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The neutronic penalty and advantages are quantified for potential accident tolerant claddings in a
CANDU-6 (Canada Deuterium Uranium) reactor. Ferritic-based alloy (FeCrAl and APMT), steel-based alloy
(304SS and 310SS) and silicon carbide (SiC) claddings are compared with Zircaloy-II. High thermal cap-
ture in nickel-59 and iron-56 imply a neutronic penalty in iron and steel-based bundles. A minimum
enrichment of 1.0% and 1.1% is required for ferritic and steel-based claddings, respectively, to achieve
the CANDU-6 burnup average criticality. An average increase of 0.35% in reactivity is introduced when
SiC is considered, while keeping a natural enrichment condition. Average thermal neutron absorption
rate is found to be 203, 8 and 6 times higher in UO2 pellets than in silica, iron and steel-based claddings,
respectively. A spectral hardening is observed in fuel, cladding and coolant for all enriched cells. Neutron
flux is 30.5% higher at 0.0253 eV in SiC and Zr bundles. For FeCrAl, APMT, 304SS and 310SS, less 239Pu is
produced during all fuel residence time and a minimum of 50% more 135Xe poison is being produced at
equilibrium. As well, a minimum of 60% more 235U is left at end-of-life. For bundles cladded with SiC and
Zr, 7.6% higher fission rates are found on the pellet periphery. Decreasing the cladding thickness by 200
lm made it possible to satisfy the criticality requirements for all claddings with an enrichment below 1%.
Moderator and coolant temperature coefficients are found higher in SiC and Zr bundles. At mid-burnup,
the Doppler effect and the voiding effect are higher in FeCrAl, APMT, 304SS and 310SS cladded cells.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Following the station blackout (SBO) accident at three units of
the Japanese Fukushima Daiichi Nuclear Power Station, caused by
the 2011 Tohoku earthquake and tsunami, fuel system improve-
ment has become a subject of intense concern (Burns et al.,
2012). The new strategy is to develop a fuel pin that can tolerate
severe accident scenarios. Accident Tolerant Fuels (ATF) have to
provide significant improvements in safety response, resulting
from a loss in cooling capacity, while maintaining a good opera-
tional neutronic performance during normal conditions. Substan-
tially improved safety responses have to cover the entire
spectrum of design basis (DB) and beyond design basis (BDB) acci-
dents (Ott et al., 2014). The accident tolerant fuel system should
suppress or reduce the steam-cladding oxidation rate, minimize
the additional heat generation, enhance hydrogen sequestration
when generated, improve fuel and cladding retention of fission
products and maintain core coolability (Zinkle et al., 2014). The
new system should exhibit a good structural integrity at the
UO2/Zr rod burst point expected in the temperature range
[700—1200]�C. By delaying the cladding ballooning and burst
point and reducing its specific mass change at 1200�C in steam
condition, ATF concepts aim to delay hydrogen accumulation from
proceeding (Zinkle et al., 2014).

The first and the easiest approach to develop ATF is to introduce
some modifications in existing Zircaloy alloy in order to improve
the material dimensional performance and oxidation kinetics.
Sixty years of Zr alloy development suggest that such investiga-
tions are not able to produce significant differences in BDB
response (Zinkle et al., 2014). The major problems affecting loss
of coolant accident (LOCA), reactivity initiated accident (RIA) and
SBO are the Zr hydride formation at high burnups and the Zr heat
production by oxidation above 1200�C, that will surpass radioac-
tive decay and increase substantially the heat removal require-
ment (Terrani et al., 2014). The second approach is to consider a
markedly different non-zirconium cladding with high performance
in oxidation resistance. The third approach is to develop an alter-
native fuel form to the current ceramic oxide uranium pellet with
one or more additional barriers to fission products retention
(Terrani et al., 2012). This paper focuses on the second approach
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Fig. 1. Standard 37-element bundle cell.

Table 1
CANDU-6 cell parameters for [UO2-Zr] fuel.

Structure Material Density T IR OR
[g/cm3] [K] [cm] [cm]

Coolant D2O 0.8121 560.66 0.0000 5.1689
Pressure Tube Zr-Nb 6.5700 560.66 5.1689 5.6032
Helium Gap 4

2He 0.0014 345.66 5.6032 6.4478

Calandria Tube Zr-II 6.4400 345.66 6.4478 6.5875
Moderator D2O 1.0829 345.66 6.5875 14.288
Fuel UO2 10.438 941.29 0.0000 0.6122
Cladding Zr-II 6.4400 560.66 0.6122 0.6540

Table 2
CANDU-6 cluster geometry properties.

Ring (i) ni ri hi
[cm] [rad]

1 1 0:0000 0:0000
2 6 1:4885 0:0000
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by choosing among ATF cladding concepts specific iron-based
alloys (FeCrAl and APMT), steel-based alloys (304SS and 310SS)
and silica (SiC) options. This work pursues George et al. (2015)
analysis on PWR for a CANDU-6 reactor.

A number of experimental investingations were performed by
Pint et al. (2013) at 800–1500�C in 1–20 bar steam condition and
H2-H2O environments and they all emphasized the performance
of these claddings. The basic FeCrAl alloy appears a promising oxi-
dation resistant material by forming a protective aluminium-rich
oxide at 800�C, 1000�C (at 10.3 bar) and 1200�C. The protective
alumina scale was resistant up to 1475�C. Y and Hf additions in
Kanthal alloy APMT (Advanced Powder Metallurgy Tube) shows
an excellent alumina scale adhesion (a solid diffusion barrier) after
48 h at 1200�C and 8 h at 1350�C. Conventional 304-type stainless
steel cladding is more resistant in steam condition than the current
Zircaloy to ballooning and burst points but not at 1200�C. Also
because of the scale spallation, a significant mass change is
observed at 1000�C. The study of this sheath will be maintained
for its high burnup capability (Uwaba et al., 2011) and irradiation
performance in PWRs before 1960 (George et al., 2015). The
304SS poor relative oxidation performance can be mitigated by
increasing its chromium and/or nickel contents (as in 310SS). Aus-
tenitic type 310 stainless steel forms a thin chromia, showing a
good protective behavior at 1200�C in steam condition. Silicone
carbide (SiC) demonstrates exceptional oxidation resistance and
an excellent integrity in high-pressure and temperature steam–
H2 environments. SiC-based bundle is difficult to fabricate, shows
the formation of volatile hydroxides and low thermal conductivity
when irradiated.

