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In this study, a high-fidelity Monte Carlo model was utilized to investigate the localized behavior of the power peaking factor in a
reactor core. The model considered the effect of water gaps, also known as flux traps, on the local power peaking. The model,
developed using the Serpent code, employs a fine spatial mesh to accurately describe the fission power and burnup
distribution. The results obtained from the model were validated through comparison with experimental measurements of the
power distribution obtained from the IRRI facility. The study found that the local accumulation of thermal flux caused by
enhanced neutron moderation in the flux trap leads to a highly localized increase in power density, affecting the power
peaking factor. The quantification of this effect was a key finding of the study. The results obtained from the study were highly
dependent on the model’s fidelity, with significant differences being observed between the power peaking factor calculated on a
fine mesh as opposed to that calculated at the plate or assembly scale. Furthermore, the experimental validation of the model
enabled the prediction of the power peaking factor in other regions within the fuel assembly, which are not accessible to
measurement instrumentation, with a high degree of confidence. The study’s findings may be useful for optimizing reactor

design and operation and assessing the safety margins in reactors with similar characteristics.

1. Introduction

1.1. Computational Methods of Reactor Physics. The accurate
evaluation of the fission power spatial distribution in the
reactor core is a crucial aspect of nuclear reactors’ design,
operation, and safety. Various methods are employed to cal-
culate reactor physics parameters, such as the power and
flux distribution, energy spectrum, and fuel burnup. These
methods include Monte Carlo and deterministic methods.
These approaches provide complementary techniques for
analyzing neutron behavior in a reactor and estimating key
physical parameters.

Both Monte Carlo and deterministic methods have their
strengths and limitations. Monte Carlo methods are accurate
but computationally intensive, while deterministic methods
are faster but involve approximations. In practice, a combi-
nation of these methods is often employed. Deterministic
methods are used for preliminary calculations and reactor

design optimization, while Monte Carlo simulations are uti-
lized for detailed analysis, validation, and uncertainty
quantification.

1.2. Deterministic Multigroup Diffusion Methods. Standard
calculation techniques in large light-water power reactors
adopt nodal diffusion methods that provide conservative
solutions in a relatively short time [1-3]. Nodal diffusion
methods have been used since the 1980s, and vast experi-
ence, knowledge, and know-how were accumulated and doc-
umented over the years [4, 5].

Nodal methods, by nature, calculate node-average or
surface—average quantities, e.g., neutron flux, neutron cur-
rent, and reaction rates. Therefore, nodal methods are inher-
ently limited in evaluating the highly localized behavior of
the neutron flux and possess fundamental uncertainties in
studying localized subnodal effects [6-8]. One such effect is
the impact of water gaps in the core on the surrounding local


https://orcid.org/0009-0006-8520-0088
https://orcid.org/0000-0001-9468-3559
https://orcid.org/0000-0003-3449-8057
https://orcid.org/0000-0002-5212-4481
https://orcid.org/0000-0001-7868-7672
https://orcid.org/0000-0002-8954-6549
https://orcid.org/0000-0002-2130-9301
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9727367

thermal flux distribution and associated burnup distribution
and power peaking factor (PPF).

Moreover, innovative reactor designs [9-12] are charac-
terized by highly heterogeneous cores, giving rise to strongly
localized flux gradients and spectral changes. To properly
study these local effects, a high-resolution evaluation of the
neutron flux distribution and the nuclei densities in the fuel
is required compared to nodal diffusion methods.

1.3. The “Best Estimate” Approach. In recent years, there has
been a growing interest in a promising alternative, the so-
called “best estimate” methodology, based on high-fidelity
Monte Carlo codes, e.g., Serpent [13], MCNP [14], and
OpenMC [15], for detailed neutronic analyses characterized
by high accuracy and flexible implementation [16-20]. This
class of models, characterized by very fine spatial resolution,
continuous energy spectrum, and continuous angular distri-
bution, are referred to as high-fidelity models and allow
detailed investigations of localized phenomena.

In this approach, advanced burnup analysis is possible
[19], as well as coupling thermal-hydraulics and thermo-
mechanical processes in the core (this coupling is not exclu-
sive to Monte Carlo codes and can be done with determinis-
tic codes). These new modeling approach strategies are often
tested on research reactors and critical facilities representing
benchmark real-world test cases [18].

1.4. Water Gaps in the Reactor Core. The phenomenon con-
sidered in this study is related to the presence of water gaps
in the reactor core and their local effects. Many reactor
designs contain water gaps in the fuel assembly (FA), replac-
ing fuel rods or the core (replacing FAs) to serve various
purposes. For example, different types of LWR (e.g., PWR,
BWR, and MTR) FAs contain water or void channels for
improved or reduced neutron moderation [21]; research
reactors often assemble a core with a water gap at the center
(thermal flux trap) to irradiate samples [22, 23], and the
neutron reflector in many reactors contains water channels
for cooling and moderation [24, 25]. Fuel deformation may
also lead to water gaps due to either mechanical bowing
[26-30] or meltdown during severe core accidents [31, 32].

The presence of water gaps in the core affects its global
physical properties, such as kinetic parameters, neutron
energy spectrum, excess reactivity, power distribution, and
PPF [26, 29, 33-35]. Multigroup diffusion codes (nodal
and fine mesh) can predict these well. However, the inter-
faces between the fuel and the water gap exhibit abrupt
and significant local changes in the energy spectrum,
burnup, and spatial power distribution. These significant
local changes may consequently give rise to large local PPFs,
which can only be adequately studied using high-fidelity
models. These local effects must be considered in the reac-
tor’s nominal operation, and safety analyses should meticu-
lously study and understand this effect.

1.5. Scientific Contribution and Novelty. In this work, a high-
fidelity model is developed to study the highly-localized
behavior of the neutron flux, energy spectrum, and power
distribution in the close vicinity of an interface between
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the fuel and a flux trap in a thermal reactor core. The model
was developed according to an experimental setup designed,
built, and used to measure such local effects in the Israeli
Research Reactor 1 (IRRI). The local power distribution
along a fuel plate adjacent to the flux trap was obtained
through a series of measurements, and the model was vali-
dated against it.

