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a b s t r a c t

In this paper we summarize all the models included in the latest version of the DIONISIO code related to
the high burnup scenario. Due to the extension of nuclear fuels permanence under irradiation, physical
and chemical modifications are developed in the fuel material, especially in the external corona of the
pellet. The codes devoted to simulation of the rod behaviour under irradiation need to introduce modi-
fications and new models in order to describe those phenomena and be capable to predict the behaviour
in all the range of a general pressurized water reactor. A complex group of subroutines has been included
in the code in order to predict the radial distribution of power density, burnup, concentration of diverse
nuclides and porosity within the pellet. The behaviour of gadolinium as burnable poison also is modelled
into the code. The results of some of the simulations performed with DIONISIO are presented to show the
good agreement with the data selected for the FUMEX I/II/III exercises, compiled in the NEA data bank.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The DIONISIO code has been developed to simulate most of the
main phenomena that take place within a fuel rod during the nor-
mal operation of a nuclear reactor. The code, which has more than
forty interconnected models and a modular structure, predict:
temperature distribution, thermal expansion, elastic and plastic
strain, creep, irradiation growth, pellet-cladding mechanical inter-
action, fission gas release, swelling and densification. Axial sym-
metry is assumed and cylindrical finite elements are used to
discretize the domain (Simulación del comportamiento termo-
mecánico de una barra combustible en operación, 2007; Denis
and Soba, 2003; Soba and Denis, 2008). The rod is divided into a
user defined number of axial segments where a complete axi-sym-
metric local domain is solved. All the general rod parameters (pres-
sure, fission gas release, free volume of the rod, etc.) are evaluated
at the end of every time step averaging the local values obtained.
This modification allows taking into account the axial variation
of the linear power and, consequently, evaluating the dependence
of all the significant rod parameters with that coordinate.

Recently a group of subroutines, designed to extend the applica-
tion range of the code to high burnup (Kinoshita, 1997; Noirot
et al., 2008), has been included. The new calculation tools, which

are tuned for UO2 fuels in LWR conditions, predict the radial distri-
bution of 235U, 236U, 238U, 239Pu, 240Pu, 241Pu and 242Pu across the
pellet (Newton and Hutton, 2002). Usually codes specialized in
reactor physics perform these calculations solving the Boltzmann
transport equations in a number of energy intervals (groups) and
including adequate considerations in the region of the resonant
absorption peaks of 238U. They predict with high precision the ra-
dial distribution of neutron flux, burnup and concentration of
every species, fissile, fissionable or fertile, gaseous or solid, within
the rod, relevant for the overall process, all of them as functions of
time. Among the known reactor codes we mention WIMS-E (Hut-
ton et al., 2004), HELIOS (Stammler et al., 1996; HELIOS Methods,
1998), CONDOR (Eduardo Villarino CONDOR CALCULATION PACK-
AGE PHYSOR, 2002) and HUEMUL (C. Grant, 2014). Without loos-
ing the required completeness, a simplified treatment consisting
in reducing the energy spectrum to a single group was included
in DIONISIO. Empirical expressions were obtained to represent,
with the higher possible approximation degree, the absorption
and capture cross sections as functions of the initial enrichment
in 235U, the average burnup and the radial coordinate. The curves
obtained with a so drastic simplification demand a testing before
incorporation in the general fuel behaviour code. This testing is
performed via comparison with the reliable reactor codes. With
the validated curves already incorporated, the fuel code is expected
to give with a reasonable precision the time evolution of the local
burnup and hence, the size of the rim zone. The first antecedent in
this type of analysis is found in the RADAR model (HELIOS
Methods, 1998) which was validated against the WIMS code. The
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TUBRNP model, included in the TRANSURANUS code (Schubert
et al., 2008) and the RAPID model (Lee et al., 2000) served as a basis
for the development of the present work. The original idea of RA-
DAR is conserved but the validity range and scope of the equations
are extended.

The general trend to increasing the fuel initial enrichment orig-
inates the need of introducing some absorber material in the core.
The usual strategy consisting of including Gd2O3 as burnable ab-
sorber in the UO2 matrix has significant effects on the fuel perfor-
mance: radial modification of the power profile, degradation of the
thermal conductivity of the fuel and reduction of the fuel melting
point. Among the seven isotopes of gadolinium, those with mass
numbers 155 and 157 have particularly high absorption cross sec-
tion in the thermal energy range. For this reason Gd is burnt in the
vicinity of the fuel surface thus shielding the pellet interior from
thermal neutrons. The interface between burnt and unburnt Gd
shifts towards the pellet centre as irradiation progresses. The iso-
topes with mass numbers 156 and 158 produced respectively by
these reactions have very small absorption cross sections and need
not any further consideration from the neutron distribution point
of view (Massih et al., 1992). We include the possibility of simulat-
ing UO2 pellets doped with Gd2O3 as a burnable poison obtaining
the evolution of these isotopes across the pellet radius.

