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Abstract

The paper presents several results of a comparative neutronic analysis on main parameters of
interest at cell level calculations of the accident-tolerant fuel bundles (ATF) compared to the
CANDU standard fuel bundle currently exploited in CANDU reactors. Two accident-tolerant
fuel approaches were investigated, one assuming the use of dopants (Al,O3, Cr,0;) in the fuel
pellets’ composition, and the other considering both the use of dopants in the fuel pellets and a
coated chromium clad. The fuel compositions considered were based on natural UO,, namely:
UO, doped with chromium oxide, UO, doped with aluminium oxide and UO, doped with both
types of oxides, respectively. Elementary cell calculations were performed by means of WIMS
and DRAGON codes, using the IAEA’s nuclear data library on 172 energy groups. The paper
aimed to evaluate the neutronic parameters of interest for economic considerations (maximum
discharge burnup, power distribution in the bundle, U*** consumption), and for nuclear safety
ensuring (void reactivity coefficient, Doppler effect, resistance to proliferation based on
estimation of minor actinides amount resulting from the fuel burnup).
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Introduction

The main advantage of CANDU reactors is the versatility
of using different fuel cycles (natural uranium, equivalent
uranium, slightly enriched uranium, depleted uranium,
reprocessed uranium, mixed oxide of wuranium and
thorium, mixed oxide of uranium and plutonium, etc.).

Currently, there are 31 CANDU reactors in operation, the
countries with CANDU technology including Canada,
South Korea, China, Argentina, Romania, India and
Pakistan [1].

Since the early 1980s, the Fuel Performance group at the
Institute for Nuclear Research (RATEN ICN) Pitesti, aims
to develop and test new advanced fuels for CANDU type
reactors. Over time, several types of fuel compositions
have been taken into account, [2-6]. At the same time,
many CANDU type fuel bundle designs have been
developed: modified fuel bundles with 37 elements [7, 8],
fuel bundles with increased number of elements (43, 52,
and 61 elements, respectively) [9-12].

This paper aims to evaluate the economic and nuclear
safety performances of the CANDU accident-tolerant fuel
projects, by performing calculations at the elementary cell
level, compared to the standard CANDU fuel bundle with
37 fuel elements and natural UO, fuel.

Eight different fuel compositions based on natural uranium
were analysed, as follows: the UO, standard composition,
a composition of UO, doped with Al,O3, 3 compositions
of UO, doped with Cr,03, and 3 compositions of UO,
doped with both Al and Cr oxides, respectively.
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For the lattice cell assessment, 2-D neutron transport
calculations were performed to estimate the following
neutronic parameters: the maximum burnup at discharge,
the radial power distribution expressed by the Power
Peaking Factors (PPFs), the consumption of U**, the void
reactivity expressed by the Coefficient of Void Reactivity
(CVR), the Doppler effect expressed by the fuel
temperature coefficient of reactivity, and the inventory of
minor actinides in the spent fuel concerning for the
proliferation resistance.

The neutron transport calculations were performed using
the collision probability code DRAGON (vers. 5, [13]), as
well as the discrete ordinates (SN) option in WIMS (vers.
D5B, [14]), together with an adequate nuclear data library
based on ENDF/B-VII evaluated nuclear data [15].

Fuel bundle description

The CANDU type fuel bundle has cylindrical shape and
includes 37 identical elements, arranged on 3 concentrical
rings (of 6, 12 and 18 elements, respectively) around a
central element. All the fuel elements contain the same
fuel composition, natural UO, sintered or doped sintered
pellets. The fuel pellets (~ 12 mm in diameter), are obtained
by pressing UO, powder in a cylindrical shape, which by
heat-treatment at high temperature becomes very dense.

All the eight fuel configurations considered for analysis are
presented in Table 1. The content of Cr oxide in the doped
fuel pellets was between 0 and 0.16%, corresponding to the
solubility limit of the dopant in UO, at the applicable
sintering conditions.
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In three of the considered fuel compositions, both Cr and
Al oxides were added. The addition of Al,O; contributes
to the grains’ growth and provide beneficial features for
the fuel performance: dimensional stability, improved
behaviour in case of water/steam ingress and a higher
fission gas retention capability, which could lead to lower
fission gas release during potential accidents, [16,17].

