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Simulations of radiation heat transfer in fuel rod bundles are necessary for the thermal hydraulic design and safety analysis of open lattice gas-cooled reactors, which always operate at high temperatures. To save the computational costs, existing radiation models in system codes such as RELAP5 commonly assume each fuel rod to own the uniform radiosity over the rod surface. Previous research studies have indicated that the uniform radiosity assumption could overestimate the heat transfer flux and under-predict the maximum fuel rod temperature, and the anisotropic correction was tried by dealing with non-uniform reflected radiation. To better model the non-uniform radiosity effect, the Gehart’s method based on the non-uniform absorbed radiation is introduced in this study. By dividing the surface of each rod into six segments, the one-sixth rod view factors are derived in specific rod and near wall sections to generate the segment-to-segment absorption factors. By summarizing those segment-to-segment absorption factors, the rod-to-rod and rod-to-wall absorption factors are modified and implemented into RELAP5 to improve the radiation heat transfer model. The two-dimension radiation heat transfer problem in the nuclear fuel rod bundle is simulated in FLUENT as the benchmark and in RELAP5 for comparison. Fuel rod bundles in hexagonal arrays were investigated with various surface emissivity and pitch-to-diameter ratios (p/d). The simulations indicated that the method of rod segment division and absorption factor modification could reflect the non-uniform radiosity, and the results were related to the values of p/d and surface emissivity. The modified radiation heat transfer model in RELAP5 validated that the deviations of the maximum temperature were reduced from around 20% to 1%,3%,8% for p/d = 1.1, 1.2, and 1.3, respectively. Rod bundles with larger p/d required more radiative rods in the analyses of absorption factor modifications. The present radiation heat transfer model should be studied and tested in three-dimension cases to further prove that it is appropriate for the nuclear rod bundles.
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1 INTRODUCTION
Human beings have always maintained a strong curiosity about deep space exploration. For deep space exploration, an efficient and reliable space power is critically important. Among all realizable technologies, the space nuclear reactor power shows a superior performance compared to chemical energy battery, solar battery, and radioisotope nuclear power due to its long-term maintenance at a high power level in complex space environment. As the power level requirement of space facilities increases rapidly, the gas-cooled reactor combined with the closed Brayton cycle provides the most promising energy conversion pathway for megawatt applications (Stanculescu, 2005; Zika and Wollman, 2006; Tournier et al., 2006; El-Genk and Tounier, 2008). Both the United States and Russia have developed megawatt-class, gas-cooled space reactor concepts. In 2003, NASA started the Prometheus project (Zika and Wollman, 2006) which adopts a helium xenon mixture cooled reactor with a thermal power rating of 1 MW. The fuel is mainly UO2 or UN. The design outlet temperature of the reactor is about 1150K. Several core configurations have been investigated, including the open lattice, pin in block, and monoblock, as shown in Figure 1. The Prometheus Project Reactor Module Final Report (Zika and Wollman, 2006) points out that the open lattice design provides the lowest mass, which is a huge advantage for space missions. Russia announced its new space nuclear project with thermal power up to 3.5 MW (Dragunov, 2015). It is also cooled by helium xenon mixture and adopts traditional UO2 as the fuel. The designed reactor outlet temperature was 1500K. However, other details are not available. Recently, the open lattice core design has attracted considerable interest as it can greatly reduce the system mass (Meng et al., 2019; Qin et al., 2020).
[image: Figure 1]FIGURE 1 | Core arrangement options [Ashcroft, J., and C. Eshelman. 2006]. (A) Open lattice, (B) Pin in block, (C) Monoblack.
In the open lattice core, the coolant channel is the gap between hundreds of fuel rods. Normally, the outlet temperature of the coolant in these gas-cooled reactors should be raised to 1,100–1,500 K to ensure an acceptable thermal-to-electricity conversion efficiency and the temperature on the surface of the fuel rods could be extremely high (Ashcroft and Eshelman, 2006; Dragunova, 2021). Hence, thermal radiation in fuel rod bundles plays a vital role in the heat transfer processes inside the core. In addition, under certain postulated accident scenarios such as loss of coolant, the only way of heat rejection is the radiation heat transfer from the fuel rod bundles to the pressure vessel and, finally, to the space. Therefore, the study of radiation heat transfer between rod bundles is of the determinate essence for the thermal design and safety analysis of the open-lattice reactor.