The task described in the preceding paragraph was performed
in connection with the reactor cell codes HUEMUL and CONDOR.
In Section 2 we describe some of the characteristics of this work
and present some results, taking into the account that the main
task and detailed description were presented elsewhere (Soba
et al., 2013).

Additionally, an expression to describe the burnup induced deg-
radation of the thermal conductivity of UO2 during the fuel opera-
tion time was recently elaborated. The formula also evaluates the
conductivity of fuels with some content of Gadolinium in the range
from 0 to 8 wt%, which is the usual proportion in the UO2 fuels
with burnable poisons. The new model was firstly compared with
conductivity experimental data and was then implemented into
the DIONISIO code. Some results of this code aspect were reported
in González et al. (2013).

Moreover, empirical expressions representing the amounts of
Caesium, Neodymium and Xenon, mainly following Lassmann
et al. (1995, 2003) were compared with experimental data and
incorporated in DIONISIO as new subroutines.

Finally new models which describe the porosity behaviour and
fission gas release in the rim are also developed and included in the
code. This work was presented elsewhere (Martín Lemes et al.,
2014; Estudio analítico y numérico de los efectos de la irradiación
hasta alto quemado en combustibles de reactores de potencia,
2013) but for completeness all the models referred to HBS are pre-
sented here. The main aspects are summarized in Section 4 along
with some results of comparisons with several experimental data
taken from the literature to show the overall performance of the
code.

These improvements together with the structural modifications
of the program gave origin to the new code version DIONISIO 2.0.
Moreover, a considerable number of experiments compiled in IAEA
(http://www.iaea.org., 2014; http://www.oecd-nea.org/science/
fuel/ifpelst.html., 2014) data bases were simulated with the pres-
ent code structure. Some of these comparisons are also presented
here.

2. One energy group calculation

The balance equations listed below express the variation rate of
the concentration of each of the relevant isotopes. They are indi-
cated by N, measured in atoms/cm3, with a subscript formed by
the name of the element and the mass number of the isotope. r

and / represent, respectively, the cross section (expressed in
barns) and the neutron flux (in neutrons/(cm2 s)), assuming the en-
ergy spectrum reduced to a single group. r is labeled with a sub-
script a, c or f to indicate absorption, capture or fission,
respectively, and with a superscript to identify the nuclide. The
same superscript is used to label the decay constant k (measured
in 1/s). N and / are considered as functions of the irradiation time
(t) and the radial position (r) in the pellet. For the U and Pu iso-
topes, the cross sections are assumed to depend on the radius,
the average burnup (b) and the initial enrichment (q) in 235U mea-
sured in w%. For the Gd isotopes, these parameters depend also on
the initial content of Gd (g), measured in w%.

@CU235

@t
¼ �CU235ðt; rÞr235

a ðb; rÞ/ðt; rÞ ð1Þ

@CU236

@t
¼ �CU236ðt; rÞr236

a ðb; rÞ/ðt; rÞ þ CU235ðt; rÞr235
c ðb; rÞ/ðt; rÞ

ð2Þ

@CU238

@t
¼ �CU238ðt; rÞr238

a ðb; rÞ/ðt; rÞ ð3Þ

@CPu239

@t
¼�CPu239ðt;rÞ r239

a ðb;rÞ/ðt;rÞþk239� �
þCU238ðt;rÞr238

c ðb;rÞ/ðt;rÞ

ð4Þ

@CPu240

@t
¼ �CPu240ðt; rÞ r240

a ðb; rÞ/ðt; rÞ þ k240� �
þ CPu239ðt; rÞr239

c ðb; rÞ/ðt; rÞ

ð5Þ

@CPu241

@t
¼ �CPu241ðt; rÞ r241

a ðb; rÞ/ðt; rÞ þ k241� �
þ CPu240ðt; rÞr240

c ðb; rÞ/ðt; rÞ

ð6Þ

@CPu242

@t
¼ �CPu242ðt; rÞ r242

a ðb; rÞ/ðt; rÞ þ k242� �
þ CPu241ðt; rÞr241

c ðb; rÞ/ðt; rÞ

ð7Þ

@CGd155

@t
¼ �CGd155ðt; rÞr155

a ðr; b; q; gÞ/ðt; rÞ ð8Þ

@CGd157

@t
¼ �CGd157ðt; rÞr157

a ðr; b; q; gÞ/ðt; rÞ ð9Þ

Reactor codes generally divide the neutrons energy spectrum in
two groups, described as thermal (neutrons with energies below
0.65 eV) and fast (neutrons with higher energies). Both the fast
and thermal fluxes are used in the balance Eqs. (1)–(9) to predict
the behaviour of each species.

