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Nomenclature:

Q,,ss — Heat lost to surroundings (W)

Q¢ — Net heat transferred to the fluid stream (W)

Qtorar — Total heat input (measured from power supply) (W)
R ona — volumetric generation averaged Wilson plot coefficient (m>-K/W)
g"" - Volumetric generation rate (MW/m?)

m — mass flow rate (g/s)

A; — Inlet area of the venturi flowmeter (mm?)

A>— Outlet area of the venturi flowmeter (mm?)

A — Average cross-sectional area of the fluid path (mm?)
Afprame— Total cross-sectional area of the test article (mm?)
Apipe— Cross-sectional area of stainless pipe section (mm?)
Ay — Surface area (mm?)

B — Wilson plot coefficient (slope) (m*-K/W)

(' — Nusselt number correlation coefficient (-)

Cp — Discharge coefficient (-)

C, — specific heat capacity (J/kg-K)

d — Venturi throat diameter (mm)

D — Venturi upstream diameter (mm)

Dy — Hydraulic diameter (mm)

fa - Darcy friction factor (-)



hc — heat transfer coefficient (W/m2-K)

I— Current (A)

Kjia — thermal conductivity of fluid (W/m-K)

Koiia — thermal conductivity of solid (W/m-K)

L — Test article length (mm)

Lcona — Conduction length (mm)

Ma — Mach number (-)

Nu — Nusselt number (-)

Pi, — Inlet pressure of the supply air (Pa)

Pr — Prandtl number (-)

Recond — Wilson plot coefficient (y-intercept) (m?-K/W)

Re — Reynolds number (-)

T4e — Time-averaged temperature (°C)

Thias — Steady state thermocouple bias (°C)

Tr.» — Embedded thermocouple measurement in fluid (n = 1,2,3) (°C)
Tin — Coolant inlet temperature (°C)

T,ous — Coolant exit temperature (°C)

T,ise — Average centerline temperature rise above coolant inlet temperature solid (°C)
Ts,, — Embedded thermocouple measurement in solid (n = 1,2,3) (°C)
v —mean flow velocity within the test section (m/s)

V' — Voltage (V)

Vy— fluid volume (mm?)

vpipe — mean flow velocity within the pipe (m/s)

Vs — solid volume (mm?)

APyes — Pressure drop across the test article (Pa)

AP, — Pressure drop across the venturi flowmeter (Pa)

AT neas — measured solid-fluid temperature difference (°C)

Greek Symbols:

S — Venturi flow meter diameter ratio (-)

& — Venturi flow meter expansion factor (-)



p — Density (kg/m?)

@y — fluid volume fraction (-)

1 — Dynamic Viscosity (Pa-s)
Acronyms:

AM: Additive manufacturing

CAD: Computer-aided design

CFD: Computational fluid dynamics
HTS: Heat transfer surface

LPBF: Laser powder-bed fusion
PCHE: Printed circuit heat exchanger
PEC: Performance evaluation criterion
PFA: Perfluoro alkoxy

PLA: Polylactic acid

TPMS: Triply periodic minimal surface
TRISO: Tri-structural isotropic
Abstract:

Advanced heat transfer surfaces, mainly Triply Periodic Minimal Surfaces (TPMSs) have
great potential to increase heat transfer performance over traditional heat transfer surfaces due to
their tortuous flow path and higher surface area-volume ratio. The emergence of additive
manufacturing of nuclear fuel motivates experimental investigation of such advanced geometries
in the context of a nuclear reactor core. This study employed a novel method to explore the
performance of gyroid and diamond TPMS geometries. Volumetrically heated heaters were
additively manufactured from conductive polymer filament, and airflow was used to simulate the
convective heat transfer from the core within a nuclear reactor. The mass flow and volumetric
generation rates were varied, local Nusselt number correlations were obtained using embedded
thermocouples to measure the solid and fluid temperature, and friction factor correlations were
developed using differential pressure measurements. The gyroid TPMS presented a friction
factor 1.5 times higher than the diamond TPMS and 90 times that of the rod bundle. TPMS
geometries showed Nusselt numbers 8-10 times higher than that of the rod bundle, also
maintaining colder internal temperatures, which suggested that they could sustain 250-275%
higher power density than the rod bundle for a given centerline temperature. Hence, having the
potential to greatly increase the safety margins and power output of a nuclear reactor core with
similar volume.

Keywords:



Thermal-hydraulic characterization; Triply periodic minimal surface; Heat exchanger; Forced
convection; Nuclear fuel lattice; Additive manufacturing

1. Introduction

As demand for carbon-free energy infrastructure grows, nuclear energy is considered to
be one of the more promising technologies for generating low-carbon energy. The International
Energy Agency anticipates that in order to reach a 50% reduction in energy-related CO>
emissions by 2050, nuclear energy must rapidly expand to 1200 gigawatt electrical (GWe) from
its current level of 370 GWe in 2022 [1]. Renewable energy sources like wind, solar, and
hydroelectric power have the disadvantage of being intermittent sources, i.e., the power produced
by them depends on the weather in both daily and annual time-scales, and often they require
large amounts of raw materials and large plant footprints, a resource which is naturally declining.
Additionally, their intermittent nature necessitates advanced energy storage solutions to provide
energy on demand. On the other hand, nuclear energy sources require significantly smaller
footprints, and raw materials, and can provide energy on demand, making it a strong candidate to
provide stable, carbon-free energy [2].

Historically, nuclear fuel has been limited to simple geometries such as cylinders, plates, and
spheres. Advancements in nuclear fuel technology and additive manufacturing (AM) make
possible more complex fuel geometries. Considerable progress has been made in printing
nuclear-grade Zr alloys [3], austenitic stainless steels [4], and composites such as SiC [5], which
allows for cladding structures to be AM, and later nuclear fuel particles, such as TRISO [6] can
be poured and packed within a graphite matrix, for example. Challenges such as particle
uniformity and fabrication persist but are not a focus of the current study.

More promising is the direct printing of nuclear fuel. Nelson [7] provides a review of the
current state of AM nuclear fuel, which is still in its early stages. Researchers at Canadian
Nuclear Laboratories (CNL) have successfully AM thorium dioxide [8] using stereolithography
and more recently uranium dioxide [9] (method not disclosed) into complex geometry fuel
pellets. Given that traditional reactors rely on inserting control rods into the core to control the
nuclear reaction, one might ask how control rods can be integrated into a complex lattice
geometry. While it is entirely possible to design a TPMS lattice with integrated channels for
control rods, advanced reactor concepts such as high-temperature gas reactors (HTGRs) [10] do
not rely on such control systems, and instead are limited by the natural reduction in reactivity
that occurs at elevated temperatures.

