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As a potential new-type reactor, the supercritical CO2 (S-CO2)–cooled reactor has several advantages, such as being a simple system, having high thermal efficiency, having a small size, and being lightweight. Due to the poor neutronics moderation performance, the S-CO2–cooled reactor shows the disadvantage of a weak temperature feedback effect on reactivity. In this article, the neutronics performance of the reactor has been focused on, and the effects of temperature feedback on fuel, coolant, and moderator studied and the method to improve temperature feedback of the S-CO2 reactor proposed.
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INTRODUCTION
As a supercritical fluid, supercritical CO2 (S-CO2) presents a homogeneous fluid state. Moreover, it has special properties, i.e., low viscosity and high density, and is considered to be one of the most promising working mediums for energy transmission and energy conversion (Ahn et al., 2015). The S-CO2–cooled reactor has the advantages of being a simple system, having high thermal efficiency, having a small size, and being lightweight and has become one of the most promising reactors. The United States (Michael, 2004; Carstens et al., 2006; Michael, 2006; Handwerk et al., 2007), the European Union (Petr and Kolovratnik, 1997), Japan (Kato et al., 2001; Kato et al., 2004; Tsuzuki et al., 2007), and South Korea (Eoh et al., 2008) have carried out research on the application of S-CO2 to nuclear energy systems.
The reactivity temperature feedback effect is an important factor in maintaining the safety of the reactor (Xie, 1994), and it directly determines the inherent safety of the reactor. Unlike light water coolants or heavy water coolants (Zhang et al., 2019; Zhang et al., 2020), S-CO2 has weak neutron-moderating performance. This “weak moderating” feature, on the one hand, leads to a weaker reactivity temperature effect of the coolant; when the temperature of the coolant rises, the effect of density variation on the moderating performance is limited, making the core coolant reactivity temperature effect weak and even positive; on the other hand, the harder energy spectrum of the neutrons reduces the fuel Doppler effect and makes the fuel temperature effect weak. When positive reactivity is imported into the reactor abnormally, relying on its own reactivity temperature effect, the core temperature must be increasing greatly to suppress reactivity elevating, which brings great challenge to the high temperature resistance of the fuel cladding and reactor structural materials and has an adverse effect on the safety of the reactor. This defect is more serious in the S-CO2–cooled reactor.
Based on the “weak moderation” of S-CO2, this article studies the influence mechanism of core reactivity temperature feedback effect from the aspects of fuel, moderator, and coolant, and then proposes a method to improve the reactivity temperature feedback effect of the S-CO2–cooled reactor.
THE STANDARD S-CO2 REACTOR CORE DESCRIPTION
The Standard S-CO2 Fuel Assembly
The standard fuel assembly of the S-CO2–cooled reactor in this article is shown in Figure 1. A dense arrangement of fuels is adopted in assembly, and the fuels are placed in a regular triangular pattern. The assembly design parameters are given in Table 1.
[image: Figure 1]FIGURE 1 | The standard S-CO2 fuel assembly.
TABLE 1 | Fuel assembly design parameters.
[image: Table 1]The Standard S-CO2 Assembly Arrangement Scheme
The standard S-CO2 assembly arrangement scheme is shown in Figure 2. The standard S-CO2–cooled reactor core consists of 127 assemblies, whose center distance is 92.00 mm, and the active core height is 1,000.00 mm. Two layers of stainless steel assemblies are arranged in the radial direction, and a 300.00-mm thick stainless steel layer is arranged in the axial direction.
[image: Figure 2]FIGURE 2 | The standard S-CO2 assembly arrangement scheme.
Calculation Condition
This study uses the RMC (Reactor Monte Carlo code) for calculation and analysis. In order to calculate the reactivity feedback coefficient caused by the temperature change of each material, the calculated temperature is specified as follows:
Normal state: all the materials at 700 K.
Changed state: the temperature of each material was raised by 200 K. When performing coolant analysis, the coolant density also varies with temperature.
