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Several core designs of heat pipe reactors with megawatt power were proposed for extreme environments, such as the deep space, the deep sea, and the earthquake locations. However, the existing designs have either the difficulty of manufacture or potential issues of transport. In the present work, a heat pipe design is proposed with an annular fuel element to replace the cylindrical and hexagon fuel elements. In addition, candidate accident tolerant fuels, such as the UN and U3Si2 fuels, are implemented. The neutronic properties of the new reactor design are systematically investigated by the OpenMC Monte Carlo code simulations. It is found that BeO presents a better effect of reducing the axial power deviation than Al2O3. The criticality of the proposed design is verified by two configurations of control drums. The depletion calculations show that each design can operate for decades of years.
Keywords: heat pipe reactor, accident tolerant fuel, annular fuel, neutronic study, U3Si2 fuel
INTRODUCTION
The heat pipe reactor is a type of micro nuclear reactor generating electricity by the evaporation and liquefaction of the metalworking fluid in the heat pipes to remove the fission heat from the reactor core. Its appearance was to meet the demand for electric power supporting the space exploration mission. In 1996, two fission power systems, the Heatpipe Power System (HPS) and the Heatpipe Bimodal System (HBS), were reported by Houts et al. (Houts et al., 1996a; Houts et al., 1996b) for use at lunar and planetary bases. As a derivative of the HPS design, the Heatpipe-Operated Mars Exploration Reactor (HOMER) was proposed with 20 kWe for exploitation on the surface of Mars (Poston, 2001). Later, a 100 kWe Martian/Lunar surface reactor system is designed to support manned extraterrestrial exploration (Bushman et al., 2004). Three concepts of the Scalable AMTEC Integrated Reactor Space Power System (SAIRS) with high power (111 kWe) were developed by El-Genk and Tournier (El-Genk and Tournier, 2004). They also proposed a 110 kWe Heat Pipes-Segmented Thermoelectric Module Converters (HP-STMCs) Space Reactor Power system (SRPS) and demonstrated its performance (El‐Genk and Tournier, 2004a; El‐Genk and Tournier, 2004b). The compact structure of the heat pipe reactor makes it suitable to be applied in a moving condition (Yan et al., 2020). This also attracts applications in remote areas far from a reliable electrical grid, e.g., the exploration of deep sea, the relief for earthquake locations, etc. (Mcclure et al., 2015; Levinsky et al., 2018).
As limited by the early space mission, the electric power of conventional heat pipe reactor was usually low and far below megawatt (MW) (Levinsky et al., 2018; Yan et al., 2020). The HPS, HBS, and HOMER were all designed below 100 kWe (Houts et al., 1996a; Houts et al., 1996b; Poston, 2001). The designed power of several heat pipe reactors were proposed to around 100 kWe to meet the demand of the increased mission time and increased distance between the target planet and the earth, e.g., the one designed for the Martian/Lunar surface exploration (Bushman et al., 2004), the SAIRS (El-Genk and Tournier, 2004), and the HP-STMCs (El-Genk and Tournier, 2004a; El-Genk and Tournier, 2004b). For remote installations, the power is identified by the U.S. Department of Energy (DOE) and Department of Defense (DOD) to be between 1 and 10 MWe (Sterbentz et al., 2017a). Most heat pipe reactors are designed to be at kilowatt (kW) level, and only three types of heat pipe reactor core are designed to be at MW level. The first one is the monolith type proposed by Los Alamos National Laboratory (LANL) (Mcclure et al., 2015). The other two, i.e., the fuel element type requiring new hexagonally shaped annular fuel pellet and the liquid metal pool type immersing the fuel pins and the heat pipes in a tank of liquid metal, are both proposed by the Idaho National Laboratory (INL) (Sterbentz et al., 2017a) to avoid using the stainless steel monolithic core evaluating the LANL design (Sterbentz et al., 2017b).
