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Considering the safety issues of the traditional UO2-Zr fuel, a variety of accident-tolerant fuel (ATF) candidates have been proposed in recent years. Among the several ATFs, U3Si2, and UN are the two promising candidates for fuel materials owing to their high thermal conductivity and high uranium density. The FeCrAl alloy and the SiC/SiC composite material are the two promising candidates for cladding owing to their high oxidation resistance and high strength. In order to quantitatively evaluate the performance of ATFs, this study summarizes the physical models of typical ATF cladding materials (FeCrAl and SiC) and pellet materials (UN and U3Si2). Then a three-dimensional non-linear finite element method is applied to simulate the thermal-mechanical behavior of several typical fuel-cladding combinations, including UO2-FeCrAl, UN-FeCrAl, U3Si2-FeCrAl, U3Si2-Zr, and U3Si2-SiC. The important physical quantities, such as the fuel centerline temperature, the deformation of the pellet and the cladding as well as the pellet-cladding mechanical interaction (PCMI) were studied. The fission gas release model was also verified and improved.
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INTRODUCTION

The performance of fuel elements is a key factor ensuring the safety and economy of nuclear reactors. After the Fukushima accident in 2011, great efforts have been put on investigating various accident tolerant fuels (ATFs) to improve the safety of fuels. In order to fully or partially replace the traditional UO2-Zircaloy fuels, ATF not only needs to provide higher safety and reliability but also is expected to have a competitive economic benefit (such as higher burnup, longer lifetime, etc.). Among the several ATF materials, U3Si2 and UN are the two promising candidates for fuel owing to their higher thermal conductivity and higher uranium density (Metzger, 2016), the FeCrAl alloy and the SiC/SiC composite material are the two promising candidates for cladding owing to their high oxidation resistance and high strength (Sweet, 2018; Qiu et al., 2020).

Since the in-pile test is an extremely expensive and long-term process, high-fidelity multiphysics modeling has become an indispensable tool for evaluating the performance of nuclear fuels. With the support of the Consortium for Advanced Simulation of Light Water Reactors (CASL) project, the Idaho National Laboratory has begun to develop a new generation of multiscale and multiphysics simulation program for fuel performance evaluation, i.e., BISON, since 2010. The French Atomic Energy Commission (CEA) and Electricite De France (EDF) have also jointly developed a multiscale and multiphysics fuel performance analysis program, i.e., ALCYONE, for pressurized water reactor (PWR). In recent years, several studies have been conducted for modeling the performances of ATFs. Liu et al. (2018) studied the performance of U3Si2-FeCrAl fuel in LWR using the CAMPUS code based on the COMSOL framework. He et al. (2018) also did a preliminary evaluation of the performance of U3Si2-FeCrAl using the BEEs code based on MOOSE framework. U3Si2-SiC fuel performance analysis was also done by Li and Shirvan (2019) using BISON.

However, a comprehensive study is still absent for the thermal-mechanical performance and fission gas release behavior of ATF materials under LWR conditions. In order to quantitatively evaluate the thermo-mechanical behavior of typical ATFs, this study evaluated the typical fuel-cladding combinations such as UN-FeCrAl, U3Si2-FeCrAl, UO2-FeCrAl, U3Si2-Zr, and U3Si2-SiC by using the non-linear three-dimensional finite element method. The fuel centerline temperature, the deformation of the pellet and the cladding, as well as the pellet-cladding mechanical interaction (PCMI) of different fuel-cladding combinations are analyzed and compared. In addition, this study verified and improved the fission gas release (FGR) model, and investigated the fission gas release behavior of ATF pellets during normal operations of PWR.



THEORY AND MODELS


Thermo-Mechanical Modeling by Finite Element Method

The thermal-mechanical behaviors of the fuel elements are described by the equations of energy conservation and momentum conservation. The equation of energy conservation is given as:
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where ρ is the mass density, c is specific heat, T is the temperature, k is the thermal conductivity, g is the rate of heat generated per unit volume, Ω is the spatial domain, and I is the temporal range.

