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1. Introduction

Most of the battery systems used for small underwater
vehicles are chemical energy sources such as
electrochemical cell or rechargeable battery, and their
operation time are only dozens of hours to several days.
However, new missions, such as long-term undersea
reconnaissance, have recently demanded higher
specifications for the undersea power system. Nuclear
power sources featuring compact integrated structure,
high power capacity, long operating time, and high
reliability can meet these needs. Especially, heat pipe
cooled reactor have the advantages of low decay heat
emission, inherent reactivity control, and no additional
pressurized system. Comprehensively considering the
reactor size, safety, and operation reliability, the heat
pipe reactor battery system featured with a low noise
level, a low pressure gradient, and few moving parts is
suitable for use in energy systems for underwater
vehicles.

Various heat pipe cooled reactors have been designed
and researched. For example, Kilopower[1] is a sodium
heat pipe cooled heat pipe that can generate 1 to 10 kW
electric power by Sterling Engines. HOMER [2] is a
series of heat pipe cooled reactors applied for the moon
and mars missions, featured with UN or UO2 fission fuel,
and the 235-uranium enrichment is more than 90%.
Potassium or sodium heat pipes are adopted as cooling
method, and a Stirling engine is used to generate 25kWe
electricity in HOMER. The thermoelectric conversion
efficiency of the HOMER reactor is more than 20%.
SAIRS [3] is a kind of sodium heat pipe cFooled fast
reactor controlled by drums and featured with 100kWe
electrical power. As a special feature, Alkali metal
thermoelectric converter (AMTEC) with thermoelectric
is selected as energy conversion system. Westinghouse
developed eVINCI [4], a special-purpose heat pipe
reactor, based on the technology accumulated during the
demonstration of LANL's KiloPower. The size of the
reactor is designed to can be constructed in a 20" ISO
container. The power conversion system is decided as the
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Fig. 1. Conceptual design of heat pipe reactor battery

supercritical CO; Brayton cycle which has the
advantages of being easily connected to a nuclear reactor,
high-temperature operation, low maintenance cost, and
easy modularization. Table 1 summarizes these kinds of
heat pipe reactors based on the heat pipe working fluid,
energy conversion system, reactor reactivity control
method, reflector, and shielding material. In addition to
this, various studies on heat pipe reactor are ongoing by
individuals and research institutes [5-8].

In this study, a 10 kWe miniature heat pipe reactor
system is conceptually designed. Through neutronic
analysis, the core design of the reactor battery system is
evaluated, and the detailed power distribution of the core
is derived. Based on the derived power distribution, a
CFD analysis of heat transfer is performed to derive a
temperature distribution within the core which is
important for checking the material integrity. In addition,
it is evaluated whether various safety requirements can
be satisfied even under accident conditions such as a
single heat pipe failure.

2. Heat Pipe Reactor Battery Design

Although there are no examples of use on small
underwater vessels, heat pipe reactor is being studied and
used by various groups shown in Table 1. In this study, a
10 kWe heat pipe reactor battery system is conceptually
designed through a literature review of these various heat
pipe reactor designs. This battery features sodium heat
pipe cooling channels and a thermoelectric power
conversion system with efficiencies greater than 10%.
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Fig. 2. Conceptual design of reactor core
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Table 1. Design and Status of Heat Pipe Reactors

Parameters Kilopower HOMER SAIRS HP-STMCs eVINCI
Power 1-10 (kWe) 25 (kWe) 110 (kWe) 110 (kWe) 0.8 (MWe)
HP fluid Na Na/K Na Li Na/K
HP temperature 1050 (K) 880 (K) 1100 (K) 930 (K) 1500 (K)
HP material Haynes-230 SS-316 Mo-14Re SS-316 Mo-14Re
HP number 8 (EA) 61 (EA) 60 (EA) 204 (EA) 126 (EA)
Fuel U-Mo UN/UO:2 UN UN UN
Clad Material Haynes-230 SS-316 Re Re -
Reflector material BeO Be BeO BeO BeO
EC system Stirling Stirling AMTEC STMC sCO2 Brayton
Reactivity control Rod Drum Drum Drum Rod/Drum

