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Steam condensation plays a key role in prediction of the pressure behavior and hydrogen distribution in the containment during a hypothetical loss-of-coolant accident or a severe accident in a light water nuclear reactor. The objective of this study is to evaluate and improve the condensation model in GASFLOW code. Reynolds analogy coupled with wall function and Chilton-Colburn empirical analogy is used to model heat and mass transfer in GASFLOW, which has requirements for dimensional distance of the first cell near the wall and some deficiencies in description of heat and mass transfer process in the stagnant zone. Based on the evaluation of original condensation, the results shows good agreement with COPAIN experiment cases where the mass fraction of air ranges from 76.7 to 86.4%. However, with the changes in geometry of the facility and the presence of helium, the original model has a large deviation in the prediction of pressure, temperature and gas distribution compared with MISTRA ISP47 (OECD International Standard Problem No. 47) experiment data. This work proposes a modified condensation model which uses McAdams correlation and Schlichting correlation with a weight factor to calculate natural, forced, or mixed convection heat transfer coefficient, and adopts Chilton-Colburn empirical analogy to model mass transfer. The modified model has no requirement for the dimensionless distance near the wall in heat and mass transfer calculation and improves the prediction performance of heat transfer in stagnant zone. The prediction result of the modified model shows good agreements with MISTRA ISP47 problem, and the error of it compared with COPAIN experiment data is within 25% which is the same as that predicted by the original model.
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INTRODUCTION
In a postulated design basis accident or a severe accident in a light water reactor, liquid water or steam at high pressure and high temperature will be released into the reactor containment building. A rapid increase in mass and energy in the containment will result in rapid heat up and pressurization of the containment, which will threaten the integrity of the containment. Whether the heat transfer occurring on the surface of the containment wall and the surface of the internal structures can effectively transfer energy to the environment will directly affect the pressure behavior in the containment. Convective heat transfer and condensation heat transfer are two mechanisms to transfer heat out of the containment, and the latter is the key mechanism for heat removal and pressurization mitigation (Yoo et al., 2018). Therefore, it is significant to carry out the evaluation of condensation model to predict pressure behavior of the containment accurately under accident conditions.
De la Rosa et al. (2009) and Yadav et al. (2016) systematically review the condensation phenomena on the containment structures and the related available models. The condensation models can be divided into three categories, boundary layers and full 3-Dimension (3D) equation models, empirical correlation models, and heat and mass transfer analogy (HMTA) models.
Boundary layer analytical solution for condensation heat transfer are basically based on the film-wize condensation of Nusselt. Nusselt obtained the analytical solution of pure vapor film condensation by solving the boundary layer equation based on the simplified hypothesis (e.g. constant physical properties, ignoring inertia force etc.), and discussed the influence of relevant physical parameters on condensation heat transfer. The inertia term, convection term (Sparrow and Gregg, 1959), shear action of gas-liquid interface (Koh et al., 1961), the influence of the presence of non-condensable gas (Sparrow et al., 1967), and the influence of the inertia of liquid film and the viscous force of gas-liquid interface (Churchill, 1986) on condensation are considered in the subsequent researches. With the development of computation power, the full 3D transport equations can be solved. Using fine meshes, Vyskocil et al. (2014) and Dehbi (2013) respectively resolved the boundary layer to investigate the wall condensation with non-condensable gas presented.
Empirical correlations have been established that correlate the heat transfer rate by gas concentration, pressure, surface subcooling, or some other parameters. Uchida and Tagami respectively established the correlations that included mass fraction of steam and non-condensable gas (De la Rosa et al., 2009; Yadav et al., 2016). Dehbi (1991) investigated the condensation phenomenon on the surface of a circular tube under turbulent natural convection conditions, developed the correlations considering the pressure, wall subcooling, and length of the condenser. Liu et al. (2000), Kawakubo et al. (2009) and, Kuhn et al. (1997) also established global heat transfer correlations (HTC) used in reactor containment applications. Sharma et al. (2012) suggested a generalized HTC based on curve fitting of the reported semi-empirical models, and validated it by COPAIN experimental data. These correlations lay foundations for evaluation of steam condensation in containment thermal hydraulic analysis, however, the use of these correlations may be limited by specific conditions (pressure, non-condensable gas, geometrical scale etc.), and it may predict erroneous results outside these conditions (Yadav et al., 2016).
