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Abstract

:

In this study, we aim to conduct structural analyses of cladding materials, such as silicon carbide and zircaloy-4, during a Large-Break Loss-of-Coolant Accident. The safety margin is the key consideration regarding the performance of the cladding materials. Our study shows that, in terms of primary stresses, SiC has a greater safety margin than zircaloy-4 due to SiC having a higher yield and ultimate strength; the cladding outer pressure is not affected by the cladding materials and, thus, the primary stresses of all cladding materials are the same. However, for secondary stresses, zircaloy-4 has the smallest fluctuation and irradiated SiC recorded the largest; secondary stresses and temperature histories are material-dependent. Ultimately, both cladding materials were found to have sufficient safety margins with respect to primary and secondary stresses.
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1. Introduction


Silicon carbide (SiC) is considered a viable material for the wall of a fusion reactor [1,2], where high temperatures and a high-radiation environment are expected [3]. The utility of SiC as a coating material for fuel in a high-temperature gas-cooled reactor is also recognized. Thus, the resistance of SiC to harsh environments could justify the application of SiC as a cladding material in a light-water nuclear reactor. However, the brittle nature of SiC is an important issue to investigate, because the degradation of SiC’s thermal conductivity after irradiation can diminish its performance. Despite this issue, SiC has been considered an appropriate cladding material for improved technology fuel concepts in light-water nuclear reactors [4] due to its distinguished properties.



Advanced cladding material is important in nuclear-power plants, because improvements made to cladding materials can reduce system failure rates, and increase power density along with performance during a Large-Break Loss-of-Coolant Accident (LBLOCA) [5]. The LBLOCA is considered the worst scenario of nuclear-power failure. Although the possibility of an LBLOCA is very low, safety systems should nonetheless be designed to secure proper cooling of the reactor core to prevent core meltdown and collapse during an accident [6]. Safety can be achieved by meticulous designing of the systems, and it can also be ensured through the cladding materials. Therefore, this research aims to conduct structural analyses during a LBLOCA between SiC and zircaloy-4 (Zry-4), which are the cladding materials considered for a Pressurized Water Reactor (PWR).



Various studies have long been focused on SiC, and on its properties and application. Initially, it was developed for fossil energy and aerospace applications, because SiC is resilient to high temperatures and weight, and resistant to corrosion [7]. Since SiC has been shown to have outstanding irradiation performance, which was investigated during early studies on chemically vapor-deposited SiC for fission-fuel coatings [8,9,10], SiC has emerged as an attractive material for nuclear service applications [11]. For as long as SiC has been shown to be stable under neutron irradiation and high temperatures [12], most of the studies on the use of SiC in the nuclear industry have focused on the structural components of high-temperature gas-cooled reactors and fusion reactors [13,14]. Moreover, studies on the application of SiC for light-water reactors have been increasing [15]. Recent studies have suggested that SiC is a promising material for advanced nuclear applications in light of its outstanding chemical and physical performance under irradiation [16,17]. Currently, applications for SiC are under development in the nuclear-power field, including high-temperature joint and gas-reactor control-rod sheaths. These components are the main factor of the system, and are exposed to high temperatures and neutron fluences [18].



This paper is organized as follows. In Section 2, we describe the fuel assembly in detail. Section 3 compares the material properties of SiC and Zry-4 alloy. The underlying theoretical basis for structural analysis is briefly introduced in Section 4.1, and the boundary conditions for the structural analysis are presented in Section 4.2. This is followed by the stress profiles of both SiC and Zry-4 claddings during an LBLOCA, and their safety margins are then discussed in Section 4.3. Lastly, Section 5 concludes the paper.




2. Fuel Design


A PWR fuel assembly comprises a bundle of cylindrical rods placed in a square lattice. Each cylindrical rod is a tube filled with uranium oxide ceramic pellets. The gap between the pellets and the cladding tube is filled with helium gas to improve the conduction of heat transfer from the fuel pellets to the cladding. There are 264 fuel rods per fuel assembly, and 193 fuel assemblies are loaded into a reactor core. The fuel rods are placed in a 17 × 17 square lattice in an assembly. PWR fuel assemblies are about 4 m tall. More specific design features and parameters are shown in Table 1.



Two flow channels were used to represent the whole core in the RELAP5 (Idaho national laboratory, Idaho Falls, ID, USA) simulation: one (192 fuel assemblies) represents a core-average channel; and the other (1 fuel assembly) simulates a hot channel, where a single hot rod is connected to the hot channel together with the hot assembly rods. The core bypass channel was modified in accordance with the physical geometry.



The gap is initially filled with helium gas at a pressure of 1.7 MPa in a typical PWR. Gap pressure increases due to fission-gas release. However, with regard to fission-gas release, gap pressure was assumed to be constant at 8.32 MPa during the steady state and the LBLOCA. This is a conservative assumption since, during the LBLOCA, higher gap pressure exerts greater stress on the cladding when the core is fully depressurized.




