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Reactor thermal-hydraulic codes can be categorized into system codes, sub-channel codes and CFD (computational fluid dynamics) codes according to the spatial discretization and simplification methods. As a traditional reactor system safety analysis code, system code is able to analyze the overall performance of the reactor quickly, while it cannot capture the mixing effects between coolant channels in the core accurately. The sub-channel code is currently the most suitable code for core analysis, with higher fidelity than system code and less computation resources than CFD code. To perform analysis of coupling effects between thermal-hydraulics characteristics of the reactor system and those of core, the in-house system code ASRAC and the in-house sub-channel code CORTH are coupled based on a generic coupling architecture. This generic coupling architecture comprises the generic coupling interface concept ICoCo (Interface for Code Coupling) and the generic data exchange model MED (Model for Exchanging field Data). In order to evaluate the accuracy and capability of the coupling code, the LOFT experiment case is chosen and analyzed. According to the validation results, compared with ASRAC code standalone, the ARSAC-CORTH coupling code is able to better analyze the coupling effects of loop system and core, meanwhile capturing the coolant mixing between coolant channels.
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1 INTRODUCTION
Reactor thermal-hydraulic phenomena are mainly analyzed through experiments and numerical simulations. Usually, experiments can directly display the actual physical processes of our interest. However, the experiments results are limited, due to the construction and operation costs, the limitation of measurement technology and the limited experience and capability of designers. For Pressurized Water-cooled Reactor operating in high-temperature and high-pressure environment, the physical process of coolant flow and heat transfer is extremely complex, making the related experiment costly and difficult to implement. Compared with experiments, numerical simulation methods can save significant amount of time and money, and can easily change its settings of the problems of interest. Moreover, numerical simulations can provide guidance for experimental research.
Reactor thermal hydraulic codes can be divided into system codes, sub-channel codes and CFD (Computational Fluid Dynamics) codes according to spatial discretisation and simplification methods. The system codes can analyze the overall response of the systems and offers lots of physical models for pipes, tanks, junctions, pumps, turbines, valves and so on. However, one-dimension simplification is usually adopted in the system code, and it cannot obtain local details of flow and heat transfer and its effects. When using it for safety analysis of nuclear power plant design, a large margin must be ensured. Sub-channel codes are specially developed for core thermal hydraulics simulations. As generic codes, via fine and reasonable meshing technology, CFD codes can obtain 3D fine details of flow and heat transfer. However, for current engineering practice, system codes and sub-channel codes are widely used in reactor thermal hydraulics. Due to the validation issues, for example, limitations of measurement technology, relatively high computational resources required and the user effects, the coupling of system codes and sub-channels are conducted in this paper, and further coupling with CFD codes and core neutron physical codes is on going.
Historically, there are lots of thermal hydraulic coupling codes (Jeong et al., 1999; Auliller et al., 2002; Ku et al., 2015; Papukchiev and Lerchl, 2010; Escalante et al., 2017). However, there is a trend that the coupling is performed based on a generic coupling architecture, or directly all the involved codes are redeveloped and coupled based on the same platforms. Typical examples of generic coupling architectures include preCICE (open-source, “Coupling” type) (Chourdakis et al., 2022), MPCCI (commercial code, “Coupling” type) (Joppich and Kürschner, 2006), OpenPALM (open source, “Coupling” type) (Duchaine et al., 2015), SHARP architecture (open source, “Coupling” type) (Yu et al., 2016), Supervised architecture (open-source, ICoCo interface concept and MEDCoupling libraries) (Zhang X. et al., 2020), OpenFOAM (open-sourece, “Cohesive” type) (Fiorina et al., 2015), MOOSE (open-sourece, “Cohesive” type) (Gaston et al., 2009), Salome (open-sourece, “Cohesive” type) (Aydemir et al., 2019). The difference between “Coupling” type and “Cohesive” type is that for “Coupling” type, the coupling is conducted in a black-box way; for “Cohesive” type, the codes are developed based on the same platform and can be coupled by directly exchanging the data.
Among the coupling architectures, the Supervised architecture based on ICoCo interface concept and MEDCoupling is promising thanks to its strong capabilities in terms of supporting field mapping between non-matching meshes (2D meshes, 3D meshes). Therefore, the coupling of system code and sub-channel code is developed based on the Supervised architecture.
