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ABSTRACT

Triply periodic minimal surfaces (TPMSs) have seen extensive research in heat exchanger devel-
opment due to their enhanced heat transfer performance. When applied to reactor cores, TPMSs can
more efficiently dissipate heat to the coolant, permitting increased power densities. The increased power
density can be used to develop smaller reactors while retaining power output. Although TPMS core
geometries promise enhanced heat transfer, the neutronic behavior of such geometries requires further
inquiry. In this study, the neutron multiplication and buckling are compared between variations of the
TPMS and traditional pincell core designs.
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1 INTRODUCTION

Reactor core design is heavily driven by fuel geometry, which can significantly impact neutron multi-
plication, depletion, and heat transfer capacity. Most reactor core geometries use pincell, plate, or pebble
-based fuel. However, recent research has revealed improvements to such geometries can enhance reactor
performance. The Massachusetts Institute of Technology proposed an annular fuel pellet geometry in 2001
that can increase power density by as much as 30%. [1] [2] Lightbridge’s multilobed helical fuel geometry
uses its characteristic twist to enhance turbulent mixing and increase safety margins. [3]

With recent advancements in additive manufacturing technology, research on complex geometries that
were previously impractical to fabricate have gained popularity. Triply Periodic Minimal Surface (TPMS) is
a particularly popular choice. TPMSs are tileable surfaces in three-dimensional space that locally minimize
surface area. Figure 1 presents six examples of TPMS unit cells. TPMSs have seen use in lightweight,
porous scaffolding, [4] which have been found in nature on the wings of butterflies and shells of sea urchins.
[5] The peculiar shape of TPMSs have proven useful in heat exchanger and heat sink designs because their
high surface area to volume ratio and inherent turbulent flow are ideal for heat transfer. [6] [7]

#X O

(a) Diamond (b) Gyroid (¢) Schwarz primitive
(d) IWP (e) Neovius (f) P-Split

Figure 1: Six examples of TPMS unit cells. This study will focus on diamond and gyroid TPMS.

Nuclear power fundamentally relies on a heat source and a medium for transferring heat to a secondary
circuit for electrical power. Ultimately, heat transfer plays a key role in reactor design, in which a TPMS
reactor core design can contribute. Improved heat transfer permits increased power density. The potential
for higher power density makes TPMS geometries attractive for microreactors and small modular reactors.



The thermal-hydraulic benefits of TPMSs are well recognised and summarized for instance in [8]. Very
recently, the neutronic behavior of TPMS nuclear lattices was investigated [9], and the impact of key input
parameters such as pitch and porosity on reactivity and spectrum were studied. The goal of this report
is to expand the work performed in [9] and explore the neutronic behavior of various TPMS reactor core
designs—for both fast and thermal spectrum reactors—and compare TPMSs to contemporary pincell core
designs.

2 METHODS

This study examined two classes of TPMS geometries: solid fuel and sheet fuel. Solid fuel places the
cladding along the TPMS surface, separating the fuel and coolant regions. Sheet fuel places the fuel along
the TPMS surface itself, splitting the coolant into two regions. Figure 2 presents examples for solid-fuel
and sheet-fuel geometries. A sheet-fuel TPMS has the advantage of a constant fuel thickness, unlike a
solid-fuel TPMS. Fuel regions with an uneven thickness can introduce local temperature hot spots in the
thicker regions, limiting power. Additionally, sheet-fuel geometries have two separate coolant channels,
allowing the possibility of countercurrent coolant flow. These key features make the sheet-fuel TPMS stand
out from a heat transfer perspective.

Figure 2: Solid fuel (left) and sheet fuel (right) gyroid TPMS geometries, with the fuel in red and cladding
in gray.

2.1 TPMS Builder

TPMS Builder is a Python software developed to build TPMS core geometries. [10] TPMS Builder
supports over 30 TPMS surface types, including popular geometries such as those presented in Figure 1.
TPMS Builder constructs Stereolithographic (STL) files for the fuel, cladding, and coolant regions. TPMS
Builder supports manipulating the fuel relative density—the volume of fuel divided by the volume of the unit
cell. Cladding relative density and coolant relative density are also supported. TPMS Builder also features



functional grading for the unit cell pitch, fuel thickness, fuel relative density, and more. Figure 3 shows the
fuel pitch and relative density grading.