The increased content of Plutonium in the external zone is basi-
cally due to the behaviour in the resonance region of the absorp-
tion cross section of 238U. The equation used in DIONISIO to
express this behaviour was fitted to results of simulations per-
formed with the CONDOR and HUEMUL codes:

r238
abs ðr; b; enÞ ¼ c1 c2 þ c3b1000 þ c4b2

1000 þ c5b3
1000

� �
� c6 þ c7 exp c8 1� r

rmax

� �c9
� �� �

ð10Þ

The function has a shape similar to the expressions used in
other codes (Lee et al., 2000). The remaining cross section functions
to be introduced in the subroutine are evaluated as follows: the
codes CONDOR and HUEMUL are run assuming the conditions of
a generic UO2 pellet; the initial enrichment is varied from 0.7% to
12%; the initial content of Gd (g) is assigned values in the range
4–10%; the final average burnup is given values ranging from fresh
fuel to 120 MWd/kgU. With these results, curves are drawn for
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Table 1
Correlation formulae and the corresponding coefficients for the absorption cross section of 235U, 236U, 240Pu, 242Pu, 155Gd and 157Gd calculated for a single energy group.

r235
a ¼ f1ðr; b; q; g ¼ 0Þ, Eq. (11), with

a0 ¼ 8:5663� 10þ01 � 1:452� 10þ01qþ 7:9068� 10�01q2

a1 ¼ �9:3400� 10�04 þ 4:5791� 10�04q� 8:1504� 10�06q2 þ 5:7252� 10�07q3 � 1:2767� 10�07q4

a2 ¼ 1:3955� 10þ01 þ 4:4988� 10�01q

a3 ¼ 5:9610� 10�09 � 2:6213� 10�09qþ 5:5749� 10�10q2 � 3:3465� 10�11q3

a4 ¼ �5:8722� 10þ01 � 2:8297q

a5 ¼ �5:7726� 10�14 þ 4:700� 10�14q� 1:4529� 10�14q2 þ 1:7064� 10�15q3 � 6:7250� 10�17q4

a6 ¼ 1:1990� 10þ02 þ 4:6660q� 1:2529� 10�01q2

a7 ¼ �1:0488� 10�05 þ 1:4527� 10�07qþ 2:6736� 10�06q2 � 2:0278� 10�07q3

a8 ¼ 1:2862� 10�10 þ 7:3720� 10�11q� 2:6430� 10�11q2 þ 1:6497� 10�12q3

a9 ¼ �3:0515� 10�05 � 6:0782� 10�06q� 2:5616� 10�06q2 þ 6:0349� 10�07q3 � 2:9614� 10�08q4

r236
a ¼ f1ðr; b; q; g ¼ 0Þ, Eq. (11), with

a0 ¼ 1:6057� 6:8713qþþ9:6081� 10�01q2 � 4:6908� 10�02q3 � 1:0528� 10�05q4

a1 ¼ 9:7599� 10�02 � 6:8512� 10�02qþ 2:1897� 10�02q2 � 2:8643� 10�03q3 þ 1:3365� 10�04q4

a2 ¼ 4:6102� 10þ01 þ 7:6858� 10þ01q� 1:2920� 10þ01q2 þ 9:6226� 10�01q3 � 2:6040� 10�02q4

a3 ¼ �2:2220� 10�03 þ 8:3287� 10�04q� 1:8398� 10�04q2 þ 1:8434� 10�05q3 � 6:7646� 10�07q4

a4 ¼ �1:7051� 10þ02 � 2:7093� 10þ02qþ 4:9345� 10þ01q2 � 4:1398q3 þ 1:3432� 10�01q4

a5 ¼ 1:21073� 10�05 � 1:3072� 10�06qþ 8:4640� 10�08q2

a6 ¼ 1:9650� 10þ02 þ 2:9111� 10þ02q� 5:6125� 10þ01q2 þ 5:0616q3 � 1:7933� 10�01q4

a7 ¼ 1:1519� 10�01 � 1:1481� 10�03q� 4:3180� 10�02q2 þ 8:5555� 10�03q3 � 4:8473� 10�04q4

a8 ¼ �5:0679� 10�04 � 9:1153� 10�04qþ 3:2156� 10�04q2 � 4:4494� 10�05q3 þ 2:1812� 10�06q4

a9 ¼ �1:0871� 10�01 þ 2:1636� 10�01q� 6:5612� 10�03q2 � 3:2417� 10�03q3 þ 2:6291� 10�04q4

r240
a ¼ f1ðr; b; q; g ¼ 0Þ, Eq. (11), with

a0 ¼ 2:4356� 10þ02 � 7:4465� 10þ01qþ 2:0205� 10þ01q2 � 2:3110q3 þ 9:0858� 10�02q4