Even though these two types avoid the difficulty of drilling holes in the monolith block, the fuel element type still needs the development of a new hexagonally shaped annular fuel pellet (Sterbentz et al., 2017a). In addition, there are potential issues when transporting liquid metal for the liquid metal pool type (Sterbentz et al., 2017a). A new type of heat pipe reactor is yet to be designed and studied. Inspired by the hexagonal array of six fuel pins and a heat pipe, the authors propose the combination of the monolith type and the cylindrical annular fuel element. This reduces the difficulty of manufacture by reducing the number of holes that have to be drilled and increasing the radius of hole.
Since the Fukushima disaster happened in 2011, the Accident Tolerant Fuel (ATF) attracts the attention of researchers. Fuels with higher thermal conductivity and/or higher uranium density are important candidates of ATF (Chen et al., 2020a). The UN fuel and the incorporation of Mo into UO2 (U-Mo) fuel are two types of ATFs whose thermal conductivity is higher than that of UO2, and more interestingly, increases with increasing temperature (Ross et al., 1988; Burkes et al., 2015; Chen et al., 2020a). These two types of ATF have been applied to the heat pipe reactor (Poston, 2001; El-Genk and Tournier, 2004b; Bushman et al., 2004; El-Genk and Tournier, 2004; Mcclure et al., 2015; Yan et al., 2020). But the U3Si2 fuel, which has good performance under irradiation, high melting point (1665°C) (Hofman, 1986; Brown et al., 2015; Chen et al., 2020a), and the same advantage of thermal conductivity as UN and U-Mo (White et al., 2015; Chen et al., 2020a), is yet to be studied. A recent study of the thermal-mechanical behaviors found that UN and U3Si2 have a flatter distribution of temperature than UO2 (Zeng et al., 2021). In recent years, the neutronic performance of U3Si2 fuel was investigated with FeCrAl cladding. The high thermal conductivity and the high uranium density of U3Si2 compensate for the suppression of reactivity caused by the large thermal neutron absorption cross section of FeCrAl (Chen and Yuan, 2017). The analytical formula describing the radial properties of U3Si2 fuel pins and annular U3Si2 fuel with FeCrAl cladding was proposed (Chen et al., 2019; Chen et al., 2020b). The transmutation of the minor actinides in U3Si2-FeCrAl and U3Si2-SiC was proposed and investigated by the Monte Carlo simulations (Chen and Yuan, 2019). Therefore, the U3Si2 fuel is implemented for neutronic investigation in this work.
In this paper, a new type of reactor that combines the monolith type and the fuel element type is proposed. The new design adopts a cylindrical annular fuel element in a monolith. This decreases the radial power gradient of the fuel pin shown in Ref. (Sterbentz et al., 2017b). The ordinary UO2 fuel and two ATFs, UN and U3Si2, are implemented. The details of the original LANL design, the modification and the Monte Carlo code used are presented in Section Model and calculation. The results and the discussion on the neutronic behavior of the proposed reactor are presented in Section Result and Discussion. Finally, a summary and an outlook are given in Section Summary and Outlook.
MODEL AND CALCULATION
The LANL Design
The megawatt heat pipe reactor investigated in this work was originally proposed by LANL in 2015, of which the designed power is 5 MWt and the designed cycle length is 5 years (Mcclure et al., 2015). This reactor core consists mainly of six monoliths, twelve control drums, two emergency control rods (one is cylindrical, and another is annular), a radial reflector, and a radial absorber. The monolith is in shape of a quadrilateral with an isosceles trapezoid base. The base angle of the trapezoid is 60°. It is composed of 352 fuel pins, 204 heat pipes, two axial reflectors (one is on the top and another is on the bottom), a gas plenum part, and a stainless steel part where cylindrical holes are dug out along with the vertical direction to put the fuel pins and the heat pipes. The top reflector is also punched for crossing the heat pipes. The fuel pins and the heat pipes are arranged according to a hexagonal grid, as shown in the left panel of Figure 1. The center of the core is retained in order to insert the two emergency control rods to shut down the reactor suddenly.
[image: Figure 1]FIGURE 1 | The horizontal and vertical cross-sections of the one-sixth core design. The left is the original design of LANL (Sterbentz et al., 2017b). The right is the heat pipe designed with annular fuel. The dark blue denotes the fuel. The light blue denotes the heat pipe. The green is the SS316. The orange is the reflector. The yellow denotes the absorber.