Table 1. Identification of the studied cases

Case ID Cr/U mass Al/U mass
ratio ratio
C37 0 0
ATF1 0 0.02 %
ATF2 0.05 % 0
ATF3 0.05 % 0.02 %
ATF4 0.10 % 0
ATF5 0.10 % 0.02 %
ATF6 0.16 % 0
ATF7 0.16 % 0.02 %

Another issue addressed by the study was the effect on the
main neutronic parameters due to the addition of a thin
layer of metallic Cr (between 1 — 10 pm thick) on the
zircalloy cladding. The chromium layer is used to improve
the high temperature steam corrosion behaviour, [18].
Three thicknesses of the chromium layer were considered
in the paper, namely: 1 um, 5 um and 10 pm, respectively.

Combining the three variables (fuel composition, thickness
of Cr layer and computer code used for simulation), a
number of 8 x 3 x 2=48 simulations have been performed.
The study presents the neutronic parameters of interest
evolution with fuel burnup: maximum discharge burnup,
power distribution in the bundle, U**> consumption, void
reactivity coefficient, Doppler effect, minor actinides
amount in the spent fuel.

Methodology for neutronic analysis and key parameters

In order to be analysed in CANDU®6 reactor conditions, fuel
bundles must respect the other characteristics of the standard
CANDU eclementary cell (pressure tube, Calandria tube,
coolant and moderator), as illustrated in Fig. 1.

These characteristics were taken from a benchmark
problem proposed by AECL, [19]. For fuel burnup
simulation, a 35 kW/kgU constant power rate was assumed,
roughly corresponding to a bundle power of 700 kW.
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Fig.1. CANDU fuel bundle in a fuel channel, [20]

42

Based on considerations related to the 1-D modeling of the
elementary cell and from the need to conserve the mass of
uranium dioxide along the entire length of the fuel bundle,
the "corrected" densities of the fuel pellets contained in
the fuel bundle were determined. Similarly, to preserve the
zircaloy mass per cell, the "corrected" densities of the
claddings were calculated. The corrected value obtained
for the fuel pellets was 10.289 g/cm’®, while the corrected
value for the zircaloy claddings was 7.469 g/cm’.

A lattice cell program solves the neutron balance equation
in this simplified geometry, taking into account the nuclear
properties of the materials that make up the cell. The plot
images, corresponding to the studied fuel bundles, were
obtained using the PSP:module of the DRAGON computer
code and are shown in Fig. 2.

Moderator

Coolant

Fuel elements

Fig. 2. CANDU cell with 37-element fuels bundles
(DRAGON plots)

The reactivity of an initially supercritical cell decreases
with fuel burnup due to consumption of fissile isotopes
and accumulation of "poisons" (Xe, I), the cell becoming
subcritical. The maximum burnup is defined as the fuel
burnup degree for which the cell is still critical, ki,r =1.0
(multiplication constant equals 1, so fission still possible).

Uniform burnup was also considered a key parameter for
this analysis, because it ensures a good fuel performance,
both from the cost effectiveness point of view and from
the safety one. Fuel elements located on the same ring are
considered identical. As a result, only 4 PPFs (power
peaking factors) need to be defined (see formula below),
corresponding to the central element and the 3 rings with
6, 12 and 18 fuel elements, respectively:

w.
PPF =— 1
=N (1)
where: w; are the fractions of total bundle power produced
by each radial fuel region, N; is the number of fuel
elements per region (i=1 +4).

The void effect, defined as the variation of cell reactivity
upon loss of coolant, is an important safety indicator in
defining the intrinsic safety of a fuel design. The
coefficient of void reactivity is defined in [21] as the
decrease/increase in reactivity of the cell upon total or
partial cooling agent emptying:

1 1) 1000
CVR, =|——— |x—

)
ke k) 1.

2
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where £, is the multiplication factor corresponding to the
cooled cell, £ is the multiplication factor corresponding to
the partially emptied cell, and £, is the void fraction (in %).

The homogeneous coolant approximation was used, so the
loss of coolant is approximated by decreasing its density:

gt
d =d, (1 100) 3)

The fuel temperature considered in the calculations was
1200°K. The temperature coefficients were evaluated by
modifying the nominal (design) values with £200 K for
both computer codes, using the formula below:
1 1 1000
c, =] ——-——|X%
k k T-T

ref T ref

“

where: k., is the multiplication factor corresponding to the
reference cell, kris the multiplication factor corresponding
to the modified fuel temperature, T is the modified fuel
temperature and 7,./is the nominal fuel temperature.

For the CANDU reactor, the temperature coefficient is
negative [22] due to the U** resonance.

The efficiency of U*® consumption is determined by comparing
the inventories at the first burnup step (Bol, Beginning of
Irradiation) and at the moment of discharge from the reactor
core (Eol, End of Irradiation), as in the formula below:

(N, +6N, +12N +18N, ), —(N, +6N, +12N +18N, ),
=

(6))

|||||

where: N; is number density of U* on the ring i, By 18
the maximum burnup, and B, is the burnup for fresh fuel.