a1 ¼ �5:4351� 10�03 � 3:5277� 10�04qþ 1:2257� 10�04q2 � 9:4641� 10�06q3 þ 2:7345� 10�07q4

a2 ¼ �9:0926� 10þ01 þ 5:6823� 10þ02q� 1:5718� 10þ02q2 þ 1:7378� 10þ01q3 � 6:7179� 10�01q4

a3 ¼ 6:2413� 10�08 þ 4:1771� 10�09q� 1:6026� 10�09q2 þ 1:2766� 10�10q3 � 3:7148� 10�12q4

a4 ¼ �8:3656� 10þ01 � 1:9650� 10þ03qþ 5:4960� 10þ02q2 � 6:0663� 10þ01q3 þ 2:3410q4

a5 ¼ �2:4281� 10�13 þ 1:4976� 10�14q

a6 ¼ 6:59769� 10þ02 þ 1:9983� 10þ03q� 5:7275� 10þ02q2 þ 6:3522� 10þ01q3 � 2:4543q4

a7 ¼ 3:9184� 10�03 � 3:0028� 10�03qþ 7:9302� 10�04q2 � 9:0454� 10�05q3 þ 3:5730� 10�06q4

a8 ¼ �2:1097� 10�08 � 1:0837� 10�09qþ 2:8649� 10�11q2 þ 3:4214� 10�11q3 � 2:0635� 10�12q4

a9 ¼ �4:2931� 10�04 þ 4:8312� 10�03q� 1:1840� 10�03q2 þ 1:2638� 10�04q3 � 4:8460� 10�06q4

r242
a ¼ f1ðr; b; q; g ¼ 0Þ, Eq. (11), with

a0 ¼ 3:0118� 10þ01 � 6:5618� 10�01q

a1 ¼ 7:3847� 10�02 � 7:2747� 10�02qþ 2:7282� 10�02q2 � 3:1957� 10�03q3 þ 1:1832� 10�04q4

a2 ¼ 6:4450þ 2:1587� 10�01q� 2:4665� 10�02q2

a3 ¼ �4:0275� 10�04 � 2:8568� 10�04qþ 2:5461� 10�05q2

a4 ¼ �2:7537� 10þ01 þ 7:4897� 10�01q

a5 ¼ 4:1927� 10�06 þ 4:0962� 10�07q� 6:7322� 10�08q2

a6 ¼ 3:0368� 10þ01 � 5:8145� 10�01q

a7 ¼ 9:7741� 10�03 � 2:0036� 10�02qþ 1:1978� 10�03q2

a8 ¼ �5:1067� 10�04 þ 1:5204� 10�04q� 7:4631� 10�06q2

a9 ¼ 1:5474� 10�01 � 1:1565� 10�03q� 5:4451� 10�04q2

r155
a ¼ f1ðr; b; q; gÞ, Eq. (11), with

a0 ¼ 1:9339� 10þ02 � 1:2885� 10þ01 � q� 7:831 � g
a1 ¼ 1:4676� 10þ02 � 3:0342� 10þ01 � q� 3:3965� 10þ01 � g þ 2:7774 � q2 þ 2:6193 � g2

a2 ¼ �2:5837� 10þ03 þ 3:4162� 10þ02 � qþ 2:5883� 10þ02 � g
a3 ¼ q�g

ð�7:1656�10�01þ4:4941�10�02 �expðqÞþ6:7029�10�03 �expðgÞÞ

a4 ¼ �1:1637� 10þ04 þ 5:8691� 10þ03 � qþ 2:6127� 10þ03 � g � 1:1681� 10þ03q2�
3:1771� 10þ02 � g2 þ 7:5772� 10þ01 � q3 þ 7:6019 � g3 � 9:1283� 10þ02q � gþ
3:3483� 10þ01q2 � g þ 4:5734� 10þ01 � g2 � q
a5 ¼ �9:2356� 10�01 þ 6:6888� 10�02 � qþ 1:0511� 10�01 � g
a6 ¼ �8:3028� 10þ02 þ 2:9518� 10þ03 � qþ 1:8994� 10þ03 � g � 1:9336� 10þ02 � q2

�7:2757� 10þ01 � g2 þ 2:3589� 10þ01 � q � g
a7 ¼ 8:9867� 10þ02 � 6:5205� 10þ01 � q� 4:5833� 10þ02 � g
a8 ¼ �4:1393� 10þ01 þ 9:0863� 10�01 � qþ 4:9750 � g þ 1:2383� 10�01 � q2 � 2:4634� 10�01 � g2

