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A group of subroutines, designed to extend the application range of the fuel performance code DIONISIO
to high burn up, has recently been included in the code. The new calculation tools, which are tuned for
UO; fuels in LWR conditions, predict the radial distribution of power density, burnup, and concentration
of diverse nuclides within the pellet. The balance equations of all the isotopes involved in the fission pro-

cess are solved in a simplified manner, and the one-group effective cross sections of all of them are
obtained as functions of the radial position in the pellet, burnup, and enrichment in 23°U.

In this work, the subroutines are described and the results of the simulations performed with DIONISIO
are presented. The good agreement with the data provided in the FUMEX II/IIl NEA data bank can be eas-

ily recognized.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

When the residence time of nuclear fuel rods of uranium (or
uranium-plutonium) oxide is increased beyond a given threshold
value, several properties of the pellet material suffer changes and
hence the posterior behavior of the rod is significantly altered.
Structural modifications start at the pellet periphery, which is usu-
ally referred to as rim zone, and are a consequence of the localized
absorption of epithermal neutrons by 238U. Due to the resonant
peaks of the absorption cross section of this isotope and due to
the chains of nuclear reactions that take place, several Pu isotopes
are born especially at the rim. In particular, the fissile character of
239py and 2!Pu is the cause of the increased number of fission
events that occur in the pellet periphery. For this reason, the radial
dependence of the power generation rate and the burnup accumu-
lation needs to be considered. These parameters, which at low and
intermediate burnup levels can be considered with a reasonably
good approximation as uniformly distributed, reach values two
or three times higher at the rim than at the rest of the pellet when
the average burnup exceeds a certain magnitude [1].

A local burnup threshold value of about 60 MWd/kgHM can be
established on an empirical basis for the initiation of the rim struc-
ture. This value of burnup in the pellet periphery is reached at an
average burnup of 40-45 MWd/kgHM. Beyond this threshold, the
width of the rim zone increases as the irradiation progresses.
One of the distinctive features of the rim is its low thermal conduc-
tivity [1,2], which has a significant effect on the temperature distri-
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bution in the whole pellet. The size of grains and pores in the rim is
markedly different to that in the fresh fuel. The new structure has
an effect not only on the thermal conductivity, but also on the
mechanical integrity of the pellet. The numerical codes designed
to simulate fuel behavior under irradiation must include the phe-
nomena associated with high burnup if they aim at extending
the prediction range, and this is the purpose with our DIONISIO
code. A detailed analysis of the aspects described above demands
the formulation of the balance equations of all the isotopes that
are born and destroyed during the irradiation process, taking into
account the whole neutron energy range involved. This is a formi-
dable task not suitable to be included in a fuel performance code,
which must attend the great number of thermomechanical and
thermochemical processes within the fuel rod.

The codes specialized in reactor physics perform these calcula-
tions, solving the Boltzmann transport equations [3] in a number
of energy intervals (groups) and including adequate considerations
in the region of the resonant absorption peaks of 233U. They predict
with high precision the radial distribution of neutron flux, burnup
and concentration of every isotope, fissile, fissionable or fertile, gas-
eous 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 [4,5], HELIOS [6,7], CONDOR [8], and HUEMUL [9].

In order to avoid the mentioned difficulties but without losing
the required completeness, a simplified treatment was proposed
in the past by reducing the energy spectrum to a single group.
The purpose is to obtain empirical expressions to represent, with
the higher possible approximation degree, the absorption, capture,
and fission cross sections as functions of the initial enrichment in
235y, the average burnup and the radial coordinate. The curves
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obtained with a so drastic simplification demand a careful testing
before incorporation into the general fuel behavior code. This
testing is performed via comparison with the reliable reactor
codes. After verification, the curves are incorporated into the fuel
code, which 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 [10], which was validated against the WIMS code.
The TUBRNP model, included in the TRANSURANUS code [11]
and the RAPID model [12], served as a basis for the development
of the present work.

In this work, the original idea of RADAR is maintained, but the
validity range and scope of the equations are extended. The curves
fitted for the cross sections are compared with the predictions of
the reactor cell codes HUEMUL and CONDOR. The final purpose is
to extend the application range of the DIONISIO code [13-15]
(originally designed to predict the fuel behavior in normal opera-
tion conditions) to the high burnup domain.

