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Editorial on the Research Topic 
Numerical and experimental studies on small/micro nuclear reactors


Future space missions and deep-sea explorations are expected to rely on small/micro nuclear reactors, ranging from kilowatt-electric (kWe) to megawatt-electric (MWe) power output, for their power generation needs. These reactors offer numerous advantages over conventional energy systems, such as storage batteries and fossil fuels. They provide higher energy density, increased reliability, and longer operational lifetimes. Small/micro nuclear reactors can be classified into various categories based on the coolant they use, including heat pipe cooled reactors, liquid metal cooled reactors, and gas-cooled reactors. Currently, most of these reactors are still in the conceptual design stage, undergoing numerical studies and experimental research.
The unique core structure and operating principles of these emerging reactors differ significantly from existing light water reactors. Consequently, there is a need for the development of updated simulation methods and experimental studies to accurately understand their behavior. Researchers are actively working on improving simulation capabilities and validating them through experiments. They are also making efforts to develop multi-physics coupled analysis programs that consider various physical processes. These advancements provide researchers with a powerful tool to gain in-depth insights into the behavior and performance of small/micro nuclear reactors.
This Research Topic serves as a crucial platform for researchers to share and publish their latest findings and advancements in the field of small/micro nuclear reactors. The Research Topic covers various topics, including thermal-hydraulic and safety analysis, multiphysics coupling, computational code development, and validation, which is divided into three parts: reviews, experiments and simulation.
To comprehensively and systematically summarize and synthesize the field of small/micro nuclear reactors, reviews are provided. In this part, Wang et al. (Wang et al.) provide a comprehensive review of heat pipe cooled reactor (HPCR) conceptual designed by various countries in recent years. The research progress of high temperature heat pipes on flow and heat transfer performance is reviewed, with an emphasis on both transient and steady-state characteristics.
The current research on small/micro nuclear reactors primarily revolves around specific numerical simulations, which are instrumental in analyzing their behavior and performance. These simulations enable researchers to explore different operational scenarios and optimize various parameters for efficient and reliable reactor designs. In this part, Liu et al. (Liu et al.) focus on the impact of rapid power fluctuations in the core during the start-up and power-up processes of HPCR on the safe operation of the reactor. The peak power dataset of HPCR start-up and power-up processes is established and analyzed, using Monte Carlo sampling method. A fast prediction model of peak power was developed based on the artificial neural network. Ma and Hu focused on heat pipe cooled traveling wave reactor (HPTWR) and utilized the Monte Carlo program RMC (Reactor Monte Carlo) to obtain the reactivity swing, propagation of axial power peak, burnup, and productions of bred fissile nuclides for the HPTWR with Thu and U fuels. Liu et al. analyzed the design scheme of coupling a small fluoride-salt-cooled high-temperature reactor (FHR) with the Brayton cycle. A comparison was made among four different configurations of S-CO2 Brayton cycles coupled with FHR in terms of efficiency, exergy energy efficiency, and exergy loss. Meanwhile, the effects of the cooling conditions on the thermal efficiency and exergy efficiency of different cycle configurations are discussed. Jeong et al. developed a multi-physics coupled analysis program based on Open FOAM and the heat pipe thermal analysis code ANLHTP for accurate analysis of heat-pipe-cooled microreactors (HPRs) core. They validated the multi-physics analysis capabilities of this coupled program through analysis and verification of MegaPower. Chen et al. proposed a non-inclusive Proper Orthogonal Decomposition (POD) method based on a neural network. They validated the accuracy of this method using a transient heat conduction model for a two-dimensional plate and applied it to a rapid thermal analysis of the gas-cooled micro-reactor core. Wang et al. analyzed the errors of the stiffness confinement method and proposed a more achievable adaptive time-stepping (ATS) algorithm based on the error analysis by controlling the neutron flux amplitude error. The ATS algorithm yields a higher accuracy at a commensurate computational cost than calculations with fixed time-steps.
Luo et al. presents an inherent safety analysis of an ADS using the ARTAP code, investigating various accident scenarios, including proton beam interruption, transient overpower, reactivity insertion, loss of flow, and loss of heat sink. The results highlight the remarkable advantage of the ADS in mitigating severe accidents and underscore its inherent safety characteristics, demonstrating the ability to ensure reactor shutdown by cutting off the proton beam following accidents.
While numerical simulations dominate the research, complementary experimental studies and validation efforts are also underway to ensure the accuracy and reliability of the findings. In this part, Liu et al. addressed the phenomena of heat transfer deterioration or enhancement in supercritical fluid heat transfer. They proposed a new understanding for pseudo-boiling theory, emphasizing the essential difference between subcritical boiling and supercritical pseudo-boiling, and discussed the physical mechanisms of pseudo-boiling.
In conclusion, ongoing research and development in small/micro nuclear reactors for future space missions and deep-sea explorations are of great significance. Advanced simulation methods and rigorous experimental studies are essential for optimizing the design, operation, and application of these reactors, given their unique core structures and operational principles. Through these efforts, researchers aim to advance the integration of small/micro nuclear reactors into future missions, enabling their utilization in challenging environments for long-duration and high-energy applications. This Research Topic provides a valuable platform for researchers to share their latest findings, contributing to the broader understanding and continued progress in the field of small/micro nuclear reactors.
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An accelerator driven subcritical system (ADS) is a new nuclear energy system which could not only produce clean energy but also incinerate nuclear waste. In this paper, inherent safety analysis of an ADS is performed with neutronics and thermal-hydraulics coupled code named ARTAP. Five typical accidents are carried out, including the cases of proton beam interruption, transient overpower, reactivity insertion, loss of flow, and loss of heat sink. The transient simulations are performed in the average channel and the hottest channel of the fuel pin in the ADS core. The simulation results for beam interruption show that the highest temperature of the pellet is in the middle of the fuel element in the average channel, while the peak temperature of the cladding is in the top of the fuel element. After the beam is interrupted for 20s, the maximum temperature drops at the fuel center, the cladding inner surface, and the outlet coolant in the hottest channel are 644.46K, 162.27K, and 136.42K respectively. For transient overpower accidents with the increase of beam intensity, the maximum temperature of the fuel and the cladding are below the safety limit. Concerning the reactivity insertion accident, it is found that the ADS has good inherent safety and its margin of criticality safety is large. The calculation results for loss of flow show that the power drop is small due to low sensitivity of the subcritical core to negative reactivity feedback, and the maximum temperature of the cladding reaches 1726K, which means the fuel element would rupture. However, the power and the temperatures of fuel, cladding, and coolant could decrease quickly to the safety level after the proton accelerator is cut off under a loss of flow accident. The results also show that the peak temperature of the cladding is lower than the safety limit under a loss of heat sink accident. The present simulation results reveal that the ADS has a remarkable advantage against severe accidents. It also implies that its inherent safety characteristics could ensure reactor shutdown by cutting off the proton beam after accidents occur.
Keywords: accelerator driven system, neutronics, thermal-hydraulics, safety analysis, accident
1 INTRODUCTION
Nuclear energy is the hope of sustainable energy growth all over the world. An accelerator driven subcritical system (ADS) is a new nuclear energy system which could not only produce clean energy but also incinerate actinide nuclides and long-lived radioactive fission products (Maschek et al., 2008). The ADS device consists of a subcritical core, a high-energy proton accelerator, and a neutron spallation target, in which the fission process is sustained by a spallation neutron source. Compared with critical fast reactors, ADS have a better performance of nuclear waste transmutation due to a harder neutron spectrum. In recent years, ADS has been attracting more and more attention because of its superior neutronics and safety characteristics (Kumar and Katovsky, 2020). Conceptual designs of three types of eXperimental Accelerator Driven Systems (XADS) have been studied by the European Atomic Energy Community within its fifth framework program (Cinotti et al., 2004), which include a zero-power subcritical facility YALINA, a 80 MW Lead Bismuth Eutectic (LBE) cooled XADS, and a 50 MW multi-purpose hybrid research reactor MYRRHA for high-tech applications. A roadmap for developing an Accelerator Transmutation of Waste (ATW) technology was presented by the United States Department of Energy (DOE) (Van Tuyle et al., 2001), several researchers studied the physics design for using sodium or LBE as coolant of the ATW systems (Hill and Khalil, 2001; Yang and Khalil, 2001). The Japan Atomic Energy Agency (JAEA) has investigated an 800 MW LBE-cooled subcritical reactor with a 1.5 GeV proton accelerator to transmute minor actinides (Sugawara et al., 2018). The research of a HYbrid Power Extraction Reactor (HYPER) has been performed by Korea Atomic Energy Research Institute (KAERI) to produce energy and transmute nuclear waste (Park et al., 2000). The China Lead-based Reactor (CLEAR) and the Chinese initiative Accelerator Driven Subcritical System (CiADS) were proposed by the Chinese Academy of Sciences for the transmutation of nuclear waste and sustainability of nuclear energy development (Wu, 2016; Huang et al., 2021). The conceptual design of a 10 MW LBE-cooled CLEAR has been completed, and a proton accelerator with 650 MHz multicell superconducting radio frequency (SRF) was proposed in the CiADS device.
The components of the ADS system and its operation principle are significantly different from those of traditional nuclear reactor systems. To ensure safe operation of the ADS system, it is necessary to investigate the transient characteristics under accident conditions. Several codes have been developed for the safety analysis of ADS based on a point-kinetics model coupled with thermal and hydraulic feedback effects (Schikorr, 2001; D’Angelo et al., 2003), in which the dynamic behaviors of beam interruptions, loss of flow, and overpower accidents were performed. However, the point-kinetics method may be inaccurate in the case of severe source perturbations involving strong reactivity feedback that produce great flux distortion, which may happen during a serious accident (Eriksson et al., 2005; Rineiski and Maschek, 2005). Therefore, the variation of the spatial shape function with time should be considered in the ADS model. Chen et al. (2003) analyzed some safety characteristics for an LBE-cooled ADS using the extended SIMMER-III code, which is a two-dimensional fluid-dynamics system program coupled with a space-time dependent neutron kinetics model. In addition, Suzuki et al. (2005) investigated the unprotected blockage in a single fuel assembly and severe core-melt accidents with the updated SIMMER-III. The neutronics and thermal-hydraulics coupled simulation program was developed by the FDS team for the design and research of lead or LBE cooled ADS reactors (Wang G. et al., 2015), and three typical transient accidents were simulated with NTC code, such as beam trip and transient overpower condition (Wang Z. et al., 2015). Lu et al. (2016) used the RELAP5 program for the safety analysis on loss of flow accidents and external source transients of a 800 MW ADS with the code modifications of the point-kinetics model and the thermal property package. However, those calculations of safety characteristics mainly investigate the average fuel channel of the ADS assembly under accident conditions, very few studies have taken into account the case of the hottest fuel channel. The assessment of the hot channel factor (HCF) in the ADS core is very important for the quantification of safety margins.
The objective of this research is to analyze the inherent safety characteristics of the LBE-cooled ADS by using a neutronics and thermal-hydraulics coupled simulation code named ARTAP. The developed code consists of a space-time neutron diffusion equation with a spallation neutron source model and a thermal-hydraulics model with a package of thermophysical properties. Five typical accidents are calculated by ARTAP code, which include proton beam interruption, transient overpower, reactivity insertion, loss of flow, and loss of heat sink. In addition, the transient simulations are not only carried out in an average fuel pin of the ADS assembly, but also in the hottest fuel pin. The transient behaviors of the reactor power and the temperatures of the fuel, cladding, and coolant are investigated during the accident sequences.
2 COMPUTATIONAL MODEL AND METHOD
The primary system of the ADS device consists of a subcritical core, a high-energy proton accelerator, and a heavy metal spallation target. The configuration of a typical LBE-cooled ADS is shown in Figure 1. An accelerator proton beam is introduced into the target and then hits the metal target to initiate spallation reaction. As the result of spallation reaction process, neutrons will be supplied to the subcritical reactor core, which serve as an external neutron source to maintain fission chain reactions. The heat produced in the core will be carried out by the coolant of lead bismuth eutectic (LBE). The secondary coolant system is composed of three independent loops which contain three intermediate heat exchangers (IHX). The coolant of the primary loop is high temperature LBE in the IHX and the secondary coolant is an organic diathermic fluid for the Italian ADS system (Cammi et al., 2006).
[image: Figure 1]FIGURE 1 | Configuration of a typical LBE-cooled ADS.
In this paper, a developed computational code named ARTAP is applied in analysis of the inherent safety characteristics for the LBE-cooled ADS, which comprises of a steady-state analysis module and a transient analysis module. The steady-state analysis module couples a one-dimensional neutron diffusion equation and a thermal-hydraulics single-channel model (Luo et al., 2018). The modeling process of steady-state neutronics is performed in two stages, a low-energy deterministic calculation for the subcritical core and a high-energy Monte Carlo simulation for the spallation neutron source. The single channel model is chosen for the ADS thermal-hydraulics calculation, which includes the heat conduction in the fuel element and the heat transfer from cladding to coolant. According to the power distribution obtained by the neutron diffusion calculation, the thermal-hydraulics analysis is performed, and the obtained temperature distributions of coolant and fuel are selected as the feedback parameters to update the nuclear cross sections. Then the neutron diffusion calculation is carried out to update the power distribution. This coupling iterative process continues until the convergence of power distribution is met. The transient analysis module consists of space-time neutron kinetic equations and thermal-hydraulics dynamic equations. The calculation of transient models is divided into two steps, i.e., the spatial discretization with the finite difference method and the numerical solution of nonlinear time-dependent differential equations with a backward differentiation formulas (BDFs) method (Shampine et al., 1999).
2.1 Space-Time Neutron Diffusion Model
Although the three-dimensional full core multi-physics modeling of a nuclear reactor is an effective way to obtain the key information of the reactor core with high precision, the required data storage space is huge and the running time is quite long. In a few special calculations like performing the reactor control system design, transient safety analysis, or load following study, the detailed radial information of the reactor core is not necessarily needed due to the radially symmetrical layout of fuel assemblies and control rod banks (Song et al., 2016). Thus, a one-dimensional neutron diffusion model in the axial direction will be more preferable when the calculation precision is not reduced.
2.1.1 Space-Time Neutron Kinetics Model
The space and time dependent neutron kinetics model of the ADS reactor is as follows (Duderstadt and Hamilton, 1976):
[image: image]
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where va is the average speed of neutron, ϕ is the neutron flux, z is the axial position, t is the time, D is the diffusion coefficient, Σa and Σf are the macroscopic cross section of absorption and fission respectively, ν is neutrons yield per fission, S is the spallation neutron source, β is the total delayed neutron fraction, βj is the delayed neutron fraction of group j, Cj and λj are the delayed neutron precursor concentration and decay constant, respectively.
In the process of the neutron flux calculation, the finite difference method will be used for the discretization in space. This discretization is shown in Figure 2, and the size of each node is Δi. The power iteration method is used to calculate steady-state diffusion equation (Duderstadt and Hamilton, 1976), and the corresponding distribution of neutron flux could be determined by this iterative scheme. After the spatial discretization, neutron kinetics models could be transformed into the normal forms of time-dependent differential Equations which could solved by a backward differentiation formulas (BDFs) method with a scheme of implicit time discretization.
[image: Figure 2]FIGURE 2 | Spatial discretization in the axial direction.
2.1.2 Spallation Neutron Source Calculation
The space and energy distributions of the spallation neutrons S (z, t) in the target for the ADS reactor are calculated by a Monte Carlo transport code, which could simulate the interaction between an accelerator proton beam and a metal target (Pelowitz et al., 2005). A model of the spallation target was built by using this code and the neutrons tracked in the spallation target are tallied into an output file, then the distribution of spallation neutrons could be obtained, which are used as the external source for the ADS neutron diffusion calculation. The intensity of the neutron source could be calculated using Equation 3 (Zhou et al., 2014):
[image: image]
where ηp is the number of spallation neutrons released per proton, e is the electric charge on an electron, Ip is the intensity of the proton beam that can be derived by the following formula (Zhou et al., 2014):
[image: image]
where Pf is the total thermal power of the subcritical core, Ef is the averaged energy released per fission, keff is the effective multiplication factor, which is an important concept in reactor physics. When neutron disappearance does not equal neutron regeneration, the keff is introduced to the steady state diffusion equation for the criticality calculation, and the subcriticality 1 − keff could be obtained, which means the distance from a criticality. After external source is added into the subcritical core, the neutron population is perfectly balanced, thus the keff should be eliminated in the ADS steady state calculation.
2.1.3 Macroscopic Cross Section Generation
Taking into account the Doppler effect and the coolant feedback effect, the parameters of macroscopic cross sections (D, Σa and νΣf) are mainly related to fuel temperature Tf and coolant density ρc in Equation 1. The calculation of macroscopic cross sections is performed using a lattice physics code at different temperature points (Luo et al., 2018). Then the values of these parameters D (Tf, ρc), Σa (Tf, ρc) and νΣf (Tf, ρc) could be obtained by a linear interpolation method. Finally, the one-dimensional equivalent parameters are obtained from flux volume weighting in three-dimensional space (Song et al., 2016):
[image: image]
where Mi is the average value of macroscopic cross-section (D, Σa and νΣf) in axial node i, r is the position vector in three-dimensional space, r is the volume of axial node i.
2.2 Thermal-Hydraulics Model
The energy released in the fission reaction in the ADS core and the quantity of heat must be removed from the fuel to the coolant immediately for the safety of the system operation. In this work, a single channel model is performed for the thermal-hydraulics calculation, which includes the heat conduction in fuel element and the heat transfer from cladding to coolant. As we all know, one of the main goals of the thermal-hydraulics core design is to ensure that the core temperatures remain below the damage limit of core components, especially for the fuel pellet and the cladding materials. Therefore, it is significant to obtain the maximum fuel temperature from the analysis of transient behavior of the average and hottest channels in the ADS core.
2.2.1 Heat Conduction in Fuel Elements
In order to obtain the spatial distribution of temperatures of fuel and cladding, the fuel element is divided into K nodes in the axial direction and L nodes in the radial direction, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Node division in a fuel element.
Since the thickness and thermal resistance of cladding are much smaller than those of fuel pellet, the cladding is only divided into three nodes in the radial direction to obtain its inner surface and outer surface temperatures. Axial heat conduction is ignored because of prevailing radius to length ratios and axisymmetry (Wulff et al., 1985). Therefore, the heat conduction equation for the fuel pellet in the axial node i could be written as:
[image: image]
The boundary conditions of the heat conduction equation for the fuel pellet can be described as:
[image: image]
[image: image]
where [image: image] and [image: image] denote the density and specific heat of the fuel pellet in the axial node i respectively, [image: image] denote the heat conductivity of the fuel pellet, [image: image] and [image: image] denote the fuel pellet and cladding temperatures respectively, [image: image] is the volumetric heat rate, [image: image]is the gap heat transfer coefficient, and rf and rg denote the fuel pellet outer radius and cladding inner radius respectively.
Ignoring the heat generated in the cladding (Schikorr, 2001), we obtain the heat conduction equation for the cladding in the axial node i as:
[image: image]
The boundary conditions of the heat conduction equation for the cladding can be described as:
[image: image]
[image: image]
where [image: image] and [image: image] denote the density and specific heat of the cladding in the axial node i respectively, [image: image] denotes the heat conductivity of the cladding, [image: image] denotes the heat transfer coefficient between cladding and coolant, [image: image] is the coolant temperature, rcl is the cladding outer radius.
2.2.2 Heat Transfer to Coolant
The heat transfer from cladding to coolant in the ith node along the reactor axis direction can be described by the basic mass and energy conservation equations as (Schikorr, 2001):
[image: image]
where [image: image], [image: image] and [image: image] denote the density, volume, and specific heat of the coolant in the axial node i respectively, [image: image] is the heat transfer area between cladding and coolant, [image: image] denote the mass flow rate of coolant, [image: image] and [image: image] denote coolant inlet and outlet temperatures respectively.
In fast spectrum ADS designs, heavy liquid metals such as lead (Pb) or lead bismuth eutectic (LBE) are usually adopted as the coolant materials for high heat transfer coefficient and large heat capacity. The fuel assembly of ADS is usually composed of triangular rod bundles, and thus the Ushakov correlation is used to analyze the heat transfer correlation between the heavy liquid metal coolant and the cladding (Pfrang and Struwe, 2007). The heat transfer coefficient between cladding and coolant is calculated by:
[image: image]
where kc is the heat conductivity of the coolant, Dc is the hydraulic equivalent diameter, the Nusselt number Nu in the rod bundles is as follows (Pfrang and Struwe, 2007):
[image: image]
where p/d is the ratio of the pitch of fuel pins to its diameter, Pe is the Peclet number. It is valid for 1.2 < p/d < 2.0, and 1 < Pe < 4,000.
2.2.3 Heat Exchanger Model
The primary coolant flows out of the core and enters the heat exchanger through the ascending channel. The primary coolant then flows down to the lower plenum after its heat is transferred to the organic diathermic fluid on the secondary side. The schematic diagram of primary circuit is shown in Figure 4. The heat transfer models of primary coolant, tube wall, and secondary coolant are as follows (Cammi et al., 2006):
[image: image]
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where hp,w is the heat transfer coefficient between the primary coolant and tube wall, hs,w denotes the heat transfer coefficient between the tube wall and secondary coolant.
[image: Figure 4]FIGURE 4 | Schematic diagram of primary circuit.
2.2.4 Thermophysical Properties of Materials
The package of thermophysical properties of materials were developed to insert into the thermal hydraulic model based on the experimental data and empirical correlation (D’Angelo et al., 2004; Sobolev, 2011). The correlations of the thermophysical properties of coolant, cladding, and fuel are presented in Table 1.
TABLE 1 | Thermophysical properties of fuel, cladding and coolant.
[image: Table 1]2.3 Process of Coupling Calculation
The developed ARTAP code comprises of a steady-state analysis module and a transient analysis module. A flowchart of the neutronics and thermal-hydraulics coupled calculation is shown in Figure 5. After macroscopic cross sections and spallation neutron source are obtained, neutron diffusion equations are solved by the power iteration method. According to the power distribution by the neutronics calculation, the thermal-hydraulics analysis is performed, and the obtained distributions of fuel temperature and coolant density are selected as the feedback parameters to update the nuclear cross sections. Then the neutron diffusion calculation is carried out to update the power distribution again. This coupling iterative process continues until some criterion for convergence is met. The steady-state parameters of reactor neutronics and thermal-hydraulics are provided as initial parameters for dynamic simulation.
[image: Figure 5]FIGURE 5 | Numerical calculation flowchart.
The ARTAP code was verified by comparing its predictions for both steady-state and transient cases of the OECD/NEA benchmark (D’Angelo et al., 2003). The benchmark summarizes a comparative analysis of ten different codes. Three cited codes for the comparison are: TRAC-MOD, SAS4ADS and EXCURS-M, as they represent the range of data scatter in the published results of benchmark report. The results indicate that ARTAP is accurate and efficient to be applied for the ADS safety analysis (Luo et al., 2018).
3 RESULTS AND DISCUSSIONS
The Italian 80 MW XADS reactor was chosen as a typical LBE-cooled ADS to investigate its inherent safety characteristics in this work. The arrangement of assemblies and R–Z view of this reactor are shown in Figure 6 (Luo et al., 2015). The LBE-cooled core is divided into several regions. The inner region consists of 120 hexagonal MOX fuel assemblies with equal dimensions, and the top and bottom of the fuel assemblies are gas plenum, each assembly includes 90 triangle-distributed fuel rods. Dummy assemblies in the outer region mainly contain LBE which is taken as the reflector. The Central channel is designed to introduce proton beam into the spallation neutron target. The outside of core region is filled with LBE coolant, which serve as axial reflector and radial reflector. The main technical design parameters of the reactor are listed in Table 2. In order to study the transient behaviors and their uncertainties under different fuel power density conditions, the transient simulations are performed in the average fuel pin and the hottest fuel pin of the ADS assembly. The linear power density of the hottest fuel pin is 1.4375 times that of the average fuel pin (D’Angelo et al., 2004). Five typical accidents are carried out which include proton beam interruption, transient overpower, reactivity insertion, loss of flow, and loss of heat sink.
[image: Figure 6]FIGURE 6 | Arrangement of assemblies and R–Z view of reactor model.
TABLE 2 | Main design parameters of the ADS system.
[image: Table 2]3.1 Beam Interruption Accident
The proton beam in the accelerator plays a very important role in the ADS core. On the one hand, in normal steady-state operation of the ADS system, the high-energy proton beam interacts with the spallation target to generate an external neutron source to maintain the sustainable fission reaction of the subcritical core. On the other hand, the power level could be changed by adjusting the beam intensity during the transient operating conditions, and the external neutron source in the core could be interrupted by quickly cutting off the accelerator beam so as to achieve the emergency shutdown protection under accident conditions. However, the reliability and stability of the accelerator device itself will also affect the safety operation of the ADS system, especially a sudden short-term interruption of accelerator beam would cause transient temperature changes of key materials in the fuel element, and even lead to thermal fatigue damage of the materials. Therefore, it is necessary to analyze the impact of beam trips on the temperature changes of the fuel, cladding, and coolant.
In this work, a beam interruption accident is simulated with ARTAP, in which the accelerator beam suddenly interrupted from the fifth second, and then restored to the initial value at the 15th second. The results of transient responses of the average channel are presented in Figure 7. It can be seen from Figure 7A that the neutron flux density drops sharply at the fifth second because the external neutron source generated by the proton beam and the spallation target disappears instantly, and the value of neutron flux in the middle of the core is greater than those at the top and bottom of the core. The neutron flux quickly declines to a very low value and then slowly decreases due to the production of delayed neutrons in the core and the negative feedback effect of reactivity. After the beam recovers to normal at the 15th second, the external neutron source returns to the initial value, so the neutron flux also rises rapidly and gradually restores to the steady state value. In the process of the proton beam being interrupted for a short time and then recovering, the thermal power firstly drops and then rises rapidly and gradually returns to a steady-state level, the temperatures of the fuel, cladding and coolant also change sharply. The temperature variations at different positions of the fuel centerline is shown in Figure 7B, where the highest fuel temperature is in the midplane. Figure 7C reveals that the temperature of the cladding inner surface declines at a low value and then increases at a steady-state level, and the cladding temperature at the top of the core is the largest. The temperature variation of the coolant is shown in Figure 7D. The outlet coolant temperature (top of the core) changes the most, while the inlet coolant temperature (bottom of the core) changes the least, because there is a certain time lag of the coolant temperature from the heat exchanger outlet to the core inlet. Therefore, the coolant temperature change of the bottom position is slower than those of the middle and top positions.
[image: Figure 7]FIGURE 7 | Transient responses of the average channel under beam interruption accident for 10 s.
Compared with the average fuel channel, there is also a fuel element with the highest linear power density in the core, which is usually called the hottest fuel channel. In the neutronics and thermal-hydraulics designs of the nuclear reactor, the local peak analysis of the neutron flux and material temperatures in the core should be carried out to ensure the safety operation of the reactor. From the foregoing, it can be seen that the highest fuel temperature is in the middle of the core, while the highest cladding and coolant temperature is in the top of the core. Therefore, it is very important to analyze whether these parameters of the hottest channel exceed the safety limits under accident conditions. In case of the beam interruptions for 10s, 15s, and 20s, the response results of the hottest channel for the normalized thermal power, the fuel temperature in the middle of the fuel element, the cladding surface temperature and coolant temperature in the top of the fuel element are shown in Figure 8. It can be seen that the longer the beam interruption lasts, the lower the value that the power decreases by. Similarly, the longer the beam interruption lasts, the greater the temperatures of the fuel, cladding, and coolant change, and the variations of these parameters are shown in Table 3. When the beam is interrupted for 20s, the maximum temperature drops of the fuel center, the cladding inner surface and the outlet coolant are 644.46K, 162.27K, and 136.42K respectively. The fuel pellet and cladding will not be damaged for a short-term beam interruption accident, but if the proton accelerator could not maintain stable operation, the frequent interruptions may cause thermal fatigue damage of the cladding material, which will affect the life of the ADS core.
[image: Figure 8]FIGURE 8 | Transient responses of the hottest channel under beam interruptions for 10 s, 15 s, 20 s respectively.
TABLE 3 | Temperature variations of the fuel center, cladding surface and outlet coolant in the hottest channel under beam interruptions for 10 s, 15 s, 20 s respectively.
[image: Table 3]3.2 Transient Overpower Accident
With the operation of the reactor, the consumption of fission materials in the fuel element, and the accumulation of fission products, the effective multiplication factor would gradually decrease. The intensity of the proton beam would be increased by two or three times in order to compensate for the core-reactivity reduction during a refueling cycle. The reliability problem of the accelerator device and the error of the operator could cause the beam intensity to rise instantaneously and lead to overpower accidents. In the present study, transient responses of the average channel with 50% increase of beam intensity are simulated. As shown in Figure 9, the neutron flux density rises with the increase of the beam intensity at 5s. As a result of the increase of the neutron flux, the power and material temperatures of the core rise rapidly. Because of the negative feedback effect of the reactivity, the neutron flux gradually decreases after rising to the peak, and finally reaches a new equilibrium state. For the ADS core studied in this work, the melting point of the fuel is 3023K, the limit temperature of the cladding is 1043K, and the boiling point of the LBE coolant is 1927K (Mansani, 2002; Bobkov et al., 2008). The maximum temperature of the fuel center and the cladding surface are 1255 and 751K respectively under an overpower accident with 50% increase of beam intensity, both of which are far below the limit temperature of fuel damage.
[image: Figure 9]FIGURE 9 | Transient responses of the average channel when the intensity of proton beam increased by 50%.
For the hottest channel, three cases of beam step increase by 100, 150, and 200% are carried out. Figure 10 shows that the core power rises rapidly after a sudden increase of the beam intensity, and the increase in power is almost proportional to the increase in beam current. With the rapid increase of the power, the temperatures of the fuel, cladding, and coolant also rise rapidly. Due to the negative reactivity introduced by the Doppler feedback effect and the coolant temperature feedback effect, the power rises to the highest value and then gradually drops to a new stable value. In these three overpower accidents, the maximum fuel temperature is 2456 K, which is lower than the melting point. However, the maximum temperature of the cladding inner surface reaches 1030K when the beam current increases by 200%, as shown in Figure 10C, which is close to the temperature limit of the cladding breakage. After the beam intensity suddenly increases by more than twice the steady-state value, the high temperature of the cladding may endanger the fuel elements in the core hot channel.
[image: Figure 10]FIGURE 10 | Transient responses of the hottest channel when the intensity of proton beam increased by 100, 150, 200% respectively.
3.3 Reactivity Insertion Accident
