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Abstract

As many French nuclear 900 MW. Pressurized Water Reactors (PWRs) approach the end of their design lifetime
(40 years), itis of great importance, in the perspective of a possible extension of operation, to be able to accurately
characterize the structural integrity of the reactor pressure vessel for safety reasons. Therefore, the Institut de
Radioprotection et de Sdreté Nucléaire (IRSN) consider the possibility to develop a best-estimate calculation
scheme for the fast neutron fluence (neutrons with energies greater than 1 MeV) at the vessel of PWRs, which is
used to predict the material embrittlement. However, before building this type of model, one prior key point is to
determine which parameters need to be considered. The aim of this paper is to assess the need to take into account
the power history of the reactor core and the induced variation of its operational parameters (core power, boron
concentration and control rods insertion) in order to perform fast neutron fluence calculations. The analysis has
been performed using a calculation scheme coupling a deterministic approach (CASMO5 and PARCS codes) to
evaluate the core fission distribution and a Monte-Carlo modeling (MCNP6 code) to estimate the attenuation of the
neutrons source from the core to the vessel.

Keywords: neutronics, fast neutron fluence, vessel embrittlement, core power variation.

1. Introduction

The lifetime of a nuclear reactor and its possible extension are strongly related to the aging of the reactor
pressure vessel under neutron irradiation. Indeed, the embrittlement of the vessel material is primarily
induced by the bombardment of fast neutrons (with energies greater than 1 MeV) [1].

The fast neutron fluence (¢7) at the reactor vessel accumulated over a period T can be defined as:
T T
ef = f Dpgse(t) - dt = f f &(t,E)-dE - dt (1)
0 0 YE>1MeV

where t is the time (s), E is the neutron energy (MeV), @7, (t) is the time dependent, energy inte-
grated, flux of neutrons with energies above 1 MeV at the vessel (n.cm=2.s1).

This quantity can be derived from experimental activity measurements of dosimeters inside the reactor
vessel or directly evaluated by numerical simulations. Many approaches have been developed world-
wide to perform vessel fluence calculations ([2], [3], [4] and [5]). However, in most of these studies, there
is no precision on how the power history of the reactor is taken into account and, to our knowledge,
there is no public study testing this hypothesis.

A conventional way to compute the fast neutron fluence is first to evaluate the core fission distribution,
then to model the neutron transport from the core to the pressure vessel. In this first step a classical
approach is to use a fission distribution averaged over a fuel cycle (often based on operational data of
the reactor).

In order to evaluate how the vessel flux may be influenced by the power history of the reactor core, the
authors performed a sensitivity analysis using a deterministic approach to evaluate instantaneous fis-
sion distributions and a Monte-Carlo code to model the neutron attenuation from the core to the vessel.
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This choice is motivated by the lower computational time of this methodology compared to a full Monte-
Carlo simulation. Despite the approximations due to deterministic methods, the precision of this model
is in line with our needs since the aim of this study is to evaluate the order of magnitude of the impact
of core power variations on the vessel flux.

After a brief presentation of the considered reactor core, the following section introduces the modeling
used to perform the analysis. Afterward, section 3 details the methodology used to evaluate the impact
of core power history on the fast neutron flux at the vessel. Results are presented in section 4 and after
a discussion in section 5, conclusions are drawn in section 6.

2. Modeling

Fission distributions are evaluated using a deterministic approach coupling the CASMOS5 [6] and PARCS
[7] codes and the vessel fast neutron flux @4 (t) is then calculated using the Monte-Carlo code

MCNP6 [8]. The second calculation is a fixed source problem using neutron source description derived
from the fission distribution evaluated in the first step by the deterministic approach. However, before
going into the details of the used calculation scheme, the considered reactor core is briefly presented.

2.1) Reactor core description

The reactor core is representative of a French 900 MWe PWR core with a hybrid UOX/MOX fuel man-
agement. The reactor core layout is shown in Figure 1 and each fuel assembly is referenced in the
classical naval coordinates system (ex: JO1 corresponds to the assembly located in the J column, first
line). In this figure, colors are just there for the sake of display.
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Figure 1: Control rods banks and shutdown rods banks positions [9]

