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Abstract

The validation range of the model in the TRANSURANUS fuel performance code for calculating the radial power density and burn-
up in UO, fuel has been extended from 64 MWd/kgHM up to 102 MWd/kgHM, thereby improving also its precision. In addition, the
first verification of calculations with post-irradiation examination data is reported for LWR-MOX fuel with a rod average burn-up up to
45 MWd/kgHM. The extension covers the inclusion of new isotopes in order to account for the production of 2**Pu. The corresponding
one-group cross-sections used in the equations rely on results obtained with ALEPH, a new Monte Carlo burn-up code. The experimen-
tal verification is based on electron probe microanalysis (EPMA) and on secondary ion mass spectrometry (SIMS) as well as radiochem-
ical data of fuel irradiated in commercial power plants. The deviations are quantified in terms of frequency distributions of the relative
errors. The relative errors on the burn-up distributions in both fuel types remain below 12%, corresponding to the experimental scatter.

© 2008 Published by Elsevier B.V.

PACS: 28.41.Ak

1. Introduction

In order to ensure the safe and economic operation of
nuclear fuel rods, it is necessary to be able to predict their
behaviour and life-time. The accurate description of the
fuel rod behaviour, however, involves various disciplines.
The strong interrelationship between disciplines calls for
the development of computer codes describing the general
fuel behaviour. Fuel designers and safety authorities rely
heavily on these type of codes since they require minimal
costs in comparison with the costs of an unexpected fuel
rod failure.

With the steady increase in the discharge burn-up in
nuclear power plants beyond 50 MWd/kgHM, codes have
been updated. The first step towards increasing the burn-up
range of a code consists in adapting the model for the
radial power distribution. Indeed, the power density pro-
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vides the source term for the temperature calculation,
affecting most mechanisms in the code, as well as the source
term for the radioactive fission products.

However, rather than solving the Boltzmann transport
equation like in the WIMS [1,2] or HELIOS [3.4] lattice
reactor physics codes which are in use by the nuclear indus-
try in fuel management calculations for nuclear power
reactors, fuel performance codes must make use of simpler
models for the sake of calculation time. Most of them were
derived from the RADAR model [5], which is based on
thermal neutron diffusion theory and was validated with
WIMS calculations. The original TUBRNP [6] model for
power and burn-up calculations included in the TRAN-
SURANUS fuel performance code [7], and later also in
other codes like FRAPCON3 [8], extended the RADAR
model by including higher Pu isotopes, and modifying
the radial shape function that accounts for resonance
absorption by *®U. TUBRNP was originally validated
for UO, fuel in light-water reactors (LWRs) with experi-
mental data from fuel with burn-up values between 35
and 64 MWd/kgHM. Later on, the RAPID model [9]
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was developed for the COSMOS code [10-12], PLUTON
[13] was developed for the FEMAXI code [14], while a spe-
cific burn-up model for the RTOP code [15] was developed
for fuel rods in Russian-type WWER reactors. RAPID was
validated purely on the basis of profiles calculated by
HELIOS up to 150 MWd/kgHM, while the others were
validated against experimental data up to 83 MWd/kgHM.
A first attempt to compare TUBRNP predictions with
electron probe microanalysis (EPMA) data for UO,, irradi-
ated up to 102 MWd/kgHM in a commercial pressurized-
water reactor (PWR), revealed that the pellet-averaged Pu
content was under-predicted by roughly 20% [16]. The main
objective of the present paper is therefore to explain how the
predictive capabilities of the TUBRNP routine were
improved, and as such its verification range for UO,
extended from 64 MWd/kgHM to 102 MWd/kgHM. This
is described in the second section of the paper. Another
objective of the paper is to analyse for the first time the
TUBRNP simulations for commercial (U, Pu)O, — referred
to as mixed-oxide (MOX) fuel — used in LWRs. For LWR-
MOX fuel with a burn-up of 45 MWd/kgHM comparisons
are made with EPMA and secondary ion mass spectrometry
(SIMS) data. The verification of TUBRNP with post-irradi-
ation data is presented and discussed in the third section of
the paper. In the fourth and final section of the paper we will
summarize the outcome, and outline the perspectives.

