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NHR-200-II is a small integrated pressurized water reactor with 200 MW core thermal power. The core heat is transferred to two independent intermediate circuits via fourteen in-vessel primary heat exchangers (PHE), and the heat in the intermediate circuits is transferred to feedwater by two steam generators (SG) in the two intermediate circuits respectively. A passive residual heat removal (PRHR) branch is connected to each intermediate circuit to remove core decay heat under postulated accidents. During normal operation, PRHR branches are isolated by valves while SG branches in intermediate circuits are open. The valves in PRHR branches will be opened and the isolation valves of SG branches will be closed during decay heat removal scenarios. The decay heat removal capacity of NHR-200-II PRHRS could be seriously deteriorated once the isolation valves for SG branches fail to close, which was confirmed in a scaled integral test loop previously. Current understanding of PRHRS’s thermal-hydraulic characteristics with possible isolation failure in SG branches is limited. In this paper, the NHR-200-II PRHRS is modeled with RELAP5 considering the case of success and fail to isolate SG branches. A series of numerical simulations are carried out to study the impact of various parameters, such as the initial temperature, the size of the intermediate circuits’ header, and the initial flow direction in the intermediate circuits. Oscillatory flow is found when SG branches fail to be isolated under certain parameters combinations. An improved PRHRS design is purposed to eliminate possible flow oscillations, and the purposed improved design are tested by numerical simulations.
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1 INTRODUCTION
An integrated pressurized water reactor (IPWR) integrates major primary components inside the pressure vessel. IPWR is generally more compact than traditional PWR, and has higher safety level since it eliminates possible failures of the main primary pipes (Liu et al., 2023). Research and design of integrated pressurized water reactors is quite active in many countries, as shown in Figure 1. Korea’s system-integrated modular advanced reactor (SMART) has a power rating 330 MW, and the system design of SMART includes both inherent and passive safety systems. In the United States, there are many IPWR designs such as mPower, NuScale, Westinghouse SMR, et al. In addition, CAREM-25 reactor in Argentina, Flexblue reactor by DCNS group in France and ABV-6M, RITM-200 reactors designed by Russia are integrated pressurized water reactor designs (IAEA, 2012).
[image: Figure 1]FIGURE 1 | Small integrated pressurized water reactor under development in the worldwide. (Copyright permission has been obtained before use).
NHR-200-II nuclear heating reactor is a multi-purpose small integrated pressurized water reactor developed by the Institute of Nuclear and New Energy Technology (INET) of Tsinghua University (Wang et al., 1993). The NHR-200-II design characteristics include a tri-circuits design, hydraulic control rod driving systems, in-vessel pressurizer with vapor and nitrogen, and passive residual heat removal systems (PRHRS). The NHR-200-II design has many advantages like higher safety, compact size, and controllable investment, make the reactor widely-deployable in many areas, like urban heating, seawater desalination, nuclear powered icebreakers, etc.
The PRHRS is an important safety system for NHR-200-II nuclear heating reactor. The PRHRS relies on three coupling natural circulations to remove core residual heat, namely the natural circulation of primary side in the reactor pressure vessel (RPV), the single-phase natural circulation in RHE branches of the intermediate circuits, and the natural circulation of air in the cooling tower (Zhang et al., 1993). However, flow instability in PRHRS was unexpectedly observed in a scaled integral test facility built for nuclear heating reactors, and the flow instability occurred when the isolation valves of SGs in the intermediate circuits failed to close (INET, 2018). Current understanding of the transient characteristics of NHR-200-II PRHRS with isolation failure in SG branch is quite limited.