In Section 2, the physical codes selected for coupling (System code ARSAC and Sub-channel code CORTH) and the coupling scheme are described. The coupling scheme consists of 4 parts: Basic coupling framework; Computational domain division scheme, Iterative coupling scheme and Data exchange scheme. After the development, the validation of the coupling code against LOFT experiment cases is conducted in Section 3. Finally, the paper is concluded in Section 4.
2 DEVELOPMENT OF ARSAC-CORTH COUPLING CODE
This section mainly introduces the reactor thermal-hydraulic calculation codes selected for coupling and the detailed coupling schemes.
2.1 Physical codes selected for coupling
The thermal hydraulic calculation codes to be coupled include system code ARSAC and sub-channel code CORTH, which are both developed by Nuclear Power Institute of China for Pressurized Water Reactor designs.
ARSAC is a light water reactor transient analysis code. It supports modelling pipes, valves, pumps, tanks, turbines, loops, emergency core coolers, pressure storage tanks, branches and control system components to simulate various systems. It can cover almost all thermal hydraulic transients and accidents of nuclear power plants adopting light water reactor technology.
CORTH is an advanced thermal-hydraulic analysis code used for reactor core thermal hydraulics. It is able to perform steady-state and transient analysis of thermal-hydraulics throughout the core, simulate the flow and heat transfer in sub-channels and mixing effects between sub-channels, and obtain the temperature distribution inside each fuel pin.
2.2 Coupling scheme adopted
The coupling scheme consists of 4 parts: Basic coupling framework; Computational domain division scheme, Iterative coupling scheme and Data exchange scheme.
2.2.1 Basic coupling framework
The ARSAC-CORTH coupling code is developed based on the Supervised architecture. ARSAC and CORTH are wrapped to provide a list of interface functions according to the requirements of ICoCo interface concept (Zhang K. et al., 2020). These interface functions have a variety of functions, such as reading of input card, code initialization, solving of time step, input of data, output of data, termination of code and so on. There is a supervisor code (i.e., the coupling scheduler) is written in C++/Python language and realizes the whole coupling schemes by calling the ICoCo interface functions provided by ARSAC and CORTH.
2.2.2 Computational domain division scheme
The ARSAC-CORTH coupling code adopts the domain decomposing scheme. The sub-channel code CORTH is used to simulate the reactor core, while the system code ARSAC evaluates the other components of the reactor. The data exchange is conducted at the boundaries of the core region (Core inlet and Core outlet).
2.2.3 Iterative coupling scheme
The ARSAC-CORTH coupling code adopt sequential explicit time stepping scheme, as shown in Figure 1. Before transient coupling calculation, firstly the two coupled codes are initialized individually. During the transient calculation process, the two codes perform calculations alternately. In the nth time step tn, ARSAC code first performs one-step calculation, and passes the calculation results to CORTH code for one-step calculation. The coupling calculation of current time step ends and the (n+1)th time step tn+1 starts. CORTH code passes the calculation results of nth time step tn to ARSAC code for calculation of (n+1)th time step tn+1, and proceeds alternately until the whole calculation finished. In the coupling code, ARSAC code and CORTH code both use the same time step.
[image: Figure 1]FIGURE 1 | The sequential explicit time stepping method.
2.2.4 Data exchange scheme
Figure 2 shows the data transfer scheme of the ARSAC-CORTH coupling code. According to the domain decomposing scheme adopted by the coupling code, at core inlet, CORTH receives velocity and temperature (or specific enthalpy) from ARSAC, while ARSAC receives pressure from CORTH; at core outlet, CORTH receives pressure from ARSAC, while ARSAC receives velocity and temperature (or specific enthalpy) from CORTH. There are time-dependent volume (TMDPVOL) to set the outlet pressure and the inlet temperature and time-dependent junction (TMDPJUN) to set the inlet velocity.
[image: Figure 2]FIGURE 2 | Data transfer scheme in System-subchannel coupling code.
3 CODE VALIDATION AGAINST LOFT EXPERIMENT RESULTS
3.1 Description of experiment case LOFT L6-5
The LOFT Integral Test Facility (ITF) (Burtt, 1979) is a ∼50 MW pressurized water reactor system, which can simulate the main accident phenomena of a large commercial four-loop pressurized water reactor (1,000 MW) with a ratio of 1:42 under LOCA accidents and other transient accidents.