The reactivity insertion accidents may be caused by the unanticipated control rod ejection. From the previous analysis results, as long as the maximum temperatures of the materials in the hot channel do not exceed the limit, it can be determined that the fuel elements in other channels of the core are also safe. Therefore, the transient process of the power and the maximum temperature of the fuel element in the hottest channel is mainly simulated and analyzed. Three positive reactivity insertions of 300, 600, and 900pcm are investigated in the present study. Two cases are taken into account, i.e., the unprotected case without beam trip and the protected case with reactor shutdown by cutting off the proton beam.
3.3.1 Unprotected Reactivity Insertion
In the case of positive reactivity insertions of 300, 600, and 900pcm in the ADS core during operation, the inherent safety characteristics of the ADS are analyzed by assuming that the emergency protection system has completely failed. The Transient responses of the hottest channel for unprotected reactivity insertions are shown in Figure 11. When different positive reactivity is introduced into the ADS core, the core power rises instantaneously, and then decreases slightly due to the negative feedback effect of the reactivity, and finally reaches a new equilibrium value. Meanwhile, the temperatures of the fuel center, cladding inner surface and coolant outlet also ascend sharply with the power increase and then gradually stabilize to a new equilibrium point. For the 900pcm insertion accident, the maximum temperatures of the fuel center and the cladding inner surface are far below the safety margin. This is principally because the ADS is a subcritical reactor driven by an external neutron source, in which the keff is far from the critical point and the neutron multiplication capacity is weak after the core is inserted 900pcm reactivity. Therefore, the power only rises to 1.32 times the steady-state value, and the peak temperature of fuel and cladding are far below the safety limit under the unprotected reactivity insertion accident. The results show that the ADS has good inherent safety in the event of reactivity insertion accidents, and its margin of criticality safety is large.
[image: Figure 11]FIGURE 11 | Transient responses of the hottest channel for unprotected reactivity insertions of 300, 600, and 900 pcm respectively.
3.3.2 Protected Reactivity Insertion
The results for the protected reactivity insertion at 5s are shown in Figure 12, where the beam shutdown signal occurs at 12s. It can be seen that the power and the temperatures of fuel, cladding, and coolant sharply decrease to the shutdown level after the proton accelerator is closed. It implies that ADS has the inherent safety characteristics to ensure reactor shutdown by cutting off the proton beam.
[image: Figure 12]FIGURE 12 | Transient responses of the hottest channel for protected reactivity insertions of 300, 600, 900 pcm respectively.
3.4 Loss of Flow Accident
The loss of flow accident is simulated with ARTAP, in which the coolant mass flow step changes from 100 to 10%. Both unprotected and protected cases are considered. The primary coolant pump of the reactor is always equipped with a flywheel with a large inertia to maintain the inertial flow rate of the core after a loss of flow accident and to reduce the consequences of the accident. The influence of the pump stop-time on the reactor flow rate was studied for loss of flow accident in the EBR-II fast reactor (Messick et al., 1987). As shown in Figure 13, three cases of the pump coastdown after the loss of flow accident are simulated respectively, and the flow finally dropped to 10% of the initial value.
[image: Figure 13]FIGURE 13 | Effect of pump coastdown time on mass flow-rate.
3.4.1 Unprotected Loss of Flow
Figure 14 shows that the transient responses of the hottest channel for unprotected loss of flow due to 50, 100, and 150s pump coastdown respectively. The mass flow rate of the hottest channel dropped rapidly after the primary coolant pump stopped, which caused the heat produced by fission reaction in the fuel could not be taken out, and the cladding temperature rose rapidly. The maximum temperature of the cladding inner surface reached 1726K, which means it exceeded the damage limit. The results reveal that protective measures are not taken after the loss of flow accident, the fuel element would rupture, thereby endangering the safety of the ADS core. For one thing, the power drop is small due to the deep subcriticality of the core and low sensitivity to negative reactivity feedback, which is from 100% full power to 88% level. For another, the loss of flow rate prevents the heat transferring from the pellet to the coolant in time, so the temperature of the cladding rises to a very high value. As shown in Figure 14C, for the cases of the pump coastdown time for 50, 100, and 150s, the corresponding time for the cladding temperature reaching the maximum value are 26, 41, and 58s, respectively. Therefore, the protection system should be quickly activated to achieve an emergency shutdown after the loss of flow accident occurs, and the primary pump with a longer coastdown time should be used to ensure the safety of the ADS.
[image: Figure 14]FIGURE 14 | Transient responses of the hottest channel for unprotected loss of flow due to 50, 100, 150 s pump coastdown respectively.
3.4.2 Protected Loss of Flow
The results of the protected loss of flow due to 50, 100, and 150s pump coastdown are presented in Figure 15, where the beam shutdown signal occurs at 12s. It can be seen that the power and fuel temperature dropped rapidly and then reached the shutdown level after the proton beam was quickly cut off, in which the core is subcritical without an external neutron source. During this process, the maximum temperature of the fuel center and the cladding surface is lower than the security limit. These simulation results indicate that the ADS core could quickly restore to safety by shutting off the beam under loss of flow accident, and the longer the coastdown time of the primary pump is, the lower the peak temperature of the cladding is.
[image: Figure 15]FIGURE 15 | Transient responses of the hottest channel for protected loss of flow due to 50, 100, 150 s pump coastdown respectively.
3.5 Loss of Heat Sink Accident
Corresponding to the primary circuit system, the secondary circuit system is a heat sink of the core during the normal operation of ADS. When the cooling system of the secondary circuit fails, such as one or more secondary circuit pumps trip or the air cooler fan stops, insufficient cooling capacity of the core results in a heat sink accident. The ADS system studied in this paper has three secondary loops, in which each loop contains a secondary circuit pump and an air cooler. During the process of heat sink accident, a single or two or all of the circuit pumps in the secondary loop fails, which causes the mass flow of the entire secondary circuit to drop from 100 to 69, 37, and 8% within 20s, respectively.
3.5.1 Unprotected Loss of Heat Sink
Transient responses of the hottest channel for unprotected loss of heat sink due to one, two, or three secondary pump trips are shown in Figure 16. Because the mass flow rate of the secondary side in the heat exchanger drops rapidly after the loss of heat sink accident, the heat of the primary circuit loop could not be removed in time. It can be seen from Figure 16 that the temperatures of the fuel center and the cladding inner surface rise rapidly, and the power drops slightly due to the negative feedback effect of reactivity. The higher the number of failed pumps in the secondary circuit is, the larger the temperature rise of fuel and cladding is. In the case of all the secondary pumps failure, the peak temperature of the cladding surface reaches 934 K, which is lower than the safety limit.
[image: Figure 16]FIGURE 16 | Transient responses of the hottest channel for unprotected loss of heat sink due to one, two or three secondary pumps trip respectively.
3.5.2 Protected Loss of Heat Sink
The results of the protected loss of heat sink due to one, two, or three secondary pump trips are shown in Figure 17, where the beam shutdown signal occurs at 12s. The fission energy produced in the core decreases rapidly after the proton beam was quickly cut off, in which the core is subcritical without an external neutron source. Due to the rapid decrease of the power, the temperatures of the fuel center and cladding surface also drop rapidly. The outlet coolant of the core temperature drops quickly with the power decrease after the shutdown protection system is activated, hence the heat transferring from the core to the heat exchanger is correspondingly reduced. These simulation results indicate the safety potential of the LBE-cooled ADS design against loss of heat sink accident.
[image: Figure 17]FIGURE 17 | Transient responses of the hottest channel for protected loss of heat sink due to one, two or three secondary pumps trip respectively.
4 CONCLUSION
In the present study, a developed computational code named ARTAP is used to analyze the inherent safety characteristics of the ADS, which comprises of a steady-state analysis module and a transient analysis module. The steady-state analysis module couples a one-dimensional neutron diffusion equation and a thermal-hydraulics single-channel model. According to the initial power distribution obtained by the neutron diffusion calculation, temperature distributions of coolant and fuel could be calculated by the thermal-hydraulics model, which are selected as the feedback parameters to update the macroscopic cross-sections of the neutron diffusion equation, and then a new power distribution is obtained. This coupling iterative process continues until some criterion for convergence is met. The transient analysis module consists of space-time neutron kinetic equations and thermal-hydraulics dynamic equations, which was verified by comparing its results with the those of the OECD/NEA benchmark. In order to investigate the safety characteristics, five typical accidents in an 80 MW LBE-cooled ADS are carried out which include proton beam interruption, transient overpower, reactivity insertion, loss of flow, and loss of heat sink. The transient simulations are performed in the average fuel pin and the hottest fuel pin of the ADS assembly by using the ARTAP code.
The simulation for a beam interruption accident shows that the highest fuel temperature is in the middle of the average channel, while the highest cladding and coolant temperatures are in the top of the average channel. When the beam is interrupted for 20s, the maximum temperature drops of the fuel center, the cladding inner surface and the outlet coolant are 644.46K, 162.27K, and 136.42K respectively. The frequent interruptions may cause thermal fatigue damage of the cladding material in the hottest channel, which will affect the life of the ADS core. For transient overpower accident with 50% increase of beam intensity, the maximum temperature of the fuel center and the cladding surface are 1255 and 751K respectively, both of which are far below the safety limit. After the beam intensity suddenly increases by more than twice the steady-state value, the maximum temperature of the cladding inner surface reaches 1030K, which may damage the fuel element of the hot channel in the core. Concerning the reactivity insertion accident, it was found that the power only rises to 1.32 times the steady-state value, and the peak temperature of fuel and cladding are far below the safety limit after the core is inserted 900 pcm reactivity. The results show that the ADS has good inherent safety in the event of reactivity insertion accidents, and its margin of criticality safety is large. In the simulation of loss of flow accident, the power drop is small due to the deep subcriticality of the core and low sensitivity to negative reactivity feedback, which ranges from 100% full power to 88% level. The maximum temperature of the cladding inner surface reaches 1726K, that means the fuel element would rupture. After the protection system is activated, the power and the temperatures of fuel, cladding and coolant sharply decrease to the shutdown level after the proton accelerator is closed. It implies that ADS have the inherent safety characeristics to ensure reactor shutdown by cutting off the proton beam. The simulation results of Loss of heat sink accident show that the higher the number of failed pumps in the secondary circuit is, the larger the temperature rise of fuel and cladding is. In the case of all the secondary pumps failure, the peak temperature of the cladding surface reaches 934 K, which is lower than the safety limit. The present simulation results reveal that the ADS system has a remarkable advantage against severe accidents. It also implies that ADS has the inherent safety characteristics to ensure reactor shutdown by cutting off the proton beam.
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The start-up and power-up processes of the heat pipe cooled reactor are essential parts of the autonomous operations. The rapid power fluctuation in the processes can affect the safety of the heat pipe reactor. The fast and accurate prediction of the peak power is significant for the safe operation of the heat pipe cooled reactor. This paper generates the peak power datasets of heat pipe cooled reactor start-up and power-up processes by coupling Monte Carlo sampling, and system analysis program with heat pipe cooled reactor MegaPoweras the research object. A fast prediction model of peak power was developed based on the artificial neural network and evaluated in terms of cost, accuracy, and interpretability. The results show that the artificial neural network model has high prediction accuracy and is suitable for large datasets with complex non-linear relations. However, the training cost is high, and the interpretability is weak. The above characteristics are explained by theoretical analysis, and the ability of ensemble algorithms to improve the accuracy of the artificial neural networks is discussed.
Keywords: start-up, power-up, neural network, heat pipe cooled reactor, peak power
1 INTRODUCTION
The heat pipe cooled reactor is an advanced solid-state reactor whose core consists of a hexagonal stainless-steel monolith structure containing uranium-oxide (UO2) fuel pins and heat pipes. As the core heat transfer component, the heat pipes carry away the core heat to the second loop or the thermoelectric conversion device in a non-energetic manner, eliminating pumps, valves, and auxiliary support systems. Hence, unlike traditional light water reactors, heat pipe cooled reactors are characterized by high inherent safety, compact structure, low operation pressure, long core life, and sound economy, and can be applied to particular scenarios such as deep-sea, space, and star surface. However, due to the small delayed neutron fraction, low matrix heat capacity, weak fuel, and matrix Doppler effects in heat pipe cooled reactor, it faces rapid variation in power with reactivity perturbations and temperature fluctuations.
The peak power is an essential factor affecting reactor safety, and reactors are generally designed with over-power protection devices to protect the reactor from over-power. Once the over-power protection signal is triggered, the reactor will shut down urgently. In most application scenarios, heat pipe cooled reactors must operate unattended for an extended period. In the face of load changes, the operating system needs to startup or mediate power to match the reactor power to the load while keeping the peak power in a reasonable range. Considering the rapid power variation of heat pipe cooled reactor, the implementation of this function relies on the accurate and fast prediction of the core power.
The reactor core power is generally obtained by the physical model based on the nuclear reaction mechanism or the analytical method of the experimental model. Dias and Silva (2016) used the neutron flux density method to infer the reactor power. However, the neutron flux density is not only related to the power level but also affected by the degree of fuel consumption. Song (2002) sensors outside the core to measure the power, but it is challenging to arrange sensors in some scenarios. The sensitivities of the sensors will also affect the accuracy of power estimation. Simple mathematical or physical models cannot accurately describe or estimate the nuclear reaction process due to a large number of non-linearities and uncertainties involved.
Numerical simulation of the phenomena in the reactor by coupling the thermohydraulic and neutronics models is another means. Xi et al. (2013) analyzed the axial power distribution of the European supercritical water-cooled reactor SCWR FA by coupling the thermohydraulic code CFX and the neutronics code MCNP. Although the best estimation procedure provides accurate results, it does not meet the requirements for autonomous operation in remote due to a large amount of computation time.
With the development of machine learning techniques, the use of data-driven models to predict the trends of critical parameters in real-time based on the feature parameters plays an increasingly active role in the safe operation of nuclear power plants. Bae et al. (2021) proposed a data-driven model consisting of a multi-step prediction strategy and an artificial neural network, which can help the operators estimate the trend of parameters under emergencies to respond quickly to the current situation.
Given the data-driven model’s excellent performance, this study try to apply it to the field of power prediction. This paper takes MegaPower, a heat pipe cooled reactor designed by Los Alamos National Lab for strategic power supply in remote as the subject (Sterbentz et al., 2017). Firstly, a model based on an artificial neural network to predict the peak power of heat pipe cooled reactor start-up and power-up processes is built. Then ensemble approaches are used to optimize the prediction performance further. After that, the applicability of this model is analyzed. Figure 1 shows the entire analysis flowchart of this article.
[image: Figure 1]FIGURE 1 | The flowchart of the whole analysis process of the neural network prediction model.
2 PROBLEM INTRODUCTION AND DATASET
2.1 Problem introduction
MegaPower is a heat pipe cooled reactor designed by Los Alamos National Lab for strategic power supply in remote (Mcclure et al., 2015; Sterbentz et al., 2017). Figure 2 shows some of the major reactor structures.
[image: Figure 2]FIGURE 2 | Concept schematicof heat pipe cooled reactor MegaPower (Sterbentz et al., 2017).
The core consists of a hexagonal stainless-steel monolith structure containing 5.22 Mt of uranium-oxide (UO2) fuel pins and liquid metal potassium (K) heat pipes operating at 675°C. By vaporizing the potassium liquid in the heat pipes, the heat pipes remove heat from the monolith; no pumps or valves are needed. Heat is then deposited in the condenser region of the heat pipe. Condenser regions can accommodate multiple heat exchangers. Reaction control is achieved using alumina (Al2O3) neutron side reflectors with 12 embedded control drums containing boron-carbide (B4C) poison arcs.
The heat pipe cooled reactor increases reactivity by rotating the control drum. Zhong et al. (2021) have proposed a “frog-hopping” power control strategy to improve the safety of the heat pipe cooled reactor in the power mediation process. As shown in Figure 3, the system is as follows.
[image: Figure 3]FIGURE 3 | Control logic of the control drum.
During the start-up process, when the reactor is critical, after each rotation of the control drum, if the change of the reactor power and the average fuel temperature is within limits during the subsequent observation time, the reactor is considered to be in a controllable state, and the control drum is continued to be rotated. Otherwise, the control drum is stopped until the conditions are satisfied again. In the power-up process, it is necessary to wait some time to perform the following operation after reaching the current power.
Therefore, the main operation parameters affecting the target parameters and their value ranges and distributions were identified, as shown in Table 1. During the process of reaching the target value of the core power, there is an urgent need to know the effect of the parameters on the power, as the different rotation patterns of the control drum may lead to a huge variation of the transient power. Model-based, knowledge-based, and data-driven methods are commonly used for prediction. However, the model-based method has a longer calculation time, the knowledge-based method has little empirical knowledge, and only the data-driven method can overcome the problems in peak power prediction.
TABLE 1 | The range and distribution of the input parameters in start-up and power-up processes.
[image: Table 1]2.2 Dataset
Although the data-driven method has shown promising applications, its performance is influenced by the quality of the data. In practice, obtaining reliable training data is difficult, which relies on effective procedures. The HPRTRAN is a heat pipe cooled reactor system analysis code developed by the Nuclear Power Institute of China, consisting of a point reactor kinetics model, a reactivity feedback model, a core heat transfer and mechanical model, and a heat pipe model (Ma et al., 2021a).
Figure 4 shows the flowchart of the models in the HPRTRAN code. The neutronic kinetics model determines the total power with the neutron transport simulation to obtain the relative power distribution. Thermal-mechanical calculations are carried out with the transferred power. There are three components to the core multi-channel thermal-mechanical model: a heat pipe model, a single channel coupled thermal-mechanical model, and a radial heat transfer model. Using the heat pipe model, the evaporator outwall temperature and the monolith’s inner wall temperature are determined. By transferring the thermal expansion and temperature distribution from the core thermal-mechanical model to the neutron kinetics model, the reactivity feedback can be considered.
[image: Figure 4]FIGURE 4 | Flowchart of the models developed for the transient core analysis in the heat pipe cooled reactor (Ma et al., 2021b).
The reasonability and feasibility of the models were verified by comparing the computational results of the HPRTRAN code with the ANSYS code and experimental results (Ma et al., 2021b; Ma et al., 2022).
HPRTRAN can well simulate the heat pipe reactor in the start-up and power-up processes. Taking the start-up process as an example, the system parameters, including core geometry parameters, power distribution, reactivity feedback, etc., are initialized, followed by transient calculations, where the point kinetic equations, core multi-channel heat transfer model, and heat pipe model are solved explicitly; The core internal reactivity is determined from the fuel, monolith, heat pipe, and reflector operating temperatures, and summed with the external reactivity introduced by the control drum as the total reactivity. Update the temperature field and the heat transfer between channels. Multiple iterations are performed until the preset calculation time is reached. Figure 5 shows the power variation during the start-up process (Ma et al., 2021a).
[image: Figure 5]FIGURE 5 | The power variation during the start-up process.
As shown in Figure 6, a Monte Carlo simulation is performed for the input parameters of the process of start-up and power-up, respectively. The influence of the input parameters on the target parameters is calculated using HPRTRAN to obtain the dataset containing the input features and the target values. The dataset size for both the start-up and power-up processes is 2000.
[image: Figure 6]FIGURE 6 | Flowchart of the data set calculation in the start-up process and power-up process.
The dataset is divided into a training set, validation set, and test set according to the ratio of 3:1:1. The training set is used to train the prediction model and calculate the model’s parameters. The validation set determines whether the model is underfitting or overfitting. The test set is used to check the model generalization performance.
The model uses the root mean square error (RMSE) between the predicted and actual values of the target parameters as the evaluation metric, as shown in the following equation.
[image: image]
Sobol sensitivity analysis is based on the variance decomposition technique. It is suitable for measuring the non-linear relationship between multiple input parameters and outputs (Ikonen, 2016), selecting a total sensitivity index value of 0.05 as a distinction between important and unimportant parameters (Zhang et al., 2015). Figure 7 shows the Sobol sensitivity index between the input parameters and the target values in the dataset. The results show that although there are differences in the sensitivity indices of each input feature, they satisfy the requirements of the critical parameters, and there are no redundant features.
[image: Figure 7]FIGURE 7 | Total sensitivity indices between input features and targets of the dataset in the start-up process and power-up process.
3 REGRESSION MODEL
This section introduces the neural network algorithm and three ensemble algorithms.
3.1 Neural network
The neuronal action potential will change when a stimulus is delivered to a neuron in the human brain. If the potential exceeds a threshold, the neuron is activated and sends neurotransmitters to other neurons. The artificial neural network (ANN) is built concerning the structure of the human brain nervous system. The M-P neuron shown in Figure 8 simulates the neuron in the human brain. The M-P neuron receives the input [image: image] from other neurons, multiplies it by the connection weight [image: image], and then subtracts the activation threshold [image: image] to obtain the output value [image: image]. The non-linear activation function [image: image] transforms the original output value to consider the non-linear factor.
[image: Figure 8]FIGURE 8 | Concept schematicof the M-P neuron model.
As shown in Figure 9, the artificial neural network consists of an input layer, several hidden layers, and an output layer. Each layer includes several M-P neurons. The data are propagated backward and forward, but no co-layer and cross-layer propagation occur.
[image: Figure 9]FIGURE 9 | Concept schematic of the fully connected artificial neural network model.
The neural network optimizes the parameters [image: image] and [image: image] of the neurons using the error back propagation algorithm (BP). The BP algorithm updates the parameters through stochastic gradient descent and can step out of the local optimum values and find the optimum global value.
4.2 Model evaluation
This section provides a comprehensive evaluation of the neural network prediction model in terms of cost, accuracy, interpretability, and uncertainty.
4.2.1 Cost
The artificial neural network has many parameters. There are corresponding connection weights between neurons of adjacent two layers and thresholds on each. The artificial neural network adopts the BP algorithm to update parameters, which requires the input to be propagated layer by layer from front to back. Then the error is propagated step by step from back to front. Ittakes a long time to train the artificial neural network model. Table. 2 shows the time required to prepare and predict the neural network model on the two datasets.
TABLE 2 | Training and prediction time of the neural network model.
[image: Table 2]The complexity of the neural network model is also reflected in the size of the model hyperparameters. Table. 3 shows part of the hyperparameters of the neural network.
TABLE 3 | Partial hyperparameters of the neural network.
[image: Table 3]The model’s generalization performance can be driven to the best state by adjusting the values of hyperparameters. Due to a large number of hyperparameters, it usually takes time to adjust the parameters of the neural network. Thus, it is more sensible to select the random sampling method in tuning the neural network model.
4.2.2 Error percentage
The peak powers of the test set were predicted using the optimized neural network model, and the error percentage distributions are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Error percentage distribution of test set prediction by the neural network during the start-up process and power-up process.
The error percentages of the neural network are within 20% in both the start-up and the power-up processes, showing the high accuracy of artificial neural networks. There are two reasons. One is that the neural network has lots of parameters that can fit complex functional relations. Hornik (1991) has proved that, under certain conditions, the artificial neural network is capable of arbitrarily accurate approximation to a function. Secondly, in updating the model parameters, the neural network uses the stochastic gradient descent algorithm; it can jump out of the local extremes and find the global minimum.
4.2.3 Interpretability
Talking about the interpretability of models, an eural network is more of a black box in that it delivers results without an explanation. It is only possible to observe what caused the neuron’s activation on the first hidden layer and what the neuron’s activation did on the last hidden layer. It is difficult to understand more neurons in the hidden layers in the middle. Therefore, the neural network is unsuitable for some scenarios requiring high interpretability.
The interpretability of neural networks is currently a research hotspot, which can be divided into active and passive interpretability studies according to whether interpretability interventions are made in the design and training processes of the model. Active interpretation drives neural network models in the direction of interpretability by adding physical information to the structure of the model, using physical constraints in the model’s training process, or combining the neural network with other models with high interpretability. Wan et al. (2020) constructed the neural-backed decision tree NBDT by replacing each node in the decision tree with a neural network, claiming it preserves the high precision of a neural network and high-level interpretability of a decision tree and successfully applied in the field of image recognition. However, due to the specific modification of the internal structure of the neural network by active interpretation, it is less intuitive in interpretation and has a narrow scope of application. Therefore, more work is currently focused on passive interpretation.
In this section, the neural network prediction models are interpreted using the attribution interpretation and the distance interpretation, respectively, according to the decreasing interpretability completeness.
4.2.3.1 Attribution interpretation
The concept of attribution interpretation refers to the attribution of responsibility or blame based on the effects of the input features on the output. The rapid rotation of the control drum brings about a rapid rise in core temperature and the following negative temperature feedback, so the total reactivity fluctuates violently near the criticality, generating power fluctuations and the maximum peak power.
Figure 7 shows the contribution of the input features to the peak power, during the start-up process, with the minimum observation time having the most significant effect on the peak power, followed by the control drum’s angle of a single rotation and speed of rotation. At the microscopic level, the single rotation angle and rotation speed of the control drum directly affect the speed of each control drum rotation. Thus, the contribution to the peak power is enormous. At the macroscopic level, the minimum observation time determines the length of the single rotation interval of the control drum during the “frog-hopping” start-up. Actually, it controls the overall speed of the control drum during the whole rotation.
In the power-up process, the target power factor becomes the most influential factor on the peak power, which is well understood as it determines the steady-state power level and, naturally, the peak power range above the steady-state power.
The above analysis illustrates the usefulness of analyzing the effect of input features on the peak power according to Figure 7. This section takes the power-up process as an example to perform the attribution interpretation by sampling ten samples from the test set. All the samples are normalized and sorted by the output value. As shown in Table. 4, it is easy to identify the features that contribute most on the peak power when it is small or large. For instance, the small PSC value in sample No. 1 limits the speed of power increase. And the large MOT values in samples No. 2–4 extend therotation interval of control drum. All the above factors reduce the reactivity introduction speed. The large peak powers of samples No.8–10 come from the opposite reason.
TABLE 4 | Attribution interpretation of the peak power prediction model in the power-up process.
[image: Table 4]The attribution interpretation explains the results from the mechanism, which can deepen the understanding of the peak power formation process, but it requires human confirmation in practice, which is inconvenient. Therefore, this section adopts the distance interpretation method based on Euclidean distance to prove the reliability of the model prediction results.
4.2.3.2 Distance interpretation
The distance interpretation finds the nearest training sample from the training set to explain the output for a particular test sample. A reasonable assumption is that the peak power is considered a function of the input features and that the “derivatives” are present and bounded over most of the domain so that the outputs of the test sample and the nearest training sample should not be too different from each other.
Therefore, this section still selects the above 10 test samples, searches for the nearest training samples and compares their outputs. The results are shown in Figure 11. It is found that the output values of five nearest training samples are within the 20% error range of test samples, indicating that the output of the neural network can be quickly verified by distance interpretation.
[image: Figure 11]FIGURE 11 | Distance interpretation of the peak power prediction model in the power-up process.
4.2.4 Uncertainty
The uncertainty of the model contains epistemic uncertainty and aleatory uncertainty, where the epistemic uncertainty comes from the lack of understanding of the physical system, and aleatory uncertainty comes from the uncertainty of the physical system itself, which is difficult to distinguish in practice. This section analyzes the uncertainty of neural network models by identifying the sources of uncertainty, performing uncertainty propagation, and finally analyzing the output uncertainty.
The uncertainty of neural network comes from the model hyperparameters, training data, and model parameters. The model hyperparameters and training data are controllable uncertainties and can be specified artificially before training. The model parameters are uncontrollable uncertainties, which are updated by the gradient descent method during the training process and cannot be interfered with artificially, so the uncertainty of the model parameters can be considered by adding a Dropout layer to abandon the model parameters randomly (Gurgen, 2021). The process of model uncertainty quantification is shown in the Figure 12.
[image: Figure 12]FIGURE 12 | The process of uncertainty quantification.
The uncertainty of the model is propagated through the framework shown in Figure 12. And it is then quantified by analyzing the uncertainty output. Taking a sample of the start-up process and the power-up process as an example respectively, the uncertainty outputs of the modelsare shown in Figures 13, 14.
[image: Figure 13]FIGURE 13 | Uncertainty quantification of the peak power prediction model in the start-up process.
[image: Figure 14]FIGURE 14 | Uncertainty quantification of the peak power prediction model in the power-up process.
3.2 Ensemble algorithms
The predictive ability of a regression model for unknown samples is defined as the generalization error, expressed as the mean square error (MSE) of the predicted and actual values of the target parameter. The mean square error (MSE) can be broken into two components: bias and variance.
[image: image]
The bias indicates the accuracy of the model prediction, and the variance measures the stability of the prediction. The general relationship between bias and variance is shown in Figure 15 (Geman and Bienenstock, 1992).
[image: Figure 15]FIGURE 15 | Bias and variance dilemma: the general relationship between bias and variance.
Zhou (2016) offers theoretical justification for ensemble algorithms that can improve the accuracy and stability of models and reduce generalization errors by enhancing the diversity of models. The conventional ensemble algorithms include bagging, boosting, and stacking based methods.
Bagging can reduce the variance of the ensemble model by sampling the dataset, training multiple regression models of the same type separately, and weighting the prediction results of the models to obtain the final output. Boosting uses the next model to predict the residuals of the previous model. Finally, it combines the prediction results of multiple weak regression models with an additive model, which can reduce the bias of the ensemble model.
Stacking has a two-layer structure, using different regression models to predict the dataset in the first layer and the prediction results as the dataset to train the meta-model in the second layer. Relearning the prediction results may obtain higher generalization performance.
This paper uses three ensemble algorithms to optimize the neural network, with the structure shown in Figure 16.
[image: Figure 16]FIGURE 16 | Concept schematic of three ensemble algorithm models. (A) Bagging ensemble algorithm, (B) Boosting ensemble algorithm, (C) Stacking ensemble algorithm.
4 OPTIMIZATION AND EVALUATION OF ARTIFICIAL NEURAL NETWORK MODEL
The artificial neural network can model non-linear relationships between variables. Macroscopically, it partitions the data space by progressive decomposition and relies on the scale of the model to obtain better performance. The artificial neural network has a wide range of applications. However, the relationship between targets and features varies so much in datasets of different scenarios that it is difficult to use the comparative results on one dataset as a guide to another. This paper is more interested in how the ANN performs in the specific application scenario of the heat pipe cooled reactor’s start-up and power-up processes and how to comprehensively evaluate the neural network’s applicability.
