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The CYCAS code is a 3D CFD code developed independently by the China Nuclear Power Research Institute, aiming at hydrogen safety analysis in containments. In order to equip the CYCAS code with the capability of combustion analysis, a combustion model is screened and developed, and validated with two cases from International Standard Problems. Then a combustion analysis is conducted with a containment to demonstrate the capability of CYCAS to evaluate the pressure and thermal load of combustion. Firstly, the mature and widely-used combustion model, i.e., the Burning Velocity Model (BVM) with Zimont correlation is developed for the CYCAS code in this study. Thereafter, the lamiar flame speed correlation for CYCAS is screened based on the containment atmospheric condition during the accidents. Then, two cases from the THAI facility are calculated to validate the model. The results show that the combustion model in CYCAS manages to have reasonable prediction on the slow deflagration for the gas mixture both with and without steam. Finally, a containment combustion analysis is conducted with the initial hydrogen distribution calculated from a postulated accident. The analysis shows that the CYCAS manages to calculate the pressure and thermal load of the combustion to evaluate the influence of the combustion on the containment integrity and equipment survivability.
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1 INTRODUCTION
Hydrogen is generated by coolant-cladding interaction during severe accident of nuclear reactors, then it is released to the containment through breaks or valves leading to the flammable gas mixture in containments that may challenge the containment integrity (NEA, 2014). Hence, the combustion analysis should be conducted to demonstrate that the containment integrity is maintained during sever accidents for the containment safety analysis (Dimmelmeier et al., 2012). In the early safety analysis, the combustion analysis of the containment was conducted by one-dimensional lumped parameter codes, whose limitations were gradually recognized with the deepening of the research. Combustion analysis in the containment with the CFD method was gradually applied to the safety analysis for different nuclear power plants (Dimmelmeier et al., 2012; Xiao et al., 2017; Kang et al., 2020; Zhao et al., 2022).
The CYCAS code is a three-dimensional (3D) CFD code developed independently by the China Nuclear Power Research Institute (Chen et al., 2016). The main objective of this code is to conduct analysis related to the hydrogen safety issues of the containment, namely, release, dispersion, and mitigation. While the combustion model is not included in the previous version of the CYCAS model, in order to equip the CYCAS code with the ability of combustion analysis, the combustion model is screened and developed for the CYCAS code in this study. The combustion model is screened based on the typical combustion regime and the typical atmospheric conditions in the containment during an accident. Goulier et al. (2016) has identified the combustion regime for the typical pressurized water reactor (PWR) as shown in Figure 1. The typical atmospheric condition in the containment during an accident includes the following characteristics:
(1) There is a large amount of steam due to the loss of coolant at high pressure and temperature;
(2) the gas mixture is heated and pressurized by several bars due to the previous reason; and
(3) lean hydrogen: the global hydrogen concentration in the containment should not exceed 10 vol% for large dry containment for PWRs according to the safety regulations.
[image: Figure 1]FIGURE 1 | Combustion regime for typical PWRs (light gray).
Hydrogen combustion in the containment has drawn the attention of researchers and scholars in the world for decades, especially after the hydrogen explosion in the Fukushima accident in 2011. Experimental and numerical research has been conducted extensively focusing on different combustion regimes, namely, deflagration (NEA, 2011; Yuen et al., 2022), flame acceleration (Studer et al., 2013), and detonation (Kuznetsov et al., 2015), for the last decades. The research of International Standard Problem 49 (ISP-49) on the hydrogen combustion project has conducted validations for many codes and models for hydrogen combustion both openly and blindly and shows that the combustion models with the burning velocity model (BVM) demonstrate reasonable performance (NEA, 2011). Sathiah et al. (2012) developed a BVM with Zimont correlation and validated it using several experiments with the frame of commercial code Ansys Fluent and achieved reasonable predictions. Furthermore, the validation diagram for the BVM with Zimont correlation (Zimont, 2000a) can envelop the typical combustion regime shown in Figure 1. Therefore, the BVM with Zimont correlation, which is a mature and widely used combustion model, is adopted in CYCAS code for the safety analysis of containment.