This study provides in-depth theoretical insights into the
feedback mechanism underlying the local PPF. The high
level of thermal flux in the flux trap leads to locally increased
power density in fuel segments adjacent to the flux trap,
leading to increased PPF. However, the increased power
density in these segments also induces faster burnup rates,
which tends to flatten the power distribution over time and
decrease the local PPF. The nonlinear feedback loop between
the PPF and the fuel burnup exhibits a trade-off behavior
near the flux trap, where higher PPF leads to a faster burnup
rate and lower PPF leads to slower burnup. Moreover, in this
study, the experimental setup of the core was such that the
flux trap was close to partially inserted control rods, enabling
the study of the control rods’ effect on the PPF near the flux
trap.

The highly localized behavior of the PPF and the burnup
distribution is studied on a sub-FA neutronic model with a
fine-mesh resolution for the power distribution and the fuel
burnup. The model enables to obtain qualitative and quanti-
tative results of the PPF and the thermal flux distribution
around the flux trap. The results are verified against experi-
mental measurements of the power distribution performed
in IRR1.

The results exhibit substantial sensitivity to the model’s
spatial resolution. Significant differences may arise between
the PPF calculated on a sub-FA fine scale and an FA scale.
Finally, the experimental verification of the model enables
the prediction of the PPF in other regions in the fuel, not
accessible to measurement instrumentation, with high
confidence.

The novelty of this paper lies in the development of a
high-fidelity Monte Carlo model and its utilization to inves-
tigate the highly-localized behavior of the PPF within a reac-
tor core, specifically near the interface between the fuel and
the flux trap. The impact of flux traps on local power peak-
ing, resulting in a concentrated increase in power density, is
examined. The theoretical insights obtained from this study
shed light on the feedback mechanism underlying the local
PPF. These insights have potential applications in reactor
design optimization, operational improvements, and safety
margin assessment for reactors sharing similar characteris-
tics, including large light-water power reactors. Further-
more, the experimental validation of the model, which was
carried out in an MTR research reactor, enhances the ability
to confidently predict the PPF in other FA regions inaccessi-
ble to measurement instrumentation.

The paper is organized as follows. Section 2.2 describes
the experimental setup in IRR1 and the measurements per-
formed to obtain the power distribution in fuel plates near-
ing the flux trap. Section 2.3 describes the methodology
underlying the development of the computational model.
Section 3 describes the results of the experimental
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measurements and the computational model simulations,
and Section 4 summarizes the conclusions.

2. Methodology

2.1. Methodology Overview. The methodology for investigat-
ing the localized behavior of the power peaking factor in a
reactor core is described in this section. The methodology
is based on two complementary methods. First, the investi-
gation utilizes a high-fidelity Monte Carlo model, which
accounts for the influence of flux traps on the local power
peaking. The model incorporates a fine spatial mesh to accu-
rately represent the distribution of fission power and
burnup. Second, experimental measurements of the power
distribution obtained from a specific fuel assembly near the
flux trap are used to validate the results obtained from the
model.

In this study, the power distribution is inferred from the
gamma emission intensity of the fission products along the
FA [36-39]. The underlying concept of the experimental
measurements is based on the proportionality between the
fission power density experienced by the fuel and the con-
centration of fission products in it. The higher the fission
power density, the larger the concentration of fission prod-
ucts and the stronger the gamma emission. Hence, the spa-
tial distribution of gamma emission intensity can serve as a
measure of the power density distribution [37, 40].

Hence, to obtain the power distribution in a FA near a
flux trap, a suitable FA is chosen and irradiated in a proper
location in the core to generate a detectable quantity of fis-
sion products. Then, the relative emission intensity of suit-
able fission products is measured using gamma
spectroscopy [40]. The measured fission products should
have distinct gamma peaks to identify them in the spectrum
and have a half-life of hours to days [36]. Considering a FA
that was not irradiated in the core in the months before the
experiment, it is assured that all measured fission products
were produced during the experimental irradiation, correctly
reflecting the power distribution in the experiment.

A dedicated experiment was designed and performed to
study the local effect of a flux trap on the PPF. The chosen
FA for the experiment possesses two favorable traits. First,
it is significantly depleted, where the level of depletion mea-
sures the percentage of **°U already consumed within the
fuel (for example, 20% depletion means 20% of the initial
amount of *>U was consumed). The local depletion in cho-
sen FA ranges from 20% to 80%, and an average depletion of
58% [41, 42], ensuring a distinctive depletion profile of the
FA. Second, it was not irradiated in the last decade, allowing
the relatively short-lived fission products to decay, reducing
the noise level in post-irradiation measurements. The mea-
surement of the long-lived fission products (e.g, '*’Cs)
enables us to determine the average power distribution expe-
rienced by the fuel plates during their irradiation history
and, consequently, their depletion [41, 43].

The FA was positioned in the IRR1 core next to a vacant
lattice cell filled with water (the flux trap) and was irradiated
for three hours with a total core thermal power of 5 MWth.
Post-irradiation measurements of the short-lived fission

products were used to study the effect of the recent irradia-
tion on the PPF.

A complementary Monte Carlo simulation of the FA
irradiation experiment was performed to verify the experi-
mental results and validate the computational model. The
model was developed using the continuous-energy Monte
Carlo code Serpent [13]. The core model, the calculation
scheme, and the simulation parameters are described in Sec-
tion 2.3.

2.2. The Experimental Setup

2.2.1. IRRI Specifications. The IRR1 is a 5 MWth pool-type
research reactor operating at the Soreq Nuclear Research
Center (SNRC) located in Yavne (Israel) for about 60 years.
The reactor reached its first criticality in June 1960. It has
been operated by the Israel Atomic Energy Commission
(IAEC) ever since. The reactor is moderated and cooled by
light water. The FAs consist of HEU MTR plate-type fuel
elements; each FA contains 23 parallel plates made of highly
enriched UAIx-Al fuel (93% 235U). They are held inside an
aluminum casing [41].