And the equation of momentum conservation is given as:
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where σij is the stress, fi is the body force.

The stress is given as:
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where σ is the stress tensor, C is the stiffness matrix, ε is the strain tensor, εin is the component of the inelastic strain tensor, α is the coefficient of linear expansion, and “:” denotes the contraction operation.

Under the conditions of irradiation and high temperature, the density, the specific heat and the thermal conductivity of fuel materials are dependent on temperature and burnup. Thus, the above-mentioned equation of energy conservation is non-linear. At the same time, the fuel and the cladding materials undergo complex non-linear deformations such as creep and swelling. Therefore, the above equation of momentum conservation is also non-linear. In this study, the general-purpose non-linear finite element software, i.e., ABAQUS, is used to solve the above conservation equations. The thermal and the mechanical constitutive behaviors of the material are defined by user-defined subroutines in ABAQUS (Figure 1). The heat conduction of the pellet-cladding gap and the pressure of the gas filling the gap are related to the released fission gas. The gas release behavior is also defined by subroutines. The local power distribution and the local burnup distribution of the fuel are obtained by Monte Carlo simulation and embedded in the subroutines in the form of fitted polynomials.


[image: Figure 1]
FIGURE 1. Flowchart of computation.


In this study, the sequential coupling technique is adopted to solve the coupled thermo-mechanical problem. The calculation results show that the efficiency and numerical stability of the sequential coupling algorithm are better than the fully coupled algorithm. The Newton algorithm is used for non-linear iteration, and the subroutines are called at each integration point in each iteration to obtain the physical parameters required to compute the elemental mass matrix, the stiffness matrix and the load vector. The flowchart of solving the above-mentioned equations by the non-linear finite element method is shown in Figure 1. It should be noticed that this paper uses an explicit method to calculate and update the fission gas release.



Thermo-Mechanical Model of ATF Materials
 
Thermal Models
 
Thermal Conductivity

Thermal conductivity is a determinant parameter of the thermo-mechanical properties of fuel materials. It affects both the thermal behavior and the mechanical behavior (such as thermal creep) of the fuel. High thermal conductivity can effectively reduce the temperature and its gradient of the fuel, which is generally beneficial to improve the performance of fuels.

In this study, the model of the thermal conductivity of U3Si2 from the Handbook (White, 2018) is adopted. The Hayes Model (Hayes et al., 1990a) is adopted for the model of thermal conductivity of UN. The thermal conductivity of FeCrAl is described in the report of Yamamoto et al. (2017). The thermal conductivity of SiC/SiC composite is described in the report of Koyanagi and Katoh (2018). Figure 2 shows that the thermal conductivity of fresh UN and U3Si2, which is remarkly higher than that of UO2. The high thermal conductivity is one of the most prominent features of ATFs.


[image: Figure 2]
FIGURE 2. Thermal conductivities of fresh U3Si2 (White, 2018), UN (Hayes et al., 1990a), and UO2 (Williamson, 2011).




Specific Heat

In this work, the specific heat model of U3Si2 is also adopted from the Handbook (White, 2018) for consistency with the thermal conductivity model. For UN, the Hayes Model (Hayes et al., 1990b) is adopted. The fitting formula of the specific heat of FeCrAl consists of two segments. The first segment is applicable to the temperature above the Curie temperature but below the melting point, while the second segment is a third-order polynomial applicable to the temperature below the Curie temperature (Raju et al., 2009). With the temperature range from 200 to 2,400 K, the specific heat of SiC can be approximately expressed by a temperature-dependent function (Snead et al., 2007).