Laminar flame speed is required in the basic formation of the Zimont correlation, which is calculated with the empirical correlations associated with atmospheric parameters, such as the stoichiometric ratio, steam concentration, temperature, and pressure. Many codes (NEA, 2011) for nuclear safety analysis use the Koroll correlation (Liu and Macfarlane, 1983) and Liu correlation (Koroll et al., 1993). However, the lower validation limits of the hydrogen concentration for these two correlation equations are 9 vol% (Liu and Macfarlane, 1983) and 18 vol% (Koroll et al., 1993), respectively. This means that these two correlation equations will have large uncertainties for the lean hydrogen combustion calculations in the range of hydrogen concentrations concerned with the containment safety analysis. In a more recent research, Szabó et al. (2012) presented a group of data from the INSFLA code which are validated for a stoichiometric ratio lower than 0.1252, equivalent to 4.96 vol% H2 for dry air. In another study, Hu et al. (2009) conducted an empirical correlation for laminar flame speed at different formations through experimental studies. The lamiar speed correlation for CYCAS is screened based on the range of the containment atmosphere during accidents.
In this study, the BVM with Zimont correlation is developed for the CYCAS code and is validated with two experimental tests from the ISP report. Then a containment combustion analysis is conducted with the initial hydrogen distribution calculated from a postulated accident. Both pressure and thermal load of the combustion is calculated to evaluate the influence on the containment integrity and equipment survivability. This study is conducted as follows: Section 2 introduces the CYCAS code briefly; Section 3 gives the combustion model and its validation; in Section 4, the combustion analysis for a containment is presented such as the modeling and combustion calculation; and the main conclusions are drawn in Section 5.
2 CYCAS
2.1 Transport Equations
The CYCAS code solves transient 3D Navier–Stokes (N-S) equations. The conservation equations are listed below:
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where [image: image] is the fluid velocity vector, V is the discretized fluid control volume, [image: image] is the internal energy, and [image: image], [image: image], and [image: image] are the fluid pressure, viscous stress tensor, and gravity acceleration, respectively. [image: image], [image: image], and [image: image] are the external source terms for each equation caused by phase change, chemical reaction, and so on.
The secondary order accuracy discrete scheme, i.e., van Leer MUSCL algorithm is adopted. The all-speed implicit method, i.e., Implicit Continuous Eulerian–Arbitrary Lagrangian Eulerian (Hirt et al., 1997), is adopted to solve the transport equations. The detailed information on the transport equations of CYCAS can be found in Chen et al. (2016).
2.2 Physical Models
2.2.1 Convective Heat Transfer Model
The convective heat transfer model in CYCAS is the Reynold analogy extended by Colburn for a wider application range of the Pr number, and the heat transfer coefficient of convection is given in Eq. 5:
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where [image: image] is the fluid density; [image: image] is the specific heat of the fluid; [image: image] is the wall shear velocity [image: image]; [image: image] is wall shear stress; [image: image] is the dimensionless velocity, [image: image]; and [image: image] is the cell-center fluid velocity. [image: image] is calculated with a velocity profile of the boundary layer based on the boundary layer theory (Ghiaasiaan, 2011).
2.2.2 Passive Automatic Recombination Model
The Passive Automatic Recombination (PAR) is equated in the containment to mitigate the hydrogen risk during a severe accident. The calculation of the recombination rate and chemical heat is modeled in CYCAS with the empirical correlation of the Siemens model (Kotouc, 2011) (Eq. 6). Please note that the PAR is neglected during combustion because the hydrogen-consuming rate for the combustion is far greater than for the PAR.
[image: image]
where [image: image] is the hydrogen recombination rate; [image: image] and [image: image] are the mole fractions of hydrogen and oxygen, respectively; [image: image] and [image: image] are empirical constants related to the type of PAR.
2.3 Code Validation
The models for the phenomenon that are relevant to hydrogen safety in the containment are validated with both domestic and international projects, namely the turbulence, convection, and condensation model, as listed in Table 1. Two validation cases, the HyJet test on the BMC facility and the ISP-23 test on the HDR facility are presented in Chen et al. (2016). The other tests are included in the internal reports. Figure 2 gives the geometry models and comparison between the experimental data of the three cases, i.e., OECD SETH Test 9, PANDA HYMERES, and H2PAR, the experimental details of which can be found in Auban et al. (2007), Mimouni et al. (2011), and Paladino et al. (2014), respectively.