2. Extension of the TUBRNP model

The TUBRNP model [6] is based on the proportionality
of the local power density, ¢"'(r), to the neutron flux, &(r),
to the concentrations of the relevant isotopes, N(r), and to
the corresponding one-group fission cross-sections, oy,
that are averaged over the neutron spectrum

q"(r) o< Y oriNi(r) (r). (1)

The modelling of the radial power profiles is hence split
into (a) the approximation of the neutron flux through
thermal diffusion theory and (b) the computation of the
local concentrations of the relevant actinide isotopes that
are either fissile or fertile.

When comparing the predictions of TUBRNP with
radiochemical and EPMA data for UO, fuel irradiated in
a commercial PWR up to a burn-up of 102 MWd/kgHM
[17,18], the average Pu content in the fuel section analysed
was under-predicted by 20%. In line with the models
included in the RTOP code and COSMOS code, it was
considered coping with this deviation by introducing the
burn-up (or time) dependence in the model parameters.
Therefore, the one-group cross-sections should be derived
as a function of burn-up on the basis of detailed neutronic
calculations. To this end, we adopted the new and more
efficient Monte Carlo burn-up code ALEPH [19], which
combines the ORIGEN 2.2 isotope depletion code with
any version of MCNP or MCNPX for reaction rate calcu-
lations. These calculations revealed, however, that rather

than upgrading the TUBRNP parameters by making them
burn-up dependent, a more physical and simple improve-
ment was needed. It consisted of accounting for the >**Pu
production in TUBRNP, since ALEPH calculations
showed that the production of this isotope becomes rele-
vant in the burn-up range under consideration. As a result,
we have extended the TUBRNP model by including the
local concentrations of the isotopes *°U, **’Np, and
238py. It now covers the following set of equations:

d]\/%j(r) = —0,u235sN U235 ()4,

dN%f;(”) = —0,,0236N v236(r) A + GcU23sNU23s (r)4,
szpszz(l”) = —Oanp231NNp237 ()4 + GeuzeN v2se ()4,
d]\f%j(r) = —0,,u238NU23s (1) fuaas ()4,

MZUTZ;S(F) = —0apu23sNpuss ()4 + Genp237NNp37 ()4,
dN‘;“ff;g(r) = =04 pu39Npu2so(r)A4 + 0cu2ssNuass (1) fuass ()4,
(UVZuTl;O(r) = =G pw40N P20 (1) fowao (1) 4 + Gc puazoN eunsg ()4,
dNZuTMul(r) = — 0 pu2a1 Npwa1 ()4 + 0 puraoN puzao (1) fourao ()4,
MI;;TZLZ(F) = —0apuNewa (r)4 + e puat Npwar ()4

)

Here N(r) is the local concentration of the isotope j, o, and
o are the one-group effective cross-sections for total neu-
tron absorption and neutron capture, respectively, and
‘A’ is a conversion constant (see [6] for details). This eval-
uation assumes a quasi-immediate f-decay of **’U and
23¥Np analogous to modelling the generation of **Pu by
neutron capture of ***U and quasi-immediate f-decay of
290 and 2®Np.

In line with the original TUBRNP model, a radial form
factor f{r) is used to account for the strong absorption of
resonance neutrons in **U and **°Pu

J(r) =1+prexp(=py(R—r)"), 3)

where R is the fuel outer radius. The constants p;, p, and p;
had been derived after comprehensive comparisons with
measurements of fuel slices irradiated in LWRs [6] as well
as in the Halden HWR [20]. While p, differs between LWRs
(p1 = 3.45) and the Halden HWR (p; = 2.21), the values
P2 =3.0 and p3 = 0.45 hold for both reactor types. Owing
to the asymptotic behaviour of expression (3) at the mini-
mum and maximum pellet radii, the main parameter p,
can be interpreted as an estimate of the ratio of integrals
for resonance and thermal neutrons

N Jis 0(E)P(E)dE

P o (E)O(E)dE “)
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where o.(E) is the differential neutron capture cross-section
and @(E) denotes the neutron flux per energy.