Therefore, this section builds a peak power prediction model for the heat pipe cooled reactor’s start-up and power-up processes based on an artificial neural network, optimizes the model by adjusting the model structure, and evaluates the model’s performance in terms of cost, accuracy, interpretability, and uncertainty using a comprehensive framework.
4.1 Model optimization
The accuracy of neural network models is affected by numerous factors. The hyperparameters affect the prediction ability by determining the complexity of the model, the training data directly affect the effect of model learning, and the ensemble algorithms can achieve performance improvement through the combination of multiple models.
4.1.1 Hyperparameters optimization
The hyperparameters determine the complexity of the model. The learning ability of a simple model is limited, but as the complexity increases, the model overfits, i.e., gradually learns some properties of the training set and loses good generalization performance. Taking the power-up dataset as an example, the complexity of the model can be represented by hyperparameters that indicate the model structure size, such as the depth (n_dense) and width (n_hidden). The neural network will directly determine the size of the model. This section uses the training set to calculate the model parameters and the validation set to determine the degree of overfitting. Figure 17 shows the effect of hyperparameters on the overfitting of the neural network model.
[image: Figure 17]FIGURE 17 | Influence of the neural network depth and width on overfitting.
The overfitting phenomenon can be observed in the training of the neural network. Although each neuron can use the complete samples, the increase in width due to the different weights still causes the effect of further division of the data space. The neural network that is too deep may cause parameters instability with vanishing gradient problems or exploding gradient problems due to the continued multiplication of multiple activation functions. Therefore, the hyper parameters should be tuned to alleviate the overfitting situation to get the prediction model with the best results.
This overfitting phenomenon of the model can be explained by the bias-variance dilemma, where the model complexity makes a difference in the effect of the bias and variance, thus leading to a change in the generalization error of the model, as shown in Figure 15. A model’s generalization error can always be decomposed into bias and variance, and the effect of hyperparameters on overfitting is a combination of the effects on bias and variance, respectively. The bias and variance are averaged over all possible datasets computed by the model and are only relevant to the model and not to the specific dataset.
In cases where datasets are difficult to obtain, the bias and variance of the model can be computed on the multiple datasets obtained by bootstrap replicates from the original dataset as shown in Figure 18 (Sofus et al., 2008).
[image: Figure 18]FIGURE 18 | Flowchart of bias and variance calculation method.
Overfitting can be alleviated by adjusting the model hyperparameters and controlling the bias and variance in a suitable position. It is found that the bias of the neural network always decreases monotonically with the increase of depth or width. However, as the width increases, the variance is unimodal, and it is found that deeper models increase variance. Thus, the trend of the generalization error of the neural network with model complexity depends on the relative magnitude of bias and variance (Yang et al., 2020).
The artificial neural network is a low bias but high variance model and the generalization error depends mainly on the control of variance. For the neural network, the variance will increase if the model is too deep. The effect of width on variance is still unimodal, as shown in Figure 19, and performance can be further improved by widening.
[image: Figure 19]FIGURE 19 | Influence of the neural network depth and width on bias and variance.
4.1.2 Dataset size
This section investigates the effect of dataset size on model error. Figures 20, 21 shows that the relationship between dataset size and model error has basically converged during the start-up and power-up processes, indicating that it is appropriate to use both datasets to train the neural network model. However, both datasets still have room for expansion to reduce the error. The neural network has many parameters. It is difficult for a small amount of data to learn more accurate parameters in the error back propagation process, so it is usually suitable for large datasets such as picture and text recognition.
[image: Figure 20]FIGURE 20 | Influence of dataset capacity on RMSE in start-up and power-up processes.
[image: Figure 21]FIGURE 21 | Effect of ensemble models in start-up and power-up processes.
4.1.3 Ensemble algorithms
Finally, the performance improvements of the three ensemble algorithms on the neural network model were compared. The results show that all three ensemble algorithms effectively reduce the generalization error of the models compared to single models.
The reduction effect on the variance and the bias is consistent with the theoretical analysis, with Bagging mainly reducing the variance and Boosting mainly reducing the bias. Considering that the neural network is a high variance but low bias model, the gains are more significant using Bagging than Boosting. While Stacking may obtain better results by relearning based on a simultaneous ensemble of a single model, Bagging and Boosting simultaneously.
5 CONCLUSION
The following research has been conducted in this paper. Firstly, the Monte Carlo sampling method and the deterministic model are combined to generate the heat pipe cooled reactor datasets in start-up and power-up processes. Then, the peak power prediction model based on the artificial neural network is established. Next, the influence of hyperparameters, dataset size, and ensemble algorithms on the model performance is studied. Finally, the following conclusions were obtained.
(1) The neural network model has a high prediction accuracy. The prediction error of the peak power in the heat pipe cooled reactor is 0.5658 MW for the start-up process and 0.7385 MW for the power-up process. It has a low uncertainty, and the predictive percentage errors of most samples are less than 20 percent.
(2) The neural network is a model with high variance and low bias. Thus, ensemble algorithms are mainly used to improve performance by reducing the variance of the model. The dataset size also impacts the model, and there is room for further expansion.
(3) The training and tuning costs of the neural network are high; the training time is 120 s on the start-up process dataset and 139 s on the power-up process dataset. But it has a relatively low prediction cost. The interpretability is weak too. It can be partially explained by passive interpretation, such as attribution interpretation and distance interpretation. It could be improved by combing neural networks and other algorithms in the future. Applying the neural network in scenarios that do not require high interpretability is more advantageous.
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For the special phenomena of heat transfer deterioration or enhancement in supercritical fluid heat transfer, existing research still presents inconsistent opinions. In this study, we perform an analysis of the property changes, and present new understandings for pseudo-boiling theory. More importantly, essential differences between subcritical boiling and supercritical pseudo-boiling are highlighted; the critical factors being thermodynamic instability and stability. For isothermal heating cases, pseudo film boiling can be regarded as an extension of near-critical boiling. Moreover, pseudo nucleate boiling only appears in non-isothermal heating cases and is strongly dependent on the heater geometry, materials, etc. A coupled level-set and volume-of-fluid method is used to simulate the near-critical film boiling of carbon dioxide at pressures of 7.0 and 7.37 MPa. In comparison, supercritical cases at a pressure of 7.5 MPa are the natural convections of single-phase fluid with variable physical properties. The numerical results indicate the similar motions of low-density fluids in subcritical and supercritical cases. All results are consistent with prior experiments, providing a better understanding of the special features of supercritical fluid heat transfer.
Keywords: supercritical fluids, pseudo-boiling, boiling, natural convection, heat transfer
1 INTRODUCTION
Fourth-generation nuclear energy systems are safer and more economical, and their use has gradually spread worldwide. Among different reactor designs, system simplification and the realization of a higher core outlet temperature is easier in gas-cooled reactors. Recently, supercritical carbon dioxide cooled reactors have aroused widespread attention because of advantages in efficiency, small size, and weight (Ahn et al., 2015). These advantages are due to the peculiar physicochemical properties of supercritical fluids (SCF), especially in the pseudo-critical region (Brun et al., 2017). However, special heat transfer mechanisms have also been found, which pose numerous risks to the system (Duffey and Pioro, 2005) and should be carefully studied. Similar problems exist in supercritical water reactors.
In the vicinity of the critical point, SCFs are very compressible and dense. For such fluids in heated enclosures, the rapid establishment of thermal equilibration, observed in microgravity experiments, cannot be explained by convection and conduction (Shen and Zhang, 2013). Onuki et al. (1990) (Boukari et al., 1990; Zappoli et al., 1990) studied dominant thermo-acoustic heating (piston effect) and successfully explained microgravity experiments through numerical models. However, for most industrial applications of SCF heat transfer, systems are maintained at a constant pressure using a pressurizer. In this condition, expansion of the thermal boundary layer cannot cause adiabatic compression of bulk materials, unlike a moving piston. Meanwhile, unlike the study of the piston effect at small temperature differences (dozens of milli Kelvins), fluid states are usually much removed from the critical point. These factors together make the piston effect negligible.
Therefore, buoyancy driven convection, including natural convection and mixed convection, is still the key driver of SCF heat transfer. Large-scale variations of SCF properties within the pseudo-critical region make the transfer mechanism complex, indicated by various experimental studies (Swenson et al., 1965; Li et al., 2010; Jiang et al., 2013). For heat transfer of SCFs flowing inside channels, Pioro and Duffey (2005) (Duffey and Pioro, 2005) reviewed more than 450 experimental papers on supercritical water and supercritical carbon dioxide spanning from the 1950s to the 2000s. The results verify that three different heat transfer modes dominate (Mokry et al., 2010): normal heat transfer, improved heat transfer, and deteriorated heat transfer. These modes are mainly influenced by the pressure, pipe diameter, mass flow rate, heat flux, bulk temperature, and flow direction. Similar phenomena are also observed in other SCFs, for example, methane (Gu et al., 2013) and kerosene (Fu et al., 2017). For natural convection of SCFs, Knapp and Sabersky (Knapp and Sabersky, 1966) designed an experiment employing horizontal wires heated in supercritical carbon dioxide. In the experiment, three general types of flow modes were observed: laminar flow, oscillation flow, and bubble-like flow, which are similar to subcritical pool boiling. Since then, many studies (Goldstein and Aung, 1968; Nishkawa and Ito, 1969; Abadzic and Goldstein, 1970; Neumann and Hahne, 1980) have attempted to repeat Knapp’s work, and it was finally determined that the last two modes only appear in experiments that heat thin, low thermal diffusivity wires (Hahne and Neumann, 1981).
From a theoretical perspective, the mechanisms for improved heat transfer and deteriorated heat transfer are still controversial. According to observations of bubble-like structures and flow noise such as subcritical boiling, some studies (Ackerman, 1970; Banuti and Hannemann, 2014; Nasuti and Pizzarelli, 2020; Xu et al., 2020) proposed a pseudo-boiling theory and likened the improved heat transfer to nuclear boiling, and the deteriorated heat transfer to film boiling. Another theory focused on the buoyancy and flow acceleration effects caused by changes in the properties (McEligot et al., 1970; Petukhov et al., 1972; Hiroaki et al., 1973; Liu et al., 2017; Xu et al., 2017). This theory considers the force on near-wall fluids and explains experiment results very well. Nevertheless, the two theories have limitations. Existing research still presents inconsistent results, especially regarding the onset of heat transfer deterioration. For the pseudo-boiling theory, differences between the subcritical gas-liquid transition and pseudo-critical phenomena should be carefully considered. For the buoyancy and flow acceleration theory, effects of peculiar properties on the boundary layer are important and difficult to elucidate, requiring further studies.
Many researchers have carried out both experimental and theoretical studies on SCF heat transfer, particularly on flow and heat transfer in tubes. However, the existing research still yields inconsistent results due to complex turbulence flows. In contrast, it is much simpler to conduct visual experiments on, and to analyze the mechanism in pool heating cases; rarely reported in existing SCF studies. Moreover, basic analyses of the property distortions, especially comparisons of the subcritical gas-liquid transition, can also provide important information. Therefore, in the present study, the similarities of, and differences between the subcritical gas-liquid transition and pseudo-critical phenomena are studied using theoretical analyses and numerical simulations. A coupled level-set and volume-of-fluid method is used to analyze bubble growth in the film boiling of carbon dioxide near its critical point. For cases above the critical point, the natural convection of single-phase fluid with variable properties is considered. Through comparisons of these cases, the pseudo-boiling heat transfer mechanism in supercritical fluids has been improved.
2 ANALYSIS OF HEAT TRANSFER CHARACTERISTICS OF SUPERCRITICAL FLUID IN POOL HEATING CASES
The original pseudo-boiling theory was advanced by experimental observations, and can partly be proved by comparing gas-liquid transitions and pseudo-critical transitions, especially similarities in property changes. However, more importantly, the discrepancies in thermodynamic stabilities between these transitions lead to essential differences; thus, the original pseudo-boiling theory must be modified.
2.1 Similarities between the subcritical gas-liquid transition and the pseudo-critical transition
Taking water as an example, Figure 1 displays several properties at different pressures, including the density ρ, isobaric heat capacity [image: image], thermal conductivity [image: image], viscosity [image: image] , isothermal compressibility [image: image] and thermal expansion rate [image: image]. The dotted line corresponds to the subcritical condition and the other three correspond to supercritical conditions. Many similarities between the subcritical gas-liquid transition and the pseudo-critical transition can be found from comparisons of the property changes.
[image: Figure 1]FIGURE 1 | Different properties of water at different pressures.
Similar to the stepwise change during the subcritical gas-liquid transition, the fluid density changes dramatically in the pseudo-critical region. At a constant pressure of [image: image], the density of supercritical water changes from [image: image] to [image: image] over a [image: image] temperature range. Meanwhile, the critical point is special where the first derivative [image: image], and second derivative [image: image], of the fluid density with respect to temperature are infinite.
For the isobaric heat capacity [image: image], similarities also exist, but are more complex. The subcritical transition from the gas phase to liquid phase is accompanied by a jump in [image: image]. In the pseudo-critical transition, this phenomenon can also be observed, but is accompanied by a peak in [image: image]. Within the pseudo-critical region, [image: image] increases rapidly and then decreases as the temperature increases at a constant pressure. Specially, the unusual change of [image: image] at the critical pressure follows the power law [image: image], which is well explained by the scaling law (Kadanoff et al., 1967) and renormalization group (RG) theory (Wilson, 1971; Cardy, 1996). At the critical point, [image: image] is infinite. Away from the critical point, the [image: image] peak still exists, which corresponds to an additional energy demand for the transition from high-density fluid to low-density fluid. The additional energy demand is quite similar to the latent heat of vaporization [image: image], in the subcritical gas-liquid transition, and can be quantitatively described by an integral of [image: image] with respect to [image: image].
The isothermal compressibility, [image: image], and thermal expansion rate, [image: image], are measures of the fluid density change as a response to a pressure or temperature change. The values of [image: image] and [image: image] for a low-density fluid including the gas phase in subcritical states and gas-like fluid in supercritical states, are always higher than those for high-density fluids. Meanwhile, the peaks in [image: image] and [image: image] in the pseudo-critical region refer to the peculiar change in fluid density.
The changes in the thermal conductivity, [image: image], and viscosity, [image: image], in supercritical states are similar to those in subcritical states. Compared with low-density fluids, a high-density fluid presents higher values of [image: image] and [image: image]. However, critical enhancement areas exist in the pseudo-critical region, corresponding to the peaks in Figures 1C,D. As the pressure increases away from the critical point, the dramatic changes in these properties are mild. Compared with those of [image: image], the effects of the critical enhancement areas on [image: image] and [image: image] are much weaker and diminish quicker, and are usually negligible.
In the supercritical region, the maximum of the isobaric specific heat, [image: image], at a constant pressure is called the pseudo-critical point, and is determined by the pseudo-critical pressure, [image: image], and the pseudo-critical temperature, [image: image]. The pseudo-critical line connects these points and is also called the Widom line. In this context, the pseudo-critical line seems to be an extension of the gas-liquid coexistence line.
These phenomena are also present in other fluids, indicating the correlation between the subcritical gas-liquid transition and the pseudo-critical transition. Meanwhile, inelastic X-ray scattering experiments (Gorelli et al., 2006; Simeoni et al., 2010; Fomin et al., 2015) confirm the transitions between liquid-like and gas-like structures in SCFs, which are well reproduced by molecular dynamics simulations. Many studies (Ha et al., 2018; Yoon et al., 2019; Maxim et al., 2020) have examined structure-property correlations and have proposed the theory “supercritical gas-liquid coexistence” on a micro level. For different fluids in different states, intermolecular attraction and repulsion leads to different macro behaviors.
2.2 Differences between the subcritical gas-liquid transition and the pseudo-critical transition
Although many similarities between the two phenomena are presented above, the subcritical gas-liquid transition is still fundamentally different from the pseudo-critical transition (Liu et al., 2022). In the subcritical gas-liquid transition, phase separation occurs between gas and liquid phases and surface tension plays an important role in boiling. However, in the whole supercritical region, the two phases are indistinguishable, and phase separation does not occur. These differences can be explained by the thermodynamic stability theory and different heat transfer mechanisms.
According to the well-known van der Waals model, the isotherm is represented by “abcdef” in Figure 2. For cd, [image: image], which means that the pressure increases when the fluid volume increases. The states are unstable, leading to the separation and coexistence of gas and liquid phases. bc and de correspond to superheated liquid and subcooled gas, respectively, which are semi-stable and easily transition to the gas-liquid coexistence state. Therefore, for [image: image], the middle of the isotherm is a straight line, be. For [image: image], the isotherm is a monotonically decreasing function and [image: image]. The states are always stable and the predictions of the van der Waals model are consistent with the experimental data.
[image: Figure 2]FIGURE 2 | P-V diagram for carbon dioxide.
In the subcritical pool boiling case, with heating from the bottom, the temperature of the heated wall is higher than the saturated temperature. At this condition, fluid near the wall is superheated. However, most of the superheated liquid cannot transform into gas as the formation of bubbles is conditional and random. The appearance of the gas phase in superheated liquid originates from density fluctuations caused by random movement of molecules. As illustrated in Figure 3A, density fluctuations cause a pressure increase, [image: image], in a region. If [image: image] is large enough to overcome the surface tension, this region expands. As [image: image], expansion leads to a further increased pressure and the expansion continues until a stable, low-density state (a bubble) is formed. Generally, the initial unstable region (called a nucleation site) appears on the surface of the heated wall, where the effect of surface tension is relatively small.
[image: Figure 3]FIGURE 3 | Different heat transfer mechanisms of the (A) subcritical gas-liquid transition and (B) pseudo-critical transition.
The pseudo-boiling case is referred to as the subcritical boiling case, where the bulk temperature is less than the pseudo-critical temperature, [image: image], and the wall temperature is higher. As illustrated in Figure 3B, fluid near the wall is low-density and the bulk is high-density. In the transition region between gas-like fluid and liquid-like fluid, the fluid density rapidly changes, corresponding to the pseudo-critical transition. Under the effect of buoyancy, the low-density fluid flows upward. The flow mode is similar to those of bubbles during boiling. However, the formation mechanisms of low-density fluids in pseudo-boiling and bubbles in boiling are different. As [image: image], fluctuations in SCFs dissipate spontaneously and do not destabilize the system. Gas-like and liquid-like structures are homogenously dispersed in the SCFs, originating from density fluctuations caused by the random movement of molecules. Thus, SCFs are always continuous and homogenous on a macro scale.
Subcritical gas-liquid transition depends on two key parameters: temperature and nucleation sites. Bubble formation is a stochastic process, dominated by density fluctuations and thermodynamic instability. Further, different modes of bubble formation and movement lead to different boiling modes, including nucleate boiling, transition boiling, and film boiling. The pseudo-critical transition depends on the temperature, and gas-like fluid formation is a deterministic process, although the movements of gas-like fluids are still stochastic. Different modes of gas-like fluid formation and movement also cause different pseudo-boiling modes. According to the prior similarity analyses, the pseudo-boiling modes are similar to the boiling modes. Natural convection induced by buoyancy, with a large density difference, is the common feature.
2.3 Mathematical description of hydraulic instability
For a typical subcritical horizontal film boiling case, a layer of vapor fully covers the heated wall and a layer of liquid is present above the vapor layer. The temperature of the heated wall is constant and higher than the saturation temperature. Due to density differences under gravity, the liquid-vapor interface is unstable, which is called Rayleigh-Taylor instability. Meanwhile, evaporation of the liquid and the generation of fresh vapor cause changes at the gas-liquid interface.
According to Taylor’s theory (Taylor, 1950), the interface disturbance can be expressed through first-order perturbation analysis using the following equation:
[image: image]
The growth coefficient, [image: image], is related to the wave frequency, [image: image]; and the wavenumber, k, is related to the wavelength, [image: image], by:
[image: image]
Therefore, the interface disturbance is divided into several sub-disturbances with a particular wavelength [image: image]. When [image: image] is imaginary, the sub-disturbance is periodic in time and therefore stable. However, if [image: image] is real, the sub-disturbance grows exponentially with time and is therefore unstable.
For the horizontal film boiling with no forced convection, the irrotational flow kinematic equation, which yields the relations between wave number, gravity, surface tension, and the fluid properties, can be simplified to the following equation (Berenson, 1961):
[image: image]
If the vapor velocity, [image: image], is negligible, then the equation for the grow coefficient b is:
[image: image]
According to the previous analysis, the larger the value of [image: image], the more unstable the sub-disturbance, which corresponds to a greater growth rate of the boundary. Therefore, Eq. 4 indicates that the density difference and gravity play important roles in the hydraulic instability. On the contrary, surface tension tends to restrain the disturbances. When the wavelength l is small, [image: image] is imaginary and the corresponding disturbance will disappear.
[image: image]
As shown in Eq. 5, the value of [image: image] is a maximal real number when [image: image]. In this condition, the disturbance is most likely to develop into a visible bubble. This special wavelength is also called the “most dangerous wavelength”.
However, the surface tension, [image: image], of supercritical fluids is always zero. For an arbitrary [image: image], the value of [image: image] is real, which indicates that all disturbances will grow, leading to an unstable interface. Compared with the subcritical film boiling cases, the natural convection in supercritical fluid cases are more irregular and chaotic.
3 NUMERICAL METHODS AND MODELS
To prove the prior theories, several numerical simulations are performed for both the subcritical and supercritical fluids. This section aims to demonstrate the numerical methods and models.
3.1 Horizontal film boiling of subcritical fluids
3.1.1 Macro-scale model
For the subcritical cases, the computational domain is a rectangular region. The domain width is the most dangerous wavelength, [image: image], and the height is [image: image] (Figure 4). The bottom is a no-slip wall with a constant temperature. The left and right boundaries are both symmetrical. The top boundary is free, where the vapor is allowed to exit and the saturated liquid is allowed to enter.
[image: Figure 4]FIGURE 4 | Computational domain and boundary conditions in subcritical cases.
In the initial condition, the liquid temperature is set as the saturated temperature. The gas-liquid interface is initialized as the original disturbance, which satisfies
[image: image]
Meanwhile, the vapor temperature increases linearly from the interface to the bottom, along the negative [image: image] direction.
3.1.2 Numerical methods
In order to simulate horizontal film boiling, the coupled level-set and volume-of-fluid method in FLUENT 17.2 is used to capture and track the interface. The continuum surface force model (CSF) (Brackbill et al., 1992) is used to consider the effect of surface tension in the momentum equation. As the fluid velocity is small, these cases only consider the laminar model. The governing equations for these models can be found in the help manual of Fluent.
The evaporation model is presented by Sun et al. (2012), and is developed specially for film boiling. In this model, heat transfer in the saturated liquid is ignored. Therefore, the thermal conductivity of the saturated liquid, [image: image], is set as 0, and the isobaric heat capacity of the saturated liquid is set to that of the gas. To calculate the heat flux on the interface [image: image], assuming Assuming the fraction of the gas is [image: image] and the latent heat of vaporization is [image: image], then
[image: image]
The mass transfer from the gas to liquid, [image: image], is calculated in Eq. 8, opposite to the mass transfer from the liquid to gas, [image: image].
[image: image]
Finally, through the used defined functions (UDFs) of FLUENT, [image: image] and [image: image] are respectively added to the mass conservation equations of the liquid and gas as the mass source terms. [image: image] is added to the energy conservation equation as an energy source term.
The numerical simulations of the cases are shown in Table 1 and the properties of the saturated liquid and vapor are listed in Table 2.
TABLE 1 | Numerical simulation cases.
[image: Table 1]TABLE 2 | Properties database for cases 1–3.
[image: Table 2]3.1.3 Grid independence tests
To obtain grid-independent results, three different grid systems of [image: image], [image: image] and [image: image] in Case 1 are considered. Figure 5A shows the bubble shapes computed on the three grids at the same time, [image: image]. Figure 5B presents the computed space-averaged Nusselt number changes over time on the three grids with a characteristic length [image: image]. According to these figures, the [image: image] grid system is suitable for this case, and is selected for the later simulations of film boiling. The time step, [image: image], in all the cases is [image: image], as the relative difference in time- and space-averaged Nusselt numbers for [image: image] is less than 5%.
[image: Figure 5]FIGURE 5 | Results for three grid systems. (A) Bubble shapes at [image: image] s and (B) time-dependent, space-averaged Nusselt numbers.
As a verification, the results are compared with Klimenko’s analyses (dashed line in Figure 5B). In Case 1, the space- and time-averaged Nusselt number is 1.70, whereas it is 1.91 according to Klimenko’s correlation. The difference between them is 10% and thus the results are comparable and consistent with the prior work.
3.2 Pseudo-boiling of supercritical fluids
3.2.1 Macro-scale model
In the pseudo-boiling cases, the bulk temperature and the heating wall temperature are below and above the pseudo-critical temperature, [image: image], respectively. Referring to Rousselt’s experiments (Rousselet et al., 2013), the heat transfer characteristics of supercritical carbon dioxide in a simplified two-dimensional cylindrical model are studied (Figure 6).
[image: Figure 6]FIGURE 6 | Computational domain and boundary conditions in supercritical cases.
In the model, a uniformly heated wire is present in the center, and the outer boundary is free. The computational domain is large enough so as to not affect the flow field near the wire. The radius of the wire and the domain are 38.1 [image: image] and 20.65 mm, respectively. The pressure and temperature of the initial fluids and backflows are 7.5 MPa and 10°C, respectively.
3.2.2 Numerical methods
According to the statement in Section 2, supercritical fluids are always homogeneous with no phase transition. However, property changes with temperature in the pseudo-critical region, especially the density change, are not linear. The density can be doubled within a small temperature range, and the density change is certainly not small. Therefore, distinct from normal, natural convection simulations of single-phase fluids, the two main assumptions that the well-known Boussinesq approximation relied on are no longer valid in pseudo-boiling cases. It is thus necessary to solve the Navier-Stokes equations directly, with variable properties.
The change of the carbon dioxide properties with pressure is ignored, and only the effect of temperature is considered. The properties are described by a piecewise-linear profile consisting of 50 data points given by REFPROP. In the region where physical properties change dramatically, the temperature interval between adjacent data points is small. Similar to the subcritical boiling cases, only the laminar model is considered.
3.2.3 Independence tests
The independence tests study the effects of the number of circumferential and radial meshes and time steps. As shown in Table 3, the [image: image] grid system is suitable for this case, and is selected for the later simulations. Meanwhile, the wall temperature curves calculated at different time steps are almost identical (Figure 7A). The time step, [image: image], of [image: image] s is suitable.
TABLE 3 | Mesh independence tests.
[image: Table 3][image: Figure 7]FIGURE 7 | Independence tests and verifications. (A) Time step independence tests. (B) Comparisons with the experiments (Rousselet et al., 2013).
As a verification, the results are compared with Rousselt’s experiments (dots in Figure 7B). For the 22 calculated conditions, the maximum relative difference of the wall temperature is approximately 18% and the mean relative difference is only 6%. Therefore, the model used in this section is reliable.
4 RESULTS AND DISCUSSIONS
4.1 Results of horizontal film boiling cases
Figure 8 presents six typical bubble shapes during the bubble release process for Case 2. For saturated carbon dioxide at 7 MPa, when the overheat temperature is high enough, the generated gas gathers into a stable film and film boiling occurs. With a given initial interface, the bubble formed at the center rises under the effect of buoyancy. The neck of the bubble becomes thinner until detachment. After detaching, the bubble continues to rise and leaves a packet at the detachment point (Figure 8C). This packet is pulled back into the gas film under the effect of surface tension. Further, the packet is finally absorbed and becomes a disturbance that propagates to both sides (Figure 8D). Meanwhile, the shape of the rising bubble constantly changes. As shown in Figures 8E,F, new bubble release processes occur at the original antinodes. If the flow field is undisturbed, this cycle is periodic. These results are consistent with experimental observations (Figure 9A). The photos are reproduced with permission from Abadzic and Goldstein (1970).
[image: Figure 8]FIGURE 8 | Density contours of carbon dioxide at 7.0 MPa with 80 K overheat, at different times.
[image: Figure 9]FIGURE 9 | Film boiling experimental results for carbon dioxide at different cases. (A) 80 K overheat; (B) 110 K overheat; (C) 400 K overheat.
In this process, the overheat condition provides the necessary energy for bubble formation and affects the frequency of bubble detachment. Specifically, when the overheat temperature is low, the whole gas film may form a bubble and the bubble then detaches from the wall. At this time, the wall is no longer covered by the vapor, and the boiling mode is nucleate boiling. The surface tension effect tends to generate a “smooth” interface as the surface energy decreases. According to Eq. 4, a larger value of [image: image] leads to a smaller or even non-real value of [image: image], corresponding to slower development of the disturbance or spontaneous decay.
When approaching the critical point, the differences between the two phases, in terms of latent heat and surface tension decrease rapidly. In Case 3, for saturated carbon dioxide at 7.37 MPa, the interface (Figure 10) is a slender column rather than individual bubbles as seen in Case 2, although the overheat temperature in the two cases are identical. At this condition, vapor formation becomes easier and numerous vapors are generated at a moderate overheat temperature. The slender vapor column becomes taller and accumulates most of the vapor at the top. Upon disturbance, the top of the vapor column may break into many small bubbles (Figure 9B). In this context, the numerical result is too idealistic to observe.
[image: Figure 10]FIGURE 10 | Density contours of carbon dioxide at 7.37 MPa with 80 K overheat, at different times.
If the vapor is produced faster, the vapor columns may converge to form a vapor sheet, which has been verified by experiment (Figure 9C).
4.2 Results of the pseudo-boiling cases
Figure 11 compares the surface heat flux, [image: image], and the heat transfer coefficient, [image: image], in supercritical and subcritical cases. The results at [image: image] are from the experiments (Rousselet et al., 2013), whereas the results at [image: image] are calculated based on the above proven models.
[image: Figure 11]FIGURE 11 | Surface heat flux and heat transfer coefficient at different wall temperatures.
When the bulk is liquid-like, the heat transfer curve, [image: image], of the supercritical carbon dioxide can be regarded as a continuation of the subcritical boiling curve. The main phenomenon is that the heat transfer mode rapidly evolves from single-phase, natural convection to “film-like boiling”, while the nucleate boiling mode disappears. For similar bulk properties, the curves for the heat flux, [image: image], and the heat transfer coefficient, [image: image], in subcritical and supercritical cases, approximately overlap in some regions.
Figure 12 presents the density and velocity contours of the fully-developed pseudo-boiling case. The surface heat flux [image: image] is [image: image] and the calculated mean wall temperature is approximately 100°C, which differs from the experiment by less than 1°C.
[image: Figure 12]FIGURE 12 | (A) Density contour and (B) velocity contour and vectors at 7.5 MPa with 90 K overheat.
