed grains with higher density, grain-size of around 20 pm (1600°C
< T<1800°C) and

(3) an internal zone (T > 1800°C) with columnar grains (almost theoretical density, length of
approximately 1 mm and radius of 10-20 um).

In this section, we address the question of the diffusion of fission gases in columnar grains, which is
currently considered in fuel performance codes using very strong simplifying hypotheses.

2.1 Model description

The classical description of inert gas behaviour diffusion adopted in fuel performance codes relies on
the model by Booth [52]:

10 ,0 (18)

0
—Ct = S+ Deffr—zgr gct

ot

Where, c; (at m3) is the total intra-granular gas concentration, S (at m3 s-1) is the production term, and
Derr (M2 s-1) is the effective gas diffusion coefficient, a single parameter lumping the diffusion towards
the grain boundaries, the trapping/re-solution rate of atoms in/from intra-granular bubbles. The
diffusion operator is assumed to be the radial component of the Laplacian operator in spherical
coordinates since the grain shape is idealized as a sphere. The boundary conditions are of Dirichlet type,
assuming grain boundaries as perfect sinks.

The assumption of spherical grains in Eq. 18, hinders a priori the application of this diffusion description
to columnar grains. Itis common in fuel performance codes, however, to model diffusion in the columnar
grain zone as if the grain were spherical, eventually considering a specific spherical radius
representative of cylindrical geometry. On the one hand, this modelling approach is partially justified by
the high fission gas release expected (not to mention the large uncertainty pertaining to the diffusion
coefficient), which makes the modelling simplification less impactful. On the other hand, treating
columnar grains according to Eq. 18 implies two degrees of simplification which should be taken into
consideration

= The dynamics of diffusion are different in a sphere and in a cylinder and cannot be set equal by the
selection only of a representative spherical grain radius.

= Given the temperature dependence of the diffusion coefficient and the temperature profile in the
columnar zone, the use of a single value of the diffusion coefficient outside of the Laplacian is
inaccurate.

To demonstrate the different diffusion dynamics in a sphere and in a cylinder, we can consider the
eigenfunctions of the radial component of the Laplacian in spherical and cylindrical coordinates, i.e.,
cardinal sines and the Jy Bessel function, respectively. The corresponding eigenvalues are for the sphere

www.eera-jpnm.eu/inspyre



—
D6.4 version 1 - Synthesis of inert gas behaviour models developed Fﬁ_’?» I N PY R E

2.2 Deff

/1% =Nn-m ? (19)

And for the cylinder
Des 20
a? =z Rez (20)

Where, the index n stands for the mode, i.e., the eigenfunction, a (m) is the spherical grain radius and R
(m) is the radius of the columnar grain, and z, are the zeros of the J, Bessel function.

By equating the eigenvalues in Egs. 19 and 20 the relation between R and a depends on n

D D
o o Deff 5 Veff (21)
W =g

z2 (22)
R2= n a2

n2m?

and hence the use of a spherical Laplacian with a representative grain radius fails as a surrogate of the
dynamics of diffusion in a cylindrical grain.

The diffusion problem may then be written as
0

10 d d d
act =S+ ;a Deff(T(Z))raCt + aDeff(T(Z))act

(23)

Where, z (m) is the coordinate along the axis of the cylindrical grain (i.e., along the radius of the pellet),
r (m) is the radius of the cylindrical grain, and the effective diffusion coefficient is temperature
dependent (the boundary condition is of Dirichlet type, assuming grain boundaries as perfect sinks). For
this reason, Eq. 23 is highly non-linear and its solution within a fuel performance code is impractical.
Even if the conclusion in Eq. 22 is achieved neglecting the diffusion along the columnar grain axis, it
should be noted that neglecting the diffusion of gas in this direction is a non-conservative hypothesis.
The diffusion coefficient is higher in the inner part of the pellet (higher temperature) and decreases
moving outside along the columnar grain axis, hence the gas concentration diffuses (towards the lateral
surface of the grain) more in the inner part than in the outer part. This creates a concentration gradient
along the z axis of the grain (opposite to the temperature gradient) and consequently a flux of gas
moving towards the inner part of the grain. This transport of gas implies a higher release since it is
directed towards the part of the columnar grain with higher diffusivity.

In order to avoid these simplifying hypotheses and to introduce a treatment of diffusion in columnar
grains suitable for application in fuel performance codes, we propose a reduced order model based on
proper orthogonal decomposition and Galerkin projection (ROM-POD-G) [8,53]. The construction of the
ROM is obtained in three steps

1. To collect a limited number of high-fidelity solutions, referred to as snapshots, of the governing PDE.
The snapshots are obtained through the finite volume method (FVM). For the high-fidelity solution
we used the in-house developed GrainThermoDiffusionFOAM solver, in the open source
software OpenFOAM [54], solving the coupled energy and gas diffusion equations.

