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A 3-dimensional (3D) fuel performance analysis program, able to simulate normal operating conditions and accident conditions for PWR fuel behaviors, was developed based on the Multiphysics Object-Oriented Simulation Environment (MOOSE) finite-element framework. By taking fission products swelling, densification and expansion of pellet, thermal and irradiation creep, gap heat transfer, fission gas release, and cladding crack propagation into consideration, detailed fuel behaviors have been simulated in a multiphysics coupling way. Local defects in fuel pellet caused during manufacturing and filling processes known as the missing pellet surface (MPS) can cause abnormal stress distribution of the cladding and it could even lead to cladding failure. Taking Stress Corrosion Cracking (SCC) phenomenon into consideration, a simulation of PWR fuel rodlet that consists of a pellet with an MPS defect and an intact pellet was conducted. The fuel rod has experienced with sorts of events, including normal operating conditions and a high-power ramp event. The simulation results indicated that: 1) The MPS defect affects the temperature and displacement distribution in the vicinity of the MPS defect. When the pellets are in contact with the cladding, the inner surface of the cladding presents a large tensile hoop stress, which accelerates the crack propagation. 2) During the ramp event, the crack propagation rate was higher than that under normal condition and crack length expanded by about 0.1 µm.
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INTRODUCTION
Under the harsh radiation environment in a nuclear reactor, the structure of the nuclear fuel assembly and the fuel rod experience complex in-reactor behaviors. Nuclear fuel is a multicomponent system which needs to satisfy strict performance criteria in a variety of aspects, and the multi-physics behavioral phenomena of the fuel rod generally occurs on a large time scale and the continuum spatial scale, making it difficult to describe the fuel behaviors accurately. In order to enhance heat transfer and avoid cladding collapse, the gap between pellet and cladding is generally pre-filled with helium. When the pellet and cladding continue to deform and come into contact, this phenomenon is called Pellet cladding interaction (PCI). Many phenomena that influence the PCI process and PCI behaviors will in turn affect other fuel behavioral phenomena, including heat transfer and mechanical response of the fuel. Therefore, accurate simulation of the PCI behavior is imperative for numerical fuel performance analysis.
The world’s first recorded fuel failure due to PCI occurred on June 17, 1963, after the second refueling of the GETR reactor in Vallecitos during the start-up process (Cox, 1990). Since then, scientists in the last century have put a lot of efforts into studying the mechanism of PCI. Analyses that have been done included stress analysis of the cladding, analyses of thermodynamics of fission products and the chemical properties of zirconium iodide compounds, etc. As early as 1987, scientists began to use computer simulation methods to assist experiments to verify PCI-related behaviors (Massih et al., 2005).
In the past 50 years, Boiling Water Reactors (BWRs) and Pressurized Water Reactors (PWRs) are the two main types of reactors, and in comparison, BWRs are more prone to cladding tube cracking failure accidents caused by PCI (Khvostov et al., 2013). IAEA report shows that, from 1980 to 2010, about 35% fuel rod leak incidents in heavy water reactors (CANDU reactors) and 12% fuel rod leak incidents in BWR were caused by PCI (Iaea, 2010). In PWRs, the fretting between the fuel rod and the spacer grids is the main mechanism of fuel rod breach and leakage. The incidence of cladding failures due to PCI behavior increased between 1980 and 2000. In PWR, fuel rod leakage caused by PCI is relatively rare, but it has also happened (Khvostov et al., 2013; Iaea, 2010). PCI caused breach mainly occurs when there are pellet chips caught in between the fuel-cladding gap or under the presence of MPS. Figure 1 shows a cross-sectional view of a fuel rod with a cladding failure, reproduced from Capps et al. (2015).
[image: Figure 1]FIGURE 1 | A cross-sectional view of a cladding failed fuel rod (Capps et al., 2015).