On the one hand, this calculation method can cover the temperature range of the reactor coolant; on the other hand, it can make reactivity change greatly and avoid the influence of program statistical deviation on the analysis result.
The calculation conditions of RMC are set as: 100,000 particles and 500 generations.
Calculation of Temperature Feedback Coefficient
The temperature feedback coefficient is shown in Table 2; the fuel temperature feedback coefficient is −0.51 pcm/K, coolant temperature feedback coefficient is −1.68 pcm/K, and total feedback coefficient is −2.19 pcm/K.
TABLE 2 | Temperature feedback coefficient of standard design.
[image: Table 2]STUDY ON FUEL TEMPERATURE FEEDBACK EFFECT
The fuel temperature feedback effect is mainly affected by the Doppler broadening effect of the heavy nucleus. Among them, 238U and 240Pu contribute the most. As the fuel temperature increases, the effective resonance absorption cross section increases, and the reactivity decreases accordingly, so the fuel temperature coefficient is always negative. The main parameters that affect the Doppler broadening effect, including fuel type, fuel enrichment, and neutron energy spectrum, are studied in this article.
Fuel Type
Typical fuel materials are selected for research, including UN, UC, UO2, and U-10Zr (U-Zr alloy, where the phase volume of Zr is 10%). The results are shown in Table 3. It shows that under typical enrichment, the use of UO2 can obtain the strongest fuel temperature feedback effect, while U-10Zr the weakest one.
TABLE 3 | Fuel temperature feedback coefficient by fuel type.
[image: Table 3]The feedback effect of different fuel materials is different when the 235U enrichment remains the same. The reason for this phenomenon is that different fuel materials have different neutron energy spectrums due to their different densities and compositions, and then the different neutron energy spectrums and fuel densities lead to different fuel feedback effects. UO2 has the softest neutron spectrum which gives it the strongest fuel temperature feedback effect.
Fuel Enrichment
Analyzing the influence of 235U enrichment on the fuel temperature feedback effect.UO2 is used for fuel material and the enrichment of 235U varies within the range of 5–20%. The results are shown in Figure 3. With the increasing of 235U enrichment, the fuel temperature feedback effect shows a downward trend.
[image: Figure 3]FIGURE 3 | Fuel temperature feedback coefficient variation with 235U enrichment.
When the enrichment increases, on the one hand, the content of 238U decreases, and the Doppler broadening effect caused by 238U is weakened, which leads to the weakening of the fuel temperature feedback effect; on the other hand, the content of 235U increases, and the neutron energy spectrum then becomes harder, leading to the further weakening of the fuel temperature feedback effect.
The Neutron Energy Spectrum
Analyzing the influence of the neutron energy spectrum on the fuel temperature feedback effect. UO2 is used for fuel material and the enrichment of 235U is 15%. As shown in Figure 4, in order to achieve the neutron energy spectrum softening, the ZrH1.6 rods, which have good moderating performance, replace parts of the fuel rods in the standard assembly. Densities of ZrH1.6 are given different values, as shown in Table 4, to adjust the degree of neutron moderating, and then achieve different neutron energy spectrums. The calculation results are shown in Figure 5. The absolute value of the fuel temperature feedback coefficient presented earlier increases, and later decreases the trend.
[image: Figure 4]FIGURE 4 | S-CO2 fuel assembly with ZrH1.6 moderator.
TABLE 4 | ZrH1.6 density variation.
[image: Table 4][image: Figure 5]FIGURE 5 | Fuel temperature feedback coefficient versus ZrH1.6 relative density.