a9 ¼ �8:0211� 10þ02 þ 6:0288� 10þ01 � qþ 6:2367� 10þ01 � g
r157

a ¼ f1ðr; b; q; gÞ, Eq. (11), with

a0 ¼ 7:3318� 10þ03 � 6:7731� 10þ03 � qþ 1:6764� 10þ03 � g þ 1:5868� 10þ03 � q2�
1:7375� 10þ02 � g2 � 1:0986� 10þ02 � q3 þ 5:7503 � g3 � 2:4407� 10þ02 � q � g
þ8:8016 � q2 � g þ 1:1284� 10þ01 � g2 � q
a1 ¼ 6:4762� 10þ02 � 1:3052� 10þ02 � q� 1:5197� 10þ02 � g þ 1:1948� 10þ01 � q2 þ 1:169� 10þ01 � g2

a2 ¼ �1:1121� 10þ04 þ 1:4610� 10þ02 � qþ 1:1090� 10þ03 � g

(continued on next page)
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each of the relevant species for the absorption and capture cross
sections, thermal and fast neutron flux and local burnup end in
case of 155Gd and 157Gd in terms of the initial gadolinium contents.
Then empirical expressions are fitted for the cross sections as func-
tions of the burnup, the radial coordinate and the enrichment, for
each of the species. In this way, the so generated expressions are
valid in a continuous range limited by the boundary values of the
parameters mentioned above. These functions, which we indicate
as ri

a;cðr; b; q; gÞ; are introduced in DIONISIO and subjected to sev-
eral tests: firstly, the parameterized functions are compared with
the curves obtained with the reactor codes; secondly, the predic-
tions of the balance Eqs. (1)–(10) are compared with those of the
reactor physics codes; finally, experimental results are used to
compare the performance of DIONISIO as a whole.

The formulae fitted in the present work for the cross sections of
absorption, capture and fission of 235U, 236U, 238U, 239Pu, 240Pu,
241Pu, 242Pu, 155Gd and 157Gd can be grouped in the following gen-
eral function shape:

f1ðr; b; qÞ ¼ a0 þ a1r þ a2bþ a3r2 þ a4rbþ a5b2 þ a6r3

þ a7r2bþ a8rb2 þ a9b3 ð11Þ

The following step is fitting empirical expressions for the coef-
ficients a0, . . ., a9 of (11) in terms of q and g for gadolinium. In this
way, the cross sections of both gadolinium isotopes depend on four
variables. To determine the total neutron flux, necessary to solve
the balance Eqs. (1)–(9), a parametric expression is built in terms
of the initial content of 235U and Gd, the average burnup and the
linear power in the pellet.

/totðr; b; q; gÞ ¼
Pvol

3:2� 1011
X

i

ri
f ðr; 0;1; gÞNi

� ða0 þ a1bþ a2qþ a3b2 þ a4bqþ a5q2

þ a6b3 þ a7b2qþ a8bq2 þ a9q3Þ ð12Þ

where Pvol is the volumetric power density expressed in W cm�3,
ri

f ðr;0;1; gÞ represents the fission cross section of isotope i (i = 155

or 157) in the reference condition corresponding to fresh fuel
(b = 0), enrichment 1 wt% (q = 1) and initial gadolinium content (g).

2.1. Comparison between predicted and calculated cross sections

The empirical expressions obtained for r235
f ; r238

a ; r239
a and r241

a

(representing the fission cross section of 235U and the absorption
cross sections of 238U, 239Pu and 241Pu, respectively) and those
for /tot where published elsewhere (Soba et al., 2013). In this paper
we present, as examples, the empirical expressions obtained for
r235

a ; r236
a ; r240

a and r242
a (representing the absorption cross section

of 235U, 236U, 240Pu and 242Pu, respectively) and those coefficients
for r155

a ðr; b; q; gÞ, r157
a ðr; b; q; gÞ referred to the absorption cross sec-

tion of Gadolinium isotopes. All these functions are displayed in
Table 1.

Figs. 1–5 show, under selected conditions, the comparison be-
tween the empirical laws fitted in this work and the results ob-
tained with the reactor codes HUEMUL and CONDOR for the local
burnup, concentration and cross sections of absorption, capture
and fission of the U and Pu isotopes.

2.2. Comparison against experimental results

Experimental data corresponding to the high burnup range were
chosen from the NEA data bank to compare the code results with the
numerical predictions. In particular, experimental determinations of
the total U and Pu content are found in several HBEP (High Burnup
Effects Programme Final Report, 2002) experiments, an international
series of experiences with the objective of obtaining useful and well-
characterized data on rods irradiated to high burnup levels. We pres-
ent in Fig. 6 a comparison between experimental data and predic-
tions of DIONISIO for the A3/6-4 and 3-189 rods.

The following figures (Fig. 7) show the measured data of aver-
age burnup and total plutonium together with the results of DIONI-
SIO. The experiments were taken from the FUMEX II (IAEA, 2012)
and FUMEXIII (Killeen et al., 2009) databasis.