In general, the reactivity is adjusted by the control drums surrounding the six monoliths and by the radial absorber. Each cylindrical control drum is composed of two parts. The first part is a crescent made of absorber material. The second is made of reflector materials. By rotating the control drum to let the absorber part be closer to the monolith, one can reduce the reactivity. On the bottom of the core, there is a cylindrical plate. The geometric parameters are extracted from the simulations made by INL (Sterbentz et al., 2017b). It should be mentioned that all published reports investigating this LANL monolith type design did not show the detailed geometry of control drums. The authors infer from Ref (Mcclure et al., 2015). that the absorber part (crescent-shape) is an intersection of two circles whose diameters are 25 and 33.3 cm, and the centers are located at a distance of 12.5 cm. As for the reflectors, INL used BeO (Sterbentz et al., 2017b) for the axial reflector that is filled with Al2O3 in the reports of LANL and ANL (Mcclure et al., 2015; Lee et al., 2019). The details of materials and the geometry are listed in Table 1. The effects of different reflector materials are discussed in Section Axial Power Distribution.
TABLE 1 | Geometric parameters of the LANL design (Sterbentz et al., 2017b).
[image: Table 1]In order to verify the calculation of OpenMC, the authors refer to the models used by Lee et al. (Lee et al., 2019). In their work, the k eigenvalue calculation is firstly made on three simple models: the fuel pin, the unit cell, and the fuel assembly, of which the horizontal cross sections are drawn in Figure 2. The fuel pin is only a cylindrical fuel surrounded by SS316. The unit cell consists of a heat pipe, six one-sixth fuel pins, and the rest region filled with SS316. The fuel assembly consists of six fuel pins, a heat pipe, six one-sixth heat pipes, and the rest region filled with SS316. Moreover, Lee et al. calculated four cases for the whole core. Each case was set with a specific angle of control drums (Lee et al., 2019). The two cases used in the present work are drawn in Figure 3.
[image: Figure 2]FIGURE 2 | The horizontal cross-section of the fuel pin, the unit cell, and the fuel assembly.
[image: Figure 3]FIGURE 3 | The configuration of cases A and D in Ref. (Lee et al., 2019). The angle of two control drums in each case are respectively (0°, 0°), (180°, 180°).
Proposed Modification
The present work puts forward a modification that replaces the 352 cylindrical fuels and 204 heat pipes with 150 annular-fuel-heat-pipe units. This not only decreases the number of holes that have to be dug out in the monolith, but also decreases the radial power gradient of the fuel pin. The right panel of Figure 1 depicts the horizontal cross section of this design. The geometric parameters of the annular design are listed in Table 2. The scale and number of holes are changed in the proposed monolith.
TABLE 2 | Geometric Parameters of the annular fuel design.
[image: Table 2]Besides the UO2 fuel employed in the LANL design, two ATFs are implemented for the annular fuel design. The parameters of these three fuels are listed in Table 3. Note that the porosity of fuel produced in the fabrication process is considered for defining the density of the fuel to transform the theoretical density to the real density. For UN, the fabrication methods result in different porosities ranging from 0 to 20%, to which thermal conductivity is sensible (Ross et al., 1988; Hayes et al., 1990; Arai et al., 1992; Muta et al., 2008; Solntceva et al., 2016). In the present work, the porosity of UN is set to be 15% in order to reach the criticality. If the theoretical density of UN is directly used for calculation, the two extreme cases (of which keff are given in Table 5) cannot reach the subcritical. It is thus impossible to reach the criticality by the rotation of the control drums. While the 15% porosity of UN is taken into account, the core is supercritical at case A and subcritical at case D.
TABLE 3 | Key parameters of the three fuel materials.
[image: Table 3]Monte Carlo Simulation
The open-sourced Monte Carlo particle transport code OpenMC (Romano et al., 2015) is used for neutronic calculations. In the depletion calculation, a fourth-order commutator-free integrator, i.e., the CE/LI CFQ4 algorithm, is used. The nuclear data used in the present work is ENDF/B-VII.1.