The physical field variables of the fuel rod, such as the maximum temperature of the fuel pellet, the maximum stress of the cladding, and the maximum thickness of the oxide layer, affect the core design scheme and many safety criteria. Many countries have developed various fuel rod performance analysis programs, and most developed programs used 1.5D (or 2D) axisymmetric models to simulate fuel behavior. EPRI has developed a 2D fuel performance analysis code, named FALCON, based on the finite element method (FEM) (Rashid et al., 2004; Khvostov et al., 2013), which used r-θ or r-z model to simulate the fuel rod behaviors, and FALCON can analyze fuel rod behaviors under steady-state conditions and transient conditions. It is worth mentioning that FALCON can analyze MOX fuel and coated fuel rods as well (Rashid et al., 2004). PNNL has developed a light water reactor fuel performance analysis program FRAPCON-3 (Bernd et al., 1997), based on the FORTRAN programming language, which used 1D axisymmetric models to simulate steady-state behaviors of fuel rod. This procedure was also adopted by the Nuclear Regulatory Commission (NRC). FRAPCON provides initial conditions for the transient analysis program FRAPTRAN (Geelhood et al., 2016) (also developed by PNNL), and can analyze reactor accidents with short time scale processes. TRANSURANUS (Lassmann et al.,) is a 1.5D quasi-static fuel performance analysis program developed by the European Commission’s Joint Research Center in Karlsruhe, Germany. Westinghouse has integrated specific models on TRANSURANUS so that the latest version of TRANSURANUS can perform the best estimation and conservative safety analysis of PWR and VVER fuel rods (Geelhood et al., 2016). INL has developed a new generation fuel performance analysis program BISON based on the MOOSE framework (Williamson et al., 2012). BISON contains 2D r-z and 3D fuel models and has been used in commercial fuel rods analysis work (Williamson et al., 2016). BISON can analyze spherical TRISO-coated fuel particle as well, which confirms its powerful multidimensional coupling analysis capabilities. CEA has developed a 2D and 3D fuel rod analysis code named TOUTATIS based on the FEM code CASTEM 2000 (Bentejac et al.,). Since then, CEA has integrated multiple fuel analysis codes, developed the PLEIADES platform, and built a more advanced fuel performance analysis program, ALCYONE, based on the PLEIADES platform (Van Uffelen et al., 2019). ALCYONE can analyze the behaviors of the fuel rod in 1.5D, 2D, and 3D configurations, and can analyze normal and off-normal operating conditions of the UO2 and MOX fuel rods. In addition to the special fuel performance analysis program developed by the above specific research institutes, many scholars also used commercial software, such as ABAQUS, COMSOL, and ANSYS to perform analyses of fuel rods using 2D or 3D models (Williamson, 2011; Rong and Zhou, 2016; Tang et al., 2016; Zhu et al., 2018).
When the fuel pellet surface is missing, the fuel rod is no longer symmetrical in the circumferential direction. Since the pellet and the cladding generally do not come into contact with each other in the missing surface location, the temperature and displacements distribution in this region will also be different from the rest of the fuel rod. In this case, the 1.5D model and the r-z 2D models are no longer applicable. It is difficult for the 2D r-θ model to analyze the “ridge effect” of the cladding corresponding to the position of the contact surface of the pellet, and it is also not possible for such model to analyze fuel rods with MPS defects accurately. Therefore, the three-dimensional fuel performance analysis model is the most appropriate way to study MPS resulted failure mechanisms and the associated PCI process.
In 2016, Nathan Capps studied the influence of MPS defect size on the hoop stress distribution of the cladding using the BISON-CASL program, and calculated the stress reduction factor of 7–16% for a finite length MPS by BISON-CASL (Capps et al., 2016). B.W. Spencer studied the effect of MPS defects on BWR fuel performance by BISON, and analyzed the temperature and stress distributions adjacent to the MPS defects during a blade pull event (Spencer et al., 2016). Williamson illustrated an analysis of PCMI failures from manufacturing defects using combined 2D and 3D analyses by BISON, and showed BISON’s advanced capabilities in fuel performance simulation (Williamson et al., 2012).
In this paper, we developed a 3D fuel performance analysis program based on the MOOSE framework, suitable for simulation under normal operating conditions and accident conditions for PWR fuel behavior analysis. In addition to conventional stress and temperature simulations, this program also adds a stress corrosion cracking model to predict the growth of cracks on the inner surface of the cladding. This paper is organized as follows: Modeling Description mainly describes the related model of UO2 fuel and Zr-4 cladding used in this work. In Validation, the verification of our code is performed comparing with FRAPCON-4 using the experimental data of the fuel rods IFA-432r1 and IFA-513r6 of the Halden HBWR reactor. Simulation Results shows the corresponding modeling results under stable operating conditions and the third irradiation cycle power ramp event conditions. Conclusion provides a summary of this work.
MODELING DESCRIPTION
The MOOSE Framework
The basic framework used in this paper, the MOOSE framework, was developed by Idaho National Laboratory (INL). The MOOSE framework is a typical finite element framework, which embedded Libmesh source code and solver library PETSc, etc, that greatly reduces the application difficulty of the MOOSE framework. The moose framework provides the basic code for physical module, which is conducive to the secondary development for scholars. Compared with commercial software, it is more maneuverable, and researchers can modify the underlying code to achieve different functions.
Geometric Model and Modeling Parameters
In this paper, a modeling and analysis of the fuel rod consisted by a non-defective pellet and a MPS pellet is carried out. under transient conditions, the three-dimensional heat transfer behavior, mechanical behavior, fission gas release behavior and cladding crack propagation behavior are considered. The fuel behavior in stable operating conditions and power ramp tests are simulated. In stable operating conditions two shutdown and refueling processes were also simulated to describe the effect of the stress surge on the crack propagation in the cladding inner surface during the power-up process.
