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First, the theory of wet modal analysis and vibration response analysis are introduced, and the semi-empirical vibration equation is derived in this article. Then, the structural models of the fuel rod of M310 and EPR are introduced, and the fuel rod is simplified to a multi-span continuous simply supported beam model subject to multi-point constraints. The fuel rod is simplified as a simply supported beam, and the springs and dimples are equivalent to elastic constraints. In addition, based on ANSYS-APDL, the wet modal analysis and response analysis of fuel rods are carried out. The modal information and transverse vibration response of the fuel rod of M310 and EPR are compared. In addition, combined with the actual operating conditions of EPR, the effects of different transverse and axial flow velocities on the transverse vibration response are discussed. Finally, different failure conditions are designed to explore the impact of clamping failure on the vibration characteristics of the fuel rod of EPR. The results have shown that compared with the fuel rod of M310, the fuel rod of EPR has a lower natural frequency and larger amplitude; the transverse flow velocity has a greater impact on the transverse vibration response; grid failure would reduce the natural frequency of fuel rods, and different positions of failure have different effects on the different-order natural frequencies of fuel rods.
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INTRODUCTION
Structures subjected to an axial or transverse flow are common in many processes related to energy generation and conversion. One important phenomenon limiting the development and reliability of these applications is related to flow-induced vibration (FIV), which arises from the fluid–structure coupling (Kaneko et al., 2014; de Santis and Shams, 2017). FIV is one of the factors that would also endanger the operation safety of nuclear power plants (Liu et al., 2017; Ferrari et al., 2020). For example, many structures of nuclear power plants, such as fuel assembly (Planchard, 1985; Ho et al., 2004), reactor internals (Ansari et al., 2008; Choi et al., 2016), and U-tube steam generators (Hassan et al., 2002; Jiang et al., 2017), would vibrate due to the influences of turbulent flow. This vibration is so-called FIV, which belongs to fluid–structure interaction (FSI) vibration. In a pressurized water reactor (PWR), as the heat source of a nuclear reactor, the operating state of the fuel assembly is directly related to the safety of the reactor (Gu et al., 2006). However, under the action of FIV, the transverse vibration of fuel assembly would cause the width of the flow channels between assembly and assembly to vary. Then, the varying width may cause neutron flux fluctuation (Pázsit and Analytis, 1980; Viebach et al., 2018), which would also cause power oscillation and endanger the stable supply of energy. Incidents due to FIV leading to fuel assembly failure have occurred in the past; hence, it is critically important to consider the FIV during the design process (Blevins, 1979; Païdoussis, 1981; Wang and Ni, 2009). The FIV for fuel assembly subjected to turbulent flow attracts many researchers’ interests not only because of its theoretical significance in fluid mechanics but also its applications in nuclear engineering.
Fuel assembly is composed of fuel rods, control rods, spacer grids, and mixing vane grids. Each fuel rod in the fuel assembly is subjected to axial cooling flow and will vibrate vigorously due to the loading imposed by the high axial cooling fluid. To understand the mechanism of the FIV of the fuel rods subjected to fluid loads, many researchers proposed different theories such as self-excited models, parametric excitation models, and forced vibration models (Reavis, 1969; Gorman, 1971; Chen and Wambsganss, 1972). However, the first two of them have fatal defection, limiting their application range. It seems that the forced vibration models are more appropriate, feasible, and could be improved easily (Kaneko et al., 2014). However, the most current dynamics based on forced vibration models for this kind of FIV just consider the effects of the fluid field on fuel rods and fewer effects of fuel rods on the fluid field.