*Notes : STMC-Segmented Thermoelectric Module Converters, FPSE-Free Piston Stirling Engine, AMTEC- Alkali Metal
Thermal-To-Electric Conversion, TI-Thermionic, EC-Energy Conversion

The overall conceptual diagram of the heat pipe
reactor battery is shown in Fig. 1. The designed heat
pipe reactor is a thermal reactor capable of providing
74 kWt thermal power and adopts UN fuel enriched to
11%. The sodium heat pipes transfer the heat in the core
to the power generator, and 90 fuel rods and 37 heat
pipes are arranged in a triangle array into Zr;Hs
moderator as shown in Fig. 2. For reactivity control, six
reactive control drums containing B4C neutron
absorbing material are located outside the moderator,
and LiH radiation shields are located on both side of the
reactor core. In the electric conversion part, heat pipes
connected to the reactor core are inserted into a copper
matrix. With many advantages such as low
maintenance risk, no moving parts, low noise level,
small volume, and lightweight, a thermoelectric
generator (TEG) is adopted as the power conversion
system, and it converts the heat received from the heat
pipe into about 10kWe power. Lastly, the cold junction
of TEG is connected to a large area heat sink and cooled
by flowing coolant. Detailed parameter specification of
the system is summarized in Table 2.

Table 2. Design Parameters of Heat Pipe Reactor Battery

Design Parameter Value
Core Thermal Power (kW) 74
Electric Power (KWe) 11.3
Efficiency (%) 15.3
Core Diameter (m) 0.4
Height of Active Core (m) 0.4
Fuel Diameter (m) 0.0165
Heat Pipe Working Fluid Na
Heat Pipe Diameter (m) 0.02
Heat Pipe Length (m) 1.8
TEG Material PbTe + BizTes
TE Element Length (m) 0.0123
Number of TE Elements 12,347

The electrical energy generation process in the entire
heat pipe reactor battery system is a complex process
of various physics including nuclear reaction in the
core [9], determination of heat pipe limits [10], and
energy governing equation of TEG [11] etc. Therefore,
these multiple physics models are computed
simultaneously for system design. In this article, the
research on neutron physics and heat transfer in the
core area is summarized especially.

3. Neutronic Analysis of Reactor Core

Since the fission is basically caused by the
interaction between neutrons and fissile material, the
reaction occurs non-uniformly depending on the local
neutron density and neutron flux. (Most active in the
center region, generally). In addition, the criticality and
following fuel cycle length are also determined
according to the lifelong behavior of neutrons including
absorption, scattering, fission, etc. In this respect,
neutronic analysis (McCARD) on core design is
previously carried out to obtain the power distribution
[12], and to evaluate the adequacy of the operation
length on current reactor design.

3.1. Fuel Cycle Length

The neutrons generated by fission reaction are
slowed down as they scatter in the moderator material
(ZrzHs in current design), and a chain reaction occurs
as the moderated neutrons collide again with the fissile
nucleus with a specific cross section [13]. Some
neutrons are either captured by the surrounding
materials including fission products or scattered by the
reflector placed in the axial and radial directions [14].
Considering all these neutron behaviors, the reactor can
reach the critical state when the multiplication factor
exceeds 1. As a result of depletion calculation with
1,000 neutrons and 20 neutron generations, it can be
seen that the UN fuel with 11% enrichment can be
operated for more than 10 years without refueling, as
shown in Fig. 3.
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Fig. 3. Multiplication factor for exposure years
3.2. Power Distribution

As a result of neutronic transport calculation, the
frequency ratio of fission reaction, i.e., the power
distribution for each fuel pin is obtained as shown in
Fig. 4, where the color bar and table represent the ratio
of power to the maximum power fuel pin (#1). In this
radial power distribution, the power peaking factor is
calculated as 1.24. In the axial direction, neutronic
simulation is performed by dividing a single fuel pin
into 10 axial cells, and as a result, the axial power
distribution is obtained as Fig. 5, where the axial power
peaking factor is calculated as 1.24. In short, the total
74kW of heat is generated from all fuel pins according
to the ratio of Fig. 4, and axially re-distributed in each
pin following the axial power ratio of Fig. 5. The
detailed power distribution derived from this neutronic
analysis becomes the boundary condition for each fuel
pin in the thermal CFD calculation.
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Fig. 5. Axial power distribution

4. CFD Analysis of Reactor Core

It is important to predict temperature distribution
within the reactor core accurately to evaluate the
material integrity. In this section, a commercial CFD
program, ANSYS FLUENT, is used to perform core
heat transfer analysis and check whether the
components of the heat pipe reactor meet the safety
requirements.