Fabricating fuel in a complex geometry can improve heat transfer from the core by increasing
surface area to volume ratio resulting in a lower peak fuel temperature. One promising candidate
geometry is the triply periodic minimal surface (TPMS), shown in Figure 1. TPMSs were first
discovered by Shwarz in 1890 [11], with many more discovered since. In total, there are 27
TPMSs defined today [12]. TPMSs are bioinspired and are observed in butterfly wings, beetle
exoskeletons, in addition to artificial systems such as liquid crystals [13]. TPMS are surfaces
defined by a level-set equation that divides a 3-dimensional domain into two separate,
interpenetrating volumes. They are infinitely repeating, self-supporting, structures that yield



remarkable surface area-volume ratios and mixing potential. Combined with the tortuous,
intersecting channels prevent a thick boundary layer from forming, which results in higher
average heat transfer coefficients, hence, increasing the total heat transfer per surface area ratio,
i.e., increasing the power density of the reactor.

Figure 1: Diamond (left) and gyroid (right) TPMS unit cells generated with nTop™ modeling software [14].

The high surface area-volume ratio and enhanced fluid mixing paired with the potential for
parametric optimization suggest that TPMS heat exchangers can achieve high heat transfer
performance compared to classic heat transfer surface designs. With the advancements that
enable AM of complex geometry nuclear fuel along with the heat transfer potential of TPMS, it
is reasonable to consider the performance of a nuclear fuel core with a TPMS geometry.

Using AM to embed nuclear fuel within a TPMS lattice, it is possible to increase the output
of the reactor core above that of the typical cylindrical fuel rods, pebble beds, or plate-type
designs. Betzler et al. [15] explored applications of AM to nuclear reactor core design where the
fuel acts as the hot side of a heat exchanger. It was argued that complex lattice-type geometries
have the potential to increase turbulent heat transfer and bulk coolant mixing with a reduction in
peak fuel temperatures. However, the adoption of new fuel geometries demands rigorous
experimental testing to validate the performance of such geometries.

The realization of AM of complex nuclear fuel cores has motivated reactor physics/neutronic
studies to evaluate reactor performance. Martin et. al. [16] performed an extensive geometric and
neutronic analysis of several TPMS structures to predict their performance as nuclear fuel cores.
They found that the significantly larger surface area to volume ratios in TPMSs allowed a
substantial increase in power density and reduction in core dimensions, between 10 and 120x
smaller than traditional rod-bundle designs. They also found that the unit cell pitch and structure
porosity can be systematically tuned to yield desired heat transfer and neutronic performance for
both fast and thermal spectrum reactor configurations. In order to further understand and



optimize these geometries as fuel cores, their heat transfer performance must be characterized
and experimentally validated.

Many studies explore TPMS performance using computational fluid dynamics (CFD)
simulations. Iyer et al. [17] characterize 7 TPMS and periodic nodal surfaces (PNS) by
numerically computing the friction factor and Nusselt number in the laminar regime. They found
that TPMS structures 3-10x smaller than tubular geometries can remove the same amount of heat
for a given pressure drop. Li et al. (2020) [18] numerically compared the gyroid and diamond
TPMS heat exchangers to a printed circuit heat exchanger (PCHE) in a supercritical CO: cycle
and found 16-120% higher Nusselt numbers in the TPMSs due to increased turbulent kinetic
energy. Li et al. (2022) [19] compared a gyroid TPMS lattice to a reference printed circuit heat
exchanger (PCHE) for water-cooled super-critical CO; in counter-flow. They found a
performance evaluation criterion (PEC) 1.45 to 2.0x higher for the gyroid than for the PCHE. Al-
Ketan et al. [20] numerically compared the performance of the gyroid and diamond TPMS
lattices with 50 to 500 W of heat input through the external walls of the heat exchanger and
found higher heat transfer coefficients as well as higher pressure drop for the gyroid. Tang et al.
[21] numerically simulated three TPMS and “straight rib” AM aluminum alloy heat exchangers,
with a constant heat flux applied to the exterior walls. Results for the gyroid were validated
experimentally by measuring the upstream and downstream air temperatures as well as the wall
temperature and calculating the average heat transfer coefficient which was in good agreement
with the simulation. The diamond and gyroid TPMS showed an 84 to 205% and 55 to 136%,
respective improvement in thermal performance over the straight rib.

While TPMS heat exchangers have been extensively studied using CFD simulations,
experimental studies are critical to validate these results and better characterize performance.
Reynolds et al. [22] compared polymer TPMS structures that were manifolded in order to serve
as water/air heat exchangers. The inlet and exit temperatures of the air stream were measured and
used to calculate the log-mean temperature difference and overall heat transfer coefficient at
several Reynolds numbers, and a resistance network between fluid streams was used to calculate
the air-side film heat transfer coefficient. The gyroid demonstrated a Nusselt number 112%
higher than a straight tube with a similar hydraulic diameter and the lowest pressure drop of the
TPMSs tested. Yan et al. [23] compared several standard and hybrid metal-AM TPMS structures
heated from below and concluded the standard TPMS structures, specifically the gyroid, have
superior hydraulic performance over the hybrid TPMSs while the diamond showed up to 30%
higher heat transfer coefficients compared to the gyroid. Femmer et al. [24] compared four mm-
scale polymer TPMS heat exchangers in crossflow and determined the diamond TPMS showed
50% higher heat transfer and 20% greater effectiveness over the gyroid and primitive geometries.
Additionally, Catchpole-Smith et. al [25] investigated the thermal conductivity of various TPMS
lattices manufactured using laser powder-bed fusion (LPBF) and found that conductivity was a
function of the material properties and the volume fraction, and suggested structures with
specific thermal profiles could be created by functionally grading the volume fraction of the
lattice, a feature that can be used to optimize heat transfer surfaces.



Experimental forced convection studies on complex TPMS lattices are fewer in number
compared to numerical studies, especially in the turbulent regime, but are incredibly important to
validate numerical results. To the authors’ knowledge, no experimental study in which the local
heat transfer coefficient within the TPMS structure is measured exists, despite local experimental
measurements being critical to fully understand the behavior inside the structure instead of
analyzing the overall performance. Additionally, no studies were found to use volumetric heat
generation within the lattice structure to provide heating. Not only that but no studies were found
to investigate TPMS geometries in the context of a nuclear reactor core, a novel concept that
holds significant potential.