The density profile displays a three-layer structure: the gas-like fluid layer, the transition layer, and the liquid-like fluid layer. Owing to the hydrodynamic instability, a number of initial disturbances appear in the transition layer and develop into the thermal plumes.
Thermal plumes are the key and are similar to bubbles in the subcritical cases. A typical plume exhibits a mushroom-like structure, consisting of a central rising column with vortexes on both sides. In the growth process, the upper high-density fluids are pushed away by the plume and flow downward along the sides. Some of the high-density fluid flows into the bottom low-density layer and is then heated, finally rising along the central column. The plumes may collide and merge with one another. The plumes cool as they rise, and their shapes change constantly. Specifically, the vertexes on both sides of the plumes are easily broken away, while the generated disturbances further affect the flow field.
4.3 Comparison of the pseudo-boiling and boiling cases
Thermal plumes in pseudo-boiling cases act like bubbles and vapor columns, and the near-wall low-density fluid layer is similar to the vapor film. Significant similarities exist between pseudo-boiling cases and film boiling cases, especially for the near-critical film boiling cases (Figure 10). However, in supercritical conditions, phase interfaces are non-existent, and the surface tension, [image: image], is reduced to zero. According to Eq. 4, at this time, [image: image] is always a real number for an arbitrary wave number [image: image]. Therefore, at an arbitrary wavelength, fluctuations will develop, and the most dangerous wavelength is non-existent. The distance between adjacent plumes can be small without restricting the subcritical conditions. Thus, the flow modes are more irregular and disordered than those in subcritical film boiling. Figure 13A (Abadzic and Goldstein, 1970) presents a visual observation of the horizontal wire heating experiment in supercritical carbon dioxide. The plume structures and the similarity to film boiling are evident.
[image: Figure 13]FIGURE 13 | Pseudo-boiling experiments on a wire. (A) Pseudo film boiling (B) Pseudo nucleate boiling.
Heat transfer in these two cases is enhanced by convection as the boundary layers are disturbed by the rising vapor or gas-like fluids. Certainly, the degree of heat transfer enhancement is much lower than for nucleate boiling. The low-density, near-wall fluid layer severely limits heat transfer. In applications, film boiling is regarded as the cause of heat transfer deterioration. It is desirable to avoid the transition from nucleate boiling to film boiling, which is called boiling crisis.
Many experiments have verified that heat fluxes when nucleate boiling occurs are reduced as the critical point is approached, and film boiling occurs more readily (Figure 14) (Hall and Jackson, 1978). The nucleate boiling and transition boiling areas in the boiling curve shrink, while the film boiling area expands. In this context, if only these isothermal heating cases are considered, pseudo film boiling can be regarded as an extension of near-critical boiling.
[image: Figure 14]FIGURE 14 | Schematic of boiling curves at different pressures.
In subcritical boiling, an isothermal heating wall may lead to different boiling modes, which also depend on the heat flux, the number of vaporized cores, etc. However, according to the above analyses, pseudo film boiling is the only likelihood for an isothermal heating wall in pseudo-boiling cases. In order to prevent the formation of a low-density fluid layer, a heating wall with an inhomogeneous temperature profile is required.
Prior experiments have proved pseudo nucleate boiling, which is called bubble-like flow, and corresponds to a considerable increase in the heat transfer coefficient (Figure 13B). Pseudo nucleate boiling in the horizontal heating cases is only observed when the heaters are very fine wires with low thermal diffusion coefficients, for example, a nichrome wire with diameter of 0.1 mm (Knapp and Sabersky, 1966). Theoretically, a material with a low thermal diffusion coefficient is more likely to have an inhomogeneous surface temperature. Bubble-like structures are generated and released from hotspots. The hotspots are then covered and cooled by the high-density and low-temperature bulk. Nevertheless, the explanation provided in this paper is not insufficient. More experiments with wires of different diameters and materials are required to provide further evidence for our theory.
5 CONCLUSION
This paper theoretically analyses the similarities and differences between the subcritical gas-liquid transition and the pseudocritical transition. The heat transfer characteristics in the subcritical gas-liquid transition and the pseudocritical transition are compared through theory and numerical simulations.
Property changes during the subcritical phase transition and the pseudocritical transition are similar, leading to similar heat transfer characteristics. The similarities are the result of the hydraulic instability of the low-density bulk under the effects of gravity. However, thermodynamic stability prevents the phase separation of supercritical fluids. Pseudocritical transition only depends on the temperature; the formation of low-density bulk in supercritical cases is a deterministic process. On the contrary, vapor formation in subcritical cases is a stochastic process which relies on the initial nucleation sites.
The random distribution of nucleation sites means that the heating wall may not necessarily be completely covered by the low-density fluid during boiling. For an isothermal heating wall, different boiling modes may appear in subcritical cases, whereas only pseudo film boiling is observed in supercritical cases. For isothermal heating cases, pseudo-boiling cases can be regarded as an extension of near-critical boiling. However, pseudo nucleate boiling may appear in non-isothermal cases, which strongly depends on the heater geometry, materials, etc.
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NOMENCLATURE
[image: image] pressure, MPa
[image: image] temperature, K
[image: image] volume, m3
[image: image] mass, kg
[image: image] time, s
[image: image] density, kg⁄m3
[image: image] isobaric heat capacity, [image: image]
[image: image] thermal conductivity, [image: image]
[image: image] viscosity, Pa⋅s
[image: image] isothermal compressibility, [image: image]
[image: image] thermal expansion rate, [image: image]
[image: image] surface tension, [image: image]
[image: image] latent heat of vaporization, [image: image]
[image: image] distance perpendicular to liquid-vapor interface, m
[image: image] wave number, [image: image]
[image: image] wavelength, m
n wave frequency, [image: image]
b -in growth coefficient, [image: image]
[image: image] most dangerous wavelength, m
q heat flux, [image: image]
[image: image] heat flux on the interface, [image: image]
[image: image] volume fraction of vapor
[image: image] Nusselt number
h heat transfer coefficient
Subscripts
pc pseudocritical
C critical
l liquid
g vapor or gas
b bulk
w wall
sat saturation
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Considering the environmental conditions and transportation conditions of remote areas, an inherently safe integrated energy conversion system featuring miniaturization, modularization, and high environmental adaptability is needed. The small fluoride salt-cooled high-temperature reactor (FHR) coupled with the Brayton cycle is a promising design. In this paper, the efficiency, exergy efficiency, and exergy loss of four different configurations of the supercritical carbon dioxide (S-CO2) Brayton cycle coupled with a new small fluoride salt-cooled high-temperature reactor are compared. The S-CO2 recompressor Brayton cycle has the best overall performance. Meanwhile, the effects of the cooling conditions on the thermal efficiency and exergy efficiency of different cycle configurations are discussed. When the core outlet temperature is 700°C, the efficiency of the designed S-CO2 recompressor Brayton cycle is approximately 42–44% when the cycle minimum temperature is 20–40°C. In conclusion, the designed small FHR coupled with the Brayton cycle system offers interesting performances in power generation, mineral mining, industrial steam supply, molten salt energy storage, and high-temperature hydrogen production in remote areas.
Keywords: fluoride salt-cooled reactor, Brayton cycle, supercritical carbon dioxide, exergy, efficiency
1 INTRODUCTION
Regarding the fourth-generation nuclear power systems, six candidate reactor types, including the ultrahigh temperature reactor, supercritical water reactor (Pegallapati et al., 2020; Deev et al., 2021), gas-cooled fast reactor (Matozinhos et al., 2022; Lima-Reinaldo and François, 2023), lead-cooled fast reactor (Massone et al., 2022; Lima-Reinaldo and François, 2023), sodium-cooled fast reactor (Tak et al., 2022), and molten salt reactor (Ingersoll et al., 2004; Delpech, 2013), have been proposed. Studies of new reactors and coupled power systems have been a research focus worldwide. Among them, the molten salt reactor (MSR) is a kind of nuclear fission reactor, and its primary coolant is a kind of molten mixed salt. The MSR can maintain a lower pressure when working at high temperatures (higher thermal efficiency can be obtained), thus reducing the mechanical stress and improving the safety.
From 2001 to 2003, the Oak Ridge National Laboratory (ORNL) (Ingersoll and Forsberg, 2006; Forsberg et al., 2013), Sandia National Laboratories (SNL), and the University of California, Berkeley (UCB), jointly developed the concept of a fluoride salt-cooled high-temperature reactor (FHR) (Haubenreich et al., 1964; Scott and Grindell, 1967). In 2007, the UCB carried out simulations of the PB-AHTR (Bardet et al., 2008) by RELAP5-3D and believed that it had a higher power density than the high-temperature helium-cooled reactor.
The ORNL proposed a new FHR concept called the SmAHTR (Greene et al., 2010), which is based on the research on the AHTR in 2006. The SmAHTR adopted the modular design concept with a 125-MW thermal power and a 60-year design life. The core inlet and outlet temperatures are 670°C and 700°C, respectively (Ilas et al., 2014).
Meanwhile, the Shanghai Institute of Applied Physics of the Chinese Academy of Sciences has built platforms for molten salt chemistry experiments and started the construction of a 2-MWt liquid fuel thorium-based molten salt reactor (Ruan Jian, 2017). Xi’an Jiaotong University (Qin Hao, 2018) also built an experimental platform for molten salt flow heat transfer and passive residual heat removal systems and carried out a series of studies in core physical and thermal design, safety analysis, etc.
In conclusion, the development of the FHR is still in the stage of a concept proposal, basic theory, and experimental research. Research on the coupled power conversion system of molten salt reactors is still limited. Compared with the light water reactor, the outlet temperature of the FHR is much higher and is potentially compatible with several highly efficient power conversion technologies. A particularly appealing option for the system is the high-efficiency S-CO2 Brayton cycle. In recent years, with the breakthrough of key technologies such as heat exchangers and turbines, the supercritical carbon dioxide cycle has received extensive attention. However, there are few studies on the cycles coupled with the FHR, which is important for designing an integrated energy conversion system.
In this paper, an innovative and modular advanced nuclear power system, which consists of a small modular FHR and an S-CO2 Brayton cycle, is proposed. Based on the thermal−hydraulic design of the proposed FHR, different configurations of the S-CO2 Brayton cycle are discussed from the perspective of energy analysis and exergy analysis. Considering the probable climate in remote regions, the effects of the cooling conditions are further analyzed.
2 SMALL MODULAR ADVANCED NUCLEAR POWER SYSTEMS
2.1 System layouts
Considering the compact and integrated design requirements of the small modular FHR, helical cruciform fuel made of TRISO was selected. The fuel cladding is made of a special carbon−carbon (C−C) material (Greene et al., 2010), and the moderator is made of graphite (Jiang et al., 2022). A three-dimensional continuous energy Monte Carlo particle transport program was adopted in neutronic analyses. The computational fluid dynamics software Fluent and STAR-CCM+ based on the Euler method were used in the thermal−hydraulic calculations.
The FLiBe (Sehgal, 2012) coolant is heated when flowing through the core, and then, it flows upward along the ascending segment. After leaving the ascending segment, the coolant is deflected at the top and flows downward into the intermediate heat exchanger to release heat. The coolant enters the main pump for pressurization. In the pump outlet, most of the coolant returns to the core along the downcomer, and the other small part returns to the direct heat exchanger (DHE) for waste heat discharge. After meeting with the main coolant from the core, it enters the FLiBe−FLiNaK intermediate heat exchanger again, forming a primary loop. The diagram of the primary loop is shown in Figure 1. The FLiNaK−CO2 intermediate heat exchangers were set between the reactor core coolant and the supercritical carbon dioxide (S-CO2) power cycle system. The FLiNaK−CO2 intermediate heat exchangers transfer the reactor heat to the power conversion cycle and finally realize the conversion of heat energy to electric energy.
[image: Figure 1]FIGURE 1 | Diagram of the primary loop of the FHR.
The advantages and disadvantages of different pellet materials are compared, as shown in Table 1. The comparative analysis results show that UZr fuel and TRISO fuel both have a high thermal conductivity and a small temperature gradient; thus, the temperature of the fuel and cladding can meet the requirements of the temperature limits under normal operation and during accidents (Haynes-International, 2002; Clarno et al., 2007), and both fuels can contain fission gas, thus reducing the possibility of a large-scale release of radioactive materials. It can be used as a candidate material for high-safety fuel schemes. HT9 stainless steel and C−C composites were selected as candidate cladding materials for the high-safety fuel scheme. Between them, HT9 is used as a UZr fuel cladding, and the C−C composite is used as a TRISO-type fuel cladding. After comparing and analyzing the slowing properties of light water, heavy water, graphite, and beryllium and considering the chemical stability, thermal conductivity, and mechanical properties, the two candidate schemes of no slowing and graphite were finally selected. Between them, no slowing was used as the moderator scheme of the UZr fuel, and graphite was used as the moderator scheme of the TRISO fuel. Combined with the chemical stability, flow heat transfer characteristics, and neutron effect, FLiBe with a low viscosity, good thermal conductivity, and better neutron performance was selected as the coolant. The molar ratio of LiF to BeF2 was 2:1, and the Li-7 enrichment was 99.99%. Molten FLiNaK salt is used as the heat transfer medium in the primary loop and the passive residual heat removal system, which has the characteristics of low cost, moderate viscosity, and benefits from natural circulation. The helical cruciform fuel, which is superior to traditional PWR fuel in terms of convective heat transfer, cladding damage, radiation swelling, and other indicators, is finally adopted to determine the helical cruciform fuel, dispersion core material, C−C composite cladding, graphite slowing, and multicomponent compact core designs. Figure 2 shows the single-channel geometric model of the helical cruciform fuel.
TABLE 1 | Advantages and disadvantages of different pellet materials.
[image: Table 1][image: Figure 2]FIGURE 2 | Single-channel geometric model.
The non-thermal equilibrium porous medium model of STAR-CCM+ simulating the physical velocity is used to carry out the thermal−hydraulic calculation of the one-sixth core of the FHR reactor. The equation of single-phase incompressible non-thermal equilibrium porous media simulating physical velocity in STAR-CCM+ is as follows:
[image: image]
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Figure 3B shows the physical calculation model of a one-sixth core. This calculation model has the same structure size as the calculation model of the whole core; the only difference is that the one-sixth of the whole core is selected, and a reflective boundary is set. The material layout and component number are shown in Figure 3. Figure 4 shows the longitudinal section and cross section of the one-sixth core model of the FHR established by using the MCNP modeling method. Based on the actual fission power distribution of each component calculated by the MCNP, the mass flow distribution of the coolant in each component is calculated as the inlet boundary condition for the CFD calculation. Thermal−hydraulic analyses and calculations are carried out using STAR-CCM+. The geometric model and CFD calculation model are shown in Figure 5. During the CFD calculation, the coolant, fuel, and cladding inside each hexagon assembly are set as the porous media area, the component graphite box and radial graphite reflector are set as the solid, and the turbulence model is the k-SST model. The design parameters of the S-CO2 power cycle system are shown in Table 2.
[image: Figure 3]FIGURE 3 | FHR core model. (A) Full-core model and (B) 1/6 core model.
[image: Figure 4]FIGURE 4 | Core model in the MCNP. (A) Longitudinal section and (B) cross section.
[image: Figure 5]FIGURE 5 | Core thermal−hydraulic model. (A) the geometric model (B) the CFD calculation model.
TABLE 2 | Cycle parameter settings.
[image: Table 2]2.2 Thermodynamic analyses
Considering the differences in the cycle configurations, the thermodynamic analysis conclusions, equipment operating parameters, optimal configurations, cycle performance evaluation criteria, and optimization results are different. The following is a comparative analysis of the Brayton cycle configurations to provide theoretical and data references for the preliminary design of small fluoride reactor systems. A small fluoride-cooled high-temperature reactor can be matched with a variety of Brayton cycle configurations. Taking the recompression Brayton cycle as an example, the cycle flow chart is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of the recompression Brayton cycle.
After heat absorption occurs in the 1−2 processes, the working medium enters the turbine to complete the 3−4 work processes. The exhaust gas after work is discharged through the low-pressure side of the 5−6 high-temperature recuperator and the low-pressure side of the 6−7 low-temperature recuperator. It is divided from the outlet of the low-temperature recuperator. One enters the cooler and the main compressor after the 8−9 heat release process. After the 10−12 pressurization of the main compressor, it enters inlet 14 at the cold side of the low-temperature recuperator; the other enters the recompressor for the 11–13 repressure process directly. The working fluid from the recompressor joins the working fluid passing through the high-pressure side of the low-temperature regenerator, enters the high-pressure side of the high-temperature regenerator to complete the 15–1 heat absorption process, and finally enters the 1−2 intermediate heat exchanger to absorb heat, completing the whole cycle.
To carry out the thermodynamic analysis and analytical modeling of the system (Liu et al., 2020; Yourong, 2020), the initial assumptions are as follows:
1) The system components operate stably under various working conditions without considering the potential energy and the kinetic energy.
2) Ignoring the pressure drop of the pipeline, the pressure drop of the system is only the pressure drop of the heat exchanger.
3) The working process of the turbomachinery is adiabatic but not isentropic. Based on the first law of thermodynamics and the second law of thermodynamics, the energy balance relationship is established. The basic formula of the thermodynamics law can be expressed as follows:
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The heat input of the fluorine salt-cooled high-temperature reactor core can be expressed as follows:
[image: image]
The isentropic work of the compressor and turbine can be determined by the following relationships:
[image: image]
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The network of the cycle system can be expressed as follows:
[image: image]
The thermoelectric conversion efficiency of the system can be expressed as follows:
[image: image]
Exergy analysis is an effective tool to describe energy quality and reduce irreversibility. It can measure the energy conversion and work carried out by a system or equipment from the perspective of energy availability. Based on thermodynamic exergy analysis, a balance equation of the available energy can be established. The basic equation of physical exergy at a certain point can be expressed as follows:
[image: image]
The efficiency is expressed as follows:
[image: image]
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The total loss of each component can be expressed as the total loss of all key components, and the loss of each component can be calculated by Table 1.
[image: image]
3 SMALL MODULAR ADVANCED NUCLEAR POWER SYSTEM
The most typical S-CO2 Brayton cycle is the simple regenerative cycle. In the simple regenerative cycle, the working medium directly enters the turbine for work after heating in the intermediate heat exchanger. The exhaust gas after work flows through the regenerator and the cooler for cooling and finally enters the compressor. After being pressurized by the compressor, the working medium returns to the regenerator, is heated by the working medium on the low-pressure side, and finally enters the intermediate heat exchanger to form a whole cycle.
In the recompression cycle, an additional compressor and an additional regenerator are introduced based on a simple regenerative cycle to split the flow. Based on the recompression cycle, inter-stage cooling is introduced to form an intermediate cooling structure, which is called the recompression intermediate cooling cycle. The reheating structure increases the multi-stage reheating between the turbine stages to increase the turbine output power, which is called the reheating cycle. Figure 6, Figure 7, Figure 8, and Figure 9 show the flow chart of the recompression cycle, simple regenerative cycle, intermediate cooling recompression cycle, and reheat recompression intermediate cooling cycle.
[image: Figure 7]FIGURE 7 | Flow chart of the simple regenerative cycle.
[image: Figure 8]FIGURE 8 | Flow chart of the intercooling recompression cycle.
[image: Figure 9]FIGURE 9 | Flow chart of the reheat recompression intermediate cooling cycle.
3.1 Analysis of different cycle configurations
To discuss the compatibility with a small fluoride-cooled high-temperature reactor, four typical supercritical carbon dioxide Brayton cycles, including the single-stage regenerative cycle, recompression cycle, main pressure intercooling cycle, and reheat recompression cycle, are selected for comparative analyses. The initial parameters of the selected cycle are listed in Table 2.
The application background of small fluoride-cooled high-temperature reactors is remote areas in western China. Considering the adaptability of the environment, the circulating cooling mode is air-cooling circulation, and the ambient temperature is 25°C.
According to the aforementioned assumptions, the system input parameters, energy balance, and exergy balance are used to calculate the thermoelectric conversion efficiency, exergy efficiency, and exergy loss distribution of the four configurations.
Figure 10 shows that with the introduction of the split flow recompression, and intercooling and reheating structures, the thermoelectric conversion efficiency of the supercritical carbon dioxide Brayton cycle gradually increases. Compared with the simple regenerative cycle, the thermal efficiency of the recompression cycle increases by approximately 5%, while that of the intercooling recompression cycle and the reheating intercooling recompression cycle increases by approximately 0.5%, which is far less than the increase in the efficiency of the recompression cycle compared with the simple regenerative cycle. The cycle efficiency increases gradually with the introduction of the recompression split flow and intercooling structure, while the cycle efficiency decreases slightly with the introduction of the reheat structure. In summary, with the introduction of intercooling and reheating structures, the cycle thermoelectric conversion efficiency has been improved. However, the extent of improvement is limited, and the volume of the system complexity level has gradually increased. In the recompression Brayton cycle, due to the introduction of the additional compressor and the low-temperature regenerator, the energy utilization rate is improved, and the existence of the split flow effectively reduces the heat exchange pinch point problem of the low-temperature regenerator. The introduction of an intercooling structure can play an effective cooling role between the compressor stages and greatly reduce the power consumption of the compressor. The introduction of a reheat structure between turbine stages can increase the output work of the turbine, increase the average heat absorption temperature, and thus improve the thermal efficiency.
[image: Figure 10]FIGURE 10 | Comparison of the thermal efficiency and exergy efficiency of different cycle configurations.
Figure 11A–D shows the loss distribution of four typical supercritical carbon dioxide reprocessing Brayton cycles. It can be seen from the loss distribution that the turbine loss is large in all four configurations. It can be seen from a) that in the simple regenerative Brayton cycle, the loss of the regenerator link is the largest and even exceeds the loss of the turbine. This is because the regenerator may have pinch points, the regeneration is insufficient, and the available energy is reduced. From B−C, the loss of the compressor is greatly reduced when the reheater is introduced into the recompression structure, and the loss of the compressor is reduced after the introduction of the intercooling structure. This also explains the perspective of exergy analysis that the split flow recompression structure can effectively reduce the pinch point of the regenerator and that the introduction of an intercooling structure can reduce the power consumption of the compressor to improve the cycle thermal efficiency and exergy efficiency. It can be seen from D that the total loss of the turbine is still the largest. However, compared with the recompression cycle and the main pressure intercooling recompression cycle, the loss of the intermediate heat exchanger has increased, which also explains why the efficiency of the reheating intercooling recompression cycle is slightly lower than that of the intercooling recompression cycle.
[image: Figure 11]FIGURE 11 | Exergy loss distribution of different cycle configurations. (A) Simple Regenerative Cycle (B) Recompression Cycle (C) Intercooling Cycle (D) Reheat Intercooling Recompression Cycle.
3.2 Effects of different cooling conditions
Considering the environmental characteristics of the western region, the air-cooling mode of anhydrous cooling is adopted for the S-CO2 Brayton cycle cooling of a small fluoride-cooled high-temperature reactor. Taking the typical climate data on western China as the input, the influence of the cycle minimum temperature on the thermal efficiency and exergy efficiency of different cycle configurations was discussed. The typical climate data are shown in Table 3. Considering the annual maximum air temperature in the typical areas, the calculation results of different cycle configurations between 32°C and 40°C are analyzed. Figure 12A–Dshows that the ambient temperature is very important to the temperature of the compressor inlet working medium. The higher the regional temperature is, the worse the cooling conditions are (Table 4). The higher the temperature of the compressor inlet working medium is, the worse the effect of the compressor inter-stage cooling is. The greater the power consumption of the compressor, the lower the circulating thermal efficiency and efficiency are. It can be seen from the analysis results that, considering the temperature environment in the western region, the optimal configuration for matching the small fluoride-cooled high-temperature reactor is the cycle without the intercooling structure, and the recommended recompression cycle configuration with high efficiency and compactness is the optimal configuration for matching the supercritical carbon dioxide cycle.
TABLE 3 | Energy balance and exergy balance relationship.
[image: Table 3][image: Figure 12]FIGURE 12 | Efficiency of different configurations at different cycle minimum temperatures.
TABLE 4 | Typical climate data.
[image: Table 4]4 CONCLUSION
Based on the energy demand and utilization in western China, the S-CO2 Brayton thermoelectric conversion system that matches the small fluoride-cooled high-temperature reactor is modeled in this paper. Moreover, the cycle efficiency of four typical configurations, such as a simple regenerative cycle, is compared using the methods of energy analysis and exergy analysis, and the thermoelectric conversion system matching the small fluoride-cooled high-temperature reactor is obtained. The following conclusions are then developed.
The introduction of the split flow recompression structure reduces the loss of the regenerator, thereby improving the circulation efficiency. The introduction of the intercooling structure reduces the power consumption of the compressor, thus improving the cycle thermal efficiency. However, the efficiency is greatly affected by the ambient temperature, especially in air-cooling conditions.
The S-CO2 recompression Brayton cycle has a high compactness and high thermoelectric conversion efficiency. Compared with the indirect cooling cycle, the efficiency of the recompression cycle is less affected by the environmental temperature. Meanwhile, the recompression cycle is much simpler than the reheat cycle, which reduces the cost and control difficulty. Considering the climate factors and transportation conditions in the western region, the supercritical carbon dioxide recompression cycle has the highest adaptability to the small fluoride-cooled high-temperature reactor and is conducive to the realization of future mobile power supplies.
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GLOSSARY
Nomenclature
m mass flow
p pressure
T temperature
h enthalpy
s entropy
W work
Q thermal power
ηth thermoelectric conversion efficiency
ηth exergy efficiency
[image: image] calculated exergy
[image: image]total total exergy loss
[image: image]i exergy loss of each component
U velocity
Us apparent velocity
χ porosity
Pv viscosity tensor
Pi inertia tensor
q heat flux;
HTR heat transfer convection coefficient
a interface density
Subscripts
in inlet
out outlet;
net net work
core reactor core
env environment
T turbine
C compressor
MC main compressor
RC recompressor
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Introduction: Heat pipe cooled traveling wave reactor (HPTWR) is a newly proposed heat pipe reactor. The HPTWR can achieve the low enrichment of loaded fuel, small reactivity swing, and long-term continuous operation for the power supply of decentralized electricity markets. Due to the excellent breeding capability of the HPTWR, the Th fuel is also added into the breeding fuel region of the reactor to achieve the Th-U fuel cycle in this work.
Methods: The Monte Carlo code RMC is used to obtain the reactivity swing, propagation of axial power peak, burnup, and productions of bred fissile nuclides for the HPTWR with Th and U fuels.
Results and Discussion: The results indicate that the HPTWR with 13.6% 235U enrichment of ignition fuel and 20% 235U enrichment of breeding fuel can continuously operate for 18.1 years without refueling when the mass fraction of 232Th in heavy metals of breeding fuel region is 33%. The propagation velocity of axial power peak and total burnup for the HPTWR with Th and U fuels is about 0.5525 cm/years and 24.72 GWd/THM during the 18.1 years operation respectively. The corresponding productions of bred 239Pu, 241Pu and 233U are about 212.99 kg of 239Pu, 0.19 kg of 241Pu and 81.58 kg of 233U at the end of cycle (EOC) respectively. The obtained results in this study demonstrate that the HPTWR can achieve the Th fuel breeding in the case of the low 235U enrichment loading (≤ 20%).
Keywords: heat pipe, traveling wave reactor, breeding, Monte Carlo code, thorium
1 INTRODUCTION
To achieve the sustainable development of nuclear energy, it is necessary to solve the problem of nuclear fuel shortage. As an alternative nuclear fuel resource, thorium is estimated to be 3 to 4 times as abundant in Earth’s crust as uranium, with a lower mining cost (Wickleder, 2006). Sustainable supply of nuclear fuel can be achieved by the Th–U fuel cycle, which attracts more and more attention to ensure sustainable energy generation (IAEA-TECDOC-1319, 2002; IAEA-TECDOC-1450, 2005). So, up to now, the Th fuel cycle has been applied to many breeding reactors (Fomin et al., 2011; Zhang et al., 2011; Liem et al., 2016), which show great potential and advantages in realizing efficient utilization of thorium resources.
The micro heat pipe cooled reactor can be applied to the energy systems of decentralized electric markets (such as remote regions, island communities, and military bases) because it has a more compact structure, simple design, safety features, longer lifetime, and higher power output (Yan et al., 2020; Zohuri, 2020). The mass and volume of the designed heat pipe cooled reactor usually are lighter and smaller, respectively, for better mobility (Wang et al., 2020). Thus, fuel enrichment of the heat pipe cooled reactor is usually much higher than that of the large PWR. The original concepts of heat pipe cooled reactors were pioneered at Los Alamos National Laboratory (LANL) for space applications during the 1960s (Niederauer and Lantz, 1970). In the 21st century, many space heat pipe cooled reactors have been proposed (Sun et al., 2018; Liu et al., 2020; McClure et al., 2020; Zhang et al., 2020; Ma et al., 2021a; Cui et al., 2021; Xiao et al., 2022). In addition, the continual development of heat pipes has led to many research institutes developing high-power heat pipe cooled reactors in decentralized electric markets. Recently, Alawneh et al. (2022) proposed a 3 MW yttrium hydride moderated heat pipe cooled microreactor with UO2 fuel, which can be operated safely for more than 11 years. LANL (McClure et al., 2015) proposed a 5 MWth heat pipe cooled mobile nuclear reactor (Megapower), which can continuously operate for more than 12 years in the case of 19.75% enriched UO2 fuel. Guo et al. (2021) analyzed the neutronic characteristics of the Megapower. The results show that the influence of the cross-section library can be >750 pcm and the addition of the axial structure zone can lead to a >300 pcm reactivity increase. Zirconium hydride is introduced in the Meagpower to design a moderated megawatt-class HPR core (Feng et al., 2022). The results show that the moderation of the core can decrease the maximum neutron flux and is beneficial to reducing the thickness and weight of the shield. In addition, many studies (Ma et al., 2020a; Ma et al., 2021b; Ma et al., 2022a; Ma et al., 2022b) focused on thermal-hydraulic analyses of the Megapower. In order to improve the power output of the reactor, Westinghouse Electric Company (2017) proposed a 15 MWe eVinci reactor with UN fuel, which can operate for more than 10 years without refueling. Based on the eVinci-like heat pipe cooled reactor, Hernandez et al. (2019) found that the neutron leakage impact for the small-sized heat pipe reactor is the most limiting factor on the fuel cycle performance. To improve the lifetime of the reactor, the KAIST (Choi et al., 2020) proposed an 18 MWth H-MMR with UN fuel, which provides continuous operation for about 56 years in the case of 12.1% 235U enrichment. In addition, Ehud (2008) proposed a 125 MWth HP-ENHS core, which can achieve at least 20 years of core lifetime by loading the depleted uranium and TRUs.
The neutron breeding wave has been applied in the liquid metal-cooled reactor (Fomin et al., 2011), water-cooled reactor (Zhang et al., 2011), and gas-cooled reactor (Liem et al., 2016), and the breeding of thorium fuel has been achieved in those reactors due to their higher breeding capability. Compared to traditional larger reactors, the heat pipe reactor has a smaller volume of core, and thus, a higher enrichment of fuel is required. Thus, the application of the neutron traveling wave in the heat pipe reactor can reduce the enrichment of fuel and extend the lifetime of the core. The neutron breeding traveling wave has been applied in the heat pipe cooled reactor in our previous work (Ma and Hu, 2022). Figure 1 shows the burnup strategy of the heat pipe cooled traveling wave reactor (HPTWR) power source, which consists of a reactor, shield, and heat exchanger. In the HPTWR, the channels of cooling are inserted into the heat pipe. The fission heat of the reactor is transferred to the heat exchanger by the heat pipe. In the beginning cycle, the reactor usually consists of an ignition fuel region (burnup region) and a breeding fuel region. In the depletion process, the burnup region is transformed axially, in wave form, through the reactor length. The proposed heat pipe cooled traveling wave reactor (HPTWR) consists of an ignition fuel region with 14% 235U enrichment and a breeding fuel region with 8.5% 235U enrichment, which can continuously operate for 59 years with a 1.2% variation range of keff in the case of U–Pu fuel cycle. Due to its high breeding capability, the breeding of Th fuel is also explored in the HPTWR. However, the more neutrons will be consumed for the 232Th breeding in the reactor relative to the 238U breeding because it has a longer breeding chain of Th–U. Therefore, 232Th is loaded into the breeding fuel region, and the 235U enrichment of the breeding fuel must not be higher than 20% due to non-proliferation and safeguards. In addition, based on the HPTWR with only U fuel, a part of U fuel must be loaded into the breeding fuel to compensate for the reactivity and achieve the axial propagation of the neutron breeding wave. Section 2 will describe the reactor model. Section 3 will discuss the main burnup results of this model, including the reactivity, axial power distribution, burnup, and breeding capability of the Th–U fuel cycle. Finally, Section 4 will present the conclusion of this paper.
