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A Correction Ratio Approach to Fission Matrix Interpolation in Systems with
Large Temperature Differences
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ABSTRACT

In this work, the Fission Matrix (FM) method is applied to Heat-Pipe Micro-Reactors (HPMRs). A set of
FMs is generated through core simulations performed with the Serpent code, producing a database of ma-
trices corresponding to different uniform temperature conditions. This database enables the construction of
interpolated FMs for arbitrary temperature distributions within the reactor core. To address the limitation of
local temperature dependence — where interpolation considers only the temperature of the cell in which the
fission event occurs, neglecting the influence of surrounding assemblies — a correction approach is intro-
duced: a correction ratio is defined to mitigate this assumption and improve interpolation accuracy. Several
Test cases demonstrate the systematic improvement achieved in estimating the effective multiplication fac-
tor (kegr) and the fission source distribution (F) when applying the proposed method. The results outcome of
this work extends the applicability of the FM method for reactor, like HPMRs, being under variying thermal
conditions, even off-design conditions, supporting more reliable reactor design and safety analysis.

Keywords: Fission matrix, correction ratio, HPMR, temperature
1. INTRODUCTION

Monte Carlo methods are widely recognized as among the most accurate techniques for neutronics
analysis. Their strength lies in the continuous treatment of angular and energy variables and in the
ability to represent complex geometries with high fidelity. However, achieving source convergence
and sufficiently low statistical uncertainties — particularly for localized tallies — requires a significant
computational effort. This makes pure Monte Carlo simulations less practical for tasks that involve
numerous calculations, such as full-core reactor modeling, transient analyses, or criticality search anal-

yses.

To address these limitations, hybrid methodologies have been developed, including approaches based
on the Fission Matrix (FM) method [1]. In this method, the reactor domain is divided into N fission-
able regions (cells). For each pair of cells, the average number of neutrons produced in cell i by fission
reactions induced by a neutron born in cell j is recorded. These values form an N x N matrix, known
as the fission matrix A. In multiplying systems, the dominant eigenvector of A represents the spatial
distribution of the fission source, hereby referred to as F, while its largest eigenvalue corresponds to
the effective multiplication factor, k.r¢r. The FM method has been successfully applied in several con-
texts, including spent-fuel pool analysis [2], full-core reactor simulations [3], and transient studies [4].
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Among the computational tools implementing this methodology, the RAPID code represents a notable
example, having undergone extensive computational and experimental validation that demonstrates
the robustness and accuracy of the FM-based approach [5, 6, 7].

2
(@)
9Q
©
>
=1
2
2.
[0
<
)
=y
o]
o
[

As extensively described in the cited FM works, there are generally two ways to build a fission matrix:
through a criticality calculation or a fixed-source calculation. The criticality approach tallies the fission
response between spatial cells using a converged fission source, so its accuracy does not depend on
the tally mesh. This method, however, can face challenges with source convergence and requires sig-
nificant memory for large systems. The fixed-source approach, while more flexible and less sensitive
to convergence issues, demands assumptions on the global source distribution and often a very fine
spatial decomposition, making full-core applications computationally expensive.

In this study, a simplified version of the original design of the VIB-HPMR model is considered, featur-
ing a very small core design. Moreover, the required level of detail for the fission source results is at
the assembly level. For these reasons, the fission matrix can be generated using the first approach (i.e.,
criticality calculation), as the resulting matrices will have a manageable size. The FM method consists
in generating a database made of fission matrices generated at different conditions of the system (e.g.,
changing the temperature profile, control drums/rods position, boron concentration, burnup level).
Once the database is obtained, its entries are interpolated to generate a configuration-specific FM that
reflects an arbitrary core condition within the database validity range.

This study focuses on the impact of the system’s temperature distribution on the variation of the FM. Al-
though temperature has long been used as a parameter in FM-based approaches, most studies adopt the
assumption of local temperature dependence,meaning that each matrix element is interpolated using only
the temperature of its associated cell. However, applying the FM method to systems with non-uniform
temperature profiles introduces challenges: which temperature should be used for a given element 4;;,
the source cell (j), the destination cell (i), or both? Considering both would lead to a quadratic increase
in combinations, making the database prohibitively large and costly to generate. Previous studies have
proposed alternatives to overcome this limitation: some approaches rely on generating a database with
proportional-to-power temperature distributions, while others generate databases where FM tempera-
ture profiles are provided by an external code, giving a more realistic information of the temperature
field. These strategies avoid the simple approach of using a database made of uniform temperature
cases and aim to better capture realistic system conditions [8].

This work proposes a methodology to extend the applicability of the FM method to scenarios with
strong temperature gradients, improving accuracy under both normal operating conditions and ex-
treme off-operating conditions. This is achieved by introducing a correction ratio that requires gener-
ating only two additional FMs beyond those in the database, to account for temperature differences
between source and destination cells. In this way, a simple database of uniform temperature distribu-
tions can still be used while enabling better predictions for arbitrary temperature profiles.

