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for a Micronuclear Power Source

Hao Sun, Chenglong Wang*, Xiao Liu, Wenxi Tian, Suizheng Qiu and Guanghui Su

Department of Nuclear Science and Technology, Xi’an Jiaotong University, Xi’an, China

Underwater vehicle is designed to ensure the security of country sea boundary, providing
harsh requirements for its power system design. Conventional power sources, such as
battery and Stirling engine, are featured with low power and short lifetime. Micronuclear
reactor power source featured with higher power density and longer lifetime would strongly
meet the demands of unmanned underwater vehicle power system. In this paper, a
2.4 MW lithium heat pipe cooled reactor core is designed for micronuclear power source,
which can be applied for underwater vehicles. The core features with small volume, high
power density, long lifetime, and low noise level. Uranium nitride fuel with 70% enrichment
and lithium heat pipes are adopted in the core. The reactivity is controlled by six control
drums with B4C neutron absorber. Monte Carlo code MCNP is used for calculating the
power distribution, characteristics of reactivity feedback, and core criticality safety. A code
MCORE coupling MCNP and ORIGEN is used to analyze the burnup characteristics of the
designed core. The results show that the core life is 14 years, and the core parameters
satisfy the safety requirements. This work provides reference to the design and application
of the micronuclear power source.
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INTRODUCTION

Nuclear power source can be used in the power systems of underwater vehicle. The future unmanned
underwater vehicle (UUV) is designed as a multipurpose equipment (Navy, 2004). Its power system
requires more compact structure, higher energy density, longer lifetime, higher power output, and
higher reliability (Li and Wang, 2003). Compared with the conventional power systems like storage
battery, nuclear power source featured with higher power density, and core lifetime of more than
10 years much better meets the future demands of UUV power system.

There are two types of micronuclear reactor power source (Rowe, 1991): (1) isotope generator,
which converts decay heat into electric energy; (2) nuclear reactor power source, which converts
fission heat into electricity energy. Comprehensively considering the reactor mass and volume,
criticality safety, reliability, and maneuverability, heat pipe cooled fast reactor power source featured
with compact structure, less movable parts, high reliability, and low noise level could be widely used
in the power system of unmanned underwater vehicle in the future (Rowe, 1991).

Heat pipe cooled reactor has already been widely researched. Various micro heat pipe cooled reactor
power sources for space missions have been designed in the United States. For instance, HOMER (Poston,
2000) is a series of heat pipe reactors applied for the moon and mars missions. Potassium or sodium
heat pipe are adopted for cooling. Stirling engine is used to generate electric energy, whose efficiency
is more than 20%. MSR (Bushman et al., 2004) is another micro heat pipe cooled reactor power source
featured with electric power for the scale of 100 kilowatts, lithium heat pipe, and thermoelectric generator,
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thermal power of 1.2 MW, and efficiency of more than 10%. SAIRS
(El-Genk, 2008) is a kind of sodium heat pipe-cooled fast reactor
featured with electric alkali metal thermoelectric converter, with
efficiency of more than 20%. LEGO-LRCs (Bess, 2008) is a sodium
heat pipe cooled reactor with Stirling engine. SAFE-400 (Poston
et al, 2002) is a heat pipe-cooled reactor system featured with
Braydon cycle producing 400 kWt thermal power. China institute of
atomic energy has put forward a variety of heat pipe reactor designs
for space missions, such as the mars surface power plant, and the
lunar surface power plant HPCMR (Chengzhi et al., 2015), etc.
Based on a literature review, a micro heat pipe cooled nuclear
reactor power source applied for underwater vehicle featured
with 2.4 MWt power output and a lifetime of more than 10 years
is designed. Lithium heat pipe cooled core, six control drums,
tungsten, and an open water loop shield are adopted in this
power source. Monte Carlo program and ORIGEN are used to
preliminarily calculate design parameters and analyze the criti-
cality safety and burnup characteristics of the design scheme, etc.

SYSTEM DESIGN

The nuclear reactor power source consists of the following parts:
core, control drums, shield, heat pipes, and thermoelectric gen-
erator. The working principle is shown in Figure 1. In reactor
core, fission fuels generate heat in chain reaction controlled by
control drums. The heat is transferred by heat pipes and is con-
verted into electrical power by thermoelectric generator. Waste
heat is taken away by water.