Heat and mass transfer analogy (HMTA) has been successfully applied in different fields, such as Reynolds analogy, Chilton-Colburn analogy which are used in some CFD codes (Kim and Corradini, 1990; Li et al., 2018; Wang et al., 2019). Bird et al. (2002) and Lienhard (1987) systematically demonstrated the physical and mathematical bases and application process of HMTA. Ambrosini et al. (2006) subdivided HMTA models into two broad categories of “mass” approach and “molar” approach and assessed the related quantitative differences in different forms of HMTA based on COPAIN experimental data. The prediction results of different formulations of HMTA show limited discrepancies.
Both the lumped parameter code and the 3D CFD code can be used for containment thermal-hydraulic analysis. Compared with lumped parameter codes, 3D CFD codes can obtain more detailed flow field and gas concentration distribution information, which provides a best-estimated result for formulation and optimization of accident mitigation measures. Resolved boundary method or HMTA method with wall function is usually used to model steam condensation. Fine near-wall mesh resolution (dimensional length y+<1) is required for the former method, which requires a lot of computing resources; HMTA method with wall function can reduce requirements for mesh resolution to a certain degree (Ambrosini et al., 2014; Lee et al., 2015). The GASFLOW code uses HMTA method with wall function to model steam condensation in containment (Wang et al., 2018). There are some deficiencies in using this method when the flow field close to the wall is nearly stagnant, the condensation rate then somewhat depends on the cell size next to the condenser (Royl et al., 2014). For nuclear power plant containment analysis, as a result of the limitation of computational resources, the near wall cell size is still relatively coarse. Due to the lack of resolution of near-wall meshing, the distortion of near wall flow field calculation may lead to the failure of condensation heat transfer for some special zones. As Dehbi (2013) pointed out, the wall function leads to substantial deviations in the developing region. Therefore, it is meaningful to carry out evaluation and development of the condensation model in GASFLOW.
The objective of this study is to evaluate and improve the condensation model of GASFLOW under complex environments. The original HMTA model of GASFLOW was evaluated by COPAIN test and MISTRA ISP47(OECD International Standard Problem No. 47) problems. Then a modified condensation model was established. The modified model decouples GASFLOW wall function for the heat transfer coefficients, uses semi-empirical correlations which cover natural convection, forced convection, and mixed convection simultaneously. The original model is described in Condensation Model, and the evaluation of original model is introduced in Assessment of Original Model. Then the modified model is described and validated in Modified Condensation Model and Reassessment.
CONDENSATION MODEL
Fundamentals of the Model
The bulk gas in containment transfers heat to the surface of liquid film by convection and condensation, and then transfer heat to the wall by conduction. Assuming that the heat transfer process is steady state (the heat flux from the wall to the interface is equal to that from the interface to the bulk.), the schematic diagram of the thermal resistance structure of the wall condensation heat transfer process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Scheme of the thermal resistances through the wall.
The heat transfer flux between the bulk gas and the liquid film is divided into two parts, convection and condensation.
[image: image]
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Where [image: image] is the condensation heat transfer coefficient, [image: image] is the bulk gas temperature, [image: image] is the convection heat transfer coefficient between the gas mixture and the liquid film, [image: image] is the liquid-gas interface temperature.
The heat transfer flux in liquid film can be expressed as Eq. (3), and the total heat transfer flux from the bulk mixture to the wall can be expressed as Eq. (4).
[image: image]
[image: image]
Where [image: image] is the liquid film heat transfer coefficient, [image: image] is the structure surface temperature, [image: image] is the total heat transfer coefficient.
The heat transfer model is derived from the heat balance at the liquid/gas interface. In steady state, the heat transfer flux from the liquid film to the wall is equal to that through the gas mixture to the liquid film.
[image: image]
The total heat transfer flux can be obtained by eliminating the interface temperature, [image: image].
[image: image]
As the non-condensable gas fraction is large enough, the thermal resistance of liquid film can be neglected (Corradini, 1984; Yoon et al., 2017). Therefore, the total heat transfer coefficient can be simplified as Eq. (7)
[image: image]
Original Model in GASFLOW
HMTA is adopted to calculate convection and condensation heat transfer by GASFLOW code (Xiao et al., 2014). Reynolds analogy with Colburn correction is adopted for convection heat transfer, and Chilton-Colburn empirical analogy is used for condensation heat transfer. The convection heat transfer coefficient is expressed as Eq. (8).
[image: image]
Where [image: image] is wall shear stress, [image: image] is the cell-center gas velocity near wall, [image: image] is the specific heat of gas, [image: image] is the Prandtl number, [image: image] is the gas density, [image: image] is wall shear velocity, [image: image] is dimensionless velocity.