For the present update of TUBRNP, the reaction
parameters in the equation sets (2) and (4) have been
refined as follows. First of all, updated one-group effective
cross-sections have been inferred from calculations with the
SCALE 4.4 code package [21]. Specific cross-sections were
derived for both UO, and MOX fuel: This was necessary
because due to the different initial composition between
UO, and MOX and the concomitant different neutron
spectrum, one observes in MOX fuel a larger flux depres-
sion at begin-of-life and a higher Pu content in the pellet
centre at end-of-life. These differences have been accounted
for in the present TUBRNP model by applying dedicated

Table 1
Resonance integrals (RI) and thermal neutron capture cross-sections
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Fig. 1. Scheme describing the isotope chains for build-up of **Pu
implemented in the new version of TUBRNP.

one-group cross-sections, treating all U and Pu isotope
concentrations locally, and including the resonance capture
of °py by a specific radial form factor fpyy40(r). Its radial
dependence is treated analogously to that in **U (3), as
only difference a specific parameter p;(**°Pu) is applied.
Based on relation (3) it has been estimated as follows:

12 (240Pu) B RI(24OPU) Uc,th(238U) B
2(0) ~ 0a(Pu) RICFU) —

0.28, (5)

where RI are the resonance integrals and o4, are the ther-
mal neutron capture cross-sections of the given isotopes.
The values are compiled in Table 1 and have been taken
from Refs. [22,23] and a recent re-analysis of the thermal
neutron capture cross-section in 2**U [24].

To give a complete account of the total Pu concentra-
tion, an additional component for generation of ***Pu is
calculated from a-decay of ***Cm. To this end we have
not further extended the set of Eq. (2) but applied a recur-
sive analytical algorithm as outlined in Ref. [25], describ-
ing the build-up of the isotope chain starting from **'Pu.
This chain is illustrated in Fig. 1 together with the build-
up of **Pu from 2*U according to equation set (2). How-
ever, no experimental data are at present available for a
separate verification of the concentration of these specific
isotopes.

3. The experimental data for the verification

Burn-up models are usually compared with microscopic
experimental data of irradiated nuclear fuels. In the pres-
ent paper we combine wavelength dispersive electron
probe microanalysis (EPMA) performed at ITU Karlsruhe
[17,26] for local element concentrations, and SIMS [27-30]
performed at the Paul Scherrer Institute, Switzerland, for
local isotope concentrations. A radiochemical assessment
of the total Pu content in the fuel was used as well [17].
For EPMA of plutonium a PuO, standard was employed
and for fission product neodymium a Nd metal standard
was used. A detailed description of the approach used
for the determination of the corresponding radial distribu-
tions together with estimates of the accuracy can be found
in Ref. [20] for UO, fuel and in Ref. [31] for LWR-MOX
fuel. When comparing TUBRNP computations with
EPMA results, it is assumed that the normalized distribu-
tion of local burn-up is identical to that of the local Nd
concentration.

The most important characteristics of the irradiated fuel
samples are listed in Table 2, while more details about the
irradiation history and experimental techniques have been
published earlier [17,18]. All samples are related to fuel
used in LWRs. For MOX fuel the sub-types SBR (short-
binderless route), MIMAS (micronized master-blend) and
OCOM (optimized co-milling) correspond to three differ-
ent fuel production technologies, resulting in different lev-
els of homogeneity (see e.g. Ref. [31] for further
information).
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Table 2

Main characteristics of the fuels used in LWRs for extending the verification of TUBRNP

Fuel type Sample Radius Initial concentration 2*°U/**'U Slice-average burn-up Refs.
4 D (mm) (Wt%) (MWd/kgHM)

UO, LWR 1 Regate 110/4009S3 4.096 4.5 49.5 [38,39]
2 12C3-LP 69
3 12H3-HP 4.65 3.5 95 [17,26]
4 12C3-HP 102

MOX SBR 5 CT12 (5.54% Pu) 4.645 0.30 33.6 [31]

MOX OCOM 6 OCOM30 (5.07% Pu) 4.565 0.72 44.5 [35]

MOX MIMAS 7 5784 (10.11% Pu) 4.02 0.58 34 [29,30]

The sub-types SBR, OCOM and MIMAS correspond to different production technologies of LWR-MOX, see text for details.