The HUEMUL code: The HUEMUL system is a two-dimensional
cell code that calculates cross sections and simulates fuel burnup.
It has a modular structure and solves the neutronic transport equa-
tion using the probability of collision theory. HUEMUL contains a
basic scheme consisting of a number of elemental volumes called
representation mesh. On this scheme, the calculation net is estab-
lished, using the finite difference method, to give the neutron flux
distribution and other neutronic parameters. In the representation
mesh, the distribution of all fundamental properties of the system
is defined: materials with the corresponding tables of cross sec-
tions, thermal-hydraulic properties, isotope concentrations, etc.
All these parameters are stored in a data base and are available
for any type of simulation.

The CONDOR code: The CONDOR calculation package uses a two
dimensional Heterogeneous Response Method (HRM) [16] with
angular dependent coupling currents to calculate the neutron flux
distribution in fuel assemblies of nuclear reactor cores. In this
method, whole fuel assembly is divided into cells or elements,
which are coupled by interface currents. In each cell the calcula-
tions are performed by the collision probability method. Collision
probabilities are numerically integrated using the Carlvik’s method
with a smart ray-tracing scheme, followed by normalization to re-
duce instabilities. Transformation laws on response fluxes and
multiple collision escape and transmission probabilities are used
to reduce the computational time. This method is applied not only
during burnup but also when two elements with identical geome-
try have cross sections that differ very little. The CONDOR calcula-
tion package contains a library of nuclear data and works with a set
of auxiliary programs. A distinctive feature of CONDOR is the use of
the subgroups method which enables the simulation of the spatial
shielding effect of the resonances.

With these codes, the time evolution of a fuel pellet was simu-
lated. The final average burnup is given values ranging from fresh
fuel to 120 MWd/kgHM. For enrichment, values in the interval
from natural Uranium to 12% are assigned. The evolution of the ra-
dial distribution of 23°U, 23U, 238y, 239py, 24Py, 24'Pu, and 24’Pu
was obtained. These results were used to fit functions to represent
the absorption and capture cross sections for each one of the
above-mentioned species. A function to express the total flux as
a function of the linear power, the enrichment, and the flux of ther-
mal neutrons within the pellet was also fitted.

The present work describes the equations contained in the sub-
routine included in DIONISIO, the calculation methods used, and
the empirical functions obtained. Two types of validations are pre-
sented: firstly, that referred to the comparison of the empirical
expressions and the codes chosen as basis. Secondly, the results
of numerous simulations performed with DIONISIO are presented
and compared with the corresponding experimental data.

2. Numerical scheme

The balance equations considered in DIONISIO are listed below.
They relate the variation rate of the concentration N (atoms/cm?)
of each of the relevant isotopes (indicated by subscripts formed
by name of the element and mass number of the isotope) with
the instantaneous value of the concentration. The cross section ¢
(expressed in barns) is labeled with a subscript q, ¢, 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 4 (measured in 1/s). ¢ (neutrons/(cm? s)) indicates
the one-group neutron flux. N and ¢ are considered as functions of
the irradiation time (t) and the radial position (r) in the pellet; ¢ is
assumed to depend on the radius, the average burnup (b), and the
initial enrichment (g) in 2>°U measured in wt.%.

ONua3s

a —Nuass(t,1)02%(r,b, q)(t,T) (1)
% = —Nuass(t, 1) 028 (r, b, @) (L, 1)
+NU235(t7 r)0?35(r7b7q)¢(ts r) (2)
% = —Nus(t, )28 (r,b,q)$(t, 1) 3)
% = —Npuso(t,1) (62 (r, b, q)(t,T) + 2
+NU238(t: r)0?38(r7b7q)¢(t7 r) (4)
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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).

To determine the total neutron flux, a parametric expression is
built in terms of the initial enrichment, the average burnup, and
the linear power in the pellet.

Puol 1
3.2 x 107" X5,05(r, b, q)(Ni)

¢tot = (8)

where P, is the volumetric power density expressed in W cm ™2,

This function is compared with the predictions of HUEMUL and
CONDOR, assuming typical conditions of a PWR reactor.

The total flux is used in the balance Egs. (1)-(7) to predict the
behavior of each isotope.