It is common for electrical heaters with prescribed heat flux to be used as low-cost, low-risk
substitutes for testing components in nuclear systems [26]. Electrical heaters provide volumetric
generation similar to that in nuclear fuel, so while the physical size and volumetric generation
rates differ, volumetric heating within polymer heaters can serve as a first step in experimental
characterization of candidate geometries before more expensive tests are conducted at scale.
Additionally, Chen et al. [27] suggest that (non-conductive) polymeric heat exchangers are a
suitable low-cost substitute to rapidly manufacture and characterize heat exchange devices while
Hussain et al. [28] suggest polymeric heat exchangers with carbon fillers can achieve high
thermal conductivity and bring benefits such as low-cost and low weight compared to their metal
counterparts. It follows that an analog for studying volumetrically heated nuclear fuel can be
reasonably achieved using AM of a polymer with embedded carbon filler to enhance electrical
and thermal conductivity.

In this work, heat exchangers, or more precisely heaters, based on the diamond and gyroid
TPMS, along with a classic rod bundle type heat exchanger, were AM using conductive PLA
filament. The term heater is used instead of heat exchanger to distinguish the difference between
a heat exchanger, which exchanges heat between two separate fluids, and a heater which
provides heat to be removed from the solid by a single fluid. Joule heating was used to
volumetrically heat the test article. Embedded thermocouples measured temperature in the solid
and in the adjacent fluid stream to calculate the local heat transfer coefficient at three positions
while the pressure drop was measured to evaluate the hydraulic performance. A modified form
of the Wilson plot method [29] was applied to separate the convective from the conductive
thermal resistance. Results were validated by comparing measurements taken with the rod
bundle geometry with correlations for this simple geometry found in the literature. Correlations
for friction factor and Nusselt number were developed and the achievable power density subject
to a given temperature rise was used to compare the test articles relative performance as a
nuclear fuel geometry.

2. Test Facility and data regression

In this section, the test facility is described, together with the construction and
instrumentation of the heaters. Details of the experimental procedure and the data reduction
methodology are also presented.

2.1. Experimental apparatus for forced convection of TPMS heaters



The apparatus used in the present study, shown in Figure 2, consisted of a compressed air
line capable of forcing the working fluid (room temperature supply air at 620 kPa) at mass flow
rates from 5 to 25 g/s (i.e., mass fluxes from 1.5 to 22 kg/m?s) through the test article. As shown
in Figure 2, the airflow initially passed through a SwagelokTM integral Bonnet needle valve
(Cv=1.8), used to control the flow rate through the test article by adjusting its opening, and a
Flow-Dyne Venturi Flowmeter (calibrated against a Rosemount 8800DF005 vortex shedder flow
meter). The pressure drop across the venturi was measured between the throat and expansion
section using a differential pressure transmitter (Rosemount 3051S1CD3A2E12A1AMS) with
+0.025% span accuracy. Downstream the flowmeter, the absolute pressure of the flow was
measured through a pressure transmitter Rosemount 3051 T (span accuracy of 0.04%), and the
flow passed through an expansion section (used to accommodate larger test articles) from 75 mm
to 100 mm. Downstream the expansion the airflow temperature was measured, and it entered the
test article. In the test article, the airflow was heated, and the pressure drop was measured
through a differential pressure transducer with pressure taps located 3 cm from the inlet and exit
of the test section. (Siemens Sitrans-P 7MF4432-1CB22-1NC1-Z) with an uncertainty of +£0.1%
span accuracy. After the test section, the air temperature was again measured, the flow channel
was reduced to 75 mm, and the flow discharged to the atmosphere.
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Figure 2: Simplified schematic of the experimental test facility showing measured variables and approximate measurement
locations (not to scale). Instrumentation from right to left: incoming compressed air; venturi flowmeter; upstream gage pressure;
electrically insulating mount; inlet thermocouple; differential pressure transducer across test article; positive electrode plate, test

article with embedded thermocouples; negative electrode plate; outlet thermocouple.

The temperature of the air upstream and downstream of the test article was measured using
thermocouples placed in the center of the fluid stream at a distance of 5 cm from the inlet/outlet.
Fiberglass insulation was wrapped around the inlet and exit sections to minimize heat losses to
the environment. The temperature at the center of the solid wall associated with the TPMS
structure and the fluid temperature in the center of the adjacent channel were measured at three
locations along the test article corresponding to the inlet, middle, and exit positions along its
central axis for a total of 6 internal measurements. These locations were chosen so that the local
heat transfer coefficient could be evaluated as the flow develops from the inlet to the exit to
evaluate the heat transfer performance as a function of length. The inlet and exit locations were



chosen to be approximately 5 mm from the inlet and exit face respectively, and the middle
location was chosen to be approximately 50 mm from either face, and all were aligned as close to
the center axis of the TPMS to avoid effects near the wall. The thermocouples were
manufactured in-house from perfluoro alkoxy (PFA) insulated K-type 30-gauge wire (Omega™
TT-K-30-SLE). The ends of the wires were stripped, braided, and laser welded, then insulated to
avoid electrical contact with the test article. The temperature at the center of the solid wall was
measured by embedding the thermocouples in the solid as close as possible to the center of the
wall. The fluid measurements were taken with thermocouples positioned as close as possible to
the center of the fluid channel. All data was monitored and collected using a LabVIEW [30]
program associated with a National Instruments data acquisition system (c-Rio series with
selected modules 9205 and 9213).

The test articles were integrated within the test fixture using threaded rod to clamp the test
article between two stainless-steel backing plates. Electrically insulating bushings eliminated any
contact between the threaded rod and positive and negative ends of the test section to ensure
current only traveled through the conductive test article. The apparatus was electrically isolated
from the mounting structure and instrumentation with insulating clamps which supported the test
apparatus and prevented electrical contact with the base structure. PTFE fittings were used to
insulate and attach the pressure transducers and thermocouples to the test section. Stainless steel
plates were laser-cut with a profile matching the inlet and outlet faces of the test article to act as
electrodes to apply current across the test section. A DLM-300-13E DC power supply was
connected to the backing plates to apply a voltage across the test article.

A silver-filled electrically conductive epoxy (Al Technology EG8050) was applied to the
inlet and outlet faces of the test article to achieve more uniform electrical contact and reduce the
electrical contact resistance from the electrodes to the PLA material. A copper wire mesh with a
mesh opening of 2 mm and a wire diameter of 0.6 mm was heat-pressed into the inlet and exit
faces of the AM heater. Hydraulic measurements confirm the mesh does not impact the pressure
drop significantly. Figures 3 and 4 show the fully assembled test articles before integration into
the loop, along with the backing plate and supporting member assembly.