To investigate the radiation heat transfer between rod bundles, the Computational Fluid Dynamics (CFD) methods can provide detailed and accurate simulation results, but for the open-lattice core, it is extremely time-consuming and inefficient because of the complex geometry. Traditionally, the system codes including ICARE, MELCOR, and RELAP5 are adopted for the transient and accident analysis of the nuclear system. These codes are all based on a network of 1-D or 0-D volumes and some assumptions and approximations have to be employed to ensure an acceptable computational speed. Therefore, when using the system code to study the radiative heat exchange in an open-lattice core, it is very important to establish a reasonable radiation heat transfer model for rod bundles to balance the accuracy and cost.
Existing radiation models implemented in codes such as ICARE, MELCOR, and RELAP5 are based on the net radiation method. The net radiation method assumes each radiation surface has a uniform radiosity, viz., a uniform radiation leaving the surface, and the radiosity exchange is accounted for by a “view factor,” which is related to the size, separation distance, and orientation of involved surfaces. When using the net radiation method to model the radiation heat transfer of rod bundles in the reactor, a fuel rod surface is usually treated as a single unit with uniform circumferential radiosity (sum up of self-emitted radiation and reflected part of the incident radiation). However, the uniform radiosity assumption is usually not realized for the rod surface in reactor core. When there is a temperature gradient around a fuel rod, as shown in Figure 2, the temperature of rod No. 1 is higher than that of rod No. 3, and then the incident radiation on the left part of rod No. 2 from rod No. 1 is greater than the right part from rod No. 3. Consequently, the reflected radiation of rod No. 2 would be non-uniform since most of the incident radiation returns along the original direction as seen in Figure 2A. Meanwhile, if the uniform radiosity assumption is adopted, the projected radiation from rod No. 1 to rod No. 2 will be reflected isotopically around the circumference; thus, part of it will reach to rod No. 3, as shown in Figure 2B. The uniform model virtually enhances the radiation heat transfer between rod No. 1 and rod No. 3, because of a “penetration” through rod No. 2 to rod No. 3, thus leading to an overestimated effect between different surfaces of the system (Naitoh et al.,1977; Watson, 1963; Cox, 1977).
[image: Figure 2]FIGURE 2 | Radiosity amoung rod bundles. (A) Non-uniform radiosity. (B) Uniform radiosity.
To compensate the overestimation of the radiation heat transfer rate between rod bundles, anisotropic correction was proposed by Andersen and Tien (1979) to account for the non-uniform reflected radiation. Subsequently, the correction was further improved by Tien et al. (1979) and was implemented in the safety analysis code SCDAP. However, little has been done to investigate the effect of anisotropic correction (Sohal, 1986). Clearly, multiple units performed in the circumferential direction of each fuel rod would reduce the non-uniform radiosity error. Naitoh et al. (1977) suggested for the square rod bundle that it is necessary to divide at least 4 units. Rector (1987) developed the software RANGEN for calculating the view factors between rod bundles in which a rod on a square pitch is divided into 4 parts, and a rod on a triangular pitch is divided into 6 parts. More subdivision of each rod surface would improve the prediction. However, this will greatly increase the computational cost for large arrays of rods.
The uniform radiosity assumption substantially arises from the use of view factors in the net radiation method. Meanwhile, another method for analyzing radiation heat transfer between surfaces, Gebhart’s method (Gebhart, 1959, 1971), which is based on the absorption factors, does not require a uniform radiosity assumption, but needs an accurate absorption factors matrix. Compared with the view factor, which is purely geometrical, the absorption factors are a combination of geometry and surface emissivities. Hence, absorption factors totally characterize radiation heat transfer. The absorption factors can be obtained by matrix transformation from the view factors. It can also be gained through the ray tracing method or Monte Carlo method.