2. To evaluate the basis on which to project the governing equation, generating a reduced solution of
the PDE. The POD approach handles these steps in terms of an optimization problem, minimizing the
L2 difference between the high-fidelity solution and the reduced one.
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3. To apply the Galerkin projection on the governing PDE. Together with the approximation of the
solution as a finite summation of time coefficients and basis, this step allows deriving an algebraic
linear system to be solved for the time coefficients.

These three steps are performed offline using the CFD software OpenFOAM [54], and then only the ROM
step is included in the online calculation of the fuel performance code by inclusion of the SCIANTIX
module [15].

In the offline phase, the physical problem of gas diffusion through the columnar grains is mathematically
described by a system of coupled PDEs, one for the variable temperature and the other one for the gas
concentration. These PDEs are

L? %T a(T(f))p—T Rz—a(T(E))—T L*Q
P 13 (24)
L — Frid L*- PE. Deff(T(f))p apCt T RZ eff(T(E)) g6 = LS

Where, t (s) is time, p = r/R, £ = z/L, T (K) is the temperature, Deir (m?2 s1) is the effective gas diffusion
coefficient, a (m2 s'1) is the thermal diffusivity, S (at m3 s1) is the production rate of inert gas, and
Q (K s1) is the normalized heat generation rate.

2.2 Preliminary results and approach planned

The results obtained with the system of PDEs (Eqgs. 24) solved in OpenFOAM are shown below, with
representations of temperature T (Fig. 28) and gas concentration c; (Fig. 29) within the non-dimensional
1x1 cylinder. Table 7 reports the values of the parameters used for this simulation. The temperature
Dirichlet boundary condition (BC) is set to 2000 K, and the simulation is set to 107 s.

The gas concentration exhibits the longitudinal distribution effect, as mentioned in Section 3.1, with the
maximum of the gas concentration in the outer part of the columnar grain (outer with the respect to the
fuel pellet radius). The concentration gradient towards the inner part of the columnar grain is
responsible for the transfer of gas towards the inner, and hotter, part of the grain. This effect can be only
obtained by solving the coupled partial differential equations considering the diffusion both along the
grain axis and along the radial direction.

Prior to the development of the envisaged reduced order model and its inclusion in fuel performance
codes, we present a roadmap of simulations aimed at evaluating the importance of having a solution for
the coupled set of Egs. 24, or if it is enough in certain conditions to solve a single equation considering
only the radial diffusion (i.e., like Eq. 18, but in cylindrical coordinates). The matrix of simulations is
reported in Table 8. Since the temperature of the columnar zone is high (above 2000 K), the release of
fission is expected to be fast. For this reason, the impact of a rigorous description of the diffusion
problem is presumably more relevant at the beginning of irradiation. We hence plan to evaluate the
difference between various approximated approaches after one week, one month, and one year of
irradiation. The approaches to be compared are as follows

1. The solution of one single gas diffusion problem (only radial component of the Laplacian), at one
representative temperature, referred to as SCIANTIX, one point.

2. The solution of a set of decoupled gas diffusion problems (only radial component of the Laplacian) at
various temperatures along the grain, referred to as SCIANTIX multi-point.

3. The solution of temperature/concentration coupled problem (including the axial component of the
Laplacian), referred to as OpenFOAM.
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The figure of merit identified as relevant for fuel performance code applications to be compared
between the three mentioned approaches is the spatially averaged gas concentration. This comparison
will pave the way to the clarification of the impact of the different approximations and to the
identification of the scenarios in which they do not effectively represent the solution, thus requiring the
introduction of the reduced order model.

5

— 2.2e+03
-

— 2.0e+03

Figure 28: Temperature plot in a non-dimensional columnar grain. The top of the rectangle
corresponds to the outer part of the grain, units in Kelvin.

— 0.0e+00

Figure 29: Gas concentration plot in a non-dimensional columnar grain. The top of the rectangle
corresponds to the outer part of the grain, units in mol m-3.
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Table 7: Parameters used for the high-fidelity simulation of the gas diffusion in columnar grain.

Parameter u.d.m. Value

a m?2 s-1 5107
Dett m2s! Turnbull et al. [55]
S mol m3s1 1.510+
Q Ks1 2.2 102
L m 1103
R m 10 106
Tre K 2000
Lend S 107

Table 8: Simulation matrix to be used as roadmap for the further development of the reduced order
model accounting for diffusion in columnar grains.