According to the boundary layer theory, the dimensionless velocity of boundary layer can be described as Eq. (9).
[image: image]
Where y+ is dimensionless length, [image: image] ; [image: image] is the distance between wall and the first cell center near wall.
To avoid iterative calculation, the one-seventh-power law is applied for calculation of y+ (Li et al., 2018).
[image: image]
where [image: image] is the local Reynolds number at the first cell near the wall, [image: image] is the kinematic viscosity of the first cell. Therefore the right side of Eq. (9) can be written as
[image: image]
Then the convection heat transfer coefficient can be obtained using Eq. (8).
The condensation is modeled with Chilton-Colburn empirical analogy. The mass transfer coefficient is linked to the convection heat transfer coefficient as follow
[image: image]
where Sc is Schmidt number, Pr is Prandtl number. For relatively large steam mass fractions, the mass-transfer coefficient is corrected as (Bird et al., 2002)
[image: image]
where
[image: image]
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where [image: image] is the steam mole fraction at the wall, and [image: image] is the steam mole fraction in the bulk gas mixture.
The condensation mass transfer rate on structure surface is calculated as
[image: image]
where [image: image] is the corrected mass transfer coefficient, [image: image] is the area of the structure, [image: image] is the steam density in the gas mixture, [image: image] is the saturation steam density corresponding to the structure surface temperature.
ASSESSMENT OF ORIGINAL MODEL
COPAIN Test
COPAIN is separate effect experiment facility which aims at investigating the phenomenon of wall condensation in the presence of non-condensable gases (Bucci, 2009). The main test section consists of a rectangular channel which is placed vertically with a width, depth, and height dimension of 0.6, 0.5, and 4.0 m (Lee et al., 2019), as shown in Figure 2A. The rectangular channel is located inside a cylindrical vessel, by which is insulated from the external environment. The condensation plate is 2.0 m long and 0.6 m wide which is cooled by the secondary loop to achieve uniform temperature distribution on the plate surface.
[image: Figure 2]FIGURE 2 | Diagram of COPAIN test section and mesh. (A) Diagram of COPAIN test section. (B) Mesh division for x-z plane.
Due to the symmetric geometry of the facility in y-direction, a 2-D geometry model is established in this study. The computational domain is divided into 200 uniform cells along z-direction whose size is 2 cm and 50 cells along x-direction, the meshes are refined near the condensation wall along x-direction with the size of 0.5 cm, as shown in Figure 2B.
Li et al. (2018) and Zhang et al. (2018) validated the original HMTA model of GASFLOW to simulate natural convection and forced convection at atmospheric pressure based on COPAIN experiment data. In the later part, additional experiment cases with similar pressure and air mass fraction were added to validate the original model for heat and mass transfer under different flow regimes (including mixed convection). The analyzed initial conditions are shown in Table 1, which includes natural convection, forced convection, and mixed convection. The comparison between model prediction results and experimental data is shown in Figure 3. The original model predicts all of the data within 25% error. For the case of a relatively simple flow channel geometry, the flow field near the wall can be described by the classical boundary layer theory as Eq. (9). The original model which calculates the convective heat transfer coefficient based on the wall function shows good performances for prediction of heat and mass transfer in different flow regimes.
TABLE 1 | COPAIN experimental conditions.
[image: Table 1][image: Figure 3]FIGURE 3 | Prediction results of original model compared with COPAIN experimental data.
MISTRA ISP 47 Problem
MISTRA ISP47 problem is selected to evaluate the condensation model of GASFLOW. The MISTRA facility is a closed cylindrical vessel (99.5 m3, inner diameter 4.25 m) into which steam or non-condensable gases are injected through a vertical pipe located on the vessel axis. Inside the vessel, three temperature control condensers are concentric to the vessel walls and arranged along the axial direction at a distance of 1.897 m from the center axis. There is a narrow gap between the condensers and the walls where the spurious condensation may occur. Though the condensers are formed of vertical tubes, they are modeled as plates in this study for simplicity with the surface area of 26.2 m2 for the lower condenser, 21.4 m2 for the middle and the upper condensers. Through the temperature control system, the surface of the condensers can achieve good constant temperature boundary conditions ( ± 1°C). The instrumentation location (thermocouples and gas sampling tubes) of the main vertical half planes is shown in Figure 4, other experimental device details can be found in literature (Studer et al., 2007; Kudriakov et al., 2008).