In general cases, the amplitude of FIV of fuel rods is small; nevertheless, it could wear the cladding of fuel rods and make the cladding become thinner (Kim, 2010). This wear phenomenon between fuel rods and cladding is so-called grid-to-rod fretting (GTRF) wear. This progressive GTRF wear of fuel rods is also a key factor that affects the structural integrity of fuel assembly. The GTRF wear is a very complex physical phenomenon, which could be affected by many factors, such as the shape of the springs and the dimples, the clamping force, the flow field in the reactor, and the nonlinear vibration caused by the coolant flow. In addition, manufacturing defects, unreasonable design of fuel rods, and spacer grids may also lead to GTRF wear. In this regard, many researchers have carried out theoretical and experimental research related to GTRF wear, such as research on the FIV mechanism of fuel rods and research on calculation methods of vibration and wear of fuel rods. For example, Rubiolo P. R. has presented a probabilistic method to predict the fretting wear performance of fuel rods. In this approach presented by him, the dynamic response of the nuclear fuel rods can also be calculated by a nonlinear vibration model (Rubiolo, 2006). Kim K. T. has proposed a guideline for fuel assembly and spacer grids to minimize the GTRF wear, which can be used to develop advanced fretting wear resistance technologies (Kim, 2010). Westinghouse has developed a method based on computational fluid dynamics (CFD) to predict the GTRF wear in the fuel inlet region (Yan et al., 2011). These studies have important guiding significance for FIV response and the anti-fretting wear design of fuel rods and can improve the safety and economy of the reactor.
In this work, the FIV responses of M310 and EPR have been studied, and the influencing factors of the response of EPR have also been systematically researched. Compared with M310, EPR has higher power and longer fuel rods. In other words, a more optimized design has been adopted in EPR to meet the higher requirements for safety performance. In order to compare the mode and vibration responses of the fuel rods of M310 and EPR, the models of these two fuel rods are constructed. Then, the mode and vibration responses of the fuel rods of M310 and EPR are compared. The works in this article could provide analytical ideas and a theoretical basis for the optimization of vibration suppression design and the safety evaluation of fuel rods of EPR.
THEORETICAL ANALYSIS
Wet modal analysis
The fuel rod placed in the coolant of the pressure vessel is a typical FSI structure. For an FSI model, the modal analysis is more complicated due to the coupling effect between fluid and structure. However, the wet modal analysis has taken account of the coupling effect. The coupling equation of an FSI model can be written as follows:
[image: image]
where [image: image], [image: image], and [image: image] are mass, damping, and stiffness of the structure, respectively, [image: image], [image: image], and [image: image] are fluid additional mass, damping, and stiffness, respectively, [image: image] and [image: image] are the fluid loads related and unrelated to vibration, respectively, [image: image] represents generalized displacement, and a dot (·) denotes the derivation of time t.
The fluid loads [image: image] can be moved to the left end of Eq. 1. Then, Eq. 1 can be rewritten as follows:
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where [image: image], [image: image], and [image: image].
For the free vibration without considering damping, Eq. 2 can be simplified into
[image: image]
If let
[image: image]
where [image: image] and [image: image] are frequency and mode, respectively.
Then, Eq. 4 can be substituted into Eq. 3, and it can be obtained by the eigenvalue equation:
[image: image]
By solving Eq. 5, the n-order natural frequency [image: image] and n-order mode [image: image] can be obtained.
In this article, the calculation of wet modal analysis is based on ANSYS-APDL.
Response analysis
On the basis of wet modal analysis, further response analysis can be carried out. Then, the vibration behavior of fuel rods can be obtained by response analysis.
According to the modal superposition method, the displacement can be written as follows:
[image: image]
where [image: image] and n are generalized displacement and order of mode.
The Rayleigh damping hypothesis is introduced here, and Eq. 6 is substituted into Eq. 2. Then, it can be obtained that
[image: image]
where [image: image] denotes the damping ratio.
Combing with Eq. 6 and assuming that the responses between different modes are independent, it can be obtained that
[image: image]
Furthermore, it can be obtained that
[image: image]
The vibration of fuel rods is a random vibration. According to the mechanism of random vibration (Jiang et al., 2018), it can be obtained that
[image: image]
where [image: image] and [image: image] are the module of the transfer function and autocorrelation-based spectrum of generalized function [image: image], respectively.
By definition, the equation of the autocorrelation-based spectrum can be written as follows:
[image: image]
where [image: image] is the cross-correlation spectrum between the linear loads at points [image: image] and [image: image], and [image: image] is the linear density at coordinate x.
