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Abstract 

A pin cell of a sodium-cooled, graphite-moderated, thermal TRISO reactor (SGTR) is 

simulated and analyzed in OpenMC, an open-source Monte Carlo modeling program. The 

thermal properties, depletion characteristics, and power production capacity for a single pin are 

detailed and studied in this report, with extrapolation to a reactor comprised of 700 fuel rods. The 

assembled reactor core is designed to produce 100 MWth, maintains a positive reactivity through 

the 60th month of operation, and operates at a burnup of 79.5 𝐺𝐺𝑊𝑊𝑑𝑑
𝑀𝑀𝑀𝑀𝑀𝑀 

 during this period. The fuel 

pin is simulated using a homogenous fuel material mix to approximate varying size TRISO beads 

embedded in a zirconium matrix at a packing fraction of 0.55. The fuel pin measures 400 cm in 

length with a radius of 3.6 cm, surrounded by a coolant channel of width 1.314 cm and a 20 cm 

pitch of graphite moderator between hexagonally arranged pins, and thin layers of stainless-steel 

cladding line the coolant channel. The reactor design requires 100 fuel pins arrayed among each 

of its 7 hexagonal subassemblies, such that each pin generates 142.9 kW at operational power. 

The SGTR reactor yields a core power density of 57.32 𝑀𝑀𝑀𝑀
𝑚𝑚3  with an initial heavy metal loading of 

2263.8 kg Uranium. 
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Introduction 

Sodium cooling in nuclear reactors has primarily been used in the design of Sodium-

Cooled Fast Reactors (SFR) or Sodium-Cooled Fast Breeder Reactors (SFBR) which make use 

of neutrons released in the fast spectrum (generally greater than 1 MeV per fission).1, 2 Tri-

structural Isotropic (TRISO) fuel has been primarily used as a thermal-spectrum fuel in nuclear 

reactors. Generally, it is used in thermal pebble-bed reactors, high-temperature gas reactors, and 

in small modular reactor designs as a safety-conscious encapsulated fuel pellet3. Use of liquid 

sodium coolant for a TRISO-based reactor has not been well documented, though the concept 

has been explored for low-enriched fuels.4 

Liquid sodium is valued as a coolant due to its thermal qualities, neutron cross section, 

and controllable chemical reactions.5, 6 Because sodium boils at a much higher temperature than 

water7, the system does not need to be kept at high-pressure during operation, which generally 

reduces the risk of material failure. In addition to the high boiling point, the strong thermal 

conductivity allows for efficient heat transfer and rapid heat removal, further strengthening its 

 
1Pioro, Igor L., ed. Handbook of Generation IV Nuclear Reactors, Woodhead Publishing Series in Energy, no. 103. 

Cambridge: Woodhead Publishing, 2016, 45. 
2 Rajan, K. K. "A Study on Sodium - The Fast Breeder Reactor Coolant," IOP Conference Series: Materials Science 

and Engineering 1045, 2021. 
3 U.S. Nuclear Regulatory Commission, Technical Assessment of the Impact of User Requirements in the Design of 

Advanced High-Temperature Gas-Cooled Reactors, NUREG/CR-6844, Vol. 1, Washington, DC: U.S. Nuclear 

Regulatory Commission, 2004. 
4 Weisner, Edward F., ed., A Sodium Cooled, Graphite Moderated, Low Enrichment Uranium Reactor for the 

Production of Useful Power, September 1954. 
5 Pioro, Handbook of Generation IV Nuclear Reactors, 99-100. 
6 Rajan, "A Study on Sodium - The Fast Breeder Reactor Coolant," 2021. 
7 Bowles, Kenneth J., and Louis Rosenblum, Vapor Pressure of Sodium from 0.5 to 120 Atmospheres, Lewis 

Research Center, Cleveland, Ohio: National Aeronautics and Space Administration, May 1965. 
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qualities as a safety-conscious coolant. Sodium’s low scattering cross section for thermal 

neutrons, relative to water, another commonly used coolant in thermal reactors, makes it an ideal 

coolant with limited moderation of neutrons produced8, allowing a more permissive thermal 

neutron flux through the core. Another measure that makes sodium a good cooling candidate is 

the predictability of reacting chemically.9 Sodium has no corrosive or chemical relationships 

with any components of the stainless steel, zirconium, or graphite in use for this reactor,10 and 

should have very limited impurities as long as the pool remains covered by an inert gas such as 

argon. This can reduce downtime for reactor upkeep and increase life of components. 

Sodium reactors typically are designed either as a loop system or a pool system.11 This 

report focuses on the design of a pool type reactor system in which coolant sodium exists at a 

consistent low pressure, covered by an inert gas to minimize impurities in the reservoir of 

sodium. In the design of this type of low-pressure supply of coolant, reservoirs of hot and cold 

sodium are present as an upper and lower plenum, respectively. 

Because sodium cooling in a thermal reactor is not widely used, comparisons can be 

drawn between both thermal reactors and sodium fast reactors. Todreas and Kazimi12 present 

parameters for common reactor types, some of which are shown in Table 1, along with 

representative values for the reactor design studied here. In general, the designed reactor does not 

closely align with any one of the six benchmark reactors presented. In terms of dimensions, 

 
8 Rajan, "A Study on Sodium - The Fast Breeder Reactor Coolant," 2021. 
9 Pioro, Handbook of Generation IV Nuclear Reactors, 100. 
10 International Atomic Energy Agency, Liquid Metal Coolants for Fast Reactors Cooled by Sodium, Lead and 

Lead-Bismuth Eutectic, IAEA Nuclear Energy Series No. NP-T-1.6, IAEA, Vienna (2012), 9. 
11 Ibid., 103-106. 
12 Todreas, Neil E., and Mujid S. Kazimi. Nuclear Systems, 2nd ed., vol. 1, Orlando: Academic Press, 1990, 82-87. 
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power density, and heat flux into coolant, the SGTR most closely relates to the BWR, but this 

design incorporates a much smaller volume and operating power level. When compared with the 

only other sodium-cooled reactor on these benchmarks, the SGTR has a much lower power level, 

power density, and heat flux into the coolant than the SFBR. 

 

Table 1.  An Extension of Tables 3.4 and 3.5 from Todreas and Kazimi comparing benchmark 
reactor types to the SGTR described by this paper.  