When constructing the geometric model, the refined shape of pellets is considered in this paper, including dishes and chamfers. Figure 2A shows the 2D geometric model of two pellets and cladding. Figure 2B shows the shape of the MPS defect. In the research literature surveyed, the MPS defect thickness of different kind of fuel rods is different (Spencer et al., 2012; Spencer et al., 2016), and the thickness of the missing block in this paper is obtained from Figure 1. In this paper, the MPS defect thickness is set to 0.4 mm.
[image: Figure 2]FIGURE 2 | (A) The 2D geometric model of pellet and cladding, (B) MPS geometric parameters.
In this paper, the geometric model of the fuel rod contains two pellets and a section of contoured cladding. In the calculation of the gas cavity, the volume of the gas chamber at the top of the fuel rod, the gap volume between the pellets and the cladding, and the gap volume between two adjacent pellets are considered. The two pellets are located at the hot spot of the reactor, and the purpose of this setting is that the modeling results can cover the general situation.
The reactor operating parameters required in the models including power factor with base volumetric power of 3.0 × 108 W/m3 and boundary conditions like cladding outer surface temperature and coolant pressure are shown in Table 1. At the end of the fuel life, a power ramp is introduced to reflect the crack propagation of the cladding when the contact pressure between the pellet and the cladding is at its maximum. Other input parameters used in the models are shown in Table 2. In the process of mesh construction, local grids adjacent to the MPS defect were refined compared to other normal areas to make the calculation more accurate.
TABLE 1 | Power history and time dependent boundary conditions in modeling.
[image: Table 1]TABLE 2 | Input parameters for models.
[image: Table 2]In the heat transfer simulation, the size of the gap between the pellet and the cladding which is the result of mechanical calculations affects the temperature distribution, and the temperature affects the material properties and eigenstrain in the mechanical calculations in return. This paper uses the Jacobian Free Newton Krylov (JFNK) numerical solution method provided by the MOOSE framework. Temperature and displacements are solved without distinction and can be called mutually in the control equations.
Fuel Models
Thermal Behavior Models
The heat transfer balance model used in analysis is given as:
[image: image]
where ρ, [image: image], k, and T are the density, specific heat, and temperature, [image: image]is the volumetric heat release rate, which is related to the fission rate. This governing equation is applicable to both pellets and cladding.
The empirical model used by FRANCO (Lee, 1996) is adopted to calculate the thermal conductivity of UO2, and the thermal conductivity is dependent on temperature, burnup and porosity:
[image: image]
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where [image: image] is the conductivity of UO2(W/m/K), T is temperature(K), P is porosity of pellet (with an initial value of 95% for this work), and BU is burnup (MWd/TU).
In the normal operating temperature range of the reactor, according to different experimental data, MATPRO (Siefken et al., 2001) gives the relationship between temperature and heat capacity as shown below:
[image: image]
where [image: image] is specific heat of UO2 (J/kg/K), T is temperature(K), this empirical model is also used in Newman’s work (Newman et al., 2009).
The density of UO2 can generally be expressed as a function of temperature, or a function of strain. This paper uses the empirical model used in Newman’s work (Newman et al., 2009):
[image: image]
where [image: image] is density of UO2[image: image], T is temperature (K).
The cladding material used in the modeling is Zr-4 with a cold-worked (CW) microstructure. MATPRO (Siefken et al., 2001) gives the relationship between temperature and thermal conductivity of Zircaloy-4(Zr-4) as shown below:
[image: image]
where [image: image] is conductivity of Zr-4 (W/cm/k), T is temperature (°C).
Due to the large thermal conductivity of the cladding zirconium material, the temperature difference between the inner and outer walls of the cladding is relatively small. In this paper, the specific heat of the cladding takes a constant value of 320 (J/kg/K), similar to the setting in FRANCO. Similarly, the density of the cladding is also taken as a constant value of 6,510.5 [image: image].
The heat transfer model of the pellet-cladding gap is more complicated. As the burnup increases, the pellet swells and deforms. Such fuel pellet behavior makes the gap size and gas cavity pressure change with time. Typically, the heat transfer between pellets and cladding gap can be expressed as (Williamson et al., 2012):
[image: image]
where [image: image] is equivalent total heat transfer coefficient [image: image], [image: image],[image: image], [image: image] are the equivalent heat transfer coefficient caused by gas conduction, pellet-cladding contact, and radiation heat transfer, respectively. The equivalent convection coefficient caused by gas conduction can be expressed as (Yu and Zhu, 1986):
[image: image]
where [image: image] is the radius of cladding inner surface, [image: image] is the pellet radius, and [image: image] is the mixed gas thermal conductivity consider the gas and solid heat transfer boundary correction, which can be expressed as (Lee, 1996):
[image: image]
where [image: image] is mixed gas thermal conductivity used in FRANCO (Lee, 1996), [image: image] is the correction factor, T is temperature (°C), P is cavity pressure (MPa), d is gap distance (mm), and [image: image] can be expressed as (Lee, 1996):
[image: image]
where [image: image],[image: image],[image: image] are the conductivity of helium, xenon, krypton, respectively (W/m/K), and x, y, z are the molar fraction of various gases. [image: image],[image: image],[image: image] can be expressed as (Yu and Zhu, 1986; Lee, 1996):
[image: image]
where T is gas temperature (°C), and its value is generally taken as the average temperature of the outer surface of the pellet and the inner surface of the cladding.