Assuming that the turbulence flow is statistically uniform, it can be assumed that the lag phase of [image: image] is zero. Then, a coherent function [image: image] that relies only on [image: image] can be introduced:
[image: image]
where [image: image] is the power spectral density of turbulent flow.
Eq. 12 and Eq. 11 are substituted into Eq. 9, the general expression of vibration response can be obtained:
[image: image]
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It is considered that the vibration displacement of fuel rods can be generated by the pulsating part of turbulent flow. Then, it can be obtained that
[image: image]
where [image: image] is the drag coefficient related to the geometric properties of fuel rods and Reynolds number, D is the diameter of cladding, and [image: image] and U are the density and velocity coolant, respectively.
Both uniform fluid excitation and velocity are composed of average and fluctuation terms, which is
[image: image]
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The relationship between spectral density below can be obtained from the pulsation analysis, which is
[image: image]
Furthermore, the spectrum is defined by a positive frequency function, which is
[image: image]
where [image: image] is the square of velocity fluctuation term, G is the dimensionless shape factor, [image: image] is the Strouhal number, and f is the circular frequency.
The transfer function can be expressed as follows:
[image: image]
where [image: image], and [image: image] is the constant related to the damping ratio.
Eqs 15–20 are substituted into Eq. 13, which leads to
[image: image]
In order to simplify Eq. 21, we make the following three assumptions here:
a) The coherence function has nothing to do with frequency but only changes the spatial relationship of fluid excitation. Then, it can be obtained that
[image: image]
where [image: image]is the correlation length.
b) The spatial correlation is only effective when [image: image], which leads to
[image: image]
c) The vibration modes are independent, which lead to
[image: image]
Eqs 22–24 are substituted into Eq. 21, which leads to
[image: image]
where C, [image: image], [image: image], and [image: image] are the empirical coefficients measured by experiment, frequency, i-order damping coefficient of mode, and equivalent linear density of fuel rods, respectively.
The root-mean-square (RMS) values of the i-order mode of fuel rods caused by turbulent flow are shown in Eq. 25. This equation is obtained based on some assumptions and experimental data, so it has the property of a semi-empirical equation.
For PWR, the axial flow along the fuel rods is not completely uniform, and the equivalent axial velocity can be expressed as follows:
[image: image]
where Q is also the empirical coefficient measured by experiment, and [image: image] is the equivalent axial velocity.
Eq. 26 is substituted into Eq. 25, and it can be obtained that
[image: image]
where [image: image] is the RMS value due to axial flow.
For PWR, the transverse flow along the fuel rods is variable, which can be expressed as follows:
[image: image]
where [image: image] is the transverse flow velocity.
Eq 28 is substituted into Eq. 25, and it can be obtained that
[image: image]
where [image: image] is the RMS value due to transverse flow.
For the sake of conservatism, the RMS values under the action of axial and transverse flow are linearly added to estimate the maximum vibration response, which leads to
[image: image]
For modes with similar frequencies, the probability of obtaining a synchronous maximum vibration response is very critical. In this case, the maximum vibration response [image: image] estimated from the total vibration response combination of [image: image], which is
[image: image]
where when the difference between frequency and frequency is less than 10%, [image: image]. Otherwise, [image: image].
ANALYSIS MODEL
Model simplification
In China, third-generation pressurized water reactors have been adopted in the Taishan nuclear power plant (Peng and Li, 2008), which are EPR designed for Chinese nuclear power plants (CEPR) (Xiao et al., 2015). Compared with the M310 reactor, a more optimized design has been adopted in EPR to meet the higher requirements for safety performance (Gu et al., 2006). Two kinds of fuel assemblies can be used in EPR: one is HTP-type fuel assembly designed by Siemens, and the other one is AFA-3G LE-type fuel assembly designed by AREVA. For the strategic cooperation with France, the type of fuel assemblies for the Taishan nuclear power plant is AFA-3G LE (Gu et al., 2006; Xiao et al., 2015).
