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Differing from the traditional Pressurized Water Reactor (PWR), heat pipe cooled reactor adopts the high-temperature heat pipes to transport fission heat generated in the reactor core. Therefore, the basis of coupling calculation on this type of reactor system is to have a suitable model for high-temperature heat pipe simulation. Not only is it required that this model can well describe the transient characteristics of heat pipe, but it should be simple enough to reduce the computational resource. In this paper, the super thermal conductivity model (STCM) for high-temperature heat pipe is proposed for this purpose. In this model, heat transport of vapor flow is simplified as high efficiency heat conductance. Combined with the network method, the evaporation rate, the condensation rate, and the flow rate in the wick region can be preliminarily obtained. Using recommended equations to calculate the heat transfer limitation, this model can realize the safety judgment of heat pipe. The heating system for high-temperature heat pipe is established to validate this model. The heating experiments with different heating powers is tested. Then, this model is applied on the numerical calculation of Kilowatt Reactor Using Stirling TechnologY (KRUSTY) reactor. In the steady state calculation, the results show that the temperature distribution on contact surface between fuel and heat pipe is nonuniform, which will lead to higher peak temperature and temperature difference for the reactor core. In the transient calculation, the load-following accident is chosen. Comparing with the experimental results, the applicability of the proposed model on heat pipe cooled reactor is verified. This model can be used for heat pipe cooled reactor simulation.
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1 INTRODUCTION
Alkali metal has the characteristics of having a high boiling point and large latent heat of vaporization. Heat pipes using alkali metal can realize efficient heat transport in special environments with high temperature (Faghri, 2014). Wicks with a porous structure can generate an effective pressure head at the vapor-liquid interface, maintaining the stable circulation of working medium (Reay et al., 2013). Due to these characteristics, high-temperature heat pipe is widely used for the design of heat pipe cooled reactor systems. So far, proposed conceptual designs of heat pipe cooled reactor systems include the kilopower reactor system (McClure et al., 2020a), the Heatpipe-Operated Mars Exploration Reactor (HOMER) system (Poston, 2001), and the Heat Pipe-segmented Thermoelectric Module Converters Space Reactor (HP-STMCs) system (El-Genk and Tournier, 2004). This type of reactor system has the advantages of having a compact structure and high safety. It can be used as a mobile nuclear power system or space nuclear system for portable and efficient energy supply (Yan et al., 2020).
Figure 1 shows the basic constitution of a heat pipe cooled reactor (Mcclure, 2015). Heat generated in the reactor core is absorbed by high-temperature heat pipes. Then it is released in the primary heat exchanger through the heat convection between heat pipes and coolant in the secondary system. When the reactor shuts down, decay heat can be taken out of the reactor core through the decay heat exchanger. In general, due to the nonuniformity of reactor power distribution and the directionality of coolant flow in the heat exchanger, the actual heat transport and temperature distribution of each heat pipe are different. Meanwhile, to ensure the safety of heat transport, there are a large number of high-temperature heat pipes in the reactor core. The complex two-phase flow and heat transfer also brings challenges to the numerical calculation of heat pipe. For heat pipe models using the analysis on heat pipe cooled reactors, it is hoped that it can describe the transient behavior of heat pipes well, and it should be simple enough to reduce the computational resources as much as possible.
[image: Figure 1]FIGURE 1 | Basic constitution of a heat pipe cooled reactor (Mcclure, 2015).
So far, there have been many studies on the numerical analysis of high-temperature heat pipe (Costello et al., 1986; Cao and Faghri, 1991; Cao and Faghri, 1992; Tournier and El-Genk, 1992; Vasiliev and Kanonchik, 1993). Before the 1990s, computing power was limited, so the complex physical phenomena that existed in heat pipe could not be simulated in detail. Therefore, the heat pipe models at this period were based on some reasonable assumptions. For example, the vapor flow in vapor space was assumed to be one-dimensional, while heat conductance in solid region was treated as two-dimensional. The backflow in wick subregion was ignored. During this period, several typical models for heat pipe were put forward successively, including the self-diffusion model (Cao and Faghri, 1993a), the plat-front model (Cao and Faghri, 1993b), the network model (Zuo and Faghri, 1998), and the improved network model (Ferrandi et al., 2013). These models were applied for the simulation of heat pipe cooled reactor (Yuan et al., 2016; Liu et al., 2020; Ma et al., 2020; Wang et al., 2020). However, there are limitations to using these models. For example, the network model cannot consider the nonuniform heat transfer between the heat pipe and the environment. Both the self-diffusion model and the plat-front model consider the two-phase flow and heat transfer in the pipe. During startup, the drastic variation of vapor density, pressure, and velocity may lead to numerical instability.