The present work compares the neutronic performance of these
candidates with the baseline zirconium alloy (Zr-II) bundle, using
burnup calculations, isotope depletion analyses, absorption rate
ratios, spectral and spatial self-shielding analysis, plutonium radial
profile and reactivity perturbations. It also allows us to answer the
question whether enrichment is necessary for an implementation
in CANDU-6 reactors and if these enrichment levels could be
avoided by a pin geometry optimization. In Section 2, we present
the CANDU-6 lattice modeling, the candidate cladding parameters
and the enrichment methodology. In Section 3, we analyze the cell
behavior under normal, optimized and accidental conditions. In
Section 4, we conclude and highlight future work.
3 12 2:8755 0:261799
4 18 4:3305 0:0000
2. Methodology

2.1. CANDU-6 lattice modeling and parameters

A typical CANDU-6 cell geometry consists of a fuel bundle sur-
rounded by two concentric pressure and calandria tubes, where
the gap between the inner and the outer cylinder is filled with
helium gas. This gas is inserted to ensure insulation between the
hot D2O coolant and the cold moderator. The calandria tube is sur-
rounded by a D2O moderator. For the purpose of this study, a stan-
dard fuel bundle was used and is illustrated in Fig. 1. It consists of
37 fuel pins arranged in an annular ring formation (1, 6, 12 and 18)
for a lattice pitch of 28.575 cm. Every fuel pin consists of 30 natural
uranium oxide (UO2) pellets that are stacked inside a zirconium
alloy cladding tube. A similar type of alloy is used for the calandria
tube and a Zr-Nb alloy for the pressure tube.

The heavy water moderator purity is assumed to be 99.92 at.%.
The coolant purity is 99.3 at.%. The data relative to the reference
cell model are listed in Table 1, with IR and OR being the inner
and the outer radii, respectively. All fuel elements have the same
radii, the same isotopic compositions, the same density and
temperature. We introduced four identical mixtures for each rod
to take into account different burnup levels that might occur
depending on how far the pins are from the moderator. The
pellet-cladding gap and fuel element dimensions will be adjusted
only in the case of cycle reactivity improvement. The four fuel clus-
ter rings, denoted Ring (i) in Table 2, contain respectively ni pins
located on a circle of a radius ri with hi the angular position of
the first pin. The other pins are distributed uniformly on the circle.
2.2. Claddings parameters

Table 3 lists the cladding materials used for fuel reactivity cal-
culations, densities (in g/cm3) and detailed isotopic compositions
(in weight percentage). In our study, the baseline zirconium alloy
(Zircaloy-II) is compared with five different candidates: silicon car-
bide (SiC), ferritic iron chromium aluminum alloy (FeCrAl), 304
stainless steel (304SS), austenitic type 310 (310SS) and kanthal
advanced powder metallurgical (APMT). These claddings were con-
sidered because of their sufficient oxidation resistance at a signif-
icantly higher melting point than for Zircaloy. For conventional
stainless steel (304SS), increasing the Cr and Ni contents (as
25Cr-20Ni in 310SS) provides a good steam oxidation resistance



Table 3
Isotopic compositions (wt.%) of candidate claddings materials.

Material qv [g/cm3] 56Fe 58Ni 52Cr natB 91Zr 28Si 12C 27Al 59Ni 55Mn 96Mo 179Hf

Zircaloy-II 6.44 0.16 0.06 0.11 0.00031 99.71 – – – – – – –
SiC 2.58 – – – – – 70.08 29.92 – – – – –
FeCrAl 7.10 75.0 – 20.0 – – – – 5.0 – – – –
304SS 7.90 71.35 – 18.9 – – 0.42 – – 8.35 0.70 0.27 –
310SS 8.03 52.55 – 25.22 – – 0.7 – – 19.51 1.9 0.122 –
APMT 7.30 69.79 – 21.60 – 0.10 0.53 – 4.9 – – 2.92 0.16
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at 1200�C (Pint et al., 2013). Fig. 2 compares the macroscopic cap-
ture cross sections (Rc) of cladding materials. As one can see, in the
thermal region (E < 0:625 eV), we distinguish two different classes
of response. The first class of response correspond to that of Zr and
SiC. FeCrAl, APMT, 304SS and 310SS form the second class of
response. The latter is characterized by a high neutron capture
cross section compared with Zr and SiC responses. This trend is
mainly due to the fact that these materials contain at least 52%
iron, a material that has an absorption cross section in the thermal
groups of the order of 10 barns. Stainless steel claddings have a lar-
ger thermal neutron absorption due to the captures of nickel-59.
310SS has more thermal neutrons captures because the nickel-59
content is 11% higher than in 304SS. The two APMT peaks that
are seen in the epithermal zone are due to the presence of 96Mo.
However, as expected, nuclei having magic numbers of neutrons
(940Zr) or a doubly semi-magic number (2814Si) show low tendency
in capturing neutrons (Glasstone and Sesonske, 2012;
Cottingham and Greenwood, 2002). For thermal, epithermal and
fast neutrons, SiC cladding is more transparent than the baseline
zirconium alloy. In normal conditions, the neutrons are slowed
down in the moderator and then penetrate the neighboring
bundles. Before initiating the next fission, they must succeed in
crossing the sheath thickness. Thus, despite their better oxidation
resistance, claddings with higher capture properties have a
pronounced impact on the neutron balance.
10-3 10-2 10-1 100
0

0.2

0.4

0.6

0.8

1

1.2

Fig. 2. Macroscopic cap
2.3. Enrichment and geometry requirements

The five cladding materials react differently in the thermal and
epithermal zones. An enrichment in 235U will be required to com-
pensate the different neutronic losses. The criteria suggested to
determine the adequate enrichment for a cladding is that the fuel
must have at least the fuel residence time Dtc of the reference
CANDU bundle. For each enriched cell, the effective neutron multi-
plication factor (�keff ) d over the complete cycle must be equal to
the effective reference [UO2, Zr] criticality (�keff ;Zr) without poison
(St-Aubin and Marleau, 2015).

�keff ¼ 1
Dtc

Z Dtc

0
keffðtÞ dt ¼ �keff ;Zr: ð1Þ

The fuel residence time is the reactor calendar time between
the insertion of a single batch of fuel in the core and its extraction
(Rouben, 2003). One alternative to using such a simple time aver-
aged multiplication factor is to consider the following method. One
first evaluates the time averaged cell homogenized two group cross
sections and use them to calculate the keff solution to the equiva-
lent homogeneous transport problem. This method is more coher-
ent with how full reactor calculations are performed. However the
two multiplication constants only differ by about 0.3 mk and leads
to a maximum change in initial fuel enrichment of 0.001% which
can be neglected for this study. For the CANDU-6 reactor, the fuel
101 102 103 104

ture cross section.



Table 4
Various fuel pin configurations used for reactivity improvement.

Case eUO2 Pellet OR
[cm]

Gap thickness
[lm]

Clad OR
[cm]

�
[lm]

C0 (Ref.) eenrU 0.61220 0.0000 0.65400 418
C1 eenrU 0.61220 0.0000 0.63400 218
C2 eenrU 0.63220 0.0000 0.65400 218
C3 eenrU 0.61220 200.00 0.65400 218
C4 enatU 0.61220 0.0000 0.63400 218
C5 enatU 0.63220 0.0000 0.65400 218
C6 enatU 0.61220 200.00 0.65400 218
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residence time is the same as the cycle operation length and 300
days is considered for a complete burnup cycle at a constant power
of 31.9713 kW/kg (exit burnup of 9.6 GW-day/tonne).