TABLE 1 | Validation table for CYCAS.
[image: Table 1][image: Figure 2]FIGURE 2 | Validation cases of CYCAS. (A) PANDA OECD/SETH Test 14 (Auban et al., 2007) modeling. (B) PANDA OECD/SETH Test result. (C) PANDA HYMERES (Paladino et al., 2014) modeling. (D) PANDA HYMERES Test result. (E) HYPAR (Mimouni et al., 2011) -modeling. (F) HYPAR Test result.
3 COMBUSTION MODEL AND VALIDATION
3.1 Burning Velocity Model
The BVM describes the development of the flame with the combustion process variable [image: image] by solving the transportation equation for [image: image], as shown in Eq. 7. The second-order accuracy scheme is adopted in the spatial domain, while the first order in the time domain. The combustion source term [image: image] is described as a function of the turbulence flame speed, as shown in Eq. 8. The Zimont model is selected for the turbulence flame speed model, as given in Eq. 9 (Zimont and Lipatnikov, 1995; Zimont, 2000b). The turbulence flame speed [image: image] takes the higher value between the laminar flame speed [image: image] and the Zimont correlation, which means that the flame is laminar for low turbulence intensity.
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where [image: image] is the combustion process variable: [image: image], indicating the unburnt gas mixture and [image: image], indicating the completely burnt gas. [image: image] is the viscosity and [image: image] is the Schmidt number; the subscript [image: image] indicates the turbulence value. [image: image] is the density for the unburnt gas mixture and [image: image] is the turbulence flame speed. Da is the Damköhler number, of which the definition equation is shown in Eq. 10.
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where [image: image] is the integral turbulence length, [image: image] is the fluctuation velocity, [image: image] is the flame thickness, and [image: image] is the laminar flame speed, with the formation as shown in Eq. 11.
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The terms of [image: image] is taken from Szabó et al. (2012), the terms [image: image] and [image: image] are from Koroll et al. (1993), and the term of [image: image] is from Hu et al. (2009). By doing so, the validation range of Eq. 11 can envelop the atmospheric condition during the accident conditions, as listed below:
Stoichiometric ratio [image: image];
Temperature [300 K, 523 K];
Steam concentration [0, steam inerting); and
Pressure (0.1∼8 MPa).
The spark ignition is modeled as an external source term to the transport equation of [image: image], as shown below (Zimont and Lipatnikov, 1995). The source term indicates that the gas mixture in the ignition cell is ignited by a pulse of spark. Moreover, the quasi-laminar flame is assumed during the ignition stage according to Zimont and Lipatnikov (1995).
[image: image]
where [image: image] is the time duration of one spark ignition, [image: image].
3.2 ISP-49 THAI HD-12 and HD-22
The geometry model of the THAI facility is built in cylindrical coordination, with the computational region radius of 1.6 m and height of 9.2 m, as shown in Figure 3. The structure is modeled with four layers with different materials for each layer according to NEA (2011). The models of convective, condensation, and radiation heat transfers are calculated for the heat loss on the structure surface. Two cases from the THAI facility (NEA, 2011) are calculated, one is the HD-12 test without steam, and the other is the HD-22 test with steam.
[image: Figure 3]FIGURE 3 | THAI facility and modeling.
The initial conditions are listed as follows (NEA, 2011):
HD-12: atmospheric pressure at 1.485 bar, gas temperature at 291 K, hydrogen at 7.98 vol%.
HD-22: atmospheric pressure at 1.487 bar, gas temperature at 365 K, hydrogen at 9.90 vol%, steam at 25.3 vol%.
The ignition is located at 0.7 m from the bottom of the facility. The initial turbulence condition is set as [image: image] and [image: image], based on Sathiah et al. (2016). Both the convective and radioactive heat transfers to the structures are considered in this calculation.