The design of the AFA-3G LE-type fuel assembly is based on the AFA-3G L-type fuel assembly. Also, the AFA-3G LE-type fuel assembly has 265 fuel rods and 24 guide tubes arranged in a 17 × 17 pattern. Compared with the AFA-3G L-type fuel assembly widely used in Chinese pressurized water reactors, the AFA-3G LE-type fuel assembly also has different structural characteristics on the grid and fuel rods.
The length of the AFA-3G LE-type fuel assembly is 4,802 mm. The number of grids is eleven, of which eight are mixing vane grids, and the others are three spacer grids. In order to be compatible with EPR, along the flow direction of coolant, the span length of these grids is slightly larger at the bottom of the fuel assembly and slightly smaller at the top of the fuel assembly.
As shown in Figure 1, there are two spacer grids at the bottom of the fuel assembly, and the distance between these two spacer grids is relatively small. There are eight mixing vane grids and one spacer grid on the top of the fuel assembly, which are in the active area of a nuclear reactor.
[image: Figure 1]FIGURE 1 | Schematic diagram of the AFA-3G LE fuel assembly.
It can be seen from Figure 2 that the fuel rods of AFA-3G LE fuel assembly are composed of bottom and top end plugs, fuel pellets, springs, and supporting tubes. Considering that pressure inside fuel rods and the strain of cladding may change during operation, such as irradiation creep, swelling, or gas generated during nuclear fission, gas chambers are reserved at the top and bottom of cladding, and the fuel pellets are compressed by springs.
[image: Figure 2]FIGURE 2 | Schematic diagram of the fuel rod of EPR.
For the AFA-3G LE fuel assembly, the length of each fuel rod is 4,553.4 mm, and the outer diameter and thickness of cladding are 9.5 and 0.57 mm, respectively. The fuel assembly is constrained by a grid at several points in its axial direction. As an in-grid cell component is used to maintain the stability and enhance the stiffness of fuel rods, the grid is composed of several Zr-4 alloy straps welded with each other. As shown in Figure 3, each fuel rod is constrained by two springs and four dimples, keeping the fuel rod’s stability. The constraint of the grid to each fuel rod can prevent the fuel rod from transverse jumping and allows axial thermal expansion.
[image: Figure 3]FIGURE 3 | Schematic diagram of a fuel rod constrained by the grid.
From Figure 3, it can also be obtained that fuel rods are constrained by two springs and four dimples located in each grid. These constraint points are vertical to the axis of fuel rods, and these constraints are symmetrical along the diagonal of the grid. Therefore, a single fuel rod can be simplified as a plane Euler beam, and the dimples and springs are equivalent to elastic constraints, which are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic diagram of elastic constraints.
Therefore, it can be obtained from the previous analysis that a fuel rod can be regarded as a model subject to multi-point constraints. Also, in the mechanical analysis, the model subject to multi-point constraints can be regarded as a multi-span continuous simply supported beam.
In summary, a simplified model of fuel rods is shown in Figure 5, with elastic constraints within each grid on the fuel rods.
[image: Figure 5]FIGURE 5 | Schematic diagram of a multi-span continuous simply supported beam of EPR fuel rods.
Model parameters
The factors that affect the vibration characteristics of fuel rods are stiffness and mass. Due to the presence of a gas gap between fuel pellets, the fuel pellets do not provide bending stiffness. Therefore, when analyzing the FIV characteristics of fuel rods, it can be considered that the stiffness of fuel rods is determined by the stiffness of cladding. The contribution of other parts of fuel rods to the stiffness of fuel rods is small, and only the contribution of other parts to the mass of fuel rods is considered.
Considering a unit length fuel rod with a diameter D and a thickness [image: image], if the mass of other parts of the fuel rod except the cladding is [image: image], then the density of other parts converted into the cladding is
[image: image]
At the same time, the influence of coolant on fuel rods should be considered in the wet modal analysis of fuel rods. The static fluid loads of coolant to fuel rods can be equivalent to additional mass to fuel rods, and the additional mass is converted into cladding, which is
[image: image]
where [image: image]is the density of coolant.
Therefore, the equivalent linear density of fuel rods is
[image: image]
where [image: image] is the linear density of cladding.