For natural and optimized enrichment, three fuel rod configura-
tions are also considered. In the first one, the pellet dimension is
kept constant and the cladding thickness � is reduced by decreas-
ing the external radius (C1 and C4). In the second, � is reduced by
increasing the pellet external radius (C2 and C5). In the third
arrangement, the cladding thickness is reduced by increasing the
void gap and keeping the pellet dimensions fixed (C3 and C6). In
all cases, � is reduced by 200 lm. Table 4 provides the various
geometries studied for reactivity improvement. The fuel density
is kept at 10.4375 g/cm3 and the cladding densities for the different
configurations are provided in Table 3. Analyses are performed for
all cladding materials for Cases C0 to C6. Here, eUO2 represents the
uranium enrichment with enatU ¼ 0:71140 wt.% for natural uranium
and eenrU the optimized fuel enrichment. C0 (Ref.) represents the
actual CANDU-6 fuel pin geometry with optimized enrichment
(eenrU), if needed.

2.4. Simulation strategy

Computation of the bare cell lattice properties constitutes the
first stage of CANDU reactor physics simulations. The cell includes
fuel elements, coolant, pressure tube, helium gap, calandria tube
and moderator, but excludes all interstitial reactivity devices
(Varin et al., 2004). Here, our analysis is based on the 3D lattice
transport-theory code DRAGON5 (Marleau et al., 2016), which is
part of the Industry Standard Tool-set (IST) of Codes for CANDU
reactor core design and analysis (Rouben, 2002). The transport cal-
culation in DRAGON were performed using the collision probabil-
ity (CP) technique (Marleau et al., 1992).

Neutron cross sections are first extracted from a multigroup
library. In this study, we used a 172-group WIMSD4 format library,
based on JEFF 3.1 evaluated nuclear data (Koning et al., 2006). The
two-dimensional Cartesian cell of Fig. 1 with reflective boundary
conditions is considered. Normal CANDU-6 operation conditions
(i.e. pressures, temperatures and densities) are assumed for all
cells. For every zone, the CP integration lines are generated using
the NXT tracking module (Marleau, 2005). At every burnup step,
the cross sections are corrected by the generalized Stamm’ler
Table 5
Cycle converged mean multiplication factor.

Zr SiC

keff ðt0; enatUÞ 1.118047 1.122149
�keff ðenatUÞ 1.026239 1.029790
eUO2 [%] 0.711400 0.711400
�keff ðeUO2 Þ 1.026239 1.029790

Dkeff ðt0Þ [DRAGON-SERPENT] [pcm] 50.7 167.9
resonance self-shielding approach (Hébert and Marleau, 1991).
Tracking lengths are recovered by the ASM algorithm and the col-
lision probability matrix is produced. The transport equation is
finally solved without leakage. Then, the converged multi-group
flux map is obtained. Two groups burnup dependent (B) reaction
rates, diffusion coefficients DgðBÞ, condensed and homogenized
macroscopic cross sections R g

x ðBÞ are then produced for cell analy-
sis and subsequent core calculations. During burnup calculation,
the energy released outside the fuel is neglected. Yet, the clad com-
position variation due to neutron activation is taken into account.
Our simulation strategy was verified with SERPENT Monte-Carlo
code (Leppänen, 2013) using 10,000 neutrons per cycle, 2000
active batches and 200 inactive batches. As one can see in Table 5,
the agreement between DRAGON and SERPENT is very good with
differences in keff ðt0Þ that remain below 2 mk.
3. Results

3.1. Depletion keff results

For natural enrichment (enatU), Fig. 3 shows the evolution of the
effective multiplication factor during one operation cycle. The two
types of behavior previously observed for Rc responses (Fig. 2) are
also noticed in the keff pattern. The same order of responses from
the most to the least transparent material to thermal neutrons is
reproduced. At begin of cycle (BOC), t0 ¼ 0 days, the bundle con-
tains only fresh fuel. As the fuel depletes (t > t0), different changes
occur in fuel isotopic compositions depending on the cladding
absorption cross section. Neutron radiative capture in 238U lead
immediately to the production of 239U which, after a b� decay
(24 min), produces neptunium. The 239Pu production is not imme-
diate. There is a delay associated with 239Np decay, which has a
half-life of about 56 h (Burns et al., 2012). Hence, the rise observed
on the 5th day is caused by the 239Pu positive contribution. For
enatU condition, all cells display a 239Pu peak, but for FeCrAl, APMT,
304SS and 310SS cladded fuels, the cell is initially and remains sub-
critical. We conclude that a chain reaction cannot be sustained and
an increased enrichment is necessary.

To increase the cell reactivity, several iterations were needed to
select the adequate enrichment. A convergence criterion of 10�2

pcm is selected. Fig. 4 depicts the dependence of keff on time,
assuming the fuel enrichment is selected in such a way that Eq. 1
is satisfied for each cladding material. Fig. 5 shows the difference
in the keff between the alternate cladding material and Zircaloy.
Table 5 presents the converged results when the criticality criteria
is satisfied for all cells. A higher neutron absorption probability
implies a higher enrichment. At BOC, 235U is the only fissile nuclei
present in the fuel. For this reason, as the cell is more enriched,
the initial supercriticality is found greater at this moment. At each
time step, 235U isotope proportions in enriched bundles is larger
than for natural uranium fueled cells. Thermal absorption probabil-
ity in this fissile isotope is 100 times larger than capture probabil-
ities in 238U. In other words, at each burnup step, 235U fission is
more plausible than 239Pu production. This conclusion can be
FeCrAl 304SS 310SS APMT

0.975665 0.944769 0.923572 0.971555
0.922744 0.899505 0.884282 0.919418
1.049840 1.132900 1.192371 1.061905
1.026239 1.026239 1.026239 1.026239

54.1 81.9 34.2 90.0
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confirmed by plutonium and uranium isotopes inventory evolution
shown in Fig. 6. Consequently, the 239Pu peak disappears for
enriched fuels (see Fig. 4) and keff decreases more quickly. The
supercriticality of the ferritic sheath cells surpasses the silicon cell
up to the 70th day and continues to dominate the reference cell
criticality until the 110th day. Then, the multiplication constant
0 50 100 1
0.9

0.95

1

1.05

1.1

1.15

10

1.09

1.095

1.1

1.105

Fig. 4. Effective multiplication factor vs. fuel residence time for va
for ferretic cladded cells becomes lower than that observed for cells
claddedwith Zr and SiC (natural uranium fuel). This behavior can be
more easily seen in Fig. 5. After these burnup periods, the 235U fis-
sion rate is no longer able to compensate the neutronic penalty. The
more transparent SiC cladding produces a positive 0.35% D�keff dur-
ing all fuel residence period. A higher boron concentration will be
50 200 250 300