The radiation heat transfer between the outer surface of the pellet and the inner surface of the cladding also contributes to the gap heat transfer process. According to Boltzmann’s law of radiation heat transfer (Williamson et al., 2012):
[image: image]
where σ is Stefan-Boltzmann constant with a value of 5.67 × 10–8 W/m−2/K−4; [image: image] is the temperature of the outer surface of the pellet (K),[image: image] corresponds to the cladding inner surface temperature;[image: image] is a function of the emissivity of the two heat transfer surfaces, and [image: image] and [image: image] are the emissivity of the two surfaces correspondingly, with both values set to 0.8 (Zhu et al., 2017).
When the burnup reaches a certain depth, the pellet and the cladding will come into contact, and then the heat transfers directly between the two contacting surfaces. Existing contact thermal conductivity models generally believe that thermal conductivity is related to the contact pressure as shown below (Williamson et al., 2012):
[image: image]
where[image: image]and[image: image] are the thermal conductivity of the pellet and cladding, respectively; [image: image]is the contact constant, and its value is taken as [image: image] (Hales et al., 2013); [image: image] is the contact pressure, and its value is calculated in the mechanics module; H is the Meyer hardness of the cladding material, and its value is taken as 6.72 × 108 Pa; δ is a function of the roughness of the contact surface, and can be expressed as: [image: image] , with[image: image]and [image: image] set to the values of 1.0 × 10–6, 5.0 × 10–7, respectively.
On the outer surface of the cladding, the coolant convective heat transfer boundary is considered. It should be mentioned that the convection heat transfer coefficient is set according to reference (Lassmann, O’Carroll, van de Laar, Ott; Van Uffelen et al., 2019), and the coolant temperature is set according to realistic power reactor data.
Mechanical Properties Models
In the mechanical modeling, this paper adopts the elastic mechanics constitutive model and the finite strain assumption, considering the elastic deformation, thermal expansion, irradiated swelling and other eigenstrain strains of the pellets and the cladding, thermal creep and irradiation creep model of pellets and cladding as well. In addition, the changes in mechanical properties at different temperatures are considered.
The Young’s modulus of UO2 is related to temperature and porosity (Van Uffelen and Suzuki, 2012), which can be expressed as:
[image: image]
where [image: image] is the Young’s modulus of UO2 (Pa), T is temperature (°C) and[image: image] is the theoretical density in percent of fuel pellet. Based on experimental data provided by MATPRO and Wachtman (Hetnarski and Ignaczak, 1956; Siefken et al., 2001), the effect of temperature on Poisson’s ratio was ignored in this paper, and the Poisson’s ratio of UO2 was set to 0.316.
This paper uses the thermal expansion model recommended by FRANCO to calculate the thermal strain value of fuel pellets, as follows (Lee, 1996):
[image: image]
Where ε is thermal strain (%), T is the temperature of the pellet (°C); [image: image] is the linear thermal expansion coefficient of UO2; and [image: image]is the reference temperature (20°C). Thermal strain is a type of eigenstrain. In addition to thermal strain, radiation swelling and strain due to densification are also eigenstrains. The swelling strain of the pellet due to the accumulation of solid fission products can be expressed by the following formula (Hales et al., 2013):
[image: image]
where ρ is density of the pellet [image: image], Bu is burnup (fissions/atoms-U), and [image: image] is linear strain, and its value is 1/3 of the volumetric strain. The swelling of the pellet due to the accumulation of gaseous fission products can be expressed by the following formula (Hales et al., 2013):
[image: image]
where ρ is density of the pellet [image: image], T is temperature (K), Bu is burnup (fissions/atoms-U). Fuel densification is computed by the ESCORE empirical model (Hales et al., 2013), as follows:
[image: image]
where [image: image] is the amount of density where total densification can occur (%),T is temperature (K), [image: image] is the corresponding fuel burnup when the densification process is completed, and its recommended value is 5,000 MWd/TU.