With the development of high-performance computers, there are more studies on heat pipe simulation using the CFD method (Annamalai and Ramalingam, 2011; Asmaie et al., 2013; Lin et al., 2013; Yue et al., 2018). Using commercial codes such as FLUENT and CFX, the modeling difficulty can be greatly simplified, and built-in advanced numerical algorithms can ensure the stability of numerical calculation as much as possible. The physical processes such as heat conduction, evaporation, condensation, and vapor flow in the heat pipe can be modeled and calculated. CFD modeling and calculation have gradually become the main method for heat pipe analysis. It should be noted that the two-phase flow simulation using CFD method requires large amounts of computing resources. Moreover, for the numerical analysis of heat pipe cooled reactor, more attention should be paid to the heat absorption capability, the temperature variation and distribution, and the operating safety of heat pipe. Phenomena such as vapor flow and vapor-liquid interface shape variation are not important for the safety analysis of heat pipe cooled reactor.
To meet the requirements of heat pipe cooled reactor simulation, the super thermal conductivity model (STCM) is proposed. The heat transport of vapor flow is simplified as high efficiency heat conductance. Combined with the network method, the evaporation, condensation, and backflow can be obtained (Ferrandi et al., 2013). The experimental system for high-temperature heat pipe is established to verify the proposed model. It is then used for the simulation on KRUSTY reactor to discuss the applicability of this model and the characteristics of this type of reactor system.
2 MODEL DESCRIPTION
The model proposed in this paper ignores the two-phase flow and capillary phenomenon in heat pipe, as it simplifies the heat transport caused by vapor flow into high-efficiency heat conductance. Using the network method, the flow of working medium is approximately accounted for. Combined with the recommended heat transfer limitation model (Busse, 1973; Levy, 1968; Deverall et al., 1970; Tien and Chung, 1979), the fast calculation of heat pipe performance and the evaluation of heat pipe safety are realized.
2.1 Network Model
Network model was proposed by Zuo and Faghri (1998); the schematic diagram of this model is shown in Figure 2. Zuo ignored the temperature drop caused by the vapor flow and considered that the temperature drop of the heat pipe was mainly caused by the heat conduction in wall and wick. In addition, Zuo ignored the energy transport caused by the backflow of working medium in wick. Zuo divided the heat pipe into several subregions, and the lumped temperature was used to represent the real temperature of specific subregions. The three-dimensional temperature distribution in each subregion cannot be calculated.
[image: Figure 2]FIGURE 2 | The network system for heat pipe operation.
2.2 Proposed Model
In this paper, the proposed model simplified the heat transport into multi-region heat conduction. The equation that needs to be solved is the differential equation of heat conduction (Eq. 1):
[image: image]
where [image: image] is the density, [image: image] is the specific heat capacity, [image: image] is the temperature, [image: image] is the thermal conductivity coefficient, and [image: image] is the volumetric heating source.
For heat pipe, it includes the wall, the wick, and the vapor space. The key to the realization of this model is to determine the thermophysical parameters and heating source of each subregion.
2.2.1 Wall Subregion
Wall is usually a cylindrical closed shell made of metal. The thermophysical parameters required to solve Eq. 1 are the physical parameters of the corresponding metal. Generally, there is no heat source in wall, and the heat transfer between heat pipe and environment can be described using suitable boundary conditions. Three boundary conditions (Eqs 2–4) can be selected for heat transfer:
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where [image: image] is the heating source, [image: image] is the surface area, [image: image] is the convective coefficient, [image: image] is the surface temperature of wall, and [image: image] is the environment temperature.
2.2.2 Wick Subregion
Wick is composed of a porous structure and liquified working medium. Forms of it include channels, screen, and concentric annulus (Reay et al., 2013). This subregion is usually regarded as the compound material. The thermophysical properties are determined by two materials. For example, for wick with a mesh type, the density, specific heat capacity, and thermal conductivity can be approximately described by Eqs 5–7 (Chi, 1976).
