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Heat pipe cooled reactors (HPCRs) have broad application prospects due to their advantages, such as high power density, compact structure, lower cost, and easy modular assembly. Numerous countries have engaged in extensive research and development of HPCR conceptual designs. The heat from the reactor is removed by high temperature heat pipes (HTHPs), which generally employ alkali metals as the working fluid, such as potassium, sodium, and lithium. Understanding the thermal-hydraulic performance of HTHPs is essential for the safe and efficient operation of a reactor. Therefore, the objective of this paper is to provide a comprehensive review of HPCR conceptual designs developed by various countries in recent years. The research progress of HTHPs on flow and heat transfer performance is reviewed, with an emphasis on both transient and steady-state characteristics. Research progress, as well as the issues that need to be focused on in future research, are discussed in detail.
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1 INTRODUCTION
The history of the heat pipe (HP) concept can be traced back to 1944, which was developed initially by Gaugler Richard (1944). In 1963, George M. Grover invented a stainless sodium HP and proposed the term ‘‘heat pipe” as the prelude of contemporary HP research. A paper on the study for HP was put out by Grover et al. (1964) the next year. Since then, HP has been attracting increasing the interest and attention of worldwide scholars due to its remarkable characteristics such as compact structure, robustness, higher thermal conductivity and longevity (Wang et al., 2020b). HPs offer excellent heat transfer capabilities and a broad operating temperature range, extending from −60°C to over 2,000°C, according to the choice of the working fluid in the pipe. The high temperature heat pipes (HTHPs), which utilize alkali metals such as sodium and potassium as working fluids, can efficiently operate at temperatures ranging from 400°C to 1,200°C (Sun et al., 2022b). The alkali high latent heat of vaporization allows the HP heat transfer power to approach the kilowatt level (Guo et al., 2023). As a result, the heat pipe cooled reactor (HPCR) system design has extensively utilized HTHPs employing alkali metals (Li et al., 2023b).
The thermosyphon (wickless HP) has found widespread use in a variety of industries because of its relatively straightforward manufacturing methods and high heat conductivity. It is believed to have a higher heat transfer limit as a result of its capacity to hold larger quantities of working fluid, even assuring sufficient fluid supply to the evaporator via gravity (Liu et al., 2022). The conventional wick HP (capillary driven) is most commonly used in nuclear systems, as shown in Figure 1. Typically, the axial length of a HP is commonly divided into three sections: the evaporator section, the adiabatic section, and condenser section. The working fluid absorbs heat from the evaporator section and transforms into a gaseous state through a phase change process. The vapor then travels through the vapor chamber to the condenser section, where it is exposed to a colder environment, leading it to revert to a liquid state. The wick structure, found inside the HP, enables the transportation of the condensed liquid back to the evaporator section. This continuous cycle ensures efficient heat.
[image: Figure 1]FIGURE 1 | The schematic of a conventional wick HP.
In the past two decades, HTHP research has attracted significant attention from various countries in the field of nuclear systems. Based on the published literature, this paper examines the domestic and international research progress and significant outcomes of the HPCR system and the thermal performance of alkali metal HTHP. Additionally, we analyze the shortcomings of previous research and make pertinent recommendations for future research.
2 HPCR CONCEPTUAL DESIGN
In low-power applications, nuclear reactors often require specific characteristics, such as compact size, lightweight design, sustained power output over extended periods, and a focus on safety, reliability, and simplicity of systems. Additionally, it is essential for these reactors to operate autonomously without reliance on human intervention or external agencies in abnormal conditions. Instead, they should rely on inherent safety measures within the core design to self-regulate and restore normal operation or initiate a safe shutdown. Future development efforts will prioritize reactor types that possess high inherent safety, feature simple and compact structures, operate at low pressures, exhibit a high degree of automation, have long core lifetimes, and offer good economic viability. HPCRs offer numerous technical advantages that can contribute to achieving these objectives. In recent years, HP technology has been employed in both domestic and international nuclear reactor conceptual designs and has also been utilized to enhance the reliability of existing safety systems. This chapter will provide an overview of research conducted by various countries on the application of HP technology.
2.1 American HPCR research
The US has been at the forefront of HP research and has contributed significantly to aerospace and energy. American universities and research institutions have been instrumental in promoting and advancing this field of study. Numerous prestigious academic institutions have established state-of-the-art research facilities and programs to advance HP technology. These include MIT, Stanford University, Los Alamos National Laboratory (LANL), and the California Institute of Technology (Caltech). With the help of these well-known institutions and others across the country, the United States has made great strides in HP study and continues to push the boundaries of this useful technology.
The US had pioneered the use of HTHP cooling with alkali metals in nuclear power devices since the 1980s.These advancements are documented in Table 1. One notable development is the Heat pipe Power System (HPS), which was conceptualized and developed at LANL specifically for space applications. The HPS comprises multiple independent models, each possessing promising economic and operational features.
TABLE 1 | The main conceptual designs of HPCRs in the United States.
[image: Table 1]Originally, the primary objective of the SP100 space nuclear reactor was to serve as an orbital power supply for the United States Strategic Defense Initiative (SDI) during the 1980s (Demuth, 2003). The project was initially sponsored by a consortium consisting of the US Department of Defense, the US Department of Energy, and NASA. However, as the SDI program diminished in importance following the dissolution of the Soviet Union, the focus of the SP100 mission shifted more towards meeting the needs of NASA. In the early 1990s, as NASA ambitious missions faced scrutiny and there was a growing preference for more pragmatic endeavors, the SP100 program was ultimately discontinued. Nonetheless, the preliminary safety analysis conducted for the SP100 nuclear power system, considering scenarios such as unprotected reactivity insertion and unprotected loss of heat sink, demonstrated that the lithium-cooled reactor coupled with the Stirling cycle exhibited satisfactory performance and resilience in the face of accidents (Jin et al., 2022).
In 1997, the initial model of the HPS underwent a successful test, demonstrating favorable conditions. However, it fell short of achieving the originally set heating power target (Houts et al., 1998). Subsequently, a series of experiments were conducted, which yielded highly successful demonstrations (Poston et al., 2000). The Safe Affordable Fission Engine (SAFE) was a HPS reactor specifically designed for generating electricity in space environments (Poston et al., 2002). The SAFE-400 was a 400 kWt reactor that has been specifically designed to be coupled with a 100 kWe Brayton power system. It consisted of 127 identical molybdenum modules. Another derivative design of the HPS, known as the Heat pipe-Operated Mars Exploration Reactor (HOMER), had been adapted for electricity generation during Mars exploration missions (Poston, 2001). The concept of a Martian Surface Reactor for the application of the Martian or Lunar surface power system to promote of human attempts to explore extraterrestrial efforts was initially proposed at MIT (Bushman et al., 2004). The reactor core could produce 1.2 MWt and 0.1 MWe power, operating in a fast spectrum. The reactor was cooled by a lithium HP that was also attached to the power conversion apparatus.