4. Verification of the TUBRNP model
4.1. Average Pu concentrations
Fig. 2 shows radially averaged Pu concentrations mea-

sured by EPMA for irradiated slices of UO, fuel and com-
pares them with the predictions of the TUBRNP model.

———— T ——T————
EPMA:

003k % ZZU:2.9%—LWR(WaIkeretaIA) |
v %%U:3.5% - LWR (Walker et al.)
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250: 4.5% - LWR (FUMEX-II)
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Fig. 2. Slice-average total plutonium concentration as calculated by
TRANSURANUS compared with EPMA measurements of irradiated
UO;, fuel. The data for an initial >**U concentration of 2.9% are taken
from Refs. [6,26]. The samples with an initial >*U concentration of 3.5%
are described in Ref. [26], those with 3.8% in Refs. [36,37]. The graph is
complemented by data from LWR-UO, used in the IAEA coordinated
research project FUMEX-II [38], and by data from WWER fuel [32].

The graph includes data from earlier measurements that
were used for establishing the TUBRNP model [6], as well
as data published for Russian-type WWER fuel [32]. For
all EPMA measurements performed at ITU, an estimated
error of the absolute Pu concentration of +£20% is marked.
For the remaining measurements an overall error of +£10%
is assumed.

On the basis of the results in Fig. 2, one can conclude
that the agreement between measured and calculated val-
ues is very satisfactory, when considering the scatter in
the available experimental data. It is similar to that
observed previously for intermediate burn-up LWR-UO,
fuel [6], Furthermore, the data do not show any difference
between the trends for LWR and WWER fuels.

The results in Fig. 2 also reveal that the contribution of
the 2*®*Pu isotope to the total Pu concentration becomes
increasingly important above a slice-averaged burn-up of
60 MWd/kgHM. When extrapolating the trend for TUB-
RNP beyond 100 MWd/kgHM, further refinements will
have to be considered to account for the increasing number
of relevant actinide isotopes as in the ALEPH code. One
should bear in mind, however, that the primary objective
of the TUBRNP model in the fuel performance code con-
sists in predicting the relative radial power distribution,
since the linear heat rating or the section-average power
density is provided on input. As will be seen in the next sec-
tions, predictions of the relative power production in the
burn-up range under consideration are even better than
the predictions of the absolute Pu concentrations, both
for UO, and for MOX fuel.

4.2. Radial distributions in UO; fuel

In Fig. 3 we compare measured with calculated radial
distributions of local burn-up and normalized Pu concen-
trations for LWR-UO; fuel with the highest burn-up level
of 102 MWd/kgHM. The agreement between the TUB-
RNP profiles and both the experimental profile as well
as the profiles provided by the detailed neutronic compu-
tations with ALEPH is very good. Despite the assump-
tions on the power history and irradiation conditions
that had to be made for the ALEPH computations [16],
the radial profiles appear to be well predicted even with



A. Schubert et al. | Journal of Nuclear Materials 376 (2008) 1-10

300
v Exp. - Walker et al.
(2005)
s — — TUBRNP
% 200
) —— ALEPH
é v
k)
=
=3
aQ
3
c
5 100
[a]
12C3-LP
(69 MWd/kgHM)
0 A A A

Radius (mm)

o Exp.-Walkeretal.
(2005)

— - TUBRNP
—— ALEPH

Pe®ceces®, 0

12C3-LP
(69 MWd/kgHM)

Plutonium concentration ( normalized )
N

0 1 2 3 4 5
Radius (mm)

0 1 2 3 4 5

300
v Exp. - Walker et al.
(2005)
— — TUBRNP
200
— ALEPH

100

Burnup (MWd/kgHM)

12C3-HP
(102 MWd/kgHM)
0 . . . .
0 1 2 3 4 5
Radius (mm)