A number of experiments were carried out on the LOFT bench, including large-break experiments with and without cores, medium-break experiments, small-break experiments, steam generator heat transfer tube rupture experiments, and non-break loop transient experiments. The experimental results help to deepen the understanding of some unexpected phenomena such as thermal-hydraulic, mechanical and nuclear responses of the reactor system under accident conditions.
On 29 May 1980, the L6-5 experimen (Olding and Lambert, 1982) was carried out on the LOFT ITF. The L6-5 experiment is a transient experiment about loss of feedwater supply on secondary side. It is one of the LOFT non-LOCA L6 experiment series. At the start of the L6-5 experiment, the nuclear power was 36.7 ± 1 MW, (the maximum line power was 39.6 ± 2 kW/m), the primary loop flow was 479.4 ± 6.3 kg/s, the hot leg temperatures were 568.2 ± 0.5 K and 554.7 ± 3K respectively, and the hot leg pressure was 14.95 ± 0.34 MPa. After shut-down of the main feed water pump of the secondary circuit, the experiment started. When the liquid level on the secondary side of the steam generator drops to the set point, the reactor is manually shut down. The liquid level in the steam generator and pressure Pressurizer is restored by operating operations. The experiment was terminated when the liquid levels in the steam generator and Pressurizer returned to the normal operating levels. Neither the injection suppression system nor the emergency core cooling system was put into use. The coolant in the broken loop did not flow during the entire experiment, so it only played the role of passive heat transfer.
The specific goals of Experiment L6-5 are:
1) To analyze the transient response of the reactor when the secondary side water supply is completely cut off;
2) To evaluate the reactor’s automatic recovery measures;
3) To provide experimental data to evaluate the code’s capability to evaluate secondary side system accidents.
3.2 Modeling of experiment case
Based on the layouts of the LOFT experimental bench and the core, as shown in Figures 3–6, the models of ARSAC and CORTH were established. The core of the LOFT IFT consists of 5 square assemblies and 4 triangular assemblies. The square assembly has 225 rod positions (15 rod positions on each side), 21 of which are guide tubes. The triangular assembly contains 78 rod positions, 8 of which are guide tubes.
[image: Figure 3]FIGURE 3 | Layout of LOFT bench.
[image: Figure 4]FIGURE 4 | Schematic diagram of node division of LOFT bench.
[image: Figure 5]FIGURE 5 | Schematic diagram of LOFT core layout (Olding and Lambert, 1982).
[image: Figure 6]FIGURE 6 | LOFT core sub-channel division.
3.3 Results and analysis
Based on the models established above, the ARSAC-CORTH coupling code was used to simulate the L6-5 non-break transient experiment, and the initial steady-state condition at the start of the experiment was established.
The comparison results between the initial conditions obtained by steady-state calculation and experimental values are shown in Table 1. It can be seen from the table that, except for the feedwater temperature on the secondary side of the steam generator, the calculated main thermal and hydraulic parameters are all within the allowable error range, and transient calculations can be carried out accordingly.
TABLE 1 | LOFT L6-5 initial steady state calculation results.
[image: Table 1]The transient calculation duration is 3,000 s, and the time step is set to 0.005 s. The pressure changes in the primary and secondary loops are shown in Figures 7, 8. At the beginning of the experiment, the main feed water pump was shut down and the flow rate of main feed water decreased, resulting in deterioration of heat transfer from the primary loop to the secondary loop and an instantaneous increase in primary circuit pressure. Before the reactor shutdown, the pressure of primary loop increased due to the deterioration of heat transfer in the secondary circuit.
[image: Figure 7]FIGURE 7 | Evolution of pressure of steam generator on secondary side.
[image: Figure 8]FIGURE 8 | Evolution of pressure of pressurizer.
At 23.7 s, the reactor core shut down and the power began to decrease according to the decay power curve. At 27.6 s, the isolation valve for feedwater supply was completely closed and the main feedwater supply was cutoff. When the flow rate of feed water was reduced, a large amount of coolant on the secondary side evaporates, causing the secondary side pressure to begin to increase. At 35.4 s, the main steam flow control valve is closed, and the pressure on the secondary side rises rapidly. When it reached about 6.6 MPa, the rising rate began to decrease until it reaches the opening pressure of the main steam flow control valve. About 60–767.6 s, the steam slowly evaporated and the SG secondary side pressure also slowly increased.