Klepper (1963) first used the ray tracing method to obtain the radiation absorption factors between rod bundles arranged in squares and equilateral triangles. His research results were adopted by Cox (1977), who abandoned his rod-to-rod view factors and improved the agreement between the predicted temperature results with the profiles that were experimentally measured. However, Klepper did not discuss the absorption factors around the wall region. Manteufel (1991) used the Monte Carlo method to calculate the view factors on the basis of more finely divided surface areas for each rod and then applied the matrix-inversion technology to calculate the rod-to-rod and rod-to-wall absorption factors and produced much more accurate results. Meanwhile, the Monte Carlo calculation step in Manteufel, D’s procedure increased the computational cost.
Based on the previous research studies, it can be seen that the assumption of uniform radiosity around the circumference of the fuel rod is not met in practice, and it is recommended that the radiation heat transfer equations be solved using Gebhart’s method with the accurate absorption factors. However, to get the absorption factors, the ray tracing method or Monte Carlo method is time consuming. Thus, in this study, the absorption factors derived from the one-sixth rod for compact fuel rod bundles is introduced, and Gebhart’s method is implemented in RELAP5 to improve the radiation heat transfer model for rod bundles. The article is organized as follows. Theory of radiation exchange between the surfaces is introduced in Section 2. The construction of absorption matrices developed in this study is provided in Section 3. The radiation heat transfer simulations in enclosed hexagonal rod arrays are shown in Section 4. The conclusion and future work are given in Section 5.
2 THEORY OF RADIATION EXCHANGE BETWEEN THE SURFACES
In this section, both the net radiation method and Gebhart’s method will be introduced.
2.1 The Net Radiation Method
Almost all the engineering radiation heat transfer calculations are based on the net radiation or radiosity method.
For the surface i, the radiosity Ri refers to the total radiant energy leaving a unit surface in a unit time:
[image: image]
The radiosity Ri not only includes the surface self-radiation [image: image] of the surface but also includes the part of the incident radiation that is reflected by the surface.
The energy incident on surface i for an enclosure containing n surfaces is as follows:
[image: image]
where Ai is the area of surface i, incident radiation Ji refers to the total radiant energy input to a unit surface in a unit time, and Fj,i is the view factor, which represents the proportion of radiant energy leaving from surface j to arrive at surface i. With the interchangeability of view factor [image: image], the Eqn. 2 can be expressed as follows:
[image: image]
Therefore,
[image: image]
Elimination of Ji from Eqn. 1 by using Eqn. 4 gives the following:
[image: image]
The net radiant heat flux of surface i can be expressed as follows:
[image: image]
Combining Eqs 5, 6, the following equation is obtained:
[image: image]
Eqn. 5 are the general equations for determining radiation exchange in a gray, diffuse enclosure of n surfaces by using the net radiation method. After solving the effective radiation R of each surface, the net radiant heat flux of each surface can be obtained according to Eqn. 7.
2.2 Gebhart’s Method
For analyzing the radiation heat transfer between surfaces, Gebhart introduced the concept of absorption factor Gi,j, which represents the fraction of the energy finally absorbed by the surface j from the emission of surface i, including reflections by other surfaces.
For surface i in an enclosure containing n surfaces, the radiation heat transfer equation can be expressed as follows:
[image: image]
where [image: image], [image: image], and [image: image] represent the emissivity, area, and temperature of surface i. Qi is the net energy loss from surface i. The first term on the right-hand side of Eqn. 8 is the energy emitted by surface i, and the second term is the sum of the energy absorbed by surface i from all other surfaces.
Similar to the view factor, the absorption factor has reciprocity and conservation properties. For two surfaces i and j, the energy rate radiated from i to j is [image: image] and the energy rate radiated from j to i is [image: image]. If [image: image], there will be no radiation heat transfer between i and j, which means [image: image]. Therefore, we have the following:
[image: image]
For a closed system, all radiation emitted from any surface must fall on surfaces of the system.
Thus
[image: image]
Because of [image: image], Eqn. 8 can be expressed as follows:
[image: image]
The net radiant heat flux of surface i can be expressed as follows:
[image: image]
It can be seen from Eqn. 12 that the key issue of Gebhart’s method to solve the radiation heat transfer is to obtain the absorption factors.
The concept of absorption factor and view factor are similar, but their meanings are different.