Duration SCIANTIX (one point) SCIANTIX (multi-point) ‘ OpenFOAM
One week 2100 K 2000-2200 K,AT=50K T(2)
One month 2100K 2000-2200 K, AT=50 K T(2)
One year 2100K 2000-2200 K, AT=50K T(2)

3 GRAIN-BOUNDARY VENTING

High temperature and temperature gradients characteristic of MOX fuel operated in fast reactor
conditions induce a behaviour of fission gases different from that observed in light water reactor
conditions. The conventional design hypothesis of 100 % of the gas released, however, is not satisfactory
to simulate the performance of fuel pins in reactors with a significant part of the fuel column at not-so-
high temperatures (e.g., ASTRID, MYRRHA, ALFRED). Direct use of physics-based fission gas behaviour
models tailored for application to light water reactor is not usually possible, since the faster kinetics
expected in fast reactors imply different and/or additional evolution mechanisms and hence tend to
bring several model parameters out of range. For these reasons, we propose a physics-based model
describing fission gas behaviour oriented for application in simulation of fast reactor MOX performance.
The proposed model differs from current formulations applied in fuel performance codes in the
description of grain-face percolation, which is the critical process controlling the onset of thermal
release. The percolation threshold proposed, based on random numerical experiments, provides a self-
consistent and self-limiting description, which avoids a potential unphysical behaviour caused by fast
grain-boundary bubble growth and consequent coalescence. The proposed model is implemented in the
SCIANTIX code, targeting use in GERMINAL and TRANSURANUS.

The content of this section will be published in D. Pizzocri, T. Barani, R. Genoni, L. Luzzi, M. Lainet, P. Van
Uffelen, “Modeling of the grain-boundary vented fraction for the description of fission gas behaviour in fast
reactor conditions”, in preparation.
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3.1 Model description

The main issue identified in the models describing inter-granular gas behaviour mechanistically is the
absence of physical bounds to the coalescence process. The description of coalescence of inter-granular
bubbles is typically treated using the model developed by White [56], i.e., relating the rate of decrease
of the bubble number density to the increase of the bubble projected area on the grain-face based on
geometric considerations. When the bubbles on the grain face become large enough and are numerous,
the grain face itself is considering percolated. This intuitive definition of percolation is based on the
hypothesis, confirmed by phase-field studies (e.g., see the work of Prudil and co-authors [57] and the
discussion by Van Uffelen [58]) that grain edges percolate before grain faces, with grain faces hence
being the limiting factor in the percolation of the overall fuel pellet.

The treatment of coalescence proposed by White and adopted in several state-of-the-art fission gas
behaviour models (e.g., two used in the INSPYRE Project [15,59]) presents limitations when applied for
the simulation of fast reactor MOX fuels. In these fuels, since the temperature is high, the kinetics of
bubble growth is extremely fast [60] and bubbles tend rapidly towards their equilibrium dimension. As
the bubbles grow, the coalescence progresses, and the number of bubbles decreases. If the growth
kinetics is too fast, the coalescence is strong, and the number of bubbles decreases with no lower bound
imposed by the model. Such a reduction is unphysical, since the model tends asymptotically towards
one (huge) bubble.

To overcome this limitation, which hinders the application of these models in fast reactor conditions,
we propose to introduce a grain-face vented fraction ¢ (/). This vented fraction is defined as the fraction
of grain-boundary bubbles connected to the grain edge, which is assumed to be always percolated. Given
the vented fraction, we assume that a fraction ¢ of the atoms arriving at the grain boundary is directly
vented and that only the rest (1 - ¢) contributes to bubble growth and hence to coalescence. This
approach is in line with the treatment of open porosity proposed by Claisse and Van Uffelen [61]. It is of
interest to combine these two modelling approaches in the future. The treatment of fabrication porosity
is expected to impact fission gas release in the outer (cooler) part of the pellet. Ideally, this modelling
approach allows for a self-limiting behaviour of the grain-boundary bubble behaviour. The problem is
shifted to the calculation of the grain-face percolation fraction.

To evaluate the vented fraction ¢, we performed a numerical random experiment generating 1000
square images representative of grain faces. Each grain face is assumed of size 10x10 pmz2. On each grain
face, we generate superposing single-sized circles of radius sampled from an uniform distribution
~[0,1 pm].

Figure 30 shows three examples of random grain faces, with clearly different fractional coverages (area
of the bubble over the area of the grain face itself) and different vented fractions (defined by the fraction
of bubbles touching the edge of the grain face).

In each grain face, we count the number of effective bubbles N, i.e., the separated number of clusters
of circles. The equivalent radius of each cluster/bubble is calculated as

Req = \JA/T (25)

where A (um?) is the area of the cluster/bubble. The fractional coverage F (/) is defined accordingly as

1
— — 2
F = 51 = Atotz ﬂReq’i (26)

i
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Where, Aio: = 100 pm? is the area of the generated grain face. The fractional coverage is identical to S,
i.e,, the porosity on the grain face. In Fig. 31a we report each generated grain face in the space {Req, Neg}-
The fact that the points end up in a bounded region of the plane is an effect of the coalescence, simulated
by the geometrical partial superposition of the randomly generated circles.
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Figure 30: Example of randomly generated grain faces with progressively increasing fractional
coverage and vented fraction.