4
g o Exp.-Walkeretal.
° (2005)
(0]
N
©

3
% — - TUBRNP
~ —— ALEPH
c
i)
g2
c
[0}
[&]
C
o
[&]
€1
=
i)
z 12C3-HP

(102 MWd/kgHM)

0 1 2 3 4 5
Radius (mm)

Fig. 3. Radial distribution of the local burn-up (top) and the normalized Pu content (bottom) calculated by TUBRNP and compared with EPMA

measurements for samples #2 and #4 [17,26] at high burn-up.

the simple geometrical model used. A sensitivity study of
the power history has been carried out with ALEPH
revealing no significant deviations in the results. It was
concluded that the normalized radial distributions of both
Pu and Nd are dependent on the final burn-up, but are
rather independent of how the burn-up was accumulated
[16]. This observation is consistent with the good agree-
ment between the radial Pu and burn-up profiles calcu-
lated by TUBRNP and the experimental data, despite of
the independence of TUBRNP on the path of burn-up
accumulation.

Fig. 4 summarizes the measured and calculated quanti-
ties of the local burn-up and the absolute Pu concentration
(i.e. not normalized) for all experimental data considered.
The histograms on the right-hand side of Fig. 4 contain
the probability distributions of the relative differences
between the calculated (C) and measured (E) values,
together with the number of data points analysed (N),
and the root of the mean-square difference

1 N (C-EN
= w5 ©

For the predictions of TUBRNP, the above defined root
of the mean-square difference is 11.5% and 14.6% of the
experimental value of burn-up and Pu, respectively, which
is the order of magnitude of the experimental errors. This
quantity corresponds to the entire range of data, where
the largest deviations are observed for the lower and med-
ium range of burn-up and plutonium values. It is therefore
fair to conclude that the verification range of TUBRNP has
been extended from 64 MWd/kgHM to 102 MWd/kgHM
without loss of accuracy.

For an exact quantitative comparison between calcula-
tion and experiment, the calculated radial profiles have to
be integrated over the final probe diameter of the EPMA
measurement. A mean value of 3.5 um is applied in our
case, and a sensitivity test revealed that the impact is
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negligible when varying the probe diameter between 0 and
S pm.

4.3. Radial distributions in MOX fuel

Before considering the radial distributions in MOX fuel,
it should be emphasized that the TUBRNP model does not
consider variations of the initial U and Pu isotope concen-
trations across the fuel radius, i.e. any gradients that evolve
are solely due to irradiation. Hence, all fuels are implicitly
treated as homogeneous materials. Such a treatment is also
common practice in detailed neutronic calculations with
codes like WIMS or ALEPH.

As a first step in the model verification for MOX, our
analysis covers EPMA measurements of irradiated MOX
fuel with a high degree of homogeneity, manufactured by
the SBR (short-binderless route) process of BNFL
[31,33,34]. In addition, the calculations were compared
with the non-agglomerate fraction (i.e. corresponding to
the initial UO, matrix) in irradiated heterogeneous OCOM
(optimized co-milling) MOX [35]. As revealed in Fig. 5, for

SBR MOX the agreement of the local burn-up calculated
by the extended TUBRNP model with that derived from
EPMA measurements of Nd is very satisfactory (top),
and the agreement of the normalized Pu distributions is
excellent (bottom). The situation is very similar for the
non-agglomerate part of the OCOM MOX fuel. Although
in this case the scatter in the experimental data is much lar-
ger, it supports the assumption that modelling the MOX
fuel as homogeneous material is appropriate for calculating
the radial power profiles in fuel performance calculations.

As a second step in the verification for MOX we have
compared in Figs. 6 and 7 computations with SIMS mea-
surements obtained from the PRIMO MOX irradiation
programme [28,30]. While the SIMS measurements provide
distributions of isotope concentrations over the entire pellet
diameter and reveal an asymmetric profile, the TUBRNP
computations assume azimuthal symmetry. A good agree-
ment between the calculated and measured normalized con-
centrations of Pu isotopes is observed. Furthermore, the
dashed lines correspond to the results of the previous ver-
sion of TUBRNP that was not adapted for MOX fuel.
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For the present fuel with a high initial Pu content (>10%),
the impact of the TUBRNP extension on the radial burn-
up distribution is rather small. As expected, a considerable
effect can be seen in the radial profiles of **’Pu and **'Pu
(Fig. 7), closely linked to the extension of the resonance
absorption in >*°Pu. It should be noted that the MOX fuel
analysed is heterogeneous and has been produced by the
MIMAS (micronized master-blend) process [29].