The trend shown in Figure 5 is related to the 238U resonance absorption effect under different neutron energy spectrums. Figure 6 shows the curve of the neutron flux changing with the ZrH1.6 content in the 238U resonance absorption region (Figure 7, 0.0l eV–104 eV), and it can be seen that the neutron flux in the resonance region shows a trend of first increasing and then decreasing, which is consistent with the trend of the fuel temperature feedback coefficient. The reasons for the above trend are as follows: in the low-density areas of ZrH1.6, the neutrons cannot be sufficiently moderated. As the density of ZrH1.6 increases, a large number of neutrons are moderated and fall into the resonance absorption region of 238U, where the resonance effect is obvious, then this phenomenon makes the absolute value of the fuel temperature coefficient increase. In the high-density areas of ZrH1.6, the neutron cannot be sufficiently moderated, as the density of ZrH1.6 increases, lots of neutrons escape from the resonance region as they are further moderated, and then this phenomenon makes the absolute value of the fuel temperature coefficient decrease.
[image: Figure 6]FIGURE 6 | Neutron flux versus ZrH1.6 relative density (0.01 eV–104 eV).
[image: Figure 7]FIGURE 7 | 238U resonance absorption cross section (600 K).
STUDY ON COOLANT TEMPERATURE FEEDBACK EFFECT
When the temperature of the S-CO2 coolant changes, the density of S-CO2 changes. Due to the neutron moderation ability of the S-CO2 being weak, the change in its density hardly affects its moderating performance. The change of S-CO2 density mainly affects neutron leakage, which mainly affects the reactivity. The main parameters that affect the coolant temperature feedback effect, including coolant volume fraction and neutron energy spectrum, are studied in this article.
Coolant Volume Fraction
The coolant volume fraction in the core is mainly determined by the ratio of pitch to diameter (P/D), and there is a positive correlation between the coolant volume fraction and P/D. Under the premise of keeping the pitch constant, by setting different fuel rod diameters, the P/D is changed to obtain different coolant volume fractions (Table 5), and different fuel densities are set to keep the fuel weight the same in different rod diameters.
TABLE 5 | Fuel rod diameter variation.
[image: Table 5]Figure 8 presents the coolant temperature feedback coefficient versus P/D. The absolute value of the coolant temperature feedback coefficient has an upward trend with the increase of P/D.
[image: Figure 8]FIGURE 8 | Coolant temperature feedback coefficient versus P/D.
The trend shown in Figure 8 is related to the influence of S-CO2 density change on the leakage of neutrons. With the increase of coolant volume fraction, the influence of the neutron leakage on the temperature feedback effect is greater. Therefore, a higher P/D design is beneficial to improve the negative temperature feedback effect of the S-CO2–cooled reactor.
The Neutron Energy Spectrum
Analyzing the influence of neutron energy spectrum on the fuel temperature feedback effect. The same moderating method as provided in The Neutron Energy Spectrum section under the Fuel Enrichment section is adopted: 13 ZrH1.6 rods replace parts of the fuel rods, and different ZrH1.6 densities are set to achieve different neutron energy spectrums.
Figure 9 presents the coolant temperature feedback coefficient versus ZrH1.6 density. The absolute value of the coolant temperature feedback coefficient has a downward trend with the increase of ZrH1.6 density.
[image: Figure 9]FIGURE 9 | Coolant temperature feedback coefficient versus ZrH1.6 relative density.
The trend shown in Figure 9 is related to the influence of the neutron energy spectrum on the neutron leakage. As the ZrH1.6 density increases, the neutrons are moderated, resulting in a shorter neutron-free path, then the neutron leakage effect is reduced. Weakening the neutron leakage leads to a decrease of the feedback effect. Therefore, a harder neutron energy spectrum design is beneficial to improve the negative temperature feedback effect of the S-CO2–cooled reactor.
STUDY ON MODERATOR TEMPERATURE FEEDBACK EFFECT
Due to the weak moderating performance of S-CO2, the reactor usually uses the solid moderator in the assembly to achieve neutron moderating. Unlike water, the density of the solid moderator is negligible with temperature, and the temperature feedback effect of the moderator is mainly influenced by the cross section of the moderator. The main parameters that affect the temperature feedback effect of the moderator, including moderator material, and the moderator arrangement are studied in this article.