In each generated grain face, we evaluated the fraction of pores touching the edge, i.e., the vented
fraction . The results are plotted in Fig. 32a as a function of the fractional coverage. The best-estimate
fit of a generalized sigmoidal function gives the estimation of the vented fraction as follows

1
1+ we‘K(F_Fsat)]l/w

P71 (27)
with the parameters w = 4, k = 20, Fs = 0.5. The function reported in Eq. 27 has several interesting
features

The inflection point is at F = 0.5, which corresponds to the saturation fractional coverage observed
experimentally by White and co-workers [62] and adopted in various models [56,59].

At the value of F = /4, which corresponds to the theoretical value at which circles arranged in a
regular array percolate [63], we have ¢ = 0.99. It should be noted that the definition of venting (point
on a grain-face connected to an edge) used in this work differs from the classical definition of
percolation (edge connected to the opposite edge). Nevertheless, the two definitions tend to predict
similar values of percolated/vented fraction as the fractional coverage increases.

The variance of the percolated fraction decreases as the fractional coverage increases, consistently
with the coalescence that decreases the effective number of bubbles as the fractional coverage
increases.

The purely geometric numerical experiment performed in this work can be compared with the physical
phase field approach followed by Millett and co-workers [64] (Fig. 32b). The two approaches provide
qualitatively identical results, with the vented fraction presenting a clear sigmoidal shape with the
inflection point around F = 0.5. Quantitatively, the present results show a higher vented fraction
compared to those reported in [64]. This trend, explained with the proposed geometrical approach, does
not account for the relaxation of bubbles and for ripening, resulting in smaller fractional coverage.
Nevertheless, the overall agreement between these two results obtained using completely different
approaches is remarkable, corroborating the use of Eq. 27 as a description of the percolation of grain
faces. For the sake of comparison, a best estimate fit of the results obtained by Millett and co-workers is
obtained with the identical sigmoidal function used in this work, with Fs.c = 0.6.
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Figure 31: (a) Scatter plot of the space covered by the random numerical experiment; each point
corresponds to a randomly generated grain face, and (b) compared with the experimental data by
White [65] (the light blue dots are the same of Fig. 31a).
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Figure 32: (a) Dependence of the vented fraction of randomly generated grain faces on the fractional
coverage. The orange line corresponds to the best-estimate fit. (b) Comparison with the vented
fraction (X{) proposed in this model (light blue dots and orange line) with the experimental results
by White [65] (black crosses) and the phase field results by Millet et al. [64] (dark blue, brown, violet
and green dots), as a function of the fractional coverage (X&g).
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More fundamental is the comparison between the herein proposed vented fraction derived from a
geometrical numerical experiment and the experimental measurements performed by White [65] on
irradiated fuel. The comparison in the space {4,Neq} is reported in Fig. 31b.

The agreement is satisfactory for bubble projected areas above 1 um?, whereas the results of the
geometrical numeric experiment underestimates the experimental results for smaller bubble areas. This
underestimation can be explained by analysing the assumption under which the geometrical numerical
experiment is performed

= The use of single-sized random circles to geometrically construct the bubbles/clusters is a
simplifying assumption that results in less bubbles/clusters compared to the real physical evolution
represented by the experimental measurements. The nucleation of new bubbles is partially
responsible of this discrepancy because it introduces a population of small bubbles not accounted for
in the numerical experiment. However, the nucleation process is itself limited as the fractional
coverage increases, since less and less free grain face is available for nucleation of new bubbles.

= The generation of random circles with centres uniformly distributed on the grain face (assumed as a
square) is not strictly coincident with the distribution of the gas concentration gradient, driving the
gas current from inside the grains towards a grain face. The gas concentration gradient driving the
outflow of gas from the grain is maximum at the centre of the grain face and null on the grain edges.
[t is hence expected that a limited amount of bubbles should be close to the edges and to the corners
of the square grain face. Considering this effect could increase the density of bubbles since the
probability of finding isolated circles in the peripheral region of the grain face would increase,
improving the agreement with the experimental data.

Further refinement of the proposed numerical experiment in view of these considerations is ongoing. A
path forward to address the first point is sampling the size of each circle instead of adopting a single-
sized approach. Adopting a non-uniform distribution for the position of the circles on the grain face,
paired with the definition of vented fraction used by Millett and co-workers [64] (i.e., evaluating the
contact of bubbles/clusters with a inscribed circle instead that on the edge of the grain face) could also
improve the description.

Besides the limitations of representation in the {4,N.q}-space mentioned, it is of interest to evaluate the
agreement of the predicted vented fraction ¢ directly with the experimental data by White [65],
depicted in Fig. 32b. For this figure of merit, which is fundamental for the herein proposed model, the
agreement is satisfactory, with the proposed sigmoidal function (Eq. 27) appearing able to represent
the experimental data. This conclusion is consistent with the previous discussion about Fig. 31b. White
measured the vented fraction on the micrographs with (approximately) A > 1 pm?, i.e., the section of Fig.
31b with good agreement between the experimental data and the geometrical numerical experiment.