Each fuel plate is made of fuel meat coated by aluminum
cladding. The pitch dimension is 7.61 cm x 8.0 cm along the
x and y axes. The fuel plates are placed in a grid separated by
water which provides cooling and moderation. Figures 1(a)
and 1(b) show a three-dimensional schematic illustration
of an MTR FA and a horizontal (x - y plane) view of the
FA from the geometric plots generated by the Serpent code.

The control FAs are similar in geometry to the standard
FA but contain 17 fuel plates (three fuel plates are removed
from each side, see Figure 2). The space left is used to
accommodate the moving control blades. The latter is com-
posed of Ag-Cd-In (80, 5, and 15% wt., respectively) and is
shaped as a double-blade fork. The control blades are coated
by a thin nickel layer and always move together. In nominal
operation, the control blades are usually inserted to about
20-25%, i.e., from z =60 to z=45cm.

One of the control FAs does not contain fuel plates.
Instead, there is a beryllium block between the control
blades, functioning as a neutron reflector and moderator
by isotropic elastic scattering. The location of the control
blades in the FA is similar to the other control FAs. The
beryllium block is rectangular without corners. Instead of
each corner, there is a small aluminum rectangular. The
entire element is framed with an aluminum frame that holds
the structure together (see Figure 2). Other core elements
consist of graphite blocks acting as neutron reflectors and
moderators.

The FAs are positioned on a grid plate connected to a
supporting structure. They are in a 5x 5 or 5 x 6 arrange-
ment, loading 24-30 FAs. Figure 3 shows the core configura-
tion used for this work, where the burnup level in percentage
is reported for each FA. Since IRRI is a research reactor, it
operates according to the changing experimental programs;
hence, there is no standard or typical core configuration.
The main reactor parameters of IRR1 are summarized in
Table 1. A comprehensive description of IRRI technical
specifications can be found in Ref. [44] and in Appendix
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FIGURE 1: (a) A schematic illustration of a three-dimensional FA axial cut. (b) A horizontal (x - y) view of standard FA plotted by the Serpent
model of an IRR1 FA. Blue, light gray, dark gray, and red represent water, cladding, side plates, and fuel meat, respectively.

(a)

(b)

FI1GURE 2: The geometry of regular control FAs (a) and the beryllium control FA (b) without control blades. The beryllium block is marked

with dark red. Other colors are the same as in Figure 1.

A, where the material density of each element is given in
Table 4, and the geometry of a fuel plate, a control blade,
and the beryllium block are given in Figures 16-18,
respectively.

2.2.2. Experimental Spectroscopy Measurements. The post-
irradiation measurements were performed two weeks after
the FA irradiation, using an experimental setup similar to
the one described in Ref. [42]. The setup consisted of a
high-purity germanium spectroscopic gamma detector (a
Canberra Falcon 5000 HPGe detector) aligned with an air-
filled collimator positioned above the FA, which was lying
horizontally in the pool on a designated stage 2.5 meter
below water level, as shown in Figure 4. A motorized stage
was used to hold the Ge detector and the collimator and to
scan the FA, where the fuel plates are oriented perpendicu-

larly to the collimator, as shown in Figure 4. The fission
products’ decay counts are assumed to be proportional to
the power density that existed in the FA during the last irra-
diation. They are an excellent indicator of the power density
profile and PPF in the irradiated FA.

The FA used for the experiment was 58% depleted on
average (see Figure 3), with local depletion ranging from
20% to 80%. It was inserted into the IRR1 core and irradi-
ated next to a flux trap (an empty lattice cell) filled with
water, as shown in Figure 3. The FA was irradiated for three
hours, with the core operating at a nominal thermal power
of 5 MWth. The assembly was then removed from the core
for two weeks.

The long-lived isotope '*’Cs (half-life of about 30 years)
is considered in the analysis as indicative of the entire irradi-
ation history. The short-lived isotopes, such as "*'I, '*I,
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G 38% 57% | 54% 2% G
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G 39% | 53% | 50% | 55% | 11% G
G 43% 42% | 10% G
G 33% | 58% 46% 3% G
G G G G DFT G G G
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(b)

FiGure 3: The IRR1 core configuration used in this study. The percentages indicated mark the depletion of every FA (a). W: water; G:
graphite block; Be: beryllium control site; DFT: irradiation channel; R: regulating control rod. Red fill: control FAs; red outline: the FA

used in the experimental campaign.

TaBLE 1: Design specifications data of IRR1 located at Soreq
NRC [44].

Parameter Value
Reactor type Open pool
Thermal power 5MWth

1x10"cm™2s7!

MTR, flat parallel plates
UAIx-Al dispersion, 93% wit.

60 cm

Maximal neutron flux

Fuel type

Active height

Coolant Light water, downward flow
Moderators Light water
Reflectors Graphite + light water

7.61 x 8.0 x 87.3cm® (x-y-2)
20-26
3-4 (+one be FA)
5X50r5x6o0r5x7

FA dimension
No. standard FAs
No. control FAs
Configurations

Irradiation positions 1-3

"OLa, and *™T¢, could only originate from recent irradia-
tion of the FA. The gamma spectroscopy analysis technique
was similar to the one used by Mora et al. [45]. Table 2
details the isotopes measured in the experiment.

The two-week waiting period post-irradiation is an opti-
mization between two desired objectives. On the one hand,
immediately after irradiation, the activity of the FA is too
high, resulting in significant dead time and detector satura-
tion. Consequently, the FPs needed to decay. On the other
hand, too long of decay will reduce their activity too much,
so the measurement statistics are compromised.