The view factor Fi,j represents the proportion of the radiant energy leaving the surface i directly reaching the surface j, regardless of the reflection through other surfaces.
The absorption factor Gi,j represents the portion of the radiant energy emitted from the surface i that is finally absorbed by the surface j, including multiple reflections through other surfaces.
The theoretical derivation of the view factor is introduced in many literatures or textbooks, but the theoretical derivation of the absorption factor is rarely introduced.
For a closed system containing n surfaces, the absorption factors can be generated from the view factors as follows:
[image: image]
The derivation of this formula can be explained as follows: the left term of Eqn. 13 is the fraction of the radiation energy absorbed by surface j from surface i. The first term on the right side is the radiation energy that surface i directly projects to surface j and is absorbed by surface j. The other items can be understood as the radiation energy that the surface i directly projects to the surface k and is reflected by surface k and absorbed by surface j.
The net radiation method is computationally expensive when calculating the radiation and view factors for a large number of surfaces. Generally, there are 200∼500 fuel rods in the open-lattice core. When modeling the radiation heat transfer between rod bundles, each rod surface is usually assumed as a single unit with uniform circumferential radiosity to reduce the computational cost. However, an actual non-uniform radiosity usually exists due to a great temperature gradient between the fuel rod bundles, which nullifies the assumption and causes much error during the calculation, as shown in Figure 2A. More subdivisions of the rod surface along the circumferential direction will reduce the error, but this treatment will complicate the construction of view factor matrices and also greatly increase the computational cost.
Instead, Gebhart’s method does not rely on a uniform radiosity assumption, which could better solve the above problem related to the net radiation method. Differently, Gebhart’s method needs an accurate absorption factors matrix. So, in the next section, we focus on getting the appropriate absorption factors without increasing the number of radiation heat transfer equations that need to be solved.
3 DERIVATION OF ABSORPTION FACTORS IN THIS STUDY
In this section, the absorption factors for the interior of the rod bundles and the enclosing wall were derived for hexagonal arrays. To reduce the error caused by the uniform radiosity assumption, the absorption factor in this study is obtained by dividing a single rod into six segments in the circumferential direction, while the radiation heat transfer equation is still based on every individual fuel rod. Hence, the computation time will not increase compared with the net radiation method.
The detailed calculation step for the interior of the rod bundles and the enclosing wall will be described in Section 3.1 and Section 3.2. The construction of absorption matrices for enclosed arrays and the implement of Gebhart’s method in RELAP5 is introduced in Section 3.3.
3.1 Rod-to-Rod Basic Absorption Factor
For a hexagonal array, the relative spatial position of each fuel rod and its surrounding rods can be indicated by No. 1 and No. 2/No. 3/No. 4/No. 5/No. 6 in Figure 3. It is assumed that the radiation heat transfer of rod No. 1 only occurs with itself and the surrounding rods No. 2, No. 3, and No. 4. For compact rod packing (for the space open-lattice reactor, p/d < 1.2), this assumption is reasonable. But for larger p/d (> 1.3), farther-traveling radiation heat transfer needs to be considered, for example, connections with rod No. 5 and rod No. 6 or even more.
[image: Figure 3]FIGURE 3 | Rod number for a hexagonal array.
The absorption factors in a hexagonal array as shown in Figure 3 are defined as follows:
g11 is the fraction of the energy absorbed by rod No. 1 from the emission of rod No. 1.
g12/g13/g14 are the fraction of the energy absorbed by rod No. 2/No. 3/No. 4, respectively, from the emission of rod No. 1.
The absorption matrices for enclosed hexagonal arrays can be constructed from g11/g12/g13/g14. So next, we will introduce the derivation process to get these basic absorption factors.
The basic unit for studying the rod-to-rod absorption factor is illustrated in Figure 4A. In this unit, every individual rod is divided into six segments in the circumferential direction, and the surface 2/6/8/12/14/18 are the imaginary surfaces introduced to form an enclosure.
[image: Figure 4]FIGURE 4 | Basic unit for analyzing (A) the rod-to-rod absorption factors and (B) the rod-to-wall absorption factors.