20 30 40

rious cladding candidates in a standard CANDU-6 cell lattice.
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Fig. 5. Dkeff from Zircaloy-II vs. fuel residence time for various cladding candidates in a standard CANDU-6 cell lattice.
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needed for SiC bundle criticality control. Fig. 7 depicts xenon and
ruthenium accumulation as a function of the fuel residence time.
As one can see, the concentration of xenon decreases regularly after
having reached a maximum (time between 50 and 100 days,
depending on the fuel enrichment). This is expected even for
high-flux reactor where the xenon concentration is proportional to

P
jNjðtÞrj;f

rXe;a

(one group microscopic cross sections assumed constant), with Nj

and rj;f , respectively, the concentration and the fission microscopic
cross section of the fissile isotope j. rXe;a is the 135Xe absorption
microscopic cross section. Thus changes in the fissile isotopes con-
centration will affect the xenon production rate and its concentra-
tion in the fuel. Initially, the loss of 235U is completely
0 50 100 150 200 250 300
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16
10-6

Fig. 6. 235U (left) and 239Pu (right) in
compensated by 239Pu creation with its larger thermal fission cross
section. As the fuel reaches higher burnups, the concentration of
xenon decreases because the global concentration of fissile isotopes
leads to a smaller macroscopic fission cross section. Table 6 lists the
time average fuel absorption rate over cladding absorption rate for
slow, epithermal and fast neutrons. These results emphasize the
cladding role seen in keff depletion results. While the slow neutron
absorption rate is 203 times more pronounced in UO2 pellets than
in SiC cladding, this ratio is reduced to 136, 8.1, 8.0, 6.8 and 6.2,
respectively, for Zr, FeCrAl, APMT, 304SS and 310SS claddings.

3.2. Neutron spectrum

At each burnup step, cross sections were homogenized over
fuel, cladding and moderator mixtures. The normalized flux (/ g

m)
per unit fission was produced at each of the 172 energy groups
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ventories during fuel depletion.
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Fig. 7. 135Xe (left) and 106Ru (right) inventories during fuel depletion.

Table 6
Time average fuel absorption rate divided by cladding absorption rate for slow,
epithermal and fast neutrons.

Slow Epithermal Fast

UO2/SiC 203:7 1457:7 271:8
UO2/Zr 134:9 78:6 90:6
UO2/FeCrAl 8:1 75:6 96:8
UO2/APMT 8:0 35:4 81:3
UO2/304SS 6:8 56:6 58:3
UO2/310SS 6:2 49:6 40:8
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for each time step. Fig. 8 compares the fuel regions homogenized
lethargy flux spectra (normalized flux per unit lethargy) at the
150th day (middle of cycle or MOC). The two category behavior
10-6 10-4 10-2
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Fig. 8. Neutron flux s
discussed before can only be differentiated in the thermal region.
More neutron absorbing materials allow fewer thermal neutrons
to reach the fuel. Therefore thermal peaks are staggered (lower
for FeCrAl, APMT, 304SS and 310SS), while fast peaks are superim-
posed. The fast neutron fraction in enriched cells increases, which
means a hardened neutron flux spectrum. This spectral hardening
was found at every depletion step in fuel, cladding and moderator
mixtures. For 0.0253 eV, / g

m peak is 30:5% higher in SiC and Zr fuel
pins than in FeCrAl, APMT, 304SS and 310SS pins. Thus, the 239Pu
production rate is larger in Zr and SiC cells (as shown in Fig. 6,
right). Consequently, in the case of spectral hardening, there is less
accumulation of actinides and fission products (see 106Ru inventory
in Fig. 7, right) and a minimum of 50% more 135Xe poison inventory
(see Fig. 7, left). Despite a higher enrichment, the system reactivity
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Fig. 9. Thermal fission neutron production rate radial profile at MOC.
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is more quickly reduced. The same phenomenon was observed by
George et al., 2015 for the PWR reactors, while introducing the
same claddings, and by Chen and Yuan, 2017 for the LWR, while
examining a new fuel cladding combination (U3Si2-FeCrAl).

3.3. Radial profile study

Fission rate spatial and temporal evolution and fissile pluto-
nium production near the pellet periphery (the so-called ‘‘rim
effect”) could be affected when the cladding is changed (Piro
et al., 2013). The fuel utilization factor will differ radially in the pel-
let. As a result, pin safety, performance and microstructure evolu-
tion could be affected. To analyze radial performance, each fuel
pellet was divided into 20 equal area rings. Neutron flux was
homogenized over pellets’ subregions, cladding and coolant. Fis-
sion rates, power density and fissile isotopic production were com-
puted at BOC, MOC and EOC (end of cycle) for fast, epithermal and
slow range. Fig. 9 illustrates the fission neutron production rate
(mRf/int) by thermal neutrons as a function of the radial position
in the pin at MOC, where /int (cm/s) is the volume-integrated ther-
mal flux. After moderation, thermal neutrons penetrate the bundle.
By successfully passing through the sheath, they are largely cap-
tured in the fuel pin outer regions. Fissile nuclei in the interior
regions are exposed to a much smaller fluence. Consequently, the
fission rate is larger as we approach the pellet-sheath interface.
All cladding materials show radially the same fission rate profile.
Fission rate is 7.6% smaller in FeCrAl, APMT, 304SS and 310SS
because of their spectral hardening. A steeper rise in the fission
rates as a function of the radial position means a clad material with
lower capture cross section.

The optimum use of both fissile and fertile materials is an
important aspect in CANDU reactors. The breeding ratio (BR)
describes the efficiency with which fuel is being utilized. When
the number of fissile nuclei produced exceeds the number of fissile
nuclei consumed, BR is superior to unity. A higher conversion ratio
is required due to the fact that the reactor’s decline in reactivity is
slowed down by efficient captures in fertile nuclei as 235U is con-
sumed (Glasstone and Sesonske, 2012). Thermal and resonance neu-
tron captures in 238U produce 239Pu. In order to study the plutonium
spatial distribution, 20 identical fuel mixtures were defined for each
pellet subring, where different burnup rates were allowed in every
subregion. The 239Pu radial profile inventory was then produced at
every depletion step. Fig. 10 depicts the plutonium inventory as a
function of fuel radius at MOC and EOC. Because of spatial self-
shielding, 238U capture reactions are more probable near the pellet
periphery. Consequently, the 239Pu concentration and BR ratios are
greater in the outer regions. Comparing 239Pu yield for different clad
compositions, a certain gap was found between class I (Zr, SiC) and
class II materials (FeCrAl, APMT, 304SS, 310SS).