The Scalable AMTEC Integrated Reactor Space (SAIRS) nuclear system utilized a fast neutron spectrum, employing technology developed at the University of New Mexico (UNM). The cooling system for SAIRS involved the use of sodium HPs (El-Genk and Tournier, 2004). The power system of the HPCR with segmented thermoelectric module converters (HP-STMCs) was designed to continue operating even in the event of a unit failure, albeit with a reduction in thermal power output. This system incorporated lithium HPs and was designed with sufficient margins to ensure reliable performance (El-Genk, 2008). The modular HPCR for Lunar Evolutionary Growth-Optimized (LEGO) reactor was developed at the Idaho National Laboratory (INL). This reactor design had the capability to provide a 110 kWe with an efficiency of 6.7% (Bess, 2008). The LEGO reactor design offers improved reliability and safety compared to a single reactor configuration due to its unit design. Each unit in the LEGO system was capable of generating 5 kW of power. This modular approach enhanced the overall system reliability and safety by allowing for redundancy and easier maintenance and replacement of individual units.
The Heat Pipe Encapsulated Nuclear Heat Source (HP-ENHS) reactor was a conceptual design that relied heavily on passive safety features to prevent and mitigate accidents. The reactor incorporated HPs as part of its design to enhance the passive safety mechanisms. These passive safety measures were intended to minimize the reliance on active systems and human intervention during abnormal events, ensuring a high safety level in the reactor operation (Greenspan, 2008). The Special Purpose Reactor (SPR) conceptualized by LANL was an innovative small nuclear reactor (SMR) that offers several advantages. These advantages included significantly improved passive decay heat removal capability, the absence of positive void reactivity coefficient, a smaller and lighter reactor design, and a more robust core for safe transportation. These features made the SPR an appealing option for various applications that require a compact and reliable nuclear power source (Sterbentz et al., 2017). The SPR, designed by LANL, had a nominal core 5 MWt. Utilizing the Brayton thermodynamic cycle, the SPR was capable of producing approximately 2 MWe. This efficient conversion of thermal energy to electrical energy made it suitable for a range of applications that require a compact and high-performance power source (McClure et al., 2015). The expected operational lifespan of the core was designated as 5 years.
MIT had developed a novel reactor concept known as the Fluoride-Salt-Cooled High-Temperature Reactor (FHR) to support human exploration endeavors in extraterrestrial environments (Sun et al., 2016). The proposed design featured a fast spectrum, lithium HPCR utilizing UN fuel, with a thermal output capacity of 1.2 MWt. To generate electrical power, thermionic energy conversion technology was employed, resulting in a DC output of 125 kWe and an AC transmission capability of 100 kWe. The integration of the reactor assembly, power conversion units, and radiators are facilitated through HPs, eliminating the need for a liquid coolant loop in the system. Furthermore, CFD analysis indicated the system exhibits excellent thermal hydraulic characteristics (Wang et al., 2016).
Westinghouse Electric Company was currently engaged in the development of the eVinci microreactor, targeting decentralized generation markets and microgrids. This innovative technology was specifically designed to cater to a variety of applications, including military deployments, remote communities, and remote industrial mines, among others (Maioli et al., 2019). The core design of the eVinci microreactor consisted of a solid monolithic block incorporating three distinct types of channels to accommodate fuel, neutron moderators, and HPs. This versatile design enabled the reactor to support a wide range of electric power levels, ranging from 200 kWe to 25 MWe. The reactor was designed with a lifespan of 5–10 years and incorporates inherent safety features that ensure safe operation even in the absence of active controls or external interventions (Zohuri and McDaniel, 2019). Westinghouse had successfully conducted initial demonstration tests of alkali metal HTHPs utilizing Iron, Chromium, and Aluminum (FeCrAl) alloys. This advancement in HP technology facilitated the implementation of a Low-Enriched Uranium (LEU) micro-reactor core, combined with an open-air Brayton thermodynamic power conversion cycle (Swartz et al., 2021).
(Hernandez et al., 2019) conducted a comprehensive fuel cycle and neutronic analysis of a conceptual design that bore resemblance to the Westinghouse eVinci HPCR. The study they conducted offers valuable insights into the behavior of the reactor fuel cycle and neutron dynamics. The examined concept incorporates low-enriched urania rods and utilizes potassium HPs for core heat removal. The research findings demonstrated that the HPCR design has the potential to operate continuously for over 10 years without the need for refueling. Moreover, the study suggested that this design was more suitable as a nuclear battery, emphasizing its capacity for decentralized power generation rather than serving as a centralized power source.
The KRUSTY was conceived as a crucial progression in the development of space reactors, aiming for successful deployment in space missions (McClure et al., 2020). KRUSTY served as a prototype for testing a 5 kWt Kilopower space reactor. Kilopower reactor designs make use of HPs to transmit fission energy from a solid fuel block in an effective method. These reactors were developed primarily for basic, low-power (1–10 kWe) space and surface power systems (Poston and Mcclure, 2017). The KRUSTY reactor underwent successful final testing in March 2018.
Texas A&M University (TAMU) recently proposed a micro-reactor design known as the Heat Pipe Cooled Yttrium Hydride Moderated Micro Reactor (HPCYHR). This innovative concept utilized HPs for cooling and employs yttrium hydride as a moderator. The reactor design incorporated low-enriched uranium fuel (Alawneh et al., 2022). For the purpose to investigate the heat transfer characteristics of the HPCYHR, commercial software such as STAR-CCM+ was employed. The power distribution obtained from neutronics calculations was employed in the simulations. The outcomes showcased that the reactor could be operated safely for over 11 years, producing a 3 MWt.
The Aurora power plant developed by Oklo is a liquid metal reactor with a capacity of 1.5 MWe, incorporating HPs to effectively conduct fission heat from the reactor core to generation system. Oklo estimated expenditure for constructing the entire power plant and its infrastructure was approximately $10 million. It was important to note that this cost excluded expenses related to fuel and land, as these would be obtained through separate programs established by the Department of Energy. The requested license and initial fuel load had a duration of 20 years (Adamas, 2020). DeWitte mentioned that Oklo planned to construct reactors that were significantly smaller in scale compared to those being developed by TerraPower (Clifford, 2021).
In April 2019, NuScale made an announcement regarding the development of a “simple and inherently safe compact HPCR” with a power range of 1–10 MWe. This innovative design requires minimal site infrastructure, enables rapid deployment, and features full automation during power operation. Collaborative partners involved in this project include Additech, INL and Oregon State University. It is worth noting that this project emerged following the request for ideas and designs by both the SDI and the Department of Energy (WNA, 2020).