Although %1, *™T¢, and "*°La have half-lives of several
hours to a day, they do not disappear after two weeks. The
reason is that these short-lived isotopes are not generated

directly from fission. They are mainly generated through
the radioactive decay of their parent isotopes, which have
much longer half-lives, as indicated in Table 2. The normal-
ized activity of the different FPs is shown in Figure 5 for a
single fuel plate of a height of 1 cm that had been irradiated
for 1 hour in a power density of 250 W/cm (corresponding
to a full-core power of 5 MWth).

Using a high-purity germanium detector, the FA was
then scanned along the x-direction at height z=56cm
(4 cm below its top), as shown in Figure 4. The analysis con-
cerns fission products having short half-lives, ensuring that
the only contribution measured is of recent irradiation.
The gamma spectroscopy results are translated to the power
distribution (and the PPF), assuming proportionality
between the power density during irradiation and the fission
products.

2.3. High-Fidelity Monte Carlo Simulation. A key aspect of
this study is the creation of a high-fidelity Monte Carlo sim-
ulation of the experimental setup. The purpose of the
numerical simulations is twofold. First, the validation and
verification of the model and experimental procedure are
achieved through a comparison of experimental measure-
ments with numerical simulations, thereby increasing their
reliability. Second, the experimental verification of the
model allows for accurate prediction of the PPF in regions
of the FA that are not accessible to measurement
instrumentation.

2.3.1. The Minicore Model. The Monte Carlo simulation
involves a three-dimensional model of the relevant portion
of the IRR1 core, using both the original design specification
and the experimental setup design. The core configuration
and fuel composition (i.e., its depletion level) are based on
the time at which the experiment was performed, as pro-
vided by the reactor operator.



6 International Journal of Energy Research
TaBLE 2: The isotopes measured after the FA irradiation [46].
Isotope Half-life Parent-daughter decay chain Fission yield* (%) Spectral line (keV)
137¢Cs 30.08y 13750 P, 137 6.221 662
3.8 min
104 1.679d og, P raop, 6315 487, 1596
12.75d
B 8.025d Bipe P 1y 2.878 364
25 min
1321 2295h 1327 P 132y 4295 668
77h
?omTe 6.007 h 9\ o P, 9mTc 5.400 140

66h

* Cumulative fission yields per thermal fission of 35U [%].

TaBLE 3: Calculated PPF values at different heights.

Height Parameter PPF Average PPF
Upper plate 1.122£0.010

z=56cm Middle plate 1.477 £0.010 1.254 + 0.009
Bottom plate 1.168 +0.008
Upper plate 1.551 £0.009

z=30cm Middle plate 1.642 £0.011 1.482 +£0.008
Bottom plate 1.281+£0.010

The model is created using the Serpent code [13] with
the JEFF-3.1.1 evaluated nuclear data files [47] and repre-
sents a part of the core, referred to as a “minicore,” which
includes the 3 x 3 elements surrounding the FA of interest.
The minicore configuration is depicted in Figure 6. As
shown in this figure, the four fuel assemblies (three standard
and one control) have different depletion levels. While the
depletion levels were given by the reactor operator, the cor-
responding material and isotopic composition of the fuel
were determined for each depletion level using the computa-
tional procedure described below.

The minicore’s size was determined by considering the
FAs and the neutron flux that might influence the local
power distribution in the central FA. In light water, the mean
free path (mfp) of thermal neutrons is on the order of a few
millimeters [48], while the size of an FA, measuring 7.61 x
8.0 cm?, corresponds to many mean free paths of thermal
neutrons. Consequently, neutrons or other components
located further away, i.e., outside the minicore, are likely to
have a weak influence on the neutron flux and the power
peaking at the central FA and its interface with the flux trap.
These external effects can be regarded as second-order
effects, with the dominant contributions arising from the
neutron interactions and flux within the minicore region.

In what follows, the terms upper, middle, and bottom
plates refer to the fuel plates’ location inside the central FA
in the horizontal (x-y) plane, as depicted in Figure 6. The
term “top” refers to higher values along the z -axis.

2.3.2. The Calculation Scheme. An independent burnup cal-
culation is performed for each FA until it reaches the desig-

nated average level of depletion according to its documented
burnup history. The single FA burnup calculation model
divides every FA’s top, middle, and bottom plates into 30
horizontal (x) and three axial (z) regions (a total of 90
burnup regions). Reflective boundary conditions are
imposed in the horizontal direction representing an infinite
lattice. Along the z-axis, the upper 30cm water volume
and lower 15.72 cm support grid are modeled.

The material compositions of each depleted FA are
imported into the minicore model, shown on the right of
Figure 6. Note that the minicore model is highly heteroge-
neous due to the flux trap, the irradiation channel, the
graphite, the beryllium block, and the different depletion
levels of the FAs. In the minicore model, void boundary con-
ditions are used in the x-y plane.

Finally, the minicore model is used to obtain the flux and
the power distribution in the central FA. Similarly to the FA
burnup calculations, the upper water volume and the sup-
porting grid block are modeled for the minicore model. A
total of 125 million neutron histories are used for each mini-
core calculation (1,250 active and 60 inactive cycles with
100,000 particles per cycle), yielding a statistical uncertainty
of a few tens of pcm in keff.

2.3.3. The Partially Inserted Control Rods. IRR1 is routinely
operated with the control rods partially inserted into the
upper part of the core to about 25% depth [41, 42]. This
translates into the upper 15cm of the fuel’s active zone.
Since the control rods significantly affect the neutron flux
spectrum and spatial distribution, they must be considered
in the simulation model. The partial insertion of the control
rods is demonstrated in Figure 7, where a horizontal cross-
section of the minicore is shown at different heights (height
is measured upwards from the bottom part of the fuel’s
active region). At z=56cm (Figure 7(a)), the control rods
are visible in the top right and left FAs (marked in yellow).
However, below z =45cm, no control rods are present, as
shown for z =30 cm (Figure 7(b)).