The computational procedure for rod-to-rod basic absorption factors can be described as follows:
First, calculating the segment-to-segment view factors F (18 × 18) (surfaces 1/2/…/18, the detailed expressions are described in the Supplementary Appendix A, which is only related to p/d).
Next, calculating the segment-to-segment absorption factors SG (18 × 18) by using the matrix relationship Eqn. 13.
Then, calculating the basic absorption factors (g11/g12/g13/g14) by summing the corresponding segment-to-segment absorption factors:
[image: image]
[image: image]
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[image: image]
In the above equations for calculating g11-g14, the segment-to-segment absorption factor related to surfaces 2/6/8/12/14/18 is an approximate treatment. For compact arrangement, the areas of surfaces 2/6/8/12/14/18 are relative small comparing with 1/6 rod segments. The unaccounted fraction absorbed by these areas is added to the neighboring rods. For example, the factor 1/2 in Eqs. 14, 15 can be explained using the energy absorbed by surface 8 and surface 12 from the emission of surface 10 being added to the two neighboring rods, Rod1 and Rod2. The factor 2/3 in Eqn. 15 can be explained using the energy absorbed by surface 6 and surface 14 from the emission of surface 10 being added to the three neighboring rods, among which two are Rod2 and the other one is Rod3. By the same token, 1/3 is chosen for surface 2 and surface 18 in Eqs. 15, 16. The reason for 1/6 in Eqs. 15–17 is that there are 6 rods marked as Rod2/Rod3/Rod4 around Rod1 in Figure 3.
The derivation here only goes to g14. Therefore, g14 is derived from g11 + 6*g12 + 6*g13 + 6*g14 = 1 according to the conservation of energy. It should be mentioned that the basic rod-to-rod absorption factor derived from Figure 4A is only applicable for compact rod bundles (p/d < 1.2). As p/d increase, a larger fraction of radiation energy will escape through these imaginary surfaces, but the basic unit shown in Figure 4A will limit the dispersal of radiation energy. For larger p/d (> 1.3), more radiative rods in the basic unit analyses need to be considered.
3.2 Rod-to-Wall Basic Absorption Factor
Figure 4B is the basic unit for analyzing the rod-to-wall absorption factors.
Defining Wg1, Wg2, and Wgcorner are the fraction of the energy absorbed by the wall from the emission of the rod near the wall in the first row, the second row, and the diagonal corners, respectively.
The computational procedure for rod-to-wall basic absorption factors is the same as the steps for rod-to-rod basic absorption factors.
First, calculating the segment-to-segment view factors F (12 × 12) (surfaces 1/2/…/12, the detailed expressions are described in the Supplementary Appendix B).
Next, calculating the segment-to-segment absorption factors SG (12 × 12) by using the matrix relationship Eqn. 13.
Then, calculating the basic absorption factors (Wg1, Wg2, and Wgcorner) by summing the corresponding segment-to-segment absorption factors:
[image: image]
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For Rod-w1 in Figure 4B, the fraction of the energy absorbed by the wall should be the average fraction of six surfaces 9/10/11/a/b/c. While the surface a is totally on the opposite side of the wall, its contribution to Wg1 can be ignored. The contribution of surfaces b and c are equal to the part of surfaces 3 and 4. So, Wg1 is expressed as Eqn. 18.
For Rod-w2 in Figure 4B, the fraction of the energy absorbed by the wall should be one-sixth of the fraction of surface 1. But for Rod-w2’, the absorption factor should be 2*Wg2.
For Rod-corner, the total fraction absorbed by the wall should be the average fraction of surfaces 3, 4, and 5.
Similarly, the rod-to-wall absorption factor calculation shown here is only suitable for tight wall distance. The improvement of wall effect will be introduced in subsequent studies.
3.3 Construction of Absorption Matrices
After getting the basic rod–rod and rod–wall absorption factor, we can construct the absorption factor matrices for enclosed hexagonal arrays.
Figure 5 is a schematic diagram of the cross-section of fuel rod bundles in an enclosed hexagonal array. There are 217 fuel rods in total. The rod surfaces can be numbered as 1–25 when the heat generation and boundary temperature are uniform, where rods with the same number are considered as one surface of uniform temperature.