A current concern of fuel designers, from the point of view
of resistance to nuclear proliferation, is the prevention of
recovery the fissile materials from spent fuel elements.
The amount of Pu resulting from fuel burnup was estimated,
with particular interest in Pu™’ amount. Minor Actinides
(Am, Cm and Np, respectively) production was also of
interest for this study, the formula given below being used
to estimate number densities of the isotopes in the spent fuel.

- (N, +6N, +12N, +18N,)

pe (6)

where: N, is number density of isotope on ring i.

Main cell results and discussions

The maximum burnup for the standard CANDU fuel
bundle, C37, was 6571 MWd/tU (DRAGON estimate) and
6897 MWd/tU (WIMS estimate), respectively.

In Fig. 3, the multiplication factor evolution with burnup is
presented for all considered compositions of doped fuel in
comparison with the standard fuel, UO,, in C37 fuel
bundle. According to both lattice cell codes used, a similar
behaviour as for the standard CANDU fuel bundle was
observed, but with slightly reduced values.
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C37 -+ ATF1 -+ ATF2 " -ATF3 = ATF4 -+ ATFS ATF6 ATF7

3000 4000
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5000

Fig. 3. ki, evolution with burnup for dopped fuel pellets
(DRAGON estimations)

Fig. 4 shows the k;,r multiplication factor evolution with
burnup for the doped fuel bundles with additional Cr layer
on the fuel element claddings. Due to very small differences
between the Cr,O; doped fuel compositions and those
containing both dopants, only the compositions containing
both Cr and Al oxides dopants were represented (ATF3,
ATFS and ATF7 cases, respectively). Only the minimum
and maximum thickness of Cr layer on the fuel element
cladding were selected, to increase the representation clearness.

« ATF3H -+ ATF3HO -+ ATFS.H = ATF5 HO

« ATFT_t1 ATFT t10 |

Fig. 4. ki,r evolution with burnup for dopped fuel pellets
and additional Cr layer on fuel element cladding
(DRAGON estimations)

The maximum burnup obtained for the doped fuel cases
were between 6437 MWd/tU and 6567 MWd/tU, values
lower by 2% compared to those characterizing C37 fuel
bundle. For the coated chrome cladding, the maximum
burnup was between 6215 MWd/tU and 6507 MWd/tU,
values lower by up to 5.4% than the ones obtained for the
C37 fuel bundle.

WIMS code estimations were systematically 5% higher
than the DRAGON code ones. According to both codes,
for the considered configurations of doped fuel and doped
fuel with Cr coated cladding, the maximum burnup at
discharge is lower compared to the CANDU standard one,
as can be seen in Fig. 5.



JOURNAL OF NUCLEAR RESEARCH AND DEVELOPMENT, NO. 26, DECEMBER 2023

HDRAGON OWiMS [

)
:‘E_,
-9
3
E
3
a
E
5
E
-
=
=

Fig. 5. Maximum burnup [MWd/tU] at the Eol
(WIMS and DRAGON calculations)

The power peaking factors were evaluated for each ring of
fuel elements both at the beginning of burnup (B=0, fresh
fuel) and at discharge moment (B=B,,,x). PPF=1 indicates
the uniform power distribution. For the fuel bundle with
UO, fuel (C37), PPF,, PPF, and PPF; are less than 1,
while PPF, is about 1.1.

Using doped fuel compositions instead of the UO, fuel
does not improve the radial power distribution, as can be
seen in Table 2. The power peaking factors (PPF) estimated
for the doped fuel bundles have the same trend as for the
reference fuel bundle: the inner and intermediate elements
(1+6+12) are characterized by PPF values less than 1,
while the external 18 elements exceed the average by up to
22% (fresh fuel, Bol) and 20% (spent fuel, Eol), respectively.

Table 2. Power peaking factors for analysed fuel compositions
(DRAGON estimates at Bol and Eol)

Case | PPF, | PPF, | PPF; | PPF, | Rel diff. | Rel. diff.
ID from PPF, vs
average PPF,
Fresh fuel (Bol)
C37 ]0.7750 |[0.8112 [0.9152 |1.1320 |[-22.50% |-31.54%
ATF1 [0.7750 |0.8112 |0.9152 |1.1320 |-22.50% |-31.54%
ATF2 |0.7749 |0.8112 {09152 |1.1320 |-22.51% |-31.55%
ATF3 [0.7749 |0.8112 |0.9152 |1.1320 |-22.51% |[-31.55%
ATF4 |0.7748 |0.8111 |0.9151 |1.1321 |-22.52% |-31.56%
ATFS [0.7748 |0.8111 |0.9151 |1.1321 |-22.52% |-31.56%
ATF6 |0.7747 |0.8110 {09151 |1.1321 |-22.53% |-31.57%
ATF7 [0.7747 |0.8110 |0.9151 |1.1321 |-22.53% |[-31.57%
Spent fuel (Eol)