Quantity PWR BWR CANDU SFBR HTGR SGTR - 
Proposed 

Equivalent Core  

diameter (m) 
3.37 4.74 6.16 2.13 8.42 0.75 

Core Length (m) 3.66 3.59 5.76 0.91 6.30 4.00 

Core Volume (m3) 32.63 63.33 171.66 3.26 350.80 1.74 

Core Power  

Density (MW/m3) 
104.52 52.47 12.47 239.50 8.55 57.32 

Average Linear  

Heat Generation Rate  

of a Fuel Rod (kW/m) 

17.83 17.60 24.20 19.20 13.40 32.50 

Average Heat Flux at the  

Interface of the Fuel Rod  

and Coolant (MW/m2) 

0.60 0.50 0.59 1.05 0.20 0.43 

Core Power Level (MW) 3411 3323 2140 780 3000 100 

% of Power Deposited  

into Fuel Rods 
97.4 96.5 91.6 94.5 100 91 

Fuel assemblies/core 193 764 4560 198 3944 7 

Assembly Lateral  

Spacing (mm) 
215 152 280 144 361 200 

Fuel Rods/Assembly 264 74 37 217 72 100 

Fuel Rods Length (mm) 3658 3588 480 914 787 4000 

Fuel Rod Diameter (mm) 9.5 11.2 13.1 5.8 21.8 36 
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Coolant Flow 

A characteristic quality of this pin design is the coolant flow. As opposed to some 

TRISO-based reactors where coolant flows around pebbles of TRISO, and unlike SFR models 

where sodium flows through channels of space between fuel rods, in the SGTR design, flow of 

sodium passes through an annular channel around the fuel rod. This relatively tight space helps 

to reduce the Reynolds number by reducing the hydraulic diameter,13 thus ensuring laminar flow 

through the channel at a fluid velocity of 2.2 m/s. The longer channel of coolant flow with a 

narrower width helps to increase the heat transfer from the fuel to the sodium. Although heat 

transfer generally increases in turbulent flow, the narrow channel width of this design ensures the 

thermal boundary layer (a function of Nusselt number)14 extends along the width, maximizing 

thermal transfer to the fluid. 

 

Figure 1.  Cross Sectional view and dimensions of a single channel.  

 
13 International Atomic Energy Agency, Sodium Coolant Handbook: Thermal Hydraulic Correlations, 2003, 5-11. 
14 Bergman, T. L., A. S. Lavine, and F. P. Incropera. Fundamentals of Heat and Mass Transfer, 7th ed, 2011, 400 

Radial Thickness (mm)Component of Pin

36Homogenized Fuel Cylinder

0.5Inner Cladding

13.14Coolant Channel

1.0Outer Cladding

100Graphite (Hexagonal Side)
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The primary fluid dynamics calculation for this flow is based off the work of Jaeger et al. 

201515 in which the Nusselt number for a liquid metal is based on the following formula: 

𝑁𝑁𝑁𝑁(𝑃𝑃𝑃𝑃)  =  𝛥𝛥0.3  ∙  (4.75 +  175 •  10−4  ∙  𝑃𝑃𝑃𝑃0.8) 

where 𝛥𝛥 is the ratio of the outer to the inner radius of the channel; Pe is the Peclet number: 

𝑃𝑃𝑃𝑃 =  𝑅𝑅𝑅𝑅 ∙  𝑃𝑃𝑃𝑃 

𝑅𝑅𝑅𝑅 =  𝜌𝜌 ∙  𝑢𝑢 ∙  𝐷𝐷ℎ / 𝜇𝜇 

𝑃𝑃𝑃𝑃 =  𝐶𝐶𝑝𝑝 ∙  𝜇𝜇 / 𝜆𝜆 

where 𝜌𝜌 is the density, u is the velocity, Dh is the hydraulic diameter, 𝜇𝜇 is the dynamic viscosity, 

Cp is the specific heat at constant pressure, and 𝜆𝜆 is the thermal conductivity. For their study of 

Nusselt number in metallic flows, Jaeger et al. found that values of 𝛥𝛥 equal to 1.36, 1.5, 1.54, 

and 1.86 for sodium flow produced “excellent” or “very good” fits to this curve, so this 

constraint was imposed in the design of sodium channel for the SGTR.  

The following equation gives the hydraulic diameter16 of the annular channel: 

𝐷𝐷ℎ  =
4 ∙ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
= 4 ∙

𝜋𝜋 ∙ 𝑟𝑟𝑐𝑐𝑐𝑐2 – 𝜋𝜋 ∙ 𝑟𝑟𝑐𝑐𝑐𝑐2

2 ∙ 𝜋𝜋 ∙ (𝑟𝑟𝑐𝑐𝑐𝑐 + 𝑟𝑟𝑐𝑐𝑐𝑐) =  2 ∙
𝑟𝑟𝑐𝑐𝑐𝑐2 – 𝑟𝑟𝑐𝑐𝑐𝑐2

𝑟𝑟𝑐𝑐𝑐𝑐 + 𝑟𝑟𝑐𝑐𝑐𝑐
  

where rco is the outer radius of the channel and rci is the inner radius. 

The primary purpose of calculating fluid properties of the fluid is to determine capacity 

for thermal energy removal from the fuel rod. Deposition of heat into the fluid17 is:  

𝑄𝑄 =  (𝑇𝑇𝑤𝑤  −  𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  ∙  𝐻𝐻 ∙  𝐴𝐴𝑆𝑆  

𝐻𝐻 =  
𝜆𝜆 ∙  𝑁𝑁𝑁𝑁

 𝐷𝐷ℎ
  

 
15 Jaeger, W., W. Hering, and M. Lux. "On the Liquid Metal Heat Transfer in Annular Channels: Review, Proposal 

and Validation of Empirical Models." 2015. 
16 IAEA, Sodium Coolant Handbook: Thermal Hydraulic Correlations, 5. 
17 Bergman et al, Fundamentals of Heat and Mass Transfer, 115. 