2. SYSTEM GEOMETRY DESCRIPTION

The model used in this work is based on the Micro-Reactor design under analysis at the Argonne Na-
tional Laboratory (ANL) by the NEAMS Micro-Reactor Application Drivers area ([9]). As a modeling
exercise, the micro-reactor concept was designed at ANL to gather some of the most pressing modeling
challenges faced by the micro-reactor industry. In this study, the adopted geometry is a modified ver-
sion of the HPMR, where the core is made of 127 assemblies arranged inside a graphite monolith. Each
assembly contains three different kind of rods: moderator, heat pipe, and fuel pin. The latest are made
of TRISO fuel particles dispersed within a graphite matrix. The TRISO fuel is Low-Enriched Uranium
(LEU) enriched at 19.95%, in UCO form, at a packing fraction of 40%. The core is surrounded by a
beryllium radial reflector. The heat removal system uses heat pipes. With respect to the original model
the control rods are removed and the system is considered to be axially infinite. That way, it is possible
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to deal with a 2D model, which turns out to be more practical for the purposes of this work.
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Figure 1. Full core geometry (left) and zoomed-in view of a fuel assembly (right).

3. METHODOLOGY

3.1. Database Generation and Linear Interpolation Scheme

In this study, the Serpent software code [10] is adopted to generate a relatively simple database. Eight
different FMs are generated considering the system at different uniform temperature, starting from 300
K to 1000 K, with a step of 100 K. The Serpent criticality calculations for these cases are run using 10°
particles per cycle, 500 active cycles, and 30 inactive cycles. The total generation time was 14.4 hours on
30 cores of Intel® Xeon® Gold 6130 processors at 2.1 GHz. Once the database is obtained, it is possible
to generate an interpolated FM, based on any arbitrary temperature distribution inside the core, and,
thanks to the local temperature dependence assumption, the following linear interpolation is made:

T, —T~
a;i(T;) = a; + ——

L S P
T - T (@i — ). @

g

where

. al-]-(Tz-): interpolated value of the fission matrix element a;; at the arbitrary defined temperature T;

in cell i.
. ai;: value of the fission matrix element at the first lower temperature value (T, ) of the database

with respect to T;.
e 4 value of the fission matrix element at the first higher temperature value (T.") of the database
ij g p i
with respect to T;.

3.2. Core Temperature Correction Ratio

The definition of the correction for the core temperature stems from the work in [11] on the so-called
”step perturbation method”. While this methodology was explored and applied only to a single-pin
case, in this work we aim at developing a method suitable for full-core analysis, which requires a
different strategy to define the correction ratio. To establish the Core Temperature Correction Ratio
(CTCR), two additional cases are introduced. These cases adopt a Dirac’s J-like temperature distribu-
tion, where the central assembly is set to the maximum/minimum temperature available in the FM
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database (1000/300 K for this work), while the rest of the system is at the minimum /maximum temper-
ature (300/1000 K), as illustrated in Figure 2a and Figure 2c.

For both cases an equivalent interpolated FM is generated and used to define the matrix R, as follow:
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a;{ijimc
tij = interp’ 2)
al.].

inte
where a;;

ered to generate the elements a%7. This ratio essentially quantifies the discrepancy introduced by the

local-temperature-dependence. Since the only “perturbed” region is the central cell (called C), only the
corresponding row of the matrix R will be used. Moreover, the vector r,_c ; has many redundant items,
due to the symmetry of the problem, besides the small statistical fluctuations. For this reason only the
corresponding element of one sextant will be selected and used. Finally, by defining the correction ratio
in this way, it is not possible to cover all the relative distances between cells: the maximum distance be-
tween the central cell and the others of the system is equal to 6 times the pitch of the core lattice, while
the longest distance between two assemblies of the system is 12 times the core lattice pitch. However,
in Figure 2b and Figure 2d it can be observed that the r;_c ; values quickly reach a value of 1 after the
relative distance between the i and j cells becomes greater than twice the assembly pitch.

"7 is generated by interpolating the database using the same temperature distribution consid-
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Figure 2. Additional cases temperature distributions and corresponding ri—c,;, used to define the CTCR.

Therefore, when a generic temperature distribution is used to define a FM, whose elements are a;(nl o,

the following correction ratio will be applied:

?kl(ATPI d) . (er(ATp) - 1) + 1, (3)

— p
ATdimc
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where fy is the actual correction ratio applied to the generic FM, /!¢’ obtained by scaling the vector of

ratios rcj, which is selected according to the relative distance,d, between the cells (C,j) and (k,/) and the
temperature difference between the two regions.
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4. RESULTS

Figure 3 shows all the six different test temperature distributions used to demonstrate the effectiveness
of the correction ratio. The six cases are designed to verify the effectiveness of the CTCR in a wider spec-
trum of configurations, including: a) same cases used to generate the CTCR; b) single central assembly
with higher temperature c¢) symmetric and non-symmetric temperature distributions; d) localized re-
gions with much higher temperatures than the nearby elements; e) gradual temperature changes with
respect to the nearby assemblies.