For the creep behavior of the pellets, it is necessary to consider the joint effect of thermal creep and irradiation creep. The creep rate is dependent on temperature, effective stress, density, grain size, fission rate, and the O/M ratio (1.998). The model used in MATPRO is as follows (Siefken et al., 2001):
[image: image]
where [image: image] is the creep rate of fuel pellets, σ is effective stress (Von-mises stress (Pa)), T is temperature (K), [image: image] is the theoretical density (%), G is grain size (with a value set to 15 μm), [image: image]is fission rate [image: image], R is Gas constant (8.314 J/mol/K), [image: image] are material constants, [image: image] is the corresponding activation energy (J/mol), and can be expressed by (Williamson et al., 2012):
[image: image]
In the above relationship, [image: image] is the activation energy of the stress level lower than the transition stress, [image: image] is the activation energy of the stress level higher than the transition stress, [image: image] is a constant (21,759 J·/mol), f(x) can be expressed by:
[image: image]
For Zircaloy-4, the FRANCO program (Lee, 1996) uses the following formula to calculate the Young’s modulus:
[image: image]
where [image: image] is the Young’s modulus of cladding (MPa), T is the temperature (K). Through various measurement methods (Labmann and Moreno, 1977), the Poisson’s ratio of Zr-4 alloy is 0.325.
The thermal expansion of cladding relative to 20°C can be expressed as:
[image: image]
where [image: image] is thermal strain, T is the temperature (°C). [image: image]is the linear thermal expansion coefficient of the cladding.
The cladding will also undergo thermal creep and irradiation creep under high temperature and irradiation conditions, Hayes and Kassner investigated the secondary thermal creep of zirconium alloy which was also used in the BISON code (Hales et al., 2013), as shown as:
[image: image]
where [image: image] is the effective thermal creep rate of cladding (1/s), [image: image] is effective (Mises) stress (Pa), Q is the activation energy (291000J/mol), T is temperature (K), n is the creep index, and its value is taken as 5.0, [image: image] is a constant with the value of 3.14×1024 (1/s), and G is the shear modulus and can be expressed as (Hales et al., 2013):
[image: image]
For irradiation creep, the Anderson creep model is available, and irradiation creep strain rate can be expressed as (Hales et al., 2013):
[image: image]
where [image: image] is the effective irradiation creep rate, [image: image] ,[image: image] ,[image: image] are constants with values of 4.0985 × 10–24, 0.85, and 1.0, respectively. [image: image] is the fast neutron flux, and f(T) is the radiation creep correction factor, which can be expressed as:
[image: image]
where T is temperature (K).
In this paper, the penalty function method is used to determine the contact, and the non-slip contact model is used (In reality, the pellet may slip over the cladding. In this paper, the edges of MPS are sharper and the radial displacement is larger than normal area. Considering the pinning effect of MPS defects, the non-slip boundary condition is used. Overall, the non-slip boundary conditions are a rigid assumption, based on which the circumferential stress of the cladding will be greater), which is already included in the MOOSE framework.
Cavity Pressure Models
The change of the fission gas content in the gas cavity will cause the pressure of the gas cavity to change. The composition of the mixed gas in the gas cavity and the pressure of the gas cavity will affect the heat transfer between the pellet and the cladding. In addition, the pressure change will affect the deformation of the pellet and the cladding, and changes the size of the gap between pellet and cladding, which will affect the gap heat transfer process in turn.
This paper uses an empirical relationship to simulate the generation and release process of fission gas, if 0.31 gas atoms are produced per fission, the amount of gas produced can be expressed as follows:
[image: image]
where [image: image] is the moles of fission gas produced in t time, [image: image]is the fission rate [image: image], [image: image] is the volume of pellets ([image: image]), t is time (s). After the fission gas is generated inside the pellet, only part of it can be released into the gas gap between the pellet and cladding. The model of the fission gas release rate recommended by MATPRO (Siefken et al., 2001) is available as:
[image: image]
where [image: image] is the theoretical density fraction of pellets (%), T is the temperature (K), t is time(s).
In this paper, the Ideal Gas Law is used to calculate the gas cavity pressure. The volume of the gas cavity includes: 1) the volume of the plenum at the top of the fuel rod, 2) the volume of the gap between the pellet and the cladding, 3) the volume of the gap between two adjacent pellets.
Stress Corrosion Cracking Model
As early as the 1960s, the Stress Corrosion Cracking (SCC) phenomenon was found in Zr-based alloys (Miller et al., 1981). In the 1970s, it had become the main cause of CANDU and BWR cladding failures (Iaea, 2010). Research on the behavior of SCC is mostly based on experimental methods (Wood, 1972), and the specific situation of SCC in zirconium alloy tubes under iodine corrosive environment has been studied. However, for the behavior in the reactor, it is difficult to describe the concentration of iodine accurately. Some scientists believe that when the temperature of the reactor rises, the iodide will decompose and a large amount of iodine will be released into the gas gap, which is a possible cause of the rupture of the cladding tube due to SCC in the case of power increase. In addition, some researchers believe that the cracking of the cladding is related to the hydride contained in the cladding matrix material (Tests, 2004), and that there is a hydride at the crack tip. The difference between the above two viewpoints lies in the circumstances of the cladding and the formation process of the initial crack source. In addition, the rupture of the cladding has an important relationship with the stress on the cladding tube. Figure 3 is the schematic diagram of the cladding cracking from reference (Baron and Hallstadius, 2012).
