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As the unique piece of heat transport equipment in a heat pipe cooled reactor, an accurate simulation of the heat pipe is helpful for understanding the real behavior of the reactor core and the reactor system. Based on the network method, an improved model for the heat pipe which considers the heat conductance in the wall, the vapor flow in the vapor space, and the liquid flow in the wick is proposed. Meanwhile, the gravity term is also added to the flow equation. Compared with the experimental results of a copper-water heat pipe, the validity of this model is verified. Then, a high-temperature sodium heat pipe of 1.0 m length is selected as the study object. Based on the analysis, it can be found that the total temperature difference of the heat pipe is 31.7 K, and the temperature drop caused by the vapor flow is only 2.6 K. As for the flow pressure drop in the heat pipe, the pressure drop is mainly concentrated in the wick region, which is 8,422.47 Pa, and the pressure drop in the vapor space is only 896.68 Pa. In cases of non-uniform heating and cooling, high heat leakage, and inclined operation, results indicate that the greater the non-uniformity of heating or cooling, the greater will be the temperature drop of the heat pipe. With the increase of heat leakage, the operating temperature of the heat pipe decreases significantly, and the total temperature drop increases. The heat pipe can operate at all positive inclination angles, but when the inclination angle exceeds[image: image], the heat pipe will reach the capillary limit, and it may be damaged. All of these results can provide support for the design and simulation of a heat pipe cooled reactor.
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1 INTRODUCTION
Benefiting from the compact structure, low weight, and high reliability, a heat pipe cooled reactor can be widely used in aerospace, mobile power stations, deep-water exploration, and other fields. Many preliminary designs of heat pipe cooled reactor systems have been proposed, such as the Kilopower system (Poston et al., 2019), the Heatpipe-Operated Mars Exploration Reactor (HOMER) system (Poston, 2001), the (Heat Pipe-Segmented Thermoelectric Module Converter (HP-STMC) system (El-Genk and Tournier, 2004), the MegaPower reactor system (McClure et al., 2015), the eVinci reactor system (Swartz et al., 2021), and the Aurora reactor (Kadak, 2017). As the unique piece of equipment of fission heat absorption, the stable operation of the heat pipe is critical for the safety of the reactor system. Operating characteristics of the heat pipe can directly affect the power variation and temperature distribution of the reactor core. The accurate simulation of the heat pipe is important for reactor simulation and reactor design.
During the operation, the phenomena of heat conductance, heat convection, evaporation, and condensation exist in the heat pipe. Figure 1 shows the basic composition and the heat transport of the heat pipe. It is composed of a wall, wick, vapor space, and insulating layer. The wick consists of a porous structure and liquefied working medium. As for the porous structure, it can be wrapped screen, sintered metal, groove, open artery, or other types. Along the axial direction, it is divided into an evaporator, adiabatic section, and condenser. When it is heated, the working medium evaporates and generates vapor flows to the condenser with the effective pressure head. Then, the latent heat released by condensation transfers to the secondary by axial heat conduction and heat convection. With the pumping head of capillarity, the liquefied working medium flows back to the evaporator, thus completing the heat transfer circulation. Because of the temperature difference between the heat pipe and the environment, there will be a certain amount of heat lost to the environment through the insulating layer. Moreover, the heat transfer capacity of the heat pipe is always limited by heat transfer limitations such as the capillary limit, sonic limit, boiling limit, and entrainment limit (Busse, 1973), (Faghri, 1995), (Levy and Chou, 1973).
[image: Figure 1]FIGURE 1 | Basic diagram of the heat pipe structure and main heat transfer process.