C37 | 0.8047 |0.8365 |0.9288 |1.1128 |-19.53% |[-27.68%
ATF1 | 0.8047 |0.8365 |0.9288 |1.1128 |-19.53% |-27.68%
ATF2 [0.8045 [0.8363 |0.9287 |1.1129 |-19.55% |-27.72%
ATF3 | 0.8045 |0.8363 |0.9287 |1.1129 |-19.55% |-27.71%
ATF4 0.8042 (0.8361 |0.9287 |1.1131 |-19.58% |[-27.75%
ATF5 | 0.8042 |0.8361 |0.9287 |1.1131 |-19.58% |-27.75%
ATF6 [0.8039 [0.8358 |0.9286 |1.1132 |-19.61% |[-27.79%
ATF7 {0.8039 |0.8358 |{0.9286 |1.1132 |-19.61% |[-27.79%

Addition of a thin layer of metallic chromium on the
zirconium alloy cladding does not improve the radial
power distribution, but it does not negatively influence this
parameter either (see Fig. 6).
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Fig. 6. Power peaking factor for analysed fuel compositions
(doped fuels and Cr layer on cladding)

Using Eq. (5), the efficiency of U** consumption in ATF
fuel bundles was determined (see Fig. 7). For C37 fuel
bundle, the reference fuel bundle, U™ consumption was
6.14 (DRAGON estimate) and 6.82 (WIMS estimate),
respectively. U consumption for the doped fuels with or
without Cr coated cladding had values between 6.14 and
6.23 (DRAGON estimations), and 6.82 and 6.96 (WIMS
estimations), respectively.

Therefore, the efficiency of U™’ consumption decreases
by up to 0.6% in the case of doped fuels, and by up to 2%
in the case of doped fuels with Cr layer on Zy cladding.

HDRAGON OWIMS I

Efficiency in U** consumption

Fig. 7. U™ consumption (doped fuels with and without
Cr layer on Zy cladding)

The void reactivity is an important parameter describing
the evolution of cell reactivity during a LOCA (Loss of
Coolant Accident). The void fraction (f;) considered in this
simulation was 99%, and the density of the coolant
(considered homogeneous) decreases accordingly.

As it can be seen in Fig. 8, the cell reactivity increases
when the cooling agent is lost for all analysed fuel
bundles. For the doped fuels, the reactivity value decreases
by up to 10% from the reference value for UO, fuel (C37
fuel bundle).

By adding a 10 pm thick Cr layer on the Zy cladding, the
reactivity value decreases by up to 28% compared to the
reference value corresponding to C37 fuel bundle without
Cr coating.
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The void coefficient (CVR) associated to CANDU reactor
operation conditions is positive for fresh fuel: 15.39 mk/%
(DRAGON estimate) and 16.77 mk/% (WIMS estimate).
The void coefficient decreases to 11 - 12 mk/% for the
spent fuel, at the discharge burnup, depending on the code
used. Doped fuels were characterized by CVR values close
to the reference value. The addition of a 10 pm Cr layer on
Zy cladding still keeps a positive void effect, but with
slightly lower values (by 0.9%).

* LOCA ATFE #-LOCA ATFT

LOCA ATF3_t1
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Fig. 8. Void reactivity in ATF fuel bundles

The temperature coefficients (c7) express the change in
the cell reactivity as a result of the change in fuel
temperature. For a CANDU reactor, cT is negative. Tables
3 and 4 presents the temperature coefficients calculated for
fuel, the results exhibiting no influence coming from the
use of dopants in the fuel composition or the addition of a
thin layer of Cr on the Zy cladding.