[image: Figure 3]FIGURE 3 | Schematic diagram of cladding stress corrosion cracking (Baron and Hallstadius, 2012).
For the cladding corrosion cracking process, the crack growth rate is a power function of the stress field intensity factor (Van Uffelen and Suzuki, 2012). In this paper, the Kreyns model was used and it can be expressed as (Kreyns et al., 1975):
[image: image]
where a is the length (depth) of the crack (inch), t is time (min), T is the temperature (K),[image: image] is the intensity factor of the stress field (psi).[image: image] is activation energy (with a value of 35.9 kcal/mol). There are many ways to solve for[image: image], Anderson proposed a new correction method (Anderson, 1995) in 1995, which considered the specific dimensions of the cladding tube, as shown as:
[image: image]
where [image: image][image: image], P is cavity pressure (MPa), R is the average radius of cladding tube, t is the thickness of the cladding tube, c is the half-length of the surface crack, and Q is the shape factor of the elliptical crack, and Q can be expressed as:
[image: image]
where c is the half length of the surface crack, and F (a,c,t,R) is the shape correction function and can be expressed as:
[image: image]
where [image: image], The Anderson model originated from experiments in which the cladding tube was only subjected to internal pressure. In our modeling, the cladding tube is subjected to internal pressure, external pressure and friction between the pellets. In order to comprehensively take the impacts of pressure boundary conditions into consideration, this article replaces the internal pressure in the above model with the hoop stress term, as shown as:
[image: image]
where [image: image] is the hoop stress, and [image: image] is the inner surface radius of cladding. In this paper, the initial crack length is set to 2.5 × 10–5 m, and this value is equal to the maximum scratch depth limit on the surface of the cladding tube. It must be mentioned that the above formula holds only when the circumferential stress is tensile.
VALIDATION
In order to test the accuracy of the selected model and the correctness of the modeling process, program validation has been done in this paper. Based on the models shown in Modeling Description, the program was developed based on the In order to test the accuracy of the selected model and the correctness of the modeling process, validation has been done in this paper. MOOSE platform and the program was validated by the experimental data of Halden reactor IFA-432r1 (Bradley et al., 1981a) 513r6 (Bradley et al., 1981b). IFA-432r1 and 513r6 are the two fuel rods used in the long-term steady-state irradiation experiment conducted in the Halden reactor. When modeling these experiments, considering the axial symmetry of the fuel rod, a two-dimensional axisymmetric finite element model was established, as shown in Figure 4, and the specific model parameters are shown in Table 3. The power of IFA-432r1 and 513r6 rods are shown in Figure 5.
[image: Figure 4]FIGURE 4 | Two-dimensional axisymmetric model.
TABLE 3 | Experimental model parameters of the IFA-432r1、513r6.
[image: Table 3][image: Figure 5]FIGURE 5 | Variation of IFA-432r1 and IFA-513r6 power with time.
In this paper, simulation of IFA-432r1 and 513r6 rods were conducted and we compared the calculation results with the experimental data and the result of FRAPCON-4.0 under the same input. The comparison results are shown in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Experimental measured and predicted centerline temperature for 432r1.
[image: Figure 7]FIGURE 7 | Experimental measured and predicted temperature at the upper end of the centerline (left), and temperature at the lower end of the centerline (right) for 513r6.
From the comparison results of IFA-432r1 rod, as shown in Figure 6, it can be seen that the distribution of experimental measured values matched calculated simulation values in 200–800 days to a reasonable extent, and the calculated values of the program in 0–200 days are higher than the experimental values and FRAPCON calculated values. The possible reason is that, during the start-up process the simulation of fuel densification and fission gas release behavior is not accurate enough (FRAPCON fission gas release model is more complicated and closer to the experiment), and the model may need to be further refined. From the comparison results of the 513r6 rod, as shown in Figure 7, it can be seen that during the entire 180-days operating life, the program simulation value is basically the same as the experimental value and the FRAPCON value, and for the transient behavior of the reactor, the performance analysis program developed in this paper has good analysis capabilities as well. Based on the comparative verification of rods IFA-432r1 and 513r6, it can be seen that the program developed in this paper has the ability to analyze the thermal-mechanical coupled behaviors of the fuel rod under irradiation conditions.
SIMULATION RESULTS
In order to intuitively describe the temperature, stress and other parameter distribution of the pellet and cladding, several special points need to be selected on the geometric model, as shown in Figure 8. Points A and B are located on the surface of the MPS defect, and points D and E on the cladding surface are adjacent points of positions A and B. Points C and H are the points on the intact pellets, which are used to compare with the points on the surface of MPS pellet. Figure 9 gives a summary results of burnup distribution at point G along the full irradiation history.
[image: Figure 8]FIGURE 8 | Schematic diagram of fuel rod data extraction points.
[image: Figure 9]FIGURE 9 | Burnup distribution at point G in full irradiation history.