A summary of the relative errors on the profiles predicted
by means of TUBRNP for MOX fuel is provided in Fig. 4.
Because the MOX-specific extensions of the TUBRNP
model do not imply any additional fits of model parameters
to experimental data, we should expect larger differences in
the absolute (not normalized) total Pu concentrations in dif-
ferent types of irradiated MOX fuel. Nevertheless, except
for the samples of the UO, matrix in the heterogeneous
OCOM MOX, all mean differences are of the order of the
experimental uncertainties for the EPMA measurements
(up to 20% for determining absolute Pu concentrations).
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Fig. 7. Radial distribution of the normalized isotope contents of 2*°Pu, *°Pu, >*'Pu and >**Pu in an irradiated MOX sample (#7) at a radially averaged
burn-up of 34 MWd/kgHM calculated by TUBRNP compared with SIMS measurements [28,30].

Fig. 4 furthermore compares the present data with those Finally, the influence of the present extensions of the
used in Fig. 6 of [20], confirming that the application of = TUBRNP model on the radial distribution of the local
TUBRNP to high burn-up UO, and MOX fuels does not power density, as well as on the fuel centre temperatures

increase the mean deviations nor introduces any bias. calculated by the TRANSURANUS code has been ana-
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calculated radial power distribution and (b) fuel centre temperature calculated by TRANSURANUS in the final phase of a real irradiation.
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lysed. Fig. 8 shows the calculated radial power profiles at
the end of a real irradiation for one slice of SBR MOX fuel
in a PWR [34] (sample #5 in Table 2). The shape of the
power profiles, hence also the burn-up profiles, is only
moderately affected when using the modifications for
MOX in TUBRNP (Fig. 8(a)). Nevertheless, the shift of
the power profile towards the pellet periphery leads to a
measurable decrease of the fuel centre temperature calcu-
lated by TRANSURANUS (Fig. 8(b)) up to 50 K. It
should be emphasized that the change in fuel central tem-
perature indicated in Fig. 8(b) is only due to the modifica-
tions to TUBRNP, i.e. all remaining differences between
UO, and MOX (e.g. in thermal conductivity) have by pur-
pose been disregarded. The sudden drop in the calculated
temperatures is due to the decrease of the linear power
applied on input.

5. Summary

We have described the recent extension of the TUBRNP
model and its first application to MOX fuel used in LWRs.
The verification relies on a comparison with average Pu
contents, radial profiles of plutonium isotopes, as well as
burn-up profiles obtained by EPMA, SIMS and radio-
chemical data on irradiated fuel published in the open liter-
ature. In addition, the model has been compared with
results obtained with the new Monte Carlo burn-up model
ALEPH.

For UO, fuel, the results confirm that the model is appli-
cable up to a slice-average burn-up around 102 MWd/
kgHM. The standard deviation for the relative errors on
the absolute Pu concentrations is 15%, which is of the order
of the experimental uncertainty and confirms that there has
been no loss in precision when extending the burn-up range
from 64 to 102 MWd/kgHM. Furthermore, the standard
deviations for the normalized plutonium and burn-up pro-
files (both directly related to the normalized radial power
profile the calculation pf which is the main purpose of TUB-
RNP), are better than 12%. Finally, it was found that the
effect of the power history on the shape of these radial pro-
files is negligible.

For LWR-MOX fuel, our first verification computations
of burn-up and plutonium profiles encompassed the SBR,
MIMAS and OCOM fuel types with a burn-up range up
to 45 MWd/kgHM. The standard deviation for the relative
errors on these profiles is approximately 9%. They thus
confirm the applicability of the homogenous fuel approxi-
mation to the analysed types of MOX, although more data
including also higher burn-up fuel is needed to confirm the
complete equivalence to UO, fuel.
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