3.2 Results

We present here the results of a test case simulated with SCIANTIX in which we compare the herein
presented model considering the vented fraction and the state-of-the-art model already available in
SCIANTIX. The test case is an 80’000 hours irradiation at 2000 K and 1.1019 fiss.m-3.s"1. Figure 33 reports
the gas concentrations, i.e., the gas produced, the gas in grain, the gas at grain boundaries and the gas
released. Figure 33a shows the results of the state-of-the-art model available in SCIANTIX. It can be
observed how the gas released presents a clear onset corresponding to an abrupt change in the
derivative of the gas at the grain boundaries. This behaviour is due to the treatment of fission gas release
from the grain boundaries described as threshold phenomenon occurring when the fractional coverage
exceeds the saturation coverage.
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This modelling approach corresponds approximately to using a stepwise function instead of a sigmoid
in describing the vented fraction (Fig. 32). Fig. 33b shows the result of the new model. Gas is released
from the very beginning of the irradiation, presenting a smooth time-evolution with no abrupt changes.
The immediate onset of release is a consequence of a combination of two modelling assumptions: (1) a
fraction of grain-boundary bubbles is directly connected to the grain edges, i.e., vented, and (2) the grain
edges are considered to be always percolated. A proper modelling of bubble growth and coalescence
along the grain edges would improve this aspect of the present model.
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Figure 33: Evolution of gas concentrations in the (a) state-of-art SCIANTIX model and the (b) herein
presented model.

Figure 34 shows the evolution of the grain boundary bubble density and grain boundary bubble radius.
In the conditions of the test case analysed, the state-of-the-art model (Fig. 34a) shows unphysical
behaviour: the bubble density drops below 108 bubbles m2, with 1010 bubble m-2 being the limit of
roughly one bubble per grain face (the minimum experimental observation reported by White being
4 101 m-2[65]), and the bubble radius grows up to 10 m, one hundred times the typical grain size. By
comparison, the results of the herein presented model (Fig. 34b) show similar trends but remain in a
physical range. However, (1) the minimum bubble density predicted in these conditions is higher than
the minimum observation by White [65], and (2) the predicted bubble radius is smaller than the bigger
bubbles reported by White [65]. These issues will be analysed further when the geometrical numerical
experiment is refined (see discussion in Section 4.1).

Finally, Fig. 35 shows the evolution of fractional coverage and grain-boundary swelling. As for the
swelling, the conclusions are the same as those derived from the observation of the bubble density and
the bubble radius (in view of the physical relationship between these variables): in the state-of-the-art
model, the swelling reaches the clearly unphysical value of approximately 7 (i.e., 700 %) (Fig. 35a).
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Figure 34: Evolution of bubble number density and bubble radius for grain-boundary bubbles in the
(a) state-of-art SCIANTIX model and the (b) herein presented model.
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Figure 35: Evolution of fractional coverage and grain-boundary swelling in the (a) state-of-art
SCIANTIX model and the (b) herein presented model.
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The evolution of the fractional coverage in Fig. 35a exhibits the threshold behaviour discussed above,
whereas in Fig. 35b a continuous behaviour is revealed, corresponding to the continuous gas evolution
yielded by the new model. Nevertheless, the fractional coverage increases up to values above 0.6 (which
is the maximum observed experimentally in light water reactor conditions at high temperature [62]).
This growth is due to the inflow of vacancies in the grain-boundary bubbles that remain over
pressurized even when the gas inflow essentially stops after almost perfect percolation is achieved. A
review of the mechanism of vacancy inflow and of its role at high temperature (i.e., with fast kinetics) is
planned as a future development of the herein presented model.

4 HIGH BURN-UP STRUCTURE

Several models, either semi-empirical or mechanistic, were developed to describe high burn-up
structure (HBS) effects in the framework of fuel performance codes. Lassmann et al. [66] developed a
pragmatic, empirical model to account for intra-granular xenon depletion, decreasing its concentration
with an exponential law as a function of burn-up (not considering the effect of temperature) and needing
as an input parameter the HBS formation threshold. This approach represents the legacy treatment of
HBS in TRANSURANUS [16]. The model by Khvostov and co-workers [67,68] describes the HBS
restructuring through a Kolmogorov-Johnson-Mehl-Avrami (KJMA) relationship, introducing also the
concept of effective burn-up in the description of HBS to weight differently the burn-up accumulation at
high and low temperatures and thus consider thermal annealing of defects in the description of HBS
formation. The concept of effective burn-up was integrated into the Lassmann model by Holt et al. [69],
introducing also a more physical temperature threshold in the definition of effective burn-up with
respect to the one originally proposed by Khvostov. This model is the standard treatment of the HBS
formation/depletion in TRANSURANUS.