(2) 

(3) 

(4) 

(1) 

(5) 

(6) 

(7) 
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where Q is the thermal heat transfer, Tw is the temperature of the cladding in contact with the 

coolant at rci, Tcoolant is the coolant temperature (assumed to be bulk temperature along the 

channel), As is the surface area along which the heat is transferred from cladding to coolant, and 

H is the heat transfer coefficient for sodium.18  

 
18 IAEA, Sodium Coolant Handbook: Thermal Hydraulic Correlations, 7. 
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Temperature Calculations 

Beginning with the temperature setting of the lower plenum as 355℃, the change in 

temperature is calculated for incremental lengths (dz) along the channel. Enthalpy (h) is 

characteristic of specific temperatures of the sodium, and thus the change in enthalpy gives rise 

to a change in temperature19 along the channel according to the following equation: 

ℎ(𝑧𝑧 + 𝑑𝑑𝑑𝑑) =  ℎ(𝑧𝑧)∙𝜌𝜌(𝑧𝑧)+𝑞𝑞′′(𝑧𝑧)
𝑢𝑢�

𝜌𝜌(𝑧𝑧)
 

in which 𝑞𝑞′′(𝑧𝑧) is the local axial heating rate, derived from fitting a curve to the tallies of 

recoverable energy from fissions in OpenMC . The incremental length selected for this study was 

1 mm, splitting the length into 4,000 increments.  

The properties of the liquid sodium limited the design of the reactor through maximum 

temperature and laminar flow. At approximately 650℃, the curves for viscosity and specific heat 

of sodium are no longer able to be estimated using linear interpolation.20 In order to ensure the 

accurate incorporation of fluid properties throughout the study, this coolant temperature of was 

set as an upper threshold for this design. Fluid velocity must also be set to a reasonable value that 

does not cause the Peclet number to exceed 270, which is the onset of turbulent behavior for 

metallic fluids with low Prandtl numbers flowing through an annulus.21 In this study, a value of 

2.2 was proven to provide a reasonable range of adjustability for thermal properties and ensured 

a limitation of 650℃ for the fluid would not be exceeded. Figure 2 demonstrates how tabular 

values for certain properties of liquid sodium were interpolated linearly. The blue lines indicate 

 
19 Bergman et al, Fundamentals of Heat and Mass Transfer, 525. 
20 Todreas and Kazimi, Nuclear Systems, 950. 
21 IAEA, Sodium Coolant Handbook: Thermal Hydraulic Correlations 

(8) 
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the first region of interpolation (350 – 525℃) with an extended curve to 600℃ to demonstrate 

divergence from this linear relationship beyond that value. The red lines indicate the linear 

relationship from 525-650℃ defining the second region of interpolation. Since this loses 

accuracy above 650℃, this value of outlet temperature was imposed as an upper threshold for 

fluid temperature. 

 

Figure 2.  Curves for specific heat (constant pressure) and dynamic viscosity of liquid 
sodium from 350 to 850 ℃.  

 

While Tcoolant was derived through stepwise analysis as described above, each other 

thermal and fluid property would then arise from that one. Tw was determined by: 

𝑇𝑇𝑤𝑤 = 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝒒𝒒′′
𝒖𝒖�  

Centerline temperature for the fuel22 was calculated assuming constant values of thermal 

conductivity k for the cladding and fuel, equal to that for stainless steel at 800 K, 14.4 𝑊𝑊
𝑚𝑚∙𝐾𝐾

, with a 

volume-weighted thermal conductivity for the fuel. The composite thermal conductivity was 

computed to be 0.44 times that of Zirconium, at 9.5 𝑊𝑊
𝑚𝑚∙𝐾𝐾

. This value appears below as 𝑘𝑘𝑐𝑐 in the 

equation for centerline temperature: 

 
22 Bergman et al, Fundamentals of Heat and Mass Transfer, 112-119. 
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𝑇𝑇𝐶𝐶𝐶𝐶 = 𝑇𝑇𝑤𝑤 + 𝑞𝑞′′ ∙ (
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑘𝑘𝑠𝑠𝑠𝑠

+
𝑟𝑟𝑓𝑓

8 ∙ 𝜋𝜋 ∙ 𝑘𝑘𝑐𝑐
) 

where 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the thickness of interior cladding and 𝑟𝑟𝑓𝑓 is the radius of the fuel element. 

(10) 
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Fuel Design 

The fuel composition itself is based off a concept described by Brown et al23 of TRISO 

beads embedded in a metallic matrix. For this design, the matrix consists of pure zirconium. 

Though different manufacturing specifications for TRISO particles exist, the chosen parameters 

mirror the composition most commonly found in German manufactured fuel.24, 25 The general 

thickness of each layer is known to vary, but the figure below shows the average values. 

 

 

Figure 3.  TRISO  sphere with dimensions used to calculate volume fraction. 
 

Packing fraction for TRISO particles embedded in a matrix has been investigated by 

Brown et al. from 0.3 to 0.74. A value of 0.55 was selected for this study, which is reasonably 

physically possible with single-size beads of TRISO. However, use of various particle sizes to 

 
23 Brown, Nicholas R., Richard Hernandez, and Andrew T. Nelson, "High Volume Packing Fraction TRISO-Based 

Fuel in Light Water Reactors," 2022. 
24 U.S. NRC, Technical Assessment of the Impact of User Requirements in the Design of Advanced High-

Temperature Gas-Cooled Reactors, Section 2. 
25 Golesorkhi, S., S. Kelly, and A. Trottier, "Impact of the TRISO Fuel Homogenisation Approximation in the 

MHTGR," 2023. 
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minimize volume of the filler matrix, as seen in the Fort St. Vrain reactor,26 or an injection-

method compression technique as described in the NRC’s Technical Assessment (2004)27 would 

also assist with increasing the packing fraction. 

 

 

Figure 4.  Heterogeneous (top) and Homogenous (bottom) model plots for various packing 
fractions (P.F.) 
 

Enrichment of fuel within the TRISO kernel also is known to vary, with values from 5 to 

85 percent being documented in sources published.28, 29, 30  For this study, a 45 percent 

enrichment of Uranium is selected and sufficiently produces fission energy to meet thermal 

design criteria. This is a lower enrichment than seen in MOX fuel in fast reactors, but higher than 

most manufactured TRISO or UO2 fuel pins. Generally, this is a higher enrichment than is 

 
26 Brown et al, "High Volume Packing Fraction TRISO-Based Fuel in Light Water Reactors," 2. 
27 US NRC, Technical Assessment of the Impact of User Requirements in the Design of Advanced High-Temperature 

Gas-Cooled Reactors, 2-37 
28 Brown et al, "High Volume Packing Fraction TRISO-Based Fuel in Light Water Reactors." 
29 Srinivasan, G., K. V. Suresh Kumar, B. Rajendran, and P. V. Ramalingam, "The Fast Breeder Test Reactor—

Design and Operating Experiences," 2005 
30 IAEA, Sodium Coolant Handbook: Thermal Hydraulic Correlations 

70% P.F.55% P.F.30% P.F.
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commercially available due to several factors discussed in the Assumptions section of this study 

but is investigated here as a potential high-enrichment application.  
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Thermal Analysis 

Channel analysis focuses on the capacity of the coolant to remove heat from the steel-

clad fuel. The fuel is simulated as a homogenous material31 that models TRISO enriched to 45% 

embedded into a zirconium matrix at a packing fraction of 0.55. The heating of liquid sodium 

propels coolant up through an annular channel around the fuel rod, bordered externally by a 

hexagonal pitch of graphite moderator that provides the surrounding environment for this fuel 

pin. The simulated model includes a plenum on either end of the cylindrical channel, simulating 

the hot and cold liquid sodium reservoirs at the top and bottom, respectively, of the fuel cell. A 

thin cap of stainless steel covers each end of the fuel pin and shields it from the sodium plenum. 