2.2 Chinese HPCR research
Compared to the US, the research and development of HPCR came to a relatively late stage in China. In recent years, various domestic scientific research institutions such as Xi’an Jiaotong University (XJU) and Shanghai Jiao Tong University (SJTU) had actively engaged in numerous conceptual designs for HPCRs. Table 2 shows the main HPCR conceptual design for China in the recent decade.
TABLE 2 | Main parameters of HPCR in China.
[image: Table 2]A concept for a Mars surface HPCR had been proposed, employing lithium HP cooling, multiple Stirling engine conversions, a potassium HP radiator for heat dissipation, and Martian soil shielding (Yao et al., 2016a). The control mechanism is implemented through a rotating control drum. A lithium HPCR was specifically designed to operate at a 2.4 MWt, with a primary focus on achieving an extended lifespan and minimizing noise emissions (Sun et al., 2018a). The Monte Carlo program was employed to evaluate the power distribution and reactivity feedback, of core. The results demonstrated that the designed parameters were satisfactory. (Feng et al., 2022) introduced a megawatt-class HPCR moderated by zirconium hydride. The introduction of a moderator was found to have no substantial impact on the radial and axial power distribution as well as the power peak factor. Additionally, the results indicated that incorporating moderators was advantageous in reducing the thickness and weight of the shielding. To assess feasibility, a preliminary thermal analysis was conducted, revealing that zirconium hydride remains stable within the HPCR. Additionally, the analysis showed that yttrium hydride demonstrated superior thermal stability.
Zhang et al. (2020) developed a HPCR incorporating the use of integrated HP fuel modules. A moderated thermal-neutron spectrum reactor is designed with the 3.2 MWt. The design comprises 234 HP-Fuel elements, where each element consists of a central lithium HP surrounded by highly enriched UN fuel pellets, with cladding on both radial sides. A design idea of 40 kWe nuclear reactor power for Mars surface (NRPMS) was proposed by the China Institute of Atomic Energy (CIAE) (Yao et al., 2016b). The results indicated that the proposed nuclear reactor power scheme is both reasonable and feasible. It demonstrates the capability to meet the safety requirements and achieve the desired operational lifetime. Wang et al. (2020a) presented a preliminary design for a 25 kWe heat pipe cooled reactor power source (HPCRPS). The steady-state and transient performance of the system was analyzed by using a thermal-hydraulic analysis code. The results indicate that all the designed parameters meet the necessary safety requirements. Sun et al. (2018b) developed a design for a 120 kWe lithium heat pipe reactor power source (LHPRPS), intended for various applications. In order to provide shielding, tungsten and water are utilized on both sides of the reactor core. The designed core parameters have been assessed to meet the safety requirements, ensuring the neutronic safety of the reactor.
In the study conducted by Liu et al. (2019), a potassium heat pipe cooled reactor power source system (PHPCRPS) with a power output of 50 kWe was proposed. The HPCR design proposed by the researchers is deemed reasonable and reliable. The residual heat removal system designed for the reactor exhibits a sufficient safety margin to effectively dissipate the decay heat. Furthermore, the study conducted by Chai et al. (2022) introduced a conceptual design for a moderated micro nuclear reactor cooled by heat pipe (MHPR). The MHPR concept was built upon a softened neutron spectrum, which had the potential to enhance the utilization of thermal neutrons and reduce fuel inventory. The reactor had a total 3.5 MWt and its estimated core lifetime was 8.2 years without the need for refueling.
In the study by Ma and Hu (2023), an optimized heat pipe cooled traveling wave reactor (HPTAWR) was developed. This reactor design incorporated a neutron breeding wave to achieve Uranium-Plutonium breeding. The results of the study demonstrated that the HPTWR optimized could attain a power output of 70 MWt and sustain continuous operation for 46 years using lithium HPs. The propagation of the traveling wave in the reactor caused a flattening of the axial power distribution, leading to a gradual decrease in the temperature peak of the HP wall. At the end of the cycle, the temperature peak reached approximately 1784.6 K. This reduction in thermal stress enhanced the safety of the HP wall. Additionally, the study proposed a design for a 65.5 MWt HPTWR (Ma and Hu, 2022). The HPTWR design incorporated an ignition fuel with 14% enrichment and a breeding fuel with 8.5% enrichment. With this configuration, the reactor could operate for 59 years without the need for refueling. This design fulfilled the requirements of utilizing low-enriched fuel while achieving a high power output.
Guo et al. (2023) proposed a compact HPCR design where the ceramic metal composite (CERMET) fuel was used (HPR-CF) from the China Academy of Engineering Physics (CAEP). The CERMET fuel offered several advantages such as high temperature resistance and thermal conductivity. The HPR-CF had excess reactivity that allows it to operate at high temperatures and sustain a thermal power output of 3 MWt for over 3,000 days. In the study by Li et al. (2023a), a design concept for a multi-purpose HPCR was introduced. This micro-reactor employed an enrichment level of 19.75% and had the capability to operate for over 5 years at a 2 MWt without requiring refueling. Monte Carlo simulations were utilized to calculate various parameters, including reactivity, burnup, power distribution, and temperature coefficient, under both normal and accident conditions. The analysis of neutron physics revealed that the preliminary design of the lithium heat pipe cooled modular fast reactor (HPCMR) met the requirements of both economy and safety. This conceptual design held the potential to support future applications in Chinese manned lunar base (Hu et al., 2013). The utilization of HPs in the reactor design allows for a more compact core structure, leading to a reduction in the overall mass of the reactor. This compactness facilitated easier launch and deployment. Additionally, the application of HPs provided redundancy in the system, as damage to certain HPs did not impact the overall energy transfer. This design feature helped to avoid single-point failures and ensured the long-term operation of the reactor without the need for regular maintenance.
XJU had proposed a novel design for the NUclear Silence ThermoElectric Reactor (NUSTER), which utilizes HPs. The study demonstrated that the core components, such as HPs, matrix, and fuel rods, exhibited significant thermal margins during normal operating conditions, indicating their ability to operate with ample safety margins (Huang et al., 2022). The findings indicated that the core design proposed for the Unmanned Portable Reactor in Silence (UPR-S), which operated on the NUSTER power system, successfully fulfilled the criteria of criticality safety and operational longevity (Du et al., 2021). Nonetheless, in the event of a failure of the two adjacent HPs in the 1/8 reactor core, it had been observed that the temperature of the Molybdenum matrix surpasses its temperature threshold, leading to a notable escalation in average thermal stress. These findings underscored the necessity for future design improvements, particularly in terms of optimizing the matrix material (Liu et al., 2022). Furthermore, a novel reactor core design denoted as UPR-SL, had been introduced, utilizing a low-enriched uranium fuel. This design was built upon the foundation of the pre-existing HPCR design, UPR-S (Wu et al., 2023). To reduce the enrichment level of fuel, a high-density UN fuel had been employed as a substitute for the original UO2 fuel. Additionally, an alternative variant of the NUSTER power system, known as NUSTER-10, had been introduced (Tang et al., 2020; Tang et al., 2021).