In Fig. 8 we present some DIONISIO calculations of Gadolinium
isotopes content in function of burnup (left graph) and across de

a3 ¼ q�g
ð�1:7177�10�01þ1:0722�10�02 �expðqÞþ1:5135�10�03 �expðgÞÞ

a4 ¼ 1:7696� 10þ04 � 5:5024� 10þ03 � q� 5:0299� 10þ03 � g
a5 ¼ �1:3180� 10þ01 þ 1:3711 � qþ 3:3317 � g � 1:0730� 10�01 � q2 � 2:3917� 10�01 � g2

a6 ¼ 1:9835� 10þ04 þ 4:9922� 10þ03 � qþ 4:9244� 10þ03 � g
a7 ¼ 3:8504� 10þ03 � 2:7806� 10þ02 � q� 1:9614� 10þ02 � g
a8 ¼ �1:6426� 10þ02 � 5:1839� 10�01 � qþ 2:1626� 10þ01 � g þ 8:9344� 10�01 � q2 � 1:097 � g2

a9 ¼ �4:2786� 10þ03 þ 5:5727� 10þ02 � qþ 3:3387� 10þ02 � g � 2:9959� 10þ01 � q2 � 5:5259 � g2
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Fig. 1. Capture cross section r241
c of 241Pu vs. the relative radius for different values of the initial enrichment and different levels of average burnup. Comparison between the

values predicted by HUEMUL and the functions included in DIONISIO.
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pellet (right graph). The data for comparison were taken from ref-
erence (Massih et al., 1992).

3. Other species calculations

The experimental determinations (Lassmann et al., 1995) show
that the fission yield of Cs, Nd and Xe can be reasonably approxi-
mated by constants, so that the generation rates of these elements
per unit volume (involving the different isotopes and their decay
chains) are proportional to the fission rate. The rate laws are thus
expressed as @Ci

@t ¼ Yi
_f where i indicates the element, C is the con-

centration in atoms/cm3, _f is the local fission rate in fissions/
(cm3 s) and the respective fission yields are YCs � 0:150,
YNd � 0:199 and YXe � 0:268. These expressions are used in the
TRANSURANUS code and were also adopted in DIONISIO.

The proportionality between the local concentration of Nd and
the local burnup is experimentally verified. Something similar also
holds for Cs, but with a larger dispersion. Due to this property, Nd
and Cs concentrations are used as a measure of the local burnup le-
vel. With respect to xenon, the EPMA determinations show the de-
crease of the gas dissolved in the matrix for burnups higher that a
certain level. Xe concentration is experimentally used to locate the
burnup threshold Buo. For Bu > Buo, the high-burnup microstructure
forms, and a considerable fraction of Xe is collected by the large
pores. The depletion of gas from the matrix is well represented by
the following empirical expression (Lassmann et al., 1995) which
was adopted for the concentration of Xe dissolved in the matrix

CXe ¼ 1:46� 10�2 1
a

� �
þ Buo �

1
a

� �� �
e�aðBu�BuoÞ

� �
ð13Þ

where a = 0.058 is a fitting parameter. These expressions are com-
pared with experimental data. In particular, the determinations per-
formed on the A3-6-4 rod of the HBEP3 experiment are shown in

Fig. 9 and compared with the curves obtained with this
approximation.

Fig. 10 presents an extensive comparison between Cesium
experimental measurements and values calculated with DIONISIO
in some rods of the HBEP (High Burnup Effects Programme
Final Report, 2002), OSIRIS(Rapport d’Assurance Qualite Crayon
FF06E2BV/G07/1067, 1998) and REGATE(NEA, 2004) experiments.
A general trend of DIONISIO to overestimating the experimental
values in the range of low Cs production is recognized. Neverthe-
less, the 90% of the data analyzed fall within the 15% error lines.

4. Thermal conductivity of UO2 and (U,Gd)O2

Computer codes used for simulating the thermo-mechanical
behaviour of nuclear fuels must include an adequate description
of the thermal conductivity, since it plays a key role on the accu-
racy of the prediction of temperature distribution in the system,
and in consequence of all the physical properties of the whole sys-
tem. The thermal conductivity of UO2 is a function not only of tem-
perature, but of variables such as burnup level, porosity,
stochiometry, Pu and Gd content, etc.