At MOC, this gap is of the order of 7% in the pellet center,
whereas it is reduced to 0:7% in the same region at EOC. Moreover,
it varies from 7% up to 6.2% on the pellet periphery at MOC, while
at EOC it decreases nearly exponentially as one moves towards the
pin center. The difference can be explained by the spectrum hard-
ening and enrichment effects. The 239Pu inventory, for each time
step and subregion, decreases as the cladding neutron capture
cross section increases. Also, a higher 235U nucleus presence at
each time step implies higher fissile absorption probability than
fertile capture chance. At the 280th day, 239Pu concentration in
the outer region becomes slightly higher for the cells cladded with
FeCrAl, APMT, 304SS and 310SS. Throughout the fuel residence
time, total plutonium concentration is lower in optimized cells.
At EOC, over 60% more 235U will be left in the optimized cell and
a nearly identical plutonium concentration will be left in all cells
(see Fig. 6). We conclude that a much higher fuel economy is
observed in fuel pins cladded with SiC and Zr.

3.4. Geometry optimization

Natural uranium fueled cells cladded with class II materials
remain subcritical during all depletion cycle, so a fuel enrichment
was required to sustain the chain reaction at �keff ;Zr. After enrich-
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ment, some disadvantages persist like the spectral hardening, the
lower fission rate and the lower conversion factor. Sheath thick-
ness was reduced by 200 lm to compensate the cladding effect
and mitigate the neutronic penalty. Fig. 11 presents keff as a func-
tion of the fuel residence time for the first geometry optimization
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Fig. 11. Test (1). Variation of keff with time for cells with optimized enrichment [Cases C
case (C1 and C4). Depletion results for the second (C2 and C5) and
the third (C3 and C6) pin arrangements differ only by �100 pcm
compared with Fig. 11. Such differences cannot be visually ascer-
tained and the figures have not been presented. For the reference
case (C0: eenrU; � ¼ 418 lm), Table 7 summarizes the criticality level
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Table 7
keff at BOC and time-averaged keff for Case (C0) fuel pin configuration (optimized enrichment and reference geometry configuration).

Zr SiC FeCrAl 304SS 310SS APMT

keff ðt0; C0Þ 1:118047 1:122149 1:141111 1:142709 1:143292 1:141600
�keff ðC0Þ 1:026239 1:029790 1:026239 1:026239 1:026239 1:026239
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at BOC and the time-averaged keff . For all configurations proposed
(Case C1 to C6), Table 8 lists the cycle reactivity differences with
respect to the reference case (C0).

Decreasing the cladding thickness by reducing the cladding
outer radius (C1) results in a 66 mk gain in �keff in the case of
310SS compared to only 1 mk for SiC. Using the same fuel rod con-
figurations with enatU (C4) allowed class II cells to start the deple-
tion cycle supercritical (see Fig. 11, right). This conclusion
remains valid for tests (C5) and (C6). Such a configuration requires
less enrichment to reach �keff ;Zr and the spectrum effect should be
less pronounced. Reducing the cladding thickness by increasing
the pellet outer radius (C2) induces a more positive D�keff response.
This phenomenon can be explained by a higher fissile material vol-
ume. The gain is higher for cells cladded with class II materials
because there is more 235U at BOC and during the entire cycle.
Diminishing the cladding thickness by introducing a void gap
(C3) gives the lowest �keff improvements for all cells (larger clad vol-
ume than for C1 without the additional fuel of C2 to compensate for
clad absorption). The opposite effect is observed when the vacuum
gap and the cladding positions are interchanged (as in the hypo-
thetical example Ch

3) because of the additional reduction in the
coolant volume with respect to C1.

We conclude that decreasing the cladding thickness leads to a
more enhanced reactivity in iron and steel-based cells. Optimizing
the cladding thickness by increasing the fuel volume (C2) induces
the best improvements of �keff , followed by coolant volume increase
(C1) and finally the void gap increase (C3). In other words, balance
between neutronic capture and enrichment penalties could be
more adapted by choosing one of Case 1–3 new configurations.
From a safety standpoint, reducing the cladding thickness by more
than 200 lm is not desirable and the capability of fission products
retention, for such a thin clad, should be investigated.

3.5. Reactivity perturbations

During normal operations, the CANDU-6 reactor is continuously
refueled by an appropriate rate of fuel replacement (Rouben,
Table 8
keff difference (initial and cycle average) with respect to the reference case (C0) for alterna

Zr SiC FeCr

Dkeff ðt0; C1Þ [mk] þ3:99 þ2:02 þ63

D�keff ðC1Þ [mk] þ3:18 þ1:47 þ49

Dkeff ðt0; C4Þ [mk] þ3:99 þ2:02 �97

D�keff ðC4Þ [mk] þ3:18 þ1:47 �53

Dkeff ðt0; C2Þ [mk] þ3:50 þ1:47 þ64

D�keff ðC2Þ [mk] þ4:38 þ2:63 þ51

Dkeff ðt0; C5Þ [mk] þ3:50 þ1:47 �95

D�keff ðC5Þ [mk] þ4:38 þ2:63 �50

Dkeff ðt0; C3Þ [mk] þ5:68 þ3:77 þ62

D�keff ðC3Þ [mk] þ4:28 þ2:62 þ49

Dkeff ðt0; C6Þ [mk] þ5:68 þ3:77 �98

D�keff ðC6Þ [mk] þ4:28 þ2:62 �54

Dkeff ðt0; Ch3Þ [mk] þ6:39 þ4:23 þ71

D�keff ðCh3Þ [mk] þ4:81 þ2:94 þ56

Dkeff ðt0; Ch6Þ [mk] þ6:39 þ4:23 �89

D�keff ðCh6Þ [mk] þ4:81 þ2:94 �47
1984). Cells based on FeCrAl, APMT, 304SS and 310SS cladding
need enriched uranium fuel, which has a much larger excess reac-
tivity than current CANDU fuel. A small reactivity perturbation in a
critical state can make the reactor power diverge (Rozon, 1998;
Lewins, 2013). It is not known yet how the cells would react for
these candidate claddings to temperature and density perturba-
tions. Here, we compare the six cell responses when the following
perturbation scenarii on local parameters are examined:

1. the coolant temperature Tc is adjusted separately by �10 K,
�20 K and �30 K.

2. the moderator temperature Tm is adjusted separately by �10 K,
�20 K and �30 K.

3. the fuel temperature Tf is adjusted separately by �100 K, �200
K and �300 K.

4. the coolant density qc
v is reduced by

�1%;�5%;�10%;�50%;�70% and �100%.
5. the moderator density qm

v is reduced by �1%;�5%;�10% and
�50%.

6. both the coolant density and temperature (Tc;qc
v ) are simulta-

neously perturbed.
7. both the coolant density and the fuel temperature (Tf ;qc

v ) are
simultaneously perturbed.

