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Micro HPR power source is featured with lower 
noise level, higher power output, longer lifetime than 
conventional power sources. It could be applied for the 
energy system of space or undersea vehicles. The HPR 
power source is considered as an ideal candidate for the 
space and underwater reactor concept. In this paper, a 
120kWe lithium HPR power source applied for multiple 
use is neutronics designed. Uranium nitride fuel with 70% 
enrichment and lithium heat pipe are adopted in the 
reactor core. Tungsten and water are used as shields on 
both sides of the core. The reactivity is controlled by 6 
control drums with B4C neutron absorbers. Monte Carlo 
code MCNP is used to obtain kinetics parameters, the 
power distribution, shield analysis, reactivity coefficient 
and core criticality safety. A code MCORE coupling 
MCNP and ORIGEN is used to analysis the fuel depletion 
characteristics of the designed reactor core. A 14-year 
once-through fuel cycle is adopted according to 
optimization analysis. Overall, the designed core 
parameters preliminary satisfy the safety requirements 
and the rector is neutronics safe. This work provides 
reference to the design and application of the micro 
nuclear power source. 

I. INTRODUCTION 

Micro nuclear power source could be applied to the 
energy systems of space station and underwater vehicles. 
The future demands of multipurpose micro nuclear 
reactor power source are as follows: more compact 
structure; higher energy density; longer lifetime; higher 
power output and higher reliability. Compared with the 
conventional energy systems such as storage battery, fuel 
cell and Stirling engine, micro nuclear power source 
featured with high energy capacity, high power output, 
core lifetime of more than 10 years and strong 
adaptability to environment is much better meet the future 
demands of energy systems for multiple use. 

There are two types of micro nuclear power source 
[1]: 1) isotope generator which convert decay heat into 
electricity; 2) nuclear reactor power source which convert 
fission heat into electricity. According to the neutron 
energy spectrum, micro nuclear reactor can be divided 
into thermal reactor, epithermal reactor and fast reactor; 
according to the coolant, micro nuclear reactor can be 
divided into heat pipe cooled reactor (HPR), liquid metal 
cooled reactor and gas cooled reactor etc. Nuclear reactor 

is widely used in submarines. After the World War II, the 
USA and the USSR started to conduct researches relevant 
to nuclear submarine equipped with liquid metal fast 
reactor. The USSR focused lead-bismuth cooled fast 
reactor and put it into application. Up to now, many 
theoretical and experimental researches about lead or 
lead-bismuth cooled reactor have been conducted [2]. 

Compared to other types of reactors, heat pipe cooled 
reactor is featured with significant advantages as follows: 

1) High pressures are undesirable for underwater 
power source, because it makes the system more heavy 
and complex. Heat pipe cooled reactor creates a much 
lower-pressure gradient than LWR or gas cooled reactor, 
which have to operate at high pressure to attain better 
thermal properties. 

2) For reactors with liquid or gas coolant, a break of 
coolant pipes could lead to severe accidents to the nuclear 
reactor, such as LOCA [3]. Such severe accidents do not 
occur in a HPR system. 

3) Water or liquid metal cooled reactor need active 
components such as pumps. Heat pipe cooled reactor with 
fewer movable parts produces lower noise level. 

4) In HPR, each heat pipe works independently. 
When a single heat pipe fails, heat would be transferred 
out of the reactor core by other adjacent heat pipes, 
instead of causing severe damage to the reactor core [4]. 

5) Moreover, HPR is featured with high reliability, 
minimum maintenance requirements, and well property of 
thermal transient feedback.  

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, and low noise level 
could be widely adopted in the energy systems of 
underwater vehicles. 

HPR has already been widely researched, as shown in 
Table 1. Various micro heat pipe cooled reactor power 
sources for space missions have been designed in the 
United States. For instance, HOMER [5] is a series of 
heat pipe cooled reactors applied for the moon and mars 
missions, featured with UN or UO2 fission fuel, and the 
uranium enrichment is more than 90%. Potassium or 
sodium heat pipes are adopted as cooling method. Stirling 
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engine is used to generate electricity of 3kWe for 
HOMER-15 and 25kWe for HOMER-25. The 
thermoelectric conversion efficiency of the HOMER 
power sources is more than 20%. Martian surface reactor 
[6] (MSR) is another micro heat pipe cooled reactor 
power source designed by USA, featured with electrical 
power of the scale of hundred kilowatts. Lithium heat 
pipes and thermoelectric generator (TEG) are adopted in 
the reactor power source with thermal power of 1.2MWt 
and efficiency of more than 10%. SAIRS [7] is a kind of 
sodium heat pipe cooled fast reactor controlled by drums 
and featured with electrical power of 100kWe. And alkali 
metal thermoelectric converter (AMTEC) with 
thermoelectric conversion efficiency reaches more than 
30% is adopted. LEGO-LRCs [8], controlled by control 

rods, is a sodium heat pipe cooled fast reactor with 
Stirling engine, producing a 30kWe electricity. SAFE-400 
[9] is a HPR system featured with Brayton cycle, 
producing 400kWt thermal power. China institute of 
atomic energy has proposed a series heat pipe cooled 
reactors for space missions, such as the mars surface 
power plant [10], and the lunar surface power plant 
HPCMR [11], etc. KRUSTY, designed by NASA, is a 
kilowatt-class HPR with Stirling engine for space 
missions [12], and the ground testing was conducted in 
2017 [13]. Micro nuclear reactor power source for 
undersea working condition has already been researched 
theoretically and experimentally. 

