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Abstract –This study investigates the impact of simulating different fuel shapes for a material testing reactor (MTR) using the OpenMC code. Two 2-dimensional infinte bare fuel element models were constructed: one with a curved fuel element shape to represent the actual dimensions of the MTR, and another with a simplified flat fuel element shape with the same amount of fuel as the curved model. The neutron distribution and k-inf were calculated and compared between the two models. The neutron distribution and k-inf showed only slight differences due to shape changes. The results indicate that simulating the MTR fuel as flat elements provides a satisfactory approximation of the real shape. However, it may introduce discrepancies for in-depth simulation studies.

Keywords: Material testing reactor (MTR); OpenMC; Monte Carlo, Bare Reactor


[image: ]                           
            Proceedings of SCOPE
                                                                    13-15 Nov. 2023 – KFUPM
Paper 23080

1

I. Introduction

Nuclear Material Testing Reactors (MTR) are pivotal in nuclear research and development, with applications spanning materials sciences, nuclear power, medicine, and physics [1]. They support nuclear fuel testing and study radiation-resistant materials. MTRs influence nuclear power plant design using their diverse power range (0 to 200 MWth) and higher fuel enrichment (up to 20% 235U) [2]. These reactors come in pool-type, tank-type, or tank-in-pool-type designs, informing new nuclear power plant parameters.
In nuclear reactor theory [3], realizing the external power yield and control of the fission reaction relies on two fundamental considerations. Firstly, meticulous attention must be given to the material composition of the fuel assembly and core of the nuclear reactor. Secondly, the reactor core geometry, including the shape of the fuel, plays a vital role, as variations in geometry can impact the output of the fission reaction and induce changes in several control parameters. The synergy of these considerations yields valuable insights into the behavior of neutrons within the core. Notably, the interaction between the nuclear fuel and neutrons stands at the forefront of the fission reaction, and gaining a profound understanding of this interaction holds utmost importance for the effective control of the reactor.
 The primary focus of this paper lies in the meticulous examination of the shape of Material Testing Reactor (MTR) fuel elements' plates. Traditionally, MTR fuel elements are deliberately designed and fabricated in a curved configuration to ensure structural stability and mitigate thermal expansion arising from the substantial power generation within the fuel plates [4]. Introducing curvature to the fuel plates provides enhanced structural integrity, bolstering sustainability during reactor operation.
In preceding studies [5,6], the simulation of MTR fuel elements adopted a non-curved plate configuration for the sake of simplicity. As a consequence, these investigations might not have fully captured the involved geometric characteristics of the fuel, which, in turn, needs further exploration. To address this aspect, the present paper investigates into the profound impact of various fuel element shapes on key parameters, encompassing both the curved and non-curved fuel assemblies. By building upon a previous study [7], which investigated into the primary discrepancies arising from changes in the shape of the fuel element, this research seeks to focus on bare infinite reactors for both fuel shapes in order to investigate those discrepancies.
The comparative analysis in this study revolves around two aspects: the k-inf, 2D fission distribution and XY flux distribution, given their profound susceptibility to model geometry. The initial step entails a meticulous examination of the designed shape of the fuel plates (curved) in relation to a flattened shape, while ensuring that the total volume of the fuel remains constant. By preserving the total volume, any observed variations in the k-inf will clearly show the impact of shape alterations on the reactor's neutronics performance.
This study aims to explore how the shape of the fuel elements impacts a 2D bare reactor setup. By focusing on the 2D configuration instead of a 3D core and using bare fuel elements, we can isolate the effects of the fuel element shape more effectively. This allows us to concentrate on the essential aspects without being influenced by other reactor components.
The research seeks to reveal the relationship between fuel shape and its influence on the reactor's parameters, specifically in the 2D bare reactor context. The insights gained from this investigation can lead to improvements in reactor performance, safety, and efficiency. Ultimately, the study's findings will contribute to a better understanding of how fuel element geometry affects reactor parameters, which can have significant implications for future reactor design and optimization efforts.