The 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 UO, pellet; the initial
enrichment is varied from 0.7% to 12%; the final average burnup
is given values ranging from fresh fuel to 120 MWd/kgU. With
these results, empirical expressions are fitted for the absorption,
capture and fission cross sections of each relevant isotope, neutron
flux and local burnup, all of them as functions of the radial
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coordinate (r), the average burnup (b) and the enrichment (q). In
this way, the so-generated expressions are valid in a continuous
range limited by the extreme values of the parameters r, b, and
g. The empirical correlations that we indicate as af]_’c  for absorp-
tion, capture or fission of the nuclide i, are introduced in DIONISIO
and subjected to several tests: firstly, the parameterized functions
are compared with the curves obtained with the reactor codes;

Table 1

secondly, the predictions of the balance Egs. (1)-(8) are compared
with those of the reactor physics codes; and finally, the empirical
expressions are introduced in DIONISIO, and the predictive ability
of the code as a whole is tested by comparison of its results with
experimental data.

The formulae fitted in the present work for the cross sections of
absorption, capture and fission of 23°U, 236y, 238y, 23%py, 24%py,

Correlation formulae and the corresponding coefficients for the fission cross section of 23U, the absorption cross sections of 238U, 23°Pu and 24'Pu, and the total neutron flux,

calculated for a single energy group.

67> = fi(r,b,q) Eq. (9), with

ao=7.5185 x 10" — 3.3072 x 10'q + 7.4396¢° — 8.3136 x 10~ 'q> + 3.5577 x 10%¢*

a,=9.0481+7.111q

a; = —2.9476 x 107> + 1.882 x 1073 — 5.0146 x 10~%¢g% + 6.024 x 10~°¢> — 2.677 x 10~5q*

a3=-2.792 x 10! — 2.6119 x 10'q

a4=—3.0152 x 1075 — 2.8059 x 10~5q + 2.4603 x 10~5¢> — 3.8561 x 10~6¢> + 1.8424 x 10~ 7g*
a5 =4.5631 x 1078 — 3.0459 x 108 + 8.3540 x 1092 — 1.0234 x 10~°¢® + 4.609 x 10~g*

as = 5.4365 x 10" +2.8356 x 10'g
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6238 = fo(r,b,q) Eq. (10), with
ao=1.10 — 0.011q

a; =0.90
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aa=-132x10""

as =0.920
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a; =—-8.760
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ap=8.1519 x 1072 +2.6563 x 103q
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ag = 3.6782 x 102 + 8.4903¢q
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brorat = f3(1, b, q) Eq. (11), with
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a; = —3.0432 x 10°°
a,=0.0113
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Fig. 1. Comparison between the results obtained with the correlation law devel-
oped in DIONISIO for the absorption cross section of 23U and the results given by

RAPID and CONDOR. The example corresponds to a pellet with an initial enrichment
of 3 w% in #*°U and an average burnup of 58 MWd/kgU.

241py and 2*2Pu and for the total neutron flux can be grouped in the
following function shapes:

fi(r,b,q) = ao + ai7 + axb + asr + asrb + asb® + ar® + a;r%b
1 agrb® + agh?

f(r,b,q) = ao(ar + ab + asb®

+asb?) (a5 + ag exp <a7 <1 -
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239

S

163

onl
3.2 x 10*“20}0,0,1)1\11-
1

f3(r7 b7 q) =

(Go + a1b + a>q + asb® + azbq + asq?

+ agh® + a;b*q + ashq* + asq?) (11)
where 6}' (r,0,1) represents the fission cross section of isotope i in
the reference condition corresponding to fresh fuel (b=0) and
enrichment 1 wt% (g =1).

In the election of the coefficients, the criterion was to optimize
the fitting in the intermediate ranges of burnup and/or initial
enrichment, that is, from 20 to 80 MWd/kgHM and from 3 to
8 w% 23%U, respectively, since these are the values of interest in
the present fuel development studies.

3. Results

By way of example, the empirical expressions obtained for g2%,
0238, 6239 and ¢2*! (representing the fission cross section of 2*U
and the absorption cross sections of 228U, 23°Pu and 24'Pu, respec-
tively) and those for ¢, are displayed in Table 1. Similar correla-
tions, not listed in the Table, were obtained for the rest of the
cross sections used in the equations system (1)-(7).