3. Results and Discussion

3.1. Simulation Results. The power distribution within the
fuel volume was quantified for the top, middle, and bottom
plates (as depicted in Figure 6). The horizontal and axial
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FIGURE 4: The experimental setup consisted of a high-purity germanium spectroscopic gamma detector mounted on a motorized stage
above the water level, aligned with an air-filled collimator positioned above the FA, which was lying horizontally on a second designated
stage inside the pool. The fuel plates were oriented perpendicularly to the collimator.

Activity (Ci/cm)

—o— Lal40
—a— Tc99m

Time (days)

1131
—— 1132

FiGURrk 5: The normalized activities of the different FPs for a single fuel plate of a height of 1 cm that had been irradiated for 1 hour in a
power density of 250 W/cm, corresponding to a full-core power of 5 MWth.

power density distribution was subsequently analyzed, and
the local PPF was calculated at various axial positions.

3.1.1. Horizontal Power Distribution. The mesh plots pro-
duced by Serpent, which depict the thermal flux and fission
density distributions, serve as a useful tool for illustrating the
neutronic behavior of the system and gaining qualitative
insights. As an example, Figure 8 presents horizontal cross-
sections of the thermal flux and fission power distributions
at two axial positions: z=56cm and z=30cm. These

cross-sections correspond to the locations depicted in
Figure 7.

Several qualitative observations can be made based on
the information provided in Figures 8 and 9, which is a
zoom-in on the central FA. Specifically, at the midheight of
the fuel assembly (z=30cm), there is a notable difference
in power distribution between the edges of the plates closer
to the water gap and beryllium reflector compared to the
remaining plates that are farther away. Similarly, elevated
power levels are observed in the plates facing the graphite
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Upper plate

Middle plate

Bottom plate

FIGURE 6: (a) The minicore configuration. (b) Horizontal cross-section of the minicore Serpent model, where the plate orientation is clearly
visible. The Al-In-Cd control rods are marked in yellow. Assuming this selection affects only the minicore’s peripheral region but not the

spectrum or flux distribution in the FA of interest.

()

(®)

FIGURE 7: A horizontal cross-section of the minicore at different heights. At z = 56 cm (a), the control rods are visible in the top right and left
FAs (marked in yellow). At z=30cm (b), however, no control rods are present.

reflector and those near the empty control channels. If this
observation is not clearly noticeable in Figure 8, the reader
is referred to Figures 9 and 10. This increase in power can
be attributed to the accumulation of thermal flux in the
vicinity of the water gaps and the reflector.

At this specific height within the fuel assembly, the
impact of the control rods on the flux distribution is mini-
mal compared to the influence exerted by the water gaps
and graphite reflectors. The accumulation of thermal flux
near the water gaps and reflector leads to a localized increase
in power density, resulting in the observed elevated power
levels in the mentioned regions of the fuel assembly.

An increase in the thermal neutron flux leads to an
increased fission rate in the fuel due to the fundamental

nature of nuclear fission reactions, i.e., the high fission
cross-section of thermal neutrons compared to fast ones.
The fission rate at any point r in the fuel is proportional to
the multiplication of the neutron flux and the macroscopic
fission cross-section, ie., ~ [dEX(r,E)$(r, E). Hence, a
softer spectrum at point r locally increases the contribution
of thermal fissions, resulting in increased local power.

In the upper part of the fuel assembly, specifically at the
height of z = 56 cm (4 cm below the top end of the fuel plate),
Figure 8 shows an increase in power near the flux trap and
the graphite reflector. However, in contrast, the power levels
near the control rods are significantly reduced. This power
distribution discrepancy arises from a thermal flux deficiency
caused by increased absorption within the control rods.
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(a)

0
(b) Thermal  Fission
flux power

FiGure 8: Horizontal cross-sections of the thermal flux and fission rate distributions at two different heights, z = 56 cm (a) and z = 30 cm (b).
The control rods are evident at z = 56, but they do not reach z = 30. Hot and cool shades represent the relative fission power and thermal flux
distributions, respectively, where brighter shades indicate higher values. (a) The black areas at the top of the plot indicate the presence of the

control rods (blade-shaped), leading to vanishing thermal flux values.
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FIGURE 9: A zoom-in on the central FA in Figure 8 at z=30cm. A
horizontal cross-section of the thermal flux and fission rate
distributions. Hot and cool shades represent the relative fission
power and thermal flux distributions, respectively, where brighter

shades indicate higher values. The reader may refer to the color
bar in Figure 8.

The control rods, designed to regulate the nuclear reac-
tion, possess a high capacity for neutron absorption. As a
result, they reduce the thermal neutron flux available for fis-
sion reactions in their vicinity. This reduced availability of
thermal neutrons leads to decreased power density near
the control rods.

Consequently, in this experimental setup, the proximity
to the control rods is expected to influence the local PPF
notably. The deficiency in thermal flux caused by increased
absorption in the control rods affects the power distribution,

resulting in lower power levels near the control rods com-
pared to the regions near the flux trap and graphite reflector.

Figure 8 demonstrates that at z =156 cm, the impact of
the control rods on the power distribution is particularly sig-
nificant on the upper fuel plate compared to the middle and
bottom plates. As a result, the power distribution along the
upper plate is expected to be more uniform or flatter than
the middle plate.

The reason for this flattening effect is attributed to the
proximity of the upper plate to a strong and spatially
extended neutron absorber, which refers to the control rods
in this context. The presence of the control rods acts as a
substantial neutron absorber, leading to a reduction in the
spatial variations of the power distribution. Consequently,
any strong localized variations in power are smoothed out,
resulting in a relatively more uniform power distribution
along the upper plate.

Similarly, the bottom plate is influenced by its proximity
to the graphite reflector, which also leads to a flattening
effect on the power distribution (this effect is clearly visible
in Figure 10). The graphite reflector serves as a neutron dif-
fuser, spreading the neutron flux more evenly across the bot-
tom plate. This diffusing effect mitigates pronounced spatial
variations in power, leading to a flatter power distribution
along the bottom plate.