Figure 3: Manufactured test articles at various stages of assembly. Top left: 75D before assembling heat-pressed mesh. Top right:
Rod bundle before assembling heat-pressed mesh. Bottom left: 50G fully assembled. Bottom right: 50D with the top half of the
frame removed

Bolt holes

N

Electrical
connection

Figure 4: Supporting plate assembly showing the electrical connection used to apply DC voltage, the inlet/exit plate designed to
match the TPMS geometry, the backing support used to provide rigidity, and the bolt holes used to clamp the test article

In this work, all test articles had a length in the flow direction, L, of 100 mm. The test
apparatus was designed to fit square test articles with side lengths of either 50 mm or 75 mm. For
the 75 mm articles, two concentric pipe reducers were required to contract from and then expand

to the maximum pipe diameter. Figure 5 shows the 50 mm (top) and 75 mm (bottom) test articles
in the test apparatus along with forward-looking infrared images during testing.
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Figure 5: (Left) Test apparatus fully assembled with 50 mm test article (top) and expanded apparatus with 75 mm article
(bottom). Insulation has been removed for clarity. (Right) Forward-looking infrared images of the 50 mm gyroid and 50 mm
diamond test articles during heating and active cooling

2.2. Additively manufactured TPMS heaters from conductive polymer

Triply periodic minimal surfaces can be defined mathematically with trigonometric level-set
approximation equations. These approximations generate a constant-valued surface given a
constant ¢c. Two TPMS types, the gyroid and diamond, were used in the present study,
represented by the level set equations:

Gyroid: sin(x)cos(y) + sin(y)cos(z) + sin(z)cos(x) = ¢ (1)
Diamond: cos(x)cos(y)cos(z) — sin(x)sin(y) sin(z) = ¢ (2)

The resulting surface has zero thickness, but a solid region can be created using one of two
methods. The first method uses the surface to divide the solid and fluid into equal
interpenetrating volumes, this method is called the solid TPMS lattice. The second method
involves thickening the surface equally in both directions to create a solid wall that separates the
two distinct interpenetrating volumes; this is called the sheet TPMS. In this work, all TPMS
structures were of the sheet type. The TPMS geometries here were created using the modeling
software nTop ™. The infinitely repeating TPMS lattice must then be truncated and enclosed
within a frame. Here, the frame was fabricated separately using standard (non-electrically
conductive) PLA.

A 5x5 square rod bundle heater with a rod diameter of 9.6 mm and a pitch of 12.6 mm was
fabricated as a reference geometry that could be used to validate the instrumentation and
measurement methods and as a baseline to compare to the TPMS articles. In total, 4 test articles
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were manufactured and tested. Table 1 summarizes the test articles’ dimensions and parameters.
The parameters A4s, Vy, @ Dy are the wetted surface area, fluid domain volume, fluid volume
fraction, and hydraulic diameter, respectively. Figure 6 shows the test articles without the non-
conductive frame.

Table 1: Summary of test articles’ geometric parameters

Wall Axial
. . Unit cell |Side length A nlv al @ Dn
Test article | Geometry | thickness (mm) (mm) length s (mm?)| V¢ (mm?®) ¢ (mm)
(mm) (mm)
Gyroid
50G TPMS 5.8 18 50 100 74990 | 106120 | 0.38 6.4
Diamond
50D TPMS 4 20 50 100 81790 97700 0.54 5.6
Diamond
75D TPMS 4 20 75 100 215920 [ 292160 | 0.52 5.8
Rod Bundle [Rod Bundle n/a n/a 64 100 100961 | 176322 | 0.43 9.3

75 mm
Diamond

Figure 6: Computer-aided design (CAD) models of TPMS heaters generated in nTop™ along with the rod bundle heater,
designed in Fusion360™. The non-conductive frame was removed for clarity

After the TPMS lattice was created in nTop™, the mesh was exported to Fusion360™ where
channels for the embedded thermocouples were created along the mid-plane. The conductive
portion of the heaters studied in this work was AM from conductive PLA (polylactic acid)
filament from Protopasta™ using a Bambu X1 Carbon 3D printer with a layer height of 0.15
mm. The infill density for all articles was 100% to provide uniform electric generation and heat
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conduction. The PLA was a compound of Natureworks ™ 4043D PLA, which used carbon black
particles to enhance electrical conductivity.

The print was paused at the mid-plane to position the thermocouples while the channels
were exposed. The thermocouples were electrically insulated using heat shrink around the
thermocouple bead, which was then press-fit into the open channel. A high-temperature adhesive
was used to secure them in place. Figure 7 shows the thermocouples in place while the print was
paused at the mid-plane, with the inlet and middle positions magnified, showing the solid and
fluid thermocouple measurements.

Figure 7: Embedded thermocouples in the 75 mm diamond while the AM process was paused at the mid-plane. Selected windows
show magnified views of the inlet and middle positions, with solid and fluid thermocouple measurements labeled

2.3. Experimental Procedure

The data collection began by setting a mass flow rate of 5 g/s through the test article. Next, a
voltage was applied across the test article to induce volumetric heat generation. Three values of
volumetric energy generation were applied at each test condition corresponding to
approximately: 0.05, 0.2, and 0.4 MW/m?>. After steady-state conditions were achieved,
temperature and pressure measurements were recorded every 10 seconds over 50 seconds and
averaged. The pressure drop across the test article, APy, the pressure drop across the venturi
flow meter, AP,, the absolute pressure upstream of the test article, Pi,, the voltage and current
supplied to the test article, /" and 7, the inlet and exit temperatures, Tin and Tou, three solid, 7s(i-3)
and three fluid 7r(1-3) temperatures were recorded, where 1, 2 and 3 correspond to the inlet,
middle, and exit positions. The measured variables and their associated uncertainty are listed in
Table 2. The mass flow rate was increased by 2.5 g/s and the process repeated for flow rates up
to 25 g/s for each of the volumetric energy generation rates.
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Table 2: Summary of measured variables and the associated absolute uncertainty

APs: (Pa) | AP, (Pa) | Pn(Pa) | V(V) | T(A) | Tin, Tou, Tsa-3), Tra-3) (C)
6 62 386 0.01 0.01 0.06

2.4. Data Reduction and Modified Wilson Plot

The mass flow rate was calculated based on the air density and pressure drop across the
venturi, 4P,, according to the international standard for a compressible gas (ISO 5167-
4:2022)[31]:

Pin
P =R ©
. C
= 1_dﬁ4g§d2 2AP,p “4)

where p is the density calculated at the supply temperature and pressure, Tin and Pin, respectively,
and Cp is the discharge coefficient, taken to be 0.995 for a venturi with a machined convergent

. . . . . d
section. In Eq. (4) ¢ is the expansion factor and f is the ratio > of the throat to the upstream

diameter.