So far, many theoretical analyses (Tournier and El-Genk, 1994; Tournier and El-Genk, 1996; Rice and Faghri, 2007) and experimental studies (El-Genk and Lianmin, 1993; Kim and Peterson, 1995; Xu and Zhang, 2005) have been carried out. In 1965, Cotter (1965) proposed the theory of the heat pipe for the first time, which laid the foundation for theoretical analyses of heat pipes. Cao and Faghri (1991) and (Cao and Faghri, 1993a) described vapor flow using two-dimensional Navier–Stokes (N–S) equations of compressible vapor and derived mass and energy transfer equations at the vapor–liquid interface. In the early startup period of high-temperature heat pipe operations, Cao and Faghri (1993b) adopted the self-diffusion model of rarefied vapor to describe vapor flow. The Knudsen number was chosen to judge the flow type of the vapor. However, this model still assumed that there was only heat conduction in the wick region. Heat transport caused by the backflow was also ignored. Faghri and Harley (1994) presented a transient lumped formulation for heat pipes. Because of the “isothermal” characteristics of the heat pipe, Faghri et al. treated the heat pipe as a control volume with uniform temperature distribution. Although this method greatly simplified modeling, only the lumped temperature was calculated which was insufficient to understand the operation characteristics of a heat pipe. Zuo and Faghri (1998) simplified the heat transportation of a heat pipe as heat conduction, ignoring the backflow in the wick and the temperature drop in the vapor space. The network model was established. Compared with the lumped model, it took the actual process of heat transportation into consideration and could obtain more information about the operation of the heat pipe. Therefore, it was widely used for the fast calculation of heat pipe performance. However, this model could not calculate the fluid flow and pressure drop during the operation. Ferrandi et al. (2013), inheriting the basic idea of the network model, regarded vapor flow as an adiabatic flow of compressible fluid to preliminarily analyze the vapor flow. However, in this model, the heat transfer between the vapor space and the wick in the adiabatic region and fluid backflow were both ignored, leading to the incapability of calculating the real temperature distribution of the heat pipe.
In recent years, many researchers have used the computational fluid dynamics (CFD) method to simulate the heat transport characteristics of heat pipes. Alizadehdakhel et al. (2010) had investigated the effect of input heat flow and fill ratio on the performance of the thermosiphon. They showed that the CFD method was useful for calculating the complex flow and heat transfer in the thermosiphon. Annamalai and Ramalingam (2011) had analyzed the characteristics of heat pipes using ANSYS CFX. They concluded that for efficient operation of the heat pipe; the condenser surface should be exposed to circulating water with a high convective coefficient, or a higher heat transfer area is required with the addition of fins in the condenser section. Lin et al. (2013) had studied the heat transfer mechanism of a miniature oscillating heat pipe (MOHP) using ANSYS FLUENT. The volume of the fluid (VOF) model and a mixture model were used for comparison. Results showed that the mixture model was more suitable for the two-phase flow simulation in an MOHP. Boothaisong et al. (2015) had established a three-dimensional model to simulate the heat transfer on heat pipes. The governing equation based on the shape of the pipe was numerically simulated using the finite element method. Yue et al. (2018) had executed the CFD simulation on the heat transfer and flow characteristics of micro-channel separate heat pipes under different filling ratios. The CFD method can realize the three-dimensional modeling of heat pipes. Important phenomena of the two-phase flow, evaporation, condensation, and entrainment can also be simulated. However, it consumes a lot of computing resources and calculates slowly. Moreover, for different sizes and types of heat pipes, geometry establishment and mesh generation have to be carried out which means that the flexibility of the model is poor.
For heat pipe cooled reactor systems, situations of non-uniform heating and cooling, heat leakage, and inclined operation may occur. The existing models either cannot consider these factors comprehensively or have shortcomings of a low calculation efficiency. In this study, an improved model based on the network method is proposed. It realizes the fast and flexible calculation of the heat pipe performance, and it can obtain the variation of temperature, flow rate, pressure drop, and other parameters. After verifying the validity of the model by comparing with the experimental results of the copper-water heat pipe, the operating characteristics of high-temperature sodium heat pipes are analyzed in different cases. The effects of a non-uniform heat transfer, heat leakage, and gravity on heat pipe operations are discussed in detail.
2 DESCRIPTION OF THE IMPROVED NETWORK MODEL
First, both the method and main limitations of a network model are described in Section 2.1. In Section 2.2, the improved model is demonstrated, and the conservation equations of each region are established. According to the modification of this model, it can calculate the temperature distribution of the heat pipe and can obtain the flow characteristics and pressure distribution.