[image: Figure 5]FIGURE 5 | Cross-section of an enclosed hexagonal array and rod numbers.
Gi,j represents the absorption factor matrices for the hexagonal arrays. For compact fuel rod bundles, it is assumed that the radiation heat transfer within three rows is important. Then all the absorption factors Gi,j can be calculated from g11/g12/g13/g14. For example, G3,5 = 2*g12 + 2*g14. For each of the rods labeled as No. 3 as shown in Figure 5, two surfaces labeled as No. 5 have the same relative relationship with No. 3 as that between No. 2 and No. 1. Another two surfaces labeled as No. 5 have the same relative relationship with No. 3 as that between No. 4 and No. 1.
According to the fuel rods arrangement, the absorption factor matrix of the whole array constructed from g11/g12/g13/g14 to construct are presented in Figure 6.
[image: Figure 6]FIGURE 6 | Absorption factor matrix for a hexagonal array: (A) interior and (B) near the wall.
The default model of RELAP5 for solving radiation heat transfer is based on the net heat method with the view factors (Information Systems Laboratories, 2003). We have modified its code and expanded its capability. The absorption factors matrix can be written in the input cards, and Gebhart’s method can be chosen to solve the radiation heat transfer between the surfaces.
4 RADIATION HEAT TRANSFER SIMULATION
In this part, Gebhart’s method is used to simulate the radiation heat transfer between rod bundles using the absorption factor matrix derived from Section 3.
The hexagonal array shown in Figure 5 was considered. In the preliminary research stage, it is simplified as a two-dimensional problem, which means the fuel rod bundles are infinitely long in the axial direction. The modeling details are outlined as follows: the diameter of each fuel rod d is 15.5 mm and the center distance between the fuel rods p = 1.1*d. The fuel rods are given a uniform power of 0.8 MW/m3 and a steady state solution was obtained with an imposed wall temperature of 573.0 K. The thermal conductivity of the material is assumed to be 1.0e6 W/(m·K) to eliminate temperature variations around the circumference of each rod. Each rod surface can be thought as isothermal.
Both the net radiation method (RELAP5) and Gebhart’s method (RELAP5 with Absorption Factor) were chosen for calculation. In addition, a detailed modeling of the radiation heat exchange was also carried out using CFD software FLUENT. For the RELAP5 and FLUENT simulation, the coolant should be included but the coolant in the enclosure neither emits nor absorbs radiant thermal energy. The surface-to-surface (S2S) radiation model based on the net radiation method was chosen in FLUENT, if N is considered as the number of subdivisions of a single rod surface. When using FLUENT to simulate the thermal radiation for hexagonal array shown in Figure 5, the number of mesh elements is 100,872, and the mesh schematic diagram is displayed in Figure 7. Each single rod is subdivided into N = 40 areas along the circumferential direction. Meanwhile, for the simulation of the default RELAP5 (the net radiation method) and the modified RELAP5 (Gebhart’s method with absorption factor), each individual fuel rod is treated as a unit; therefore, 25 + 1 = 26 elements are adopted, in which the additional one is the enclosed wall. The pair view factors of infinite parallel cylinders for the default RELAP5 simulation can be obtained from the work of Cox (1977). It is worth noting that in the default RELAP5 (the net radiation method), N is equal to 1 as the uniform radiosity over the entire circumferential surface of individual rod is assumed. Whereas, in the modified RELAP5 (Gebhart’s method with absorption factor), N is equal to 6 as the absorption factor matrix derived from Section 3 is based on the one-sixth rod.
[image: Figure 7]FIGURE 7 | Schematic diagram of CFD mesh.
Figure 8 shows the surface temperature distribution of rod bundles calculated from RELAP5, the modified RELAP5 (with absorption factor), and FLUENT. It can be found that the temperature gradient between rod bundles calculated by RELAP5 is much lower than that calculated by FLUENT, which demonstrates that the uniform radiosity assumption over the entire rod overestimates the radiation heat transfer effect between rod bundles and thus under-predicts the rod temperature. The max error is up to 23% (∼440K). This is undesirable for the safety analysis of the reactor. With the increase in emissivity, the error will gradually decrease. The source of the error in uniform radiosity assumption is that the reflected radiation on the surface over the entire rod is not uniform. The radiosity due to reflection is proportional to the surface reflectivity [image: image]. Therefore, with the emissivity [image: image] increase, the error caused by the uniform reflection assumption will decrease ([image: image]).