These correlations represent surfaces in a four-dimensional
space defined by the variables r, b, q, and ¢ or ¢. Figs. 1-3 show
some particular sections of these surfaces. They make evident the
good quality of the approximations obtained with the correlations
determined in the present work in comparison with the results gi-
ven by reliable reactor codes like RAPID, CONDOR, and HUEMUL.
The selected examples correspond to the absorption cross section
0238 of 238U, the fission cross section o9 of 239py, and the

(b) 4]
421
401
38
36
34

50 MWd/KgU

239
o, (barns)

CONDOR DIONISIO

100 MWd/KgU

T T T T 1

07 08 09 10

Fig. 2. Fission cross section 0}39 of 239Pu 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. The legend in (c) applies for the three plots.
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Fig. 3. Absorption cross section 624 of 2*°Pu vs. the relative radius for an initial
enrichment of 4 wt% in 23U and different levels of average burnup. Comparison
between the values predicted by HUEMUL and the functions included in DIONISIO.

absorption cross section g2%° of 4Py, respectively, vs. the relative
radius for different values of the initial enrichment and different
levels of average burnup.

The first of them deserves special attention. The depletion of
Uranium that is observed in the external pellet zone is basically
due to the behavior in the resonance region of the absorption cross
section of Uranium 238. The effective absorption cross section
evaluated by CONDOR, RAPID, and DIONISIO is represented in
Fig. 1 vs. the relative radius of the pellet. The calculations were per-
formed for typical, representative values of enrichment and aver-
age burnup.

(a) HUEMUL  DIONISIO
239
BT . —
2.0x10° 2405, | .
3 241
S 1.6x10* 242Pu
x Pu v e
e 1.2x10*
% .......c.oooooooooocooooo
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4.0x10° aagpredX
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T T

0 20 40 60 80 160 1éO 1210 1é0
burnup (MWd/kgHM)

100 120 140 160

0 20 40 60 8'0
burnup (MWd/KgHM)

Given that the cross sections are functions of several variables,
different intersections can be taken. For instance, in each plot of
Fig. 2, a fixed value of average burnup has been chosen and several
curves have been drawn for different enrichments. In contrast, in
Fig. 3, the initial enrichment is fixed and the curves are plotted
for different values of the average burnup.

Fig. 4 shows the concentration in atoms/cm?> of the relevant Pu
isotopes. The curves correspond to the time evolution at the pellet
mean radius. Each plot was drawn for a given initial enrichment. As
in Figs. 2 and 3, the solid lines represent the simulations of DIONI-
SIO and the dotted lines the results given by HUEMUL.

The local burnup, obtained as the result of the contributions of
all the fissile isotopes, is plotted in Fig. 5 as a function of the radius.
Each curve has been drawn for a given value of the average burnup.
In this example, the results of DIONISIO are compared with those
of CONDOR.

4. Validation with experimental results

Experimental data corresponding to the high burnup range
were chosen from the NEA data bank to compare the code results
with.

In particular, experimental determinations of the total U and Pu
content are found in the IFA-597 report. In this experiment, a
Westinghouse Atom 8 x 8 fuel rod irradiated in the Ringhals 1
BWR for 12 years to an average burnup of about 68 MWd/kgU
was refabricated, instrumented with centreline thermocouple
and pressure transducer, and irradiated for about 1 month at a
rod-average linear heat rate in the range 25-20 kW/m. Then, sev-
eral post-irradiation examinations were performed [17]: punctur-

(b)
2.0x10™

1.6x10™ 1

1.2x10™

8.0x10°

3 24
N, (at’lcm’) x 10

4.0x10°
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0 20 40 60 8'0 160 1é0 1210 1éO
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Fig. 4. Concentration of 23°Pu, 4°Pu, 24'Pu and 24?Pu vs. burnup for different values of the initial enrichment, predicted by HUEMUL and DIONISIO, for r/rmax ~ 0.5. The legend

in (a) applies for the four plots.
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Fig. 5. Comparison between the distribution of burnup obtained with the corre-
lation laws developed in DIONISIO and the results given by CONDOR, for different
levels of average burnup.

ing followed by mass spectrometry, EPMA, optical and scanning
electron microscopy, profilometry, among others. In particular,
EPMA is used to determine the local concentration of U, Pu, Ce,
and several other elements.