Figure 10 shows the temperature distribution of fuel rod and cladding at the initial 540 days of reactor operation and at 1,643 days at the end of the ramp event. It can be observed that, MPS defect has different effects on temperature distribution when the reactor operation is at different stage. During the initial operation in Figures 10A,B, the pellet and the cladding have not yet come into contact. Because of the MPS defect, the thermal resistance of the gas layer in the MPS position is greater than that in the normal position, so the pellet temperature with the MPS defect is higher than that in the normal pellets, which makes the MPS containing pellet exhibit more intense thermal expansion and swelling behavior, and the size of the gap adjacent to the MPS defect (especially point D) is smaller than the gap size at point C. As a result, the cladding temperature at point D opposite to the MPS defect is lower than the surface temperature of the cladding at point F, and the cladding temperature at point E adjacent to the MPS defect is higher than the normal cladding inner surface temperature.
[image: Figure 10]FIGURE 10 | The temperature distribution of fuel rod and cladding at the initial 540 days of reactor operation life and at 1,643 days the end of ramp test.
At the end of the ramp event, as shown in Figures 10C,D, the pellet and the cladding were already in contact. The thermal resistance of the gas layer at the contact position is relatively small, so the temperature of the pellet and the cladding is low at the contact position. In the MPS defect position, the pellet and the cladding are not in contact, so the temperature is higher.
The more detailed temperature distributions are shown in Figure 11. Affected by the MPS defect, the center temperature of pellet with MPS defect is about 40 K higher than the center temperature of the normal pellet. Because of the increases of gap width, the temperature of point A is higher than the temperature of point B, and it is higher than the temperature of point C throughout the lifetime. It is worth mentioning that the temperature difference between point B and point C is different before and after the pellet contacts the cladding. At the initial stage of reactor operation, the temperature of cladding points F is higher than the temperature of point E and then this relationship reverses after fuel-cladding contact.
[image: Figure 11]FIGURE 11 | Time history of temperature at pre-set points showing a comparative way with MPS defects and no defect pellet.
In this work, the effects of changes in gap size and gas cavity pressure between the out surface of pellet and the inner surface of cladding on the temperature distribution were studied in details. Taking the operation time 800 days temperature distribution for comparison, when the gap size changes, the center line temperature of pellet is about 50 K lower than the case when the gap size is set to constant, and about 50 K higher than the case when the gas cavity pressure is set to 3.3Mpa. Therefore, it is necessary to consider the deformation of the pellet and the cladding and the change of the gas cavity pressure in the model.
As seen in Figure 12, the radial displacement distribution of the fuel rod and cladding at different stage varies greatly. During normal operation, the pellet and cladding did not come into contact at 300 days, and the temperature of the cladding adjacent to the MPS defect was relatively low, resulting in a large Young’s modulus and therefore a small deformation shown in Figures 12A,B. When the pellet and cladding just come into contact at 970 days, the cladding adjacent to the MPS defect continued to deform inward due to external pressure, as shown in.
[image: Figure 12]FIGURE 12 | The radial displacement distribution on cladding inner surface (A–C), outer surface (E–G), fuel rod(d) and pellets surface(h) in different operating stage.
Figures 12B,F. At the end of the ramp test, the pellet and cladding have come into close contact at 1,643 days, and the deformation of the cladding adjacent to the MPS defect is more serious, as shown in Figures 12C,G. During the whole operation time, the pellet with MPS defect has a larger radial displacement than its counterpart without the MPS defect.
The more detailed radial displacement distribution are shown in Figure 13. During the full irradiation history, the pellet continues to deform outwards. Because the temperature at point A is higher than those at point B and C, the radial displacement at point A is greater than the radial displacement at point B and C, and the difference in displacement distribution between points B and C can be explained in the same way. Prior to contact, the displacement distribution at cladding points D, E, and F is basically the same. After the pellet and cladding come into contact, the cladding at point D continues to move inward due to the lack of support from the inside, and point F is pressed out by the pellet and moves outward. It is important that, during the early stage of contact, the cladding at point E slips and deforms towards the MPS defect (the cladding at point E is thinner than the cladding at point D), so it moves inward slightly, and in the later stage of contact, it is pressed by the pellet and moves outward.
[image: Figure 13]FIGURE 13 | Radial displacement distribution in full irradiation history at pre-set points showing a comparative way with MPS defects and no defect pellet.
The Hoop stress and Von Mises stress distributions are shown in Figure 14. Before the pellet and cladding come into contact, there is no stress concentration, and the difference of the stress comes from the thermal stress because of the temperature gradient. After contact, there is a high circumferential tensile stress on the inner surface of the cladding opposite to the MPS defect center and a circumferential compressive stress on the inner surface of the cladding at the adjacent position, and the circumferential stress is reversed on the outer surface of the cladding, turning into a compressive stress, as shown in Figures 14A,B. As seen in Figure 14C, the Hoop stress on the outer surface of the pellet in the defect area is relatively high, and the Von Mises stress is also high in this area, as shown in Figure 14F. This indicates that the pellet with the MPS defect is more prone to cracking. At 1,643 days, during the ramp event, the stress of the cladding is much higher than that during normal operation at 1,100 days, the distribution of stress has also changed, as shown in Figures 14D,E. During high power stage, the impact of the MPS defect on the distribution of stress is more intensive.