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[image: image]
[image: image]
[image: image] is the density, [image: image] is the heat capacity, [image: image] is the thermal conductivity coefficient, [image: image] is the porosity, the subscripts of [image: image] means the equivalent value, [image: image] means the fluid value, and [image: image] is the wick mesh value.
During the operation of heat pipe, liquified working medium in wick will return from condenser to the evaporator. The backflow of working medium is treated as a heating source in a differential equation of heat conduction. Based on the network method, Ferrandi et al. (2013) proposed a simplified method to consider the evaporation, condensation, and backflow (Figure 3). Based on the temperature field calculated at the latest time, the value of each temperature node can be obtained. Combined with the thermal resistance, the evaporation and condensation at vapor-liquid interface can be obtained:
[image: image]
where [image: image] is the vapor mass flow rate at vapor-liquid interface, [image: image] is the temperature in wall subregion, [image: image] is the temperature in vapor space, [image: image] is the thermal resistance, and [image: image] is the vapor enthalpy.
[image: Figure 3]FIGURE 3 | Backflow calculation using network model.
Moreover, it is assumed that the fluid circulation is always constant, so backflow in wick can be obtained based on the mass conservation:
[image: image]
Heating source in wick is:
[image: image]
[image: image] is the liquid mass flow rate in wick subregion, [image: image] is the liquid enthalpy, and [image: image] is the subregion volume. Once the mass flow rate is known, the flow pressure drop in wick subregion can also be obtained:
[image: image]
For permeability parameter [image: image]:
[image: image]
[image: image] is the dynamic viscosity, [image: image] is the length, [image: image] is the density, [image: image] is the porosity, [image: image] is the outer radius of wick, [image: image] is the inner radius of wick, [image: image] is the capillary radius, [image: image] is the acceleration of gravity, and [image: image] is the inclined angle.
2.2.3 Vapor Space Subregion
For vapor space, the density and specific heat capacity of vapor are the physical parameters of alkali metal (Fink and Leibowitz, 1995; Ohse, 1985; Lee et al., 1969). Therefore, for heat conduction calculation of vapor space, the key is to solve the equivalent thermal conductivity of this subregion.
Firstly, the pressure drops in the evaporator, adiabatic section, and condenser are calculated (Busse, 1967; Reid, 2002; Li et al., 2015).
[image: image]
For evaporator:
[image: image]
The friction coefficient [image: image] can be divided into:
[image: image]
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The axial Reynolds number is:
[image: image]
The velocity profile correction factor [image: image], is the function of the radial Reynolds number:
[image: image]
The radial Reynolds number is:
[image: image]
where [image: image] is the heating power, [image: image] is the latent heat of vaporization, [image: image] is the diameter of vapor space, [image: image] is the dynamic viscosity, and [image: image] is the length of evaporator.
For the adiabatic section:
[image: image]
For the condenser:
[image: image]
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The velocity profile correction [image: image] is:
[image: image]
[image: image] is vapor velocity, [image: image] is the length of adiabatic section, and [image: image] is the length of condenser.
Combining Eq. 14, Eqs 21–23, the total pressure drop can be determined.
It is assumed that vapor in vapor space and liquified working medium in wick are homogeneous. The Clausius-Clapeyron equation is chosen to describe the relationship between temperature and pressure (Brown, 1951):
[image: image]
Changing Eq. 25 into the differential form:
[image: image]
The heat transfer length along the axial direction is selected as the effective length of heat pipe (Reay et al., 2013):
[image: image]
Combining Fourier’s Law, the equivalent thermal conductivity in vapor space can be obtained:
[image: image]
2.3 Heat Transfer Limitations
During the operation of heat pipe, the possible heat transfer limitations include the viscosity limit, the sonic limit, the entrainment limit, and the capillary limit. When the heat transfer limitations occur, the heat transfer capacity of heat pipe will significantly reduce. In this model, the recommended equations for heat transfer limitations are adopted (Busse, 1973; Levy, 1968; Deverall et al., 1970; Tien and Chung, 1979):
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[image: image] is the vapor pressure, [image: image] is the cross-sectional area of vapor space, [image: image] is the specific ratio, [image: image] is the gap constant, [image: image] is the surface tension coefficient, [image: image] is the capillary radius, [image: image] is the angle of inclination, [image: image] is the friction coefficient of liquified working medium, and [image: image] is the friction coefficient of vapor.