II. Background

A Material Testing Reactor (MTR) is among the earliest nuclear reactors specifically designed for advancing future nuclear reactor concepts [8]. Initially built in 1944 at Clinton Laboratories, now Oak Ridge National Laboratory, its primary role was military-based [9]. However, over time, MTRs have evolved to serve medical, industrial, and educational applications. Currently, there are 47 pool-type MTR reactors worldwide, featuring fuel elements composed of curved aluminum-clad plates vertically housed within a box [10]. Considered a pioneering research reactor, the MTR continues to influence future designs and remains instrumental in testing various nuclear scenarios for power reactor development.
The Monte Carlo method, initially developed to estimate probabilities under uncertain conditions, serves as a suitable approach for understanding neutron movements and interactions. As a result, this method finds practical utility in neutron transport theory, facilitating the analysis of nuclear reactors. By utilizing the Monte Carlo method, researchers gain valuable insights into the intricate behavior of neutrons within reactor systems.
OpenMC stands as an open source Monte Carlo neutron and photon transport simulation code. With OpenMC, researchers can conduct fixed source, k-eigenvalue, and subcritical multiplication calculations, utilizing constructive solid geometry-based models. The code originated in 2011 from the efforts of the Computational Reactor Physics Group at the Massachusetts Institute of Technology [11]. Since its inception, OpenMC has found extensive application in numerous studies, facilitating the analysis of neutron transport in various model configurations.
In contrast to the previous study [7], which focused on full core geometry, the present research concentrate on a simplified 2D fuel element. The investigation explores into the implications of simulating different fuel shapes within the framework of a material testing reactor (MTR). Two OpenMC models were developed, one employing curved fuel elements to replicate the MTR's real shape, and the other employing flat fuel elements with the same fuel mass. The study specifically examines the effects of fuel element geometry on neutronics behavior within the 2D bare reactor configuration. This approach allows for a more targeted exploration, isolating the critical aspects of interest and providing valuable insights into fuel shape's impact on reactor performance.




III. Methodology

III.A. Simulation Setup

In OpenMC, the simulation setup involves employing a constructive solid geometry representation to model complex geometric objects. This approach represents closed volumes, or cells, as intersections of multiple half-spaces, where each half-space is defined by a plane or quadratic surface, distinguishing the positive or negative side. Notably, this technique allows for precise modeling of curved surfaces, such as spheres and cylinders, without any tolerance due to mesh discretization, thereby enhancing simulation accuracy.
In this study, the OpenMC model was executed with identical conditions to the previous study [7], where the same nuclear data library of ENDF/B-VII.1 was employed. The cross-section libraries for the OpenMC simulations were defined at a temperature of 293.6 K. Additionally, the fuel was considered fresh, and the initial neutron source assumed a uniform distribution throughout the fissile material for all models. These consistent simulation settings allowed for a direct comparison of the fuel element models while controlling for relevant parameters.

III.B. Fuel Element Models

For the flat fuel element, all conditions and parameters were maintained the same as curved. However, transforming the curved fuel plate shape into a flat plate necessitated adjustments in the fuel dimensions to maintain a fixed fuel volume. Additionally, the dimensions of the flat fuel plate were determined based on its cross-sectional area, with the width determined while retaining the thickness unchanged. Equation (1) was employed to determine the required modifications as follows:
	 (1)
where  is the area of the curved plates while  is the area of the flat plates.
	 (2)
where  stands for the angle of curvature (degree) that is used to calculate the area of the arc. The parameters  and  are the outer and inner radii of the curve, respectively.
	 (3)
Consequently, the thickness of the flat fuel plate was redefined to maintain a fixed cross-section area in both simulations. Fig. 1 and Fig. 2 presents the XY view displaying the simulated curved and flat fuel plates for visual comparison.
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Fig. 1. Curved bare fuel plate
[image: ]
Fig. 2. flat bare fuel plate

III.C. Comparison Parameters

For this study, several key parameters were identified for comparing the two fuel element models: the curved and flat configurations. The primary parameter of interest was the k-inf, representing the multiplication factor that characterizes the reactor's criticality. Additionally, the 2D fission and XY flux distribution were examined, as these aspects are significantly affected by the fuel element shape.

III.D. Simulation Procedure

both curved and flat fuel element configurations were systematically modeled within a 2D bare fuel element. Maintaining consistency and considering essential factors, this approach facilitated a focused comparison of neutron behavior. The procedure as follows:
Boundary and Material Setup:
· Both fuel elements (curved and flat) were assumed to be submerged in water, with no other materials present.

Table I Material composition used in the OpenMC model.
	Material
	Isotopic Composition (Atomic Percentage [a/o])

	U3Si2-Al
(19.75% enriched)
	U-238
	(0.129533)

	
	U-235
	(0.032287)

	
	Si-28
	(0.099366)

	
	Si-29
	(0.005046)

	
	Si-30
	(0.003326)

	
	Al-27
	(0.730443)



· The boundary condition was set to be periodic, ensuring an infinite reactor parameter.

