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As one of the most promising working substances for space nuclear power sources, research on the heat transfer

characteristics of helium–xenon gas mixtures has become the key issue in focus. The ultimate goal is to improve

the heat transfer efficiency of helium–xenon mixture in space nuclear power supply.

helium–xenon gas mixture  heat transfer characteristics  enhanced heat transfer

1. Introduction

As the cause of space exploration continues to advance, the harsh space environment has placed higher demands

on space probes. If we want to take space exploration farther and farther, energy supply systems that run longer

and can provide more power are in great demand. Currently, the most widely used space power sources on space

probes are chemical, solar, and space nuclear power sources. Chemical power sources are low-cost and

technically mature, but the service life and energy density cannot meet the requirements. Solar power sources are

technically mature, reliable, and do not require fuel; however, the relatively low solar power photovoltaic conversion

efficiency demands a huge design area, which is more inconvenient and dangerous in space. In addition, solar

power sources must have solar radiation to work, and the working conditions are too demanding to be applied in

the dark and complex space environment. Therefore, there is an urgent need to develop nuclear power sources

with high energy density, strong space environment adaptability, and mobility .

Compared to other nuclear reactor types, high-temperature gas-cooled reactors have a maximum gas temperature

of over 1000 K, making them more thermally efficient and lighter in system weight. The closed Brayton thermal

cycle system has a compact structure, high operating temperature, and high thermal efficiency. Therefore, a high-

temperature gas-cooled reactor combined with a closed Brayton cycle  is one of the ideal solutions for high-

power space nuclear reactor power sources .

Many working substances are available for space nuclear power sources, among which helium, S-CO , and binary

noble gases are the most promising choice . Helium has relatively stable chemical properties, excellent

thermodynamic properties, and a small neutron cross-section. However, its small molecular weight and large

specific volume make it difficult to compress, resulting in extended sizes of pipes and heat exchangers, so it is

unsuitable for applications in space nuclear reactor power sources . The physical properties of S-CO  are

relatively stable, and almost no phase change occurs. Therefore, in thermal systems using S-CO , pneumatic

equipment such as compressors and turbines are smaller in size and easier to modularize in electric power plants,
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which is conducive to reducing the construction costs of electric power plants . However, systems using S-

CO  need to reach an extremely high temperature to achieve the desired circulation efficiency, which places high

demands on the materials of pipes, heat exchangers, and other equipment. The helium–xenon gas mixture has the

best overall performance among the binary mixtures of rare gases . If the appropriate mixing ratio is selected, its

heat transfer performance is comparable to helium or even slightly higher. In addition, the large molecular weight

and small specific volume of xenon gas results in a reduced specific volume of the gas mixture and improved

compression performance, which can reduce the number of compressor and turbine stages in the Brayton cycle

and meet the requirements of space nuclear reactors for system structure size.

Space nuclear reactor power has the intrinsic property of miniaturization and compactness, and the heat

exchanger is the leading equipment of the Brayton cycle. The equipment regenerators and condensers are large,

so a compact heat exchanger is the key to realizing the system’s integration and miniaturization. There is an urgent

need to study highly efficient compact heat exchangers with high heat transfer capacity and low pressure drop.

However, there is a contradiction between the high heat transfer power of the circulation system and the

miniaturization requirement for the heat exchanger of space nuclear power sources. Therefore, optimization design

studies of heat exchangers are needed to enhance the compactness and efficiency of space Brayton cycle

systems. In summary, the heat transfer characteristics of the helium–xenon gas mixture and the structure of the

helium–xenon gas mixture heat exchanger have an essential impact on the overall efficiency and performance of

the space Brayton cycle.

2. Enhanced Heat Transfer Technologies

The enhanced heat transfer measures can be divided into the following three types: changing the pipe shape,

enhancing heat transfer in a single pipe channel, and enhancing heat transfer in a compact heat exchanger.

2.1. Effect of Different Pipe Shapes

The numerical simulation study of Yu  obtained the heat transfer characteristics of the three structural single

channels and compared the obtained data. The model plots of these three structural single channels are shown in

Figure 1.
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Figure 1. Three models for the numerical simulation of Yu .

As shown in Figure 2, the pressure drop of the helium–xenon gas mixture in the circular coolant channel is much

smaller than that in the other two shapes of the channels, with the lowest flow losses and the best flow

performance, but its convective heat transfer coefficient is also much smaller than that in the other two channels,

with the worst heat transfer performance. The bar bundle coolant channel has the most adequate heat transfer due

to its very uneven structure, strong disturbance, intense turbulence, and poor control of radial velocity, but the flow

loss is also larger. The heat transfer performance of the annular coolant channel is slightly worse than that of the

bar coolant channel, and the pressure drop inside the channel is also higher than that of the bar coolant channel.

Therefore, the overall flow heat transfer performance of the annular coolant channel is slightly worse than that of

the bar coolant channel.

Figure 2. Pressure drop and heat transfer coefficient of the helium–xenon gas mixture in channels of different

shapes .

Huang et al.  also performed a numerical simulation of the heat transfer characteristics of a helium–xenon gas

mixture in different core coolant channels. The model and related parameters used in the study are shown in

Figure 3 and Table 1.
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Figure 3. The model used in the numerical simulation study by Huang et al. .

Table 1. Parameters of the annular coolant channel model .