During the transient calculation, each limiting power will be calculated using Eqs 29–32. If the calculated value is less than the heating power, the heat transfer limitation will be deemed to occur, and it is assumed that the heat pipe will be damaged. In the future, further numerical analysis and experimental studies will be carried out to investigate the real characteristics of heat pipe when the heat transfer limitation occurs.
3 MODEL VALIDATION
3.1 Heating System for Heat Pipe
To verify the proposed model, a heating system for high-temperature heat pipe is built (Figure 4). It includes the iron-chrome wire heater, the holding device, the angle controlling derive, and the temperature data collection. The iron-chrome wire heater can provide a maximum heating power of 4000 W. To reduce heat leakage as much as possible, the evaporator and the adiabatic section are both wrapped by an insulating layer with aluminum silicate wool.
[image: Figure 4]FIGURE 4 | Schematic diagram of heating system.
The sodium heat pipe with 1.0 m length is selected as the experiment object. The main parameters of this heat pipe are listed in Table. 1. To ensure the accuracy of temperature data, the groove with 1 mm depth is processed in wall. Using a high-temperature adhesive, all K-type armored thermocouples are fixed in the groove (Figure 5A). Then, they are fixed with the high-temperature adhesive tape. Particularly for the thermocouples in the evaporator, to reduce the effect of heating on temperature measurement, when winding the iron-chrome wire, all the measuring points are bypassed. Ten thermocouples are arranged along the axial direction; the layout position for each thermocouple is shown in Figure 5B.
TABLE 1 | Parameter description of sodium heat pipe.
[image: Table 1][image: Figure 5]FIGURE 5 | Heat pipe processing for heating experiments. (A) Grooving processing on heat pipe surface. (B) Temperature sensing point arrangement along the axial direction.
3.2 Validation of Propose Model
To simplify the experiment, the heat pipe is kept horizontal and is cooled by the natural convection of air. The three-dimensional CFD model of the experimental system is shown in Figure 6, which includes the sodium heat pipe, the electric heater, and the insulating layer. The electric heater is simplified as the thin layer with a thickness of 2 mm, and the heating source is set in this layer as equivalent to an electrical heating. The natural convection between the insulating layer and environment causes heat leakage, and the convective heat transfer coefficient can be determined by Eqs 33, 34. Considering the high temperature of the condenser section, not only the natural convection, but the radiation heat transfer also exist. For radiation of wall, it is treated as the radiant heat transfer to infinite space (Eq. 35).
[image: image]
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where [image: image] is the Nusselt number, [image: image] is Grashof number, [image: image] is the Prandtl number. [image: image] is the emissivity of material, and [image: image] is the Stefan-Boltzmann coefficient.
[image: Figure 6]FIGURE 6 | Three-dimensional CFD model of the experimental system.
During the experiment, heat pipe is firstly heated to 1200 W to ensure the full startup of heat pipe. Then, the temperature is recorded with the increase of heating power. Figure 7A shows the surface temperature distribution with different heating powers, and Figure 7B shows the temperature variation of heat pipe with time. In these figures, the curve represents the calculated results using this model, and the scatter points represent the results measured by the experiment. According to the comparison, it is found that the temperature calculated by this model differs little from the experimental results. This model can well predict the transient characteristics of high-temperature heat pipe, and the correctness of the proposed model is verified. The difference between two results can be approximately considered to be caused by the uncertainty of parameters used in the model and the uncertainty of the experimental system. Generally, the convective heat transfer coefficient obtained from equation (Eq. 33) is not completely equal to the real value. The uncertainty of boundary conditions will directly lead to the deviation of calculated temperature. Meanwhile, the nonstandard operation during the experiment will also lead to uncertainty of the results. The uncertainty of an experimental system is inevitable. From Figure 7B, it can also be seen that with the continuous increase of heating power, operating temperature of heat pipe will be higher, resulting in the faster response of heat pipe. When heating power is 1600 W, it takes about 13 min to enter the quasi-steady state; when heating power is 3000 W, it takes only about 7 min.