 

 

Figure 5.  Profile views of the top of a fuel pin and coolant channel.  
 

 
31 Golesorkhi et al, "Impact of the TRISO Fuel Homogenisation Approximation in the MHTGR," 2023. 
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Optimized values for thickness and width dimensions within the pin were iteratively 

evaluated in OpenMC for effective multiplication factor. The ultimate dimensions of the channel 

and pin are given in Figure 1. 

Thermal analysis required extrapolation of the design beyond the fuel pin to instead 

incorporate the entire reactor. The design takes inspiration from comparison with the reactor 

described in Srinivasan et al 2005.32 The subassemblies of this Indian reactor arrayed fuel 

channels in concentric hexagonal alignment over 5 rings for 61 channels each, with 65 

subassemblies. This resulted in 3965 total fuel pins over the design of the reactor. For the design 

of this SGTR, a 100 MW design constraint required the application of 7 subassemblies, each 

with 100 fuel channels in its 6-ring hexagonal design, leaving 27 channels for mechanical or 

reactivity control purposes. This drives the energy output requirement for each pin to 142,857 W. 

Modeling the pin in OpenMC, the design was analyzed at 20 evenly spaced heights for 

energy deposition to the fuel (heating), fissions, and energy per fission, each calculated and 

weighted by number of source particles (s.p.). Because the OpenMC solver is designed to be set 

to various particle strengths and precisions, the outputs of these data are given irrespective of 

time; therefore, these outputs must be scaled to relatable parameters according to power settings 

of the pin.33 Although specific results for heating were not generated at this stage, a clear profile 

of an axial heating rate emerged, as seen in Figure 6. Using the data for heat deposition into the 

fuel, two curve fits were attempted to describe the profile of axial heating. The raw data is the 

value of axial heating returned for the indicated length of the pin, the total nuclear heating is line 

that connects these points, and the dashed lines show the curve fits that were attempted. The 

 
32 Srinivisan et al, "The Fast Breeder Test Reactor—Design and Operating Experiences,” 2005. 
33 OpenMC, “8.Specifying Tallies.”  
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cosine curve (left) did not properly account for the tapered heating at the ends of the pin. The 

gaussian curve (right) more precisely fitted the data recorded. 

 

Figure 6.  Curve Fitting for the Axial Heating Rate in the Fuel Rod 
 

Initially a cosine curve was tried as fit the curve of axial heating based on the 

approximation provided by Todreas and Kazimi34 for heating along a fuel pin. However, this 

curve seemed to poorly characterize the heating toward the ends of the fuel pin, which tapered 

off asymptotically (R2: 0.966). Upon noting the end behavior of the curve, a bell-shaped 

Gaussian curve was tried next, producing a tighter curve fit approximation (R2: 0.993). The 

parameters for describing this curve were used to produce the fit curve: 

𝑞𝑞′′(𝑧𝑧) = 406.056 ∙ 𝑀𝑀 ∙  𝑒𝑒
�200.811− 𝑧𝑧

82.135  �
2

−2  

In this equation, z is channel height in centimeters and M is some constant “adjustor” 

with units of  � 𝐽𝐽
𝑒𝑒𝑒𝑒
∗ 𝑠𝑠.𝑝𝑝.
𝑐𝑐𝑐𝑐∗𝑠𝑠

= 𝑊𝑊∗𝑠𝑠.𝑝𝑝.
𝑒𝑒𝑒𝑒∗𝑐𝑐𝑐𝑐

� to fit the tally curve for radial recovered energy � 𝑒𝑒𝑒𝑒
𝑐𝑐𝑐𝑐∗𝑠𝑠.𝑝𝑝

� to the 

thermodynamic profile of axial heating� 𝑊𝑊
𝑚𝑚2� desired by the pin power settings.. 

 
34 Todreas and Kazimi, Nuclear Systems, 92. 

(11) 
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Obtaining the ratio of maximum to average heating was also critical to the determination 

of true quantitative values for the axial heating profile. Because OpenMC does not output 

standard units for tallies, instead translating into units like “MeV per fission per source particle 

per centimeter” after some adjustments for dimensions, ratios of values help to provide a general 

shape of a relationship that then requires interpretation. Radial heating average rate was found 

arithmetically as the average of all 20 array values to be 203.39 � 𝑒𝑒𝑒𝑒
𝑐𝑐𝑐𝑐∗𝑠𝑠.𝑝𝑝

�, and the peak value of 

radial heating was calculated from the amplitude of the curve to be 395.66 � 𝑒𝑒𝑒𝑒
𝑐𝑐𝑐𝑐∗𝑠𝑠.𝑝𝑝

�. Therefore, 

the ratio of peak to average worked out to 1.9453. Later, as explained in equation 14, this value 

then helped ensure maximum volumetric heating did not exceed allowable values. 

After these values defining the axial heating rate were obtained from OpenMC 

functionality, further calculations were conducted in Excel. As described above in the 

temperature calculations, the axial heating profile was fundamental to set the properties of heat 

absorption into the coolant and therefore thermal power generation. Defining the axial heating 

q’’ according to equation 11, fit to the height in 1-millimeter increments, yielded the heating 

profile graph shown in the left of Figure 7. These curves were generated in Microsoft Excel 

though plotting the calculated values at each incremental height. The left graph shows the axial 

heating profile q” and the right graph shows the heat transfer coefficient H. 

The value of the adjustor M was determined through trial-and-error to be 753.16. This 

value of M yields an output coolant temperature of 644.5˚C at a fluid velocity of 2.2 meters per 

second, deliberately below the 650˚C upper threshold for coolant temperature for reasons 
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Figure 7.  Axial heating profile q’’ and heat transfer coefficient H. 
 

described above. The curve for the temperatures of the coolant, cladding, and fuel centerline can 

be seen in the graph of Figure 8. Max wall temperature is 645.9 ˚C and max centerline 

temperature is 653.1 ˚C. 