RESULTS AND DISCUSSION
Axial Power Distribution
Along the vertical direction, the fuel region is divided into 30 segments to record the fission rate. The relative fission rate is calculated by [image: image] where z is the axial location and [image: image] means the average fission rate. The axial power distribution at the Beginning of Life (BOL) is calculated by OpenMC for the LANL design and the annular fuel element modification. The results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | The axial power distribution at the BOL with different axial reflector conditions for each design. BeO_SS316 means adding a 2 cm SS316 between the fuel and the bottom reflector, BeO_0.66 means that the BeO in the bottom reflector dwindles to 66.67%, BeO_0.4 means that BeO in the bottom reflector dwindles to 40%, R.B. denotes reflective boundaries condition, and N.R. denotes no reflector. The temperature is 900 K.
The axial power distribution of the LANL design, taking Al2O3 as the axial reflector, presents a similar shape and range shown in the LANL report (Mcclure et al., 2015). The power decreases from the middle to the two endpoints. Interestingly, it slightly increases at the bottom. Since the reflector reduces the leakage of neutrons, the inhomogeneity of axial power is reduced.
The effect on axial power distribution of BeO taken as the axial reflector by Sterbentz et al. (Sterbentz et al., 2017b) is also investigated. The BeO has a similar effect as the reflective boundary condition in the upper 3/4, but a jump of power on the bottom. Two reasons may explain why the power on the bottom is higher than that on the top. On the one hand, it is asymmetric along the vertical direction, i.e., holes are dug out in the top reflector to let the heat pipes pass through while the bottom reflector is solid. Thus more reflectors are set on the bottom than the top. On the other hand, the neutrons are moderated while reflected by the BeO. This increases the fission rate. Therefore, the power increases a lot comparing with the case of the reflective boundary condition.
When BeO is taken as the axial reflector, the jump of power also means that the reflection on the bottom is over the expectation or over that on the top. If one either increases the distance between the fuel and the bottom reflector or reduces the amount of BeO in the bottom reflector, the increasing power can be mediated. In fact, there are some small holes in the bottom reflector in order to let the fission gas pass through and enter the gas plenum under the reflector, which is not reported. If one sets the same amount of BeO on the bottom as the top, a well symmetric power distribution is obtained, as shown by the red dotted line in Figure 4.
The phenomenons discussed above also appear for the annular fuel element modifications. When UO2 is implemented, the standard deviation of the relative fission rate for the modification is lower than that of the LANL design only except for the N.R. condition. Thus, the modification reduces the axial power deviation. Since the green dotted line shows the lowest standard deviation of relative fission rate except for the R.B. condition shown in Table 4, the BeO in the bottom reflector is reduced to 66.67% in the following studies.
TABLE 4 | The standard deviation of relative fission rate for each axial reflector condition under 900 K.
[image: Table 4]Effective k Eigenvalue (Keff) and Depletion Calculation
We use OpenMC to calculate the keff for the cases shown in Figures 2, 3. The keff results are listed in Table 5 and Table 6. As mentioned in Section Proposed Modification, the authors propose to replace the fuel pins with the fuel in a circular annular shape, which decreases the radial power gradient of the fuel pin. Besides the UO2 fuel used in the original LANL design, two ATF materials, UN and U3Si2, are involved.
TABLE 5 | keff of the LANL design and the annular fuel design for case A and case D under 900 K.
[image: Table 5]TABLE 6 | The effect of Mo in SS316 on keff for the three simple models under 293.6 K.
[image: Table 6]As listed in Table 5, keff decreases when the control drums rotate towards the monolith where the fuel pins are located. The reactor becomes subcritical when absorbers are in the closest location to the core. This demonstrates that the critical position is situated between these two extreme rotation angles, which means the criticality can be reached by rotation of the control drums. As shown in Figure 5, the depletion chain of 900 K is always lower than that of 293.6 K. keff decreases with the temperature increase.
[image: Figure 5]FIGURE 5 | Evolution of keff for case A.