The earliest studies on the instability of single-phase natural circulation loop (NCL) were focused on the oscillation mechanism in several typical simplified loops. Keller (Keller and Joseph, 1966) predicted the one-way oscillation without flow reversal by studying the rectangular loop with heat source and radiator in the center of the horizontal pipes at the bottom and top, and predicted the one-way instability flow in rectangular NCL with point-type heat source/sink. Keller first found that simplified rectangular loop flow have cyclic periodic motion theoretically. Welander (Welander, 1967) pointed out that a loop with two vertical branches, a point heat source at the bottom and a point heat sink at the top, may have unstable behavior at certain heat power inputs. Welander also provided a physical explanation for the instability by the motion of “warm and cold pockets of fluids.” Welander’s conclusion was validated by Creveling (Creveling et al., 1975), who first observed the instability in an annular water loop.
The initial flow direction in a closed NCL may have significant impact on the steady-state behavior of the NCL. Sen and Trevino (Sen and Trevino, 1982) proved that an NCL can have both positive and negative steady-state flow rates, depending on the initial NCL conditions. The heat input history and initial thermal condition will also affect the flow distribution in a NCL with multiple parallel branches. Takeda (Takeda et al., 1987) studied a parallel-channel NCL with different heat inputs experimentally and theoretically, and found that flow direction and flow rate of each channel depend on the historical effect of heat input in each channel. Gartia et al. (Gartia et al., 2006) studied a NCL with three non-uniformly heated parallel channels and a common cold leg by a RELAP5 model, the existence of a metastable state of the parallel-channel NCL was confirmed, and the influence of different parameters on the metastable state was studied theoretically and numerically.
In our related series research on NHR-200-II, it was found that the cold and hot ring header of PRHR system would have obvious flow thermal stratification phenomenon (Geng et al., 2023), which would affect the flow stability and distribution. Thermal stratification effect in the headers of the PRHR system played an important role in the phenomenon of uneven outlet temperature distributions. In the previous study (Geng et al., 2023), the research focusses on reproducing the three-dimensional flow field effect of the cold and hot ring pipe. In this paper, the perspective of numerical model verification related research work also carried out, analyzes the influence of hot and cold ring pipe and Y-junction on the PRHR system, and an improved design was proposed.
In this paper, a RELAP5 model is built to study the transient characteristics of the PRHRS in a scaled integral test facility for nuclear heating reactors. The steady-state simulations under different core temperatures are performed first. Both the case of success and fail to isolate the SGs branches are investigated. Impact of various design parameters, such as header size of the intermediate circuits, initial flow direction of intermediate circuits, are studied numerically with the RELAP5 model. An improved PRHR design for the NHR-200-II reactor is proposed to suppress possible oscillatory flow in the original PRHR design.
2 MATERIALS AND METHODS
2.1 Design of PRHRS of NHR-200-II
The NHR-200-II PRHRS has two identical heat removal columns, and a simplified schematic diagram of PRHRS is shown in Figure 2. Each PRHR column consists of: (1) seven in-vessel primary heat exchanger (PHE) branches, (2) a residual heat exchanger (RHE) branch with the RHE placed in an air-cooling tower, (3) a pressurizer (PRZ), (4) a SG branch, (5) a hot ring header and a cold ring header above the pressure vessel, and (6) two isolation valves in the SG branch and another two isolation valves in the RHE branch.
[image: Figure 2]FIGURE 2 | Schematic diagram of one column of PRHRS.
The RHE is a finned-tube air cooler located in the air-cooling tower of NHR-200-II. The cold ring header and hot ring header are coaxially arranged above the reactor pressure vessel. PHEs are connected to the headers by T-shaped tees asymmetrically, and the RHE is connected to the headers by low resistance Y-shaped tees. The PRZ is placed at the highest location of the loop.
The PRHRS utilizes three coupled natural circulations loops to remove core residual heat passively. The first loop is natural circulation of the primary fluid within the reactor pressure vessel. The second loop is the fluid circulation in the residual heat removal loop (Figure 2), and the third loop is natural circulation of air in the air-cooling tower.
Under normal operating conditions, valves in the RHE branch (Valve1 and Valve2 in Figure 2) are closed, and core heat is transferred from the seven in-vessel PHEs to the SG. Under reactor shutdown or postulated accidents, valves in the RHE branch (Valve3 and Valve4 in Figure 2) are opened, and decay heat is transferred from the PHEs to the RHE. However, the Valve1 and Valve2 may fail to close during PRHRS operation. In such scenarios, the RHE branch and SG branch will operate simultaneously to remove the core decay heat. The PRHRS should maintain the heat removal capacity upon isolation failure of Valve1 or Valve2 according to the single failure criteria.