Figure 3: Unit cell pitch functional grading (left) and fuel relative density functional grading (right) applied
to a gyroid sheet-fuel TPMS geometry.

2.2 Neutronics Simulation

Serpent 2 [11]—a Monte Carlo neutron transport software—is used to simulate the neutron transport in
an infinitely repeating TPMS lattice. The STL geometry files from TPMS Builder are provided to Serpent 2
using the solid feature. [12] The TPMS geometries are compared against contemporary pincell designs.

Both thermal spectrum and fast spectrum reactors are modeled. The thermal spectrum reactor is based
on a typical Pressurized Water Reactor (PWR): 5%-enriched UO, fuel, 0.6-mm-thick Zircalloy-4 cladding,
and pressurized-water coolant. The comparative PWR assembly uses an infinitely repeating square pincell
lattice. The fast spectrum reactor is based on a typical Sodium-cooled Fast Reactor (SFR): 19.5%-enriched
U-10Zr fuel, 0.305-mm-thick HT9-SS cladding, and sodium coolant. The comparative SFR assembly uses
an infinitely repeating hexagonal pincell lattice. In both models, the gas gap is ignored.

In this study, four variables are modified: unit cell pitch, fuel relative density, TPMS surface type, and
whether sheet or solid fuel is used. Three measurements are considered: ko, the Surface area to Volume
ratio (SA/V), and material buckling. The neutron multiplication factor, ke, determines the reactor fuel cycle
duration. Longer fuel cycles reduce the frequency of scheduled shutdowns for refueling. SA/V is a simple
criterion for measuring the heat transfer performance of a fuel geometry. Also, SA/V is highly correlated
with heat transfer efficiency since power scales with fuel volume and convective heat transfer scales with
surface area. Since SA/V is inversely proportional to pitch, the product of SA/V and pitch—which we will
call y—is constant with pitch. As such, SA/V can be found by dividing x by the pitch.

Lastly, material buckling is a quantity describing neutron production, absorption, and transport within
a reactor. Material buckling is used to approximate a reactor’s critical core dimensions. Equation 1 defines
material buckling, Bi, where 2;, fs Vs and D represent the absorption cross section, fission cross section,
mean neutron production per fission, and diffusion coefficient, respectively. Serpent 2 internally calculates
the one-group cross sections for Equation 1. Under the one-group diffusion theory, these cross sections
successfully approximate the global neutronic behavior of a lattice geometry. When a core is critical, the
material buckling is equal to the geometric buckling, Bé. Equation 2 gives the geometric buckling for a



cylindrical core with height, H, and radius, R. The geometric buckling is inversely proportional to the square
of the reactor scale. To minimize a critical reactor’s scale, material buckling should be maximized.

Bh=—pF ()
2 (T2, (2405)7
Bl = () + (R @)

2.3 Multiobjective Optimization

This study uses the Non-dominated sorting genetic algorithm IT (NSGA-II) multiobjective optimization
algorithm from the pymoo library [13] to find the optimal combination of pitch and relative density for
a given TPMS geometry. The NSGA-II genetic algorithm balances performance and dispersion between
multiple objectives. NSGA-II is chosen for its mixed-variable type support and popularity in multiobjective
optimization. Since multiple objectives are considered, the results are presented as a Pareto front—a curve
showing the trade-off between multiple objectives. Compiling the results as a Pareto front allows researchers
to rank the performance of various fuel geometries without constraining one or more of the objectives. Each
NSGA-II optimization is run for 20 generations, maintaining a population of 24 geometries.

2.4 Homogenization

The ko of the TPMS geometries are compared to homogenized versions of the geometries using a ratio
(heterogeneous ko, to homogenized k). The homogenization ratios can be used to correct simplified models
that assume homogeneity. The homogenized geometries are provided by a mixture using the volumetric
fractions of the fuel, cladding, and coolant. The mixture is provided in Serpent 2 using the built-in mix
feature using volumetric fractions found using TPMS Builder’s relative density properties.

3 RESULTS

For the first part of this study, the diamond TPMS are compared to industry-standard pincell designs.
Figure 4 (a), (b), and (c) show ks versus fuel relative density and unit cell pitch for the sheet-fuel diamond
TPMS, solid-fuel diamond TPMS, and pincell geometries in the PWR configuration. Figure 4 (d) plots the
x constants for each geometry. Figure 5 shows contour plots for the k« of sheet-fuel TPMS versus unit cell
pitch and fuel relative density for PWR and SFR models.