Moderator Type
Typical moderator materials are selected for research, including ZrH1.6, BeO, and graphite. Figure 4 presents the arrangement of moderators in assembly.
The calculation results are shown in Table 4. No matter what material is adopted, the feedback coefficient is close to zero.
The result shown in Table 6 is caused by the negligible change in the moderation performance of solid moderators. Since the density changes very little with temperature, there is almost no change in the moderating performance, resulting in the temperature feedback effect of the solid moderator becoming negligible.
TABLE 6 | Moderator temperature feedback coefficient with different materials.
[image: Table 6]Moderator Arrangement
Typical moderator arrangement forms are selected for research, including distributed arrangement (shown in Figure 4), circular arrangement (shown in Figure 10), and compact arrangement (shown in Figure 11).
[image: Figure 10]FIGURE 10 | S-CO2 fuel assembly with moderator (circular arrangement).
[image: Figure 11]FIGURE 11 | S-CO2 fuel assembly with moderator (compact arrangement).
The calculation results are shown in Table 7. For BeO and graphite, the temperature coefficient is close to zero regardless of the arrangement. For ZrH1.6, the effect of the arrangement on the temperature feedback is very obvious. With compact arrangement, the temperature coefficient reaches +1.82 pcm/K, which cannot be ignored.
TABLE 7 | Moderator temperature feedback coefficient with different arrangement.
[image: Table 7]The above phenomenon is mainly caused by the “cell effect” of ZrH1.6. In the ZrH1.6 moderator, the hydrogen nuclei are trapped in the zirconium lattice. The fast neutrons collide with the hydrogen bound to the lattice and gain energy with an integer multiple of hv = 0.137eV from the excited oscillators. As the temperature rises, the number of excited oscillators increases, thus increasing the probability of the neutrons gaining energy. The neutrons that gain energy escape from the moderator and enter the fuel region, and the probability of the neutrons being absorbed by the fuel increases, which increases the reactivity. This phenomenon is more obvious when the compact arrangement is adopted, thus introducing the positive temperature feedback effect. To further study the effect of the compact arrangement on the temperature feedback, we gradually increased the number of moderating rods in the study. The results are shown in Table 8, and these show that with the increase of the number of ZrH1.6 moderating rods, the positive temperature feedback effect brought by the compact arrangement is more and more obvious, and the temperature feedback effect constant zero when BeO or graphite is used as the moderator. Therefore, it is necessary to avoid the compact arrangement of ZrH1.6 in the S-CO2–cooled reactor design.
TABLE 8 | Moderator temperature feedback coefficient with different number of moderating rods.
[image: Table 8]DESIGN ON S-CO2–COOLED CORE FOR INCREASING TEMPERATURE FEEDBACK EFFECT
According to the study in the sections Study on Fuel Temperature Feedback Effect, Study on Coolant Temperature Feedback Effect, and Study on Moderator Temperature Feedback Effect, we obtain the method to enhance the temperature feedback effect. This method is applied to the S-CO2–cooled core optimized design.
Optimized Design of Fuel Assembly
Based on the standard S-CO2 fuel assembly, an optimized assembly design is adopted for increasing the temperature feedback effect. Figure 12 presents the optimized design of the fuel assembly, and Table 9 presents the comparison of the standard assembly and the optimized assembly. The optimization methods used for the optimized assembly are as follows:
[image: Figure 12]FIGURE 12 | Optimized design of S-CO2 fuel assembly with moderator.
TABLE 9 | Comparison of the standard assembly an optimized assembly.
[image: Table 9]1) Decreasing the fuel enrichment.
The effect of fuel enrichment on fuel temperature feedback is given in the Fuel Enrichment section. Using fuel with lower enrichment can effectively enhance the fuel temperature feedback effect, then the fuel enrichment decreases from 20 to 15% in the optimized assembly design.
2) Increasing the P/D.
The effect of the P/D on coolant temperature feedback is given in the Coolant Volume Fraction section. Using a larger P/D can effectively enhance the coolant temperature feedback effect, then the P/D increases from 1.125 to 1.200 in the optimized assembly design.