The Reynolds number associated with the flow in the test article was calculated as:

__mDp
Re = e (5)

where Dj is the hydraulic diameter and A. is the approximate cross-sectional area available for
fluid flow. For TPMS lattices, the hydraulic diameter and cross-sectional area of the flow change
in the flow direction, so a definition of an appropriate effective diameter and cross-sectional area
is required. Iyer et. al and Reynolds et al. [18,22] define hydraulic diameter using the fluid
domain volume (V7) and the wetted surface area (4s) according to:
_ Yy
Dy = A (6)

The fluid domain volume and wetted surface area of the TPMS lattice are obtained from the
modeling software, excluding any outer walls, flanges, and additional features. Similarly, the
cross-sectional area is defined as the total area within the frame, 4same, multiplied by the volume
fraction of the fluid, @ (volume of the fluid domain divided by the total volume) according to:

Ac = Aframe ¢f (7)

The dimensionless quantity used to quantify pressure drop is the Darcy friction factor (fu):

2 APtest Dp

fa=— ®)

p L v?2

where v is the mean flow velocity, defined as:
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m

V= 9)
Substituting Eq. (9) into Eq. (8) and simplifying yields:
2
fa= 2 APrest Dn pAc. (10)

L m?2

The core pressure drop through the test section was estimated using the method of Kays and
London [32]. The expansion and contraction losses were subtracted from the overall measured
pressure drop to calculate 4P using Equations (11)-(13):

2
A, A,
APexpansion = pvz [(A - ) - (A - )l (11)
pipe pipe
1 2 1 2 Apipe 2
APcontraction = 7 PVpipe (E - 1) ( A, ) (12)
A 3
¢(=0.63+ 0.37( C ) (13)
pipe

where Apipe and vpipe are the area and velocity in the pipe. Compressibility effects in the test
article were neglected due to the fact that the maximum velocity was 10 m/s which resulted in a
Mach number, Ma = v/Vsoung, 0of 0.03. This is an order of magnitude smaller than Ma = 0.3,
which marks the onset of significant compressibility effects [33].

The rate of heat transfer to the fluid was calculated using the temperature difference between
the inlet and exit streams, the mass flow rate, m, and the specific heat capacity of the working
fluid, ¢, using Eq. (14). The total power input to the test section was independently calculated
using the measured voltage and current supplied according to Eq. (15), and a steady state energy
balance was carried out using Eq. (16) to determine heat loss.

Qnet = Tth (Tout — Tin) (14)
Qtotal =VI (15)
Qtotal - Qnet = Qloss (16)

An overall energy balance showed that the percentage of power loss remained below
10% for the high volumetric generation case and reached a maximum of 40% at volumetric
generation rates. These losses can be attributed to conduction losses from the article to the
stainless-steel piping, some of which is lost again to the surrounding air, and convective losses
from the test article surface to the ambient air.

The local heat transfer coefficient was determined at three locations along the center axis
of the test article with the measured volumetric generation in the material and therefore these
measurements are relatively unaffected by heat loss which occurs from the edges of the test
section. The heat transfer coefficient is estimated using a method that is conceptually similar to
the modified Wilson plot method [29]. The method is based on separating the total thermal
resistance between the internal solid temperature and the adjacent fluid temperature into the sum
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of thermal resistance due to conduction and convection. The convection component varies with
mass flow rate (or Reynolds number) for each test run while the conduction component is fixed
for each test. Therefore, data taken with increasing mass flow rate allows the convection
component to be extrapolated to zero to estimate the fixed conduction component.

The analysis used here is based on the 1-dimensional general solution to conduction
through a plane wall with uniform volumetric generation:

T="2x2+Cx+0 (17)

The volumetric generation is estimated as the ratio of the net power applied to the volume of the
conductive material.

nr Qne
9 - Vsolitd (18)
Applying a convective boundary condition at the surface and assuming the centerline of the solid
wall is adiabatic yields the following:

g”’ g”,L n
Tsotia = BT (L%ond) + %d + Tfluid (19)

which can be rearranged to provide the measured temperature difference (i.e., the difference
between the solid centerline temperature and the adjacent fluid temperature) normalized by the
product of the volumetric generation and conduction length. Notice that the right side of Eq. (20)
consists of a conductive resistance in series with a convective resistance.

dTmeas — Leond i
9" Leond - ( 2k + h) (20)

The Nusselt number is substituted for the heat transfer coefficient and is assumed to be a
function of the Reynolds and Prandtl number in a form similar to the Dittus-Boelter equation,
leading to Eq. (22). Similar analysis of TPMS heat exchangers indicates this form for the Nusselt
number is appropriate [18,22].

Ny = <2n 1)
kfiuia
Nu = CRe™Pr™ (22)

Making these substitutions yields a model with the measured variables on the left side
and the unknown correlation coefficients R, and B on the right side:

‘ZLL = (Reonq + B Re™"Pr=™m) (23)

where the thermal conduction resistance is defined as:

L
Reona = cond (24)
2Ksolid
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Note that the conduction component of the thermal resistance in practice involves not only the
conduction through the solid material across the solid wall thickness but also the contact
resistances between materials and conduction across any small voids that exist within the
thermocouple channel. This overall conduction resistance is unknown and the parameter Rcond
should be interpreted as an effective and unknown conduction thermal resistance. The constant B
is related to the constant C by:

— Dn

= G (25)

Equation (23) is used to represent the measured data by plotting the measured, area-
specific total thermal resistance (i.e., the left side of Eq.(23)) as a function of Re’*® Pr%4. The
resulting plot should be linear, and the correlation coefficients are the slope (B) and intercept
(Reona) of the linear best-fit equation. This type of plot is referred to here as a modified Wilson
plot.

Figure 8 (left) shows the modified Wilson plot at the middle position for all rates of
volumetric generation. Figure 8 (right) shows the modified Wilson plot for all axial positions at a
volumetric generation rate of 0.2 MW/m?. Both plots are generated for the 50 mm diamond
TPMS article. The slopes and intercepts agree across all positions and volumetric generation
rates, indicating this method consistently predicted similar performance as each of these
parameters was varied, which was expected and provides confidence in this technique. This also
implies the resistance to convection does not change significantly along the length of the test
article, suggesting the boundary layer formation is continually disrupted and re-formed, one
reason for TPMS’ high heat transfer potential. These results were consistent across all TPMS
articles.
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Figure 8: Modified Wilson plot for the 50 mm Diamond article. On the left, all positions are shown at a fixed volumetric
generation rate, and on the right all volumetric generation rates are shown for a single position.

The Rcona values (i.e., the intercept values) for a single position were averaged over all
volumetric heat generation rates. The local heat transfer coefficient was then calculated using the
averaged Rcons according to:

dTmeas — > l

9" Leond - (Rcond + hc) (26)
Similarly, the average Nusselt number correlation for each article is obtained by

averaging the slopes for all positions and power levels to obtain the constant C in Eq. (22).