[image: Figure 1]FIGURE 1 | Burnup strategy of the heat pipe cooled traveling wave reactor.
2 MODEL DESCRIPTION
The HPTWR is a heat pipe cooled reactor with 65.5 MWth, which has a total of 1,008 heat pipe fuel elements with ignition and breeding fuel regions (Ma and Hu, 2022). A central heat pipe in each fuel element is surrounded by a uranium nitride (UN) fuel pellet with cladding on both radial sides of the pellet (inner and outer claddings) (Sterbentz et al., 2018). Lithium heat pipes with a radius of 0.71 cm are used for the reactor cooling, where the 7Li enrichment and Li density are 99.9% and 0.414 g/cm3, respectively (Sun et al., 2018). Figure 2 shows the cross-sections of the fuel element (a) and heat pipe (b). Both the operation temperatures of UN fuel and Li heat pipe in the neutroncis calculation are set to 1,600 K. The Li heat pipe can be replaced during long-term continuous reactor operation due to its high-temperature life limit (Rosenfeld et al., 2004; Choi et al., 2020). The 1,008 fuel elements are surrounded by the axial and radius reflectors to keep the criticality of the reactor. A shutdown/safety rod is located at the center of the reactor. The schematic arrangement and main parameters of the HPTWR are shown in Figure 3 and Table 1, respectively.
[image: Figure 2]FIGURE 2 | Cross-sections of the fuel element (A) and heat pipe (B).
[image: Figure 3]FIGURE 3 | Cross-section view and longitudinal cross-section view of the HPTWR.
TABLE 1 | Main parameters for the HPTWR with Th and U fuels.
[image: Table 1]All the computational results are performed by the Monte Carlo program RMC (Reactor Monte Carlo code), which is a 3D stochastic neutron transport simulation developed by Tsinghua University (Wang et al., 2015; Ma et al., 2019). The continuous-energy cross-section based on the ENDF/B-VII library is used for the different materials in this study (Chadwick et al., 2006). The calculations of fuel depletion in the HPTWR are based on using 15,000 particles per cycle, with 50 inactive cycles and 200 active cycles (computational uncertainty of less than 30 pcm). In order to simulate the neutron breeding wave of the reactor, the core is divided into 18 smaller zones axially, and each zone is 5 cm long in the axial direction (Shrestha and Rizwan-uddin, 2014; Huang et al., 2015).
3 RESULTS AND DISCUSSION
3.1 Core lifetime
Owing to the larger neutron capture cross-section (0.15 b at 0.3 MeV) of 232Th compared with its fission cross-section (7.2 × 10−7 b at 0.3 MeV), some enriched 235U fuel is required to maintain the reactor criticality in the breeding fuel region during the reactor operation. In order to achieve the breeding of Th fuel, U fuel with 20% enrichment of 235U is adopted in the breeding fuel region because of non-proliferation and safeguards. Therefore, both the enrichment of 235U in the ignition fuel region and the mass fraction of Th fuel in the breeding fuel region require to be adjusted to achieve propagation of the neutron traveling wave. Table 2 shows three scenarios to study the effect of the loaded 232Th amount on the reactor reactivity. Figure 4 shows the keff of the reactor for three scenarios during the operation. The three scenarios have the same initial keff (about 1.002). The keff for scenarios 2 and 3 gradually increase during the first 25 years because the bred fissile 239Pu and 241Pu in the reactor provide a higher positive reactivity. Then, the keff gradually decreases during the next operation time because a large number of nuclear fuel gets consumed in the reactor. The keff for scenario 1 gradually decreases during the whole operation because it is loaded into a large number of 232Th in the breeding fuel region. It can be seen that the lifetime of scenarios 1, 2, and 3 are about 11.3 years, 18.1 years, and 18.8 years, respectively, and the corresponding keff ranges of variation (swing) remain about 0.2%, 0.35%, and 0.4%, respectively. The breeding chain of the Th–U fuel cycle is longer than that of the U–Pu fuel cycle, and the half-life of 233Pa (about 27 days) produced by the neutron capture and the decay of 232Th is longer than that of 239U (about 23 min) produced by the neutron capture of 238U (Jiang et al., 2012). Therefore, the consumed fission neutron amount for the 232Th breeding is higher than that for the 238U breeding, which decreases the lifetime of the HPTWR with only U fuel (about 59 years).
TABLE 2 | Th and U breeding scenarios under different conditions.
[image: Table 2][image: Figure 4]FIGURE 4 | Evolutions of keff for scenarios 1, 2, and 3.
In order to investigate the propagation of neutron breeding wave, Figure 5 shows the spacial and temporal profiles of axial power density distributions for scenarios 1, 2, and 3. The power density peak for scenario 1 is always in the ignition fuel region during the whole operation because it has a shorter lifetime of the reactor. The power density peak for scenario 3 is in the breeding fuel region at the BOC because the ignition and breeding fuel regions have lower and higher 235U enrichments, respectively. In addition, the axial power density peak is always in the 47.5 cm axial position during the whole operation, which has the higher radiation damage for the structural materials in the 47.5 cm axial position. In addition, higher Th fuel loading can achieve a higher 233U production rate in the reactor, which has been shown in our previous works (Ma et al., 2020b; Ma et al., 2020c). Therefore, scenario 2 is recommended for 232Th fuel breeding in the HPTWR.
[image: Figure 5]FIGURE 5 | Axial power profiles of scenarios 2 (A), 1 and 3 (B).
For scenario 2, the ignition fuel region has the higher power distribution relative to the breeding fuel region at the beginning of cycle (BOC) because the ignition fuel region has the higher 235U fuel density. The total power density of ignition and breeding fuel regions are about 527.12 MWth/m3 and 855.2 MWth/m3 at the BOC, respectively. The power distributions in the ignition and breeding fuel regions continuously decrease and increase during the reactor operation, respectively, because many 235U are consumed in the ignition fuel region, and many new fissile nuclides are bred in the breeding fuel region. It can also be seen that the axial position of the power peak has been shifted to the breeding fuel region at the end of cycle (EOC). The axial power density peak is decreased from about 103.21 MWth/m3 at the BOC to about 96.45 MWth/m3 at the EOC due to the flattening of axial power distribution. The axial peak locations of power distribution at the BOC and EOC are about 27.5 and 37.5 cm in Figure 5, respectively. The resulting traveling wave speed is about 0.5525 cm/year, which is higher than that of the U–Pu fuel cycle (0.5085 cm/year) because the 235U mass densities between the ignition fuel region and breeding fuel region have a relatively smaller difference.
The shift of the axial power peak has a significant influence on the local burnup of scenario 2 during the reactor operation. The core was divided into six subregions to analyze the local burnup of fuel, which is shown in Table 3. Figure 6 shows the burnups for subregions of scenario 2 during the 18.1 years of operation. Subregions 2 and 3 have higher burnup rates because they have higher local powers during operation. Subregions 5 and 6 have lower burnups of fuel because the axial power peak is only shifted to subregion 3 at the EOC. The burnups for subregions 1, 2, 3, 4, 5, and 6 are increased to about 38.07 GWd/THM, 50.50 GWd/THM, 51.49 GWd/THM, 46.76 GWd/THM, 36.83 GWd/THM, and 23.79 GWd/THM, respectively, at the EOC. In addition, the burnups per small zones at the EOC are shown in Figure 7. The maximum burnup of small zones in the ignition fuel region is about 52.84 GWd/THM at the EOC, whose corresponding axial position is 27.5 cm because it has the highest power value during the whole reactor operation. The maximum burnup of small zones in the breeding fuel region is about 52.09 GWd/THM at the EOC, whose corresponding axial position is 32.5 cm because its axial position is close to the ignition fuel region and has a relatively higher power value during the whole reactor operation. The minimum burnups of small zones in the ignition and breeding fuel regions are about 33.93 GWd/THM and 19.99 GWd/THM, respectively, whose axial positions are 2.5 and 87.5 cm, respectively, because their axial positions are close to the axial reflector and have relatively lower power value during the whole reactor operation. The total burnup for the HPTWR with Th and U fuels is about 24.72 GWd/THM at 18.1 years.
TABLE 3 | Designation of subregions for the HPTWR with Th and U fuels.
[image: Table 3][image: Figure 6]FIGURE 6 | Local burnups for scenario 2 in the subregions.
[image: Figure 7]FIGURE 7 | Burnup per small zones for scenario 2 at the EOC.
3.2 Breeding capability
The continuous operation time of the HPTWR with Th and U fuels is about 18.1 years, which is about 40.9 years less than that with only U fuel (about 59 years). Thus, the nuclear fuel consumption amount and Th–U breeding capability of the HPTWR will be evaluated during the reactor operation. In order to investigate the amount of consumed nuclear fuel, Figures 8–10 show the inventories of 235U, 238U, and 232Th in the six subregions of the HPTWR with Th and U fuels, respectively. Figures 11–13 show the inventories of the main bred fissile nuclides in the six subregions of the reactor.
[image: Figure 8]FIGURE 8 | Time evolutions of 235U inventories in the subregions.
[image: Figure 9]FIGURE 9 | Time evolutions of 238U inventories in the subregions.
[image: Figure 10]FIGURE 10 | Time evolutions of 232Th inventories in the subregions.
[image: Figure 11]FIGURE 11 | Time evolutions of 239Pu inventories in the subregions.
[image: Figure 12]FIGURE 12 | Time evolutions of 241Pu inventories in the subregions.
[image: Figure 13]FIGURE 13 | Time evolutions of 233U inventories in the subregions.
The reactivity of the core mainly comes from the fission reaction of 235U at the early operation of the core since the newly produced fissile nuclides are smaller in the reactor. The inventories of 235U in subregions 2 and 3 have faster consumption rates in the ignition and breeding regions during the operation, respectively, because they have higher local powers. In addition, subregion 6 has the highest 235U inventory at the EOC due to its lowest power during the whole operation. The inventories of 235U in subregions 1 and 2 are decreased from 244.28 kg to about 178.18 and 161.72 kg, respectively, and the decreased amounts are about 66.1 and 82.56 kg, respectively. The inventories of 235U in subregions 3, 4, 5, and 6 are about 157.98, 164.4, 178.68, and 198.63 kg, respectively, at the EOC, and the corresponding decreased amounts are about 84.61, 78.19, 63.91, and 43.96 kg, respectively (242.59 kg at BOC). The higher local power has a higher neutron flux in the HPTWR. Therefore, more 238U and 232Th will be transformed into 239Pu and 233U in the higher local power position of the HPTWR, respectively. The 238U inventories in subregions 1 and 2 have higher consumption rates because they have higher initial 238U loading inventories. The inventories of 238U in subregions 1 and 2 are decreased from about 1571.74 kg at the BOC to about 1508.35 kg and 1488.48 kg at the EOC, respectively, and the corresponding decreased amounts are about 63.39 and 83.26 kg, respectively. The consumption rates of 238U for subregions 3, 4, 5, and 6 sequentially decrease during operation due to their decrease of power distribution. The amounts of consumed 238U in subregions 3, 4, 5, and 6 are about 54.38, 49.37, 38.93, 25.64, and 85.97 kg, respectively, during the 18.1 years of operation. Similar to 238U inventories in the breeding fuel region, the amounts of consumed 232Th in subregions 3, 4, 5, and 6 are about 35.14, 31.9, 25.17, and 16.80 kg, respectively, during the 18.1 years of operation (from about 589.74 kg to about 554.60, 557.84, 564.58, and 572.94 kg, respectively).
The breeding capability of the HPTWR can be evaluated by the productions of the newly produced fissile nuclides. The produced fissile nuclides in the U–Pu fuel cycle and Th–U fuel cycle consist of Pu isotopes (239Pu and 241Pu) and U isotope (233U) in the traveling wave reactor, respectively. Figures 11–13 show the main inventories of produced fissile nuclides (239Pu, 241Pu, and 233U). The bred 239Pu inventories in subregions 1 and 2 are higher than those in subregions 3, 4, 5, and 6 because they have higher initial 238U loading inventories. The productions of 239Pu for subregions 3, 4, 5, and 6 sequentially decrease during the operation due to their decrease of power distribution. The productions of accumulated 239Pu in subregions 1, 2, 3, 4, 5, and 6 are about 44.29, 54.54, 35.41, 32.78, 26.93, and 19.03 kg at the EOC, respectively. The corresponding productions of accumulated 241Pu in subregions 1, 2, 3, 4, 5, and 6 are about 39.89, 56.75, 40.35, 32.75, 17.64, and 6.67 g at the EOC, respectively. The inventories of 241Pu in the HPTWR are much less than those of 239Pu because 241Pu is produced by the sequence neutron captures of 239Pu in the depletion process. The total productions of 239Pu and 241Pu in the HPTWR with U and Th fuels are about 212.99 kg and 194.05 g, respectively. In addition, the productions of accumulated 233U in subregions 3, 4, 5, and 6 are about 25.00, 23.27, 19.36, and 13.94 kg at the EOC, respectively, and the total production of 233U is about 81.58 kg.
The corresponding produced fissile nuclides per small zones of the HPTWR with U and Th fuels at the EOC are shown in Figure 14. The 239Pu productions per small zones in the ignition fuel region are higher than those in the breeding fuel region at the EOC because it has a higher neutron flux, and more 238U will be transformed into 239Pu during the whole reactor operation. The highest 239Pu production of small zones in the ignition fuel region is about 18.85 kg, whose axial position is 27.5 cm because it always has a relatively higher neutron flux during the reactor operation. Similar to 239Pu production, the highest 241Pu production of small zones in the ignition fuel region is about 21.15 g at the EOC in the axial position of 27.5 cm. It can be seen that the 241Pu production of small zones in the 2.5 cm axial position (17.09 g) is also higher than that in the 7.5 cm axial position (10.04 g) because more thermal neutrons will be reflected from the reflector in the 2.5 cm axial position and 239Pu has a much higher thermal neutron capture cross-section (about 271.0 b at 0.0253 MeV) relative to 238U (about 8.4 b at 0.0253 MeV). The 233U productions of small zones in the ignition fuel region are 0 kg because no 232Th is loaded into the ignition fuel region. The productions of small zones for 239Pu, 241Pu, and 233U in the breeding fuel region gradually decrease with the increase of axial position because of the decrease of power and neutron flux of small zones. The lowest productions of small zones for 239Pu, 241Pu, and 233U are about 5.74 kg, 2.02 g, and 4.24 kg in the breeding fuel region, whose axial position is at 87.5 cm.
[image: Figure 14]FIGURE 14 | Productions of 239Pu, 241Pu, and 233U per small zones at the EOC.
The lifetime of the HPTWR with Th and U fuels is decreased by about 40.9 years relative to the HPTWR with only U fuel. In order to investigate the amounts of consumed nuclear fuel and produced fissile nuclides, Figure 15 shows the consumed U and Th amounts and produced 239Pu, 241Pu, and 233U amounts in the HPTWR with two fuel loading scenarios during the whole operation. The total amount of produced fissile Pu isotopes in the HPTWR with Th and U fuels during the 18.1 years of operation (about 212.99 kg of 239Pu and 0.19 kg of 241Pu) is 479.79 kg less than that in the HPTWR with only U fuel during the 59 years of operation (about 688.11 kg of 239Pu and 4.86 kg of 241Pu). However, the total amount of consumed U isotopes in the HPTWR with Th and U fuels (419.32 kg of 235U and 314.98 kg of 238U) during the 18.1 years of operation is about 1689.37 kg less than that in the HPTWR with only U fuel during the 59 years of operation (816.46 kg of 235U and 1607.21 kg of 238U). In addition, the HPTWR with Th and U fuels can consume about 109.01 kg of 232Th and produce about 81.58 kg of 233U.
[image: Figure 15]FIGURE 15 | Consumed nuclear fuel amounts and produced fissile nuclide amounts in the HPTWR with two fuel loading scenarios.
4 CONCLUSION
In this work, the breeding capability and nuclear fuel consumption for a heat pipe cooled traveling wave reactor with Th and U fuels were investigated using the RMC code. The lifetime, propagation velocity of axial power peak, burnup, consumption of nuclear fuel, and breeding capability of the reactor are discussed. The conclusion obtained can be summarized as follows:
1. The HPTWR loaded with 13.6% 235U enrichment of ignition fuel and 20% 235U enrichment of breeding fuel can continuously operate for about 18.1 years without refueling when the mass fraction of 232Th in the heavy metals of the breeding fuel region is about 33%. The range of variation (swing) of keff remains within 0.35% during the 18.1 years of operation. The results indicate that the HPTWR can achieve utilization of Th fuel for better economy and sustainability.
2. The propagation velocity of the axial power peak and burnup for the HPTWR with Th and U fuels are about 0.5525 cm/years and 24.72 GWd/THM during the 18.1 years of operation, respectively. The burnup in the ignition fuel region is higher than that in the breeding fuel region at the EOC.
3. The HPTWR with Th and U fuels can produce about 212.99 kg of 239Pu, 0.19 kg of 241Pu, and 81.58 kg of 233U at 18.1 years. The productions of 239Pu and 241Pu in the ignition fuel region are higher than those in the breeding fuel region at the EOC, and the productions of bred fissile nuclides (239Pu, 241Pu, and 233U) in the breeding fuel region gradually decrease with the increase of the axial position of the reactor.
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Small modular reactors require multi-physics coupling calculations to balance economy and stability, due to their compact structures. Traditional tools used for light water reactors are not effective in addressing the several modeling challenges posed by these calculations. The lumped parameter method is commonly used in the thermal analysis for its high computational speed, but it lacks accuracy due to the thermal model is one-dimensional. While computational fluid dynamics software (CFD) can provide high-precision and high-resolution thermal analysis, its low calculation efficiency making it challenging to be coupled with other programs. Proper Orthogonal Decomposition (POD) is one of the Reduced Order Model (ROM) methods employed in this study to reduce the dimensionality of sample data and to improve the thermal modelling of gas-cooled microreactors. In this work, a non-inclusive POD with neural network method is proposed and verified using a transient heat conduction model for a two-dimensional plate. The method is then applied to build a reduced order model of the gas-cooled micro-reactor core for rapid thermal analysis. The results show that the root mean square error of the reactor core temperature is less than 1.02% and the absolute error is less than 8.2°C while the computational cost is reduced by several orders of magnitude, shortening the calculation time from 1.5-hour to real-time display. These findings proved the feasibility of using POD and neural network in the development of ROMs for gas-cooled microreactor, providing a novel approach for achieving precise thermal calculation with minimized computational costs.
Keywords: proper orthogonal decomposition, reduced-order model, neural network, gas-cooled microreactor, thermal analysis
1 INTRODUCTION
Advanced small modular reactors (SMRs) have attracted extensive research due to their diverse applications, which were initially motivated by military needs and have been gradually expanded to many civilian fields. Due to their compact structures, SMRs require multi-physics coupling calculations to balance economy and stability during reactor designing, which presents several modeling challenges that cannot be addressed effectively by the traditional tools used for light-water reactors. Taking the integrated design of a gas-cooled microreactor as the example, the lumped-parameter method, which is based on one-dimensional models of physical transport phenomena, is typically used in the thermal-hydraulic analysis. Such a method has high computational efficiency but at the cost of accuracy and resolution. The computational fluid dynamics (CFD) software, on the other hand, is widely used to accurately simulate reactor cores and handle complex geometries, but the enormous computational cost makes it difficult to be coupled with other programs. Therefore, this work focuses on developing a highly accurate thermal model with largely reduced computational cost to serve as a better alternative to the coarse thermal model currently used in integrated simulation.
Reduced-order modeling (ROM) is a powerful modeling technique that can significantly reduce the computational cost while maintaining accuracy. It works by creating a low-dimensional subspace, which is based on the dominant features extracted from the sample data, to approximate the full-state system. This leads to faster calculations from the reduced number of degrees of freedom in the subspace.
An efficient method for creating ROM is the proper orthogonal decomposition (POD)—also known as the Karhunen–Loève expansion, principal component analysis, or empirical orthogonal function (Lorenz, 1956). The POD was first proposed by Pearson (1901) for extracting the main components of big data. Sirovich (1987) used “snapshot” to reduce the dimensionality of the eigenvalue problem, making the POD more efficient and practical for use in various engineering problems, such as in signal analysis, pattern recognition, and fluid dynamics (Liang et al., 2002).
The POD-based ROM can be categorized into two methods: the inclusive and non-inclusive on the basis of whether they require the governing equation of the original system. ROM based on the POD and Galerkin projection is a representative intrusive method which projects the equation onto the subspace basis vector generated by the POD (Hazenberg et al., 2015; Zhang and Xiang, 2015; Gao et al., 2016; Stabile et al., 2017; German and Ragusa, 2019; Star et al., 2019; Sun et al., 2020). By contrast, the non-intrusive ROM is constructed by combining the POD with interpolation methods such as the RBF (Xiao et al., 2015b), Kriging (Chen et al., 2015), and Smolyak (Xiao et al., 2015a). With the rapid development of deep learning, the construction of non-intrusive reduced-order models using neural networks has become a research frontier in recent years. Although the intrusive method offers greater interpretability, its application is limited due to its requirement for accessing the full state equation, as well as instability and non-linear efficiency issues (Amsallem and Farhat, 2012; Washabaugh et al., 2012; Yu et al., 2018). Given the complexity of microreactors, the non-inclusive method based on neural networks is selected to build a reduced-order model in this study. Next is a brief overview of the research status of POD with neural networks.
Wang et al. (2018) applied the POD and long short-term memory (LSTM) to build a reduced-order model for ocean circulation and flow around a cylinder. The results showed that ROM provides high accuracy in numerical prediction, and the CPU time is greatly reduced. Similarly, Ooi et al. (2021) and Wu et al. (2020) used the convolutional neural network to study the flow around a cylinder and compared it with other machine learning methods, such as the regression tree, k-nearest neighbor, etc., which also proved the computational advantages. Unlike the inclusive method, the non-inclusive method can utilize the solution domain as an input parameter as well. For instance, Hasegawa et al. (2020) employed the POD and machine learning to study the unsteady flow around bluff bodies of variable cross sections and proved that these could predict the flow patterns of unknown shapes. To address the challenge of physical constraints in black box models, Swischuk et al. (2019) proposed combining a “particular solution” to modify the results obtained from machine learning to provide a new idea to improve the interpretability of the surrogate model.
In the nuclear industry, the application of ROM based on the POD can be divided into three categories: design and calculation, control optimization, and sensitivity analysis. In the design and calculation field, Sartori et al. (2016) used ROM to perform physical and thermal coupling calculations for a single channel of lead-cooled fast reactor. Star et al. (2021) coupled the RELAP code and ROM to conduct three-dimensional thermal coupling calculations for open and closed pipelines. Kang et al. (2022) used non-inclusive ROM to predict the flow field between reactor rod bundles. In control optimization, Lorenzi et al. (2017) utilized ROM to model the coolant pool of the lead-cooled fast reactor to demonstrate the application of ROM in system-level simulation code. Sensitivity analysis requires many repeated calculations that make it a suitable application for the low-cost calculation capabilities of ROM. For example, Alsayyari et al. (2020) used ROM to perform sensitivity analysis on a simplified molten salt reactor reference model to successfully obtain the relationship between various neutronics and thermal parameters of the system.
In the past three decades, the application of ROM in the nuclear industry has continued to improve with advancements in the model reduction theory and research on the applicability of the POD in heat transfer, Navier–Stokes equation, and neutron transport equations. However, most of the reduced-order models are still at the verification stage to demonstrate their great potential but with limited practical use, especially in the reactor core field. In light of this, this work aims to explore ROM for the gas-cooled microreactor core which balances accuracy and computational efficiency. This new approach could provide valuable insights and serve as the basis for reactor coupling calculations, simulation control, and intelligent operation and maintenance of nuclear power plants.
This article first briefly introduces the research background and previous progress. Section 2 covers the theory of ROM, which includes the calculation of basis and coefficients when using POD and neural network. The following two parts verify and apply ROM using a two-dimensional (2D) plate transient heat conduction problem and thermal analysis of a gas-cooled microreactor. The final part is the conclusion about this work.
2 METHOD OF ROM BASED ON POD
POD aims to find a set of optimal orthogonal basis vectors [image: image] (where [image: image] is a column vector) in the least squares sense, such that the value to be solved of the original system at any time on any node can be expressed as a linear combination of this basis set (Chatterjee, 2000). For instance, considering the node temperature at the domain [image: image], the representation is given as
[image: image]
where [image: image] is the POD basis and [image: image] are the corresponding coefficients.
In fact, the representation of Eq. 1 is not unique, as the function [image: image] can be represented using different sets of basis functions, such as Legendre polynomials, Chebyshev polynomials, Fourier series, and so on. The sequence of time-functions [image: image] is different for each kind of basis. For the POD, the basis vectors are especially orthogonal, which means this set of basis satisfies
[image: image]
[image: image]
Another characteristic of POD basis is that it consists of a set of ordered column vectors, which makes the approximate accuracy increase as more bases are selected.
Consider a physical field of interest [image: image] that is controlled by a mapping function: [image: image], where [image: image] represents the spatial domain, [image: image] represents the time domain, and [image: image] is the input parameter domain. Thus, field [image: image] is dependent on the input parameter and varies with time and space conditions. The mapping relationship is generally determined by the physical laws and governing equations, which are often in the form of complicated partial differential equations. These governing equations are discretized into a series of separated points to approximate the solution fields by most traditional numerical solutions that result in large degrees of freedom, especially for three-dimensional and time-varying systems. This leads to high computational requirements. By reducing the dimensionality of the spatial domain, the POD can effectively reduce the computational cost. Next is a brief introduction of the calculation of POD basis [image: image] and coefficients [image: image].
2.1 Calculation of POD basis
The calculation of POD basis relies on a method known as “snapshot,” proposed by Sirovich (1987), which is only dependent on sample data. Consider a distribution [image: image] of field [image: image] at time [image: image] and parameter [image: image]. [image: image], also known as “snapshot,” is a finite dimensional approximation of [image: image] with [image: image] as the dimension of discretization of the spatial domain. Snapshot is viewed as the true value that can be obtained from experiments or numerical models. A set of snapshots is collected at different times [image: image] and input parameters [image: image] to make up a matrix [image: image], which contains the snapshots as its columns, where [image: image] (Swischuk et al., 2019). Thus, each row of the matrix represents the value of each discrete point at different times or input parameters, while each column corresponds to the field distribution of all discrete points under the same condition, that is, the snapshot.
According to the theory of POD, the matrix can be written as
[image: image]
where
[image: image]
with [image: image] and [image: image]. [image: image] and [image: image] are the left and right singular vectors of [image: image], respectively, and [image: image] represents the singular values of [image: image]. The dimension of [image: image] will be reduced by selecting partial columns of [image: image] as basis vectors to form a new subspace to approximate [image: image]. The selection is determined by the value of the corresponding [image: image], which represents the contribution degree of the vector. Since the values of [image: image] are arranged in the descending order, the first few vectors already contain the main features of the sample data. For example, by extracting the first [image: image] columns of [image: image] and the first rows of [image: image], and retaining the corresponding [image: image], we can obtain an optimal approximation of [image: image] in the sense of square error, which is expressed as
[image: image]
where [image: image], which is called the POD basis. A typical approach (Holmes et al., 2012; JinXiu et al., 1998) to determine [image: image] is
[image: image]
where [image: image] is the rank of matrix [image: image]. The value is also called energy of the eigenvalue. Eq. 6 can also be written as
[image: image]
Matrix [image: image] is the projection coefficient of the sample data on the POD basis, then the original problem is transferred from solving [image: image] to [image: image]. Since [image: image] is known, one can obtain the discretization results of [image: image] at the spatial domain if [image: image] with different times and input parameters is computed. The dimensionality or degree of freedom of [image: image] is [image: image], which is much smaller than that of [image: image] (which is [image: image]), making it possible to realize rapid computation.
When the input conditions remain invariant, the field [image: image] becomes a typical transient problem, which is only dependent on time. [image: image] represents the spatial mode of the sample while [image: image] contains time variations. The original system can be predicted by extrapolating the column vector of [image: image]. On the contrary, the problem becomes stable if the time variable remains invariant, which allows for quick calculation of results for different inputs.
2.2 Calculation of POD coefficients
The non-inclusive method is used to establish a surrogate model that maps input parameters, such as time, pressure, or power, to the coefficients of the POD basis through fitting, interpolation, or other methods, to avoid the need to access and discretize of the governing equation. In fact, Eq. 8 is used to project [image: image] onto the basis [image: image], which gives a set of coefficients for the sample conditions. Thus, a map from the input to coefficients already exists. The coefficients for different parameters can be obtained by fitting this relationship, which is the main idea behind all kinds of non-inclusive methods, such as neural networks.
The artificial neural network, also called neural network in short, is a mathematical model in machine learning that imitates the structure of biological neural networks and can be used for function approximation or estimation. Neurons, which are the computing nodes in a neural network, are interconnected to form a network structure that enables non-linear, parallel, or local computation. A typical neural network comprises three parts:
1 Architecture. It refers to the variables and their topological relationships, which include excitation values and weights of neurons. Figure 1 shows a typical architecture of a neural network.
2 Activation rule. It refers to the functional relationship between the input and output of hidden and output layer nodes, which provides the non-linear ability of the neural network.
3 Learning rules. The learning process involves changing the topological relationship and weight values to reduce the output error within an acceptable range. The rule for modifying the variables is called the learning rule or learning algorithm. The error back propagation (BP) algorithm proposed by Rumelhart et al. (1986) has had the most extensive influence on learning rules and is also used in this work.
[image: Figure 1]FIGURE 1 | Neural network architecture.
The architecture depicted in Figure 1 represents a fully connected feedforward neural network, where every node in each of the layers of the network is connected to all the nodes in the next layer (for simplicity, bias [image: image] is only connected to the first neuron of the first hidden layer). Information is transmitted from left to right in a feedforward network, with the input of each layer being the output of the previous layer. The green nodes make up the input layer, where the number of nodes equals the number of input parameters in the sample and is referred to as the input vector. The blue nodes represent the hidden layers, whose number of layers and nodes varies depending on the specific problem and is related to the non-linearity of the neural network. Typically, the number of hidden nodes is greater than the number of input nodes, such as 1.2 to 1.5 times the number of input nodes. Finally, the orange nodes form the output layer, where the number of nodes equals the number of output parameters in the model and is referred to as the output vector.
The data set is typically divided into three parts: the training set, validation set, and test set. The training set is used to train the algorithm, while the validation set is used to calculate the network’s accuracy or error in order to optimize the model parameters. The final model is then evaluated on the test set to measure its error under real conditions.
In this work, a simple neural network and the long short-term memory (LSTM) network architecture are used to model stable and transient fields, respectively. The LSTM is a type of recurrent neural network that is specifically designed to prevent the output of the network for a given input from either decaying or exploding as it cycles through feedback loops (Yu et al., 2019). This architecture is applicable to a number of sequence learning problems, such as language modeling and translation, speech recognition, and timing problems. The underlying algorithms for these types of neural networks have not been reiterated in this study for they have already been developed in many open-source frameworks.
In summary, the calculation process consists of the following steps:
1 Collecting sample data through observations, numerical models, or other methods to form a snapshot matrix [image: image]
2 Performing POD on [image: image] using Eq. 4
3 Extracting the POD basis using principal Eq. 7
4 Calculating the coefficients using Eq. 8 to create a data set with input condition
5 Constructing a neural network model to learn from the data set and
6 Predicting results for different input conditions using Eq. 6.
The reduced order model is validated and analyzed by measuring its accuracy through deviation from the sample data and comparing its computational efficiency with the acquisition time of the sample data. Two methods are adopted in this work to measure the accuracy, one of which is the root-mean-square error (RMSE) of each snapshot, denoted as
[image: image]
Here, [image: image] is the result of ROM, [image: image] is the true value of snapshot, and [image: image] is the node number. [image: image] is the number of snapshots extrapolated using ROM. The maximum and average of all predicted snapshot errors are compared in the following sections. The other criterion is the absolute error between ROM and the true value.
In terms of calculation cost, a speed ratio is defined in this work, which is represented as