2.3 HPCR studies in other countries
The concept of HPCR was initially proposed by Grover’s patent in 1965 (Grover George et al., 1967). After 2 years, the European Atomic Energy Community presented a HPCR design based on Grover’s original concept (Fiebelmann, 1968). However, in recent years, few studies have been proposed for HPCR designs in Europe from the published literature. In Japan, in addition to government investments, several universities and research institutions had undertaken research in the field of space nuclear reactors. These academic institutions had dedicated manpower and resources to contribute to the advancement and development of space nuclear reactor technology. Moreover, HP technology had been employed to improve the reliability of safety systems in the International Thermonuclear Experimental Reactor (ITER). By implementing HPs, the safety systems of ITER had been enhanced, ensuring efficient heat transfer and overall system reliability (Kovalenko et al., 1995). Additionally, Japan had utilized loop HP (Mochizuki et al., 2014a) technology and conducted thorough system simulation calculations to verify the effectiveness of this design approach. This technology had also been widely adopted in pressurized water reactors in Ukraine, demonstrating its broad applicability and success in practical applications. Furthermore, they proposed a conceptual design for dealing with decay heat removal after reactor shutdown based on the HP with water working fluid (Mochizuki et al., 2014b; Randeep et al., 2014). The designed system, when coupled with HP cooling and initial gravity feed water charge, could effectively reduce the temperature of the nuclear core to below 100°C in less than 6 h. The implementation of a fully passive operational mode had the potential to enhance the safety of nuclear power facilities.
Starting from 2017, Toshiba Energy Systems and Solutions Corporation had been researching and studying a Mobile-Very-small reactor for Local Utility in X-mark (MoveluX) as a viable distributed energy source. The main concept behind MoveluX revolved around utilizing a sodium HP cooling system and a calcium hydride-moderated core. This design approach aimed to streamline the reactor system, enhance inherent safety, and strengthen nuclear security (Kimura and Asano, 2020). This compact reactor design was capable of generating a thermal power output of 10 MWt and an electrical power output ranging from 3 to 4 MWe by utilizing a Helium turbine with a Brayton cycle (Du et al., 2022).
Allaf et al. (2023) investigated the safety aspects of the novel Micro Research Reactor cooled by Heat Pipes (MRR-HP) design. The unique design feature of the MRR-HP was the incorporation of dual sets of HPs within the monolithic block. The HPs for working fluid water were utilized for normal operation, while fluid potassium HPs were employed during the accident and post-accident scenarios. The implementation of water HPs enables efficient cooling of the reactor, thereby maintaining the fuel temperature below the threshold of 423K.
In Korea, a Hybrid micro modular reactor, which combined the capabilities of renewable energy and energy storage systems, had been designed utilizing potassium HP technology (Choi et al., 2020). The H-MMR offered increased flexibility and efficiency in electricity and thermal generation, capable of producing 10 MWe and 18 MWt through load following strategies. To ensure safety, the RVACS had been specifically designed to effectively remove accident residual heat by cooling the reactor vessel. The Korea Atomic Energy Research Institute had created a conceptual HPCR design that might be used to generate electricity continuously in space and be deployed on a launch vehicle on the lunar surface. This design employed high-assay low-enriched uranium fuel with an enrichment level of 19.5 wt% (Choi et al., 2022). The design objectives for the nuclear reactor core were set to achieve a compact size, with a mass of under 1,200 kg, a height below 5 m, and a diameter less than 2 m. Additionally, the intended operational lifespan of the reactor core was planned to exceed 10 years, while providing a thermal power output of 5 kWt.
3 HEAT TRANSFER CHARACTERISTIC OF HTHP
Since the application of HTHP, there has been considerable interest in investigating the heat transfer performance of HTHPs in order to optimize their design. However, there are complex flow and heat transfer processes in the HTHP system. In this section, we summarize the impact of several factors on the heat transfer performance of alkali metal HTHPs, which can be mainly divided into transient and steady characteristics. For the research of transient characteristics, the literature on startup and oscillation conditions is reviewed. When all of the working fluid in HP has melted, there is continuous gas flow in the condensing section, and the liquid can keep going back to the evaporation section. The heat transfer capacity of evaporation section and condensing section is the same, and HP will switch to steady-state operation. The thermal performance of HP under steady-state conditions is significantly influenced by several factors, including the presence of non-condensable gas (NCG), different parameters, limitations, and the filling ratio.
3.1 Transient characteristic
3.1.1 Startup characteristic
Startup condition plays an essential role in the performance and reliability of HP system. Ensuring efficient heat transfer and working fluid flow within the HP is essential to achieve stable operation during startup. Various factors, such as the charging amount, types of working fluids, inclination angle, and temperature variations, significantly influence startup. Many researchers have conducted extensive studies investigating these factors and their impact on startups.
Some researchers experimentally explored the impact of inclination angles on the startup performance of HP. Ma et al. (2022a) focused on experimentally investigating temperature variations of a sodium HP under near 0° during the frozen startup. The HP position of positive and negative angles was shown in Figure 2 to their research. Their findings highlighted the challenges posed by negative inclination angles, where gravity impeded the flow of liquid from the condenser to the evaporator. This leaded to more pronounced temperature differences and higher startup power requirements compared to horizontal and positive inclination cases. On the other hand, positive inclination angles exhibited periodic temperature oscillations during startup. Guo et al. (2014) found that increasing the inclination angle in the condensing section increased the temperature rise, thereby facilitating the startup of the HP. Wang et al. (2020c) performed research on the effect of heating powers on the frozen startup performance of a potassium HP in addition to the influence of inclination angles. According to their research, a successful frozen startup requires the right matching of inclination angle and heating power. Guo et al. (2018) discovered that the frozen startup time of a Na-K gravity-driven HP increases in proportion to the inclination angle. They further observed that as the inclination angle increases from 0° to 50°, the startup and heat transfer performance of the HP improves, while the temperature difference decreases. A slight decrease was observed when the inclination angle exceeded 60°. However, the experimental results of (Ping et al., 2015) indicated that there was negligible influence on restart characteristic for sodium HP under different angles because the curves for temperature raising almost coincide. Niu et al. (2016) conducted experiments and found that the sodium HTHP can be smoothly started at various angles. Furthermore, they observed that the starting time of the HTHP decreased with an increase in heating power. However, the angle had little effect on the starting time.