3. Material Properties


Zry-4 and SiC were selected as the cladding materials in this study. Zry-4 is currently used as a cladding material in light-water reactors due to its small neutron capture cross-section and mechanical stability. SiC is also a good material because it maintains its integrity at high temperatures and in highly irradiated environments, such as a fusion reactor. Several material properties, shown in Table 2, have been tested in the structural analyses of Zry-4 and SiC.



The Zry-4 properties are based on the work of Chang [19] and Tong and Weisman [20]. Its coefficient of thermal expansion ranges from 20 to 800 °C, which covers the normal and accident conditions of a PWR. The yield strength and ultimate tensile strength values are given as 288 °C, which is close to the normal operating condition of a PWR.



The thermal-expansion coefficient of SiC is adopted from Carpenter [21], and the modulus of elasticity and Poisson’s ratio are for Direct Sintered Silicon Carbide at 20 °C [22]. The ultimate tensile strength of SiC is also its value at 20 °C, in line with DiCarlo [23]. Although this temperature is very different from the normal operating condition of a PWR, these values do not vary significantly with temperature. Since brittle materials, such as SiC, experience little plastic deformation before fracture occurs, the yield strength of SiC was set to be equal to the ultimate tensile strength.



Figure 1a shows the thermal conductivities of SiC and Zry-4. For SiC, two cases were investigated: unirradiated SiC and irradiated SiC. This is because SiC can easily be irradiated, and its thermal conductivity changes after burning the fuel. Moreover, Figure 1b presents the specific heat of Zry-4 [20] and SiC. These two figures (FRAPCON3.3) were used as input data in the RELAP5 model in order to capture the boundary conditions.




4. Fuel Rod Analysis


4.1. Methodology


Analysis was performed considering a typical 17×17 PWR fuel rod, the geometry of which is illustrated in Figure 2. The geometry includes the fuel, gap, and cladding. Its specific parameters are shown in Table 1. The purpose here was to analyze cladding from a structural mechanical point of view.



It is not appropriate to apply a thin-shell model to the analysis since t/Rci>0.1. So, a thick-wall model was used to calculate the stress profile. The derivations are based on Kazimi [24].



Force equilibrium in the radial direction:


dσrdr+σr−σθr=0



(1)




Hook’s law:


εr=1Eσr−v(σθ+σz)



(2)






εθ=1Eσθ−v(σr+σz)



(3)






εz=1Eσz−v(σθ+σr)



(4)




Strain–displacement relationships:


εθ=u/r



(5)






εr=du/dr



(6)







By manipulating Equations (5) and (6), we get:


dεθdr=1r(εr−εθ).



(7)







Since we are considering a closed cylinder far from the end, σz is assumed to be constant. Applying Equations (2) and (3) to Equation (5), we get:


ddr(σr+σθ)=0.



(8)







Combining Equation (6) with Equation (1), we get:


ddr1rddr(r2σr)=0.



(9)




Boundary conditions:


σr(r=Rci)=−Pi



(10)






σr(r=Rco)=−Po



(11)







Since the axial stress has less dependency on the radial direction compared to radial and hoop directional stresses, it is regarded as a constant along variable r. After solving Equations (8) and (9) with Equations (10) and (11), the solutions are:


σr=−Pi(Rcir)2+[1−(Rcir)2]−P0Rco2+PiRci2Rco2−Rci2,



(12)






σθ=Pi(Rcir)2+[1+(Rcir)2]−P0Rco2+PiRci2Rco2−Rci2,



(13)






σz=πRci2Pi−πRco2Poπ(Rco2−Rci2).



(14)







When the Fourier conduction equation is solved under a cylindrical geometry with no internal heat generation, a temperature profile usually follows a logarithmic function. For the logarithmic temperature profile, thermal stress can be obtained from Harvey [25]:


σrth=αEΔT2(1−v)ln(Rco/Rci)−lnRcor−Rci2Rco2−Rci2(1−Rco2r2)ln(RcoRci),



(15)






σθth=αEΔT2(1−v)ln(Rco/Rci)1−lnRcor−Rci2Rco2−Rci2(1+Rco2r2)ln(RcoRci),



(16)






σzth=αEΔT2(1−v)ln(Rco/Rci)1−2lnRcor−2Rci2Rco2−Rci2ln(RcoRci),



(17)






Tw(r)=Two+ΔTln(Rco/r)ln(Rco/Rci),



(18)




where α and ΔT are the thermal-expansion coefficient and the temperature difference between the inner wall and outer wall, respectively.