[image: Figure 4]FIGURE 4 | Schematic view of the MISTRA facility and distribution of main instrumentation (Studer et al., 2007).
The MISTRA ISP47 test is composed of five consecutive stages. The first stage is to heat the vessel which is not simulated. The initial and boundary conditions of the other four stages are shown in Table 2 and Table 3. The initial phase is assumed to reach a state with uniform initial conditions 0.45 MPa, 407.2 K and volume fraction 0.3 for air and 0.7 for steam.
TABLE 2 | Injection characteristics of MISTRA ISP47 experiment.
[image: Table 2]TABLE 3 | Wall temperature characteristics of MISTRA ISP47 experiment.
[image: Table 3]Due to the symmetry of the facility, a 2-D simulation model (one mesh in the circumferential direction) is established in a cylindrical coordinate system. The schematic structure and mesh division are shown in Figure 5, with 42 cells in the radial direction, 125 cells in the axial direction, and 1 grid in azimuthal direction (36°). Except for the three surfaces of internal side of the condensers, the other surfaces of the vessel are all set to be adiabatic. The spurious condensation including the condensation happened on the vessel wall, surface of sump, and external side of condensers is not modeled directly, the rate of spurious condensation (12% of the injected mass flow rate) is removed from the injected mass flow directly. Standard k-ε model with wall function is selected in this study.
[image: Figure 5]FIGURE 5 | Diagram of MISTRA test section and mesh. (A) Geometry. (B) Mesh.
As shown in Table 4, the original model underestimates the condensation rate at phase A steady state, and it overestimates the condensation rate at phase B steady state. The steam volume fraction is higher than 50% at phase A state (air as non-condensable gas) and it is higher than 35% at phase B state (helium and air as non-condensable gas), which is higher than that of COPAIN test cases. The comparison between the simulation results of the original model and experimental data of the gas temperature along R2 axis in phase A is shown in Figure 6A. The simulation results at the top of the vessel are in good agreement with the experiment. As the height decreases, the deviation gradually increases, and the simulation results are about 8 K higher than the experimental data in the lowest position, which reflects the underestimation of the condensation rate in phase A by the original model. With the injection of helium during 5400∼7226 s, the original model underestimated the inhibition of the increase of non-condensable gas on heat and mass transfer, therefore it overestimates the condensation rate, which makes the prediction result of the pressure in phase B is about 3.5% lower than the experiment data. The temperature along R0 axis in the vessel is lower than the experiment data, and the prediction results of the helium concentration along R4 axis are significantly higher than the experiment data, as shown in Figure 6B and Figure 6C. It can be concluded from the comparisons that the original condensation model should be improve to obtain more accurate prediction results of pressure and gas distribution.
TABLE 4 | Simulation and experimental pressure comparison of MISTRA ISP47 experiment.
[image: Table 4][image: Figure 6]FIGURE 6 | Assessment results of original model. (A) Temperature vertical profiles along R2 axis (Phase A, t = 4000 s). (B) Temperature vertical profiles along R0 axis (Phase B, t=9000 s). (C) Helium volume fraction along R4 axis (Phase B, t = 9000 s).
MODIFIED CONDENSATION MODEL AND REASSESSMENT
Modified Analogy Model
As discussed in MISTRA ISP 47 Problem, the original model underestimates the condensation heat transfer under complex flow field at phase A steady state. and it underestimates the inhibition of steam condensation by helium for the mixed injection of helium and steam, thus it overestimates condensation heat transfer rate at phase B steady state. For the original model in GASFLOW, the following points are summarized:
The calculation of convective heat transfer coefficient is significant for the calculation of condensation rate as shown in Eq. 12. The dimensionless distance y+ of the first cell near wall has a great influence on calculation of convection heat transfer coefficient as shown in Eqs. (8), (9). There is an optimal value range for y+. Due to the complexity of the geometric structure of the containment, it is difficult to ensure that y + falls within the required value range. Using wall functions to describe momentum, heat, and mass transfer requires further work when approaching stagnant conditions (Royl et al., 2009).
The flow regimes inside the containment during accidents are complicated, however, the wall function currently does not make any difference between forced convection and natural convection in GASFLOW. When the steam volume fraction is high and with or without the presence of helium, the prediction results of the original model for wall condensation process are overestimated or underestimated under complex flow field, which further affects the prediction accuracy of temperature and gas distribution in the space.
To avoid the deficiency of using wall function, semi-empirical correlations are added in GASFLOW to calculate convective heat transfer coefficient. The McAdams correlation is used to calculate Nusselt number for natural convection.