 

TABLE I. Several heat pipes cooled reactor power sources. 

Name Heat pipes 
Working 

fluid 

Thermoelectric 
conversion 

Waste 
heat 

discharge

Control method Power 
(kWe) 

Efficiency 
(%) 

Specific 
power 

(We/kg) 
SAIRS Sodium AMTEC Heat 

pipe 
radiator 

Control drums 100 18.5-22.1 29.7-34.8 
HP-STMCs Lithium Thermocouples Control drums 110 6.7 25.8 

MSR Lithium Thermionic Control drums 100 >10 15.4 
LEGO-LRCs Sodium Stirling engine Control rods 30 25 11.2 
HOMER-15 Sodium Stirling engine Control drums 3 20 3.9 
HOMER-25 Potassium Stirling engine Control drums 25 26.5 11.7 
KRUSTY Sodium Stirling engine Control rod 1-10 23 2.5-6.5 

 

Based on a literature review about the design and 
application of HPRs, a micro nuclear reactor power 
source applied featured with 120kWe electrical power 
output and a lifetime of more than 10 years is conceptual 
designed, as the Figure 1 shows. Lithium heat pipes 
cooled core, 6 control drums, tungsten and water radiation 
shields are adopted in this power source. Monte Carlo 
code MCNP and a code MCORE coupling MCNP with 
depletion code ORIGEN are used to preliminarily 
calculate the design parameters, and analyze the criticality 
safety features as well as depletion features of the design 
scheme. 

 
 

Fig. 1. Structure of micro nuclear reactor power source 

II. SYSTEM DESIGN 

The HPR power source consists of the following 
parts: active zone, control mechanism, shield, heat pipes 
and thermoelectric generator (TEG). The core of HPR 
power source is a fast reactor with thermal power of 
2.4MWt, and its structure is shown in Figure 2. In this 
core, UN cermet fission fuel is adopted. Due to the high 
temperature (up to 1200K), lithium heat pipe with 

working temperature of more than 1000K is adopted as 
the main cooling method. It should be mentioned that 6Li 
has a large neutron capture cross-section. Although its 
natural abundance is 7.5% in atom fraction, 6Li brings a 
considerable impact on core reactivity. In order to reduce 
such neutronics impact, 7Li with high enrichment is 
adopted in heat pipes. Figure 3 shows the design 
parameters of fuels and heat pipes. High enriched 
uranium nitride (with 70% concentration of 235U) 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, and a coating of Gd2O3 
burnable poison is on the inner surface of the barrel. The 
barrel is surrounded by 6 control drums with 10B4C 
absorber material and a BeO reflector. BeO reflectors are 
used to moderate and reflect neutrons back to the active 
zone. Reactor core is stored in a cylinder Mo-14Re alloy 
vessel. Mo-14Re alloy is adopted for its high melting 
point of more than 3000K, much higher than the operating 
temperature of the core. Because non-nuclear devices can 
be placed in both sides of the power source, shields must 
be set in the both sides of reactor core. In the designed 
HPR power source, tungsten and water are adopted as 
shields for γ ray and neutrons. Heat pipes bypass the 
shield and are inserted into the TEG, which is cooled by 
water and convert heat conducted from heat pipes into 
electricity of about 120kWe.  
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Figure 4 shows the flowchart of in the HPR system. 
In Figure 4, the red arrows represent the heat transfer. The 
brown arrows represent radiation. The blue arrows 
represent cooling water in TEG and the green arrows 
represent the energy conversion in thermocouple 
conversion units. Heat generated by fission materials is 
conducted by heat pipes to the TEG. Thermocouple 
conversion units, with efficient of about 5% (based 
design), convert heat into electrical power that can be 
used by the system devices. Cooling water takes away the 
waste heat, then partly flow into the water shield while 
the majority is discharged through the outlet of cooling 
water. The core reactivity is controlled by means of 
burnable poison and 6 control drums. 

 

Fig. 2. Structure of HPR core 

 

Fig. 3. Design of fuels and heat pipes 

 
Fig. 4. Heat transfer flowchart of HPR power source 

III. CONCLUSION 

Comprehensively considering the design 
requirements of the power source, such as small mass and 
volume, high power output, large capacity, long lifetime, 
low noise level, criticality safety features, 
maneuverability and reliability, a micro nuclear power 
source with heat pipe cooled fast reactor, electrical power 
of 120kWe, and lifetime of 14a, is neutronics designed. 
UN fission fuel with 70% enrichment of 235U, lithium heat 
pipes, 6 control drums and TEG are adopted. TEG could 
effectively reduce the noise level compared with dynamic 
conversion. 
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