Therefore, both the upper plate’s proximity to the con-
trol rods and the bottom plate’s proximity to the graphite
reflector contribute to a more uniform power distribution,
smoothing out significant spatial variations in power along
these plates.

During the neutron transport calculation, the power
density at the upper part of the fuel plate, specifically around
z =56 cm, was evaluated using a specific voxel configuration.
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F1GURE 10: The calculated power distribution along the x-axis within the fuel plates at different heights (z =30 cm and z = 56 cm), with the
absolute (a) and normalized (b) values. The error bars at z =30 cm are hardly visible because their size is smaller than the marker size.

This configuration involved dividing the upper 8 cm of the
fuel plate into 64 voxels (regions) along the x-axis. Each
voxel had dimensions of 0.1cm in the x-direction,
0.051 cm in the y-direction, and 8 cm in the z-direction.

A similar voxel configuration in the x- and y-directions
was employed to determine the power density at the plate’s
midheight but with a voxel height of 20cm (not 8cm) in
the z-direction. These voxels were positioned within the
plate between the heights of z =20 and z =40 cm.

By employing these voxel configurations, the power den-
sity at different heights along the x-axis of the plate was
obtained. The resulting power density values were then plot-
ted against the x-axis at various heights, as depicted in
Figure 10. This approach allowed for detailed visualization
of the power distribution along the x-axis at different heights
within the fuel plate, providing valuable insights into the
spatial variations of the power density in the specified
regions.

The qualitative effects discussed previously, as depicted
in the mesh plots, are now examined quantitatively. The
power density at the midheight of the FA is higher compared
to the upper part, which is closer to the control rods. The
elevated power density near the flux trap is moderated by
the control rods at the upper part of the FA compared to
the power elevation at midheight.

The bottom plate, which is closer to the graphite reflec-
tor, exhibits higher power density along the entire x-direc-
tion compared to the middle and upper plates at any
height. However, the power increase towards the flux trap
is moderated due to the strong effect of the graphite reflector
and the accumulation of thermal neutrons around this plate.

The middle plate, which is farther away from the graph-
ite reflector and the control rods (compared to the upper
and bottom plates), exhibits a significant power increase
near the flux trap at all heights. The upper plate exhibits sim-
ilar behavior to the middle plate, except at the top end of the
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FIGURE 11: Axial cross-sections of the thermal flux and fission power distributions at three different lateral (x-z) positions corresponding to
the upper, middle, and bottom fuel plates, as shown in Figure 6. Hot and cool shades represent the relative fission power and thermal flux
distributions, respectively, where brighter shades indicate higher values. The black areas indicate a vanishing thermal flux value. The x and z
axes are not to scale (the length of the plate along the x-axis is 7.61 cm, whereas its height is 60 cm). The reader may refer to the color bar in

Figure 8. (a) Upper plate. (b) Middle plate. (c) Bottom plate.
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FiGure 12: Comparison between the axial distribution of the power
density in the upper, middle, and bottom fuel plates.

FA, where the control rods suppress the total power level in
the plate and eliminate any power increase near the flux
trap.

All plates exhibit a power increase towards the opposite
direction from the flux trap, ie., towards the adjacent FA
from the left. This is due to the much lower depletion of this
adjacent FA (33%) compared to the central FA (58%). How-
ever, this is not true for the upper plate at the upper part of
the FA due to the effect of the other control rods from the
left.

One can determine the local PPF by analyzing the nor-
malized power density distributions represented in
Figure 10. This metric is defined as the ratio between the
maximum power value and the average power along the x
-axis at a specific height. In a normalized power plot, where
the average power along the x-axis is equal to one by defini-
tion, the local PPF corresponds to the maximum power
value. The highest power value is typically observed near

the flux trap, located on the right side of the power distribu-
tions displayed in Figure 10.

The statistical errors depicted in Figure 10 are inversely
proportional to the power density in the FA. The statistical
errors are smaller at the midheight of the FA (z=30cm),
where the power is larger, compared to the upper part
(z =56 cm), where the power is lower. The presence of the
control rods and axial leakage at the upper part of the FA
reduces the neutron density, leading to a decrease in power
and an increase in statistical error in that region.

3.1.2. Axial Power Distribution. In Figure 11, the axial cross-
sections (in the x-z plane) of the thermal flux and fission
power distributions are presented at three different lateral
positions corresponding to the upper, middle, and bottom
fuel plates, as shown in Figure 6. These plots, which depict
the neutron flux and power distribution in the vicinity of a
flux trap, illustrate the mechanism that leads to increased
values of local PPF. Note that the x and z axes are not to
scale (the length of the plate along the x-axis is 7.61 cm,
whereas its height is 60 cm).

The influence of the control rods and the graphite reflec-
tor on the different plates within the FA can be observed and
characterized. The upper plate, being closer to the control
rods, experiences a more significant impact than the other
two plates.

As the control rods are inserted into the core, they
absorb neutrons, reducing the local power density near
them. This effect is more pronounced on the upper plate
due to its proximity to the control rods. However, as we
move towards the middle of the fuel assembly, this impact
becomes less pronounced, suggesting a gradual decrease in
the influence of the control rods on the power distribution.

On the other hand, the bottom plate is influenced by the
presence of the graphite reflector. The graphite reflector acts
as a neutron moderator and diffuser, slowing down fast neu-
trons and increasing the thermal neutron population near
the flux trap at midheight. This moderated rise in power
density near the flux trap is observed in the bottom plate.
The graphite reflector contributes to a more uniform power
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at z=>56cm.

distribution across the bottom plate than the upper and mid-
dle plates.

Regarding power density distribution, the middle and
upper plates exhibit a strong peak near the flux trap at mid-
height. This indicates a localized concentration of power in
these regions, likely influenced by the geometrical configura-
tion and neutron moderation effects within the fuel
assembly.