For both diamond TPMS and pincell cases, the fuel relative density must be around 30% or above for
undermoderation—an important factor for power-temperature feedback. Figure 4 (d) shows that sheet-fuel
TPMSs have a superior SA/V for a constant unit cell pitch. However, Figure 4 (a), (b), and (c) show that the
optimal ko, have pitches of around 12, 6, and 3 cm for the sheet-fuel TPMS, solid-fuel TPMS, and pincell
cases, respectively. Although diamond sheet fuel has an ideal SA/V, the unit cell pitches need to be higher

for ideal neutronics.
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Figure 4: k., versus cell and rod pitch and fuel relative density for (a) diamond sheet fuel, (b) diamond solid
fuel, (c) and pincell geometries. SA/V constants, X, are provided by the lower right plot (d) as a function of
fuel relative density.
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The NSGA-II algorithm optimizes fuel relative density and unit cell pitch for the ko and SA/V perfor-
mance. Figure 6 presents the koo-SA/V Pareto fronts for gyroid and diamond solid-fuel and sheet-fuel TPMS
and pincell geometries. Ultimately, the ko-SA/V performance is quite similar for pincell and TPMS geome-
tries. For both PWR and SFR configurations, the solid-fuel TPMS outperform both pincell and sheet-fuel
geometries when the SA/V ratio is high. As a reference, the a typical PWR has an SA/V of 4 cm™! [14]
and a typical SFR has an SA/V of 6-9 cm~!. [15] The high SA/V standard for contemporary SFR designs
are favorable for TPMS. Gyroid and diamond solid-fuel TPMSs perform similarly in both the PWR and
SFR designs. The same conclusion can be made about gyroid and diamond sheet-fuel TPMSs. Overall, no

3.1

significant differences are seen between TPMS surface types.

1.40
135

8
< 130
1.25

1.20 4

X » + =

x
Gyroid Sheet £ty
Gyroid Solid

Diamond Sheet & .

Diamond Solid .
Pincell

I:

0.0

Figure 6: ko, versus SA/V Pareto front for pincell, diamond, and gyroid TPMS models. The PWR and SFR

T T T T T T T
2.5 5.0 7.5 10.0 12.5 15.0 17.5

Surface Area / Volume (cm™1)

models are on the left and right, respectively.

20.0

1.60 +

1.55 4

& 1504

1.40 4

0.‘2 0:3 0.‘4 0.‘5 O.Iﬁ 0:7 0.‘3 0:9
Fuel Relative Density

Multiobjective Optimization

Gyroid Sheet x
Gyroid Solid Lo -
Diamond Sheet
Diamond Solid LY .
Pincell A oy

X » + =

0.0

T T T T
10.0 125 15.0 17.5

Surface Area / Volume (cm™?1)

T T T
2.5 5.0 7.5 20.0




3.2 Material Buckling

Figure 7 shows the Pareto front between material buckling and SA/V for the PWR and SFR cases. The
PWR and SFR performances differ when considering material buckling. Sheet-fuel TPMSs perform better
than pincell designs for the PWR case. For the SFR model, sheet-fuel TPMSs have much worse performance
compared to pincell geometries. The reason behind this behavior requires further inquiry. Regardless, for
the PWR model, both TPMS types have much better material buckling compared to pincell geometries,
permitting smaller critical core geometries.
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Figure 7: Material buckling versus SA/V Pareto front for pincell and diamond TPMS models. The PWR
and SFR models are on the left and right, respectively.

The solid-fuel TPMS slightly outperforms the sheet-fuel TPMS in ks, SA/V, and material buckling for
both the PWR and SFR designs. However, the benefits from constant fuel thickness and counter-current flow
are not represented in the SA/V criterion for heat transfer performance. Furthermore, enhanced convection
is a key feature in TPMS heat exchangers and heat sinks that is not represented in the SA/V criterion. A
more in-depth heat transfer analysis is needed to identify the best TPMS geometry.