Table 3. Temperature coefficients for doped fuels

Case Fresh fuel Spent fuel
ID DRAGON| WIMS |DRAGON]| WIMS
37 | -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF1| -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF2| -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF3| -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF4 | -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF5 | -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF6 | -0.0052 | -0.0050 | -0.0106 | -0.0107
ATF7| -0.0052 | -0.0050 | -0.0106 | -0.0107

Table 4. Temperature coefficients for doped fuels with

Cr layer on Zy cladding

Case Fresh fuel Spent fuel
ID [ DRAGON | WIMS | DRAGON | WIMS
C37 -0.0052 |[-0.0050( -0.0106 |[-0.0107
ATF3 tl -0.0052 |[-0.0052 | -0.0106 |[-0.0105
ATF3 t10| -0.0050 |-0.0050| -0.0104 |-0.0103
ATFS tl -0.0051 |[-0.0051| -0.0106 |[-0.0105
ATFS5 t10| -0.0049 |-0.0049| -0.0104 |-0.0103
ATF7 tl -0.0052 |[-0.0052 | -0.0106 |[-0.0105
ATF7 _t10| -0.0049 |[-0.0049| -0.0104 |[-0.0103

To evaluate the fissile inventory in the spent fuel bundles (in
order to assess the benefit of a potential reprocessing) it is
necessary to estimate the amount of Pu® at the Eol.

Therefore, using Eq. (6), the amount of Pu*’ existing in the
ATF spent fuel bundles was determined. A comparison with
the Pu” inventory existing in the C37 spent fuel at Eol was
also performed, there results being presented in Fig. 9.
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Fig. 9. Pu™ number densities [nuclei/cm-b] in the spent fuel
for the considered fuel bundles (DRAGON estimation)

The amounts of the main minor actinides (Am, Cm and
Np) contained in spent fuel were also estimated at Eol
based on Eq. (6), and the results are presented in Figs. 10,
11 and 12, respectively. Similar behaviour can be observed
in both plutonium and minor actinides cases.

The quantities of minor actinides found in the ATF spent
fuels at Eol are lower compared to those corresponding to
the standard fuel bundle, C37, thus reducing the
attractiveness for reprocessing the spent fuel.

Amountof Am [nuclee/cm barn]

Fig. 10. Am number densities [nuclei/cm-b] in the spent fuel
for the considered fuel bundles (DRAGON estimation)
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Fig. 11. Cm number densities [nuclei/cm-b] in the spent fuel
for the considered fuel bundles (DRAGON estimation)

Conclusions

A comparative neutronic analysis on the main parameters
of interest at lattice cell level was presented for CANDU
fuel bundles with 37 elements which contain natural
uranium standard fuel or accident tolerant fuel, ATF.

The ATF was obtained considering two approaches:

* UO, fuel doped with chromium oxide or aluminium
oxide, as well as a mixture of the two oxides, using
different percentage of dopant,

* metallic chromium layer coating the Zy cladding, with
different layer thicknesses.

Using the ATF fuel bundles (doped UO, fuel with and
without Cr coated Zy cladding) in CANDU reactor does
not significantly alter the neutronic features of the interest
lattice parameters: maximum burnup, radial power
peaking factors, void reactivity.

As expected, the use of dopants in the fuel composition led
to penalties up to 2% in the maximum burnup. The
addition of the Cr layer on Zy cladding decreased by up to
5.4% the maximum burnup comparatively with the
reference value of C37 fuel bundle.

Doping the UO, fuel composition with Cr,0O3 and/or Al,03
and coating the Zy cladding with a Cr layer does not bring
remarkable improvements in terms of uniform power
distribution. The most likely cause is the homogeneity of
the distribution of the amount of fissile in the fuel bundles.
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Amount of Np  [nucleelcm barn]

Fig. 12. Np number densities [nuclei/cm-b] in the spent fuel
for the considered fuel bundles (DRAGON estimation)

The addition of dopants to fuel composition has led to a
decrease in the efficiency of U™ consumption by up to
0.6%. The same parameter expressed for the Cr coated Zy
cladding fuel bundles shown decreases of up to 2% in
comparison with the reference, C37 fuel bundles.

The values of the void effect, for the considered doped
fuel compositions and thicknesses of Cr layer on Zy
cladding were positive, but slightly reduced in comparison
with the values characterizing the reference, C37 standard
fuel bundle.

The Doppler effect related to ATF fuel bundles (doped
UO, fuel and Cr coated zirconium cladding) was negative,
as the effect associated to the standard CANDU fuel, thus
ensuring a very important safety feature.

The amount of Pu** found in the doped spent fuel is up to
1.3% lower than in the case of C37 UO, fuel. The doped
fuels with Cr coated Zy cladding led to a decrease of 2.5%
more for the Pu™’ inventory in the spent fuel.

A similar conclusion applies to the main minor actinides’
inventories in the spent fuel at Eol. The ATF fuel contain
up to 16% less americium, 20% less curium and 2% less
neptunium, respectively.

From the point of view of neutronic cell calculations, the
accident tolerant fuels analyzed in this paper work can be
safely used in CANDU reactors
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