Mechanical Models
 
Creep Model

As fuel rods are exposed in an environment with high temperature, high pressure and high irradiation, the creep effect has a significant influence on the deformation of fuels. For U3Si2, Metzger (2016) proposes a creep model which accounts for athermal and thermal creep, i.e., when the temperature is below 0.45Tmelt(=872.0 K, where Tmelt is the melting point), athermal creep is activated. Above 872.0 K, creep is thermally activated. Thermal creep is driven by two different mechanisms that under low stress, i.e., σ/G ≤ 10−4, where σ is the stress and G is the shear modulus, the creep is governed by grain boundary diffusion (Coble creep). And under high stress, i.e., σ/G > 10−4, the creep is driven by dislocation slip and climb (dislocation creep).

For UN, the irradiation creep is dominant under PWR conditions. Therefore, it is acceptable to neglect thermal creep in the present study. The irradiation creep rate in s−1 for UN is given as (Feng et al., 2011):
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where σ is the stress in MPa, p is the porosity, f is the fission density in fissions/cm3s.

Yamamoto et al. (2017) proposes a generalized thermal creep equation for all types of FeCrAl alloys:
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where [image: image]is the strain rate in s−1, σ is the stress in MPa and T is the temperature in K with 623 K ≤ T ≤ 1473 K, 1 MPa ≤ σ ≤ 150MPa.

The irradiation creep of FeCrAl is the same as that adopted by BISON (Hales et al., 2015),

[image: image]

where [image: image] is the strain rate in s−1, σ is the effective stress in MPa and Φ is the neutron flux in n/m2s.

It is proposed by Koyanagi et al. (2017) that the thermal creep rates of SiC-based materials are very low at the temperature below ~1,000°C. Therefore, for normal operation temperatures, the thermal creep can be neglected for thermo-mechanical modeling of SiC cladding. Moreover, the irradiation creep of SiC can be neglected for modeling purpose as well (Koyanagi et al., 2016).



Swelling

Swelling is an important form of deformation of fuel materials. The swelling of pellets directly affects the gap width, thereby affecting the gap heat conduction and the PCMI.

An empirical burnup-dependent expression for the swelling of U3Si2 has been proposed by Metzger et al. (2014) by using the experimental data from Finlay et al. (2004). The total volumetric fuel swelling consists of the normal swelling part and the densification part. It is assumed that the densification behavior of U3Si2 is the same as that of UO2 which is modeled by the ESCORE empirical model (Gamble et al., 2019).

It is recommended by Feng et al. (2011) that the total swelling rate of UN is,
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where Bu is burnup in FIMA. Irradiation-induced densification is neglected for UN fuel (Feng et al., 2011).

For cladding, the main contribution of the swelling is the irradiation-induced swelling. A simple linear model scaling with neutron flux is used to describe the FeCrAl swelling behavior according to the report by Sweet et al. (2018) and BISON's manual (Hales et al., 2015):
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where [image: image] is the strain rate in s−1 and Φ is the neutron flux in n/m2s.

The irradiation swelling of SiC is expressed by the model of Katoh et al. (2018):

[image: image]

where S is swelling strain, γ is displacement damage in dpa, γC and SS are functions of temperature:

[image: image]

[image: image]

where T is the temperature in K with a valid range from 473 to 1,073 K.




Fission Gas Release

The release of fission gas mainly includes two parts, i.e., the thermal release and the athermal release (Olander, 1976). Both the two release mechanisms are considered by adding the individual release fraction.

Forsberg-Massih model proposed by Forsberg and Massih (1985) is chosen as the thermal release model in this paper. Considering the predicted release ratio by the Forsberg-Massih model is conservative, this paper calibrates the dominant parameters according to the experimental measurement of UO2 fuel. For different fuel materials, the gas atomic diffusion coefficient within the grain may vary.

The diffusion coefficient of fission gas within U3Si2 grains was proposed by Barani et al. (2019)):

[image: image]

where k = 1.380649 × 10−23 J/K is the Boltzmann constant, T(K) is the temperature.

The diffusion coefficient of fission gas within UN grain was proposed by Feng et al. (2011):

[image: image]

where D (cm2/s) is the diffusion coefficient of UN, [image: image] is a factor related to the relative density ρ (%TD), FB = 30+Bu with Bu the burnup in MWd/kgU, f (fissons/cm3s) is the fission rate density, K (W/mK) is the thermal conductivity, T(K) is the temperature.