After the reactor shut down, the temperature of the hot leg decreased and the pressure of primary loop decreased rapidly. When it is lower than 14.5 MPa, the heating function of Pressurizer was activated, and the primary circuit pressure began to rise again. Due to the deterioration of heat transfer between primary loop and secondary loop, the temperature of the cold leg increased. Moreover, due to the sharp deterioration of heat transfer in U-shaped tubes, the temperature of the SG entrance and exit chambers was basically the same. After about 350 s, the spray of Pressurizer started and the pressure of Pressurizer decreased again.
During the experiment, the pressure on SG secondary side was controlled by the steam flow control valve. At 767.6 s, the steam flow control valve opened, and the SG secondary side pressure dropped sharply, bringing out a large amount of steam. After 791.1 s, the steam flow control valve was closed again, and the pressure slowly increased again.
After the steam flow control valve is opened, the pressure on the secondary side of the SG decreases rapidly, and the coolant evaporated and took away a large amount of heat, causing the primary circuit pressure to also drop rapidly. Later, the opening of the steam bypass valve between 2,142 s and 2,200 s also had the same impact on the pressure of Pressurizer.
Between 937.2–1,111.7 s and 2,377.3–2,511.3 s, the upper injecting pump of ECC started and injected coolant into the primary loop with a flow rate of 0.46L/s. After starts of the injecting systems, the pressure of Pressurizer increased rapidly, and then oscillated within the opening and closing range of the Pressurizer’s pressure relief valve. After the upper injecting system shut down, the spray system started and the pressure of Pressurizer decreased. After the spray system automatically shut down, the pressure of Pressurizer slowly increased again.
From the first injecting time to the opening of the steam bypass valve, the pressure on SG secondary side has been slowly increasing. Between 2,142 and 2,200 s, the steam bypass valve opened, the pressure on SG secondary side dropped again, and the pressure of Pressurizer pressure dropped rapidly again. After 2,400 s, the pressure on SG secondary sid increased and then remained stable.
The calculation results show that the heat transfer of the primary and secondary loops deteriorates more seriously than the test results, causing the primary circuit temperature to rise sharply (Figures 9, 10), and the pressure of primary loop also arise sharply until the relief valve for Pressurizer opened. During the relief of pressure, the flow rate of primary loop dropped significantly (Figure 11). After the reactor shut down, the pressure of primary loop dropped and the flow rate of primary loop was restored after the pressure relief valve was closed.
[image: Figure 9]FIGURE 9 | Temperature changes in inlet chamber of the steam generator.
[image: Figure 10]FIGURE 10 | Temperature changes in the outlet chamber of the steam generator.
[image: Figure 11]FIGURE 11 | Changes of flow rate of primary loop.
The temperature of the SG inlet and outlet chambers is shown in Figures 9, 10. After the reactor shuts down, the temperature of the primary and secondary sides quickly reached stable value. Finally, the values of temperature of the SG inlet and outlet chambers are almost the same as that of the SG secondary side, and the temperature changed with the SG secondary side pressure. After reactor shutdown, the temperature of the SG inlet and outlet chambers was in good agreement with the experimental results. After the SG flow control valve was opened, the calculated value was 1–2 K lower than the experimental value.
The changes of the flow rate of primary loop are shown in Figure 11. After the experiment started, the primary pumps always kept running with the initial speed. However, the upper injecting pump injected water twice, which increased the flow rate of the primary loop. The flow rate decreased slowly with time, and the calculated results were in good agreement with the experimental results.
4 CONCLUSION
The L6-5 experiment of the LOFT IFT was simulated via the ARSAC-CORTH coupling code. The core is modeled by CORTH, and other parts of the LOFT systems are modeled by ARSAC.
About the steady-state conditions, the coupling code can effectively obtain the similar initial conditions to the experimental conditions. The errors of the main thermal hydraulic parameters are within the acceptable range, and can be used as the initial conditions for transient calculations.
During the transient condition, the coupling code can basically capture the changes in thermal parameters of the primary and secondary loops.
According the validation results, compared with ARSAC code standalone, the ARSAC-CORTH coupling code is able to better analyze the coupling effects of loop system and core, meanwhile capturing the coolant mixing between coolant channels.
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