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1. Introduction

Recently, research on microreactors for distributed
power grids in remote areas has been actively conducted,
and the heat pipe cooled microreactor (HPMR) is
gaining attention. The HPMR uses heat pipes to remove
heat passively from the reactor core. The HPMR core
has a solid core structure called ‘monolith’, which
contains multiple fuel rods and heat pipes. The HPMR
has advantages such as good mobility due to its small
size, enhanced system reliability and safety, and passive
heat removal from the core. Various types of HPMR,
such as MegaPower [1], eVinci [2], Aurora [3], and
NUSTER-100 [4] are being actively researched.

However, there are some issues with the HPMR core
design, such as high thermal stress and reactivity
feedback due to the thermal expansion of the solid core.
Hence, for the accurate safety analysis and design of the
core, a high-fidelity multiphysics simulation tool is
needed. In previous research, a coupled code was
developed for the multiphysics analysis of the HPMR
core, and the demonstration calculation was conducted
[5].

In the present study, the analysis of the KRUSTY
experiment is conducted for the validation of the
OpenFOAM-PRAGMA coupled code with the heat pipe
thermal analysis module.

This paper describes the coupled code briefly and
presents the multiphysics analysis results of the
KRUSTY experiment using the coupled code.

2. OpenFOAM-PRAGMA coupled code

This section describes the OpenFOAM-PRAGMA
coupled code with the heat pipe thermal analysis
module for the multiphysics analysis of the heat pipe
cooled microreactor core.

2.1 Description of codes

OpenFOAM [6] is an open-source based CFD tool,
and its official version provides a basic thermal-
structural analysis solver. This solver calculates
temperature, displacement, and the corresponding
thermal stress based on linear elasticity assumption.
This solver was modified for the analysis of the HPMR
core in the previous research [5].

PRAGMA [7] is a GPU-accelerated continuous
energy Monte Carlo neutronics code developed by
Seoul National University. PRAGMA has advantages
such as fast calculation speed with GPU parallelization
and the capability to analyze irregular and complex
geometry such as the HPMR core.

The heat pipe thermal analysis module (HP module)
is developed based on ANLHTP [8]. ANLHTP is a
steady-state heat pipe analysis code for a sodium heat
pipe. ANLHTP predicts a heat transfer rate, temperature,
and operation limit using a thermal resistance network.
However, ANLHTP is written in FORTRAN language
and has not been maintained for a long time. Hence, for
better coupling with the OpenFOAM-PRAGMA, the HP
module has been rewritten in C++ language.

2.2 Coupling strategy

The coupled code used the coupling interface
provided by OpenFOAM for external -coupling.
OpenFOAM sends the heat transfer rate at the boundary
to the HP module and the HP module calculates the
corresponding temperature. These data are exchanged at
the wick-vapor interface of the heat pipe, as shown in
Fig. 1. Using this method, the axial temperature
distribution of the heat pipe wall could be considered.
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Fig. 1. Data exchange at the wick-vapor interface of heat pipe.

OpenFOAM and PRAGMA perform data exchange
for the reactivity feedback due to the thermal expansion.
The OpenFOAM sends temperature and density data,
and the PRAGMA calculates the power from the
received data and sends it to OpenFOAM.
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The OpenFOAM-PRAGMA coupled code was
established using the Manager-Worker method as
shown in Fig. 2 [9]. PRAGMA and OpenFOAM are
connected to the worker as a dynamic library, and each

worker performs variable exchange through the manager.

The wrapper script for the coupling of the OpenFOAM
and the HP module is executed in the background by the
manager.
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Fig. 2. Manager-worker method of coupled code.

3. Analysis of the KRUSTY experiment

For the wvalidation of the OpenFOAM-PRAGMA
coupled code with the HP module, a steady-state
analysis of the KRUSTY experiment was performed.

3.1 KRUSTY experiment

The KRUSTY experiment [10] is a reactor design,
development, and test program to demonstrate the
operation of the Kilopower reactor. The Kilopower
system is intended to provide 1-10 kW(e) in space, and
KRUSTY is a 1 kW(e) prototype with highly enriched
uranium. In March 2018, KRUSTY was successfully
operated as a fission power system, with 29 hours of
steady-state and various transient operations. The
detailed geometry and specifications of the test device
are shown in Fig. 3 and Table I below.
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Fig. 3. Geometry of KRUSTY experiment [10].

Table I: Specifications of the KRUSTY experiment

3.2 Analysis conditions

The KRUSTY experiment was modeled as shown in
Fig. 4. If only the top/bottom reflector and radial
reflector are modeled, the neutron leakage occurs at the
height where the radial reflector is not filled. Therefore,
all external structures outside the core were modeled to
enable accurate neutron tracking. Fig. 5 shows the mesh
used in the coupled analysis. For the U-Mo fuel, which
is the part most affected by coupled calculation, the
average mesh size is | mm. In the previous study, the
mesh size did not make a significant difference in the
simulation results when using 0.5 mm ~ 2 mm size
meshes [5].

The heat pipe used in the KRUSTY experiment has a
wick only in the evaporator region, and the rest of the
heat pipe operates as a thermosyphon. Furthermore,
only limited information about the heat pipe is publicly
available. Therefore, for the analysis using the HP
module, based on the heat pipe performance presented
in the reference [11], a heat pipe with similar
performance in the corresponding operating temperature
range was assumed and simulated. The specifications of
the heat pipes are shown in Table II.
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Fig. 4. Modeling of the KRUSTY experiment.

Thermal power 5 kW(th) HP wor king Sodium . . )
fluid Fig. 5. Calculation mesh of the KRUSTY experiment.
Fuel material U-7.5Mo | # of HPs in core 8
U_BS 93.1% Fuel height 25.0 cm Table II: Specifications of the modeled heat pipe
enrichment

Fuel OD 11.0 cm Fuel ID 3.98 cm Working fluid Sodium Wall material | Haynes 230

Power conversion Stirlin Reflector BeO Length 1.0 m OD 1.27 cm
system £ material ID 1.092 cm Wick type Screen mesh

Mesh number #625 Sink 775.0 °C

temperature
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Steady-state analysis was conducted for the normal
operating state of the KRUSTY experiment (7.5 to 8.0 h
of experiment), and for the boundary conditions,
adiabatic conditions were applied to all boundaries
except the heat pipe wall.

3.3 Analysis results

Fig. 6 shows the power and temperature distributions
calculated using OpenFOAM-PRAGMA. As shown in
the figure, the outer surface of the fuel has a high power
density due to the radial reflector. The axial power
distribution shows a higher power at the bottom of the
fuel. Fig. 7 shows the radial temperature distribution in
the mid-plane of the fuel between the reference [10] and
this study. The graph is plotted along the black dashed
line in Fig. 6, and the temperature prediction result of
the OpenFOAM-PRAGMA shows good agreement with
the reference.
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Fig. 7. Radial temperature distribution of the U-Mo fuel at the
mid-plane.

4. Conclusions

In this study, the KRUSTY experiment was analyzed
to validate the OpenFOAM-PRAGMA coupled code. In
the modeling, the outer structures of the KRUSTY
experiment were included, and the thermosyphon-
operated heat pipes were modeled for the heat pipe
analysis module. For the steady-state analysis, the

2.4kW normal operation state of the KRUSTY
experiment was analyzed. The analysis results showed
the axially bottom peak power distribution and the
temperature distribution which is in good agreement
with the reference. These results confirm that the
OpenFOAM-PRAGMA code has adequate capability
for HPMR core analysis. In the future, further validation
of the coupled code and development of transient
analysis capability will be conducted.
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