In this work, different thermal conductivity models published in
the open literature have been evaluated, for UO2, (U,Pu)O2 and
(U,Gd)O2 fuels, as well as a large amount of related experimental
data. Staring from an expression published by Fink (Fink, 2000),
modifications were introduced to reflect the degradation of ther-
mal conductivity due to burnup and to the presence of Gd in the
lattice and to give the best possible fitting to the experimental data
available in the literature. The expression adopted is (in W/cm �C)

kðTÞ ¼ ð1� p2=3Þ 1

Aþ BT þ CT2 þ aGdwGdðbGd � TÞ þ hDðT; BuÞ

"

þ ð1� cGdwGdÞ
D

T5=2 exp � E
T

� ��
ð14Þ
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Fig. 2. Fission cross section r241
f of 241Pu vs. the relative radius for different values of the initial enrichment and different levels of average burnup. Comparison between the

values predicted by CONDOR and the functions included in DIONISIO.
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where p is the material porosity, T the absolute temperature, wGd

the weight fraction of Gd. For the function hD was adopted the
expression (Spino et al., 2005)

hDðBuÞ ¼ AD þ BD exp �Bu
CD

� �
ð15Þ

The fitting parameters of this formula as well as aGd, bGd and cGd

in the previous one were selected according to the experimental
data compiled in references (Fink, 2000; Ronchi et al., 2004).
Fig. 11 shows the effect of burnup on the thermal conductivity of

UO2. Generally speaking, in the range 0–1660 �C, different authors’
proposals are similar evidencing the decrease of conductivity with
temperature. For higher temperatures there is a tendency to grow
and the dispersion is clearly larger. While the effect of burnup is more
visible in the lower temperature range, for temperatures about
1600 �C and Bu > 60 MWd/kgU the conductivity is about 0.02 W/cm�C.

Fig. 12 shows the addition of gadolinium effect on thermal con-
ductivity of unirradiated UO2. The conductivity degradation in-
creases with the Gd content, although its influence is relatively
lower for high temperatures and burnup levels.
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5. A model to predict porosity evolution in rim zone

For extended irradiation periods, a new microstructure devel-
ops in the pellet periphery (rim zone) characterized by small grains
and large pores as compared with those of the original material. In
this region xenon is absent from the solid lattice (although it con-

tinues to be dissolved in the rest of the pellet). The porous micro-
structure in the pellet edge causes local changes in the mechanical
and thermal properties, thus affecting the overall fuel behaviour.
The evolution of porosity in the high burnup structure (HBS) is as-
sumed to be determinant of the retention capacity of the fission
gases released by the matrix. This is the reason why, during the lat-
est years a considerable effort has been devoted to characterizing
the parameters that influence porosity.

Starting from several works published in the open literature, a
model was developed to describe the behaviour and development
of porosity at local burnup values ranging from 60 to 300 MWd/
KgHM. The model is mathematically expressed by a system of
non-linear differential equations. Phenomena like the growth of
pore radius by vacancies trapping, the interactions of different or-
ders between open and closed pores (coalescence), the evolution of
the pore number density, the internal pressure and over pressure
within the closed pores, interactions between pores and the free
surface (gas venting), the fission gas retained in the matrix and re-
leased to the closed pores and to the free volume of the rod are
analyzed.

The HBS can be conventionally considered to start at �60 MWd/
kgU. Two parameters, porosity and pore number density, become
useful to describe the HBS. Both show a change of behaviour at a
burnup threshold of about 100 MWd/kgU. In the interval between
60 and 100 MWd/kgU, porosity increases with burnup at a rate of
about 1.7%/10 MWd/kgU until it reaches about 10% at the burnup
critical value. For burnups higher than 100 MWd/kgU, the porosity
increase rate is about 0.6%/10 MWd/kgU (Spino et al., 2006). The
pore number density, instead, increases with burnup until reaching
a maximum of about 108 pores/mm3 at the burnup threshold value
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and then decreases (Spino et al., 2006). This fact reveals that after
�100 MWd/kgU the pores coalescence process becomes signifi-
cant. In the burnup range beyond the critical value, the pore den-
sity decreases while larger pores are generated as the burnup
increases.

For these reasons, two different schemes have been adopted to
represent the system state in terms of the local burnup level: model

1, valid for burnups between 60 and 100 MWd/kgU and model 2,
for burnups above 100 MWd/kgU. (For local burnup values even
higher, the pores next to the pellet surface are postulated to ac-
quire an increasing probability of making contact with the free sur-
face and thus becoming open pores). The microstructure adopts a
typical aspect referred to as ultra high burnup structure (UHBS).
The experimental data reveal that the fraction of open pores re-
mains low and limited to a very narrow layer in the pellet periph-
ery. Spino et al. (1996) determined that a local burnup as high as
250 MWd/kgU is necessary for reaching a total porosity of 24%. Be-
low this burnup level, the open porosity represents less than 7% of
the total porosity. These very high local burnup levels should be
necessary in order that the pores made contact with the pellet sur-
face thus releasing its gas content. The model predicts that the
fraction of open pores decreases towards the pellet interior so that
the vented zone should be limited to the outer 20 lm layer. The
complete model is described elsewhere (Martín Lemes et al.,
2014; Estudio analítico y numérico de los efectos de la irradiación
hasta alto quemado en combustibles de reactores de potencia,
2013). Only the more relevant aspects will be explained here.

� Pores are assumed of spherical shape with radius Rp. The pores
population within the material is characterized by the porosity
(r) and pores density (np), which are related by r ¼ 4

3 pR3
pnp.