In this work, we propose a novel model describing HBS formation in oxide fuel, accounting for the
progressive Xe depletion and its feedback on the fuel matrix swelling. We implemented the model in
SCIANTIX [15]. The originality of the presented model lies in his intrinsic capability of representing HBS
formation due to polygonization in a continuous and smooth manner, consistently accounting for the
intra-granular fission gas behaviour during the formation process.

The content of this section is published in T. Barani, D. Pizzocri, F. Cappia, L. Luzzi, G. Pastore, P. Van
Uffelen, Submitted to Journal of Nuclear materials, Modeling High Burnup Structure in Oxide Fuels for
Application to Fuel Performance Codes. Part I: High Burnup Structure formation.

4.1 Model description

The formation of the HBS is described through a semi-empirical model that correlates the fraction of
restructured fuel to the local effective burn-up. The behaviour of intra-granular fission gas in the
restructured volume is described via a model available in the open literature [70]. We employed the
data extracted from [69] and [70] to fit an expression for the HBS formation rate as a function of effective
burn-up. We chose the functional form of the Kolmogorov-Johnson-Mehl-Avrami (KJMA) formalism,
which is suitable to model generic restructuring phenomena and phase transitions and has been already
proposed in HBS modelling [67,73].
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The restructured volume fraction a (/) follows

a =1— e Kbuert™ (28)

Where, K = 2.77 10-7 is the transformation rate constant, m =3.35 is the so-called Avrami constant and
bue is the effective burn-up. It is interesting to note that a similar expression was adopted by Bouloré
and co-workers [74] to evaluate the HBS restructuring rate in MIMAS uranium-plutonium mixed oxide
fuel based on statistical considerations. The two constants Kand min Eq. 28 were determined by a least-
square fitting of the experimental data shown in Fig. 36.

Although resulting from a fitting procedure, the coefficients we derived for Eq. 28 retain a physical
meaning, which is a direct consequence of the KJMA theoretical formulation [75]. The value of the power
to which the burn-up variable is taken (i.e., the Avrami constant, m) can provide information about the
nature of the phase transition. A transformation featured by a constant bulk nucleation rate of the
second phase - in the present work, HBS is representing the second phase - and by a bulk growth has a
power equal to 4.

On the other hand, if the nucleation sites are preformed, or if transformation happens on grain
boundaries in presence of a constant nucleation rate, the power is equal to 3. From the fitting procedure
we obtain an Avrami constant between 3 and 4. This value reflects a mixed nature of the transformation,
i.e.,, with contributions from bulk nucleation and growth and from bulk growth from preformed sites
combined to a transformation occurring at grain boundaries. In the work by Khvostov and co-authors
[67], the Avrami constant was taken equal to 3, i.e., only the latter mechanism was considered. The
presence of this mechanism is corroborated by experimental observations and theoretical predictions
[76-78]. This would not account for the formation of HBS following intra-granular patches, which has
also been reported in several experimental works [78-81]. Indeed, the value obtained in this work
accounts for all the mentioned contributions, being adherent to the different experimental findings.
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Figure 36: Restructured volume fraction as a function of the effective burn-up as described by K]MA.

The gas model is designed to be included in fuel performance codes and therefore we adopt the classical
representation employed in such codes to describe fission gas diffusion, i.e.,, we represent the single
grain as an equivalent spherical domain, employing the concept of an effective diffusion equation
[52,82-84]. Eq. 28 is adopted to evaluate the volume fraction that underwent HBS restructuring.
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Besides, the model considers a two phase material, one pertaining to the original microstructure and
one to HBS, as sketched in Fig. 37.
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Figure 37: Representation of the modelling approach to intra-granular fission gas behaviour
accounting for HBS progressive formation.

These two phases are featured by different grain sizes, i.e., the original microstructure (labelled as non-
restructured, NR) usually by a micrometric size, whereas the HBS is assumed to be formed at a radius
equal to 150 nm (in line with experimental data, e.g., by Ray and co-workers [85,86]). It is worth
stressing that this modelling approach can be naturally extended to heterogeneous U-Pu mixed oxide
fuels, featured by regions with different Pu content, resulting in local higher fission densities along the
fuel pellet.