2.1 Network Model for Heat Pipes
Zuo and Faghri (1998) had proposed the classical network model for heat pipes in 1996 (Figure 2), which had been widely used in heat pipe cooled reactor simulation (Yuan et al., 2016). For this model, it was considered that the heat absorbed in the evaporator was transported to the condenser through heat conductance, and the temperature drop caused by the vapor flow was ignored. Meanwhile, it ignored the high-speed vapor flow in the vapor space, the fluid backflow in the wick, and the evaporation/condensation at the vapor–liquid interface. Since only six temperature variables need to be calculated, it can obtain the fast calculation of heat pipe performance. But the information on fluid flow and pressure distribution is lost.
[image: Figure 2]FIGURE 2 | Traditional network model for a heat pipe.
2.2 Improved Network Model for Heat Pipe
Figure 3 shows the node division for this improved model. To account for the non-uniform heat transfer and heat leakage, several temperature nodes are set in each region. The actual number of nodes can be flexibly adjusted based on the actual length of each region and the requirement of computational accuracy. Both the axial and the radial heat conductance are included at each node. Particularly, the heat transportation of the liquid backflow in the wick and evaporation or condensation between the wick and the vapor space are contained to realize the simulation of heat pipe operations as real as possible. Meanwhile, the gravity term is added to the flow equations to preliminarily analyze the operating characteristics under different angles of inclination. Particularly, if the fluid flow, evaporation, condensation, and heat leakage were all ignored, this model would degenerate into the network model. It should be mentioned that this model cannot be used for the transient calculation on heat pipe startups because the melting and redistribution of the working medium are not included in this model.
[image: Figure 3]FIGURE 3 | Schematic diagram of the improved heat pipe model.
To simplify the modeling difficulty, there are some assumptions: 
1) Heat conduction is two-dimensional;
2) Vapor flow is a one-dimensional, compressible, and adiabatic flow;
3) Vapor is treated as a compressible ideal gas;
4) Liquid in the wick is incompressible, and the wick volume is constant;
5) Gravity does not cause the redistribution of the working medium;
6) The temperature at the vapor–liquid interface is always the saturated temperature.
Actually, when the working medium is completely melted, there will be an accumulation of the working medium caused by gravity. The redistribution of the working medium may affect the operation of the heat pipe. Further studies will be executed to discuss the effect of gravity.
In this model, there are radial thermal resistance, axial thermal resistance, and convective thermal resistance. They are defined as follows:
[image: image]
[image: image]
[image: image]
2.2.1 Modeling in the Wall Region
Along the axial direction, the wall is divided into three regions. The Neumann boundary condition is set on the boundary surface of the evaporator. There can be different heating powers for each node. The conservation equation can be written as follows:
[image: image]
As for the wall region in the adiabatic section, there is heat conduction between the wall and the insulating layer. Thermal contact resistance between two regions is ignored.
[image: image]
Actually, if it is needed to consider the contact conductance, adding the thermal contact resistance on the radial heat transfer path between two regions is feasible (Figure 4). The thermal contact resistance can be obtained through empirical relations or contact heat transfer models (Song and Yovanovich, 1988) (Kumar and Ramamurthi, 2001).
[image: image]
[image: Figure 4]FIGURE 4 | Contact heat transfer between the wall and insulating layer.
On the condenser wall surface, the Robin boundary condition is adopted as follows:
[image: image]
For the surface temperature of the wall, the continuous heat flow criterion is used for deducing the temperature:
[image: image]
[image: image]
Thus, the surface temperature can be obtained as follows:
[image: image]
[image: image]
2.2.2 Modeling in the Insulating Layer
Similarly, the temperature nodes in this region can be increased or decreased based on the calculation requirement. Conservation equations can be obtained as follows:
[image: image]
2.2.3 Modeling in the Wick Region
2.2.3.1 Temperature Equations
Heat transfer in the wick is shown in Figure 5. It includes evaporation/condensation, radial heat conduction, axial heat conduction, and heat transport of the working medium backflow. Evaporation/condensation between the vapor space and the wick can be expressed, as shown in Figure 6. According to the assumptions (2) and (6), the vapor temperature is considered to be equal to the vapor–liquid interface temperature.
[image: image]
[image: image]
[image: Figure 5]FIGURE 5 | Heat transfer process in the wick.
[image: Figure 6]FIGURE 6 | Evaporation/condensation between the wick and the vapor space.