[image: image]
where [image: image] refers to the computational time required for obtaining the true value and [image: image] is the corresponding time for obtaining results using ROM. It should be noted that the time required for collecting the sample data and training the model is not considered in [image: image], which means [image: image] refers to the test time.
3 VERIFICATION FOR 2D TRANSIENT HEAT CONDUCTION
The method described in Section 2 is validated using a typical 2D plate transient heat conduction problem. As shown in Figure 2, the plate has a length of 0.3 m and a width of 0.2 m and is made of a material with density [image: image], and the specific heat [image: image] and thermal conductivity [image: image]. The initial temperature of the plate is 300 K where its left boundary is adiabatic, bottom boundary has a heat flux of [image: image], and right boundary has convection with a heat transfer coefficient [image: image] and bulk temperature [image: image]°C. To verify the effectiveness of this method under different transient conditions, different top boundary conditions are employed in Case1 and Case2.
[image: Figure 2]FIGURE 2 | 2D plate geometric diagram.
The finite volume method (FVM) is used to obtain the numerical solution, which is regarded as the true value. The mesh model is illustrated in Figure 2, with 30 grids in length and 20 grids in width, resulting in a model with 600 grids and 704 nodes. While the additional source method is used to deal with the boundary conditions, reducing the number of nodes to 600 finally. The time step is 10 s. Nodes A, B, and C are three specific locations selected for comparison with the FVM.
3.1 Case 1: time-varying boundary
In case 1, the upper edge temperature is the time-varying boundary condition with the representation as
[image: image]
A total of 400 snapshots are obtained by the finite volume model with [image: image] to generate sufficient sample data and constitute the snapshot matrix [image: image]. The matrix [image: image] is decomposed by Eq. 4, and the first four vectors are selected as the POD basis since they account for 99.9% of the energy, as listed in Table 1.
TABLE 1 | Energy ratio of first k eigenvalues of case 1.
[image: Table 1]The coefficients [image: image] are obtained by projecting the snapshot matrix onto the POD basis, which is used as the training data set for the neural network model. In this work, the LSTM is selected to combine with POD and build the ROM, as it can fit or predict models using historical data, which is especially applicable to time-related variables. The architecture of the proposed POD-LSTM model is shown in Figure 3, which is implemented using Python and Keras. The input of the model are coefficients from the previous four steps and the output is the coefficient at time [image: image]. The term “DENSE” represents the fully connected layers. Therefore, the relation between the input and the output can be represented as
[image: image]
where [image: image] is a mapping function.
[image: Figure 3]FIGURE 3 | LSTM architecture for 2D plate heat conduction.
In this case, the first 60% of the data (0 s–2,400 s) is selected as the training set and the last 40% (2,400 s–4,000 s) as the test set, and then 20% of the data in the training set is divided to be the verification data. The shape of the input vector is (4,4) and the number of nodes in the three hidden layers are 64, 32, and 4, with activation functions of Tanh, Tanh, and Linear, respectively. A batch size of 16 and 50 epochs is used, with the mean square error serving as the loss function, ADAM as the optimizer, and a learning rate of 0.0005 during training.
The temperature distribution of the plate at t = 4,000 s calculated by the reduced-order model as shown in Figure 4A. The temperatures of nodes A, B, and C are shown in Figure 4B to compare the errors, which vary with time. The maximum RMSE is 0.73% and the maximum absolute error is 1.82°C, which indicates that the results obtained from the reduced-order model are in good agreement with those from the finite volume model. As for the computational speed, the FVM model consumes 83.98 s while the training time of the reduced-order model is 9.63 s and the prediction time is 0.02 s, resulting in the speed ratio of [image: image]. It should be admitted that collecting the sample data is time-consuming and equivalent to the time required for the FVM model. However, once the reduced-order model is established, it can significantly reduce the computational cost.
[image: Figure 4]FIGURE 4 | Temperature comparison in case 1. (A) Plate temperature in case 1 (t = 4,000 s). (B) Node A, B, and C temperature in case 1.
3.2 Case 2: multiple time-varying boundary
The upper boundary temperature in case 2 comprises nine different time-varying conditions, which can be expressed as
[image: image]
with [image: image]. The snapshot mentioned in Section 2.1 is only related to time, while the temperature in this case has two parameters: time [image: image] and amplitude [image: image]. Thus, the snapshot matrix is a combination of all sub-matrixes at the same [image: image] in the row vector direction, which is shown in Eq. 14. Subscript [image: image] represents different parameters, that is, different [image: image] in case 2. Then, the POD basis can be obtained using Eq. 4 as in the previous case.
[image: image]
[image: image]
Unlike Eq. 12, the coefficients in case 2 include the influence of parameter [image: image], thus the fitting relationship becomes
[image: image]
where [image: image] is a mapping function.
The sample data consist of 1,800 snapshots with [image: image] and [image: image]. The first five bases are retained for they meet principal Eq. 7 as shown in Table 2.
TABLE 2 | Energy ratio of first k eigenvalues of case 2.
[image: Table 2]In total, 80% of the data set is used for training, and the remaining 20% is the validation set. The test data is the temperature when M = 350 and 1,100, which are not included in the snapshot matrix. The shape of the input vector is (1,7) and the number of nodes in the three hidden layers are 100, 32, and 5 with activation functions of Tanh, Tanh, and Linear, respectively. The batch size is 8 and epoch is 100, loss function is the mean square error, optimizer is ADAM, and learning rate is 0.001. The temperature of the plate at t = 0–2,000 s is calculated using ROM and compared with the FVM results.
The temperature comparison is as shown in Figures 5A, B. The maximum RMSE is 5.63% and maximum absolute error is 4.07°C when M = 350, and the maximum RMSE is 5.50% and maximum absolute error is 12.72°C when M = 1,100. The accuracy of the temperature for M = 1,100 is slightly worse than that for M = 350, which indicates that the ability of extrapolation is not very satisfactory, as for all predictions are based on the known sample data. The computational cost comparison is represented in Table 3, which shows ROM can achieve fast calculations.
[image: Figure 5]FIGURE 5 | Node A, B, and C temperature in case 2. (A) M = 350 and (B) M = 1,100.
TABLE 3 | Computational cost comparison in case 2.
[image: Table 3]3.3 Analysis
In summary, the reduced-order model has demonstrated excellent accuracy and computational efficiency in case 1, while there is still room for improvement in accuracy for the more complex transient problem in case 2. It is worth noting that the distinction between transient and stable states is not evident, as they merely represent different input parameters for the neural network. Extrapolation remains a significant challenge for this method, as the neural network can only provide reasonable predictions based on known sample data. Despite being appropriate for time-series problems, even the LSTM model has limitations in addressing this challenge, as errors may accumulate gradually over prediction time. It is worth noting that the reduced-order model constructed using the POD and neural network method does not involve any governing equations or physical laws. Instead, it relies on a vast amount of sample data and optimization algorithms. Therefore, using different samples and algorithms to construct a reduced-order model could lead to better results for the two cases. But the acceleration effect of the reduced-order model underscores its potential for efficient predictions, once the model has been optimized to meet the desired accuracy requirements.
4 ROM FOR GAS-COOLED MICROREACTOR THERMAL ANALYSIS
4.1 CFD model for gas-cooled microreactor core
4.1.1 Layout of reactor core
This work presents the detailed modeling of a horizontal compact high-temperature gas-cooled reactor with a designed thermal power of 5 MWth. The reactor is composed of fuel assembly, control rod assembly, reflector, boron carbon brick, and other components. The core layout and fuel assembly configuration are illustrated in Figures 6A, B, respectively. The active zone of the horizontal core comprises hexagonal fuel assemblies that are organized into four layers in the axial direction, with each containing 60 fuel assemblies. As such, the entire reactor contains 240 fuel assemblies, with varying degrees of enrichment at different positions. The core has a total radial diameter (to the outer edge of the reflector) of 210 cm and a total axial length of 220 cm. The active zone has an equivalent diameter of 131 cm and a length of 164 cm. The core side reflector consists of 12 groups of regulating control rods, while a single group of control rods is located at the center. The coolant is single-phase helium, which is not coupled with reactivity and does not undergo any chemical reactions with the cladding and fuel structural materials. The reflectors are made of graphite, which also acts as the neutron moderator and core structure material.
[image: Figure 6]FIGURE 6 | Layout and CFX model of reactor core. (A) Layout. (B) Fuel assembly. (C) CFX model for reactor core. (D) Subregion of reactor core.
4.1.2 Thermal analysis with CFX
A three-dimensional thermal modeling of the active zone in the reactor core is conducted using ANSYS CFX 2020. This model includes 1/12 of the entire core to take advantage of the symmetrical characteristic, as depicted in Figure 6C, with a mesh number of 2.77 million. Two significant boundary conditions are considered in this model. The first condition is the power density of fuel rods, denoted as [image: image]. The subscript “zone,” shown in Figure 6D, refers to the different parts of the core. As mentioned, each fuel rod consists of four fuel assemblies in the axial direction, and one fuel assembly contains 11 fuel pellets. Therefore, the power distribution of each fuel rod has 44 points, resulting in the expression of power density [image: image], that is, 
[image: image]
where 1.0014 is an empirical factor used in the thermal calculation of the CFX model to ensure energy conservation, [image: image] is the normalized power factor of each region, which is calculated by a neutronics model and is dependent on the lifetime of the reactor. [image: image] is the design thermal power, and [image: image] is the volume of fuel rods in each region, which is directly stored in the CFX model. The number 60 represents the division of the core into four layers in the axial direction, with each layer containing 60 fuel assemblies.
The other boundary is the flow of the coolant. The outlet of the reactor is at atmospheric pressure and outlet temperature is 750°C at load tracking operation. Therefore, the flow of the coolant can be represented as
[image: image]
where [image: image]°C, [image: image] is the specific heat of helium, [image: image] is the portion of the bypass flow, and the number 1/12 refers that only 1/12 of the core is considered.
In summary, the state of the core is dependent on the normalized power factor [image: image] (which is relies on the lifetime) and temperature of the coolant upon entering the reactor [image: image] .For example, considering a lifetime of 1000 EFPD (effective full-power days) and a coolant temperature of 488.7°C, the temperature of the core and monolith is shown in Figure 7. The maximum temperature of the fuel and monolith are 981.2°C and 902.2°C, respectively. It is worth noting that the temperature increases along the flow of the coolant in the axial direction and zone 4 is the hot zone.
[image: Figure 7]FIGURE 7 | Temperature of core (1,000 EFPD, 488.7°C). (A) Fuel. (B) Monolith.
4.2 ROM for thermal analysis of reactor core
4.2.1 Generation of sample data
Zone 4 is selected to build a reduced-order model as this area is a typical region. The first step is to collect sufficient sample data accruing to the abovementioned steps.
4.2.1.1 Power density
There are only seven different power density distributions calculated using the neutronics model due to computational limitations, where [image: image]. To generate more input parameters, Hermite interpolation is adopted twice to the power factor, as it is a two-dimensional array. A small random variable is added to each power factor according to certain rules to ensure that the average power factor meets the normalization requirements. Finally, 100 different lifetimes, ranging from 5 EFPD–995 EFPD in iterations of 10 EFPD, are used as input parameters.
4.2.1.2 Temperature of inlet coolant
A trial calculation revealed that the effect of coolant temperature on the results is approximately linear, so it is not necessary to design too many different coolant temperatures. Considering the maximum temperature limit of 550°C for the 316H stainless steel used in the reactor pressure vessel and basket, the range of the coolant inlet temperature is fixed at 200–500°C, with 50°C iteration.
To sum up, in combination with the distribution of power factor and coolant temperature, a total of 700 sets of different input conditions for core temperature are computed, which are taken as the sample data for ROM after format processing. The number of sample data is 36,774 and 19,602 for the fuel rods and monolith, respectively, by extracting nodes coordinates and temperatures in zone 4 (the nodes of the monolith are after selection). The following sections discuss ROM for fuel and monolith, respectively.
4.2.2 ROM for fuel rods zone
Based on the collected sample data, the size of the snapshot matrix is 36,774 × 700 with 700 corresponding eigenvalues, and the first 12 eigenvalues meet the selection principle, accounting for 99.90% of the total. Therefore, the input shape for the neural network is (700,353) and the output shape is (700,12). The training set is composed of 80% of the data, the test set is composed of 20%, and then 20% of data in the training set is divided to be the verification data. The architecture of the model is depicted in Figure 8, with three hidden layers having 64, 32, and 12 nodes, respectively, and activation functions of Tanh, Tanh, and Linear. A batch size of 32 and 150 epochs are used, with the mean square error serving as the loss function, ADAM as the optimizer, with a learning rate of 0.0005 during training.
[image: Figure 8]FIGURE 8 | Neural network architecture for fuel rods zone.
To verify the accuracy of ROM, the results from six cases are compared with those obtained from the CFX model, as shown in Table 4. Figure 9 presents the temperature contour for the fuel rod in the case with maximum error. The results demonstrate that the average root-mean-square error is 1.02% and maximum absolute error is 8.2°C, indicating a good agreement between the ROM and CFX results. Furthermore, while CFX requires 1.5 h for a single computational core, the test time for the reduced-order model is less than 0.01 s, implying that ROM can achieve real-time display.
TABLE 4 | Comparison between ROM and CFX (fuel rods zone).
[image: Table 4][image: Figure 9]FIGURE 9 | Temperature contour comparison for fuel rods zone. (A) ROM. (B) CFX. (C) Error.
4.2.3 ROM for monolith zone
The reduced-order model building process for the monolith zone is similar to that of the fuel rods zone and is therefore not repeated here. But the number of bases for this case is nine. All other parameters are the same as for the previous fuel case, except that the epoch for the monolith model is 200. As shown in Table 5 and Figure 10, the maximum of RMSE is 0.46% and the maximum absolute error is 5.1°C, which also meets the accuracy requirements. The test time in this case is also less than 0.01 s.
TABLE 5 | Comparison between ROM and CFX (monolith zone).
[image: Table 5][image: Figure 10]FIGURE 10 | Temperature contour comparison for monolith zone. (A) ROM. (B) CFX. (C) Error.
5 CONCLUSION
This study introduces an approach to ROM that incorporates both POD and neural networks. The method is tested on a 2D transient heat conduction model, and the results demonstrate that ROM is effective in terms of both accuracy and computational speed, especially when dealing with time-varying boundaries. However, for more complex boundaries or problems that requires time-dependent predictions, the error rate increases due to the requirement for a large amount of historical data. Consequently, the model must be updated regularly to ensure accurate predictions. It is worth noting that the reduced-order model created using this approach does not distinguish between the time parameter in transient problems and other variables in steady-state problems. The key concept behind this approach is to reduce data dimensions by capturing the essential features of the sample data to enable fast calculations.
The Section 4 focuses on analyzing the thermal model of a gas-cooled microreactor core using load tracking operation as the reference condition, with future research aiming to consider more complex scenarios such as transient states and accidents. By employing a combination of POD and neural networks, a highly accurate reduced-order model is developed. The results demonstrate that ROM achieves a root-mean-square error of less than 1.02% and an absolute error of less than 8.2°C when predicting core temperature. Furthermore, the computational efficiency of the reduced-order model is greatly improved, reducing the calculation time from 1.5 h to real-time display. These findings provide compelling evidence for the feasibility of using POD and machine learning in the development of reduced-order models for gas-cooled microreactors, offering a novel approach to achieve precise thermal calculation while minimizing computational costs. The research thus holds significant implications for the intelligent operation and maintenance of nuclear power plants, as well as for the many coupled calculations involved in gas-cooled microreactors.
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Heat-pipe-cooled microreactors (HPRs) have advantages such as a compact design, easy transportation, and improved system reliability and stability. The core of an HPR consists of fuel rods and heat pipes in a monolith, which is a solid block structure containing many holes for the fuel rods and heat pipes. When designing the core of an HPR, high thermal stress and reactivity feedback owing to thermal expansion are important considerations. Therefore, a high-fidelity multiphysics analysis tool is required for accurately analyzing an HPR core. When performing a multiphysics analysis, it is necessary to couple the heat pipe thermal analysis code, thermal-structural analysis code, and neutronics code. To develop a multiphysics analysis tool, OpenFOAM, an open source Computational Fluid Dynamics (CFD) tool, and ANLHTP, a heat pipe thermal analysis code, were coupled. In this process, the structural analysis solver of OpenFOAM was verified, and its limitations were improved. To confirm the proper working of the code, the mini-core problem was analyzed using the OpenFOAM-ANLHTP coupled code. Next, to consider the reactivity feedback, coupling with PRAGMA, a GPU-based continuous-energy-Monte Carlo neutronics code was performed, and the multiphysics analysis capability of the OpenFOAM-ANLHTP-PRAGMA coupled code was confirmed through an analysis of the MegaPower reactor core. To reduce the temperature distribution within the monolith, the temperature distribution of the heat pipe sink was adjusted, and the reduced thermal stress of an HPR core was observed.
Keywords: microreactor, heat pipe, multiphysics analysis, thermal stress, OpenFOAM, PRAGMA, ANLHTP
1 INTRODUCTION
A heat pipe cooled microreactor (HPR) is a nuclear reactor that passively removes heat from a core using heat pipes. The heat pipe is a passive heat-transfer device using the capillary force of the wick structure and phase transition. The heat pipe is filled with a working fluid, and the working fluid transfers heat as it evaporates at the evaporator section and condenses at the condenser section. An HPR has the advantages of compact design, ease of transport, and improved system reliability and stability. It has attracted attention among various microreactor concepts since the success of the Kilopower Reactor Using Stirling TechnologY (KRUSTY) experiment (Gibson et al., 2018). Since then, space reactors and land-based reactors such as the Los Alamos National Laboratory (LANL)’s Megapower reactor (Mcclure et al., 2015), the Westinghouse’ eVinci (Swartz et al., 2021), Oklo’s Aurora (OKLO Inc., 2020), and China’s NUSTER-100 (Tang et al., 2022) have been studied.
The representative form of an HPR core comprises many heat pipes, and fuel rods, which are contained in a solid structure called the monolith. The heat generated from the nuclear fuel is transferred to the heat pipes through the monolith via conduction, and the heat pipe transfers heat from the core to the power conversion system.
A land-based HPR with several MWe of power requires the integration of many nuclear fuels and heat pipes in the small space of the monolith. This spatial integration increases the temperature gradient within the monolith and may induce high thermal stress. This high thermal stress is one of the critical issues in the core design of existing monolith-based HPRs. Additionally, the thermal expansion of a metal monolith results in reactivity feedback owing to the change in neutron leakage, especially in fast reactors. Neutronics analysis has revealed that most reactivity feedback is due to such thermal expansions (Hu et al., 2019).
To reflect the consideration of these variations in the design and safety analysis of an HPR core, a high-fidelity multiphysics analysis tool is required. Accordingly, the Idaho National Laboratory (INL) conducted a PIRT analysis of the Megapower reactor (Sterbentz, 2017), and developed Direwolf (Lange, 2020), a heat pipe reactor multiphysics analysis tool, using the Multiphysics Object-Oriented Simulation Environment (MOOSE); Direwolf can perform neutronics-thermal-structural analysis. Additionally, steady-state and transient multiphysics analyses have been performed on the EMPIRE core (Matthews et al., 2021).
The Korea Atomic Energy Research Institute (KAERI) developed a heat pipe code called LUHPIS (Tak et al., 2020), and performed a thermal analysis of two conceptual heat pipe cooled reactor cores using LUHPIS and HEPITOS coupled code (Lee et al., 2021). The Argonne National Laboratory (ANL) performed the PROTEUS-FLUENT-ANLHTP coupled analysis in cooperation with the Seoul National University (SNU) (Lee et al., 2019). Additionally, steady-state and transient multiphysics analyses were performed on an HP-MR reactor using the MOOSE platform (Stauff et al., 2021). The Xi’an Jiaotong University performed steady-state and transient multiphysics analyses on the NUSTER-100 core (Huang et al., 2022; Tang et al., 2022) and validation calculations for the KRUSTY experiment (Ge et al., 2022).
Thermal-structural analysis of the monolith in an HPR is necessary in HPR core analysis for confirming whether safety criteria such as the fuel centerline temperature and maximum thermal stress in the monolith are satisfied. For this purpose, OpenFOAM was selected for the thermal-structural analysis of the monoliths in this study. OpenFOAM is an open-source CFD software that has a built-in basic structural analysis solver. Additionally, studies in the nuclear community have been conducted using the OpenFOAM solver (Fiorina et al., 2015; Scolaro et al., 2020). Since OpenFOAM is open-source software, its solver could be modified and improved easily, and could be coupled easily it with other codes. Taking these advantages of OpenFOAM, Tsinghua University performed multiphysics analysis of KRUSTY using the OpenFOAM-RMC code (Guo et al., 2021; Guo et al., 2022).
In this study, a multiphysics simulation was conducted to develop a high-fidelity multiphysics analysis tool for HPRs. The OpenFOAM stress analysis solver was coupled with the Monte Carlo neutron transport code PRAGMA and the heat pipe analysis code ANLHTP. The applicability of the coupled code was tested through an analysis of two types of microreactor cores from existing literature. Subsequently, based on the simulation results, a strategy to reduce the thermal stress in a monolith is proposed. The simulation results showed that the uniformity of the temperature field in the monolith could significantly reduce the thermal stress, which could be achieved by adjusting the heat sink temperature of the heat pipes. This suggested that the heat sink temperature distribution could be an optimization parameter in HPR core design.
This study introduces the verification results of the OpenFOAM stress analysis solver, the coupling methodology for the multiphysics simulation, and the specifications of PRAGMA and ANLHTP. Subsequently, the application of the coupled code to reactor core analyses is presented. Finally, the effect of heat sink temperature adjustment on thermal stress reduction is described.
2 ESTABLISHMENT OF OPENFOAM-ANLHTP CODE COUPLING SYSTEM
2.1 OpenFOAM
The OpenFOAM code was selected as a tool in the thermal-structural analysis of an HPR core. OpenFOAM is an open-source-based CFD tool that has a built-in basic thermal-structural analysis solver (The OpenFOAM Foundation Ltd., 2019, Accessed 2023). This solver enables the thermal-structural analysis of small deformation conditions under the assumption of linear elasticity. This assumption does not consider plastic deformation after yielding; however, it is effective and sufficient in determining whether an HPR core reaches the yield strength. The governing equations are expressed as Eqs 1, 2:
Momentum equation
[image: image]
where [image: image]: density (kg/ [image: image]), [image: image]: displacement (m), [image: image]: Lame’s second coefficient (shear modulus) (Pa), [image: image]: Lame’s first coefficient (K), [image: image]: unit tensor, [image: image]: bulk modulus (Pa), [image: image]: thermal expansion coefficient ([image: image] K), and [image: image]: temperature (K).
Heat conduction equation
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where [image: image]: specific heat capacity ([image: image]), [image: image]: thermal conductivity ([image: image]), and [image: image]: volumetric heat generation rate ([image: image]).
According to the official OpenFOAM user guide, this solver has been verified against simple structural analysis problems; however, no such verification has been reported for thermal stress. Furthermore, the temperature dependencies of the material properties have not been considered by the solver, and multiple-material handling, which is necessary for reactor core analysis, could not be carried out. Therefore, in this study, various improvements were made to the solver.
First, the thermal-structural analysis was verified. The verification problems were selected from the Autodesk Nastran verification manual (Autodesk Inc., 2015) and the ANSYS Mechanical APDL verification manual (ANSYS Inc., 2013).
The concepts of the verification problems and calculation results are illustrated in Figure 1. The first problem is constrained beam analysis with heating. Two cases were tested under single-end and both-end constraint boundary conditions. In both cases, the body temperature was increased from −50°C to 25°C. The predicted values of the displacement and axial stress were compared with the values in the analytical solution. The second problem is the steady-state calculation of a cylinder, with a linear temperature difference gradient between its inner and outer surfaces. The final problem is the transient calculation of the cylinder, wherein the outer surface temperature increases gradually. In the second and third cases, the stresses on the inner and outer surfaces were compared with the analytical solutions. For three verification problems, as the number of meshes increased, the solutions gradually converged to the analytical solutions. The thermal-structural analysis capability of the solver was confirmed through these simple verifications.
[image: Figure 1]FIGURE 1 | Conceptual representations and calculation results (A) constrained heated beam, (B) cylinder with thermal gradient (steady-state), and (C) cylinder with thermal gradient (transient).
Subsequently, the capabilities of the solvers were extended to consider the temperature dependencies of structural materials and multiple-material handling. Therefore, a new field variable containing the material type was defined for each cell. Additionally, another field variable storing the volumetric heat generation rate was defined, and this value was added to the variable transferable from the external solver, considering the coupling of the code with a neutronics code.
2.2 Heat pipe analysis code, ANLHTP
ANLHTP is a one-dimensional steady-state thermal analysis code for sodium heat pipes (McLennan, 1983). The source code is available in existing literature, and the code used in the study was resurrected based on it (Lee et al., 2019). ANLHTP is a simple and fast lumped parameter code, and using a thermal resistance network, it predicts the heat transfer rate, temperature at each part, and operation limits of the heat pipe. The validation was performed against the ANL HPTF experiment (Holtz et al., 1985) and LASL experiment (Kemme et al., 1978); the heat pipe heat removal performance and operation limits were compared with those under these experiments. The details of the heat pipe specifications and experimental setup are presented in Ref. (Kemme et al., 1978; Holtz et al., 1985). The validation results confirmed that ANLHTP has reasonably predicted the heat pipe performance and operating limits and that the code had been correctly resurrected (Lee et al., 2019).
2.3 OpenFOAM-ANLHTP data exchange
The coupling of OpenFOAM and ANLHTP was established for the thermal-structural analysis of the HPR core. The coupled code used the coupling interface provided by OpenFOAM for external coupling (The OpenFOAM Foundation Ltd., Accessed 2023). Additionally, a Python wrapper code was developed to manipulate the data from the two codes. OpenFOAM sent the heat transfer rate field to the coupling boundary of the wrapper. Averages were then obtained for each part of the heat pipe, such as the evaporator, adiabatic section, and condenser. The averaged values were transferred from the wrapper to ANLHTP. ANLHTP calculates the temperatures of the three parts, returns them to the wrapper, and assigns these values to the meshes in each part; the three-dimensional code and lumped parameter code. This implied that the average heat transfer rate values in the multiple boundary faces of OpenFOAM were used for ANLHTP, and a single temperature value in each part of the heat pipe was used for the multiple boundary faces. This difference in the simulation dimensions can distort practical changes in parameters.
To minimize this distortion, the wick-vapor interface of the heat pipe evaporator was set as the data exchange interface, as shown in Figure 2. The temperature at the wick-vapor interface was assumed to have an insignificant temperature variation along the axis because its temperature was close to the saturation temperature in the vapor core. Using this method, the axially non-uniform heat transfer rate could be considered using the lumped parameter code ANLHTP (Zuo and Faghri, 1998).
[image: Figure 2]FIGURE 2 | OpenFOAM-ANLHTP data exchange at the wick-vapor interface of the heat pipe.
2.4 Demonstration: mini-core problem
To demonstrate the capabilities of the OpenFOAM-ANLHTP, a mini-core problem was devised. The objective of the simulation was to verify whether the coupled code worked reasonably well under steady-state conditions. The mini-core problem is a conceptual problem referring to a non-nuclear testbed, such as the MAGNET experimental device (Morton et al., 2020). The mini-core is a 1-m height core containing 55 heat pipes and 84 fuel rods, and the helium gap exists between the fuel rod and monolith. Figure 3 shows the total geometry and computational mesh of the mini-core, and Table 1 shows the specifications and configuration of the mini-core. The arrangement of the heat pipes and fuel rods, including the diameter and pitch between them, followed that of the Megapower reactor (Mcclure et al., 2015). The thermal powers of each fuel rod and the reactor core were 1573 W and 132 kW, respectively. Following the first multiphysics conceptual problem, a uniform power distribution along the axis was assumed for the steady-state analysis. The screen wick of the heat pipe was referred to as the heat pipe of NASA (Reid, 2004), and the size and heat sink temperature of the heat pipe were referred to as the heat pipe of the Megapower reactor.
[image: Figure 3]FIGURE 3 | (A) Geometry and (B) computational mesh of the mini-core problem.
TABLE 1 | Specific geometry and configuration of the mini-core.
[image: Table 1]Regarding the thermal analysis using OpenFOAM, all boundaries except the heat pipe boundaries were set to adiabatic conditions. For the heat pipe boundaries, temperature boundary conditions were imposed; these conditions were obtained from the heat pipe thermal analysis using ANLHTP for each heat pipe. For the given boundary temperatures, the temperature field in the monolith was obtained, and the heat flux was evaluated for the heat pipe boundaries. The heat flux of each heat pipe was considered when conducting ANLHTP analyses on the heat pipes. Following the ANLHTP calculations, the temperature boundary conditions were updated for the next iteration. This procedure was repeated until the temperature field converged, following which the temperature field was transferred to the structural analysis solver. Since the concern of the structural analysis is the thermal stress in the monolith region, the computational domain of the analysis was limited to this region. Regarding the boundary conditions, a normally fixed condition was imposed on the bottom surface.
Thermal-structural analysis using the OpenFOAM-ANLHTP coupled code was performed to check the mesh convergence. The analysis results with three different meshes are presented in Figure 4A; the convergence of the maximum temperature and von Mises stress in the monolith was observed. Based on these results, the simulations were performed using the mesh size in case (c). Meanwhile, the maximum thermal stress was 200.8 MPa, exceeding the yield strength of SS316, which was 100 MPa at 700°C. This was because the problem was conceptually designed for coupled thermal-neutronics analysis; structural integrity aspects such as the thermal stress were not the primary concern. Figure 4B shows the wick-vapor interface temperature and heat removal rate of the heat pipes in the mini-core problem. We observed a high heat removal rate and temperature in the central region and a decreasing trend toward the outside that caused a temperature difference within the monolith.
[image: Figure 4]FIGURE 4 | (A) Steady-state thermal-structural analysis results (B) interface temperature and heat removal rate of heat pipes for the mini-core problem.
One of the main causes of high thermal stress was the relatively low temperature in the thick outer monolith region, which acted as a resistance to thermal expansion. To solve this problem, the mini-core geometry was modified to minimize the low-temperature region; the outer area of the reactor core edge was chopped off. Figure 5A presents the modified geometry assuming that the reflector surrounding the reactor core had a sufficient gap to dampen thermal expansion. However, if the outer monolith is too thin, thermal stress can increase at the outer monolith. Therefore, to find the optimal size of the monolith to reduce the maximum thermal stress, a parametric study of the monolith size was performed.
[image: Figure 5]FIGURE 5 | (A) Geometry and (B) thermal-structural analysis results (radius 0.133 m) of the mini-core with a chopped monolith.
The same thermal-structural analysis was repeated for the chopped monolith geometry with various distances between the heat pipes and the outer periphery of the monolith, and the results are shown in Table 2. If the distance is too short, the stress in the outer area of the monolith becomes higher than that at the center. When the radius of the monolith was 0.133 m, the stress at both locations were similar. If the monolith radius is further increased, the stress at the center is expected to increase and gradually approach that of the original geometry. Also, as shown in Figure 5B, while the temperature distribution was almost the same as that of the original geometry, the maximum thermal stress was reduced from 200.8 to 167.6 MPa at the center. This implied that the outer space of the monolith needed to be considered during the design optimization process. The simulation of this conceptual problem revealed that the coupled code worked properly and that the convergence of the coupled simulation could be achieved stably.
TABLE 2 | Parametric study on the size of the monolith.
[image: Table 2]3 OPENFOAM-ANLHTP-PRAGMA COUPLED CODE SYSTEM
The aforementioned simulation was conducted using coupled OpenFOAM and ANLHTP, which imposed a uniform heat generation rate to the core. For a more realistic simulation of the power distributions in the axial and radial directions, neutronics code coupling was required. In this study, a Monte Carlo neutron transport code, PRAGMA, was coupled with the other codes for the multiphysics simulations.