The athermal release of fission gas can be described by the COPERNIC FGR model (Bernard et al., 2002). Neglecting the recoil contribution, the athermal FGR fraction is of the form,

[image: image]

where F is the athermal FGR fraction, [image: image] is a model parameter, S/V is the specific surface of the fuel grain (cm−1) and B is burnup (MWd/kgU).



Fuel Rod Model

The simplified fuel rod with three pellets is considered in the simulation. The axisymmetric geometric configuration is illustrated in Figure 3. The major operation parameters are listed in Table 1.


[image: Figure 3]
FIGURE 3. The geometry and the mesh of the fuel rod.



Table 1. Operation parameters.

[image: Table 1]

The axisymmetric thermal-mechanical coupling element, i.e., CAX4T, is adopted. An element size of around 0.2 mm has been assigned for both the pellet and the cladding. Mesh-insensitivity has been ensured. The coupled temperature-displacement procedure is chosen to perform the analysis.



RESULTS AND DISCUSSION



Model Validation

Considering experimental data of ATFs is rather limited, comparison with other literature work can provide a reference for the reliability of the present results. The predicted behavior of the U3Si2-FeCrAl combination is compared with that reported in He et al.'s work (2018). The geometry of the fuel and the boundary conditions (LHGR, coolant pressure, coolant temperature, etc.) are set the same as those in He's work, i.e., the pellet radius, the cladding thickness and the initial gap width are set as 4.3, 0.37, and 0.08 mm, respectively. The fuel centerline temperature, the evolution of the gap width, the gap heat transfer coefficient and the plenum pressure are compared in Figure 4. The maximum average burnup in He's work is around 40 MWd/kgU while it reaches 60 MWd/kgU in the present study.


[image: Figure 4]
FIGURE 4. Comparison of (A) Fuel centerline temperature, (B) Gap width, (C) Gap heat transfer coefficient, (D) Plenum pressure.


As shown in Figure 4, fairly good agreement is obtained for fuel centerline temperature because similar thermal conductivity models of fuel and cladding are adopted by both work. The tendency of the evolution of gap width is similar because the same fuel densification model and fuel swelling model are adopted. The deviation of the gap width is mainly due to the different mechanical models of the cladding. In He's work, the thermal expansion of cladding adopts Shimizu's model (1965). While in our work, the thermal expansion of cladding is taken from Yamamoto's work (2017) and the value is much higher than that of Shimizu's model. The gap heat transfer coefficient is similar at the beginning due to the same gap heat transfer model are adopted. However, it is influenced by the gap width after 20 MWd/kgU burnup. As for plenum pressure, the growth of plenum pressure of the present work is more rapid than that in He's work due to an earlier gap closure and the fission gas release.



Influence of Pellet Materials

In order to compare the performance of the advanced fuels, the cladding material is fixed as FeCrAl and the behaviors of UO2, U3Si2, and UN are, respectively studied. The fuel centerline temperature, the gap width, the stress distribution as well as the pellet-cladding mechanical interaction (PCMI) are studied.

Figure 5 shows the evolution of the fuel centerline temperature of the three combinations. It is obvious that the centerline temperatures of the two ATFs is 400 ~600 K lower than that of UO2, due to their relatively high thermal conductivity. It is also noticed that for the U3Si2-FeCrAl combination, the temperature remains nearly constant after 55 MWd/kgU when the PCMI occurs. Owing to a much smaller gap size of U3Si2-FeCrAl shown in Figure 6, the heat conduction of the gap is significantly higher than that of UO2-FeCrAl. It can reduce the thermal resistance of the fuel rod thus resulting in a decrease of the fuel centerline temperature.


[image: Figure 5]
FIGURE 5. Comparison of fuel centerline temperature of UO2, UN, and U3Si2 with the FeCrAl cladding.