Heat transfer by evaporation/condensation can be obtained as follows:
[image: image]
[image: image]
[image: image]
The mass flow rate can also be obtained as follows:
[image: image]
[image: image]
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According to the assumption (4), the backflow rate in the wick core can be obtained as follows: 
[image: image]
Therefore, the energy equation can be summarized as follows:
[image: image]
2.2.3.2 Flow Equations
The wick is regarded as a porous structure. The porous medium model is used for describing the flow of the working medium. In addition, the gravity term is added in the equation as follows:
[image: image]
Definition of the liquid flow rate is
[image: image]
Combining Eq. 23 with Eq. 24 and integrating on length [image: image] we obtain the following equation:
[image: image]
In other words,
[image: image]
The permeability parameter [image: image] can be estimated using the following empirical correlation.
[image: image]
Therefore, the pressure drop caused by the flow in the wick can be solved when the flow rate is known.
2.2.3.3 Physical Parameter Calculation in the Wick
The wick is composed of a porous structure and liquefied working medium. In this model, two different materials are regarded as the equivalent material. The physical parameters such as density, specific heat capacity, and thermal conductivity coefficient can be calculated by the following formula (Bowman, 1991):
[image: image]
[image: image]
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2.2.4 Modeling in the Vapor Space
2.2.4.1 Vapor Density Equations
In the vapor space, there are evaporation, condensation, and vapor flow. Using the law of conservation of mass, the vapor density equation can be obtained as follows:
[image: image]
2.2.4.2 Vapor Pressure Equations
Based on the assumption (2), the relation between pressure and density can be obtained by the following equation:
[image: image]
So 
[image: image]
Taking this correlation into Eq. 31, the vapor pressure equation can be obtained:
[image: image]
2.2.4.3 Vapor Temperature Equations
Similarly, according to the assumptions, the relationship between the pressure and temperature can be obtained:
[image: image]
Combined with Eq. 34, the vapor temperature equation can be written as follows:
[image: image]
2.2.4.4 Vapor Flow Equations
For the vapor flow in the vapor space, it is assumed to be a one-dimensional, unsteady, and compressible laminar flow. In the N–S equation, it contains the time term, gravity axial term, convective transport term, surface friction term, and pressure gradient term. It can be seen as follows (Bowman, 1991):
[image: image]
Integrating this equation on length [image: image], it can be concluded as follows:
[image: image]
Appling Eq. 38 into the calculation of the working medium flow in the vapor space, we obtain the following equation:
[image: image]
2.3 Judgment of the Capillary Limit
At the vapor–liquid interface between the wick and vapor space, the concave vapor–liquid surface can form the pumping head of the capillarity (Figure 7). The pumping head acts as the power of the stable flow. When the heat absorption of the evaporator exceeds a certain limitation, the liquid returned by the pumping head cannot meet the required flow rate of evaporation, and the temperature in the evaporator will rise rapidly as a consequence of drying up in the wick. The heat pipe may be damaged.
[image: Figure 7]FIGURE 7 | Pumping head of the capillarity.
The maximum pumping head of the capillarity provided by the heat pipe is as follows:
[image: image]
To ensure that the heat pipe is always below the capillary limit, the following relation needs to be met:
[image: image]
According to Eqs. 26,34, the pressure drop on each flow path can be calculated. When the angle of inclination is known, Eq. 41 can be adopted to judge whether the heat pipe reaches the capillary limit.
2.4 Numerical Algorithm of the Improved Model
The presented heat pipe model can be expressed as follows:
[image: image]
Unknown variables including the temperature, density, pressure, and flow rate can be calculated as follows:
[image: image]
Methods for solving this type of differential equation can be the Euler algorithm, Runge–Kutta algorithm, linear multistep method, and so on. In this study, the implicit Runge–Kutta algorithm is used. The basic solving process of this algorithm is as follows:
[image: image]
here, [image: image], [image: image] is the transient time step, [image: image] is the weight coefficient vector, [image: image] is the node coefficient vector, and [image: image] is the coefficient matrix.
3 MODEL VALIDATION
To verify the correctness of this model, experimental results of a copper-water heat pipe (Tournier and El-Genk, 1994) (Huang et al., 1993) are chosen. The description of this heat pipe is shown in Table.1.
TABLE 1 | Basic description of a copper-water heat pipe (Huang et al., 1993).