For this reactor type, the control rods are composed of a mixture of silver, indium and cadmium. These
are separated in 2 grey control rod banks (G1 and G2), which have a low impact on reactivity and 3
black control rod banks (R, N1 and N2) which are stronger neutron absorbers. Furthermore, the consid-
ered control rods management is the French “G” mode [9] that is widely used in the French nuclear fleet.
For this management the R control rod bank has continuously, during the cycle, few steps inserted to
regulate the coolant temperature while the G1, G2, N1 and N2 banks are progressively inserted (in that
order) as the core power decreases. There are also 4 shutdown rod banks (SA, SB, SC and SD) but
these are permanently withdrawn when the reactor is operating.
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2.2) Neutron source description
The spatially homogenized neutron source within a fuel assembly m can be defined as:

Bn
Sm(E) = Rf,m'vm'Xm(E) :E' Vm'Xm(E) (2

where Rf'm is the fission reaction rate (s%), P,, is the radial thermal power (W), v,,, is the average num-

ber of neutron emitted by a fission, E,, is the mean recoverable energy per fission (J), E is the energy
of the emitted neutron (eV) and y,, (E) is the average fission spectrum.

However, the pin neutron source used in the MCNP6 modeling is deduced from the assembly power
distribution according to the following equation:

P
Sp(E) = Rf,p'X(E) = N X(E) (3
pin

where Sp(E) is the homogeneous neutron source in pin p, Rf,p is the fission reaction rate for the pin

P, Npiy is the number of fuel pins and X(E) is the fission spectrum for the whole reactor core. In this

study, a Watt fission spectrum has been used with values of 0.965 MeV for the a coefficient and 2.29
MeV-! for the b coefficient [10].

In equation (3) the fission reaction rate distribution (Ry ;) is approximated by the core power distribution
calculated by the CASMO5-PARCS scheme (B, /Np;,). Furthermore, the authors assumed that the

average number of neutrons emitted by a fission (v,,,) and the recoverable energy per fission (Eg,,) are
not varying from one assembly to another by setting v,,,/Er,, €qual to 1. This approximation should not
have an important impact on the estimated relative differences since only cores with the same average
burnup are compared in this study. Moreover, in the used modeling, the source distribution has no pin
dependency but takes into account an axial profile for each assembly (generated by the PARCS code).

2.3) Evaluation of the core power distribution

In order to estimate the core power distribution (i.e each individual B,,) at different burnup steps covering
the whole cycle duration, a deterministic approach based on CASMO5 and PARCS has been used.

First of all, the CASMOS5 code is used to generate fuel assembly homogenized two-group macroscopic
cross-section data that the PARCS code will use as a multi-parametric database (since these cross
sections depend on energy group, moderator density...) to compute 3D core power distributions at mul-
tiple steps of the cycle duration (10.43 GWd/t).

On one hand, CASMOS5 solves the 2D stationary transport equation (the axial dimension being consid-
ered as infinite) at an assembly level using a 586-group data library based on the ENDF/B-VII.1 nuclear
data. The CASMOS5 calculation scheme is a two-level one using the so called Pj method [11] with 586
energy groups and the MOC method [11] with 26 energy groups. On the other hand, PARCS solves the
3D diffusion equation with 2 energy groups for the whole core and for different burnup steps to evaluate
several quantities (radial and axial power, burnup, xenon and samarium concentration...). Regarding
the spatial discretization, each assembly is divided into 4 radial meshes and 14 axial meshes along its
height (including reflectors). An advantage of using PARCS regarding Monte-Carlo methods is that it
includes a module that takes into account simplified thermohydraulic feedbacks. Xenon-135 and Sa-
marium-149 concentrations are calculated to be at equilibrium, meaning that Xenon-135 concentration
is constant between two burnup steps while the Samarium-149 one is fixed for the whole cycle. This
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choice is motivated to prevent any Xenon instability that may appear after a strong power variation.

Furthermore, an equilibrium cycle has been considered and the cycle duration has been divided in 150

burnup steps so the authors assumed that this approximation is not impacting significantly the obtained

results. Finally, boron concentration is adjusted by PARCS to have critical core.

2.4) Modeling of the neutron attenuation

The geometry used in the MCNP6 model (Figure 2) is representative of a French 900MWe reactor and
a previous version has been detailed in Reference [12]. However, some modifications have been made
on this model, including a modification of the thermal shield from a symmetric to an asymmetric config-
uration and the addition of a simplified modeling of the capsules used in the French surveillance program
[13] containing dosimeters and vessel material samples. Fuel compositions are representative of the
beginning of cycle for the studied fuel management (described in section 3.1). Furthermore, the moder-
ator temperature has been set equal to 304.6°C, meaning that moderator density is uniform over the
whole reactor core. According to Reference [2], this approximation may have a non-negligible (around
3.5%) impact on @¢ evaluations but should not impact too much relative differences between two
calculations. However, in reality, the axial temperature gradient varies according to the core power and
using the same planar-averaged temperature profile for two simulations at different core power may
have some impact on the evaluated relative differences. This matter is discussed in section 6. Moreover,
the boron concentration has been fixed to 10 ppm since preliminary studies [12] demonstrated that its
impact is negligible for a @, estimation because boron-10 is a thermal absorber and has almost no

effect on fast neutrons.