[image: image]
Where
[image: image]
Where g is the acceleration of gravity, ρ∞ is the mixture density of the bulk, ρi is the mixture density of the film surface, L is the characteristic length scale, [image: image] is the dynamic viscosity of the mixture. The semi-empirical correlation of Wilke is used to compute the mixture dynamic viscosity (Bird et al., 2002).
[image: image]
in which [image: image] is formulated as
[image: image]
where [image: image] is the mole fraction of specie [image: image], [image: image] is the viscosity of pure specie [image: image], N is the number of chemical species in the gas mixture, and [image: image] is the molecular weight of species [image: image].
Schlichting correlation is used to calculate Nusselt number for forced convection.
[image: image]
Where [image: image] , [image: image] is the bulk velocity.
The Richardson number, [image: image] , is used to estimate the weights of natural convection and forced convection.
[image: image]
When [image: image] >> 1, the natural convection pattern dominates; when [image: image] << 1, the forced convection pattern dominates; when [image: image] is near 1, both patterns have equal importance. The weight factor between the two flow patterns is calculated with the relational formula proposed by Li et al. (2019).
[image: image]
Where a = 10, b = 1.
Therefore, the Nusselt number finally described as
[image: image]
The plus and minus signs pertain respectively to buoyancy assisting and buoyancy opposing flow cases. The modified model is based on Eq. (24) to calculate convective heat transfer and then uses Chilton-Colburn empirical analogy to calculate condensation heat transfer. In this model, the link between wall function and heat transfer is decoupled, therefore, there is no requirement for the value range of dimensionless distance y+ in heat and mass transfer calculation.
Reassessment of MISTRA ISP47 Problem
The MISTRA ISP47 problem is simulated based on the modified condensation model. The pressure simulation results comparison between the two steady-state stages is shown in Table 4. It can be concluded from the table that the modified model prediction results are in better agreement with the experimental data especially at phase B state. The density of the interface mixture, [image: image], takes into account the presence of helium in modified model, which can reflect the inhibition of non-condensable gas on steam condensation more obviously, therefore, the pressure prediction result of phase B of the modified model is closer to the experimental data. In the later part, the gas temperature, condensation rate, and concentration distribution in both phases are discussed.
Phase A
The condensation rate fraction of the three condensers at phase A state (t = 4000s) is shown in Table 5. The experimental results show that the condensation rate of the three condensation surfaces increases sequentially from bottom to top, which is due to the accumulation of the injected hot steam on the top of the vessel. After being injected from the center of the lower part of the vessel, the steam first migrates to the top of the vessel driven by jet and buoyancy, and then migrates horizontally after being blocked by the top wall, and then flows down along the condenser, that is, high-temperature steam first transfers heat to the upper condenser. When the airflow migrates to the middle and lower parts of the vessel, the temperature and steam concentration gradually decrease, therefore, condensation rate also gradually decreases. It may be that the flow field near the surface of the lower and the upper condensers deviate from the flat plate boundary layer as described by Eq. (9), as a result, the prediction results of the lower and upper condensers of the original model deviate greatly from the experiment data. The modified model uses semi-empirical correlations instead of using wall function to calculate the convection heat transfer coefficient, it avoids the dependence of the condensation heat transfer calculation on Eq. (9), which effectively improves the prediction results of the condensation rate of the lower and upper condensers, and the predictions of the condensation rate of middle condenser by the two models (original model and modified model) are in good agreement with the experiment data.
TABLE 5 | Condensation rate fraction on the three condensers in Phase A of MISTRA ISP47 experiment (t = 4000 s).
[image: Table 5]The gas temperature distribution along R2 axis of the vessel at phase A state is shown in Figure 7. The experimental results show that a temperature difference of about 12 K is established in the vessel along the axial direction at phase A state. As the height increases, the gas temperature gradually increases. The modified model effectively improves the prediction effect of the original model which overestimates the temperature at the height of the middle and lower parts of the vessel with the same reason as condensation rate fraction. The difference between the gas temperature near the condenser and the corresponding steam saturation temperature under the steam partial pressure along R4 axis is shown as Figure 8. The steam superheat increases with the height. The modified model predicts better than the original model, the difference between the prediction results of modified model and the experimental data is within ± 2 K along the entire height.
[image: Figure 7]FIGURE 7 | Temperature vertical profiles along R2 axis (Phase A, t = 4000 s).
[image: Figure 8]FIGURE 8 | Saturation profiles along R4 axis (Phase A, t = 4000 s).