The parameters of the circular coolant channel and the narrow rectangular coolant channel are basically the same

as those of the annular channel. The treatment of the different cross-sectional shapes is to control the flow area of

the helium–xenon gas mixture to be the same, from which the cross-sectional dimensions of the narrow

rectangular channel and the circular channel can be determined.

As shown in Figure 4, the numerical simulation study by Huang et al.  obtained the same conclusion, that the

heat transfer coefficient of circular coolant channels is worse than that of annular coolant channels. Numerical
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Parameter Value

d /mm 19.65

δ/mm 2.16

L/mm 1118

T /K 882

T /K 1125

v /m/s 20

P /MPa 2

P /MPa 1.991

out

in

out

in

in

out
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simulation studies of narrow rectangular coolant channels resulted in heat transfer performance that was not much

different from circular channels. Both were much worse than the annular coolant channels. In addition, Huang et al.

 also calculated the equivalent diameters of these three shapes of coolant channels, as shown in Table 2. The

smaller the equivalent diameter of the channel type, the larger the convective heat transfer coefficient of the

helium–xenon gas mixture inside the channel, so using a channel with a smaller equivalent diameter can improve

the heat transfer performance of the helium–xenon gas mixture inside the channel.

Figure 4. Variation of convective heat transfer coefficient with channel shape in the coolant channel for helium–

xenon gas mixture .

Table 2. Comparison of the equivalent diameters (d ) of the three coolant channels .

2.2. Enhanced Heat Transfer in Single Tube Channel
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Types of Coolant Channels S/10  m d /mm

Annular coolant channel 1.48 4.32

Circular coolant channels 1.48 13.39

Narrow rectangular coolant channels 1.48 7.22
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Chen et al.  investigated the effect of setting the filament winding structure inside the core circular coolant

channel and its different parameters on the heat transfer characteristics of the helium–xenon gas mixture by

numerical simulation. The physical model, boundary conditions, and experimental working conditions are shown in

Figure 5 and Table 3 and Table 4.

Figure 5. Physical model for numerical simulation of Chen et al. .

Table 3. Boundary conditions for the numerical simulation of Chen et al. .

Table 4. Working conditions of the numerical simulation of Chen et al. .
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Parameter Value

T /K <1200

T /K <1800

q/kW/m 60

v /m/s 10~27

p/MPa 1.5~2.5

out

w

2

in

[15]

Conditions P/d D /d d /d

Condition 1 30.30 0.3 1.8

Condition 2 18.18 0.3 1.8

Condition 3 9.09 0.3 1.8

w 0
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As shown in Figure 6, with the filament winding structure, the Fanning friction factor and the frictional resistance of

the helium–xenon gas mixture in the channel both increase. The increase in Reynolds number, which is also an

increase in velocity, leads to a decrease in the Fanning friction factor. The larger the filament diameter and the

smaller the pitch, the higher the Fanning friction factor due to the more intense disturbance. As shown in Figure 7,

the filament winding structure could enhance the convective heat transfer of the helium–xenon gas mixture only

under certain conditions. The larger the filament winding pitch and the larger the diameter, the worse the heat

transfer characteristics. Under certain filament winding structure conditions, the presence of filament winding will

lead to the deterioration of heat transfer characteristics. In the above analysis, smaller diameter and moderate pitch

filament winding can fix the fuel rod with filament winding; at the same time, the flow characteristics do not

deteriorate too much, and the heat transfer characteristics are slightly enhanced.

Figure 6. Variation of Fanning friction factor with filament winding parameters .

Figure 7. Variation of Nusselt number with wire winding parameters .

Conditions P/d D /d d /d

Condition 4 30.30 0.25 1.8

Condition 5 30.30 0.15 1.8

w 0

[15]

[15]
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2.3. Enhanced Heat Transfer in Compact Heat Exchanger

Yang and Huo  studied the heat transfer characteristics of high-temperature helium–xenon gas flow in the PCHE

(Printed Circuit Heat Exchanger) microchannel using numerical simulations, with a maximum working temperature

of about 1000 K. The study showed that the helium–xenon gas mixture has approximately the same heat transfer

characteristics in the rectangular cross-section flow channel designed for the fine engraving process and the

semicircular cross-section flow channel designed for the etching process. However, the pressure drop of the

workpiece in the flow channel of the fine engraving process is 40% smaller than that of the etching process. The

mass of the heat return heat exchanger is also reduced by 17%, so the overall performance of the fine engraving

process design is better than the etching process. The physical model, initial boundary conditions, and calculation

results calculated in the literature are shown in Figure 8 and Table 5 and Table 6. In addition, the literature also

investigates the effect of setting up interconnecting channels on the heat transfer characteristics, and the results

show that setting up interconnecting channels does not enhance heat transfer.

Figure 8. PCHE model for numerical simulation of the fine engraving process and etching process by Yang and

Huo .

Table 5. Boundary conditions for single-channel heat transfer calculations by Yang and Huo .
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Parameter Value

G/g/s 0.2125

T /K 961

T /K 516

P /MPa 1.15

P /MPa 2.1

hot,in

cold,in

hot,in

cold,in
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Table 6. Results for single-channel heat transfer calculations by Yang and Huo .

In summary, there are few studies on the enhanced heat transfer technology for helium–xenon gas mixtures, and

the research content is not systematic and in-depth enough to provide a reference for the enhanced heat transfer

technology for helium–xenon gas mixtures. In order to promote the research progress, we can refer to more

literature related to heat transfer structure to obtain more research ideas .
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