[image: Figure 6]
FIGURE 6. Evolution of gap width of UO2-FeCrAl, UN-FeCrAl, and U3Si2-FeCrAl with burnups.


Figure 6 illustrates the variation of gap width with the average burnup. In the beginning, thermal expansion is dominant and as a consequence, U3Si2-FeCrAl has the smallest initial gap width which can be attributed to the highest thermal expansion coefficient of U3Si2. As the densification of UN is not considered, an increase of the gap width does not appear. It was also found that the gap becomes small gradually with burnup due to the fuel swelling. U3Si2 has the highest swelling rate, which results in the earliest gap closure.

The distribution of the temperature and the maximum principal stress at the initial burnup is shown in Figures 7, 8 respectively. It is noticed that the maximum principal stress of UO2 is nearly 650 MPa due to its higher temperature gradient. It will cause the fuel cracking in the radial direction considering the tensile strength of UO2 is only 110 MPa. It can be seen that U3Si2 and UN have a much flatter distribution of temperature, which results in a much lower temperature gradient. Thus, the maximum principal stress for both U3Si2 and UN is < 200 MPa which greatly reduces the fuel fragmentation and relocation.


[image: Figure 7]
FIGURE 7. Fuel temperature (K) of (A) UO2 (B) UN, and (C) U3Si2 at BOC with FeCrAl cladding.



[image: Figure 8]
FIGURE 8. Maximum principal stress (MPa) of (A) UO2 (B) UN and (C) U3Si2 at BOC with FeCrAl cladding.




Influence of Cladding Materials

In order to compare the effects of cladding materials, the fuel material is fixed as U3Si2 and three types of cladding materials, i.e., FeCrAl, SiC, and Zr, are respectively investigated. The evolution of the fuel centerline temperature of the fuels with different claddings is shown in Figure 9. For all the claddings, there is a continuous temperature decrease until the closure of the pellet-cladding gap. During the whole evolution, the fuel centerline temperature of U3Si2-SiC is evidently higher than that of U3Si2-FeCrAl and U3Si2-Zr. This is because the thermal conductivity of the irradiated SiC (about 3.6 W/m.K) (Koyanagi and Katoh, 2018) is notably lower than that of FeCrAl and Zr (both range from around 12–22 W/m·K when temperature varies from 400–1,000 K) (Yamamoto et al., 2017).


[image: Figure 9]
FIGURE 9. Fuel centerline temperature of three types of cladding with U3Si2.


It is also noticed that there is no apparent difference between the maximum fuel centerline temperatures of U3Si2-FeCrAl and U3Si2-Zr due to the similar thermal conductivity of FeCrAl and Zr. The fuel centerline temperature of U3Si2-Zr decreases more rapidly than that of U3Si2-FeCrAl due to the higher pellet-cladding gap heat transfer which is mainly caused by their different gap widths. Moreover, due to a later gap closure of U3Si2-FeCrAl, the fuel centerline temperature of U3Si2-FeCrAl finally reaches a lower level.

The evolution of the pellet-cladding gap width is shown in Figure 10. The U3Si2-Zr combination is found to have the earliest gap closure, indicating an earliest pellet-cladding mechanical interaction. This also signifies that the adoption of ATF claddings can effectively delay the gap closure as well as the PCMI.


[image: Figure 10]
FIGURE 10. Influence of cladding material on evolution of gap width (fuel: U3Si2).


In order to find out the influences of different claddings on the gap width, the radial displacement at the inner surface of cladding is presented in Figure 11. Under the pressure of coolant, the Zircaloy cladding has a displacement toward pellets due to the creep effect. After the PCMI occurs, its displacement has an outward increase driven by the fuel deformation. For FeCrAl and SiC claddings, the pressure of coolant has a negligent effect on the radial displacement due to the lower creep rate. For the radial displacement of SiC cladding, there is an apparent increase at first due to its much higher irradiation swelling until the swelling is saturated.