[image: Figure 2]FIGURE 2 | The schematic of HP inclination condition.
In addition, many researchers also have studied the influence of types working fluid on startup. Sun et al. (2020) conducted an analysis on working fluid in the HP and found that the presence of a liquid pool at the bottom of the HPs leads to a nonlinear temperature reactivity coefficient, indicating the influence of the working fluid on startup dynamics. Another research investigated by Lu et al. (2017) was the charging amount in sodium HPs. Their study revealed that increasing the charging amount from 22.6 g to 26 g resulted in a successful startup, highlighting the significance of the charging ratio in enhancing the startup performance of the HP. Han et al. (2019) conducted a study on the startup performance of potassium HPs with and without a wick structure. Their experiments showed that during startup and heating, wickless HP s operated under intermittent boiling conditions, with decreasing intensity of boiling as the liquid filling decreased. In their study, it was noteworthy that the impact of the inclination angle on the heat transfer performance of the HP was found to be negligible.
For the operation limitations of HTHP, (Chen et al., 2022b) observed the occurrence of the sonic limit during the startup process of frozen cesium HPs. However, they found that this limit disappeared as the heating power was increased. Deng et al. (2023) developed a hardware-in-the-loop test platform capable of dynamically adjusting the heating power of the HP in real-time, taking into account the effect of temperature feedback. During the frozen start-up process of the sodium HP under the temperature feedback heating mode, they identified five distinct stages based on the evolution of power and the state of the sodium vapor. These stages included the transient start-up phase, during which the sonic limit and viscosity limit were observed. Guo et al. (2021) prepared a cesium HP and conducted a study on its heat transfer and start-up performance. Their findings revealed that the cesium HP exhibited a rapid start-up speed and demonstrated good temperature equalization characteristics. Ma et al. (2023) discovered that a significant increase in heat flux could lead to unstable conditions when the heat flux surpassed 40% of the capillary limit critical heat flux.
In conclusion, the frozen startup of HPs presents complex challenges in their operation. The cost is too high to study only through experimental methods. Therefore, many researchers have developed a series of simulation codes for the frozen startup of HPs.
Ma et al. (2022b) employed a numerical approach to simulate the system startup process. They developed a two-dimensional HP model and coupled it with an open-air Brayton cycle model using the Heat Pipe Reactor TRANsient analysis code, HPRTRAN. The model was validated through startup experiments, confirming its accuracy and reliability. Additionally, the startup of the reactor could be controlled by implementing intermittent drum motion, introducing reactivity in a stepwise manner. This control strategy effectively mitigated large power fluctuations and power peaks within the core. Yuan et al. (2016b) had developed a specialized transient analysis code called TAPIRS for simulating the startup process of HPCR from a frozen state. This code had been extensively used to study the system transient performance during the startup process, ranging from zero cold power to full power.
Huaqi et al. (2022) established transient analysis models for HTHPs starting from a frozen state. The results of the study indicated that the predicted trends obtained using the HPCR code were reasonable, and the deviation from experimental data was less than 2%. This finding further supported the applicability and effectiveness of the transient models for HPs. Additionally, the transient performance of sodium HTHP was numerically simulated in the context of a molten salt reactor (Wang et al., 2013). Numerical results obtained using a FORTRAN code demonstrated that sodium HTHP achieved successful startup and were capable of rapidly removing residual heat from the fuel salt during steady-state conditions in the event of an accident.
Zhang et al. (2021c) developed a three-stage frozen startup model to accurately depict the thermal behavior of NaK HPs throughout the startup process. The findings of the study indicated that the temperature rise rate of the condenser in the HP increased as the initial temperature rises. This relationship was beneficial for overcoming the sonic limitation of the HP at a faster rate. Qiu et al. (2022) developed a transient analysis program HEART for NUSTER. A startup scheme based on the analysis of transient thermohydraulic behavior during cold start-up was proposed for a three-stage HPCR with high safety. Hu et al. (2022) developed a network code in Python specifically for ultra-high temperature lithium HPs. The study found that increasing the wall thickness and wick thickness of a HP leaded to an increase in the transition time. Conversely, increasing the length of the condensation section had a beneficial effect in reducing the transition time.
Zhong et al. (2021) investigated the startup characteristics of the MegaPower system using the HPR transient analysis code called HPRTRAN. During the startup process of a HPCR, there might be significant power fluctuations and the occurrence of a “temperature platform,” which could hinder the reactor startup. In comparison, the use of an interval rotating control drum as opposed to a continuous rotating control drum was considered a safer and more feasible scheme for starting the reactor. Zhang et al. (2021b) wrote a HPSTAC program to investigate the startup process of NaK HP. The starting ambient temperature mainly affected the heating rate of the condensing section. The input heat flux had a threshold effect on the starting stages of the HP. As the heating power increases, the outer wall temperature of the HP rose slightly, the start-up time of the condensing section decreased, and the equivalent heat transfer coefficient of the HP and the surface heat transfer coefficients of the evaporation and condensing zones increased linearly with the heating power. Yuan et al. (2016a) wrote the TAPIRS program in FORTRAN language to simulate the transient behavior of a HPCR system based on SAIRS. The model was validated by comparing the full power parameters with the literature, and the maximum relative error was less than 6%.
3.1.2 Oscillation condition
There is potential application for HPCR under marine condition. Therefore, there has been some experimental research for alkali metal HTHP in recent years. Guo et al. (2023) showed that the fuel temperature and the reactor power would change periodically with a similar period as the HP temperature oscillation depending on the simulated results. The buffer layer with a lower thermal diffusion coefficient was found to mitigate the temperature and power oscillations, but it would increase the operating temperature of the reactor, which might compromise the safety of the reactor system. Teng et al. (2020) showed that swinging motion had little effect on the start-up performance of the sodium HP, but it caused small-amplitude periodic temperature fluctuations especially at the evaporator. The frequency of temperature fluctuation was almost the same as the swing. Additionally, the amplitude of temperature fluctuation increases with the swing amplitude. Sun et al. (2022a) showed that the temperature fluctuation had the same period as the periodic swing. Periodic swing did not significantly affect the heat transfer of HTHP when the condenser length was appropriate, but the thermal resistance increased slightly compared to the steady state. Under periodic swing condition, if the condenser is too long, the HTHP is more likely to fail. Wang and Li (2023) investigated the HTHP for potassium working fluid in the CFD method. They concluded that the influence of the filling ratio is more significant to equivalent thermal resistance than the rolling period. The filling ratio refers to the proportion of the working fluid volume in relation to the HP volume.