[image: ]
Fig. 3. Periodic Boundary Condition

Geometry Inputs:
· The geometry inputs for the simulations were identical for both fuel element models, with the only difference being the fuel dimension.
Volume Estimation:
· The volume of each fuel element was determined using the volume calculation provided by OpenMC.
· A total of  samples were chosen for the volume estimator to ensure accurate results.
Particle and Generation Setup:
· The number of generations and particles per generation were fixed for both fuel element models.
· Specifically, 1,015 generations were used, with 15 generations to be skipped.
· Each generation contained 200,000 particles, contributing to a thorough analysis of neutron behavior.
Distribution Analysis:
· Distribution analysis was carried out for flux, neutron scattering, and fission phenomena to investigate the behavior of these parameters in both fuel element models.

II.D. Data analysis

In the comparative analysis, the difference  in the multiplication factor and its uncertainty  were evaluated using Equations (4) and (5), respectively. The bias  was expressed in percent mille (pcm), as per established methodology [12]:

	 (4)

	 (5)

where and  are the determined multiplication factor and its uncertainty, respectively, while  and  are the reference multiplication factor and its uncertainty, respectively.
In addition, OpenMC incorporates a stochastic method for determining volumes of cells, materials, and universes. This process involves overlaying a bounding box, sampling points from within the box, and assessing the fraction of points within the desired domain. The advantage of using this stochastic approach, as opposed to equally-spaced points, lies in its ability to provide reliable error estimates for each stochastic quantity. This stochastic volume determination capability enhances the accuracy and precision of the simulations conducted within OpenMC [11].

IV. Results and Discussion:

The simulation results for both the curved and flat fuel element configurations in the 2D bare fuel element are presented and discussed in this section. The key parameters analyzed include the k-inf, 2D fission distribution, and radial flux distribution.

IV.A. K-Infinity:

The k-inf, which represents the multiplication factor characterizing infinite reactor criticality, was obtained for both fuel element models. The results indicate a slight difference in the k-inf between the curved and flat configurations.

Table II k-inf  for Both Shapes Curved and Flat

	Model
	
	
	
	
	
	

	
	
	
	
	
	
	

	Curve
	1.56509
	
	6
	

	Flat
	1.56616
	
	6
	107
	
	8.485



Remarkably, the flat fuel element model exhibited a marginally higher k-inf compared to the curved fuel element model. This finding suggests that the specific geometry of the fuel elements may have a subtle influence on the criticality of the reactor. However, it is important to note that the observed difference remains within an acceptable range, indicating that simulating the MTR fuel as flat elements still provides a satisfactory estimation of the real shape's criticality behavior.

IV.B. Fission Distribution:

The spatial distribution of fission reactions within the simulated models, represented by the 2D fission distribution, was examined for both fuel element configurations as shown in Fig. 4 to Fig. 6. Both models displayed similar patterns in fission distribution, suggesting that the fuel element's geometric shape had minimal impact on the spatial distribution of fission reactions. However, the Fig. 6 is illustrating the difference in distribution among x-axis with maximum difference of 4.4%. This result supports the use of simplified flat fuel element models for certain simulation scenarios, as they yield comparable fission distribution to the real curved shape.

[image: ]
Fig. 4. Curved fission distribution
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Fig. 5. Flat fission distribution
[image: ]
Fig.6. Fission Distribution of Bare Curved and Flat Elements and the Difference Between Them Among X-axis

IV.C. XY Flux Distribution:

The XY flux distribution, which represents the neutron flux variation across the core plane, was analyzed for both fuel element models. Six figures were generated (Fig. 7 to Fig. 12) to depict the scattering and flux for each configuration, as well as the differences between flux.
In both models, the scattering and flux profiles exhibited a similar pattern across most of the fuel element. However, insignificant 0.25% differences (as shown in Fig. 11) were observed in the center of the flux due to the geometrical shape variations. The curved fuel element model demonstrated a more localized flux distribution, while the flat fuel element model showed a broader distribution in the central region. These differences could be attributed to the influence of the curved and flat shapes on neutron scattering and flux behaviors in case of burning the fuel during operation.

[image: ]
Fig. 7. Curved Scattering Neutron Distribution
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Fig. 8. Flat Scattering Neutron Distribution
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Fig. 9. Curved Flux Neutron Distribution

[image: ]
Fig. 10. Flat Flux Neutron Distribution

[image: ]
Fig. 11. Flux of Bare Curved and Flat Elements and the Difference Between Them Among X-axis 

[image: ]
Fig. 12. Special Difference of the Flux of Bare Curved and Flat Elements 



[bookmark: _GoBack]IV.D. Volume Statistics:
Volume statistics were obtained for both fuel element models and are summarized in Table III.