Test case 1

Figure 3. Test cases temperature distributions.

The following integral metrics for the analyzed test cases are reported in Table I:

. kZE} and its standard deviation (+0, ; f), both obtained by running the equivalent Serpent simula-

tion;
* the root mean square of the fission source uncertainty, RMS(cr), obtained by running the equiv-
alent Serpent simulation;
¢ the difference between the multiplication factor of the interpolated FM and the reference value,
interp X
Akeff (:l:(Tkeff),

¢ the difference between the multiplication factor of the interpolated and corrected FM and the

reference value, Akg%f(j:(fkE 5 );

e the root mean square error of the interpolated fission source and the reference one, RMS(Fie'p);
e the root mean square error of the corrected fission source and the reference one, RMS(F®'").

Table I. Test cases integral results

kfff} (£ox,,,)  RMS(c¥) Aki’}jf’” AkFy RMS(F™eP)  RMS(F™)

[-] Y% [pcm]  [pcm] Y% Y%
Testcase 1 1.15409(415) 0.60 80 36 0.65 0.48
Test case 2 1.12826 (£16) 0.60 —55 27 0.80 0.65
Test case 3 1.15162 (£19) 0.58 54 45 1.45 1.02
Test case 4 1.14237 (£15) 0.60 42 29 2.08 1.44
Test case 5 1.14191 (£17) 0.60 —47 45 1.52 1.20
Test case 6 1.13520 (£17) 0.57 71 ~7 1.33 0.88

Since the six test cases exhibit similar trends and do not show significant differences, only one example
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is shown. Specifically, Figure 4 illustrates the fission source obtained from the interpolated FM and the
corrected FM for the first Test case.
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Figure 4. Fission source distributions of the reference, interpolated and corrected results of Test case 1.

It can be observed that the fission source obtained by solving the corrected fission matrix better repro-
duces the reference distribution. To clearly visualize the difference of the results between the interpo-
lated case and the corrected one for each Test cases, in Figure 5 all the relative error distribution of the
tission source are reported, along with the corresponding cell-wise uncertainty.
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Figure 5. Fission source relative error distributions of the interpolated and corrected cases. The gray bands
represent the cell-wise uncertainty.

In these plots, it can be observed that, without applying corrections, the method generally underesti-
mates the contribution of the fission source in low-temperature regions and overestimates it in high-
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temperature regions. This behavior is easier to analyze in Test case 1 and Test case 2, although the same
considerations apply to the other cases.

In Test case 1, the central assembly is at 1000 K, and its corresponding FM elements are generated under
the assumption that both local and non-local temperatures are equal to 1000 K. However, in the actual
system, the surrounding assemblies have lower temperatures, resulting in a softer neutron spectrum.
Consequently, these assemblies absorb more thermal neutrons, reducing the neutron availability for the
central assembly. For this reason, the fission source in the high-temperature region is underestimated,
while the opposite occurs for the surrounding elements at lower temperatures.
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In general, error peaks appear where strong temperature gradients exist. Comparing the error values of
the central assemblies in Test cases 1 and 2 with those in other cases suggests that the error magnitude
is proportional to the temperature difference between an assembly and its neighbors.

In Test cases 5 and 6, the system shows a wide global temperature range, but the temperature dif-
ferences between neighboring assemblies are much less pronounced. As previously mentioned, the
correction mainly addresses correlations between neighboring cells: when the temperature difference
with adjacent cells is larger, the correction has a stronger effect. This explains why the correction is
more effective in Test case 6, where the average temperature difference with surrounding assemblies is
67.3 K, compared to 29.9 K in Test case 5. In other words, the larger local gradients in Test case 6 amplify
the correction’s impact, improving the representation of inter-cell correlations.

In general it is possible to observe a systematic improvement of the results when the correction ratio is
applied, both for the integral results and for the fission source.

5. CONCLUSIONS

In this study the Fission Matrix realizations are parametrised only with respect to the temperature, by
generating a small database made of eight FMs, each of them tallied at a different uniform temperature,
equally distributed between 300 K and 1000 K. Once the database is obtained, the FM method in prin-
ciple allows to predict the k. s and F of the system in a very short amount of time (less then a second
on a personal computer), thus basically shifting all the computational burden in the preliminary, off-
line phase. To manage a feasible amount of data, while accounting for temperature variations within
the system, the most common strategy is to adopt the local-temperature-dependence assumption when
interpolating the FM coefficients. Under this assumption, the interpolation of the database relies solely
on the temperature of the destination cell. However, this simplification neglects the influence of neigh-
boring cells at different temperatures on the interpolated value. To address this limitation, a correction
factor was introduced, enabling a correlation between the temperatures of the “starting” and “final”
cells. The application of this correction to the fission matrix demonstrated an improvement of result
agreement with respect to the reference values.

It is important to highlight that although the temperature profiles considered in this study are not fully
representative of normal operating conditions, the proposed method significantly extends the appli-
cability of the FM approach. This is particularly relevant for off-normal scenarios, such as transients
where, for example, some core heat pipes may fail.
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