3.2 Steady characteristic
3.2.1 NCG influence
The alkali metal inside the HP is activated by the neutron irradiation in the reactor, which produces inert gas constantly. The inert gas, or NCG, hinders the normal condensation of alkali metal working fluid in HTHP at the phase interface and increases the thermal resistance. This phenomenon is disadvantageous to the isothermal property and heat transfer effectiveness. Therefore, it is important to study the effect of NCG on the heat transfer performance of HTHPs.
In terms of previous studies of noncondensing gases, (Shaubach and Gernet, 1992) found that a sodium HP can operate stably under design conditions when the non-condensable gas pressure is below 0.01 bar, and a small amount of non-condensable gas has a negligible effect on the steady-state heat transfer performance of the HP. Matsushita (1975) found that the condensation heat transfer coefficient of the HP decreases significantly with the increase of non-condensable gas content in the tube, and a 5% volume fraction of non-condensable gas can reduce the steam condensation rate by 20% and affect the liquid working fluid reflux. Fukuzawa and Fujiie (1978) found that too much non-condensable gas would build up at the end of the HP’s condensing section, leading to a sharp temperature drop there. As the power increased, the drop shifted further into the condensing section, and the gas had less effect. Ponnappan et al. (1990) found that the sodium HTHP could start easily from the frozen state under the NCG loading. Another experiment (Ponnappan and Chang, 1994) investigated the startup performance in vacuum and gas-loaded modes, which the latter took significantly longer. The sodium HTHP in vacuum mode, on the other hand, exhibited rough start-up behavior as seen by high temperature spikes at the evaporator and heater during the frozen start-up process. Zhang et al. (2023) experimentally explored the influence of NCG existence on sodium HTHP. The maximum heat transfer rate under the sonic limit is found to be reduced due to the presence of NCG in the HP. The influence of inner wick structure is negligible to the HTHP sonic limit.
In addition, establishing code modeling is an effective way for analyzing the influence of NCG. Zhang et al. (2022) used the thermal resistance network method to model NCG heat transfer and studied its effect on the steady-state heat transfer of a lithium HTHP. The results indicated that NCG reduced the effective heat transfer length, isothermality and efficiency of the HP. Moreover, as the NCG volume fraction increased, the temperature drop in the NCG region became larger, and the overall temperature of the HP also rose. Another numerical investigation (Zhang et al., 2021) tested the generation of NCG for lithium HTHP under neutron irradiation condition. The amount of helium produced by NCG increased with the development of liquid filling ratio and lithium enrichment. Moreover, The helium production was seldom impacted by the working temperature of the lithium HP. Wang et al. (2022) created a mathematical and physical model for how NCG affected the heat transfer of a lithium HTHP and developed a transient analysis code, HPTAC-NCG. During the steady-state operation, the temperature drop in the NCG region increased with the NCG volume fraction, and the HP average temperature increased, which could cause overheating and drying out at the evaporator bottom. As the evaporator input power increased, the NCG volume fraction for the same mass decreased, but increasing the input power alone was not economical to counteract the negative effects of NCG.
3.2.2 Parameters influence
The HP thermal performance was mainly affected by the parameters of geometry and thermal-hydraulic characteristics. In the experiment, (Dussinger et al., 2005) compared the compatibility of titanium/potassium and titanium/cesium, taking into account the different physical chemistry properties of different alkali metals. This research further confirmed that these HPs could meet the performance requirements for radiator systems. The steady-state performance of sodium HP was investigated by Guillen and Turner (2022). They found the sodium HP with screen-covered grooves was generally superior to that of open grooves in a vertical gravity-assisted orientation. The different wick configuration arrangement is showed in Figure 3. Under the condition of horizontal orientation at 650°C, the performance limit of the annular wick was 15% higher than that of the screen-covered grooved wick. Based on this, it was stated that the annular type has a high-performance limit below 777°C and that the screen-covered grooved wick has a high-performance limit above 777°C, but there were no experimental results conducted above 777°C.
[image: Figure 3]FIGURE 3 | The cross section of HP.
The oscillating HP consists of capillary tubes that are meandering and partially filled with a working fluid. The fluid exhibits oscillatory behavior and propels forward when subjected to thermal loading. For the oscillating HP, (Ji et al., 2020) found that the temperature difference and thermal resistance between the evaporator and condenser first decreased and then increased with the heat input. In their investigation, the NaK HTHP demonstrated the capability to transport 3169 W of heat while achieving a thermal resistance of 0.08°C/W. The heat transfer performance of the HPs improved with an increase in the potassium mass fraction. This enhancement was attributed to the effects of the saturated vapor pressure gradient, viscosity, and wettability (Ji et al., 2022; Wu et al., 2022; Wu et al., 2023) experimentally investigated the heat transfer performance of NaK oscillating HP. Their results showed that the thermal resistance of HP dropped at first, then increased with the filling ratio When the inclination angles were between 30° and 90°. The minimum value was obtained at 48% filling ratio.
Tian et al. (2021) investigated how the heat transfer performance of potassium HP varies with the inclination angle and the filling ratio. They discovered that overheating in the evaporator results from insufficient working fluid and increasing power. Wang et al. (2021) examined how the HP heat transfer performance changes with the heating power and the inclination angle. They observed that overheating occurs when the power surpasses a limit and that increasing the inclination angle improves heat transfer for low filling ratio HP, but has no significant effect for high filling ratio HP. Therefore, they recommended that the heating power should be regulated to avoid overheating in the HP design. Mantelli et al. (2017) showed that the sodium thermosyphon could transport 250 W more heat power on average at an incline position (10°) than at a vertical position, for the same adiabatic section temperature. The thermosyphon could transport 250 W more heat power on average at an incline position (10°) than at a vertical position, for the same adiabatic section temperature.
Yang et al. (2022) investigated how different parameters affect the heat transfer performance of potassium HTHP. The heat transfer performance of HP can be improved by increasing the wicking mesh and the filling charge amount. The latter can also prevent overheating at the evaporation section. Kang et al. (2019) fabricated a sodium HTHP and studied the thermal performance. The HP thermal resistance reached a minimum of 0.11°C/W at a heat load of 790 W and an inclination angle of +90°C, which favored heat transfer.