PRAGMA is a GPU-accelerated continuous energy Monte Carlo neutronics code developed by Seoul National University and was originally designed to perform simulations for power reactors (Choi et al., 2021). To analyze irregular and complex shapes such as the HPR core, PRAGMA exploits a hardware-accelerated ray tracing library to track neutrons in an unstructured mesh geometry (Im et al., 2023). It can conduct many particle simulations on NVIDIA CUDA-enabled GPU cards with a reasonable timescale. For the efficient coupling of the GPU and CPU parallelization schemes, the coupling system was established by employing an MPI dynamic process management mode, wherein manager-worker parallelism was maintained, as shown in Figure 6. Both PRAGMA and OpenFOAM were linked to their respective workers as dynamic libraries, and their workers communicated through the manager. The wrapper script for the OpenFOAM and ANLHTP coupling was executed in the background by the manager. For the reactivity feedback, OpenFOAM provided the temperature and density, and PRAGMA calculated the power from the received temperature and density fields.
[image: Figure 6]FIGURE 6 | Manager-worker system of OpenFOAM-ANLHTP-PRAGMA.
The Megapower reactor core was analyzed to demonstrate the capability of the OpenFOAM-ANLHTP-PRAGMA coupled code. For the steady-state analysis, 1/6 section of the reactor core was considered for the computational domain. The Megapower reactor is an HPR design suggested by LANL. The geometry and computational mesh of the sectioned Megapower reactor core are shown in Figure 7. It included 352 fuel rods and 204 heat pipes, and the total power of the 1/6 section core was 833 kW. Sodium was selected as the working fluid of the heat pipe. The geometry and specifications of the heat pipe were the same as those used in the mini-core problem, except that the evaporator length was 1.5 m. Like the mini-core problem, all the boundaries, except for the heat pipe boundary, were set to adiabatic conditions, and the structural analysis was conducted with a normally fixed bottom surface.
[image: Figure 7]FIGURE 7 | (A) Geometry and (B) computational mesh of the Megapower reactor.
The results of the multiphysics analysis are shown in Figure 8. A cosine-shaped power distribution in the axial direction, maximum power in the center, and power increase in the radial direction near the outer reflector were observed. Regarding the uncertainty of power distribution of PRAGMA, RMS averaged mesh-wise power uncertainty was 0.318%. The maximum temperatures of the fuel rod and monolith were 859.1° and 798.3°C, respectively. The total heat generation rate of PRAGMA and OpenFOAM, and heat removal rate of ANLHTP were consistent within a difference of a maximum 3 W, confirming that the variable exchange between the coupled codes is working well. The high temperature of the monolith could decrease the yield strength, resulting in the deterioration of the structural integrity of the monolith. One reason for the high temperature of the monolith was that the working fluid of the heat pipe was sodium, which has a higher working temperature than potassium, the actual working fluid in the Megapower reactor design. Hence, to reduce the temperature, additional optimizations, such as changing the working fluid or modifying the heat pipe design, can be considered. A maximum thermal stress of 345.5 MPa appeared in the corner region of the monolith, exceeding 100 MPa, which was the yield strength of SS316 at that temperature.
[image: Figure 8]FIGURE 8 | Analysis results of the Megapower reactor (A) power (B) temperature (C) stress.
4 PARAMETRIC STUDY ON THE HEAT SINK TEMPERATURE OF HEAT PIPES
The reasons for the high thermal stress shown in the mini-core and Megapower reactor core calculations were temperature difference within the monolith and the geometry. Figure 9 shows the temperature and stress distributions at the point where the maximum thermal stress appeared in the mini-core. A large temperature gradient was observed between the fuel rods and heat pipes in a narrow region between the fuel rods. Therefore, it was necessary to reduce the temperature difference or extend the distance between the fuel rods and heat pipes to reduce thermal stress. However, it is difficult to improve the geometry of the core because its small size is a requirement for transportation. Therefore, to flatten the temperature within the monolith, the heat removal rate of the heat pipes was controlled. In this paper, the sink temperatures of the heat pipes were partially adjusted to control the heat removal rate.
[image: Figure 9]FIGURE 9 | Temperature and stress at the maximum thermal stress region of the mini-core.
4.1 Cases of parametric study
To evaluate the thermal stress due to the temperature difference within the monolith and confirm the effect of adjusting the heat sink temperature, four simulations were conducted depending on the application of a realistic power distribution, heat pipe code coupling, and heat sink temperature adjustment, as listed in Table 3.
TABLE 3 | Calculation conditions of parametric study.
[image: Table 3]Case 1 is the simplest condition for comparison, where a uniform power distribution is applied, and the heat pipe interface temperature is assumed to be constant at all locations. From Case-1 to Case-2, the power distribution obtained from the PRAGMA was applied, which increased the temperature difference within the monolith as more heat was generated locally in some fuel rods; this increased the thermal stress in the monolith. From Case-2 to Case-3, non-uniform heat pipe interface temperatures were applied at every heat pipe as the heat pipe code was coupled. The temperature difference in the monolith was expected to increase as a higher heat pipe interface temperature would be applied at a region where high heat generation rate was applied. This resulted in an increased thermal stress in the monolith. Finally, to reduce the increased thermal stress in Case-2 and Case-3 and flatten the temperature field in the monolith, the heat sink temperatures at each heat pipe were adjusted in Case-4. The heat pipes were divided into five or six groups based on their locations, and different heat sink temperatures were imposed depending on the groups. Higher temperature conditions were applied where the monolith temperature was lower, and vice versa. It was expected that the temperature difference in the monolith could be reduced with this adjustment because more and less heat could be removed when the monolith temperature was higher and lower, respectively. The heat pipe groupings for the mini-core and sectioned core of the Megapower reactor are shown in Figure 10. Regarding the Megapower, adiabatic conditions were used for the two heat pipes at the corner, wherein a high thermal stress appeared owing to relatively low temperatures. The imposed heat sink temperatures are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Heat pipe grouping for the heat sink temperature adjustment.
4.2 Parametric study result
The thermal-structural analysis results for each condition for the mini-core and Megapower reactor are shown in Table 4 and Figure 11 shows the comparison results between Cases-3 and 4 in the two geometries. Compared to Case-1, wherein a uniform power distribution and constant heat pipe interface temperature were used, the temperature difference and maximum thermal stress within the monolith increased when the power distribution obtained using PRAGMA was applied (Case-2), and the heat pipe code was coupled (Case-3). Particularly, the maximum temperature difference in the monolith increased remarkably for both geometries when the heat pipe code was coupled (Case-3). When the heat sink temperatures were adjusted depending on the groups (Case-4), the temperature field was relatively flattened as shown in Figure 11, and the temperature difference was reduced, as shown in Table 4. Consequently, the thermal stress within the monolith decreased. These results implied that the non-uniform heat removal rate of heat pipes, depending on their location and monolith temperature, could reduce the thermal stress in the monolith core. The heat sink design of the heat pipes needs to be considered as one of the optimization parameters because an appropriate design can reduce the thermal stress in the monolith without modifying the core geometry, and the issue of high thermal stress is one of the challenges in designing a monolith core type microreactor.
TABLE 4 | Thermal-structural analysis results of the mini-core and Megapower reactor.
[image: Table 4][image: Figure 11]FIGURE 11 | Thermal-structural analysis results of the mini-core and Megapower (Case-3 and Case-4).
5 CONCLUSION
In this study, a multiphysics analysis tool was developed for an HPR core. First, OpenFOAM and ANLHTP were coupled to establish a thermal-structural analysis system. To demonstrate the thermal-structural analysis capability of the OpenFOAM-ANLHTP coupled code, a steady-state analysis of the mini-core problem was conducted; a high thermal stress was observed in the monolith. To reduce the high thermal stress of the mini-core, a chopped monolith problem was newly defined, and it was confirmed that the thermal stress could be reduced through geometry modification.
Next, coupling with PRAGMA was performed to establish a neutronic-thermal-structural analysis system. To demonstrate the multiphysics analysis capability of the coupled code, a steady-state analysis was performed on the Megapower reactor core, and the coupled code showed physically proper results. However, both the mini-core and the Megapower reactor core exhibited high thermal stress exceeding the yield strength of the monolith. Therefore, to reduce the temperature difference within the monolith, which caused the high thermal stress, a heat pipe sink temperature distribution was applied. With the adjusted heat pipe sink temperature, it was confirmed that thermal stress could be reduced by decreasing the temperature difference within the monolith.
In the future, the coupled code can be used for the design and optimization of HPR cores. Necessary improvements in the coupled codes include transient analysis capability, and mesh deformation for a more realistic neutron leakage evaluation. Particularly, the VandV of each code was separately conducted before the coupling, and the capability of the coupled code has been demonstrated. However, the validation of multi-physics analysis capability of a monolith type HPR core is necessary and will be performed in the future when the required information for the modelling becomes available. Additionally, heat pipe experiments with a monolith are planned for producing validation data.
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The stiffness confinement method (SCM) is frequently employed to solve the reactor dynamics equations because it confines the stiffness of the problem by frequency transformation. However, the balance between the error and efficiency of the SCM has not been well studied. This paper reports the error analysis of the SCM. The error by SCM is derived mathematically and written as integral error, driven by the integral of the frequency interpolation function. An easy-to-implement adaptive time-stepping (ATS) algorithm is proposed based on the error analysis by controlling the neutron flux amplitude error. First, a fine-step PKE is leveraged to estimate the second-order derivative of the flux amplitude-frequency, which is used to predict the error of the neutron flux amplitude. The low cost of solving the PKE incurs a negligible effect on the algorithm’s efficiency. Second, based on the error analysis, an error estimator proposed to determine an optimal time-step size for the neutron temporal-spatial equation. With a pre-set error tolerance, the ATS algorithm is exempted from the empirical selection of the time-step size in transient simulations. Numerical tests with TWIGL and modified 2D LMW benchmark problems show that the optimal time-step size effectively confines the local truncation error of the flux amplitude within the pre-set tolerance. The ATS algorithm yields a higher accuracy at a commensurate computational cost than calculations with fixed time-steps.
Keywords: stiffness confinement method, reactor dynamics equation, error analysis, adaptive time stepping algorithm, nuclear reactor
1 INTRODUCTION
Reactor dynamics equations (NDEs), such as the neutron temporal-spatial equation (NTSE) and the point kinetics equation (PKE), are employed to predict the transient behaviors of the neutron flux and precursors in a nuclear reactor. In the NDEs, the generation time of prompt and delayed neutrons involves multiple time scales. As these different time scales bring stiffness in the NDE, the time-step size must be sufficiently small to yield accurate results. The fine time-step causes a significant computational burden to the reactor dynamics calculations. Therefore, the stiffness confinement method (SCM) was proposed. In doing so, the SCM introduces the flux frequency and the precursor frequency to decouple the precursor equation from the NDE, thus confining the stiffness to the prompt neutron equation (Chao and Attard, 1985). Next, an exponential solution assumption decomposes the flux amplitude-frequency into the amplitude and shape frequencies (Park and Joo, 2015). By these means, the problem is transformed into a dynamic eigenvalue problem (EVP) that exhibits a similar equation form as that for the steady-state eigenvalue problem. Therefore, the dynamic EVP can be solved efficiently by power iteration and the non-linear iteration algorithm.
The SCM has already been applied in the PKE and the diffusion and transport NTSEs (Park and Joo, 2015; Tang et al., 2019). It has been demonstrated that the SCM can provide accurate and stable solutions. However, although the SCM enables solving the NTSE with a large time-step size, the computational cost of the NTSE at each time step is still high, especially for transport calculations. The adaptive time-stepping (ATS) algorithm has received much attention for further reducing computational costs. It allows transient solvers to optimally determine the time-step sizes according to the current transient state and the pre-set error tolerance. The algorithm improves the computational efficiency by allocating more time steps in time intervals where necessary. In addition, the ATS algorithm saves the trouble of empirically selecting the time-step size in transient simulations. Hence, ATS algorithms have been applied in solution methods to NTSE, such as the implicit Euler method, the quasi-static method, and the PKE-based SCM (Caron et al., 2017). However, an effective ATS algorithm for the three-dimensional SCM has yet to be developed because of the lack of comprehensive error analysis.
ATS algorithms are generally based on estimating and controlling of the local truncation error. Classically, the local truncation error [image: image] of a numerical method of order [image: image] can be expressed as (Tang et al., 2019):
[image: image]
where [image: image] denotes the time, [image: image] is the norm of the principal error function, and [image: image] is the time-step size. Generally, [image: image] is estimated with an error bound. The error bound is appropriated via the high-order derivative or even the Jacobian matrix of the solution. For lower complexity, [image: image] can be assumed as constant between successive time steps and calculated by numerical differentiation. The numerical differentiation is computed using solutions from previous time steps (Caron et al., 2017). This approach does not require extra computation, but the predicted error may deviate significantly from the actual error. The deviation leads to a non-optimal time-step size and affects the efficiency of the ATS algorithm. Another practical ATS algorithm estimates the error by comparing the solution with a reference solution. With gradually reduced time-step size, the solution is rejected until the error between the computed solution and the reference solution reaches the pre-set tolerance. The adaptive time-step size is found by successively comparing solutions with two different time-step sizes and choosing the finer step solution as the reference one (Boffie and Pounders, 2018). Another approach is the embedded pair, which selects the time-step size by embedding low-order methods in the high-order method. For instance, a generalized Runge-Kutta method of fourth-order accuracy embeds a third-order solution to estimate the adaptive time-step size (Zimin and Ninokata, 1998). Although these ATS algorithms are easy to implement, the rejection-acceptance procedure calls for extra computation. Therefore, it is beneficial to develop an ATS algorithm that can efficiently and accurately control the time-step size for the SCM.
In this work, a theoretical error analysis of the SCM is performed. The theoretical analysis produces a mathematical error expression of the SCM. Further, an ATS algorithm is proposed by controlling the error of the neutron flux amplitude. In doing so, a fine-step PKE solver is used to evaluate high order derivatives of the neutron flux amplitude in the error expression. In addition, an error estimator based on the error expression is proposed and examined using benchmark problems. It is demonstrated that the ATS algorithm yields a higher accuracy at a commensurate computational cost than calculations with fixed time-steps.
The remainder of the paper proceeds as follows. Section 2 briefly describes the frequency-transformed NTSE and PKE. Solution methods to these equations are introduced in Section 3. In Section 4, the SCM's theoretical error analysis is performed, and an ATS algorithm based on the error analysis is proposed. Section 5 elaborates the coupling between the NTSE solver with the PKE solver. Section 6 illustrates the performance of error estimators and offers comparisons of the efficiency and accuracy between ATS and fixed time-stepping (FTS). Section 7 concludes the paper and points to directions for future research.
2 FREQUENCY-TRANSFORMATION OF DYNAMICS MODELS
The derivation of the SCM starts with the definition of the dynamic frequency. The dynamic frequency [image: image] of a physical quantity [image: image] is defined as (Chao and Attard, 1985):
[image: image]
where [image: image] is the spatial variable and [image: image] is the time variable. By introducing the dynamic frequency, a composite exponential function is employed to describe [image: image]. Thus, the following exponential form of the solution is obtained:
[image: image]
Transient equations imposed with the dynamic frequency are called frequency-transformed equations. The frequency-transformed equations are solved by discretizing the time variable and searching [image: image] iteratively.
For simplicity, we investigate the application of the SCM to the NTSE with diffusion approximation. Extending the methodology to neutron transport problems is not arduous (Park and Joo, 2015). Transient multi-group neutron diffusion equations with delayed neutron precursors are given as:
[image: image]
[image: image]
where [image: image] represents the neutron flux of group [image: image], [image: image] is the delayed neutron precursor concentration of precursor family [image: image], and other notations are conventional. The fission source [image: image] is defined as:
[image: image]
The neutron flux frequency is introduced to derive the frequency-transformed dynamics model:
[image: image]
where [image: image] represents the neutron flux frequency which can be further split as [image: image]. The flux amplitude-frequency [image: image] represents a global quantity and is dependent only on time; the flux shape-frequency [image: image] is dependent on space, time, and energy. For normalization, a physics-based constraint on the shape-frequency is introduced as (Chao and Attard, 1985):
[image: image]
where, [image: image] is the heat release per fission reaction, and [image: image] is the initial total power of the nuclear reactor. The constraint guarantees that the shape-frequency affects only the flux shape, not the total power. The power distribution [image: image] is defined as:
[image: image]
The precursor concentration frequency is defined as:
[image: image]
Introducing the frequency-transformation, the transient multi-group neutron diffusion equations and associated delayed neutron precursor equations are rewritten as:
[image: image]
[image: image]
Equation 11 is the frequency-transformed temporal-spatial equation. Taking all frequencies in Eq. 11 to be zeros yields the static neutron diffusion equation:
[image: image]
The adjoint equations corresponding to Eq. 13 are:
[image: image]
The left-hand side of Eq. 14 is the adjoint diffusion-absorption operator, which is self-adjoint, and the right-hand side is the adjoint fission-scattering operator. Eqs 13, 14 are both EVPs, which can be solved by power iteration.
The PKE is a lumped-parameter model used to analyze the dynamic behaviors of the flux amplitude while neglecting the flux shape. As will be shown, this model is beneficial in the error analysis of the SCM. The PKE results by integrating Eqs 4, 5 weighted with the initial adjoint flux. The resulting equations are:
[image: image]
[image: image]
in which the notations are conventional thus are neglected for brevity. Readers can find detailed definitions of the dynamic parameters in Appendix-A. Correspondingly, the neutron density frequency for the PKE is be given by:
[image: image]
which can also be called the amplitude-frequency. The frequency-transformed point kinetics model is expressed as:
[image: image]
The precursor concentration equations are identical to Eq. 16.
3 SOLUTION METHOD FOR FREQUENCY-TRANSFORMED EQUATIONS
Introducing the dynamic eigenvalue [image: image] in Eq. 11, the equation can be transformed into an EVP:
[image: image]
where, [image: image] is the dynamic total cross-section, and [image: image] is the dynamic fission spectrum, which are respectively defined as:
[image: image]
[image: image]
The dynamic frequencies rendering the maximum eigenvalue [image: image] equal to 1are the solutions to Eq. 19. It is noted that the dynamic eigenvalue [image: image] can be expressed as a non-linear function of the flux amplitude-frequency [image: image]. Thus, the dynamic frequencies are solved iteratively using power iteration and the non-linear iteration algorithms. The non-linear iteration algorithm employed in this paper is the [image: image] iteration, as shown in Algorithm 1:
Algorithm 1. SCM for time-spatial equations. 
function SpatialSolverSCM(tN, h, XS)
 {tn}←{0 : h : tN } Time steps
 [image: image],keff ← EVPSolver(XS(t0))
 [image: image] Normalize initial flux
 [image: image]
 [image: image]
 while n ≤ N do
    [image: image]
    [image: image]
    [image: image]
   KOmegaIteration(··· )
   [image: image]
 end while
 return [image: image]
end function
function EVPSolver(XS)
 % Any existing neutron transport or diffusion EVP solver
 return [image: image],keff
end function
function KOmegaIteration( )
 % Input and output variables are omitted
 while m≤M do
  [image: image]←EVPSolver(XS′(t0))
  [image: image] based on Eq. 22
  [image: image]
  [image: image]
  [image: image]
  [image: image] based on Eq. 26
  [image: image] based on Eq. 28
  if [image: image] then
   break
  end if
  XS′(tn)← Update dynamics cross-sections based Eqs. 20 and 21
 end while
end function
where [image: image] denotes all coefficients in Eqs 11, 12, including cross-sections and dynamic parameters, [image: image] is the time step size, and [image: image] is the last time point. If not otherwise specified, [image: image] and [image: image] denote the time step index and iteration index, respectively. In this study, the finite difference method (FDM) is applied to solve the EVP of the neutron diffusion equation, and the solutions are [image: image] and the associated eigenvalue [image: image]. Besides, other spatial discretization algorithms are also applicable, such as the nodal method (Abo et al., 2008) and the finite element method.
The amplitude-frequency is updated using the secant method (Chao and Attard, 1985):
[image: image]
The iteration continues until the dynamic eigenvalue converges to 1. According to Eq. 8, normalization is necessary to update the shape-frequency with the normalized neutron flux [image: image]:
[image: image]
Such a normalization enforces the total power contributed by the normalized flux to equal the power of the previous time step, which ensures that the shape-frequency is independent of the flux amplitude. Thus, the update formula of the shape-frequency is:
[image: image]
where [image: image], and [image: image] is the average shape-frequency in [image: image]. According to Eq. 3, the update formula for the actual neutron flux is:
[image: image]
When the actual neutron flux is solved, the precursor concentration is calculated by:
[image: image]
Suppose that the fission source changes linearly within [image: image], the expression of the fission source is given by:
[image: image]
According to Eq. 12, the precursor frequency is calculated by:
[image: image]
The resulting flux and precursor frequencies are then used to update the dynamic cross-section. For the case of the PKE, the non-linear frequency-transformed equations can be solved using Algorithm 2:
Algorithm 2. SCM for PKE. 
function PKESolverSCM(tN, h, IC, DP)
 [image: image] Time steps
 [image: image] Initial conditions
 while n ≤ N do
  [image: image]
   [image: image]
  while m≤M do
   [image: image]
   ω(m+1)(tn)←Update ω(m)(tn) based on Eq. 31
   C(m+1)(tn)←Update [image: image] based on Eq. 33
   if [image: image] then
    break
   end if
  end while
 end while
 return {n(tn)}, {Ci(tn)}, {ω(tn)}
end function
where [image: image] represents the initial conditions, and [image: image] is the dynamic parameters in Eqs 16, 18. With a linear approximation of the neutron density frequency, the neutron density can be updated by:
[image: image]
in which [image: image] is solved iteratively. According to Eq. 18, function [image: image] is introduced:
[image: image]
In this case, [image: image] is solved with the secant method until [image: image]:
[image: image]
The precursor concentration [image: image] can be determined using the analytical solution to Eq. 16:
[image: image]
Assuming that the neutron density changes linearly with time, Eq. 32 is transformed into:
[image: image]
4 ERROR ANALYSIS AND ERROR ESTIMATOR
In the SCM, polynomial functions are used to interpolate the exact frequency. The interpolation points are frequencies obtained by solving frequency-transformed equations at different time points. Figure 1 offers a schematic view of errors in the numerical integral. As shown in the figure, when a polynomial interpolation function [image: image] replaces the original function [image: image], error is introduced when integrating over the time interval. The error can be estimated by the difference in the covered area between the original function and the interpolation function in Figure 1.
[image: Figure 1]FIGURE 1 | Illustration of integral error and zero-point bias with linear approximation.
With the foregoing considerations, we define the integral error contributing to truncation error in the SCM:
Definition 1. (Integral error): The integral error [image: image] is defined as the difference between the integral using the original function [image: image] and the integral using the polynomial interpolation [image: image] of [image: image]:
[image: image]
The interpolation error at [image: image] is [image: image], which is the difference between the original function providing the interpolation points and the interpolating polynomial. Assume that [image: image] is the (degree [image: image] or less) interpolating polynomial fitting the [image: image] points [image: image]. Without loss of generality, it is assumed that the frequency is [image: image]-order differentiable due to the smooth variation of reactivity [image: image] in Eq. 18. The interpolation error is then (Zhang et al., 2017):
[image: image]
where [image: image] lies between [image: image], and [image: image] is the [image: image]-order derivative of the frequency. When the neutron density frequency is interpolated with a linear function within a time step, by applying the mean value theorem of integrals, the integral error in [image: image] is obtained as:
[image: image]
Because the exact value of [image: image] is uncertain, Eq. 36 can be used to provide error bounds to the solutions. Hence, the optimal time step is given using the error estimator:
[image: image]
5 COUPLING OF THE NTSE SOLVER WITH THE PKE PREDICTOR
Based on the above discussions, one can select the optimal time steps for the SCM based on Algorithms 3, 4:
Algorithm 3. Adaptive time stepping SCM based on PKE predictor. 
function SpatialSolverAdaptiveSCM(tN, hmax, hmin, εtol, XS)
 t0←0
 ϕ˜g(r,t0),keff ← EVPSolver(XS(t0))
 [image: image] Normalize initial flux
 [image: image]
 ωT (t0),ωS,g (r,t0),µi(r,t0)←0
 for tn ≤tN do n++
  [image: image]
  ICn−1,DPn−1← Initialized IC and DP
  hn←TimeStepSelection(εtol,hmax,hmin,ICn−1,DPn−1)
  tn←tn−1 +hn
  [image: image]
  [image: image]
  [image: image]
  KOMegaIteration(···)
  [image: image]
 end for
 return {ϕg {r,tn},{Ci(r,tn)}, {ω(r,tn)}
end function
Algorithm 4. Adaptive time step selection based on PKE. 
function TimeStepSelection(εtol, hmax, hmin, IC, DP)
 [image: image]
 {ωk}←PKESolverSCM(hmax,hsub,IC, DP)
 [image: image]
 [image: image]
 h′←ErrorControl(εtol,ω[2])
 h←max{hmin, min{h′, hmax}}
 return h
end function
function ErrorControl(εtol, ω[2])
 [image: image]
 return h′
end function
Algorithm 4 shows the time-step selection subroutine with the error estimator demonstrated in Eq. 37. An optimal time-step size is chosen using the error estimator to control the local error within the pre-set error tolerance in this subroutine. Algorithm 3 is obtained by embedding Algorithm 4 in Algorithm 1.
The key to the ATS algorithm is to solve the PKE in the time interval [image: image] before solving the NTSE. In solving the PKE, dynamic parameters and initial conditions are generated using the solution of the NTSE and the initial adjoint flux. To make appropriate predictions, the following assumptions are used for solving the PKE:
• The flux shape is fixed in the prior interval and the solution [image: image] is used to evaluate all necessary parameters and initial conditions;
• All dynamic parameters are constant in the prior interval except the reactivity [image: image];
• [image: image] is a linear function in the prior interval, while [image: image] and [image: image] are evaluated based on Supplementary Eq. 4.
The SCM is also applied to solve the PKE because it directly provides the frequency for error estimation.
6 NUMERICAL RESULTS
In this section, the efficiency and accuracy of the ATS algorithm are tested by comparing it with FTS calculation. We examine the time stepping algorithm in the TWIGL problem and the modified LMW-2D problem. The TWIGL problem represents a transient case with step perturbation, and the LMW problem involves smooth reactivity insertions with more complicated geometrical layout that that of the TWIGL problem. The combination of the two problems can be utilized to examine the performance of the ATS algorithm under different transient scenarios.
The cross-sections and dynamic parameters of the two problems are presented in Appendix-B. The reference solutions are obtained by fine time-step size calculations. We apply the ATS algorithm to the problems with specified error tolerance. For comparisons, we also adopt FTS calculations with the same number of time steps as those used to produce the ATS results to evaluate the accuracy improvements of using the ATS algorithm. For ease of description, in these discussions we denote ATS with a tolerance of x% as ATS-x%, and denote FTS with the time step of y ms as FTS-y ms.
6.1 TWIGL
The TWIGL benchmark problem is one quarter of a 2D reactor core consisting of three kinds of fuel materials, as shown in Figure 2 (Kennedy and Riley, 2012).
[image: Figure 2]FIGURE 2 | Layout of TWIGL benchmark problem.
The TWIGL benchmark problem includes two different reactivity insertion cases: a simple ramp case and a composite case. The composite case is adopted to validate the ATS algorithm, which is shown in Table 1. The transient durations for both cases are 0.5 s. Note that perturbations occur only in Material 1; the other materials remain in their initial conditions. The initial power distribution is shown in Figure 3.
TABLE 1 | Transient cases in TWIGL benchmark problem.
[image: Table 1][image: Figure 3]FIGURE 3 | Initial power distribution for TWIGL.
In the TWIGL problem, the pre-set maximum and minimum time-step sizes are chosen as 50 and 1 ms, respectively. Figure 4A compares ATS-0.5% and FTS-20 ms. Figure 4B presents the adaptive time-step size. As shown in Figure 4A, the power curve of ATS agrees well with the reference solution, especially shortly after the step points. Step perturbations are introduced at 0.2 and 0.4 s. Accordingly, the ATS algorithm automatically refines step sizes shortly after step points but otherwise uses a coarse step size. Such a time step adjustment intelligently allocates time steps and spends more computational resources on the interval with rapid changes.
[image: Figure 4]FIGURE 4 | Comparison of ATS-0.5% and FTS-20 ms in TWIGL (A) Core power (B) Time-variant adaptive time-step size.
Figure 5A, B compare the results of ATS-0.1% and FTS-12.5 ms. The performance is similar to that in the previous error tolerance setting.
[image: Figure 5]FIGURE 5 | Comparison of ATS-0.1% and FTS-12.5 ms in TWIGL (A) Core power (B) Time-variant adaptive time-step size.
Table 2 summarizes the global core power error at different time step points. The ATS algorithm significantly improves the computational accuracy when the same number of time steps is used, with an error reduction of up to 40∼50%. The comparison of ATS-0.5% and FTS-12.5 ms in Table 2 indicates that the ATS algorithm can reduce by 37% the computational time of the FTS calculation with similar numerical accuracy. More significant gains can be expected for large-scale neutron transport problems.
TABLE 2 | Comparison of global amplitude error between ATS and FTS in TWIGL.
[image: Table 2]6.2 Modified 2D-LMW
The second 2D benchmark problem is modified from the 3D LMW (Langenbuch, Maurer, Werner) problem without thermal-hydraulic feedback to match the simulation code used in the paper (Kennedy and Riley, 2012). The reactor core is a simplified pressurized water reactor containing two kinds of fuel assemblies and two groups of control rods (CR), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Layout of modified LMW-2D benchmark problem.
The modified 2D LMW problem is designed to model a reactivity insertion case, as shown in Table 3. This case is the superposition of ramp perturbations in different regions, by perturbing materials in CR 1 and CR 2. The initial power distribution is illustrated in Figure 7.
TABLE 3 | Perturbations in modified LMW-2D benchmark problem.
[image: Table 3][image: Figure 7]FIGURE 7 | Initial power distribution for modified 2D-LMW (Only non-zero power displayed).
For the modified 2D-LMW, Figures 8, 9 present a comparison between the results of the ATS and FTS calculations. In Figure 8A, the error of the power peak, which appears at 0.4 s, is 905.02 and 3344.92 for ATS and FTS, respectively. In Figure 9A, the error of the power peak is 316.87 and 2219.20. The noticeable improvement in the accuracy of the power peak demonstrates the efficacy of the ATS algorithm.
[image: Figure 8]FIGURE 8 | Comparison of ATS-0.5% and FTS-25 ms in modified 2D-LMW (A) Core power (B) Time-variant adaptive time-step size.
[image: Figure 9]FIGURE 9 | Comparison of the ATS-0.1% and FTS-20 ms in modified 2D-LMW (A) Core power (B) Time-variant adaptive time-step size.
Figure 10 presents the relative spatial error at 0.4s for ATS and FTS. We can observe that the error distribution is fairly uniform in both cases, but the accuracy of ATS is higher than that of FTS.
[image: Figure 10]FIGURE 10 | Comparison of relative spatial error at 0.4 s between ATS-0.1% and FTS-20 ms. (A) ATS-0.1%; (B) FTS-20 ms.
Table 4 summarizes the global core power error. The results show that the numerical accuracy can be improved significantly. For example, comparing FTS-20 ms and ATS-0.1%, the error reduction can be up to 90%∼95%. The core power increases by more than four orders of magnitudes from the initial power, whose variation is much wider than that in the TWIGL problem, but there is no step perturbation. Thus, continuity of frequency enables superior error control.
TABLE 4 | Comparison of global amplitude error between ATS and FTS in modified 2D-LMW.
[image: Table 4]7 CONCLUSION
In this work, we perform theoretical and numerical error analyses of the SCM. By expressing the error term using integral error, the mathematical expression of the amplitude error is derived. The integral error is caused by using a polynomial function to represent the exact solution. Based on theoretical analysis, we develop an efficient and easy-to-implement ATS algorithm based on the PKE predictor. A fine-step PKE solver is used to rapidly evaluate high order derivatives of the neutron flux amplitude in the theoretical error expression. The high-order derivatives are used to determine the optimal time-step size for the NTSE. A time step error-estimator for this ATS algorithm is derived, and numerical validation indicates that the ATS is satisfactory in performance and easy to implement.
The accuracy and computational cost of ATS and FTS are examined using benchmark problems. Comparisons show that the ATS algorithm can achieve higher accuracy with the same number of time steps, and significantly improve computational efficiency in the NTSE. It was found that the ATS algorithm significantly improves the computational accuracy when the same number of time steps is used, with error reductions of up to 40%∼50% for the TWIGL benchmark and up to 90%∼95% for the LMW benchmark. With similar numerical accuracy, the ATS algorithm can reduce by 37% the computational time of the FTS calculation. Future work is to apply the adaptive SCM to 3D neutron transport problems.
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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.
Keywords: heat pipe, alkali metal, heat pipe reactor, heat transfer performance, conceptual design
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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Fuel thermal conductivity (W - m=1 - K-1) (0.042+2.71 x 104T)" +6.9,%,10°"' T3