In order to evaluate simulated fuel temperature, the maximum centerline temperature rise
is calculated using the solid temperature at the exit and the inlet air temperature:

Terrise = Ts3z —Tin (27)
2.5. Measurement Uncertainty

For each test, the thermocouples were first thermally soaked to achieve a uniform
temperature by flowing air at 2.5 g/s for sufficiently long to achieve steady state. Once steady
state was achieved, each temperature measurement was recorded. A time-averaged temperature
Tuve,n Was calculated for each thermocouple over 2 minutes; this measurement had a standard
deviation that was less than 0.03 C indicating that very little noise was present for these
temperature sensors. The absolute temperature uncertainty due to noise is taken to be twice the
measured standard deviation, or 0.06 C. The time-averaged temperatures were averaged, Tuvg,
and the bias for each thermocouple computed:

Thias = Tavg - Tavg,n (28)
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During data reduction, the bias is used to correct each thermocouple temperature. This
calibration process was performed at several mass flow rates to ensure consistency. It should be
noted here that at mass flow rates above 20 g/s the Mach number in the venturi flow meter
approaches 0.3, where compressibility effects become significant. Venturi flow meters are most
accurate when Ma < 0.3, so the uncertainty above 20g/s may be larger than indicated in the
discussion section.

Uncertainty propagation was conducted in order to estimate the uncertainty of the calculated
variables. The calculations outlined in the previous section were carried out at the nominal,
measured values and then each of the values of the measured variables were perturbed one at a
time according to their uncertainty. The associated change in the calculated variables was
determined and this was taken to be the component of the uncertainty attributable to that
measured variable. The total uncertainty is then the combined uncertainty of each of these
components calculated using the root sum square method, which assumes that these sources of
uncertainty are uncorrelated. Tables 3a and 3b show the measured variables and their estimated
absolute uncertainty as well as their effect on the uncertainty of the relevant calculated variables.
The uncertainty in the conduction length measurement and the temperature measurements
contributed the largest uncertainty to the Wilson plot results while the uncertainty for the friction
factor and Reynolds number were mainly related to the uncertainty in the differential pressure
measurement across the venturi and the test article. These uncertainty contributions are typical
for all articles.

Table 3a: Uncertainty Summary: From left to right; Absolute and percent uncertainty of measured variable; absolute
and percent uncertainty in calculated variable; fractional contribution of measured variable to uncertainty of
calculated variable. Uncertainties for friction factor and Reynolds number were calculated with the 50 mm diamond
at a flow rate of 5 g/s.

. Fractional
Error in Calculated o e

Measurement Variables contribution to error
Measurement Error in calculated variable

Re (-) Ja(5) Re (-) Ja(5)

e abs 62 Pa 11.98 0.075 0.99 0.44

g % 0.025% 1.1% 1.4% 99% 44%

AP abs 6 Pa 0.02 0.095 <0.01 0.56

e % | 0.10% <1% 1.8% <1% 56%

- abs 386 Pa <0.01 <0.01 <0.01 <0.01

! % | <0.2% <1% <1% <1% <1%

Table 3b: Uncertainty Summary: From left to right; Absolute and percent uncertainty of measured variable; absolute
and percent uncertainty in calculated variable; fractional contribution of measured variable to uncertainty of
calculated variable. Uncertainties for the Wilson coefficients were calculated using compiled data for the 50 mm
diamond at the middle position.
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. Fractional contribution
Error in Calculated .
. to error in calculated
Measurement Variables .
Measurement Error variable
C (mz- Rcand (mz- C (mz- Rcand (mz-
W/K) W/K) W/K) W/K)
- abs 001V 1.50E-04 1.40E-06 <0.01 <0.01
% <1% <1% <1% <1% <1%
J abs 0.01 A 3.50E-03 2.90E-05 0.18 0.00
% <1% 1.3% 1.2% 18% 5.4%
7 abs 0.1 mm 1.95E-02 1.60E-04 0.775 0.003
cond % 10% 7% 6.7% 78% 30%
T abs 0.06 C 7.10E-04 3.43E-04 0.0367 0.00
% < 1% <1% 15% 4.0% 64%

The most important entry in Table 3 is the percent contribution to the error in the calculated
value (the bolded values in Table 3). To briefly summarize; 4P, and 4Py, uncertainties
contributed roughly equally to the uncertainty of /s, while nearly all of the uncertainty in the
Reynolds number is due to 4P, which makes sense given AP does not appear in the calculation
of the Reynolds number. Table 3b indicates that Rcons was dominated by a 64% contribution from
the thermocouple and a 30% contribution from Lcoxa. This was expected due to the relatively low
wall-to-fluid temperature difference observed in this study compared to the absolute
thermocouple uncertainty. The high temperature gradient within the material led to C being
sensitive to Leona, which contributed to 78% of uncertainty to C, with the rest coming from the
uncertainty in current.

2.6. Measurement validation against rod bundle

The measurement method and modified Wilson plot procedure are validated by comparing
the measured results associated with the rod bundle heater to accepted correlations for rod
bundle-type heat exchangers. Figure 9 shows the Nusselt number as a function of the Reynolds
number at all positions at a volumetric generation rate of 0.4 MW/m?>. Also shown are the
Gnielinski [34] and Dittus-Boelter [35] equations which represent the expected Nusselt number
for a rod bundle-type heat exchanger experiencing fully developed internal turbulent flow. The
convergence of measured Nusselt numbers at the middle and exit position with established
correlations for a rod bundle geometry indicates that the measurement methods yield
experimental results consistent with established literature, validating the methods used in the
present study.

A significantly higher Nusselt number at the inlet position was observed where the boundary
layer (resistance to convection) is small and developing. As the boundary layer becomes fully
developed, so does the thermal resistance, which explains the convergence of the middle and exit
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position Nusselt numbers with each other and their agreement with the Gnielinski and Dittus-
Boelter correlations that represent fully developed turbulent flow.
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Figure 9: Nusselt number versus Reynolds number for the rod bundle. Left: Measured local Nusselt number for a
fixed volumetric generation rate of 0.4 MW/m? at the inlet, middle, and exit positions are given by the triangular,
square, and circular marks. Right: Measured local Nusselt numbers at the exit position at volumetric generation rates
0f 0.05, 0.2, and 0.4 MW/m3 are given by the triangular, square, and circular marks. The dot-dash line represents the
Gnielinski [34] correlation, and the dashed line represents the Dittus-Boelter [35] correlation.