The core structure is shown in Figure 2, and the key parameters
of reactor core are shown in Table 1. The core is made up of 90 fuel
pins, 37 heat pipes, BeO reflector, and 6 control drums. Figure 3
shows the design parameters of fuels and heat pipes. High-enriched
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FIGURE 1 | Flowchart of the nuclear power source.

uranium nitride (with 70% concentration of #°U) fuel and high
temperature lithium heat pipes are adopted and are put in a
hexagon Nb-1Zr alloy matrix in triangle array. The matrix is put
in a barrel on whose inner surface is a coating of Gd,O; burnable
poison. The barrel is surrounded by a BeO reflector and 6 control
drums with B,C. Reactor core is stored in a cylinder Mo-14Re alloy
barrel. Tungsten and an open water loop are used as shields in the
power source system. Thermoelectric generator is used to convert
heat conducted from heat pipes into electricity of 120 kWe.

NEUTRONICS CALCULATION

Calculation Methods and Model

Monte Carlo code MCNP5 is a probabilistic code developed by Los
Amos National Laboratory (LANL) in early 1970s. Monte Carlo
program has a significant advantage of simulating geometries
without much approximation. Effective multiplication factor (k)
is one of the most important parameters in criticality calculation
using MCNP. It is defined as the following equation (Team, 2003):

_ fission neutrons in generation i +1
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fission neutrons in generation i
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where the phase-space variables are ¢, E, and Q for time, energy,
direction, and implicitly r for position with incremental volume

UN fuel
Heat pipes
Matrix
Reflector
Control drums
B,C
Vessel

FIGURE 2 | Structure of heat pipe cooled reactor core.

TABLE 1 | Core design parameters.

Parameters Value Unit
Thermal power 2.4 MWt
Core diameter 43.2 cm
Height of active zone 34 cm
Edge length of matrix 24.7 cm
Fuel diameter 1.73 cm
Heat pipe diameter 1.3 cm
Number of fuel pins 90 -
Number of heat pipes 37 -
Reflector thickness 8.6-10.3 cm
Control drum diameter 9.6 cm
B.C thickness 0.6 cm
Core weight 310 kg
Core volume 0.069 m?
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FIGURE 3 | Design of fuels and heat pipes.
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FIGURE 4 | Calculation model of reactor core.

dV around r. There are three estimators for ks in MCNP: collision
(kS ), absorption (k2 ), and track length (k) estimators. These
three estimates are combined using observed statistical correlations
to provide the final estimate of k. and SD (Urbatsch et al., 1995).

As Figure 4 shows, a 1:1 model is set up to simulate the core
neutronics characteristics. The active zone is axially divided into 17
layers and 127cells per layer. In criticality calculation, the KCODE card
is used to build a critical source. The importance of all the particles,
neutron and photon, in all cells is defined to be equal to 1.

The calculation requires an ACE format nuclear database.
Thus, NJOY (a nuclear data processing program developed by
LANL) and the ENDF-B-VILO nuclear data are used to build
a database for MCNPS5 in further calculation. According to
preliminary thermal analysis, the fuel temperature is assumed
2,000 K, temperature of the heat pipes and matrix is 1,200 K,
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v
—— Update ORIGEN library and run ORIGEN
v
Update MCNP input file based on ORIGEN output and run MCNP
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FIGURE 5 | Flow chart of MCORE code.

and temperature of the control drums and reflector is 900 K for
neutronics analysis. A code MCORE (Zheng et al., 2014) cou-
pling MCNP and depletion code ORIGEN is used to analyze the
core lifetime. Only 1/6 of the reactor core is modeled due to the
symmetry. In MCORE code, most isotopes react with neutrons
are considered, and the flow chart (Team, 2003) of MCORE is
shown in Figure 5.

The neutronics calculation using MCNP5 takes several hours
for each case, while the depletion calculation using MCORE
code takes 5-7 days for each case on a PC with an Intel i5-3470
CPU.
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Power Distribution

MCNP5 is used to calculate the power distribution of the core.
Axial and radial relative power distribution is shown in Figures 6
and 7, where 0 is the rotation angle of control drums.