Fast neutron flux detectors (1 MeV < E < 20 MeV) have been modeled at different azimuthal positions
on the vessel, axially located at the center of the active part, since this axial position corresponds to the
maximum flux at the beginning of the cycle. The detectors are indicated by black sections in Figure 2.
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Figure 2 : Horizontal cross section of the MCNP6 reactor modeling with the considered detectors (left side)
and vertical cut of the modeling (right side)

To reach sufficient statistical uncertainties with a reasonable computational cost, the weight-window
variance reduction method has been used. The weight-window parameters were calculated for 19 neu-
tron energy groups (with energy bounds up to 17.3 MeV) by the mean of the ADVANTG 3.0 [14] tool,
based on the so called Forward Weighted Cadis method [15], using the deterministic code Denovo [16].
An example of such weight windows is presented for the second energy group (with 1.00 MeV< E <
1.35 MeV) in Figure 3. The high importance regions shown in blue close to the detectors (indicated with
red dots) have lower weight-window parameters ensuring enhanced sampling.
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Figure 3 : Weight-window map for the neutrons between 1.00 and 1.35 MeV and red dots indicating detec-
tors location (horizontal (left side) and vertical (right side) cross section)

Finally, @f4s; calculations have been performed using data library based on the ENDF-B/VII.1 nuclear
data and 4.108 source neutrons have been simulated, leading to statistical uncertainties about 1-2%.

3. Methodology to evaluate the impact of core power history

As mentioned previously, the goal of this work is to quantify the impact of core power variations on the
fast neutron flux reaching the vessel. Since the second step of vessel flux evaluation can be time con-
suming, a more extensive sensitivity study was performed focusing on the energy released by the as-
semblies on the border of the core during the whole cycle. Indeed, the assemblies in the first two rows
(Figure 1) are the main contributors to the flux at the 0° detector (Figure 2). After analysis of the effect
of core power variations on the assemblies of interest, some selected power distribution maps were
used for fast neutron flux calculations at the vessel to quantify the impact of core power history.

3.1) Energy released by the border assemblies

As described before (section 2.3), the cycle length has been discretized in Ny, burnup steps. The

energy released per units of heavy metal mass E,,, (which is equivalent to a burnup exposure) during a
complete cycle by a fuel assembly m has been computed using the following formula:

Ep = Z Ppi - At (4)

where P,, ; is the normalized radial power of the assembly m at the burnup step i (which corresponds
to the total power over the assembly) and At; is the length of the burnup step i (GWd/t). In the PARCS
code, Py, ; is normalized to the average fuel assembly power.

In order to quantify the impact of core power variations on the energy released by the considered fuel
assemblies, three different cases with the same final core burnup have been compared (Figure 4):
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- case “variable power”: a set of simulations where the reactor core experiences a significant
number of power drops corresponding thus to different cycle mean power values (for each cycle
mean power, several simulations with different number and depths of power drops have been

considered, within an uncertainty of 1% on the cycle mean power),

- case “constant power”: a set of simulations where the reactor core power is constant during the
whole cycle length (for each cycle mean power corresponds only one simulation),
- case “nominal power”: a simulation where the reactor core is at nominal power with all the con-

trol rods withdrawn.

Notes: in cases “variable power” and “constant power”, reactor core operational parameters (control
rods) vary according to the core power as described in section 3.1. The cycle mean powers for the
“variable power” simulations vary between approximately 30% and 90% of the core nominal power.

nominal power

End of cycle
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Figure 4 : Scheme of the various tested cases of reactor power variation

3.2) Fast neutron flux at the vessel

In order to quantify the impact of core power variations on the fast neutron flux at the vessel, a study
has been performed using the MCNP6 model described in section 2.4. Power distributions were ex-
tracted from the “constant power” case described in section 3.1 and converted into a pin neutron source
for the MCNP6 modeling using the methodology described in section 2.2. This methodology implies that
every pin of an assembly has the same radial and axial power distribution. Two core power maps have
been compared, both at a core burnup equal to 2.03 GWd/t. This burnup step was chosen to be close
to the cycle beginning while avoiding any bias that may be introduced on the core power distribution by
Xenon-135 transient. The first power map (referred to as “32%”) corresponds to a reactor core operating
at 32% of its nominal power and the other one (referred to as “80%”) to a reactor core operating at 80%
of its nominal power. The relative assembly radial power differences AP5,_gq (cf. equation (5)) between
these two maps are presented in Figure 5.
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Figure 5: Relative core power distribution differences (%) between case 32% and 80% at 2.03 GWd/t
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4. Results