[image: Table 1]In calculation, the effective power is regarded as the real power in the evaporator. It is assumed that the heat pipe system is well insulated, and there is no heat leakage. For the evaporator, heat source distribution is assumed to be uniform. For the condenser, the convective coefficient is constant, and the fluid temperature at the corresponding node is calculated according to the law of conservation of energy.
[image: image]
The model predictions are compared with the experimental results of Huang et al. (1993) and the calculated results using the proposed heat pipe transient analysis model (HPTAM) of Tournier and El-Genk (1994) for horizontal water heat pipes (Figure 8). Based on the experimental data, the variation of effective power in the evaporator is fitted linearly, and the fitting formula is used for describing the real change of the heating power in the model (Figure 9).
[image: Figure 8]FIGURE 8 | Original data of effective power (Tournier and El-Genk, 1994).
[image: Figure 9]FIGURE 9 | Fitted curve of effective power.
In this model, each region contains multiple temperature nodes. The arithmetic mean value of the temperature nodes in the corresponding region is selected for the comparison between these results. Figure 10 shows the temperature variation of the heat pipe with time. The curve shows the calculated results using this model, and the scatter is the measuring results by experiment. From the figure, it can be found that the calculated results are in good agreement with the experimental results. Meanwhile, it can be seen that there is little difference between the vapor temperature in the evaporator and that in the condenser. For the water heat pipe, the temperature drop in the vapor space can indeed be ignored. Figures 11, 12 show the temperature distribution in a steady state. Benefiting from the capability of describing non-uniform cooling, this model can calculate the temperature rise on the wall surface of the condenser section, causing the rise of the wall temperature. As a consequence, the correctness of this model is validated.
[image: Figure 10]FIGURE 10 | Comparison with experimental results.
[image: Figure 11]FIGURE 11 | Temperature distribution in the steady state (Tournier and El-Genk, 1994).
[image: Figure 12]FIGURE 12 | Calculated temperature distribution in the steady state.
4 CASE ANALYSIS
Four cases of standard operation, non-uniform heat transfer, heat leakage, and inclined operation are respectively carried out to analyze the operating characteristics of the heat pipe. They are also the situations that may occur during the operation of the heat pipe cooled reactor. A hypothetical high-temperature sodium heat pipe is taken as the research object. The basic description of this heat pipe is listed in Table 2. As for the physical parameters of sodium, such as density, heat capacity, thermal conductivity, enthalpy, and surface tension, they can be found in the report published by the Argonne National Laboratory (Fink and Leibowitz, 1995).
TABLE 2 | Parameter description of a sodium heat pipe.
[image: Table 2]4.1 Case With Standard Operation
In this case, it is assumed that the heat pipe is uniformly heated and uniformly cooled. The insulating layer is treated as natural convection with the environment. Figure 13 shows the temperature distribution along the heat transport path. The arithmetic mean value of the corresponding region is chosen as the characteristic temperature. The surface temperature of the wall is calculated by Eqs. 10, 11 and considers this influence on the temperature distribution of the heat pipe. From Figure 13, it can be seen that the total temperature drop of this heat pipe is 31.7 K. The temperature drop in the evaporator is more obvious than that in the condenser. It is because the shorter length of the evaporator causes higher radial thermal resistance, and the higher thermal resistance leads to a larger temperature drop.
[image: Figure 13]FIGURE 13 | Temperature distribution along heat transport path.
As shown in Figure 14, the temperature distribution in each region is generally uniform, and the temperature drop in the axial direction is mainly concentrated in the transition section between different regions. The wall temperature difference between the evaporator and the adiabatic section is 13.8 K, and the temperature difference between the adiabatic section and the condenser is 8.1 K. As for the surface temperature differences, they are 19.1 and 13.6 K.
[image: Figure 14]FIGURE 14 | Temperature distribution along the heat transport path.