Fig. 6 shows the experimental values and the simulation results
of the radial distribution of the total Plutonium (Npy239+
Npu240 + Npuza1 + Npu242) and Uranium (Nuz35 + Nuy23e + Nuzgg)
content in the pellet. In spite of the important scatter of the exper-
imental values, it is seen that the simulation gives a reasonable
average value of the measured quantities of both elements.

The experimental values of local burnup are obtained in IFA 597
from the determinations of Ce. They are shown in Fig. 7 along with
the results calculated with DIONISIO. Both give an average burnup
of 72 MWd/kgU. In the rim, a maximum burnup of 131 MWd/kgU
is experimentally estimated while the code predicts about
141 MWd/kgU. The agreement is remarkably good, especially if
we take into account that the experimental technique employed
underestimates the actual burnup in the rim by a 10-20%, as as-
sessed in ref [17].

An important set of experiments gives origin to the comparisons
presented in Figs. 8 and 9. They take part of the FUMEXII[18] and III
[19] data basis. In particular, the values of average burnup simu-
lated with DIONISIO are compared in Fig. 8 with the data obtained
in the experiments HBEP-R1-3 [20], US PWR-103 [21], Tribulation
[22], Spc-re-ginna [23,24], Risoe 3 [25], Osiris [26-28], Kola-3
[29,30], Gain [31], and IFA [17]. The mean value of the absolute dif-
ference between calculated and measured values represents 6.2% of
the mean value of the experimental data. All the points in Fig. 8 fall
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Fig. 7. Experimental and simulated radial burnup profile within the pellet.
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Fig. 8. Comparison between calculated and measured values of the average burnup.

within the range +5 MWd/kgU (indicated in the figure with the dot-
ted parallel lines) around the solid line that represents perfect
agreement between calculations and measurements.

Similarly, Fig. 9 shows the comparison between calculated and
measured values of total Plutonium content corresponding to
experiments HBEP-3 [20], Regate [32], Riso-GE [25], Osiris-G07/
HO09 [27,28]. The plot, that involves about 500 data, reveals a good
agreement between the calculated and measured values since 98%
of the points fall within the range +0.5 wt.%, represented in the
figure with the dotted parallel lines, around the line of perfect
agreement. With reference to same set of points, the mean value
of the absolute difference between calculated and measured values
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Fig. 6. Total Plutonium and Uranium concentration vs. the radial position in the pellet.
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Fig. 9. Comparison between calculated and measured values of total Pu content.

represents 15.4% of the mean value of the measured data, express-
ing also the good quality of the approximation reached with the
simulations.

5. Conclusions

A subroutine designed to predict the effects of high burnup on
the fuel pellet has been recently developed and included in the
DIONISIO code. It calculates the radial profiles of the more signifi-
cant Uranium and Plutonium isotopes. The localized absorption of
epithermal neutrons by 223U, with all the consequences it entails, is
assumed to be responsible for the formation of the rim structure.

Before the incorporation of this subroutine to DIONISIO, the
simulation range of the code was limited to average burnup levels
below 40-45 MWd/kgHM (i.e., prior to the appearance of the high
burnup microstructure). In its present version, the code gives rea-
sonably accurate results for average burnup levels of 120 MWd/
kgHM, which correspond to local values in the pellet edge as high
as 300 MWd/kgHM. A necessarily simplified calculation scheme is
adopted consisting of reducing the energy spectrum to a single
group. Even though the approximation is quite drastic, the agree-
ment with the results given by reliable neutronic codes is good,
as revealed by the comparisons presented in this work. In particu-
lar, the curves obtained with the simplified scheme for the absorp-
tion cross section of 238U and the distribution of burnup as
functions of the radial position within the pellet (Fig. 1 are Fig. 5,
respectively) have not only the expected shape but also in perfect
agreement with those obtained with the neutronic calculation
tools. This work also presents the comparison between experimen-
tal data provided by the IAEA (in particular those collected in the
FUMEX II and III data basis) and the simulations of DIONISIO,
which revealed a very good agreement.
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