The axial power density distribution within the fuel
plates was determined by dividing each fuel plate into 20
voxels along the z-axis, with dimensions of 6.4cm in the
x-direction, 0.051cm in the y-direction, and 3cm in the
z-direction. The resulting power density is plotted along
the z-axis for the three fuel plates in Figure 12.

The power density in the bottom plate is the highest
along the entire fuel region due to its proximity to the graph-
ite reflector. At the midheight of the FA, where the influence
of the control rods is weaker, the power density in the upper
plate is greater than that in the middle plate. This is due to
the presence of a FA with higher uranium content near the
upper plate (43% depletion vs. 58% in the central FA) and
the effect of the control rods, which “push” the power down-
wards in order to maintain a constant power in the core. In
contrast, at the upper part of the FA, the proximity of the
upper plate to the control rods results in a reversal of this
trend.

3.2. Experimental Results

3.2.1. Cumulative Irradiation History Measurement. The
measurement of the activity and spatial distribution of the
long-lived fission product '*’Cs can provide information
about the power distribution experienced by the FAs during
their irradiation history. This is because the local depletion
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level is proportional to the cumulative local power, and
the measurement of '“’Cs can indicate the depletion
distribution.

To measure the '*’Cs in the FA, a spectroscopy mea-
surement was conducted on the 662keV emission line of
the isotope. It is important to note that the '*’Cs measure-
ment was conducted after the FA was cooled outside the
core for the past ten years and before its reirradiation near
the flux trap. The FA was scanned along the x-axis in
three different axial positions, and it was also rotated
180 degrees around the z-axis to measure the plates from
the opposite side.

The local depletion level was inferred from the measure-
ments by employing an established methodology [41, 43,
45], assuming that the count rate is proportional to the con-
centration of the fission product indicator (**’Cs in this
example). The relation between the count rate and the
concentration of '*’Cs is described briefly. The number
of **U nuclei that underwent fission, N » can be

expressed as Ny =N, - f/Y;, where N; is the number den-

sity of the fission product indicator, Y; is its fission yield,
and f is the decay-buildup correction factor accounting for
the intermittent irradiation and cooling periods [43]. The
quantity N; is determined by measuring the activity of
the FP indicator given by N,=A; exp (A;t,)/A;, where A,
and A; are the FP indicator decay constant and activity,
respectively, and ¢, is the last cooling duration. Finally,
the activity is evaluated from the measurement according
to A=R;/Q;- €, where R; is the ratio between the net pho-
topeak area of the FP’s gamma-ray and the measured
count rate, Q; is the gamma-ray emission probability,
and e is the detection efficiency. According to this analy-
sis, the FAs, on average, self-absorb 40% of the gamma
rays emitted by '*’Cs. The actual measurement is then a
weighted average over all the plates. The measured results
are compared to the simulation results, as shown in
Figure 13.

The simulation results were obtained by performing
burnup calculations as described in Section 2.3.2. The FA
was burned up to 58% using a fine mesh of 30 cells (burnup
zones) of 2cm width each along the x-axis for the upper,
middle, and bottom fuel plates. The simulation was per-
formed with the Serpent code.

The measured concentration profile of '*’Cs (Figure 13)
suggests that the FA has experienced a relatively homoge-
neous irradiation history. The profile exhibits a maximal
PPF of 1.1, with a hotspot located at z =56 cm and a rather
symmetrical power density distribution around the center of
the fuel plates in the x-direction. Despite being irradiated in
various core positions and in close proximity to other FAs
and control rods, the long irradiation history of over 30
years has resulted in a power profile that is representative
of uniform irradiation. This suggests that the many hetero-
geneities present during the irradiation process have been
“averaged out” over time.

3.2.2. Measurements of the Flux Trap Effect. The measured
short-lived isotopes are detailed in Table 2, and the
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measurements’ results are presented in Figure 14. The mea-
surements took place at z =156 cm, and scanning was made
along the x-axis of the FA.

It is important to note that even though '**I, **™Tc¢, and
"“OLa have relatively short half-lives spanning from several
hours to a day, they do not entirely decay away within a
two-week timeframe. This is because these short-lived iso-
topes are primarily generated in the fuel through the decay
of their parent isotopes rather than directly from fission
events, as indicated in Table 2. The parent isotopes, such
as Mo and '**Te, possess half-lives ranging from 66 to 77
hours, while '**Ba has a half-life of 12.75 days. As a result,
the presence of these parent isotopes continues to contribute
to the production of '*I, *™Tc, and '*’La, even after the ini-
tial two-week period.

In order to decrease the measurement errors, a strategy
of combining the results of multiple isotopes measured at
the same position was employed. Specifically, the measure-
ment results of the ith isotope at measurement point j,
denoted by y,(x;), were normalized by their average over N
isotopes, and the standard deviation was derived by standard
statistical analysis.

Subsequently, a variance-weighted average was per-
formed over the isotopes to obtain the count value, y(x;),

Pl (7i(x)/0(x;) ) .

3, (1/0,(x) ) W

¥ (%) =

This process was carried out for each measurement posi-
tion, yielding the measured power density distribution along
the x-axis.

The measured experimental values were compared to
simulations that evaluated the power density distribution
along the same direction (x-axis), with the results normal-
ized to their average. The comparison is depicted in
Figure 15, where the simulation curve is an average of the
power distribution in the three fuel plates—upper, middle,
and bottom (see Figure 6) at z=56cm. The simulation
model utilized for assessing the power density distribution
was similar to the one detailed in Section 3.1.1, which was
employed for calculating the horizontal power density
distribution.

To evaluate the power density, a voxel-based approach
was adopted. Specifically, around z =56cm, the region of
interest was divided into 64 voxels along the x-axis, each
with dimensions of 0.1 x 0.051 x 8 cm®. Dedicated computa-
tional detectors, available in the Serpent code, were utilized
to tally the fission rate within each voxel.

The measured and average calculated power density dis-
tributions, as illustrated in Figure 15, exhibit similar trends.
The power density increases towards the flux trap and peaks
at a position closer to it, specifically to the right side of the
graph (at x > 3).