Data were collected at three volumetric generation rates. Again, the rate of volumetric
generation should not affect the values of Rcone and B in Eq. (23) beyond the small impact of
changes in the thermal conductivity of the polymer due to changes in temperature. Figure 9
(right) shows the Nusselt number measured at the exit location at all volumetric generation rates
and confirms that there was insignificant variation between Nusselt numbers at different
volumetric generation rates at a given position within the rod bundle. This result is typical of all
test articles.

This section indicates that the measurement methods and reduction procedure yield results
consistent with the literature. It was also clear that the rod bundle becomes approximately fully
developed near the middle measurement position. All subsequent comparisons in the thermal
performance neglect the inlet position of the rod bundle to give a “fully developed” comparison
between articles.

3. Results / Discussion
3.1. Hydraulic performance - friction factor

The Darcy friction factor calculated according to the core pressure drop is shown in
Figure 10 as a function of the Reynolds number for all of the test articles. The contraction losses
occur when the air is compressed from the large diameter inlet section to the smaller cross-
section within the test section, while the expansion occurs as the air expands freely into the large
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diameter exit section. These steps introduce additional unrecoverable head loss which must
either be measured or calculated to calculate the friction factor.

For the rod bundle, the core pressure drop was measured between the inlet and exit using
a modified test article with pressure taps embedded in the 3D-printed frame to exclude the
expansion and contraction effects. This measurement is valid for the rod bundle which has a
constant cross-section and flow perpendicular to the tap and was shown in Figure 10(b) to have
reasonable agreement with the Colebrook (1939) correlation for friction factor in tubes with
moderate roughness [36]. Considering the TPMS articles have variable cross-sections and
tortuous flow, it was likely that the measurement would be dependent on the chosen location, so
the core pressure drop was calculated by the method of Kays and London for a sharp-edged
orifice, by subtracting the abrupt expansion and contraction losses using Equations (11)-(13). It
was found that the expansion and contraction pressure losses are on the same order of magnitude
as the overall pressure drop for the rod bundle but are relatively insignificant (<10%) for the
TPMS articles which have significantly higher core pressure drops.

A comparison between the 50 mm gyroid and diamond TPMS test articles shows that the
gyroid TPMS has a friction factor that is as much as 1.5x that of the 50 mm diamond TPMS and
up to 30-90x that of the rod bundle at similar Reynolds numbers. Table 4 shows the TPMS
friction factor correlations obtained by fitting these data to a linear equation and a power law as
well as their respective statistical performance parameters. Reasonable agreement was obtained

between the data and the developed correlations, with a slightly higher R? value for the power-
law fit.
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Figure 10: Darcy friction factor as a function of Reynolds number for all test articles with the linear fit approximation overlaid
for the TPMS articles and the power law fit overlaid for the rod bundle. Figure 10(b) shows the rod bundle friction factor overlaid
with the Colebrook (1939) correlation tubes with moderate roughness

Table 4: Darcy friction factor correlation and R? value

Test article Linear fit R? Power law fit R?
506 | f, = —1.21-10"*Re + 2.34 | 091 | f, = 13.6(Re—"2") | 0.95
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50D

fa

—1.13-10"*Re + 1.85

0.96

£, = 12.2(Re™927)

0.96

75D

fa

—6.33-10"*Re + 3.79

0.94

£, = 22.5(Re %)

0.97

The significantly higher friction factors observed in TPMS geometries suggest that they
provide a high solid-fluid interaction which results in a higher resistance to flow. This was
expected due to the tortuous path which forces the fluid to change direction throughout the
structure. The increased solid-fluid interaction was also expected to increase the thermal
performance. The increase in thermal performance allows heat transfer surfaces to be made more
compact, given the corresponding increase in pumping power is reasonable.

3.2. Thermal performance — Nusselt number

The dimensionless Nusselt number compares the ratio of a structure’s convective to
conductive heat transfer at the wall. A high Nusselt number is desirable and indicates high
convective heat transfer from the walls of the surface to the fluid stream. Figure 11 shows the
average fully developed Nusselt number correlations for each test article calculated according to
Eq. (22), along with a shaded area corresponding to +20% deviation of the average. The shaded
area can be considered the accuracy of the given correlations, chosen because it captured > 90%
of the data from all positions and power levels. Note this is larger than the uncertainty indicated
in Table 3 which was calculated for a single position, due to variations in Nu at each location.
For the TPMS articles, the average correlation includes all positions and power levels, and for
the rod bundle, this includes the fully developed middle and exit positions at all power levels.
Also overlaid are data from Reynolds et al. [22] and Yan et al. [23] which show fair agreement
with the present study. Figure 11 (right) shows a magnified window in the range 0 < Re <3000
for clarity. It is clear the TPMSs demonstrate similar performance, with substantially higher
Nusselt numbers than the rod bundle.
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Figure 11: (Left) Average fully developed Nusselt number as a function of Reynolds number with a shaded area corresponding to
+/- 20% deviation. Overlaid are data from Reynolds et al. and Yan et al. for similar gyroid and diamond TPMSs of similar
hydraulic diameter. (Right) magnified view in the range 0 < Re <3000 for clarity
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The present results align better with Yan’s data for an air-cooled metal-AM gyroid and
diamond TPMS that is heated from below. The results from Reynolds et. al show Nusselt
numbers up to 50% smaller than those reported here. Reynolds’ et al. experimental apparatus
was a water-air TPMS heat exchanger, the discrepancy is possibly due to the significant
difference in the experimental apparatus and measurement technique. Reynolds’ et al. also use a
resin AM method which produces surface roughness much smaller than the current study and
Yan et al.

The 50 mm gyroid and diamond showed similar superior performance, with less than 10%
difference across the entire range tested; Nusselt numbers were approximately 1.2x that of the 75
mm diamond. It is worth noting the considerable overlap between the uncertainty of TPMS
articles made conclusive comparisons between TPMS heaters difficult. It could be expected that
the two diamond TPMSs would agree once compared on a non-dimensional basis, given their
lattices are identical. The observed difference may be due to a difference in header losses due to
the concentric reducers used to expand the size of the test section for the 75mm size. The rod
bundle type heater performed poorly compared to the TPMS heaters, showing Nusselt numbers
approximately 10x lower than the 50 mm gyroid and diamond.