4.1) Impact on the energy released by the border assemblies

The Figure 6 presents the obtained results for the JO1 assembly. This figure highlights the fact that, for
the most realistic case in regards to a reactor core operating in load following mode (“variable power”
represented by black dots), the energy released increases linearly as the core cycle mean power de-
creases. Furthermore, dispersion appears around this linear behavior induced by the variation of the
number and depths of power drops during the cycle. However, since the maximal dispersion for a given
value of the cycle mean power is about 1%, a linear regression constitutes a good model to reproduce
the behavior of the “variable power” case. Nevertheless, the generation of such a model would be rather
time-consuming and will have to be reproduced for each core management.

¢ VARIABLE POWER
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T —e— CONSTANT POWER
2 — NOMINAL POWER
RN
£ . <
B <oz N
™ . o E .
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Figure 6: Energy released by the JO1 assembly as a function of cycle mean power?!

Results are summarized in Table 1. In this table, all calculations were performed using the following
relative difference formula:

Xref - Xtest

AXref—test = )

Xtest

where X, is the evaluated quantity for the test case and X, is the evaluated quantity for the refer-
ence case.

In this table, the averaged absolute bias to the “variable power” case |AEy sr—modet| is @an indicator of
the model quality since a low value of this parameter induces that the considered model follows properly
the most realistic case. Furthermore, the extremum of the bias to the reference case
AEy AR-model min—masx MeASUres the extent to which the considered model can deviates from the most
realistic case. A positive value indicates an underestimation of the assembly energy while a negative
one indicates an overestimation.

1 The “nominal power” case, corresponding to 100% of the nominal power, has only one value of the released
energy by each assembly and no dependence on the core mean power. In order to visualize the bias with other
cases, it was chosen to be represented as a line.
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Quantity / Assembly Jo1 HO1 LO2 K02 Jo2 HO2
Enom (GWdlt) 322 | 438 | 740 | 1024 | 1110 | 817
1AEy 4n—nom| (%) 2.48 3.53 350 | 441 4.18 2.46
AEy AR—NOM myim—max (%0) 515 | 6.77 | 596 | 830 | 847 | 588
|AEy 4p—csr| (%) 0.61 0.73 0.52 0.36 0.88 1.10
AEy AR—cST min—max (%) 173 | 207 | -118 | 119 | 211 | 253

Table 1: Summary of the results for different assemblies where “VAR”, “NOM” and “CST” refers to the
“variable power”, “nominal power” and “constant power” cases, respectively.

Before analyzing the differences between these simulations, it is important to recall that all simulations
were performed with a final core burnup equal to 10.43 GWd/t, meaning that comparisons are not biased
by any cycle length difference. Regarding the “nominal power” case (blue line in Figure 6), the bias to
the “variable power” case increases as core cycle mean power decreases, leading to a non-negligible
underestimation (up to 8.47%) of the energy released by the considered assemblies (Table 1). However,
even if the “constant power” case (red line in Figure 6) remains a simple model, it is largely less biased
than the “nominal power” case because the impact of the control rods insertion and the impact of the
core power drop-off are taken into account. On the contrary, the impact of their variations during a cycle
is not modeled in the “constant power” case, which explains the differences with the “variable power”
case. By comparison, the bias between these two cases is always between -1.18% and 2.53%. Finally,
even if the “constant power” case constitutes a good compromise between model simplicity and preci-

sion (since |AEy 4r—csr| is always inferior to 1.10%), results are slightly underestimated for the JO1,
HO1, JO2 and HO2 assemblies (Figure 1) when the cycle mean power is close to 85% (Figure 6). As
consequence, this case could be adjusted at high cycle mean powers to improve its predictions.