3) Adding moderating rods.
The effect of neutron energy spectrum on fuel temperature feedback is given in the The Neutron Energy Spectrum secton under the Fuel Enrichment section, and the effect of the moderator arrangement on moderator temperature feedback is given in the Moderator Arrangement section. Using ZrH1.6 moderator can effectively enhance the fuel temperature feedback effect, and a distributed arrangement is adopted to avoid the positive moderator temperature feedback. Therefore ZrH1.6 moderator is adopted in the optimized design and the number of moderating rods is 13.
Optimized Design of S-CO2–Cooled Core
Based on the standard S-CO2 assembly arrangement scheme, the optimized core design is adopted for increasing temperature feedback effects. Figure 13 presents the S-CO2–cooled core, consisting of 127 optimized assemblies.
[image: Figure 13]FIGURE 13 | The optimized S-CO2–cooled core.
To further enhance the coolant temperature feedback effect, a larger coolant volume fraction is recommended in the Coolant Volume Fraction section. A circle of coolant channels is arranged around the fuel zone to increase the coolant volume fraction in the optimized core design.
Calculation of Temperature Feedback Coefficient
The temperature feedback coefficient is shown in Table 10; the fuel temperature feedback coefficient is −2.16 pcm/K, coolant temperature feedback coefficient is −2.07 pcm/K, moderator temperature feedback coefficient is 0.02 pcm/K, and the total feedback coefficient is −4.41 pcm/K.
TABLE 10 | Temperature feedback coefficient of optimized design.
[image: Table 10]In terms of fuel temperature feedback, ZrH1.6 moderators are adopted in the optimized design. The energy spectrum is softened and the Doppler broadening effect increases. In addition, lower enrichment of fuel is selected in the optimized design. These designs can significantly enhance the fuel temperature feedback effect. The fuel temperature feedback coefficient changes from −0.51 pcm/K to −2.36 pcm/K.
In terms of coolant temperature feedback, although the softening of the energy spectrum will lead to the weakening of the feedback effect, the larger P/D design and coolant channel design can increase the coolant volume fraction, such that the feedback effect can be improved. The coolant temperature feedback coefficient changes from −1.68 pcm/K to −2.07 pcm/K.
In terms of moderator temperature feedback, the use of moderator imports moderator temperature feedback effect. The temperature coefficient of the moderator is only 0.02 pcm/K due to the distributed arrangement.
In conclusion, the total temperature feedback coefficient of the optimized design reaches −4.41 pcm/K, which is obviously stronger than the standard design.
CONCLUSIONS
Due to the poor neutronics moderation performance, the S-CO2–cooled reactor shows the disadvantage of a weak temperature feedback effect on reactivity, which directly influences the inherent safety of the reactor.
In this article, the influence mechanism of core reactivity temperature feedback effect is studied, and the optimized design of an S-CO2–cooled reactor which has a stronger temperature feedback effect on reactivity is proposed at last. The main conclusions of the study are as follows:
1) The main factors affecting S-CO2–cooled reactor temperature feedback include fuel, coolant, and moderator.
2) In terms of fuel temperature feedback, using UO2 fuel and low enrichment design can effectively improve temperature feedback effect. The neutron energy spectrum also has an important influence on the feedback effect, and increasing the neutron flux in the 238U resonance region is conducive to enhancing the effect.
3) In terms of coolant temperature feedback, using larger coolant volume fraction and hard energy spectrum can improve temperature feedback effect.
4) In terms of moderator temperature feedback, the feedback effect of BeO and graphite moderators can be ignored no matter what arrangement is adopted. For ZrH1.6, there is a strong positive temperature feedback effect when using the compact arrangement, which must be avoided in the design.
5) In terms of moderator temperature feedback, based on the study of fuel, coolant, and moderator temperature feedback effect mechanism, an optimized S-CO2–cooled core is proposed, and a high-temperature feedback effect is obtained.
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