400

(9%

(32

o
T

(5]

=]

o
T

]

[92]

o
T

Nusselt Number (Experiment)
S
o

50G

¢ 75D

150 : 50D

B Rod Bundle
100
50
0 . . . . . . . |
0 50 100 150 200 250 300 350 400

Nusselt Number (Correlation)

Figure 12: Comparison of average Nusselt number correlation to the experimental data. The shaded region corresponds to a +/-
20% deviation from the correlation. Over 90% of the data fall within +/- 20% of the correlation

Figure 12 shows the measured Nusselt number calculated according to Egs. (26) and (21) on
the y-axis and the average fully developed Nusselt number correlation calculated with Eq. (22)
on the x-axis. Over 90% of the data fell within +20% of the correlation, implying good
agreement between the correlation and experimental data. The correlations for the average fully
developed Nusselt number are provided in Table 5 for each test article. An exponent of 0.8 for
the Reynolds number showed the best fit to the data. An exponent of 0.4 was assumed for the
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Prandtl number but there was no possibility to explore the suitability of this choice as the
working fluid Prandtl number was essentially constant over the test conditions considered here.

Table 5: Average fully developed Nusselt number correlation

Test article Correlation Applicability R?
50G Nu = 0.267Re%8pPro4 500 < Re <7000 0.87
50D Nu = 0.273Re%8pPr%4 500 < Re <7000 0.94
75D Nu = 0.224Re%8pro4 500 < Re <3000 0.87

Rod Bundle Nu = 0.026Re%8pro4 500 < Re <7000 0.85

3.3. Power density comparison

In the context of a nuclear reactor, the heat generated volumetrically within the fuel is
removed via convection on the outside surface exposed to the coolant. Thus, the hottest part of
the fuel will be the material that is farthest from the boundary, i.e. at the centerline. It follows
that the limiting factor for reactor power output is the fuel centerline temperature, which must be
maintained below safe levels to avoid a meltdown event. If the fuel can be cooled more
efficiently, the lower fuel centerline temperature allows the power density and ultimately the
energy output per unit of fuel mass to be increased.

The experimental setup used here allows for simple measurement of the polymer (fuel)
centerline temperature. The maximum centerline temperature rise of the solid above the inlet
coolant temperature was calculated using Eq. (27). By calculating a linear fit equation at several
values of mass flux, the slope can be interpolated for all articles at a constant mass flux. Figure
13 shows the measured centerline temperature rise plotted against the power density at a fixed

mass flux of 10 %. In this case, the power density is calculated according to Eq. (18), but

instead using the combined solid and fluid volume.
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Figure 13: Maximum centerline temperature rise above the inlet coolant temperature as a function of total power density All
TPMS articles share similar improvement over the rod bundle, with the gyroid maintaining the lowest centerline temperature.

The TPMS structures show a significantly smaller centerline temperature rise at a given
volumetric generation than the rod bundle for all cases. When comparing the TPMS heaters, the
gyroid shows the lowest maximum centerline temperature for all mass flow rates, but all TPMS
articles behave similarly, with a maximum of 5% deviation between their slopes. Consider a
situation where the fuel centerline temperature must be maintained below a certain value, (7;ise<
50 C) and the pumping power is not a major concern. The interpolated linear fit equations at a
constant mass flux given in Table 6 can be used to calculate the maximum allowable power
density for a given Tiise.

Table 6: Linear fit equations for the mass flux of 10 g/m?-s. Maximum power density is
calculated at a fixed centerline temperature rise of 50°C

Article Interpolated Linear Fit Maximum Power Density
(MW/m?)
50G T ise = 36.69"" 1.37
50D T s = 38.69"" 1.29
75D Toise = 37.09™ 1.33
Rod Bundle ' ise = 100g"" 0.5

In terms of power density, the TPMS structures demonstrate exceptional performance
compared to a classic rod-bundle geometry. The 50 mm gyroid, 50 mm diamond, and 75 mm
diamond can sustain 275%, 258%, and 266%, respectively, of the power density allowable in the

26



rod bundle for a given centerline temperature. This result suggests that the gyroid would perform
best as a nuclear reactor core when the primary concern is maintaining a low fuel temperature/
high power density. Structures that can arrange a given volume of material in a way that
minimizes the average solid thickness will likely provide lower centerline temperatures. Future
works will be aimed at determining the distinct differences between individual TPMS structures.
However, the similar performance of all TPMS heaters over the rod bundle demonstrates that
TPMS geometries have immense potential for increasing the power density of next-generation
nuclear reactors, especially in scenarios where pumping power is not a major concern.

4. Conclusion

The present work described a novel method of local heat transfer measurement and overall
pressure drop using air-cooled, volumetrically heated polymer AM TPMS heaters. Together with
embedded thermocouples and a modified form of the Wilson plot, local Nusselt numbers were
obtained. TPMS articles demonstrated consistent local Nusselt numbers along the flow direction,
suggesting the resistance to convection does not change significantly along the flow direction, a
consequence of the tortuous flow path which continually disrupts the boundary layer formation.
Thus, average Nusselt number correlations are provided for each TPMS geometry. The TPMS
articles demonstrated 8-10x higher Nusselt numbers than the classic rod bundle geometry,
confirming the incredible heat transfer potential of TPMSs as heat transfer surfaces.

Pressure drop was used to calculate correlations for the Darcy friction factor for each
structure. The gyroid was found to have the largest flow resistance, with friction factors 1.5x that
of the diamond TPMS, and up to 90x that of the rod bundle. In nuclear reactors where pumping
power is not typically a major concern, improvements in heat transfer can be exploited. A
comparison of the solid centerline temperature showed TPMS heaters maintain a significantly
lower solid temperature for a given mass flux, allowing for a 250-275% increase in power
density for a similar temperature, greatly increasing the power output of a reactor. Conversely, a
250-275% reduction in temperature can be obtained for a given power density, greatly reducing
the risk of a meltdown event. This is a significant potential increase that should motivate the
ongoing research in AM of nuclear fuel. In summary, the following individual conclusions were
drawn from the present study:

(1) The 50 mm gyroid TPMS showed friction factors 1.5x that of the 50 mm diamond TPMS.
(2) The 50 mm gyroid TPMS showed friction factors up to 90x that of the rod bundle.

(3) The 50 mm TPMSs showed Nusselt numbers 1.2x higher than the 75 mm diamond.

(4) TPMS articles showed Nusselt numbers 8-10x higher than the rod bundle.

(5) TPMS heaters can sustain 250-275% higher power density than the rod bundle.

This study provided a first look at a robust, low-cost, method for studying the local heat
transfer performance of advanced heat transfer geometries. The method can be improved with
higher density temperature measurements using an embedded temperature fiber to better
understand the temperature distribution within the solid and fluid regions and to make better
distinctions between TPMS geometries. Utilizing materials that can withstand higher
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temperatures would allow for higher temperature differences between the solid and fluid, and
thus reduce the measurement uncertainty. Finally, local hydraulic measurements would help
determine the magnitude of expansion and contraction losses and obtain direct measurements of
the skin friction without approximation.
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