4.2) Impact on the fast neutron flux at the vessel

The fast neutron flux in each detector described in section 2.4 and the differences Ad5,_g, resulting
from the power maps of cores operating at 32% and 80% of their nominal power (section 3.2) are pre-
sented in Figure 7. These results show that core power variations have a significant (mostly superior to
the 3 sigma statistical uncertainty) impact on the fast flux. Furthermore, comparing Figure 5 and Figure
7, it can be deduced that an increase of 1% on the radial power of the studied assemblies results almost
in an increase of 1% on @4, meaning that the effect on the attenuation is of the same order.
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Figure 7 : Fast neutron flux azimuthal distribution at the core mid plane at 2.03 GWd/t (left side) and fast
flux differences between cases 32% and 80% (right side).
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5. Discussion

The results of this study show that core power variations have a significant impact (up to 8.5%) on the
fast neutron flux at the vessel. However, some of the approximations used could impact the result.

Firstly, the neutron sources have been determined by a deterministic code solving the two-group diffu-
sion equation. Even if the number of energy groups employed in the calculations is expected to have
low impact on the evaluated core power distributions (inferior to 1% according to Reference [17]), the
diffusion approximation implies potentially large uncertainties at the core periphery boundary. Thus, an
improvement to this methodology could be the use of 3D Monte-Carlo simulations to determine the
neutron source (inducing a more time consuming calculation scheme).

Secondly, a preliminary study has shown that the fuel pins that are the closest to the vessel contributes
up to two order of magnitude more than the ones at the opposite side of the assembly. However, the
model used in this paper considered power distributions on assembly level and this approximation has
a non-negligible impact on the calculated fast neutron flux, as already seen in Reference [18]. Therefore,
a good improvement to this modeling will be to take into account a pin power distribution instead of an
assembly one. Additionally, the pin power distribution is also impacted by the control rod insertion that
may influence the fast neutron fluence.

Thirdly, in the MCNP6 modeling, the moderator temperature is uniform over the whole reactor core. In
reality, the moderator temperature at the axial center of the vessel decreases of approximately 5 de-
grees when the core power drops from 80% to 30% of the nominal power. Based on the sensitivity study
performed in Reference [12], the authors deduced that the used modeling could lead to an overestima-
tion of A®,,_g, about 2%. Therefore, operating in average at 32% instead of 80% of the core nominal
power can lead to an increase of the fast neutron flux at the vessel up to 6.5% (rather than 8.5%).

Finally, several hypotheses were made on the neutron source definition at the interface between the
two steps of the calculation scheme. In this study, the number of neutrons emitted and the recoverable
energy per fission have been neglected (cf. equation (3)) and this approximation may have an impact
on the estimated fast flux differences. Therefore, defining these parameters for each assembly could
constitute an improvement. Moreover, the fission spectrum used in the MCNP6 simulation has been
defined for the entire reactor core despite the fact that fuel composition varies from one assembly to
another, thus, defining a fission spectrum for each assembly could also constitute an improvement.

6. Conclusions

One of the most important issue regarding possible lifetime extensions of nuclear PWRs is the embrit-
tlement of the reactor pressure vessel material mainly induced by fast neutron (with energies > 1 MeV)
irradiation. Therefore, models would need to be developed to quantify with precision and accuracy the
fast neutron fluence accumulated at the reactor pressure vessel during its operating time. However,
before building such a model, one prior key point is to determine which parameters need to be consid-
ered in the simulation.

The study presented in this paper assessed the need to take into account the power history of the
reactor core and the induced variation of its operational parameters. For this purpose, the impact of core
power variations on the neutron fast flux at the reactor pressure vessel has been studied. This analysis
has been performed using a calculation scheme coupling a deterministic approach (CASMO5 and
PARCS codes) to evaluate the fission distribution inside the reactor core and a Monte-Carlo modeling
(MCNP6 code) to estimate the attenuation of the neutrons source from the core to the vessel.

The accomplished work has shown that reactor core power variations have a significant impact on the
fast neutron flux at the reactor pressure vessel. Indeed, the vessel of a reactor operating in average at
32% of the nominal power will be exposed to 6.5% - 8.5% more neutron flux than the vessel of a reactor
operating in average at 80% of the nominal power. However, a reactor that would operate in average at
32% of the nominal power over the cycle may be very rare. As a result, evaluating the vessel fluence
using power distributions from a reactor core operating at nominal power could lead to an underestima-
tion of the vessel fluence. Consequently, to accurately evaluate the vessel fluence for reactors operating
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at a power significantly inferior to their nominal one, it may be necessary to take into account their power
history. To this end, realistic power histories can be approximated by a simulation where the reactor
core power is constant during the whole cycle length (at a value equal to the core cycle mean power).
Indeed, the study presented in this paper shows that this model follows in an acceptable way the be-
havior of a realistic one but could be improved by some corrections for high cycle mean power. In the
end, this model constitutes a good comprise between simplicity and precision.
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