3.3 Homogenization

The homogenization ratios for the PWR and SFR configurations are provided in Tables 1 and 2. Table
1 shows that the PWR homogenization ratios increase with the fuel relative density when the unit cell pitch
is high. The homogenization ratio is nearly constant for smaller unit cell pitches. Table 2 shows that the
geometry has little influence on ks as opposed to material composition. This result gives new insight into
the SFR ko, and SA/V performance in Figure 6: the negative correlation between ko, and SA/V is mostly
attributed to the material composition. Indeed, SA/V plays a large role in material composition since the
cladding relative density increases with surface area.



Fuel Relative Unit Cell Pitch (cm)

Density 0.75 1.00 2.00 4.00 6.00 10.0
0.075 1.0127 1.0168 1.0244 1.0335 1.0341 1.0271
0.100 1.0146 1.0182 1.0296 1.0414 1.0442 1.0379
0.150 1.0173 1.0216 1.0355 1.0527 1.0592 1.0573
0.200 1.0177 1.0231 1.0399 1.0607 1.0701 1.0736
0.250 1.0182 1.0255 1.0432 1.0668 1.0801 1.0889
0.300 1.0166 1.0241 1.0452 1.0732 1.0874 1.1007
0.400 1.0122 1.0246 1.0486 1.0788 1.0999 1.1226
0.500 1.0072 1.0196 1.0447 1.0820 1.1067 1.1356

Table 1: k., ratios between the diamond sheet-fuel TPMS and homogenized versions of the same geometry
using the PWR thermal spectrum configuration.

Fuel Relative Unit Cell Pitch (cm)
Density 0.75 1.00 1.50 2.00 3.00 4.00
0.3 1.0013 1.0011 1.0014 1.0011 1.0012 1.0014
0.4 1.0006 1.0004 1.0007 1.0004 1.0008 1.0008
0.5 1.0006 1.0006 1.0006 1.0003 1.0007 1.0007
0.6 1.0005 1.0006 1.0006 1.0007 1.0004 1.0005
0.7 1.0005 1.0003 1.0004 1.0003 1.0004 1.0004
0.8 1.0001 1.0003 1.0001 1.0001 1.0005 1.0002
0.9 0.9997 1.0000 0.9999 1.0000 0.9999 0.9997

Table 2: ko, ratios between the diamond sheet-fuel TPMS and homogenized versions of the same geometry
using the SFR fast spectrum configuration.

3.4 Burnup

Figure 8 plots k., against burnup to determine potential depletion anomalies that may affect reactivity.
Table 3 gives the fuel relative density and unit cell pitch parameters used for the burnup study. No significant
reactivity anomalies appear for the thermal spectrum configuration—pincell, solid TPMS, and sheet TPMSs
share a similar ko, versus burnup.

Geometry Reactor | Fuel Relative Unit Cell Pitch

Type Type Density (cm)
Diamond Sheet PWR 0.33 6.00
Diamond Solid PWR 0.33 3.00
Pincell PWR 0.33 1.26
Diamond Sheet SFR 0.41 1.20
Diamond Solid SFR 0.41 0.60
Pincell SFR 0.41 0.57

Table 3: Fuel relative density and unit cell pitch parameters for the depletion calculations in Figure 8.
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Figure 8: k., versus burnup for the pincell, diamond solid-fuel TPMS, and diamond sheet-fuel TPMS for
the PWR configuration (left) and SFR configuration (right).

4 CONCLUSION

Here, we studied the neutronic performance of TPMS fuel lattice geometries. TPMSs have excellent
thermal-hydraulic properties that are ideal for dissipating heat to the coolant. These properties include
inherent turbulent mixing and a large surface area, both of which improve convection. Serpent 2 simulated
infinite TPMS lattice designs provided by TPMS Builder—a custom-built Python script for generating TPMS
STL geometries. SA/V provided an estimate of heat transfer performance. Using multiobjective optimization
on SA/V-k, performance, a solid-fuel TPMS performs better than a sheet-fuel TPMS for both PWR and SFR
configurations. However, SA/V is a elementary estimator of heat transfer performance, ignoring enhanced
convection from turbulent mixing and fuel temperature uniformity from constant thickness.

Further research is required to determine the TPMS heat transfer performance using conductivity and
thermal-hydraulic simulations. Such simulations can reveal the theoretical power density of TPMS geome-
tries. Further study may include full-core optimization, spatially grading fuel relative density, unit cell pitch,
and fuel composition to balance excess reactivity and leakage.
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