Guo et al. (2018) studied how the heat transfer performance of a high temperature thermosyphon was affected by charging it with sodium-potassium alloy. The condenser had a higher heat transfer efficiency at high heating temperatures. The temperature difference at the condenser decreased with increasing heating temperature. Below 825°C, the temperature distribution was more uniform with a short condenser length and a large inclination angle. Above 825°C, these factors had no more advantages. The experimental study of (Liu et al., 2020) explored the factors affecting the heat transfer performance of potassium HTHP. The heat transfer performance improved with the increase in heating power. Zhang et al. (2020) studied the isothermal characteristics and start-up performance of cesium HP. The cesium HP could start normally at a furnace temperature of 330 ∼ 630°C. The start-up time was shorter at higher furnace temperatures. Wang et al. (2022) conducted experimental and numerical studies on the effect of hydrogen permeation on the heat transfer of sodium HTHP. The model was validated by experimental tests. The experiments showed that the top end of an LMHP dropped to below 400°C after hydrogen inactivation, with the evaporator heating temperature at 950°C. The heat transfer was negatively affected by the gas blanket formed by the hydrogen migration along the condensate in the condenser.
For the numerical method, (Tian et al., 2022a) investigated how the heat transfer of Na and K HP was affected by different parameters using the improved thermal resistance network method. The HP was influenced by different types of wicks, such as main line, channel, wire mesh, and sintering. Zhang et al. (2022) proposed a heat pipe cooled Advanced Reactor Transient analysis code (HEART). HEART could successfully predict the steady-state performance of the NUSTER, which showed that the solid-state core could flatten the temperature well. Ge et al. (2022) developed a code for HPCR analysis called TAPIRSD, which was validated by the experimental data of the KRUSTY prototype of the Kilopower space reactor. The TAPIRSD code results agreed with the experimental data, despite the larger temperature oscillation amplitude. The peak and valley value errors were less than 2%, which showed the accuracy and reliability of the improved model and code.
Sun et al. (2022b) simulated the thermal behavior of potassium HP at high temperature. A liquid pool formed at the bottom of the evaporator in the vertical and inclined cases. This increased the local thermal resistance and the peak temperature at the beginning part, which was 200 K higher than the rest part of the HP. Mao et al. (2022) numerical the heat transfer lithium HP with solid-liquid-gas three-phase coupled model. The tube wall temperature dropped sharply in the steady state operation, while the vapor temperature and pressure were almost constant. This showed that the lithium HP had good isothermal properties. Yu et al. (2022) established the CFD analysis model of sodium HP. Under uniform heating, the velocity of vapor chamber changed linearly in the evaporation section and decreases in the condensing section with increasing pressure. The heating power also affected the vapor flow pressure drop and velocity. The liquid phase flow pressure drop was the main factor in the two-phase flow pressure drop for horizontal and inclined HPs. The gas flow velocity dominated the gas-liquid shear effect.
3.2.3 Heat transfer limitations of HP
Internal fluid conditions affect the HP performance. The heat transfer limits for HPs and thermosiphon using the equations are shown in Table 3. The heat transfer performance limits for capillary HPs are viscous, sonic, entrainment, boiling, and capillary limits. When the vapor velocity approaches sonic or supersonic conditions during startup or steady state, a phenomenon known as “vapor choking” takes place. This creates the sonic limit. Only capillary wick HPs are affected by the capillary limit, which occurs when the maximum capillary drive pressure is smaller than the difference in pressure between vapor and liquid (Chi, 1976). The viscosity limit happens when the pressure gradient is lower than the viscous force. The entrainment limit happens when the vapor flow disrupts the countercurrent liquid flow. The boiling limit happens when the radial heat flux is too high and affects the fluid flow by boiling (Nemec et al., 2013).
TABLE 3 | Representative operation limits correlations of HPs.
[image: Table 3]Ivanovskii et al. (1977) performed the experiments on two sodium heat pipes equipped with distinct composite wicks in order to investigate the impact of wick structure on the sonic limit at 1,500–3,000 W of heating power. Faghri et al. (1991) found the capillary limit for an evaporator tilt angle of 5.7°, which was affected by copper contamination in the working fluid and dry evaporator wicks that caused gases that could not be condensed. Clack (2019) studied the performance limits under different heat fluxes for the sodium HP. This HP started to stay stable when the heat flux reached 84 W/cm2. The temperature exhibited a consistent upward trend, suggesting the occurrence of HP dry-out. Subsequently, after a duration of 45 s, the HP encountered a failure event. Kemme (1966) researched the heat transfer limits for the potassium and sodium HP. The experimental results showed that a momentum interaction between vapor and returning liquid at lower temperatures could severely limit heat transfer and may even influence HP startup. Significant improvements in heat transfer capability and HP startup behavior could be achieved through the implementation of a two-component wick structure.
According to experiments of (Ma et al., 2023), at the evaporator end, the capillary limit results in a rapid increase in temperature of around 5 K/s, whereas the condenser and adiabatic sections experience a decrease in temperature. To recover from the capillary limit, a HP can increase the positive inclination or decrease the heating power. Walker et al. (2013) investigated at the capability of a sodium HP and a grooved wick HP to function at their capillary limits. At 846 W, 546 W, and 346 W of operational power, the evaporator reached its capillary limit, with further increases of 0.25 cm, 1.52 cm, and 2.54 cm, respectively. The capillary limit was reached for the self-venting sodium HP when the evaporator raised 7.62 cm at 3.4 kW of power and 12.7 cm at 1.4 kW.
Wang et al. (2021) found that the condensation limit only happens when natural air convection and thermal radiation cool the potassium HP condenser section. The viscosity limit is simple to achieve when the HP is in its startup phase at a low-temperature state. This is because both the friction and vapor viscosity forces are considerable for a HP with a high L/D ratio. When it comes to the sonic limit in a high-temperature state, it takes place at the condenser intake because the temperature was lower than the temperature in the surrounding area. After the sonic limit, there was a brief increase in temperature, followed by a steep decline brought on by the force of friction. When the cooling power is increased, the HP will reach its primary heat transfer limit, referred to as the entrainment limit. Chen et al. (2022a) found that the modulated heating mode is better than the constant heating mode, which can prevent the capillary limit, maintain good temperature uniformity, and raise the operating temperature and the effective length of cesium HP.
Tian et al. (2022b) investigated the heat transfer limits for sodium HTHP and the models were evaluated. They found that the model of Chi matched the experiments at 0° with a relative error of 19.0%, and the effective length of the HP affected the model accuracy. However, the model of Chi did not work for the inclined conditions. The research carried out by Zhang et al. (2022) analyzed the amount of heat that could be transferred by a liquid metal sodium HTHP when positioned at a variety of horizontal angles. The startup performance was impacted by its continuous flow limit. Since the transition temperature increased with increasing horizontal angle, the HP was more vulnerable to the continuous flow limit at large angles. Wei et al. (2021) found that the sonic limit was shown to be the most important factor in sodium HP heat transmission between 500°C and 650°C, whereas the carrying limit was determined to be the most important factor in operating temperatures over 650°C.