[image: Figure 11]
FIGURE 11. Radial displacement at inner cladding surface of three types of cladding.


Figure 12 presents the evolutions of hoop stress of ATF claddings compared with that of Zircaloy cladding. The stresses are extracted from the outer radius of cladding at the mid-plane of the fuel rod. The hoop stress is negative (compressive) due to the pressure of coolant before the gap closure, and shows a sudden increase when the fuel and the cladding contacts. It is evident that the stress in both FeCrAl and SiC cladding is higher than that in Zircaloy cladding after the contact. This is expected because of the higher stiffness as well as the lower creep of both FeCrAl and SiC.


[image: Figure 12]
FIGURE 12. Comparison of cladding hoop stress evolution of U3Si2-FeCrAl and U3Si2-Zr (A) and of U3Si2-SiC and U3Si2-Zr (B).




Gas Release Behavior
 
Model Validation

In this paper, the fission gas release of different ATF fuels is simulated by choosing appropriate fission gas atomic diffusion coefficient. Considering the insufficient experimental data, this paper only compares the results by other software for the UN-SiC fuel combination. For convenience of comparison, the parameters used in the study are consistent with those in the literature (Rice, 2015).

In this paper, the simulation results of UN-SiC fission gas release behavior and the comparison with the simulation results of other programs are shown in Figure 13. It can be found that the results of this paper are similar to the results of BISON program and FRAPCON program. The simulated thermal release in this program starts at the burnup of 32MWd/KgU and reaches a total release ratio of about 3.3% at 60MWd/KgU.


[image: Figure 13]
FIGURE 13. Fission gas release for UN/SiC at 20 kW/m.





Comparison of Fission Gas Release Behavior of Different Fuels

In order to study the fission gas release behavior of different fuels, FeCrAl is chosen as the cladding material. The predicted fission gas release of U3Si2, UN, and UO2 are shown in Figure 14.


[image: Figure 14]
FIGURE 14. Fission gas release for different materials at 20 kW/m.


In this case, UO2 begins the thermal release at about 20MWd/KgU, much earlier than the 60MWd/KgU of UN. The fission gas release of U3Si2 is dominated by athermal release at burnup to 66MWd/KgU. The final fission gas release ratio of UO2 reaches about 8%, which is much higher than that of UN and U3Si2. As can be seen from Figure 5, the temperature of UO2 fuel is about 500 K higher than that of the other two fuels. This is the main reason that leads to the difference of fission gas thermal release and finally causes the great difference in total release ratio.





SUMMARY

The thermal-mechanical models of typical ATFs, including U3Si2, UN for fuel materials, FeCrAl and SiC for cladding materials are summarized. Furthermore, the fission gas release models have been investigated and analyzed. Using non-linear finite element simulation, the thermal-mechanical behaviors of UO2-FeCrAl, UN-FeCrAl, U3Si2-FeCrAl, U3Si2-Zr, and U3Si2-SiC combinations have been studied.

The conclusions are summarized as follows,

1. Compared with UO2, the ATFs have a lower fuel centerline temperature and flatter radial temperature profile owing to the higher thermal conductivities of ATFs. A lower temperature gradient contributes to a flatter stress distribution and thus reducing the severity of fuel fragmentation. Even though the high swelling rate of U3Si2 and UN causes an earlier PCMI, the gap closure can further reduce the fuel centerline temperature.

2. Compared with the Zircaloy cladding, the SiC cladding causes higher fuel centerline temperature due to the degradation of SiC thermal conductivity under irradiation. Adoption of FeCrAl cladding causes lower fuel centerline temperature at high burnup when compared with the case of Zircaloy cladding. It is noticed that the adoption of ATF claddings can effectively delay the gap closure as well as the PCMI. A significant rise of hoop stress is found in both FeCrAl and SiC claddings after PCMI due to their higher stiffness and lower creep rate.

3. Under the same conditions, the fission gas release rates of UN and U3Si2 are lower than UO2.
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