Since the axial heat transfer rate had been calculated at each height along the rod, upon 

setting a value for fluid velocity, the entire system of heat transfer was solved incrementally 

using equation 9. As defined above in equation 6, the total heat transfer along the pin was taken 

to be the difference between the wall and coolant temperature, multiplied by the average heat 

transfer coefficient for the coolant, multiplied by the area over which the heat transfers, the 

surface area of the cladding. This total heat transfer rate, Q, was calculated as 142.857 kW. 

With the overall reactor design requirement to produce 100 MWth, and the thermal output 

of each pin known, the number of rods required by the reactor remained a simple division  
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Figure 8.  The temperatures along the channel for fuel centerline, cladding, and coolant. 
 

problem to solve. 697 rods at 142.857 kW produced slightly above 100 MWth for the reactor. 

Considering hexagonal assemblies as a selected geometric arrangement for the reactor, the round 

number of 700 rods was selected as a design point, with 7 subassemblies of 100 fuel pins each. 

As a measure of safety, the maximum volumetric heating rate was also calculated, to 

ensure that peak temperatures in the fuel never exceed the melting point for zirconium. Taking 

the average heat transfer rate q’’ and dividing by the length of the rod yields the approximate 

volumetric heating rate from the fuel to the cladding. This volumetric heating rate can be 
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compared to the maximum allowable heating rate based off assuming maximum heat in the 

cladding (conservatively using the boiling point of sodium35 at 1 atm, 1154˚C) and setting our 

maximum fuel centerline temperature to the melting point of zirconium, 1855˚C. Beginning with 

the equation for heat transfer in a cylinder36: 

𝑇𝑇𝑓𝑓(𝑟𝑟) = 𝑞̇𝑞∙𝑟𝑟02

4∙𝑘𝑘
�1 − 𝑟𝑟2

𝑟𝑟02
� + 𝑇𝑇𝑠𝑠 

𝑇𝑇𝑓𝑓(0) =
𝑞̇𝑞 ∙ 𝑟𝑟𝑓𝑓2

4 ∙ 𝑘𝑘
(1 − 0) + 𝑇𝑇𝑠𝑠 < 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 1855℃ 

𝑞̇𝑞 ∙ (0.0360)2

4 ∙ 𝑘𝑘𝑍𝑍𝑍𝑍
< (1855 − 𝑇𝑇𝑠𝑠) 

𝑞̇𝑞 < (1855 − 𝑇𝑇𝑠𝑠) ∙
(4 ∙ 𝑘𝑘𝐶𝐶)

(0.0360)2 

𝑞̇𝑞 < (1855 − 1154) ∙
(4 ∙ 9.5)

(0.0360)2 

𝑞̇𝑞 < (701) ∙
(86.4)

0.001296
 

𝑞̇𝑞 < 20.6 𝑀𝑀𝑀𝑀
𝑚𝑚3  

Calculating the actual volumetric heating rate as the ratio of peak to average radial 

heating times the average heating rate and divided by the length of the rod: 

𝑞̇𝑞 = 𝑞𝑞′′𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑞𝑞′′𝑎𝑎𝑎𝑎𝑎𝑎

∙  
𝑄𝑄
𝐴𝐴𝑠𝑠
𝐿𝐿

= (1.9453) ∙  
155.03𝑘𝑘𝑘𝑘

𝑚𝑚2

4 𝑚𝑚
= 36.9 𝑘𝑘𝑘𝑘

𝑚𝑚3 

yields an actual maximum volumetric heat flux of 36.9 𝑘𝑘𝑘𝑘
𝑚𝑚3 . This indicates that there is a factor of 

safety more than 500 with regards to the fuel centerline temperature. 

  

 
35 Bowles and Rosenblum, Vapor Pressure of Sodium from 0.5 to 120 Atmospheres, 1965. 
36 Bergman et al, Fundamentals of Heat and Mass Transfer, Table C.3. 

(12) 

(13) 

(14) 
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Assumptions 

A key simplification made during this study, in the interest of decreasing computational 

time and power, was to homogenize the fuel. This was done by calculating the volumes of each 

layer of TRISO as shown in Figure 5, then combining the volume weight of each of those layers 

with Zirconium, volume weighted according to the packing fraction. This method has been 

previously summarized by Golesorkhi et al37 and it is generally known as the Volume-Weighted 

Homogenization (VWH) method. Assessing the native calculation of multiplication factors 

allowed comparison of such a simplified fuel sample to a single simulated TRISO particle. The 

simulated particle was surrounded by a spherical mass of zirconium so that both this particle and 

a sphere of the homogenous material had the same atomic composition. The VWH method was 

modified for this study by adding a spherical shell of graphite to the exterior of the internal 

TRISO models in order to approximate the self-shielding and self-resonance qualities of 

TRISO38 in both the homogenous and heterogenous approaches. Since the design of this fuel pin 

also relies heavily on the moderation of graphite in the core, this also more closely approximated 

the nature of the fuel as it will behave in the cell. The two models were evaluated under the same 

settings for multiplication factor (with a reflective exterior boundary condition) and are 

compared together in Figure 9. Note that the maximum packing fraction of 0.55 indicated as 

realistic according to the work of Brown et al.39 and the maximum commercially available 

enrichment for HALEU TRISO (19.75%)40 were investigated for this study but ultimately did 

 
37 Golesorkhi et al, "Impact of the TRISO Fuel Homogenisation Approximation in the MHTGR," 2023. 
38 Ibid. 
39 Brown et al, "High Volume Packing Fraction TRISO-Based Fuel in Light Water Reactors," 5 
40 Carlson, John, "HALEU: Some Safeguards and Non-Proliferation Implications," August 8, 2024.  
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not return a viable reactivity in the full pin design. For initial design considerations, a “viable” 

reactivity was considered to be an initial reactivity above 0.16, coincident with a multiplication 

factor of about 1.2. This required an increase of enrichment to 45%, as further discussed in the 

Depletion Calculations section below. To ensure feasibility of the design over 60 months of 

operation, a minimum value of 0.1 reactivity was set, with an acknowledgement that (as shown 

in the graphs of Figure 9) the homogenous fuel will over-predict the effective multiplication 

factor of a real design. 

 

 

Figure 9.  Comparison of effective multiplication factors for homogenous and heterogenous 
fuel modeling in OpenMC. 
 