Zhao et al. (2021) experimentally and numerically studied the start-up process and tested the temperature and heat flux under steady condition. The experiment results showed that the length-to-diameter ratio, heating heat flow, and operating temperature affected the acoustic velocity limit of HTHP. Guo et al. (2022) proposed an improved model for the HP in simulation, which accounted for the heat conductance in the wall, the vapor flow in the vapor space, and the liquid flow in the wick based on the network method. The model was confirmed by comparing it to data collected from experiments on a copper-water HP. This model was used to examine the sodium HP. The HP was functional at all positive inclination angles. However, its capillary limit was reached at an inclination angle over 30°. Dutra et al. (2023) developed a numerical sodium HP model based on VOF and verified it with experimental data. The experiments confirmed the results and obtained the capillary limits for several cases. These results showed that Sockeye could compute the temperature distribution in HPs and predict the capillary limit.
3.2.4 Geyser boiling
The Geyser Boiling phenomenon, or intermittent boiling, is an instability phenomenon that several researchers observed since 1965 during the thermosyphons’ operation. It happens when a vapor bubble forms and releases in the evaporator liquid pool, pushing a lot of liquid at high speed to the condenser’s upper regions. The bursting of this bubble can induce significant vibrations in the thermosyphon, with the magnitude depending on the filling ratio. This phenomenon is attributed to the abrupt generation and expansion of vapor resulting from a fall in the hydraulic head, which might potentially induce vibration and cause damage to the pipes (Jafari et al., 2017). Although it does not affect the thermal performance, it should be avoided because it damages the condenser end cap.
Yang et al. (2022) found that HPs containing 50 g of potassium exhibit a severe geyser boiling phenomenon at angles of 45° and 90°, which could pose a risk to safe operation. Manoj et al. (2012) focused on studying the impact of filling ratio on the thermal efficiency of sodium HPs. The results indicated that sodium HPs with a liquid filling rate of 40% exhibited lower heat transfer resistance and better isothermal properties compared to other filling ratios. Mantelli et al. (2017) found that the geyser boiling effect mostly happened in cases with a thermosyphon filling ratio (it is the proportion of working fluid to total evaporator volume in their report) over 100%. In all cases, the effect of geyser boiling occurs mainly at the start of the operation (start-up).
Cisterna et al. (2020) studied the sodium two-phase thermosyphons for different heat transfer on different filling ratios. The researchers suggested the existence of an optimal filling ratio range that can prevent Geyser Boiling and evaporator dry-out in thermosyphons. They proposed an approximate filling ratio of 0.7 as the best value within this range. Thermosyphons with smaller filling ratios were found to have lower start-up temperatures. Moreover, they also proposed a theoretical model that can predict the minimum heat flux for a bubble release, for a given saturation temperature and departure diameter (Cisterna et al., 2021; Zhang et al., 2021) tested the ability to initiate heat transfer and the maximum allowable heating power of a Na-K alloy HP subjected to forced convection cooling. Geyser boiling in the HP improved heat transfer capacity compared to natural convection cooling, especially at lower temperatures and the minimum working temperature. Furthermore, the average temperature of the condensing section improved with the increasing mass flow rate of the Na-K alloy working fluid. In contrast, the average temperature of the evaporating unit changed very slightly with a tiny change in the boiling temperature.
4 SUMMARY AND CONCLUSION
In this paper a comprehensive review has been performed on the design and progress of HPCR for different countries. Numerous micro HPCR design concepts are proposed for space power, marine exploration, etc. The design target varies across different HPCR applications. For the application of space, the power density and thermal-electric conversion efficiency are ensured by adopting appropriate working fluid and conversion types. In the context of space exploration, the power density and thermal-electric conversion efficiency are maintained by the selection of suitable working fluids and conversion methods. In addition, maintaining a low mass is important in order to minimize launch costs. For underwater applications, providing a power source that exhibits low noise levels and has a long lifespan is of utmost significance for energy provision. The system’s thermal performance and conversion efficiency must account for the additional force caused by ocean conditions during the HPCR design procedure. In the future, it is necessary for the HPCR more compact and smaller, which is consistent with its multipurpose design concept. The energy conversion method must be highly efficient and guarantee a low specific mass. The type of working fluid for alkali metal should be carefully considered based on the operating temperature. In addition, the enrichment of uranium is a major concern. It is effective to use the high enrichment uranium (EU) for lowing the toll mass of HPCR. Despite the fact that the HPCR is not created with commercial usage in mind, the spread of high EU has become a policy issue for many nations. There have been designs for LEU systems with a lower mass in recent years, but it is unlikely that they are substantially lighter than the HEU system. A moderated option typically necessitates substantially higher development costs, time, and risk, in addition to shorter lifetimes and lower dependabilities. As a result, the design of the enrichment process poses a significant difficulty for HPCR.
For the transient characteristic of alkali metal HTHP, the startup process has a significant impact on thermal performance. In terms of inclination research, researchers have realized that temperature variation is influenced by different angles. However, the research results of the effects of inclination on the startup are inconsistent. Developing an analysis code is an effective method to the startup process. In the future, more experimental research for different angles is needed to analyze the mechanism of HTHP. The use of simulation codes not only enhances our understanding of the complex phenomena occurring during frozen startup but also facilitates the design and development of more efficient and reliable HP systems. In order for the developing code to be validated, adequate experimental data are required. The rolling condition in low amplitude is negligible to the heat transfer performance of HTHP. It is essential that relevant research on various kinds of HP and thermal-hydraulic parameters be carried out under ocean conditions.
In static conditions, the thermal performance of HTHP is affected by a variety of parameters, including NCG, inclination, filling ratio, and so on. The existence of NCG inner HP poses a significant impact on heat transfer and the flowing of the working fluid. Nevertheless, it is challenging to investigate the influence of the NCG in experiments for its generation. One of the directions of future research is the design of sufficient experiments and measurements of NCG under different fluids. In addition, the applicability of traditional HP limitation equations is a significant concern. Creating a general equation or modification is an effective strategy. The fluid filling ratio has a major impact on the heat transfer performance. Especially, the geyser boiling, occurring in a high filling ratio, is rarely researched in high temperature range. In the future, it is still necessary to study the geyser boiling for HTHP in experiment and numerical simulation.
In practical application, the HP must possess the ability to endure exceedingly elevated temperatures and tremendous heat flux while concurrently ensuring the preservation of effective heat transfer. Furthermore, the heat pipe is commonly engineered with varying angles and shapes to uphold the necessary specifications, exerting a substantial influence on its reliability. Furthermore, the durability of the HP service is influenced by factors such as corrosion, creep, thermal fatigue, and other related phenomena. In contrast, aside from the experimental test, there are currently no established procedures available for evaluating the service life. The development of a service life evaluation method is of utmost importance and requires immediate attention.
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