It can be seen from the Figure 7 that the power reaches a
maximum value at the center of the active zone and decreases
from the center to the periphery where control drums and
reflector locate. When 6 = 0°, due to absorption of B,C absorber,
the power density near the six control drums is lower than the
core center. Reflector has influence on radial power distribu-
tion, due to the neutron reflection effect. When 0 = 180°,
power density near the reflector is relatively higher due to the
reflection effect of BeO. The radial power peak factor obtained is
1.22. Axial normalized power density of the hottest, the average,
and the coldest channel are shown in Figure 6. The axial power
peak factor is 1.16. The power peak factor of the core (1.42, the
product of axial and radial power peak factor) meets the design
standard.
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FIGURE 6 | Axial normalized power distribution.

Reactivity Coefficient

The reactivity feedback is considered an important factor for
reactor safety. Thus the reactivity temperature coefficient (o),
the change in reactivity with respect to temperature, needs to be
negative. The impact of Doppler broadening effect and the density
change due to thermal expansion are considered in the calcula-
tion. The thermal expansion coefficient of UN fuel is considered
by the equation as follows:

o =7.096x10"¢ +1.4093x10°T (2)

The thermal expansion coefficient of B,C on six control drums is
considered by the equation as follows:

o =3.016x10"°+4.3x10°T—-9.18x10™*T? (3)
The thermal expansion coefficient of BeO reflector is consid-

ered by the equation and data given by Kozlovskii and Stankus
(2014).
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The reactivity change with the core temperature varying from
cold condition (300 K) to thermal condition (1,200 K) is shown
in Figure 8. Reactivity decreases as the temperature increases.
Reactivity is mainly caused by neutron leakage for thermal expan-
sion of the reflector. By linear fitting, the reactivity temperature
coeflicient of the designed reactor core is —1.513 pcm/K.

Core Lifetime

A code MCORE coupling MCNP and ORIGEN is used to calculate
the core life of the designed core. The thermal power is defined
2.4 MWt in the calculation. 613 depletion zones are considered
and the time step is defined 0.25a. The effective multiplication fac-
tor change during the core life is shown in Figure 9. The lifetime of
the heat pipe cooled reactor core is 14 years. Due to the depletion
of burnable poison and fast neutron breeding effect, the effective
multiplication factor increases at the beginning of life and then
deceases when burnable poison run out until the end of life.

THERMAL CALCULATION

A one-dimensional FORTRAN code is used in thermal design
and analysis of the micronuclear power source. As Figure 10
shows, a channel in active zone is defined as an area including a
heat pipe and part of the surrounding fuels, air gaps, and matrix.
One-dimensional calculation model for each channel is shown
in Figure 10.

The temperature of the active zone channels is shown in
Figure 11. Temperature distribution is consistent with the power
density distribution obtained in Section “Power distribution”
Temperature in the air gap grows significantly from the matrix to
the fuel surface. The maximum temperature of fuels is 2,203 K.
The maximum power of heat pipes is 79.1 kWt.

The temperature of thermocouple unit is also obtained by the
same code. As shown in Figure 12, temperature of thermocouple
unit varies from 924 to 1,240 K.

FIGURE 10 | Channel in active zone and calculation model.
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FIGURE 11 | Temperature of active zone channels.
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CONCLUSION

In this paper, a core of a heat pipe cooled reactor power source
applied for underwater vehicle is designed. The core featured with
2.4 MWt thermal power, lifetime of more than 10 years, and low
noise level basically fulfills the application demands. Six control
drums with B,C neutron poison have the capability of control-
ling the reactivity and keeping the reactor safe. The main design
parameters are as follows:

1) Uranium nitride fuel with 70% concentration of **U and
lithium heat pipe are adopted;

2) The maximum power peak factor is 1.42;

3) The reactivity temperature coefficient of the core is
—1.513 pcm/K;

4) The core life is 14 years operating with designed thermal
power;

5) The thermal design preliminarily satisfied the design standard.
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