We do not compare the results with Ref (Lee et al., 2019). because there are specific details, not only of materials composition but also of geometric information, undeclared in Ref. (Lee et al., 2019). In Lee et al.‘s report, only the density of SS316 is declared as 8.03 g/cm3 but not the composition of elements (Lee et al., 2019). The composition of SS316 used in the present work refers to Ref. (Sterbentz et al., 2017b), 68% Fe, 14% Ni, and 18% Cr. Moreover, the keff decreases with Mo concentration in the SS316 composition, as shown in Table 6. But it still cannot reach the same scale as Ref. (Lee et al., 2019). Thus, this work brings into correspondence with Ref (Sterbentz et al., 2017b). for the composition of SS316.
The keff simulated by OpenMC, as shown in Figure 5, shows a drop of 325 pcm from the initial state to the fifth year under the temperature set to be 293.6 K, and 254 pcm under 900 K for case A. The depletion simulation presents consistency with Sterbentz et al.’s work, which showed that the keff of LANL design dwindles about 300 pcm during the first 5 years (Sterbentz et al., 2017a). Moreover, the depletion calculation shows that the 5 years cycle length of LANL design can easily be achieved. In neutronic criteria, it can operate at the normal power for more than 90 years.
The depletion of the whole life of the core is calculated for each modified design and the original LANL design. Based on the keff evolution in Figure 5, the maximum core lifetime with the standard power is reduced after replacing the original design with the annular fuel design. On the one hand, the fuel volume is reduced by 11.5% after the replacement, which decreases the keff. On the other hand, the reduced fuel volume is supplemented by SS316 that absorbs more neutrons. This explains why the green lines are lower than the red lines in Figure 5.
As for the annular fuel design, the amount of U235 in UO2 is less than that in U3Si2 and UN, as shown in Figure 7. This is why the green line in Figure 5 is the lowest. In addition, the amount of U235 in U3Si2 is slightly less than that in the UN, but the keff when U3Si2 is implemented is higher than that when UN is implemented, as shown in Figure 5. This is hard to explain. The only factor that can make influence is the appearance of Si and N respectively in the two ATFs. As shown in Figure 6, even though the macroscopic neutron absorption cross section of N14 in UN is almost much larger than that of Si isotopes in U3Si2 in the fast energy region, there are still some resonance peaks of Si isotopes higher than that of N14.
[image: Figure 6]FIGURE 6 | [image: image] with the change of the incident energy of neutron of O16 when UO2 is implemented in the annular fuel design, that of Si28, Si29, and Si30 when U3Si2 is implemented and that of N14 and N15 when UN is implemented. [image: image] is the microscopic neutron absorption cross section and [image: image] is the number of nuclides. [image: image]. The data of cross section refer to ENDF/B-VII.1.
The higher operating temperature also decreases the keff value in the whole cycle and reduces the cycle length. But it rarely influences the evolution of uranium amount, as shown in Figure 7, since the depletion is motivated by a fixed thermal power. Moreover, the increase in temperature reduces the fission rate of U235 and increases the production rate of Pu239.
[image: Figure 7]FIGURE 7 | Evolution of the number of U235, Pu239, and fission rate with depletion for the whole life on case A.
SUMMARY AND OUTLOOK
In summary, a heat pipe design with annular fuel is proposed to enhance the LANL megawatt heat pipe design, and the neutronic properties are investigated.
Firstly, the effects of BeO and Al2O3 as the axial reflector are compared. This paper suggests a reduced amount of BeO in the bottom reflector to generate a more balanced axial power distribution.
Besides the UO2, the other two types of ATFs, i.e., UN and U3Si2, are studied in the present work. For both designs with different fuel materials, the criticality by the rotation of control drums is verified.
Moreover, the depletion calculation presents the evolution of keff, the total fission rate, and the amount of U235 and Pu239 in the fuel. The depletion with different temperatures is also investigated, which shows that keff decreases with increasing temperature. The amount of U235 seems to be rarely influenced by the operation temperature, while the increase of operation temperature increases the Pu239 amount.
For further investigation, the model established in this work can be coupled with the heat transfer model to achieve multi-physics coupling simulation. The temperature distribution of fuel, the accident of loss of fuel element, and that of loss of heat pipe can be investigated.
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