� The accumulation of fission gas within the closed pores gives
rise to a certain overpressure on the pore surface given by
Df ¼ Pp � 2c

Rp
� Phwhere Pp is the pressure due to the gas within

the pore, Ph is the hydrostatic pressure and c is the surface
energy of the pore, estimated in c � 1J=m2:
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� The gas enclosed in the pores, mainly Xe, is assumed to obey the
Van der Waals equation. Then, Ppð43 pR3

p �xXeNpÞ ¼ NpkT where
xXe � 8.5 � 10�29 m3/atom, is the specific volume for Xe, Np is
the number of gas atoms in a pore and T is the absolute temper-
ature. The number of fission gas atoms enclosed in the pores per
unit volume of the material is Cp = Npnp and then Pp(r –
xXeCp) = CpkT.
� The fission gas generated during fuel irradiation, cgen, is distributed

among pores, cp, matrix, cmatrix, and rod free volume, crel, i.e.: cgen = -
cp + cmatrix + crel, all of them measured as weight percent of fuel.
� In the burnup range corresponding to model one crel is very low

and can be approximated by crel � 1:6� 10�6 wt%. The empiri-

cal expression r ¼ ð0:015þ0:008kÞBu
1�0:0135�Buþ6�10�5Bu2

h i
� ð0:036� r0Þ was

developed for porosity in terms of local burnup. It includes
the possible effects of pellet-cladding mechanical interaction
(k ¼ 1 when pellet-cladding contact exists and k ¼ 0 when it
does not). r0 represents the porosity reached by the fuel mate-
rial when Bu = Buo = 60 MWd/kgU, i.e. when the high burnup
range starts. The value of r0 is usually in the range 3–6%,
depending on the fabrication route and base irradiation
conditions.

� Model two includes the mechanisms of pore growth due to trap-
ping of vacancies and interstitials, and to interactions of diverse
orders between pores (closed or open) and of pores with the
pellet surface. According to (Blair, 2008; Olander, 1976; Khvos-
tov et al., 2011) the pore radius growth rate is given by
dRp

dt ¼ 1
Rp
½DvX0

v ð1� expð� DfX
kT ÞÞ � DiX

0
i ð1� expðDfX

kT ÞÞ� where X
indicates the volume associated to the point defects assumed
equal to the volume per uranium atom in the UO2 lattice
(X = 4.09 � 10�29 m3), the term DfX in both exponents repre-
sents the work invested in moving an atom under a pressure
Df thus creating a point defect of volume X; Xv,i = XCv,i indi-
cates the fraction of sites occupied by vacancies/interstitials. A
system of coupled differential equations is solved to obtain
the fractional concentrations of vacancies and interstitials,
which lead to the pore radius Rp.

The complete model is compared with experimental data obtained
from the open literature (Noirot et al., 2008; Une et al., 2001; Spino
et al., 2005; Noirot, 2006). The results are shown in Fig. 13.

6. Conclusions

Several subroutines have been incorporated to the DIONISIO
code in recent times. They are oriented to extending the scope of
the code to the high burnup range. The radial profiles of the more
significant Uranium and Plutonium isotopes are evaluated, assum-
ing that the resonant absorption of epithermal neutrons by 238U is
responsible for the formation of the rim structure. The degradation
of thermal conductivity with burnup as well as its dependence
with the content of gadolinium, usually included as burnable poi-
son, were also considered. Empirical models describing the pro-
duction of Nd, Cs and Xe were incorporated to the code.

A more complex model aimed at describing the formation and
progress of the high burnup microstructure was also incorporated.
The evolution of parameters like porosity and pore number density
of closed and open pores, overpressure provoked by the fission gas
enclosed in the pores, concentration of point defects in the vicinity
of these pores, inventory of gas retained in the solid matrix of the
transformed pellet region, trapped in the pores and released to the
rod free volume are considered in terms of the burnup, in the range
between 60 and 300 MWd/kgU, as well as in terms of the radial po-
sition within the fuel pellet in its outer ring.
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All the subroutines were subjected to numerous separate tests
that included parametric analyses spanning a wide range of tem-
perature, burnup, fission rate, surface/volume ratio, among others.
The model testing also covered comparison of its results with
experimental information mostly obtained from the FUMEX I/II/
III data bank showing a good agreement both in the average bur-
nup as well as in the total plutonium produced.

With the improvements recently introduced, involving subrou-
tines for the physical and chemical properties of the fuel material
in the high burnup range, the code DIONISIO in its version 2.0 evi-
denced a good performance in the numerous simulations of exper-
imental situations typical of PWR, BWR and PHWR fuels. On this
basis, DIONISIO 2.0 can be regarded as an adequate simulation tool
even for average burnup levels as high as 60 MWd/kgU.
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