UO2 specific heat (J - kg-1 - K~1) 81.825 + 0.78 695T ~ 1.155 2 x 10-3T2 + 9.903 7 x 10-7T3-5.198 2 x 10-10T4 + 1.524 1 x 10-13T5-1.790 6 x
10-17T6

PUO2 specific heat (J - kg-1 - K~1) -4.9236 x 106T-2 + 240.89, +,0.32 556T - 3.539 8 x 10-4T2 + 1.512x10-7T3-1.970 7 x 10-11T4

Fuel specific heat (J - kg-1 - K-1) 0.7944C0, +0.2056Ck.0,

Cladding density (kg - m-3) 7,785 [1-3 (-3.094 2 x 10-3 + 1.192 8 x 10-5T - 6.797 9, x, 10-9T2 + 7.960 6 x 10-12T3-2.546 x 10-15T4)]

Cladding thermal conductivity (W - m-1 - K~1) 21.712 + 0.011T - 9.548 3 x 10-6T2 + 3.627 x 10-9T3

Cladding specific heat (J - kg1 - K-1) 4328 + 0.7 038T - 2211 3 x 10-3T2 + 5316 x 10-6T3-3.105 x 10-9T4

Goolant density (kg - m-3) 11,112-1.375T

Goolant thermal conductivity (W - m=1 - K~1) 3.35 + 1.59, x, 10-2T - 1.95 x 10-6T2

Coolant specific heat (J - kg-1 - K-1) 164-4.06 x 10-2T + 1.33 x 10-5T2

Coolant dynamic viscosity (Pa - s) 4.94 x 10-de (754.1/T)
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Parameters

Total thermal power (MW)
Proton energy (MeV)
Intensity of proton beam (mA)
Effective multiplication factor
Fuel element height(m)

Fuel pellet outer diameter(m)
Cladding inner diameter(m)
Cladding outer diameter(m)
Coolant flow area (m2)

Pin pitch(m)

Core inlet temperature(K)
Core outlet temperature(<)

Values

80

600

25

0.97

09
7.14 x 103
7.37 x 10-3
85 x 103
9.89, x, 10-5
1.341 x 10-2

573

673
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Accident conditions Maximum temperature drops (K)

Fuel center  Cladding surface  Outlet coolant

Interruption for 10's 554.18 130.30 111.06
Interruption for 15 s 618.59 151.88 128.10
Interruption for 20 s 644.46 162.27 136.42
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Parameters Value Parameters

Power (MW,y) 655 Heat pipe wall material Mo-14Re
Total number of heat pipes 1,008 Density of Mo-14Re (g/em’) 12

Fuel UN Wick material Mo-14Re
"N enrichment in fuel (%) (999 Heat pipe outer radius (cm) 071
Density of fuel (g/cm’) 133 Heat pipe wall thickness (cm) 01

29U enrichment of ignition fuel (wt%) 136 Liquid lithium channel thickness (cm) 0.08

#5U enrichment of breeding fuel (%) 20 Wick thickness (cm) 0.03
Mass fraction of **Th in heavy metals of breeding fuel region 33% Gas lithium channel radius (cm) 05
Ignition region length (cm) 30 Reflector material ALO,
Breeding region length (cm) 60 Density of reflector (g/cm’) 39

Mass of heavy metal (t) 1090 Temperature of reflector (K) 900
Element to element pitch (cm) 38256 Side reflector outer radius (cm) 778
Fuel cladding material Mo-14Re Radial reflector thickness (cm) 1871-28.30
Outer cladding thickness (cm) o Axial reflector length (cm) 15

Inner cladding thickness (cm) 0.04 Safety rod channel outer radius (cm) 8
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Scenario 25U enrichment (%) U enrichment (%) | *Th mass fraction in heavy metals (%)
1 1423 20 35
2 136 20 33

3 1.9 20 30
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Descriptiol

Phenomenon

Quie = A gy E ‘The vapor flow will be obstructed, and the maximum heat transfer rate will be restricted
inic = Avpyhyg (355
Entrainment Quira = Aoy B Some liquid can be pulled from the wick, which causes pressure drops and lowers the
performance of the heat pipe
Boil Qi = ZektthyTs [. » L] The presence of air bubbles inside the wick, resulting in an overheating generation,
hap, (@) U7 Ter significantly impacts the liquid backflow
Capillary _ gt sin0-poD,cos0 Insufficient liquid withdrawal leads to the drying out of the evaporation section and
Quapit = ™ Faraty, subsequent impairment of heat transmission
Viscous Ay pop, The vapor is in a low-density state and exhibits 0 pressure at the condense section. The

Quie = St

continuum vapor limit will occur earlier
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Parameter

SAFE-400 Megapower  KRUSTY HPCYHR
Institutions LANL LANL LANL NMU M INL NMU LANL NASA TAMU
References Poston (2001) | Poston etal. | Demuth (2003) | El-Genk and Tourier | Bushmanetal. | Bess HeGenk (2008) | McClureetal | Postonetal. | Alawneh etal
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Mini-core (chopped monolitl

Case- Case- Case-

il 2 g
Maximum fuel temperature (‘C) 675.3 7139 753.0 7243
Maximum monolith 637.9 649.7 688.0 659.5

temperature ("C)

Minimum monolith 619.4 6194 585.7 602.6
temperature (‘C)

Monolith temp. diff. (max- 185 303 1023 56.9
min) ('C)

Monolith max. thermal 412 69.3 2324 127.6
stress (MPa)

1/6 section of Megapower reactor

Case- Case- Case-

1 2 3
Maximum fuel temperature ('C) 756.9 7864 859.1 8017
Maximum monolith 718.5 7278 798.5 7430

temperature ("C)

Minimum monolith 699.2 6992 606.4 663.1
temperature (C)

Monolith temp. diff. (max- 193 286 1921 79.9
min) ("C)
Monolith max. thermal 430 623 3455 1639

stress (MPa)
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Core power distribution Heat pipe code coupling Heat pipe sink temperature

Case-1 Uniform No, uniform temperature Not available
Case-2 From neutronics code No, uniform temperature Not available
Case-3 From neutronics code Heat pipe code coupling Uniform heat sink temperature

Case-4 From neutronics code Heat pipe code coupling Adjusted heat sink temperature
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ns of the core

Fuel form uo2 Fuel-to-fuel pitch 16cm
U-235 enrichment 1975 wt% Fuel-to-HP pitch 16 cm
Outer diameter of fuel pellet 1412 cm Monolith material $8316
Helium gap thickness 0.0065 cm Monolith length 336 cm
Specifications of the heat pipe
Working fluid Sodium Container OD 1575 mm
Container 1D 1475 mm
Wick structure Screen wick + artery Artery diameter 318 mm
Material of container and wick Stainless steel 304 Number of arteries 1
Length (Evaporator—Adiabatic—Condenser) 10-10-1.0 m Heat sink temperature 351C
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Case Fluid Pressure/MPa lo/m AT/K

Case 1 Water - 0.0768 5
Case 2 Carbon dioxide 7.0 0.0025 80
Case 3 Carbon dioxide 7.37 0.0004 80
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Typical area

Pingliang
Gansu

Qingyang,
Gansu

Baiyin,
Qinghai

Haixi,
Ningxia

Yinchuan,
Ningxia

Annual minimum =243 =214 =1 -16.8 -30.6 -28
temperature/C

‘Annual maximum 36 36.4 39.1 23 393 35
temperature/C
Annual average 85 10 ‘ 72 0 9 114

temperature/'C
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Part

Core

Energy balance

Qeore = 125MW

y loss

Toe = Eri0= By + Eune

Intermediate heat exchanger

Qinn = (hs = hy)my

Iy =Es+Eg —E; — Ey

Turbine

High-temperature regenerator

Wiy = (= ho)my

Wirg = (hy = hy)my = (hs — hg)mz,

Iy = By - By = Wiy

Iyrp = Ezq + By —E3 — By

Low-temperature regenerator

Main compressor

Recompressor

Cooler

Wirg = (s = ha)ms = (hzy = he)me
Waie = (hs = hs)ms
Wie = (hy = ha)m;

Qeacter = (hs = hs)ms

Iun=Es+ B~ E~E
Tuc = Es - Es - Wuc
Irc = Es = E; = Wke

Looter = Eny + Es = Ena — Es
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Vall

Core thermal power (MW) 10
Core inlet temperature (C) 600
Core outlet temperature (°C) 700
Environment temperature (°C) 15
Heat exchanger pressure drop (kPa) 1%
Isentropic efficiency of the compressor (%) 80
Isentropic efficiency of the turbines (%) 83
End difference of heat exchangers ('C) 10
I Efficiency of generators (%) o
Heat loss 1%
Turbomechanical loss (kw) 200
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Ceram

r

TRISO

Advantages High melting point High thermal conductivity High melting point
Strong irradiation stability High effective density High thermal conductivity
Good chemical compatibility Lattice structure can contain the fission gas Buffer layer can contain the fission gas
Mature technology and low cost | No gaps and reduces the temperature gradient No gaps and reduces the temperature gradient
Disadvantages | Low thermal conductivity Low melting point Low effective density of fucls

Large temperature difference

Poor radioactive tolerance

At high temperatures, the crystalline phase changes
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A. Intermediate heat exchanger: B. Turbine; C. High femperature regenerator;
D. Low temperature regenerator; E. Main compressor; F. Recompressor; G. Cooler.
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