The system criticality is computed by measuring its deviation
from the Rayleigh reference ratio k ¼ M/=F/, where M represents
the total neutron removal operator (losses by leakage and inter-
actions) and F the total fission neutron production operator
(prompt and delayed fissions). At each depletion step, the depar-
ture from kref ¼ 1=keff ;ref (optimized case C0 presented in Fig. 4)
measures the cell criticality variation and defines its dynamic
reactivity qðtÞ (Rozon, 1998). When perturbations occur, we eval-
uate the perturbed effective multiplication factor keff ;per and
compute:

qðtÞ ¼ 1
keff;refðtÞ �

1
keff ;perðtÞ

� �
� 1000 ½mk�: ð2Þ
te fuel pin configurations (C1 to C6).

Al 304SS 310SS APMT

:54 þ74:65 þ81:95 þ65:17
:94 þ59:53 þ65:95 þ51:42
:98 �118:18 �131:87 �100:87
:90 �67:50 �77:09 �55:81

:45 þ75:86 þ83:37 þ66:09
:92 þ61:65 þ68:18 þ53:39
:90 �115:54 �128:86 �98:74
:60 �63:74 �73:01 �52:47

:99 þ73:67 þ80:70 þ64:56
:41 þ58:67 þ64:87 þ50:84
:78 �119:47 �133:50 �101:74
:71 �68:69 �78:54 �56:67

:59 þ83:82 þ91:87 þ73:39

:17 þ66:76 þ73:87 þ57:80

:58 �108:50 �121:33 �92:30

:99 �60:65 �69:61 �49:75



Table 9
Reactivity q [mk] at BOC following perturbations in coolant (DTc), moderator (DTm) and fuel (DTf ) temperature.

DTc Zr SiC FeCrAl 304SS 310SS APMT

�30 K þ0:36 þ0:36 þ0:24 þ0:22 þ0:21 þ0:24
�20 K þ0:24 þ0:24 þ0:16 þ0:15 þ0:14 þ0:16
�10 K þ0:12 þ0:12 þ0:08 þ0:07 þ0:07 þ0:08
þ10 K �0:12 �0:12 �0:08 �0:07 �0:07 �0:08
þ20 K �0:24 �0:24 �0:16 �0:15 �0:14 �0:16
þ30 K �0:36 �0:36 �0:24 �0:22 �0:21 �0:24

DTm Zr SiC FeCrAl 304SS 310SS APMT

�30 K þ0:72 þ0:71 þ0:62 þ0:60 þ0:59 þ0:62
�20 K þ0:49 þ0:48 þ0:42 þ0:41 þ0:40 þ0:42
�10 K þ0:25 þ0:24 þ0:21 þ0:21 þ0:20 þ0:21
þ10 K �0:25 �0:24 �0:21 �0:21 �0:20 �0:21
þ20 K �0:49 �0:48 �0:42 �0:41 �0:40 �0:42
þ30 K �0:73 �0:72 �0:64 �0:62 �0:61 �0:63

DTf Zr SiC FeCrAl 304SS 310SS APMT

�300 K þ3:90 þ3:91 þ3:62 þ3:58 þ3:55 þ3:60
�200 K þ2:53 þ2:54 þ2:35 þ2:32 þ2:31 þ2:33
�100 K þ1:23 þ1:23 þ1:14 þ1:13 þ1:12 þ1:13
þ100 K �1:16 �1:16 �1:08 �1:07 �1:06 �1:07
þ200 K �2:28 �2:29 �2:12 �2:09 �2:08 �2:10
þ300 K �3:37 �3:38 �3:12 �3:09 �3:06 �3:10
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Tables 9 and 10 present the cell reactivity responses at BOC
while Tables 11 and 12 list the same responses at MOC. Fig. 12
depicts the dynamic reactivity evolution for selected perturba-
tions. All data presented was derived by evolving the bundle under
reference conditions and applying the perturbations separately at
each burnup step.

3.5.1. Coolant temperature perturbations
For both class I and II materials, increasing the coolant temper-

ature, at BOC, produces negative variations in the system criticality
(Table 9, part I). In the coolant, fission neutrons are in thermal
equilibrium with heavy water isotopes. Assuming a Maxwell–
Boltzmann distribution, the most probable neutron energy is
(3kBTc=2), where kB is the Boltzmann constant. The neutron mean
velocity is then v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBTc=m

p
. Consequently, if the coolant tem-

perature increases, the neutrons are faster. The average energy of
the slowed down neutrons slightly increases which results in a
Table 10
Reactivity q [mk] at BOC following volumetric mass density perturbations Dqc

v in coolant,
both fuel and coolant.

Dqc
v Zr SiC Fe

�2:5% þ0:37 þ0:37 þ
�5% þ0:75 þ0:74 þ
�10% þ1:51 þ1:48 þ
�50% þ7:64 þ7:51 þ
�70% þ10:79 þ10:60 þ
�100% þ15:67 þ15:39 þ
Dqm

v Zr SiC Fe

�1% �1:65 �1:63 �
�5% �3:44 �3:40 �
�10% �7:48 �7:39 �
�50% �80:23 �79:22 �
ðDTc ;Dqc

v Þ Zr SiC Fe

(þ30 K,�8:79%) þ0:99 þ0:97 þ
(þ20 K,�5:55%) þ0:61 þ0:60 þ
(þ10 K,�2:68%) þ0:29 þ0:28 þ
(�10 K,þ2:57%) �0:26 �0:26 �
(�20 K,þ4:93%) �0:49 �0:48 �
(�30 K,þ7:16%) �0:69 �0:67 �
ðDTf ;Dqc

v Þ Zr SiC Fe

(þ300 K,�100%) þ12:46 þ12:17 þ
lower rate of fission in 235U, the only fissile isotope in CANDU fresh
bundles. Increasing the coolant temperature at MOC (Table 11, part
I) results in an opposite effect to that observed at BOC, because of
the contribution of 239Pu resonance (0.3 eV). Reactivity increases
with burnup (Fig. 12) because more and more 239Pu is accumulated
as the fuel depletes. The higher reactivity values were found in Zr
and SiC bundles, followed by both FeCrAl and APMT, 304SS and
finally 310SS. This order complies with plutonium evolution inven-
tory in Fig. 6, plutonium radial profile in Fig. 10 and the increasing
capture cross section of the claddings in the thermal-epithermal
region (Fig. 2).
3.5.2. Moderator temperature perturbations
Table 9, part II, shows that increasing the moderator tempera-

ture has exactly the same global effect as for the coolant. The phe-
nomenon is the same as that previously explained (thermal
equilibrium and faster neutron returns). The difference is that, at
Dqm
v in moderator, simultaneous perturbations ðDTc ;Dqc

v Þ in coolant and ðDTf ;Dqc
v Þ in

CrAl 304SS 310SS APMT

0:34 þ0:34 þ0:33 þ0:34
0:68 þ0:67 þ0:67 þ0:68
1:36 þ1:34 þ1:33 þ1:36
6:88 þ6:76 þ6:70 þ6:87
9:70 þ9:51 þ9:43 þ9:68
14:04 þ13:74 þ13:61 þ14:01

CrAl 304SS 310SS APMT

1:64 �1:65 �1:65 �1:67
3:42 �3:43 �3:44 �3:47
7:42 �7:45 �7:47 �7:53
78:49 �78:63 �78:68 �79:59

CrAl 304SS 310SS APMT

0:98 þ0:98 þ0:98 þ0:98
0:61 þ0:60 þ0:61 þ0:61
0:29 þ0:29 þ0:29 þ0:29
0:27 �0:27 �0:27 �0:27
0:50 �0:51 �0:51 �0:51
0:72 �0:72 �0:73 �0:72

CrAl 304SS 310SS APMT

11:10 þ10:84 þ10:73 þ11:09



Table 11
Reactivity q [mk] at MOC following perturbations in coolant (DTc), moderator (DTm) and fuel (DTf ) temperature.