4.1. CFD simulation setting

In the CFD simulation, a mesh grid structure is
created for the fuel and moderator space which
generates and transfers heat. The heat generation rate
for each fuel is determined based on the detailed power
distribution derived in the previous section. There is a
0.00011 m thin helium gap around the fuel and heat
pipes, where radiation and conduction are the dominant
heat transfer methods in this space. In order to increase
the heat transfer efficiency of the system, the heat pipe
hot side temperature is designed to be 950 K, and it is
set as a boundary condition. It is assumed that all the
generated heat escapes through the heat pipe, so an
adiabatic condition is applied to the wall of the
moderator. Material properties related to heat transfer
are values that change with temperature. However, the
simulation is conducted using the constant material
property values at 1000 K since the temperature
distribution of the entire core region is around 1000 K.
Detailed information on the material properties
constituting the reactor core is summarized in Table 3.

4.2. CED simulation results

In this study, CFD simulation is performed for three
conditions: (a) normal operating conditions, (b) single
heat pipe failure condition, and (c) double heat pipe
failure condition. Under each condition, the
temperature distribution in the entire core area is
derived and evaluated whether safety requirements are
met. When the temperature of the material at each
location approaches the melting point, it is determined
that there is a problem with the integrity of the material.

Table 3. Material Properties used in CFD Simulation

Material Property Value
Conductivity (W/m-K) 23.27

UN (fuel) Heat _capacity (I/kg-K) 250
Density (kg/m3) 11300

Emissivity 0.80

Conductivity (W/m-K) 19.6

ZraHs Heat capacity (J/kg-K) 692.4
(Moderator)  Density (kg/m3) 5660

Emissivity 0.35

Conductivity (W/m-K) 0.37

He (Gap) Heat capacity (J/kg-K) 5200
Density (kg/m3) 0.0536




Transactions of the Korean Nuclear Society Virtual Autumn Meeting
October 21-22, 2021

Temperature

1190.00
17500
1160.00
1145.00
113000
115.00
110000
1085.00
1070.00
1055.00
1040.00
1025.00
101000
995.00

980.00

965.00

950.00

Fig. 6. Core temperature distribution under (a) normal operating condition, (b) single heat pipe failure condition, and (c)

double heat pipe failure condition

As a result of the simulation, the heat transfer in the

radial and vertical directions in the core is well calculated.

In particular, the temperature distribution results at the
hottest plane are shown in Fig. 6. In the normal operating
condition, the reactor core temperature varies from 950
K — 1062 K. Since the temperature of all materials
including UN fuel, moderator, and the heat pipe is much
lower than the melting point, there is a sufficient safety
margin.

In the two accident conditions, a situation in which the
heat pipe close to the center is damaged is simulated. In
general, this situation is the most dangerous for the safety
of the reactor because the temperature at the center of the
core is the highest [15]. Even in the most dangerous
situation where two heat pipes are failing, the fuel
temperature peaks at 1182 K, far below the melting point
of UN fuel (2500K) [16].

5. Summary

In this paper, a heat pipe reactor battery that can be
mounted on a small underwater vehicle is designed and
analyzed. The reactor neutronic and thermal CFD model
is used for optimal design and safety evaluation of the
reactor core structure. Through neutronic analysis, the
optimal core design to secure a sufficient fuel cycle
length is derived. The power distribution for each fuel
pin is obtained as a result of neutronic transport
calculation. By using the obtained power distribution of
the fuel pins, CFD analysis of heat transfer inside the
reactor core is performed. As a result of the CFD
simulation, the heat transfer in the radial and vertical
directions in the core is well calculated. In the three
calculated simulation conditions (normal operating
condition, single heat pipe failure condition, and double
heat pipe failure condition), the temperatures of the
reactor fuel and other materials are all below the safety
limits. In conclusion, the designed reactor features
enough safety margin.
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