Table III.1 Atomic Statistics Calculation for the Curved Fuel Element

	Atoms
	Curved

	
	
	
	

	
	
	
	

	U-238
	2.79785
	
	0.00016

	U-235
	0.69738
	
	0.00004

	Si-28
	2.14626
	
	0.00012

	Si-29
	0.10899
	
	0.00001

	Si-30
	0.07184
	
	0.00000

	Al-27
	15.77700
	
	0.00090

	H-1
	74.94360
	
	0.00250

	H-2
	0.01167
	
	0.00000

	O-16
	37.46340
	
	0.00120

	O-17
	0.01420
	
	0.00000



Table III.2 Atomic Statistics Calculation for the Flat Fuel Element
	Atoms
	Flat

	
	
	
	

	
	
	
	

	U-238
	2.79856
	
	0.00016

	U-235
	0.69756
	
	0.00004

	Si-28
	2.14680
	
	0.00012

	Si-29
	0.10902
	
	0.00001

	Si-30
	0.07186
	
	0.00000

	Al-27
	15.78120
	
	0.00090

	H-1
	74.93680
	
	0.00250

	H-2
	0.01167
	
	0.00000

	O-16
	37.46000
	
	0.00120

	O-17
	0.01420
	
	0.00000



Table III.3 Atomic Statistics Calculation Difference Between Curved and Flat 
	Atoms
	Differences

	
	
	
	

	
	
	
	

	U-238
	0.00071
	
	0.00023

	U-235
	0.00018
	
	0.00006

	Si-28
	0.00054
	
	0.00017

	Si-29
	0.00003
	
	0.00001

	Si-30
	0.00002
	
	0.00001

	Al-27
	0.00420
	
	0.00127

	H-1
	-0.00680
	
	0.00354

	H-2
	0.00000
	
	0.00000

	O-16
	-0.00340
	
	0.00170

	O-17
	0.00000
	
	0.00000




Table III.4 Volume Statistics Calculation for Curved Fuel Element
	Material
	Curved

	
	
	
	

	
	
	
	

	Fuel
	0.39740
	
	0.00002

	Water
	1.12090
	
	0.00004



Table III.5 Volume Statistics Calculation for Flat Fuel Element
	Material
	Flat

	
	
	
	

	
	
	
	

	Fuel
	0.39750
	
	0.00002

	Water
	1.12079
	
	0.00004



Table I.6 Volume Statistics Calculation Differences Between Curved and Flat Fuel Element
	Material
	Flat

	
	
	
	

	
	
	
	

	Fuel
	0.00010
	
	0.00003

	Water
	-0.00011
	
	0.00005



The tables show the number of atoms and volume of each fuel element model, along with the difference between the two models. The difference in volume between the curved and flat fuel elements is approximately 0.0001 ∆atom (), with a slightly higher volume observed in the flat fuel element model. The successful volume matching further strengthens the validity of the comparison between the curved and flat fuel element models, as it eliminates potential discrepancies arising from varying fuel volumes.

V. Conclusion

This study investigated the impact of simulating different fuel shapes for a material testing reactor (MTR) using the OpenMC code. Specifically, the comparison focused on the performance of the MTR fuel when modeled as curved and flat fuel elements in a 2D bare reactor configuration.
The analysis of the simulation results revealed that the k-inf, representing infinite reactor criticality, showed a slight difference between the curved and flat fuel element models. 
The investigation into the 2D fission distribution and XY flux distribution showed that the spatial distribution of fission reactions has a difference of 4.4% that localized in the center. However, neutron flux has minimal effect of 0.25 % by the fuel element shape. The similarity in these distributions between the curved and flat fuel element models can support the use of simplified flat fuel element models for certain simulation scenarios, as they yield comparable fission and flux behaviors to the real curved shape.
Furthermore, scholastic volume estimation similarities confirmed that the flat fuel element maintained the same fuel volume as the curved fuel element, despite their different shapes.
Overall, this study contributes to a deeper understanding of the impact of fuel element shape on reactor performance. The findings suggest that simulating the MTR fuel as flat elements can offer a reliable approximation of the neutron behavior in the 2D bare reactor core. However, it is essential to recognize the limitations of the 2D configuration, and further investigations in a full 3D core setting are essential to gain a more comprehensive analysis.
In conclusion, the results obtained in this study demonstrate the applicability of using flat fuel element models for certain MTR simulation scenarios. These findings contribute to the optimization of simulation methodologies in nuclear research and facilitate more efficient and accurate simulations for future MTR design and analysis.
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