[image: Figure 7]FIGURE 7 | Model verification with experimental results. (A) Temperature distribution of heat pipe (B) Wall temperature variation with time.
Figure 8A shows the variation of total temperature difference of heat pipe under the different heating power conditions. When the heating power is low enough, more power leads to the larger temperature difference. This is because that both the temperature drop caused by vapor flow and the temperature gradient caused by heat conduction will increase with the increase of power (Figures 8, 9). When the heating power is high enough, the increase of total temperature difference will become inconspicuous, which means heat pipe has entered the optimal working range. Even if the power is high enough, generated vapor can quickly transport heat to the condenser, meaning the heat pipe shows excellent isothermal property and efficient heat transfer capability.
[image: Figure 8]FIGURE 8 | Calculated results using proposed model. (A) Temperature difference with different heating power. (B) Mass flow rate with different heating power.
[image: Figure 9]FIGURE 9 | Temperature distribution of heat pipe (3000 W).
This model does not directly calculate the vapor flow in the vapor space, however, the evaporation, the condensation, and vapor flow rate can be obtained using the simplified method mentioned in Section 2.2.2. The greater the power, the more evaporation and the greater vapor flow in vapor space. From Figure 8B, it can also be found that although there is an insulating layer wrapped outside the adiabatic section, the high-temperature vapor will still be partially condensed in this section, resulting in the reduction of vapor flow rate in vapor space. It can be predicted that if heat pipe is not well insulated, a considerable part of the heat will be transferred to the environment through the adiabatic section, leading to the decrease in heat transfer efficiency of the heat pipe.
4 APPLICATION OF PROPOSED MODEL
In this section, the proposed model will be used for numerical simulation of KRUSTY reactor. The applicability of this model will be discussed. The characteristics of this reactor are also discussed.
4.1 Reactor Description
The typical heat pipe cooled reactor named KRUSTY is chosen as the research object. It is the prototype reactor to evaluate the performance of Kilopower reactor system (Poston et al., 2020; Sanchez et al., 2020; McClure et al., 2020b) The composition of KRUSTY reactor is shown in Figure 10. It includes the U-Mo fuel, the BeO reflector, the control rod, the shielding layer, the Na heat pipes, the vacuum vessel, the lift table, and the Stirling generators. The thermal power of the reactor is 5.0 kW. In total, eight sodium heat pipes are used to transport heat to the generators. The Stirling cycle is adopted to generate 1kW electric power. To simplify the modeling, the lift table and support structure are all ignored; only the reactor is established (Figure 11). The Stirling generators are also ignored, the operation of generators is approximated by setting reasonable boundary conditions of the condenser section of heat pipes.
[image: Figure 10]FIGURE 10 | Detailed view of the KRUSTY reactor system (Poston et al., 2020).
[image: Figure 11]FIGURE 11 | Geometric model for KRUSTY reactor.
The outer surface of the reactor always maintains natural convection with the environment. During the steady state analysis (section 4.2), the boundary of the condenser section is set as the fixed temperature. During the load-following analysis (section 4.3), it is set as the fixed temperature gradient.
4.2 Steady State Analysis
In this section, the steady state of KRUSTY reactor system is investigated. Both the proposed model in this paper and the network model are adopted. The boundary temperature of the condenser of heat pipes is set as 1,052.0 K, and the fission power is set as 5.0 kW. Figure 12 shows the fuel temperature distribution using the proposed model and network model. For network model, lumped temperature is used to represent the temperature distribution of a specific subregion. Temperature on the contact surface between fuel and heat pipe is always consistent. However, the proposed model can consider the nonuniformity of temperature on contact surface. Compared with the results using network model, the peak temperature of fuel increases from 1,087.6 k to 1,090.8 k, and the total temperature difference increases from 14.4 k to 21.2 k. For KRUSTY reactor, the operation is sensitive to fuel temperature, so the slight variation of temperature may cause an obvious change in fission power. Therefore, it is important for the numerical calculation of heat pipe cooled reactor to obtain the accurate temperature distribution as much as possible. Moreover, for reactor systems with higher power density and more complex heat pipe arrangement, it can be expected that the temperature non-uniform effect of the contact surface will have a more significant impact on the operation of the reactor.
[image: Figure 12]FIGURE 12 | Calculated temperature distribution of reactor core. (A) Proposed model. (B) Network model.