[image: Figure 14]FIGURE 14 | The hoop stress distribution (A–C) and Von_mises stress distribution (D–F) in 1100 and 1643 days.
The more detailed stress distributions are shown in Figure 15. During two shutdowns and refueling, the Von Mises stress of the pellet increased sharply due to the thermal stress caused by the temperature rise. During the ramp event, the power of the pellet increased significantly, and the stress level also increased sharply. In addition, during the high-power stage, the stress relaxation caused by creep is more significant. During the whole operation period, the Von mises stress at point D is higher than those at points E and F, and the structure near point D is more prone to plastic deformation. After contact, the hoop stress at point D is much higher than those at points E and F, which indicates that the inner surface of the cladding opposite to the MPS defect center is more prone to SCC.
[image: Figure 15]FIGURE 15 | Von Mises and hoop stress distribution in full irradiation history at pre-set points.
Figure 16 shows the contact pressure distribution between pellet and cladding at 1,100 days and at 1,643 days. It exhibits that the contact pressure during the ramp test is about twice that at the normal operating conditions. Moreover, at the MPS defect location, the cladding deformed inward, causing the contact pressure between adjacent pellet and cladding to be concentrated. By comparing the contact pressure at point E and point F, it can be found that the contact pressure at point F is greater than the contact pressure at point E in the early stage of contact, and there is a flip of this relationship at the later stage of contact, as shown in Figure 17.
[image: Figure 16]FIGURE 16 | Contact pressure distribution in 1100 days (A), in 1643 days (B) and crack length distribution in 1643 days (C).
[image: Figure 17]FIGURE 17 | Contact pressure and crack length distribution in full irradiation history at pre-set points.
Figure 16C gives a summary of results of crack length (depth) distribution at the end of the ramp event. The crack length reached the maximum value at the inner surface of the cladding opposite to the MPS defect center. It can be seen from Figure 17 that the cracks at point E and point F basically did not propagate. During the ramp event, the crack propagation rate at point D rose sharply, which indicated that the cladding tube was easily damaged in the high temperature and high stress operation stage. It is worth mentioning that the SCC model used in this paper is an out-of-pile model, which does not consider the effects of complex behaviors under irradiation. This paper has not considered the pinning and tearing effects of the pellet tip crack on the inner surface of the cladding, so the prediction of crack propagation is still relatively reserved.
CONCLUSION
In this study, a 3D fuel performance analysis program has been developed based on the MOOSE framework. The code is able to simulate the thermodynamic behavior of fuel rods under steady-state and accident conditions with 2D and 3D geometries. The program has taken fission products swelling, densification and expansion of pellet, thermal and irradiation creep, gap heat transfer, fission gas release, and cladding crack propagation into consideration, detailed fuel behaviors can be simulated in this multiphysics coupling way. The influence of MPS has been described in detail, and the following conclusions can be drawn:
1) The impact of MPS on fuel performance is different before and after the pellet and cladding contact. From the analysis of the thermodynamic behavior of the fuel rod, the impact is greater at the later stage of the contact.
2) The temperature of pellet with the MPS defect is higher than the intact pellet, which makes the expansion and swelling of the MPS containing pellet more significant, causing the pellets to contact the cladding earlier. Because of the MPS defect, the cladding lacks internal support after contact, so the contact pressure between pellet and cladding became concentrated in the adjacent position of the MPS defect center.
3) After in contact, the MPS defect caused a large circumferential tensile stress on the inner surface of the cladding opposite to the MPS defect center, where the cladding crack propagation rate was much higher than those at other locations.
4) Due to SCC, short time power-up events such as ramp events will greatly increase the crack propagation. In severe cases, the integrity of the cladding will be damaged, leading to leakage of radioactive materials.
The main purpose of the current work is to accurately simulate the three-dimensional thermodynamic behavior of fuel rods. This paper demonstrates the good performance of the program by analyzing the influence of MPS defects on fuel performance under accident conditions. In the simulation of SCC behavior, the model used in this paper does not consider the influence of gas corrosion behavior in the gas cavity on the crack propagation of the cladding, so the simulation results are still conservative. In addition, this paper does not consider the influence of different shapes of MPS defects on fuel performance, if interested, check in Nathan Capps’ research (Capps et al., 2016). When the edge of the defect is sharper, the threat of the defect to the integrity of the cladding may be greater. Based on the results of modeling and analysis of MPS defects in the article, this paper recommends that the fuel rods be inspected after the pellets are installed to avoid the failure of the cladding tube due to MPS defects when the reactor power rises under high burnup conditions.
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