Firstly, a mesh sensitivity analysis is conducted with three cases with meshes of 35 × 24 × 292, 35 × 24 × 146, and 16 × 24 × 73 grids. The result shows that the first two cases are in accord with each other, while the third case underestimates the peak pressure when compared with the first two cases as shown in Figure 5. Therefore, the second mesh, which is 35 × 24 × 146 grids in radial, peripheral, and axial directions, respectively, with a total mesh number of 122,640 is used for the next HD-22 analysis.
The r-z view of the temperature at 2 s after the ignition is shown in Figure 4 The pressure and flame position are compared with the experimental data as shown in Figures 5, 6. Figure 5 shows that the peak pressure is overestimated in the CYCAS calculation. The pressure decreases at a smaller slope after the peak, indicating that the heat loss of the structure is underestimated. This could be the reason of the overestimation of the peak pressure. The combustion model in CYCAS overestimates the flame speed in both cases: it takes about 5.8 s to reach the ceiling in the experiment, while the time duration is 4.73 s in the CYCAS calculation for the HD-12 calculation. It takes about 3.9 s to reach the ceiling in the experiment, while the time duration is 4.56 s in the CYCAS calculation for the HD-22 calculation. The same overestimates also occur in the FLUENT calculation for HD-12 in the study by Sathiah et al. (2016), as well as the calculation for HD-22 in NEA (2011). This is mainly due to the model limitation on the flame development from the laminar flame to turbulent flame (NEA, 2011). Despite this limitation, the combustion model in CYCAS manages to have reasonable prediction on the slow deflagration for gas mixture, both with and without steam.
[image: Figure 4]FIGURE 4 | Development of the flame (800 K iso-surface) THAI HD-12 CYCAS calculation.
[image: Figure 5]FIGURE 5 | Atmospheric pressure calculation vs. experiment.
[image: Figure 6]FIGURE 6 | Flame position calculation vs. experiment.
4 SLOW DEFLAGRATION ANALYSIS FOR CONTAINMENT
The model is adopted for a slow deflagration analysis in a containment as engineering application. The main objective of the combustion analysis for the containment includes two parts: the pressure load evaluation from combustion for the containment integrity and the thermal load evaluation for the surrounding structures for equipment survivability. The analysis in this section focuses on these two objectives.
4.1 Modeling
4.1.1 Geometry Modeling
The containment of the reference reactor has an inner radius of 22.5 m and height of 66.4 m. The geometry model is built under cylindrical coordination, namely the major equipment and floors, ceilings, and walls for the compartments, while small objects below the grid resolution are neglected. The geometry model is divided into 26 × 72 × 70 in the radial, peripheral, and axial directions, respectively, with a total mesh number of 524,160. The diagram of the geometry model is shown in Figures 7A,B. The mesh sensitivity analysis has been done to demonstrate the grid independence of this containment model.
[image: Figure 7]FIGURE 7 | Containment geometry modeling. (A) Inner structures. (B) Outside view.
4.1.2 Initial and Boundary Condition
The initial condition of the gas mixture is calculated by CYCAS with the mass and energy release obtained from the lumped parameter code (given in Figure 8). The standard k-ε model is adopted in this analysis. For the geometry structures, the convective, condensation, and radiant heat transfers are included. PARs are included to recombine hydrogen during the hydrogen distribution calculation.
[image: Figure 8]FIGURE 8 | Mass and energy release of the injection. (A) Pressure and temperature. (B) Mass flow rate and fraction.
Figures 9, 10 gives the initial hydrogen and steam distribution at the time of ignition. The injection in the calculated postulated accident located at the top of the pressurizer, approximately 22 m in the containment, leading to a hydrogen stratification near the elevation of the injection, is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Hydrogen distribution before ignition.
[image: Figure 10]FIGURE 10 | Steam distribution before ignition.
The selection of the timing and location of the ignition aims at the most punishing combustion consequence. The time point at the maximum hydrogen inventory is chosen for the combustion analysis. The combustion is assumed to be ignited by the hot exhaust gas from the PAR located at the crane (shown in Figure 7A) for two reasons. First, it is the high hydrogen concentration at the dome of the containment, and the gas mixture is more likely to be ignited by the hot exhaust gas from the PAR. The second is that the combustion near the containment structure can result in high thermal load. The initial condition of the gas mixture is summarized as follows:
Atmosphere: pressure at 1.83 bar; temperature at 366.5 K, and average H2O concentration at 38 vol%.