Since the primary stresses are defined as external stresses, the only primary stress for this analysis comes from the pressure difference between the inner and outer cladding, and the secondary stresses are due to a constraint. For this analysis, only thermal stress was considered as the secondary stress. For the failure criteria, the ASME code was utilized:


Pm≤Sm≤min(23σy,13σu),



(19)






Pm+Q≤3Sm≤3min(23σy,13σu),



(20)




where Sm denotes the maximum stress intensity, and Pm and Q are the primary and thermal stresses, respectively.



Since (σr,σθ,σz) and (σr′,σθ′,σz′) are the primary and secondary principal stresses, Pm and Pm+Q can be calculated using the Tresca theory:


Pm=max(σr−σθ,σθ−σz,σz−σr),



(21)






Pm+Q=max(σr′−σθ′,σθ′−σz′,σz′−σr′),



(22)






σr′=σr+σrth,



(23)






σθ′=σθ+σθth,



(24)






σz′=σz+σzth.



(25)








4.2. Boundary Conditions


A typical four-loop Westinghouse PWR was selected as the reference plant. Three RELAP5 models were developed to establish the boundary conditions during the steady state and the LBLOCA for different cladding materials. The steady-state conditions, which are the initial conditions for the LBLOCA, were obtained through simulations and are presented in Table 3.



The gap pressure was assumed to be constant during the steady state and the LBLOCA. Although the three RELAP5 models were based on different cladding materials, all the thermal hydraulic properties given in Table 3 and Figure 3 were the same for each model since operating conditions were the same for each cladding material.



Figure 4a,b exhibits the cladding outer surface temperature of the hottest fuel pin. Figure 4a shows the maximum temperature during the blowdown, and Figure 4b displays the maximum temperature during the reflood period. Although the irradiated SiC cladding during the reflood phase presents the highest cladding temperature, it still has a sufficient margin compared to the regulatory limit of 1473 K, which is more than a 16.14% safety margin.



Figure 5a,b exhibits the cladding inner surface temperature of the hottest fuel pin. Figure 5a presents the maximum temperature during blowdown, and Figure 5b displays the maximum temperature during the reflood period. Although the irradiated SiC cladding during the reflood phase shows the highest cladding temperature, it still has a sufficient margin compared to the regulatory limit of 1473 K, which is more than a 15.68% safety margin.




4.3. Results and Discussion


Since the primary and secondary stresses are stabilized within 40 s of the LBLOCA, both stresses were analyzed for the 40 s after the LBLOCA. The next four figures, Figure 6 and Figure 7 illustrate the primary-stress distributions. All of the primary stresses are the same for the three materials because they have the same inner and outer cladding pressure.



The next three figures in Figure 8 exhibit the secondary stress distributions, which include the pressure-induced-stress and thermal-stress distributions. The three investigated cladding materials (Zry-4, unirradiated SiC, and irradiated SiC) have different inner and outer temperature profiles because of their different thermal conductivities. It should be noted that the following three figures have different y-axis scales. Zry-4 has the least fluctuation in its stress history, and irradiated SiC shows the largest fluctuation in its stress history.



From Figure 9a–c, it can be clearly seen that all of the Tresca stresses reach quasi-steady-state values within 40 s of the initiation of the LBLOCA. Since temperature profiles change until 180 s after the LBLOCA, this is mainly due to pressure-induced stresses. The maximum Tresca stress in all three figures, Figure 9a–c, is at approximately 4 s after the initiation of the LBLOCA. This corresponds to the initial peak temperature in the reflood boundary condition. As the ASME code was applied to the design, Figure 9d displays the primary category given by Equation (19), and Figure 9e,f depict the secondary category given by Equation (20). From Figure 9d–f, the safety margins which correspond to the previous three figures, Figure 9a–c, are shown. In Figure 9d, SiC has a higher margin than Zry-4 at every time point, although, in Figure 9e,f, the safety margin fluctuates as time passes due to the oscillating temperature profiles.



The primary stresses of the three cladding materials (Zry-4, unirradiated SiC, and irradiated SiC) are all the same. This is because, during the LBLOCA process, the history of the cladding outer pressure is not affected by the cladding materials. The cladding outer surface experiences larger radial stress changes than the inner surface, while the cladding inner surface experiences larger hoop stress changes than the outer surface. Hoop stress is one of the largest stresses, and radial stress is the smallest among all three directional stresses when only primary stresses are considered.



However, since the secondary stresses and the temperature histories in the cladding differ for each of the cladding materials, secondary stresses behave differently for all three materials. In all three materials, maximum stress is at the cladding outer surface. Zry-4 has the smallest fluctuation with the smallest magnitude compared to the others, and irradiated SiC shows the largest fluctuation with the largest magnitude. Since pressure at the cladding outer surface converges to a single value within 40 s of the LBLOCA and temperature oscillates until 180 s, secondary stress is initially dominated by thermal stress and is ruled by the primary stress after 40 s.