An iterative model generator used an input kernel diameter to determine volumes of each 

layer of the TRISO bead and the encapsulating zirconium layer. The outputs of this function, a 

heterogenous model and a homogenous model (as well as the required volume fractions for 

mixing materials homogenously), each prompted the running of the program yielding effective 

multiplication factors.  
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Due to the lack of immediate contact with graphite, this method of comparison tends to 

over-estimate k-effective. However, the alternative of not having any graphite shell vastly 

underestimates k-effective. This is due to the suppression of resonance self-shielding effects41 

that is inherent to the structure of TRISO particles. Across enrichments from 5% to 60%, as 

shown in Figure 9, the difference measured as a percentage variation from the heterogenous 

value decreases significantly to below 10% above a packing fraction of 0.3. While not an ideal 

loss of precision, this method of homogenizing fuel serves to evaluate trends in thermal analysis, 

reduce computational resources (memory), and reduce computational time. 

Another key assumption made for this fuel pin was that all energy from fissions came 

from neutrons in the thermal spectrum. This allows use of known cross sections to determine 

energy output and fission rates for a given power setting. This assumption can be visually 

validated by comparing the OpenMC “heating” and the “fission-q-recoverable” tallies, 

summarized in the figure below. Fewer than 1.1% of all fissions occur due to fast neutrons. This 

is mathematically explained by the low fission cross section of Uranium-235 in the fast 

spectrum. Around 98.9% of all fissions occur due to interactions with neutrons that have been 

slowed to thermal velocities by scattering from other atoms in the pin. This validates the 

assumption that fissions occur from thermal neutrons. In the figure below, the curves generated 

show a relationship between the proportion of thermal- versus fast-neutron initiated fissions. Due 

to OpenMC calculating tallies per source particle, these values are not directly able to be 

translated into common units without adjusting for simulation parameters, but they are valuable 

in assessing proportional relationships between values within the simulation. 

 
41 ibid. 
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Figure 10.  OpenMC Tallies of Fissions Occurring from Fast and Thermal Neutrons 

 

During the thermal analysis of the channel, various assumptions and generalizations were 

accepted. First, all simulations and calculations are computed with an ideal thermal contact, 

neglecting gaps between materials and enabling temperature calculations based on thermal 

resistances of materials. This assumption naturally leads to over-estimating the amount of 

thermal energy able to be removed from the fuel, potentially under-estimating the fuel centerline 

temperature. However, the additional internal temperature would not sufficiently endanger the 

fuel, which is limited by the melting point of the zirconium matrix, approximately 1855˚C. As 

shown in calculations above, culminating in equations 12 and 13, this design constraint does not 

pose risk to safety. 
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The second thermal assumption that was made was that thermal-dependent properties of 

sodium (density, viscosity, surface tension, specific heat, and enthalpy) could be approximated 

with a single value of bulk fuel temperature. Because the width of the channel is relatively small 

(8.82 mm), the temperature variation across that width would be minimal. This potentially leads 

to an over-estimation of thermal absorption into the fuel, and thus again an under-estimation of 

fuel centerline temperature. 

A third set of thermal assumptions relates to the properties of the metals used in the 

design. All values of physical constants derive from information provided in Fundamentals of 

Heat and Mass Transfer.42 In the range of wall temperatures calculated, stainless steel (simulated 

to be Alloy 304) would have a thermal conductivity variation from 14.4 𝑊𝑊
𝑚𝑚 𝐾𝐾

 to 23 𝑊𝑊
𝑚𝑚 𝐾𝐾

 in this 

range. As a measure of safety, this lowest value of thermal conductivity is taken as constant, 

which generally would cause an under-estimation of heat transfer out of the fuel, contrary to the 

previous two assumptions. Similarly, Zirconium would have a thermal conductivity ranging from 

20 to 22 𝑊𝑊
𝑚𝑚 𝐾𝐾

. Since the locations and proximity of each individual TRISO particle cannot be 

precisely known, a volume-weighted approach was incorporated to approximate a lumped 

thermal conductivity for the fuel cylinder. Using the thermal conductivities shown in Table 2 and 

the following equations for calculating thermal resistance43, a composite resistance was 

calculated. 

𝑅𝑅𝑡𝑡,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1
4 𝜋𝜋 𝑘𝑘

�1
𝑟𝑟1
− 1

𝑟𝑟2
�, 𝑞𝑞′ = ∆𝑇𝑇

𝑅𝑅𝑡𝑡,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

𝑞𝑞′𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 =
∆𝑇𝑇
𝑅𝑅𝑍𝑍𝑍𝑍

= ∆𝑇𝑇 ∗ 40,500;  𝑅𝑅𝑍𝑍𝑍𝑍 =
1

40,500
 

 
42 Bergman et al, Fundamentals of Heat and Mass Transfer, Appendix A. 
43 Ibid, Table 3.3. 

(15) 
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𝑞𝑞′𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ∆𝑇𝑇
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

= ∆𝑇𝑇 4 𝜋𝜋 1,000,000
470.588+941.177+56.544+0.538+43.424

= ∆𝑇𝑇 ∗ 8,310 ;  𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1
8,310

 

𝑞𝑞′𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
∆𝑇𝑇
𝑅𝑅𝑍𝑍𝑍𝑍

(0.45) + 
∆𝑇𝑇

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
(0.55) =∆𝑇𝑇 ∗ 22,800;  𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

1
22,800

 

𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ≈ 0.44 ∗  𝑘𝑘𝑍𝑍𝑍𝑍 = 9.504
𝑊𝑊
𝑚𝑚 𝐾𝐾

 

While it would have been more conservative to take an even lower table value, it would 

further remove the calculated values from the true expected behavior of heat transfer in a real 

system. This overall low thermal conductivity constant for the fuel predicts a lower radial heat 

flux and thus provides a relatively high calculation of maximum temperature within the fuel at 

the centerline. This is itself a conservative estimation because in a heterogenous fuel cell, the 

heat profile would peak not precisely along the centerline of the fuel, but individually in each of 

the kernels. This is due to the design of the layers to stop and absorb kinetic energy from 

expelled fission products, localizing the heating to the kernel or buffer of the TRISO. 

 

Table 2.  Dimensions, volume fractions, and thermal conductivity values used to model the fuel 
homogenously. 