Figure 15 shows the temperature distribution of the wick and the vapor space along the axial direction. The broken line represents the wick temperature distribution using the network model. In that model, the evaporation, condensation, and working medium backflow are all ignored, which means only axial heat conduction exists in the wick. Therefore, the calculated temperature distribution of the wick is linear. From Figure 15, it can be found that the results of the improved model are more reasonable. In the evaporator and condenser, there is always a temperature difference between the wick and vapor space due to the evaporation and condensation of the liquid medium. The wick temperature in the adiabatic section remains basically the same as that of the vapor space, with only a temperature difference of about 0.04 k. The reason is shown in Figure 5. Heat transfer modes in the wick include axial heat conduction, radial heat conduction, evaporation/condensation heat transfer, and heat transport of fluid backflow. In this case, the axial heat conduction is not obvious. The radial heat conduction due to heat leakage and the working medium backflow causes a heat loss of the control volume. The heat release of condensation between the vapor space and wick can compensate for such heat loss to keep the temperature constant. Because the heat loss is not obvious, the condensing flow is small, causing only a small temperature difference between the wick and the vapor space. In addition, it can be found that the temperature difference in the vapor space is about 2.6 K due to the energy dissipation caused by high-speed flow and wall friction.
[image: Figure 15]FIGURE 15 | Temperature distribution of the wall and the surface in the axial direction.
This model can also simulate the flow distribution and pressure variation during the flow circulation. In this case, it is assumed that the heat pipe is uniformly heated, and the vapor flow rate increases linearly along the axial direction (Figure 16). Because of the good insulation of the adiabatic section, the condensation in this area is negligible. When the vapor flows to the condenser, the flow rate decreases sharply because of the condensation. Figure 17 shows the pressure variation in flow circulation. Although the vapor density is lower, there is still a pressure drop of about 897.2 Pa in the vapor chamber due to the accelerated pressure drop and frictional pressure drop of the vapor flow. In the wick region, caused by the viscous flow in the porous medium, the pressure drop is about 6,159.1 Pa. Then, with the pumping head of capillarity, the pressure rises to maintain the stable flow.
[image: Figure 16]FIGURE 16 | Temperature distribution of the wick and the vapor space.
[image: Figure 17]FIGURE 17 | Mass flow rate in the vapor space.
4.2 Case With Non-Uniform Heating and Cooling
In a heat pipe cooled reactor, heating and cooling to a high-temperature heat pipe are always non-uniform. In this section, these effects on a heat pipe are preliminarily discussed. The steady-state performance of heat pipes under different boundary conditions is discussed. A detailed description of different cases is shown in Table 3.
TABLE 3 | Description of a non-uniform heat transfer boundary condition.
[image: Table 3]Figure 18 shows the temperature distribution of the wall in different cases. From the figure, it can be seen that the non-uniform boundary condition does change the temperature distribution in the corresponding regions. The actual temperature distribution is determined by the specific boundary condition. In general, the higher the heating power, the higher will be the temperature. The more the cooling power, the lower temperature will be. Meanwhile, it can be found that non-uniform heating and non-uniform cooling both lead to a larger temperature difference in the heat pipe. The greater the non-uniformity is, the larger the temperature difference will be. In case 5, the total temperature difference is 33.76 K, which is up to 19.54% compared with the standard case.
[image: Figure 18]FIGURE 18 | Pressure variation in circulation.
Combining Figures 18, 19, it can be concluded that non-uniform heating does not affect the temperature distribution of the condenser and non-uniform cooling does not change the temperature distribution of the evaporator. It is because the non-uniformity of heating or cooling does not obviously change the vapor temperature in the vapor space. For the heat transport between the evaporator and condenser, it is achieved through flow heat transfer of the vapor. The high-speed flow of the vapor can effectively eliminate the influence of non-uniform heat transfer on the operation of the heat pipe.
[image: Figure 19]FIGURE 19 | Wall temperature distribution in different cases (1).
4.3 Case With Heat Leakage
In a heat pipe cooled reactor, because of the large number of heat pipes used, heat leakage through the insulating layer will be regarded as an important part of the system’s heat dissipation. In this section, the operating characteristics of heat pipes under different heat leakage conditions are preliminarily analyzed. Because of the heat convection between the insulating layer and the environment, obvious condensation between the vapor space and the wick will exist. The latent heat released by condensation will be transferred to the environment through radial heat conduction (Figure 20).
[image: Figure 20]FIGURE 20 | Vapor temperature distribution in different cases.
In the calculations, the thermal conductivity of the insulating layer is modified to [image: image] (case 6), [image: image] (case 7), and [image: image] (case 8), respectively. Other parameters remain unchanged.