In both domains, the intra-granular gas behaviour is described through the mechanistic model
presented in [14]. This model allows for the calculation of intra-granular fission gas bubble nucleation,
growth due to gas atom trapping, destruction due to the interaction with fission fragments, along with
considering a net diffusion of gas atoms towards the grain boundaries. As HBS is progressively forming,
two intra-granular problems are solved, one for each phase. Henceforth, the overall concentration of gas
in the considered domain c:*, is evaluated as

c; = (1 —a)cR + acfiBS (29)

Where, the superscripts NR and HBS refer to the quantities evaluated solving the intra-granular problem
in the non-restructured and HBS sub-domains, respectively. The same concept is applied to estimate
each concentration. It is worth noting that a weighted average is also employed in the MARGARET code
[87]. As HBS forms during irradiation, an increasing portion of the material is covered by the
restructured microstructure. Thus, we consider a sweeping of gas concentration from the original to
restructured region, namely

d CHBS — l(cNR _ CHBS)
dbueff t a t t

da 1—a dcMR

dbueff a 6bueff

(30)

Where, the first term of the right-hand side of Eq. 30 represents the effective gas transfer between the
two regions due to restructuring. Moreover, we assumed that the total concentration of gas in the
considered reference volume is conserved during the restructuring.

The combination of increasing HBS volume ratio and smaller grain size of HBS allows for a consistent
description of fission gas depletion as HBS is formed. As the effective burn-up builds up, an increasing
fraction of the volume is affected by HBS (Eq. 28). This increases the weight of intra-granular behaviour
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in the HBS sub-domain, which is characterized by a fast diffusion to the grain boundary associated with
the nanometric grain size (the diffusion rate being Desra-2).

Rather than attempting to describe HBS formation mechanistically, since the sequence of phenomena
involved is still debated, the presented approach provides a robust model that accounts for HBS
formation and gas depletion in a consistent manner, still preserving a degree of simplicity in line with
fuel performance requirements.

4.2 Comparison with experimental results

The model presented in Section 5.1 was implemented in the SCIANTIX code [15]. The expressions of
parameters employed in SCIANTIX are reported in Table 9.

Table 9: Expressions of the model parameters. F (fiss m3 s-1) is the fission rate, k (J K1) is the
Boltzmann’s constant, and T (K) is the temperature

Parameter u.d.m. Expression/value/reference

D1+D2+D3
e D1 =7.6 10-10 exp(-4.86 10-19/k
Diffusivity, D, = 5.64 102 fﬂg exp(-1.91/1(?
DNR Non-recrystallized m2 sl
region /KT
D3=2104F
Turnbull et al. [93]
e s 45104 F
DHBS I]:]l?,fgu::gliz}; m2 st Bremier and Walker [94]
Pizzocri et al. [82]
4tDNR,
8 Size-dependent o1 Ry = intra-granular bubble radius
" trapping rate N = intra-granular bubble density
Ham [30]
21pseF (Ra+Rir)?
: =6 10-6 m, fission spike length
Oln Slzzjslt)i?:ldriz re s R, = intra-granular bubble radius
R =1 10-° m, fission spike radius
Turnbull et al. [95]
2:25F
\ Nucleation rate m-3 st White and Tucker [96]
Pizzocri et al. [14]

In Fig. 38, we compare the intra-granular concentration of xenon predicted by SCIANTIX simulations,
considering the present model, to several experimental data obtained by different authors [79,88,89]
via EPMA. Considering the huge scattering of the experimental data, due to different irradiation
conditions and initial fuel specifications, the agreement is deemed satisfactory. For the sake of
completeness, it must be underlined that xenon is accompanied by other gases in determining the
overall gas behaviour (namely, krypton and helium). In this work, we draw a special attention on xenon
since it was the subject of the most intensive experimental investigations.

For the sake of comparison, we also report the results obtained by several state-of-the-art models
employed in fuel performance codes, in particular the model by Lassmann et al. [90], by Lemes et al.
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[91], and by Pizzocri et al. [82]. The models by Lassmann and Lemes, the latter being an extension of the
former, represent pragmatic and purely empirical approaches to account for fission gas depletion as
HBS forms, considering an exponential decay of retained gas concentration with burn-up. They are
directly fitted on a subset of the EPMA data reported, i.e., those by Walker [88]. Moreover, they consider
a threshold for HBS formation solely dependent on burn-up, discarding the effect of temperature, which
is instead considered in this work via the effective burn-up concept. In Fig. 38, predictions of those
models considering different burn-up thresholds are reported, showing how this parameter impacts the
maximum xenon retention and the subsequent depletion.

On the other hand, the model proposed by Pizzocri et al. [82,92] represents a step forward compared to
the previous ones as it is not purely empirical. This model represents HBS formation by a gradual
reduction of the grain size, which may be a questionable representation of the underlying physical
processes. Differently from the present model results, the predictions obtained through this model and
shown in Fig. 38 are obtained considering a xenon production rate adjusted to the experimental data at
low burn-up to Walker data [88], to obtain a maximum xenon retention in line with experimental data.
Finally, this model does not consider the evolution of intra-granular fission gas bubbles, employing a
fixed value for intra-granular bubble density and radius, and disregards volume changes due to irradiat-
ion damage in the lattice. This results in an inconsistent estimation of gas partition between bubbles and
dynamic solution, preventing a consistent calculation of matrix swelling due to single gas atoms and
intra-granular bubbles, in addition to affect the effective diffusion representation.