Phase B
The condensation rate fraction of the three condensers at phase B state is shown in Table 6. Similar to phase A, because the steam temperature is higher around the top condenser and the boundary layer is thinner, it will produce a stronger heat exchange effect, the steam condensation mainly occurs in the upper condenser. The simulation results of the condensation rate here have been improved by the modified model compared with original model at this state, which is also reflected in the steady-state gas temperature spatial distribution in the vessel, as shown in Figure 9 and Figure 10, the prediction result of the modified model is more close to the experiment data.
TABLE 6 | Condensation rate fraction on the three condensers in Phase B of MISTRA ISP47 experiment (t = 9000 s).
[image: Table 6][image: Figure 9]FIGURE 9 | Temperature vertical profiles along R0 axis (Phase B, t = 9000 s).
[image: Figure 10]FIGURE 10 | Temperature vertical profiles along R4 axis (Phase B, t = 9000 s).
Helium has a higher concentration in the lower part of the vessel than at the top part. The prediction result of the modified model for the whole height is closer to the experimental data as shown in Figure 11. The original Reynolds analogy heat transfer model is based on the flat plate boundary layer theory, and uses the gas flow velocity near the wall in the stagnation zone to carry out the analogy. As shown in Figure 12A, the airflow is blocked by the top wall and flows horizontally, forming an impact on the surface of the condenser, the flow near the wall of the top condenser is complicated which cannot be described as Eq. (9). Therefore, the local heat transfer is overestimated around upper condenser. The modified model based on semi-empirical correlations can improve this deficiency, therefore, the condensation rate fraction of upper condenser in Table 6 improved by 19%. Due to the natural convection caused by wall condensation, more light non-condensable gas (helium) migrates to the lower part of the vessel, as a result, the helium concentration is the highest around the axial position of the lower condenser as shown in Figure 12B.
[image: Figure 11]FIGURE 11 | Helium volume fraction along R4 axis (Phase B, t = 9000 s).
[image: Figure 12]FIGURE 12 | Flow field distribution and helium volume fraciton distribution (Phase B, t = 9000 s). (A) Upper condenser. (B) Lower condenser.
Reassessment of COPAIN Test
The modified HMTA model uses Eq. (24) to calculate the convective heat transfer coefficient instead of using the wall function, and then use Chilton-Colburn analogy to calculate the mass transfer process. Eq. (24) can handle different flow regimes. In order to show its effect more intuitively, calculations have been carried out with forced convection case P0441 and mixed convection case P0443. The natural convection heat transfer correlation (Eq. (17)) and the forced convection heat transfer correlation (Eq. (21)) is calculated for both cases, and the comparison result is shown in Figure 13. It can be concluded that in the two cases, only using one equation of Eq. (17) or Eq. (21) may overestimate or underestimate the heat flux while the mixed convection Eq. (24) can effectively improve the prediction results.
[image: Figure 13]FIGURE 13 | Comparisons with different heat transfer patterns. (A) case P0441. (B) case P0443.
In order to reflect that the modified model has good universality for the simulation of steam condensation, the COPAIN experiment is chosen to assess the modified model again. The result is given in Figure 14, the modified model also predicts all of the data within 25% error like the original model does. According to the comparison results, the modified condensation model can also provide reasonable prediction results.
[image: Figure 14]FIGURE 14 | Modified HMTA model compared with COPAIN experimental data.
CONCLUSION
In this study, HMTA model of GASFLOW code is evaluated, the prediction results of the original model have obvious defects under complex environments when the steam volume fraction is higher than 35%. A modified model is established which uses semi-empirical correlations to calculate convective heat transfer coefficient instead of using wall function. The modified model is validated by MISTRA ISP47 problem and COPAIN test, and the main conclusions obtained are as follows:
The modified HMTA model is decoupled from wall function, therefore, it is has no requirement for the dimensionless distance near the wall in heat and mass transfer calculation. The prediction results of condensation rate, temperature, pressure, and the light gas concentration of the modified model are in good agreement with MISTRA ISP 47 experiment data.
Based on the semi-empirical correlations, a modified condensation model suitable for forced convection, natural convection, and mixed convection is established, and the modified model is validated by separate effect experiment COPAIN.
The convection caused by wall cooling drives the light gas to migrate to lower part, and then the light gas accumulate a higher concentration. Under severe accident conditions of nuclear power plants, it is necessary to monitor the change of hydrogen concentration in the lower part of the containment, and take mitigation measures to prevent local hydrogen risk.
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