Hydrogen: H2 mass at 503 kg and average H2 concentration at 10.5 vol%.
4.2 Combustion Analysis
4.2.1 Global Thermal Hydraulics of the Containment
The temperature distribution at different time points is given to illustrate the flame propagation, as shown in Figure 11. The global atmospheric pressure and temperature are given in Figure 12. The global pressure and temperature rise fast in the first 2 s, then the growth rate decreases. This is because the flame propagates upward at the first 2 s after being ignited, and then propagates downward with lower speed after being blocked by the containment ceiling. The combustion lasts about 24 s with 439 kg of H2 consumed. The peak values of pressure and temperature are achieved at 21 s after ignition, with values of 3.17 bar and 659 K, respectively. As a comparison, the pressure and temperature of Adiabatic Isochoric Complete Combustion are 4.97 bar and 1035 K, respectively. The peak pressure is within the range that the containment can withstand, such that the integrity of the containment will not be challenged, while the peak gas temperature is higher than the design temperature of the containment. This does not indicate the thermal load that challenges the containment integrity because the combustion duration is short and the thermal response needs time to build up. The thermal load of containment structures is presented in the following section.
[image: Figure 11]FIGURE 11 | Temperature distribution after ignition. (A) 4 s, (B) 6 s, and (C) 8 s.
[image: Figure 12]FIGURE 12 | Global pressure and temperature after the ignition.
In this calculation, the turbulence is at a low level because hydrogen is released from breaks to the local compartment first, then disperses into the large space of the containment through junctions on the structures. There are also few complex geometries but large free volumes in the flammable gas mixtures. The combustion can be more intense if occurring at local compartments with complex geometries or with higher turbulence intensity, for instance, turbulence induced by a spray. Moreover, the spray can also condense the steam thereby increasing the hydrogen concentration, which can also lead to more intense combustion. Currently, the CYCAS code is not capable of modeling the interaction between the flame and spray droplets. Further research is needed in order to address this issue.
4.2.2 Thermal Load of the Containment Structure
The containment structures are modeled with two methods: the structures with thickness higher than 80 cm are modeled as structures filling in the grids, while others are modeled as walls on the grid surface. The material and its heat transfer material data for each structure are modeled based on the actual engineering data. One thing should be pointed out: only one-dimensional heat conduction in the normal direction of the surface facing the flow field is calculated in CYCAS. This assumption is conservative for local thermal load.
Figure 13 gives the temperature of the structure surface in the containment, both thin walls and thick structures, to evaluate the thermal load of the combustion to structures. The structure temperature rises at the upper part of the containment where the combustion presents, while the temperature at the lower part remains low. The peak temperature of 535 K is reached at the top of the containment dome (given in Figure 13A), 40 s after the ignition, which is lower than the atmospheric temperature and also lower than the containment design temperature, indicating that the containment integrity is not challenged despite the high atmospheric temperature of combustion. Figure 13B shows a high temperature on the walls of the PARs with a peak temperature of 739 K. Because these walls are initially heated by the chemical heat of the hydrogen recombination with temperatures around 450–500 K, these are then further heated by the burnt gas mixture. The equipment survivability should be evaluated with the thermal load and survivable temperature for each equipment.
[image: Figure 13]FIGURE 13 | Thermal load to structures. (A) Thick structure (>80 cm). (B) Thin structure (≦80 cm).
5 CONCLUSION
In this study, a turbulent combustion model is developed for the in-house CFD code CYCAS for the capability of hydrogen combustion analysis for the containment. The model is validated with two tests from the THAI facility, and then a containment analysis is presented to demonstrate the code capability. The following conclusions can be drawn:
(1) The validation with the THAI facility indicates that the combustion model in CYCAS manages to have reasonable prediction on the slow deflagration for gas mixture both with and without steam.
(2) The combustion analysis shows that the combustion model in CYCAS manages to calculate the pressure and thermal load of the combustion to evaluate the influence of the combustion on the containment integrity and equipment survivability.
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