DTc Zr SiC FeCrAl 304SS 310SS APMT

�30 K �0:64 �0:63 �0:42 �0:37 �0:35 �0:46
�20 K �0:43 �0:42 �0:28 �0:25 �0:23 �0:32
�10 K �0:21 �0:21 �0:14 �0:13 �0:12 �0:18
þ10 K þ0:22 þ0:21 þ0:14 þ0:13 þ0:12 þ0:09
þ20 K þ0:45 þ0:44 þ0:29 þ0:26 þ0:24 þ0:24
þ30 K þ0:68 þ0:67 þ0:45 þ0:40 þ0:38 þ0:39

DTm Zr SiC FeCrAl 304SS 310SS APMT

�30 K �2:67 �2:64 �1:85 �1:70 �1:60 �1:87
�20 K �1:84 �1:82 �1:29 �1:18 �1:11 �1:31
�10 K �0:93 �0:91 �0:65 �0:60 �0:56 �0:69
þ10 K þ0:94 þ0:92 þ0:66 þ0:61 þ0:57 þ0:60
þ20 K þ1:89 þ1:86 þ1:34 þ1:23 þ1:16 þ1:27
þ30 K þ2:87 þ2:83 þ2:04 þ1:89 þ1:78 þ1:96

DTf Zr SiC FeCrAl 304SS 310SS APMT

�300 K þ0:60 þ0:66 þ1:64 þ1:81 þ1:93 þ1:60
�200 K þ0:30 þ0:34 þ0:99 þ1:12 þ1:20 þ0:96
�100 K þ0:09 þ0:11 þ0:44 þ0:51 þ0:55 þ0:40
þ100 K þ0:02 þ0:00 �0:34 �0:41 �0:44 �0:40
þ200 K þ0:09 þ0:05 �0:63 �0:81 �0:84 �0:69
þ300 K þ0:23 þ0:16 �0:85 �1:07 �1:19 �0:90

Table 12
Reactivity q [mk] at MOC following volumetric mass density perturbations Dqc

v in coolant, Dqm
v in moderator, simultaneous perturbations ðDTc ;Dqc

v Þ in coolant and ðDTf ;Dqc
v Þ in

both fuel and coolant.

Dqc
v Zr SiC FeCrAl 304SS 310SS APMT

�2:5% þ0:32 þ0:32 þ0:34 þ0:34 þ0:34 þ0:29
�5% þ0:64 þ0:64 þ0:67 þ0:67 þ0:68 þ0:63
�10% þ1:29 þ1:27 þ1:34 þ1:35 þ1:36 þ1:30
�50% þ6:50 þ6:39 þ6:76 þ6:78 þ6:82 þ6:74
�70% þ9:17 þ9:00 þ9:52 þ9:55 þ9:60 þ9:51
�100% þ13:31 þ13:06 þ13:80 þ13:81 þ13:89 þ13:80

Dqm
v Zr SiC FeCrAl 304SS 310SS APMT

�1% �1:95 �1:94 �1:91 �1:90 �1:90 �1:98
�5% �4:07 �4:04 �3:97 �3:96 �3:96 �4:07
�10% �8:83 �8:76 �8:61 �8:60 �8:59 �8:77
�50% �93:77 �92:81 �90:80 �90:57 �90:37 �92:00

ðDTc ;Dqc
v Þ Zr SiC FeCrAl 304SS 310SS APMT

(þ30 K,�8:79%) þ1:76 þ1:73 þ1:59 þ1:56 þ1:54 þ1:54
(þ20 K,�5:55%) þ1:14 þ1:12 �0:95 þ1:00 þ0:99 �1:00
(þ10 K,�2:68%) þ0:56 þ0:55 �0:49 þ0:49 þ0:48 �0:54
(�10 K,þ2:57%) �0:55 �0:54 þ0:50 �0:47 �0:47 þ0:45
(�20 K,þ4:93%) �1:08 �1:06 þ1:02 �0:93 �0:91 þ0:97
(�30 K,þ7:16%) �1:61 �1:58 þ1:59 �1:37 �1:34 þ1:54

ðDTf ;Dqc
v Þ Zr SiC FeCrAl 304SS 310SS APMT

(þ300 K,�100%) þ13:89 þ13:56 þ13:23 þ13:04 þ12:95 þ13:22
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MOC, reactivity values are � 4 times more pronounced than for Tc

perturbations. This is because the moderator volume is 83% of the
CANDU reactor core, which can be compared with 4% for the cool-
ant (Griffiths, 1983; Whitlock, 1995).
3.5.3. Fuel temperature perturbations
Table 9, part III, shows that all bundles’ reactivity decreases as

the fuel temperature increases. This behavior is mainly due to
the Doppler effect: as DTf is increased, resonance broadening
increases the neutron radiative capture for 238U. At MOC (Table 11,
part III), assuming a positive perturbation DTf ¼ þ100;þ200 and
þ300 K, a positive reactivity is observed for SiC and Zr bundles.
This effect is caused by 239Pu contributions. Reactivity values are
two times higher at BOC because all bundles were freshly fueled.
Fig. 12 shows that the Doppler effect remains higher for Zr and
SiC bundles, until the 5th day, because less 238U captures occur
in enriched cells. Table 9, part III, and Table 5 show that, at BOC,
the higher Doppler coefficient correspond to the rank of the lower
enrichment needed. After that period, the behaviors are completely
inverted because a higher 239Pu fission rate is observed in the nat-
ural cells.
3.5.4. Coolant density perturbations
Coolant partial voiding can be caused by a fuel overpower,