In addition, the material of cladding of EPR is M5 alloy. Mitchel et al. have exhibited a specific empirical relationship between Young’s modulus of M5 alloy and temperature (Dutkiewicz et al., 2017), which is
[image: image]
where E is Young’s modulus.
Under operating conditions, the average temperature of the nuclear reactor is about 583 K, so Young’s modulus of M5 alloy is 76.9 GPa. According to the COGEMA technical report of AREVA, Poisson’s ratio of M5 alloy and the density of cladding can be considered as 0.37 and 6,500 kg/m3, respectively.
Finally, the physical parameters that would be used in the wet modal analysis are shown in Table 1.
TABLE 1 | Physical parameters of EPR fuel rods.
[image: Table 1]The accuracy of the finite element model could directly affect the rationality of calculation results. The multi-span continuous simply supported beam model should be modeled from the key points to the lines, from bottom to top. Then, three-dimensional Beam4 elements are used to simulate fuel rods here, and the Combine14 element is used to simulate the elastic support between the springs, dimples, and fuel rods.
The ANSYS-APDL is used for wet modal analysis, and the block Lanczos method is used to extract modal information here. The real constants that would be used in each element in the ANSYS-APDL are shown in Table 2.
TABLE 2 | Real constants used by the Beam4 element.
[image: Table 2]When establishing a finite element model because the density of fuel rods in its axial direction has a different distribution, it is necessary to establish elements on fuel rods by sections. Also, in order to arrange spring elements on fuel rods, it is necessary to establish corresponding nodes according to the actual situation. In order to avoid axial jumps or rotation of fuel rods, the axial translation and rotation displacement of nodes are both constrained.
The technology of the M310 nuclear reactor is very mature, so it is widely used in China. The length of fuel rods of EPR is longer than M310, and the number of grids of them is also different. So, their vibration characteristics would also be different. Based on this concept, the wet modal analysis of M310 is also carried out here, and the differences in wet modal analysis between M310 and EPR are also compared.
Numerical example: wet modal analysis
Through the simplified model and model parameters in Table 1 and Table 2, the corresponding finite element model can be established. The natural frequency of fuel rods of EPR and M310 can be extracted by the block Lanczos method, which is shown in Figure 8, Table 3 and Table 4.
TABLE 3 | Frequency of EPR/hz.
[image: Table 3]TABLE 4 | Frequency of M310/hz.
[image: Table 4]It can be seen from Table 3 and Table 4 that the natural frequencies on the X-Y and X-Z planes for M310 and EPR are equal. The reason is that the geometric structure and constraints of the finite element model are highly symmetrical. Then, based on this concept, the results of one of the planes can be used for analysis for simplicity. From Figure 6, the 1-order natural frequency of EPR is larger than that of M310, but when the mode order is greater than 1-order, the natural frequency of EPR is smaller than that of M310, mainly because the length of EPR fuel rods is longer than that of M310.
[image: Figure 6]FIGURE 6 | Natural frequency of fuel rods of EPR and M310.
The effective mass coefficient can be used to judge whether the order of modal truncation is reasonable. When the modal order is equal to 16 (X-Y and X-Z planes), the effective mass coefficient of the model of EPR is approximately 1. When the modal order is equal to 12 (X-Y and X-Z planes), the effective mass coefficient of the model of M310 is approximately 1. Based on this concept, the first 16-order vibration modes of EPR and the first 12-order vibration modes of M310 are listed in Figure 7.
[image: Figure 7]FIGURE 7 | Vibration modes on X-Y plane. (A): EPR fuel rod vibration modes on X-Y plane. (B): M310 fuel rod vibration modes on X-Y plane.
For the slender structure of fuel rods, the low-order vibration modes are the most important for the analysis of vibration characteristics. From Figure 7, it can be found that the vibration modes of the fuel rods of M310 and EPR are quite different due to the differences in the number and distribution of their grids. Along the axis direction of fuel rods (from bottom to top), the maximum displacement of the 1-order vibration mode of the fuel rods of M310 occurs between the 1-st grid and the 2-nd grid because the span spacing between these two grids is longer than that between other grids. For the fuel rods of EPR, the distribution between grids is relatively uniform, so the vibration mode is different from that of M310.