Layer of TRISO Atom Fraction 
Composition 

Thickness 
(μm) 

Volume Fraction of 
Homogenous 

Mixture 

Thermal 
Conductivity at 

800 K (𝑊𝑊/(𝑚𝑚∙𝐾𝐾)) 

UO2 Kernel 

(45% enrichment) 

66.67% Oxygen 
212.5 2.65% 10 15% U-235 

18.33% U-238 
Buffer 100% Carbon 100 16.76% 1.6 

Inner Pyritic Carbon 100% Graphite Carbon 35 11.66% 490 

Silicon Carbide 
50% Silicon 

35 15.58% 5.7 
50% Carbon 

Outer Pyritic Carbon 100% Graphite Carbon 40 23.34% 490 

Zirconium Matrix 100% Zirconium N/A 30.00% 22.7 

 

(16) 
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The final major simplifying assumption made for thermal analysis was calculation of 

overall heat transfer coefficient for the rod using average values for wall temperature, coolant 

temperature, and heating rates. Since the cladding heats faster than the coolant, the average value 

of the difference will be an underestimate for the first section of the channel and an overestimate 

for the latter section of the channel. The shape of the curve for the rate of heat transfer follows 

the bell-shaped axial heating profile of Figure 7, so using that average value likely would not 

affect the overall heat transfer coefficient. When considered together, there is a minute numerical 

preference for the earlier, higher difference in temperature, which occurs prior to the heat flux 

profile exceeding the average rate. This will tend to slightly underestimate the heat transfer 

coefficient and therefore heat transfer into the coolant. 
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Depletion Analysis 

In OpenMC, the deplete functionality (through the openmc.deplete.CoupledOperator44 

and openmc.deplete.PredictorIntegrator45 classes) was used to analyze the pin based on the 

settings determined for the channel. The Coupled Operator class takes a model and a string that 

describes a path to a data library as its inputs, and it generates an operator to be used in the 

Predictor Integrator. The Predictor Integrator class takes this operator, an array of time steps 

(which in this study was assigned the units of days, with 60 steps of 30), and a power of the 

reactor in Watts. For this study, the power remained constant at all time steps, but it could also 

be iterated with this function if desired. 

The integrator then sequenced through each of the 61 states (initial plus 18 steps) to 

generate 60 months of effective multiplication factor data. The results also had several different 

sets of data to pull, including masses of each isotope present at each step, which was then 

analyzed for burnup assessments. With reactivity from the effective multiplication factor in 

addition to the consumption of fissile isotopes, quantities of interest arise for assessing the design 

of the reactor. For the pin modeled, Figure 11 depicts the change in reactivity over the 60 months 

of operation. This design yields a low drop in reactivity, with a reactivity in excess of 0.10 for 

the entire duration. 

Reactor mass of a given isotope is calculated by multiplying the pulled mass data by the 

number of rods in the design. Using these simple calculations demonstrates that reactor U-235 

mass decreases from an initial level of 1011.83 kg and is depleted after 60 months to 776.14 kg.  

 
44 OpenMC. "openmc.deplete.CoupledOperator." 
45 OpenMC. "openmc.deplete.PredictorIntegrator." 
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Figure 11.  Reactivity of each fuel pin modeled against burnup. 
 

Burnup is calculated46, 47 purely as: 

𝐵𝐵 �
𝐺𝐺𝐺𝐺𝐺𝐺
𝑀𝑀𝑀𝑀𝑀𝑀

� =  𝐵𝐵 �
𝑀𝑀𝑀𝑀𝑀𝑀
𝑘𝑘𝑘𝑘 𝑈𝑈

� =  
𝑃𝑃[𝑊𝑊] ∙ 𝑡𝑡[𝑑𝑑]

𝑈𝑈235
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖[𝑔𝑔] + 𝑈𝑈238

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖[𝑔𝑔]
∙ �

𝑔𝑔
1000 𝑘𝑘𝑘𝑘

 � 

Over the course of those 60 months, the rector produces 180 GWd with an initial 

Uranium loading of 2264.34 kg, for a burnup of 79.493 GWd/MTU. During this period, 

multiplication factor decreases from 1.280 to 1.144 and reactivity decreases from 0.219 to 0.126.  

 
46 U.S. NRC. "High Burnup Spent Nuclear Fuel." 2024. 
47 Roberts, Jeremy A., Max Langston, Daniel Nichols, Eric Schlaikjer, Graham Schlaikjer, and Hitesh Bindra. "A 

Nonlinear Reactivity Method with Application to Accident-Tolerant Fuels." 2016. 

(15) 
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As noted earlier in the discussion of this design, the enrichment value selected for this 

design is not commercially manufactured into TRISO. However, this is the lowest value of UO2 

enrichment (assessed using the dimensions described in this study) that maintains a reactivity 

above 0.1 for the entire 60-month life cycle. As shown in Figure 12, 25% enrichment yields a 

positive reactivity for 19 months, while 30%, 35%, and 40% enrichments remain above 0.1 

reactivity for 5 months, 28 months, and 51 months, respectively. 20% enrichment, the maximum 

enrichment commercially available, does not produce a positive reactivity with this pin design. 

Because of the lack of account for leakage in this design, since the overall pin length is long 

relative to a low core volume, a reactivity threshold of 0.1 was favored for this analysis. This 

requirement drove the design selection for 45% enrichment. 

 

Figure 12.  Depletion Characteristics over 60 Month of Operation Altering Enrichment of 
Uranium within the Homogenized Fuel 
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Discussion of Burnup 

Although the rates of burnup estimated by this reactor are high, there are two 

considerations of practicability that must be addressed that significantly impact this output. The 

first consideration is the enrichment of the fuel. While higher percentages of enrichment are 

common for mixed-oxide fuels, the common enrichments of TRISO are more commonly seen in 

the range of 548, 49 to 1550% commercially, with any enrichment of uranium-based fuels 

uncommon above 20%.51 This is largely due to the security implications52 regarding higher-

enrichment fuels, but also due to the higher cost associated with manufacturing these enriched 

fuels. Because of the high-enriched Uranium, typically only seen in military applications, this 

design would potentially be limited to use as a modular reactor for a military unit or on a 

protected military base. For example, Fort Riley, KS has an electrical power usage of 

approximately 40 MWe for on-base housing,53 with the remainder of this design’s 100 MWth 

easily capable of powering the non-residential buildings on post. 