Figure 21 shows the temperature distribution of the wall in cases of high heat leakage. When heat leakage increases, the operating temperature decreases obviously. Compared with Figure 14, the increase in heat leakage leads to a temperature decrease from about 1160 to 970 K (case 8). Moreover, the heat leakage causes an obvious temperature gradient between the evaporator and the adiabatic section. Because of the poor insulation of the adiabatic section, it can be regarded as the “cold” source and the evaporator is the “heat” source. Therefore, the axial heat conduction causing a significant temperature gradient in the axial direction becomes non-negligible. As for heat conduction between the adiabatic section and the condenser, the temperature difference is inconspicuous because the heat transferred from the evaporator is mainly lost to the environment through the insulating layer rather than to the condenser, leading to a small temperature gradient. If the thermal conductivity of the insulating layer is high enough, the surface temperature in the adiabatic section will be even lower than that of the condenser, resulting in the reverse heat conduction from the condenser to the adiabatic section (cases 7 and 8).
[image: Figure 21]FIGURE 21 | Schematic diagram of heat leakage of the heat pipe.
From Figure 22, it can be found that because of the heat leakage, more condensation occurs in the adiabatic section, leading to the decrease of vapor flow in the condenser. The reduction of heat transfer in the condenser is the root cause of the temperature drop of the heat pipe. From these results, it can be concluded that it is essential to keep the heat preservation performance of the heat pipe system.
[image: Figure 22]FIGURE 22 | Wall temperature distribution in different cases (2).
4.4 Case With Inclined Operation
For mobile power stations such as the eVinci reactor, an inclined operation may occur (Figure 23). In this section, the working medium flow and temperature distribution at different inclined angles are simulated, and the capillary limit of the heat pipe is judged.
[image: Figure 23]FIGURE 23 | Mass flow rate in the vapor space.
From Table 4, the influence of gravity on the flow mainly shows in the pressure drop in the wick, but the influence on the vapor flow is not obvious. It is because the working medium in the wick is a high-density liquid, and the density of the vapor in the vapor space is low enough. When the angle is positive, gravity provides the effective pressure head for the flow, reducing the total pressure drop. The larger the inclination angle of the heat pipe, the more effective the pressure head is provided by gravity. Particularly, when the angle is [image: image], the pressure drop in the wick is less than that in the vapor space. However, when the angle is negative, the working medium has to overcome the influence of gravity. According to the calculation, when the inclination angle is −30°, the total pressure drop of the working medium exceeds the pumping head of the capillary, and the capillary limit occurs. It should be mentioned that the model is built on the assumption that gravity does not cause the redistribution of the working medium. In fact, this assumption may not be believable at a large inclined angle. When the inclined angle is large enough, the working medium will accumulate at the lower region, resulting in the increase of the working medium in the evaporator and a change in the vapor–liquid interface shape, affecting the actual heat transfer of the heat pipe.
TABLE 4 | Pressure drop and heat transfer of a heat pipe at different inclined angles.
[image: Table 4]5 CONCLUSION
The accurate calculation of heat pipes will affect the reliability of the analysis results of the heat pipe cooled reactor system. Based on the network method, an improved model is proposed. It can calculate more realistic temperature distributions and obtain information on fluid flow and pressure distribution.
For the high-temperature sodium heat pipe of 1.0 m length, based on the analysis, it can be concluded that non-uniform heating and cooling can change the temperature distribution of the heat pipe. The greater the non-uniformity is, the larger the temperature difference will be. When the heat leakage is obvious, it will not only reduce the operating temperature but also lead to a large temperature gradient between the evaporator and the adiabatic section. As for the gravity term, the influence on the flow depends on the inclination degree. When the angle is positive, gravity will provide an effective pressure head for the flow. When the angle is negative, the fluid needs to overcome its influence. When the inclination angle exceeds [image: image], the heat pipe may reach the capillary limitation, and it may be damaged.
It should be highlighted that gravity may lead to the redistribution of the working medium in the heat pipe, which is ignored in this model. In the future, numerical analyses and experimental investigations of gravity effects on heat pipes will be carried out. Coupling simulation with the reactor core will also be investigated.
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