excessive heat flux and then a coolant boiling. Coolant complete
evaporation can be caused by a loss of power to the circulating
pumps. In pressure-tube thermal reactors (CANDU and RBMK),
such effects are confined to the coolant and the moderator is not
directly affected (Rozon, 1998). As one can see, a complete loss
in cooling capacity makes the system prompt supercritical. Tables
10 and 12, parts I, show that for all cells, the reactivity increases as
the coolant voiding percentage increases.
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Fig. 12. Various perturbations scenarios illustrated.
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In CANDU reactors, the coolant occupies 4% of the cell volume.
Its moderation role can be neglected in comparison with the mod-
erator contribution. Fuels rods are the main sources of fast neu-
trons (0.821 MeV up to 10 MeV) while the moderator is the
major source of the thermal neutrons (6 0:625 eV). One role of
the coolant is to slow down fast neutron to epithermal energies.
Removing the coolant role increase reactivity by decreasing reso-
nance absorption in the pin rods (resonance escape probability p
increases). In addition, the coolant only contributes 0:03% of all
the absorptions in the cell (Whitlock, 1995). Thus, decreasing the
coolant density will not affect the overall absorption. Fast fission
rates also increase since less scattering takes place and the fast
neutrons can reach a neighboring fuel pin. Whitlock et al., 1995
showed that at zero burnup ‘‘31% of the total effect is due to the
thermal factors (gþ f ), 7% is due to the fast factors (pf and �)
and 62% is due to the epithermal factor (pe)”. When the 239Pu con-
centration in the fuel increases, a change occurs in the reproduc-
tion factor g and a reduction in f component (neutron spectrum
is shifted away from 239Pu and 241Pu significant thermal fission res-
onance), which imply a net negative effect. Thus, this contribution
to the void effect is zero at BOC (fresh fuel) and slightly negative at
MOC (equilibrium fuel). Consequently, bundles containing higher
239Pu concentration (Zr and SiC) see a larger decrease of their cool-
ant void reactivity with burnup (Table 12, part I).
3.5.5. Moderator density perturbations
Tables 10–12, parts II, show that the cells reactivity decreases as

the moderator voiding rate increases. This result is opposite to the
behavior observed for the coolant. The flux reaching the moderator
is an epithermal flux. When the moderator density decreases, the
thermalization process is less efficient. Neutrons that return are
more energetic than in normal operation conditions. Neutrons pass
far from 235U and 239Pu resonances, which explains the negative
voiding coefficient. Moderator voiding effect is slightly more nega-
tive in Zr and SiC bundles.
3.5.6. Simultaneous perturbations in coolant temperature and density
The reactivity of all cells increase as we both decrease the cool-

ant density and increase the coolant temperature. D2O density was
computed according to the assumed DTc perturbation and the cool-
ant purity, using WIMS-AECL temperature tabulations (Marleau
et al., 2016). The simultaneous effect ðþ30K;� 9%Þ, at MOC, for
FeCrAl (for example) produced a reactivity of þ1:6mk, which is,
approximately, the sum of þ1:3mk (perturbation Dqc

v ¼ �10%,
Table 12-part I) and þ0:4 mk (perturbation DTc ¼ þ30 K, Table 11-
part I). The overall effect is the sum of the individual effects, cool-
ant density reduction being the slightly dominant effect. The over-
all effect is more pronounced in class I cells.
3.5.7. Simultaneous perturbations in coolant density and fuel
temperature

Combining a complete loss of the coolant with an increase of
þ300 K in the fuel temperature increases the reactivity of all cells
by a minimum of þ10:73 mk (Table 10 and Table 12, parts IV). This
perturbation is close to RIA conditions and allows another consid-
eration of joint effects. Reactivity values are higher at MOC because
more 239Pu and 241Pu fissions occur as fresh bundles deplete. As
seen in Section 3.5.6, the overall effect is the sum of the individual
effects. Table 10, part IV, shows that SiC reactivity increases by
þ12:17 mk, at BOC, which is approximately the sum of
þ15:39 mk (perturbation Dqc

v ¼ �100%, Table 10-part I) and
�3:38 mk (perturbation DTf ¼ þ300 K, Table 9-part III). For both
BOC and MOC, reactivity increases are lower in ferritic and steel-
cladded bundles.
4. Conclusion

The neutron economy performance for each cladding material is
quantified in comparison with the baseline zirconium alloy used in
actual CANDU-6 reactors. UO2 fuel bundle calculations are per-
formed for iron-based alloys (FeCrAl and APMT), steel-based alloys
(304SS and 310SS), silicon carbide (SiC) and Zircaloy (Zr-II) clad-
ding. Ni-59 and Fe-56 high thermal captures imply a major neu-
tron penalty for steel and iron-based claddings. The first serious
consequence, for these alloys, is that a chain reaction can not be
sustained in CANDU-6 actual conditions (fuel pin geometry and
natural enrichment). The more neutron transparent SiC cladding
results in the best neutron economy throughout the life cycle. A
positive 0:35% D�keff from Zircaloy-II is produced in [UO2, SiC] cell
in the same CANDU-6 conditions. For iron and steel alloys, an
enrichment methodology is developed to reach the CANDU-6 cell
cycle averaged multiplication factor.

Increasing the enrichment causes the 239Pu peak, observed in
keff patterns, to disappear and induces a higher keff decreasing rate
with burnup. The slow neutron absorption rate is found to be 203
times more pronounced in UO2 pellet than in SiC cladding, while
this ratio is reduced to 8 and 6, respectively, in iron and steel-
based claddings. Spectral analysis is performed at every burnup
steps for fuel, cladding and moderator. A spectral hardening is
found in cells made with FeCrAl, APMT, 304SS and 310SS, that
induces a lower accumulation of actinides and fission products.
Neutron flux spectrum (/ g

m) is found 30:5% higher at 0.0253 eV
in SiC and Zr cells, leading to lower 239Pu production in enriched
cells. A minimum of 50% more xenon poison is produced at end-
of-cycle in iron and steel-based bundles. All cells showed radially
a similar fission rate and plutonium inventory profiles. At MOC,
on the pellet periphery, the fission rate and the plutonium concen-
tration are found, respectively, 7:6% and 6:2% smaller in steel and
iron-based alloys. At EOC, a minimum of 60% more fissile 235U is
left in the enriched cell. Three fuel pin configurations are examined
in both natural (enatU) and optimized (eenrU) enrichment conditions
to compensate the cladding effect. Reducing the sheath thickness
by 200 lm allowed iron and steel-based cells to start the depletion
cycle supercritical in enatU condition. Decreasing the cladding
thickness always has a larger impact for iron and steel-based cells.
By perturbing coolant and moderator densities and temperatures,
and fuel temperature, different moderate and severe DB scenarios
are simulated at BOC and MOC. Burnup calculations are performed
under nominal conditions. At zero burnup, fuel temperature coef-
ficients (Doppler effect) are higher in SiC and Zr bundles. After plu-
tonium accumulation (MOC), this behavior is inverted. At mid-
burnup, the coolant voiding effect is slightly higher in bundles
made with iron and steel-based alloys while at BOC it was lower.

Based on these results, future work will consider the second
level of our computational scheme, namely full-core calculations.
We will then determine neutron poison requirements and analyze
the reactor global behavior during normal and accidental opera-
tions scenarii. LOCA and RIA accidents will be simulated and the
new margins earned from Zircaloy-II case will be quantified.
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