[image: Figure 8]FIGURE 8 | Temperature results for p/d = 1.1: (A) emissivity = 0.3, (B) emissivity = 0.5, (C) emissivity = 0.7, and (D) emissivity = 0.9.
In contrast, the temperature gradient calculated with the modified RELAP5 based on the absorption factors derived in this study is much closer to the CFD results under different emissivity. Which means that the calculation procedure proposed in this study can reduce the non-uniform radiosity error greatly.
Figure 9 presents the comparison of rod-to-rod absorption factors from different N for ε = 0.5 at p/d = 1.1. It can be seen that N = 6 in this study obtains a reasonable accuracy compared with the benchmark, that is, N = 40. In addition, the figure also indicates that a higher proportion of the radiation to be absorbed by the radiating rod itself and neighboring rods for compact rod arrangement. However, the default model (N = 1) overestimated the radiation domain of the radiating rod. In consequence, the predicted temperature is much flatter than the more divided results.
[image: Figure 9]FIGURE 9 | Absorption factors from different N for p/d = 1.1 and emissivity = 0.5.
Figure 10 describes the simulation results when p/d = 1.2. It can be seen that the simulation results based on the absorption factor are still much closer to CFD. Figure 11 shows the simulation results for p/d = 1.3. With the increase of P/d, the simulation results based on the absorption factor gradually deviate from the CFD results.
[image: Figure 10]FIGURE 10 | Temperature results for p/d = 1.2: (A) emissivity = 0.3, (B) emissivity = 0.5, (C) emissivity = 0.7, and (D) emissivity = 0.9.
[image: Figure 11]FIGURE 11 | Temperature results for p/d = 1.3: (A) emissivity = 0.3, (B) emissivity = 0.5, (C) emissivity = 0.7, and (D) emissivity = 0.9.
The relative temperature error of Rod 1 was summarized in Table 1. The uniform radiosity assumption over the entire rod overestimates the radiation heat transfer effect between rod bundles and thus under-predict the rod temperature. The max temperature under-predictions are about 23%, 20% for p/d = 1.1, 1.2, respectively. While using the absorption factor matrix derived in this study, the maximum temperature deviation can be reduced to around 1% for p/d = 1.1 and 3% for p/d = 1.2.
TABLE 1 | Relative temperature error of rod No.1.
[image: Table 1]As p/d increase, the radiation heat will transfer farther; thus, the temperature gradient between rod bundles decreases. As a result, the non-uniform radiosity error will gradually decrease, but still underestimate the temperature around 17% for p/d = 1.3. The absorption factor derived in this study will overestimate the maximum temperature about 8% for p/d = 1.3. The reason has been explained in Section 3. With the increase in p/d, there is actually a wider dispersal of energy, but our derivation only goes to g14. So, the temperature results calculated with the absorption factors for p/d = 1.3 are steeper and higher than that calculated by CFD. Rod bundles with larger p/d required more radiative rods in the deprivation of absorption factors.
5 CONCLUSION
Radiation heat transfer is an important heat transfer mechanism in the open-lattice gas-cooled reactors. The uniform radiosity assumption of each fuel rod will overestimate the heat transfer and thus under-predict the maximum fuel rod temperature, which is not expected in safety analysis. To reduce the non-uniform radiosity error, construction of absorption factor matrices based on 1/6 rod segments have been developed in this study.
Gebhart’s method was implemented in RELAP5 and was used to simulate the radiation heat transfer between rod bundles. It is found that the simulation results based on the absorption factor matrices deprived in this study can reduce the non-uniform radiosity error greatly for compact rod bundle arrangement (p/d < = 1.2). Rod bundles with larger p/d required more radiative rods in the analyses of basic absorption factor modifications. The present radiation heat transfer model should be studied and tested in three-dimension cases to further prove that it is appropriate for the nuclear rod bundles.
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