As previously discussed in earlier sections, this observed
trend can be attributed to the accumulation of thermal flux
in the flux trap, leading to an increased fission rate near
the fuel-flux trap interface. The derived measured and simu-
lated PPF values, corresponding to the maximum normal-
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TaBLE 4: Material density.

Material Isotope Atom density (#/cm-b)
Fuel U-235 1.630E -3
ue U-238 1.211E - 4
H-1 6.663E — 2
Water 0-16 3.331E -2
Clad (Al) Al-27 0.271
Ag 4.160E -2
Absorber Cd 2.850E — 3
In 7.000E — 3
. Be-9 0.12
Beryllium 0-16 1.38E-3
Graphite C-12 8.03E -2

ized power density (to the right of the plot), yield very
close results (shown with additional results in Table 3), val-
idating the simulation methodology presented in this study.

3.3. PPF Calculation. In order to validate our model with the
experimental results obtained from the aforementioned
experiment, the PPF was calculated at the point where the
gamma spectroscopy was conducted, i.e., at z=56cm. The
PPF was first calculated for the top, middle, and bottom
plates individually, and then an average PPF across all 23
plates in the FA was determined.

To further expand the scope of our study, the PPF was
also calculated for all plates at the height of 30 cm in order
to assess the effect of the flux trap in a region that is farther
from the control rods and the graphite reflector. The results
of this analysis are provided in Table 3.

The calculated average PPF value at the experiment
height is 1.254 +0.009, in good agreement with the mea-
sured value of 1.25 + 0.03, as shown in Figure 15.

4. Conclusions

In this study, the localized behavior of the PPF in a reactor
core was investigated using a high-fidelity Monte Carlo
model. The effect of water gaps, also known as flux traps,
on the local power peaking, was analyzed. The results
obtained from the model were validated through compari-
son with experimental measurements of the power distribu-
tion obtained from the IRRI facility.

The results obtained from the study demonstrated a
strong dependence of the local power distribution and PPF
on the model’s fidelity and the three-dimensional core
geometry in the vicinity of the points at which the measure-
ments took place. Significant differences were observed
between the PPF calculated on a fine scale as opposed to that
calculated at the plate or assembly scale (see Table 3). The
calculated PPF at the FA scale was 1.254 +0.009 at height
z=56cm (see Figure 15, which is in good agreement with
the measured values of 1.25+ 0.03 performed at the same
height.



International Journal of Energy Research

0.475

1 7.70

15

0.337

7.71

FIGURE 16: Geometry of a single fuel plate. Blue, gray, and red represent water, aluminum, and fuel meet, respectively. All dimensions are
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FIGURE 17: Geometry of a single absorber blade. Blue and gray represent water and aluminum, respectively. Bright green and purple
represent the nickel coating and the absorber meat, respectively. All dimensions are given in cm.

Note, however, that at height z = 30 cm, where no mea-
surements were performed, the calculated PPF based on
the high-fidelity model yielded much higher values, exceed-
ing 1.6. This prediction raises the need for further measure-
ment to validate this value.

The results of this study indicate significant discrepan-
cies between the detailed fine mesh and the average results,
as shown in Table 3. For example, the fine-mesh results give
a PPF range between 1.122 (upper plate) and 1.477 (middle
plate) at z =56 cm, with an average of 1.254. This discrep-
ancy is even more pronounced at z = 30 cm, where the max-
imal local PPF is 1.642, with an average of 1.482. These
discrepancies are not conservative because they suggest the
actual PPF may be larger than anticipated if using a
coarse-mesh or average approach. A high-fidelity model is
necessary to account for this localized behavior accurately.
This highlights the importance of considering the fine-scale
behavior of the PPF in the design and operation of nuclear
reactors to enable performance optimization while ensuring
safety.

The experimental validation of the model through com-
parison with measurements of the power distribution
obtained from the IRR1 facility, as presented in Figures 14
and 15, enables the prediction of the PPF in other regions
within the FA with a high degree of confidence. This exper-
imental validation of the model is crucial as it provides a
means to assess its accuracy and predict the system’s behav-
ior in regions that are not directly accessible to measurement
instrumentation.

The study found that the FA’s proximity to strong
absorbers significantly affects the local PPF near the flux trap
and the total power density within the FA. The results, pre-
sented in Figures 8 and 10, show that the local PPF near the

FIGURE 18: Geometry of a special FA with beryllium element, where
the dark red, violet, and green are beryllium, the absorber, and
nickel, respectively. All dimensions are given in cm.

flux trap decreases dramatically when the FA is placed close
to strong absorbers. Additionally, the proximity of the FA to
the graphite reflector was shown to flatten the power distri-
bution but increase the total power in the plate, as demon-
strated in Figures 11 and 12. These findings were
demonstrated for both horizontal and axial orientations.
These results emphasize the importance of considering the
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proximity of the FA to strong absorbers and neutron reflec-
tors in the design and operation of nuclear reactors to ensure
adequate safety margins and optimize performance.

The conclusions drawn from this study have relevance to
other fuel types and may provide deeper insights and under-
standing of the power-peaking behavior near flux traps in
other reactors. This study also provides insights into the
experimental measurement of this behavior, its computa-
tional simulations, and its mitigation. The results of the
study indicate that the proximity of the FA to strong
absorbers and reflectors can significantly impact the local
PPF and power density, suggesting that such factors should
be considered when designing and operating nuclear reac-
tors of different types. Additionally, high-fidelity models,
such as the Monte Carlo model used in this study, are neces-
sary for accurately predicting the behavior of the PPF in
such cases. Overall, the findings of this study may be useful
for optimizing reactor design and operation and assessing
the safety margins in reactors with similar characteristics.

Appendix

A. Material Composition and Geometry

The materials’ isotopic compositions used in the simulation
are given in Table 4. The geometric specifications of a single
fuel plate (a unit cell), a control blade, and the beryllium
block are shown in Figures 16-18, respectively.
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