The reason for this phenomenon is the uneven power distribution in space. Figure 13 shows the axial distribution of power density obtained by Monte Carlo code RMC. Because of the large aspect ratio of this reactor, the power density presents the distribution of a large value in the middle and a small value on both sides. For reactor systems with a solid attribute, heat conductance is the only way for heat transfer. Based on Fourier’s law, higher heat flux will lead to a larger temperature gradient, resulting in non-uniformity of temperature distribution on the contact surface. It directly affects the actual temperature distribution of the core (Figure 13). From Figures 12–14, it can be concluded that only the three-dimensional modeling of heat pipes and the coupling calculation between heat pipe and the reactor core can obtain the accurate results of heat transfer. The results obtained using the uniform temperature assumption will deviate from the reality.
[image: Figure 13]FIGURE 13 | Power density distribution along axial distribution.
[image: Figure 14]FIGURE 14 | Temperature distribution of contact surface between fuel and heat pipe.
4.3 Load-Following Analysis
In this section, the load-following transient is selected. At T = 0.0 s, the cooling power of the condenser of heat pipe is set as 2.54 kW to represent the decrease of engine power, and the initial fission power is set as 2.67 kW. The difference between the two values is the heat leakage through shield. The comparison between simulated results using the proposed model and experimental results shows in Figure 15. From that, it can be concluded that there is a slight difference between the two results, and proposed model is suitable for the analysis of heat pipe cooled reactor system. On the one hand, to realize the coupling calculation of the heat pipe cooled reactor, the proposed heat pipe model does not directly calculate the working fluid circulation, but adopts a simplified method, which may cause uncertainty to a certain extent. Meanwhile, the detailed information about this experiment is inadequate, and the three-dimensional modeling and the setting of boundary conditions may not be accurate enough.
[image: Figure 15]FIGURE 15 | The comparison of calculated results between experimental results (Poston, 2017).
During this accident, with the decrease of engine power, heat transport power of heat pipes also reduces, leading to the increase of fuel temperature. Benefiting from the reactivity feedback of fuel, fission power gradually decreases to slow the rate of temperature rise. At about T = 300.0 s, fuel reaches the peak temperature of about 1,080.3 K. At about T = 2,200.0 s, the reactor reaches the new steady state. In the early stage of this accident, the reactor will be briefly supercritical, resulting in the increase in reactor power. This is because heat pipes absorb less power, leading to the increase of Na inventory in the reactor (Poston, 2017). The proposed model can calculate the variation of absorbed power of heat pipes. Using the feedback coefficient, this important phenomenon can be preliminarily simulated (Guo et al., 2022). This model does not directly calculate the two-phase flow of working medium in heat pipe, and the difference is acceptable.
Figure 16 shows the temperature distribution of reactor T = 0.0 s and T = 2,200.0 s respectively. Due to the high thermal conductivity of material and the compactness of this reactor, the total temperature difference of the reactor is small enough, and the peak temperature locates at the inner surface of the fuel. After the load-following accident, reactor temperature rises slightly due to the reduction of the output power of the Stirling generators. During this accident, the control rod always remains stationary, and the reactor only relies on the reactivity feedback to achieve the power regulation, showing the automatic-stability-regulation ability of this reactor.
[image: Figure 16]FIGURE 16 | Temperature distribution of reactor. (A) T = 0.0s. (B) T = 2,200.0s.
5 CONCLUSION
In this paper, the super thermal conductivity model (STCM) for high-temperature heat pipe is proposed, which simplifies the vapor flow and heat transport in vapor space into heat conductance. Combined with the network method, the proposed model can preliminarily calculate the evaporation, condensation, and flow rate of working medium. Adding the heat transfer limitation, it can realize the judgment of heat pipe safety. According to the comparison with the experimental results, the accuracy of the model is verified. It can well predict the temperature variation of high-temperature heat pipes under different conditions.
Using this model, the numerical simulation on KRUSTY reactor is executed. During the steady state calculation, it can be found that the proposed model can obtain a more realistic fuel temperature distribution. For load-following transient calculation, calculated results are in good agreement with the experimental results, showing the applicability of the proposed model to this type of reactor system. It can be a powerful tool for the design and simulation of heat pipe cooled reactor systems.
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