Compared with the measured value of natural frequency of the fuel rods of EPR, the error of natural frequency and modes obtained by Beam4 and experimental results is within 3%, so the simulation results presented in this article can be thought to be consistent with the measured results. Therefore, the current numerical model can also be used for the subsequent response analysis of fuel rods.
Numerical example: response analysis
In order to further consider the differences in the response of the fuel rods of M310 and EPR under operating conditions, the vibration response under the action of transverse and axial flow can be obtained by the theoretical equation introduced in Eqs 28 and 30. Then, it is necessary to introduce the calculation parameters for vibration response.
In order to obtain the vibration response caused by the transverse flow, the vibration modes obtained in Figure 7 are used to calculate the weighted velocity of the transverse flow. Under operating conditions, the transverse flow along the axial direction of fuel rods is not uniform. The simplified transverse flow velocity of M310 and EPR with the axial direction of fuel rods is shown in Figures 8 and 9.
[image: Figure 8]FIGURE 8 | Transverse flow velocity of EPR.
[image: Figure 9]FIGURE 9 | Transverse flow velocity of M310.
In order to calculate the vibration response caused by axial flow, it is necessary to obtain the distribution of axial flow velocity. Because the distribution of the axial rate of flow in PWR is approximate, the average flow velocity at the inlet of the reactor core is selected for calculation here. Under operating conditions, the inlet flow velocity of M310 and EPR is different. The average rate of flow at the inlet of the reactor core is shown in Table 5.
TABLE 5 | Inlet rate of flow and velocity.
[image: Table 5]Since the structural parameters such as the diameter of fuel rods are almost the same as in M310 and EPR fuel assemblies, it can be considered that the C and Q values in Eqs 28 and 30 of axial and transverse flow are the same in the normalized PSD excitation spectrum of fuel rods, which are obtained from experiments.
Under turbulent excitation, the damping of fuel rods consists of two parts, namely, the hydrodynamic damping under the interaction between fluid and fuel rods and the inherent mechanical damping between fuel rods and the support structure. In this article, the damping ratio used is 4.4%.
When calculating the vibration response because the volume density of each section of fuel rods is different, the linear density of each section is also different, as shown in Table 6.
TABLE 6 | Linear density of fuel rods.
[image: Table 6]The results of natural frequency and modes obtained above would directly affect the vibration response of fuel rods. Combing Eq. 28–30 to compile a program for the calculation of vibration response. Then, the total response of fuel rods of M310 and EPR can be obtained. Since the fuel rod is a symmetrical structure, the vibration response of the X-Y plane is similar to that of the X-Z plane. Therefore, the vibration response of any plane can be taken for analysis. Considering the vibration response on the X-Y plane as an example for analysis, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Vibration response of fuel rods.
It can be found that in Figure 10, along the axial direction of fuel rods, the vibration response of EPR is more uniform than that of M310. The maximum vibration response of M310 is located between the spans of the first two grids, and this value is much greater than the peak value of the other spans. However, the maximum vibration response of EPR is located between the last 10-th and 11-th grids.
It can also be noted that affected by the structure of fuel rods, the linear density of fuel rods would change suddenly along the axial direction, and the vibration response of fuel rods would change correspondingly at the nodes where the linear density changes suddenly. According to the comparison shown in Figure 10, the maximum vibration response of M310 is slightly smaller than that of EPR. It can also be judged that the vibration of EPR is more unstable than that of M310 under similar operating conditions.
INFLUENCING FACTOR
Velocity
Due to the influences of reactor internals of pressure vessels, the axial velocity of fuel rods at different positions is different (Barbier, et al., 2009). Although the flow direction of coolant is mainly axial, due to its structural characteristics, there is a large amount of irregular transverse turbulence in the fuel assembly (Mulcahy et al., 1980). The transverse flow velocity is also not uniformly distributed along the axial direction of the fuel rods. The numerical research of the vibration response characteristics of fuel rods of EPR under different axial and transverse flow velocities is carried out.