The second consideration is the packing factor. The packing fraction is generally limited 

by the method of fuel element fabrication, with a fraction of 30-40% when using the Admix 

process54 or 50-60% when using the injection process. Mathematically, this value is limited 

 
48 Brown et al, "High Volume Packing Fraction TRISO-Based Fuel in Light Water Reactors," 2022.  
49 Golesorkhi  et al, "Impact of the TRISO Fuel Homogenisation Approximation in the MHTGR," 2023 
50 Pioro, Handbook of Generation IV Nuclear Reactors, Table 3.2, Table 3.5. 
51 U.S. Nuclear Regulatory Commission. TRISO-Coated Particle Fuel Phenomenon Identification and Ranking 

Tables (PIRTs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents. Main Report. 

NUREG/CR-6844, Vol. 1. Washington, DC, 2004, Table 2-4 and Table 2-14. 
52 Carlson, John, "HALEU: Some Safeguards and Non-Proliferation Implications," 2024.  
53 Sullivan, Dan, "U.S. Army’s Fort Riley Solar Installation Reaches 16 MW, Powers 40% of Base Housing," 
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(when using equal size spherical beads) to 68% but values above 70% are feasible when using 

multiple-sized beads.55 Using a set value of 0.55 for creation of the homogenous mix in this 

study is well within the capability of these methods. 

Because of this high packing fraction and high enrichment, this reactor achieves 

remarkably high burnup rates, with relatively low temperatures. However, this may not 

invalidate the conceptual design considering that homogenization of the fuel detracts from the 

self-shielding resonance within each bead and overall decreases the effective multiplication 

factor of the fuel.56 A heterogenous model of this TRISO fuel embedded in a zirconium 

environment would have an equivalent reactivity with the homogenized fuel model used in this 

study at a much lower packing fraction and enrichment. Using enrichment percentage of 19.75%, 

the highest enrichment published57 for high-assay low enriched Uranium (HALEU) fuels, would 

be a much more viable option for a commercially available design. However, the 45% enriched 

reactor could still be a viable option with added security and oversight of manufacturing facilities 

producing the TRISO particles.  

 

  

 
55 Brown et al, "High Volume Packing Fraction TRISO-Based Fuel in Light Water Reactors," 2022. 
56 Golesorkhi et al 
57 Carlson, John, "HALEU: Some Safeguards and Non-Proliferation Implications," 2024. 
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Reactor Assembly and Composition 

The overall design and power settings for each channel require a total of 697 fuel pins to 

produce the reactor design requirement of 100 MWth. Since the pins are designed to be arranged 

hexagonally in the subassemblies, the subassemblies likewise can be arranged into a reactor 

assembly in a single hexagonal ring. The arrangement of pins is not within the full scope of this 

report, but to demonstrate the behavior and arrangement of the reactor, 100 fuel channels, 6 

control rod channels, and 21 reflective nickel/mechanical channels have been arranged into a 

subassembly in Figure 13. A single subassembly (left) is shown, arranging 100 fuel pins, 21 

reflective channels, and 6 control rod channels into a 6-ring hexagonal lattice. A full reactor 

assembly (right) is shown with 7 such subassemblies 

 

Figure 13.  Subassembly and Reactor Core configurations. 
 

Arranging the geometry of a single subassembly into OpenMC and then obtaining 

neutron flux for each fuel channel location, the relative effects of aggregating into a subassembly 

can be observed. While a numerical value is provided for flux, this number is largely influenced 
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by the settings on the code that is run, so the analysis to this point provides good qualitative 

information about the shape of the flux only. 

 

 

Figure 14.  Neutron Flux Across a Subassembly 
 

As shown in the figure above, the neutron flux is generally distributed across the reactor 

with a flux concentration towards the center. This arrangement of pins does not necessarily 

reflect an ideal layout, but it is provided with this study as a demonstration of how the OpenMC 

program can be used to investigate neutron flux. Through a balance of different control 

mechanisms, including control rods, burnable poisons, sensor channels, or neutron-reflective 

rods, the concavity of the flux distribution can be adjusted, potentially decreasing need for 

rotation of pins within the subassembly. 
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Conclusion 

This design concept validates a novel design of fuel mixture with OpenMC calculations. 

TRISO-embedded zirconium has not been incorporated as a potential fuel source previously, 

according to reviews of available literature. It compares most closely to a BWR in terms of core 

power density but has a much higher designed average linear heat generation rate than any of the 

benchmark designs to which it was compared in Table 1. Largely due to its use of sodium 

coolant, the amount of heat able to be absorbed and utilized would likely be close to that of the 

HTGR and SFR designs, which see lower component wear from this chemically controllable 

non-corrosive fuel, lowering replacement costs and decreasing downtime for a plant. 

Given the small volume of the overall reactor, with a core that fits inside an 8- by 7- by 4-

meter space, the design output of 100 MW, and the incorporation of the heavily safety-conscious 

fuel delivery method of TRISO particles, this reactor would be an ideal candidate for deployment 

as a component of a small modular reactor (SMR). The sodium reservoir required for cooling 

could be contained in equivalent volumes above and below the core. A secondary loop of 

coolant, either sodium or a similar capacity fluid, could then run on a closed loop between a heat 

exchanger and a turbine generator system. All these components could be areas of future 

development for this reactor concept. 

Further design testing for the fuel channel would be best aimed at increasing accuracy of 

the data provided, and limiting the reliance on certain simplifying assumptions. Incorporating a 

gap between fuel and cladding and adjusting the thermal analysis accordingly would be one such 

increase of accuracy. Simulation of a helical wire wrapping of the fuel and adjusting calculations 

for the flow of sodium helically around the pin would introduce another realistic feature that has 

not yet been included. A third option looking at the singular channel would be to replace the 
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homogenous fuel with a maximum-packed zirconium matrix filled with varying sizes of TRISO 

spheres (a function supported by OpenMC currently) or utilizing Reactivity-equivalent Physical 

Transformation58 to adjust the fuel simulation with an external graphite layer around the 

homogenous core. 

Future development of simulations towards the reactor design would be testing different 

arrangements of the 27 non-fuel channels within the subassembly to achieve the most balanced 

neutron flux in the core. Also valuable would be the design of reflector and control rod channels 

to appropriately influence the reactivity of the core. Finally, incorporating additional 

subassemblies into the core using batching would feasibly increase the burnup yield. 

 
 
 

  

 
58 Golesorkhi et al. 2023 
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Appendix A - Notebook 1: Homogenous Assumption Validation 
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Output Omitted for Appendix. 
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Appendix B - Notebook 2: Thermal Analysis 
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Appendix C - Notebook 3: Depletion Analysis 
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