Primary-stress intensity reaches its maximum at the cladding inner surface and its minimum at the cladding outer surface. All secondary-stress intensities are stabilized around 30 s after the LBLOCA. Secondary-stress intensity presents the same behavior as the primary Tresca stress, and the primary Tresca value at the end of the transient phase is approximately the same for all cases, since the primary stress dominates toward the end of the transient phase for each material. At the beginning of the LBLOCA, the stress applied to Zry-4 is the smallest, while that for irradiated SiC is the largest, but all three materials finally converge to a similar value.



In terms of primary stresses, SiC has a higher safety margin than Zry-4 due to its higher yield and ultimate strength at the same primary Tresca stress. However, for secondary stresses, Zry-4 performs better than the two SiC materials within 5 s of the LBLOCA due to its high thermal conductivity, which reduces the temperature gradient between the inner and outer surfaces of the cladding. After 5 s, since the primary stresses dominate over the thermal stresses, the SiC cladding has better results in terms of the safety margin. Irradiated SiC always performs worse than the unirradiated SiC, as the thermal conductivity of irradiated SiC is lower.





5. Conclusions


The purpose of this study was to conduct a safety evaluation of cladding material during a LBLOCA. The results of numerical experiments reveal that the history of the cladding outer pressure is not affected by the cladding materials during the LBLOCA and, thus, the primary stresses of all three materials are the same. On the other hand, since secondary stresses and the temperature histories are different for each material, the secondary stresses behave differently depending on the cladding material. Zry-4 has the smallest fluctuation, and irradiated SiC shows the largest. In terms of the primary stresses, SiC has a higher yield and ultimate strength under the same primary Tresca stress, so it has a greater safety margin than Zry-4.



In our study, gap pressure was assumed to be constant. However, as the burn-up increases, gap pressure rises due to fission-gas release. Young’s modulus, yield strength, and ultimate strength were also considered constant, but they depend on temperature. Moreover, we did not consider the creep, strain, displacement, and junction discontinuity. By considering precise input parameters, we could set up more realistic models and obtain reasonable results. In the simulation cases, we could also investigate the power-up rate case and other transient analyses, like Loss-of-Flow Accident (LOFA), and these could broaden our understanding of SiC in nuclear applications. Furthermore, if we use a well-developed simulation code for structural analysis, like FRAPTRAN, we could conduct a study in a more realistic and straightforward manner.
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Figure 1. Input data in the RELAP5 model. 
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Figure 2. Schematic cross-section of a fuel cell. 
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Figure 3. Pressure of fuel gap and reactor core during the LBLOCA. 
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Figure 4. Outer peak cladding temperature. 
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Figure 5. Inner peak cladding temperature. 
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Figure 6. Pressure-induced stress distributions. 






Figure 6. Pressure-induced stress distributions.



[image: Energies 11 03324 g006]







[image: Energies 11 03324 g007 550]





Figure 7. Pressure-induced stress distribution. 
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Figure 8. Secondary stress distribution. 
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Figure 9. Tresca stress and safety margin. 
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Table 1. Fuel and cladding properties for a typical four-loop Pressurized Water Reactor (PWR).
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	Dimension
	Unit
	Value





	Cladding thickness
	mm
	0.57



	Cladding inside diameter
	mm
	4.18



	Gap thickness
	mm
	0.121



	Fuel-pellet diameter
	mm
	8.19



	Fuel-rod diameter
	mm
	9.5



	Active fuel height
	m
	3.66



	U-235 enrichment
	wt %
	2.6



	Fuel-rod pitch
	mm
	12.6



	Channel effective flow area
	m2
	0.02458



	Number of rod locations
	number
	289



	Number of fuel rods
	number
	264
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Table 2. Properties of zircaloy-4 (Zry-4) and silicon carbide (SiC).
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	Zry-4
	SiC





	Coefficient of thermal expansion
	6 μm/m K
	3 μm/m K



	Modulus of elasticity
	99.3 GPa
	410 GPa



	Poisson’s ratio
	0.37
	0.21



	Yield strength
	170 MPa
	450 MPa



	Ultimate tensile strength
	241 MPa
	450 MPa
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Table 3. Steady-state initialization.






Table 3. Steady-state initialization.





	Parameters
	Desired
	Simulated





	Core power (MWth)
	3479.2
	3479.2



	Pressurizer pressure (bar)
	155.1
	155.1



	Cold leg temperature (K)
	564.85
	566.61



	Hot leg temperature (K)
	599.25
	598.71



	Total loop flow (kg/s)
	18,630.0
	18,714.3



	Effective core flow (kg/s)
	17,700.0
	17,857.2



	Bypass flow fraction (%)
	5.00
	4.58



	SG secondary pressure (bar)
	58.0
	61.8











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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