In order to study the distribution of flow field in the lower head of a pressure vessel for EPR, EDF conducted a scale model test, which is Juliette (Barbier et al., 2009). In this scale model experiment, it can be found that under normal operating conditions, the inlet flow velocity in the center of the core is large, while the flow velocity around it is small. The distribution of the flow field is shown in Figure 11 (Puragliesi et al., 2016).
[image: Figure 11]FIGURE 11 | Distribution of inlet rate of flow of EPR core.
In Figure 11, the red line is the axis of the inlet nozzle of the coolant, and each small circle represents the fuel assembly. The number of small circles is the distribution coefficient of flow velocity. Taking 6.88 as an example, it represents that the inlet flow velocity of the fuel assembly is 6.88% greater than the average flow velocity.
In order to research the effect of different axial flow velocities on the vibration response of fuel rods under actual operating conditions, different inlet distribution coefficients of flow velocity were selected. The axial flow velocity of fuel rods is calculated, which is
[image: image]
where [image: image], q, and A are the average flow velocity, distribution coefficient of flow velocity, and cross-sectional area of the core, respectively.
According to Eq. 36, it can be obtained that the axial flow velocity is as shown in Table 7.
TABLE 7 | Axial flow velocity.
[image: Table 7]The axial distribution of the transverse response of the fuel rod under different axial flow velocities is obtained. Similarly, taking the results on the X-Y plane as an example, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Transverse vibration response under different axial flow velocities.
By analyzing the results in Figure 12, it can be found that the axial vibration response of fuel rods would increase with the increase of axial velocity. This indicates that the axial flow velocity has a great influence on the axial vibration response, and the differences in the inlet flow velocity of the core need to be strictly controlled.
For the convenience of description, the definition of equivalent transverse velocity is introduced here, which is
[image: image]
where [image: image] is the equivalent transverse velocity.
Under actual operating working conditions, the transverse flow velocity would vary greatly with the axial direction of fuel rods. Transverse velocity is mainly reflected by the large flow velocity at both ends of fuel rods and the small flow velocity in the middle of fuel rods. In this article, the axial velocity of fuel rods is selected as 5.7 m/s, and the equivalent transverse velocity is selected as 0.1 m/s, 0.5 m/s, 0.9 m/s, 1.3 m/s, 1.7 m/s, and 2.1 m/s. Then, the vibration response of fuel rods under corresponding conditions is calculated.
By analyzing the results in Figures 12 and 13, it can be found that the transverse vibration response of fuel rods would increase with the increase of transverse velocity. By comparing Figure 12 and Figure 13, it can also be found that the transverse vibration response under the transverse flow velocity is larger than that of the axial flow velocity, so the influences of transverse flow velocity on transverse vibration response are greater.
[image: Figure 13]FIGURE 13 | Transverse vibration under different transverse flow velocities.
Clamping failure
During the design of fuel assembly, in addition to considering the material and structure of fuel rods, it is also necessary to properly confirm the clamping force of springs and dimples on the grid to the fuel rods. When the clamping force is too small, the fretting wear between fuel rods and the grid will be increased. When the clamping force is too large, the fuel rods will be deformed due to excessive constraints.
In this article, the clamping failure is considered as the failure of the support in the grid as shown in Figure 3, that is, all springs and dimples in one grid lose their elastic constraints on the fuel rods. Then, 12 failure working conditions are set for wet modal analysis and response analysis of EPR fuel rods. The corresponding 12 failure working conditions are shown in Table 8.
TABLE 8 | Failure working conditions.
[image: Table 8]Under the abovementioned 12 failure working conditions, through the wet modal analysis of fuel rods, the influences of clamping failure on the mode are obtained. Taking the results of the X-Y plane as an example, as shown in Figure 14, where the dotted line represents the natural frequency of the fuel rods without clamping failure.
[image: Figure 14]FIGURE 14 | Natural frequency under clamping failure and no clamping failure.