The present model also accounts for the observed delay in xenon depletion (thus HBS formation) when
considering higher grain sizes in the original microstructure, as shown in Fig. 38 and consistently with
several experimental observations [76,80].
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—— This work, grain radius 7.5 pm
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Figure 38: Comparison of various data on intra-granular xenon concentration obtained via EPMA (red
crosses from Walker [88], black crosses from Lemoine et al. [89], and black dots from Noirot et al.
[79]) to the predictions of the presented model. For the sake of comparison, the prediction obtained
with other state-of-the-art models employed in fuel performance codes are included, namely from
Pizzocri et al. [82], Lemes et al. [91], and Lassmann et al. [90].
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5 CONCLUSION AND FUTURE DEVELOPMENTS

This deliverable synthesised the complete set of inert gas behaviour models developed in the INSPYRE
project, targeting the simulation of MOX fuel in fast reactor conditions using fuel performance codes. All
the models proposed are physics-based, mesoscale models allowing both for effective and efficient use
in codes and for the incorporation of information from the lower-length scale in terms of model
parameters. Further use of lower-length scale information derived in INSPYRE will be addressed in the
last part of the project as this information becomes available.

The first model is a physics-based description of helium behaviour. We extended the classical
description used for fission gas behaviour introducing a solubility term influencing the intra-granular
behaviour of helium and effectively representing the mechanism of thermal resolution. The model
results were compared with experimental data obtained in annealing conditions to isolate and test a
subset of model parameters compared to the full set necessary to simulate an irradiation case. The
agreement is overall promising and allowed to identify the most impactful parameters requiring further
analysis, namely the above-mentioned thermal re-solution rate. We developed a depletion model
tracking the evolution of actinides in fast reactor conditions to properly evaluate the helium production
rate. This depletion model is based on high-fidelity simulations performed with SERPENT systematically
used to determine spatial and energy averaged cross-sections as a function of burn-up and initial
plutonium enrichment to be used in fuel performance codes. This depletion model was verified against
the high-fidelity simulations of SERPENT for both sodium-cooled and lead-bismuth-eutectic-cooled fast
reactors. The predictions are comparable and, in some cases, more accurate than current approaches
used in fuel performance codes (TUBRNP, vim1j18) that focus on relative radial profiles.

The second model concerns the treatment of gas diffusion in columnar grains. This problem is described
by a non-linear partial differential equation, with the diffusion coefficient strongly varying along the
grain axis, due to the temperature distribution within the fuel pellet. To be able to solve this challenging
problem with a computational effort in line with the requirements of fuel performance codes, we
propose a reduced order model based on proper orthogonal decomposition and Galerkin projection,
which has been outlined in a previous deliverable (D6.1). We presented the results of the high-fidelity
simulations of the problem performed with OpenFOAM and designed a roadmap of further analyses to
be performed in SCIANTIX in order to identify the conditions in which the application of the reduced
order model envisaged is necessary and the conditions in which simpler approximations (i.e., spectral
methods applied in cylindrical geometry) may be acceptable.

The third model presented concerns the venting of grain faces, which is highly relevant because of the
fast bubble growth and coalescence expected at the high temperatures characterizing operation of fast
reactor MOX. The new description of grain-boundary venting proposed is derived based on a purely
geometric random numerical experiment involving the generation of random grain faces with different
fractional coverages and evaluating the vented fraction on each of them. The inclusion of a smooth
percolation threshold instead of the stepwise function traditionally applied in fission gas behaviour
models allows for a self-limiting evolution of the bubble growth and coalescence processes, making it
possible to apply this physical description in fast reactor conditions. This modelling activity has been
performed as part of a mobility action within INSPYRE and is being tested in fuel performance codes.
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The fourth model extends the models of formation and depletion of the high burn-up structure currently
used for UO; in fuel performance codes. The extension is based on newly obtained measurements of the
fraction of volume occupied by HBS as function of the effective burn-up, i.e., the burn-up integrated
below a certain temperature threshold, used as a measure of the lattice damage. This approach is more
consistent with the physical process of HBS compared to other state-of-the-art models and succeeds in
describing “naturally” the depletion of intra-granular fission gas from the HBS region. Moreover, the
approach proposed by this model can be extended to describe the behaviour of inert gas in any
heterogeneous material, including MOX fuel.

All the presented models have been implemented in SCIANTIX, which has been used for the both the
verification and validation activities performed for each of these models. This approach is convenient
since SCIANTIX is coupled to fuel performance codes in Task 7.1, acting as an inert gas behaviour module
in the fuel performance codes.

We stress the fundamental role of new experimental data and lower-length scale calculation results
yielded by the activities of WP 1 to 5 of INSPYRE to inform quantitatively (i.e.,, model parameters) and
qualitatively (i.e., model hypothesis), as well as assess the new mesoscale models developed.
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