It can be found from Figure 14 that the natural frequency of the fuel rods would decrease under the clamping failure. The order of natural frequency and the position of clamping failure are different, and the influences of clamping failure on natural frequency are also different.
The grid failure at different positions has different effects on the natural frequencies. For the 1-order frequency, the failure of the 3-rd to 11-th grids has a great impact on the frequency. However, due to the close distance between the 1-st and 2-nd grids, the failure of the 1-st and 2-nd grids, respectively, has little effect on the frequency, but the failure of the 1-st and 2-nd grids at the same time has a great effect on the frequency. By observing the vibration mode of EPR fuel rods, it can be found that the amplitude of the 1-order vibration mode is mainly distributed behind the 3-rd grids, so clamping failure at these locations has the greatest impact on the 1-order natural frequency.
The influences of clamping failure on the vibration mode are further analyzed. Similarly, taking the vibration mode of fuel rods on the X-Y plane as an example. The dotted lines in Figure 15 represent the position of grids. The 1-order vibration mode of fuel rods under different failure working conditions is shown in Figure 15. Then, the 1-order vibration mode under clamping failure is compared with those without clamping failure.
[image: Figure 15]FIGURE 15 | 1-order vibration mode under clamping failure.
It can be found from Figure 15 that, for the 1-order mode of fuel rods, the mode of failure of the 1-st and 2-nd grids is similar to the mode without grid failure. Except for the 1-st and 2-nd grids with close grid spacing, grid failure at other locations would cause the maximum amplitude to appear at the corresponding failure location. This is because the grid failure at these locations would make the spacing between adjacent grids longer, which would make the local stiffness decrease at these locations.
Finally, this article has calculated the maximum amplitude of fuel rods under different working conditions of clamping failure. Similarly, the maximum amplitude on the X-Y plane is shown in Figure 16. The dotted line in Figure 16B is the corresponding maximum amplitude when there is no clamping failure.
[image: Figure 16]FIGURE 16 | Maximum amplitude under clamping failure. (A): Maximum amplitude under 12 failure working conditions. (B): Maximum amplitude under first 10 failure working conditions.
From Figure 16A, it can be found that under the failure working conditions 11 and 12, the maximum amplitude of fuel rods is much greater than that under other failure conditions. From Figure 16B, it can be found that the failure of one of the grids has little effect on the maximum vibration response of the fuel rods due to the close distance between the 1-st and 2-nd grids. From the 3-rd grid, the clamping failure has a great impact on the maximum vibration response of fuel rods.
CONCLUSION
Considering the fuel rod of EPR as an object, the natural frequency and vibration mode of the fuel rod are discussed in detail by combining numerical and theoretical equations in this article. The amplitude under different turbulent flow velocities is calculated, and the influences of clamping failure on the vibration response of the fuel rod are discussed. The following conclusions can be listed:
1) By comparing the vibration characteristics of EPR and M310, it can be found that compared with the fuel rod of M310, the fuel rod of EPR has a lower natural frequency in general. Under turbulent excitation, the vibration response of fuel rods of EPR is larger than that of M310.
2) The transverse vibration response under the transverse flow velocity is larger than that of axial flow velocity, so the influence of transverse flow velocity on vibration response is greater. The maximum transverse amplitude of the fuel rods would change more dramatically with the transverse velocity than it would change with the axial velocity.
3) Grid failure would reduce the natural frequency and increase the amplitude of fuel rods, and the grid failure at different positions has different effects on the natural frequencies. For the 1-order frequency, the failure of the 3-rd to 11-th grids has a great impact on the frequency. However, due to the close distance between the 1-st and 2-nd grids, the failure of the 1-st and 2-nd grids, respectively, has little effect on the frequency, but the failure of the 1-st and 2-nd grids at the same time has a great effect on the frequency. In addition, the failure of the 11-th grid has the greatest impact on the amplitude, followed by the 3-rd grid.
4) Compared with M310, the fuel rods of EPR are longer, and the core inlet flow of EPR is larger, so the vibration response of EPR is larger. However, it is an effective measure to reduce the vibration response of the fuel rod of EPR by increasing the number of grids and the stiffness of springs and dimples.
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