2.2 The RELAP5 model
A RELAP5 model is developed for the PRHRS of the integral test facility. The model consists of six PHE branches (components number starting with 1–6 in the model), a cold ring header (components number starting with 7), a hot ring header (components number starting with 8), an RHE branch and a SG branch (components number starting with 9). The six PHE branches are evenly connected between the cold and hot ring headers in the circumferential direction. The RHE branch is connected to the cold ring header between PHE-1# and PHE- 2#. The RHE branch as well as SG branch is connected to the hot ring header between PHE-1# and PHE-6#, as shown in Figure 3. Four valves labeled as V1, V2, V3, and V4 are placed in the system, which can be switched on/off upon RELAP5 input cards.
[image: Figure 3]FIGURE 3 | RELAP5 model of the PRHRS in integral test facility for NHR-200-II.
RELAP5 input deck involves a variety of hydraulic components, including the initial calculation value, such as temperature, pressure, mass flow rate, and other thermal hydraulic parameters and calculation model. The facility design value was used as the initial state calculation value, and adjusted the input deck to the steady state before the calculation.
The PHE used in the NHR-200-II facility adopts a ring tube bundle structure with double casing. Simplified pipes are used in the Relap5 model to simulate the flow channel in the ring gap space of the tube bundle. The secondary side fluid flows in the middle gap of the ring tube, and the primary side fluid flows in the outsides and inside of the ring gap. Different constant temperatures are set as the thermal boundary in the heat structure, and different temperature values ranging from 533.15 to 327.15 K are used in different cases.
The U-shaped heat transfer tube bundle in SG is modeled by section, the secondary side is simulated by heat structure, and the thermal boundary is set as 453.15 K constant temperature.
The RHE heat transfer tube also uses a single pipe to simulate the heat transfer bundle, the heat structure simulates the secondary side, and the constant temperature thermal boundary 298.15 K is calculated.
3 RESULTS
3.1 Impact of primary fluid temperature on the PRHRS transient characteristics
The transient characteristics of PRHRS is simulated with the primary fluid temperature varying from 327.15 K to 533.15 K. The RHE heat sink temperature is kept at 298.15 K and SG boundary temperature is kept at 453.15 K in all cases.
In this study, the operation curve of the PRHRS is divided into three stages. The first stage is the normal operation mode with all the PHE branches and the SG branch connected, where the valves of V1 and V2 are closed and the valves of V3 and V4 are opened. The SG branch is driven by the pump 976TJ, where the mass flow rate of pump is increased from zero to a maximum of approximately 31.95 kg/s and remained at the maximum for a period.
In the second stage, the RHE branch is put into operation by opening V1 and V2 while the V3 and V4 are kept open, the purpose of second stage is to simulate the transient characteristics of PRHRS in case of fail to isolate the SG branch.
In the third stage, the SG valves named V3 and V4 are closed and the SG branch is isolated successfully, and core decay heat is transferred from the PHEs to the RHE. The third stage is set to simulate the standard PRHRS operation mode.
A series of numerical simulations with different primary fluid temperature are conducted to simulate the impact of primary fluid temperature on the PRHRS transient characteristics. Figure 4 shows the transient mass flow rate of each branch at different primary fluid temperatures.
[image: Figure 4]FIGURE 4 | Transient mass flow rate of each branch at different primary fluid temperature.
When the core temperature is range between 327.15 K and 413.15 K, a steady-state flow distribution is achieved in the second stage. In this stage, the steady-state flow rates of each branch with the primary fluid temperature are shown in Figure 5, where the mass flow rate of SG branch is denoted as M1, the totally mass flow rate of six PHE branches is denoted as M2, and the mass flow rate of RHE branch is denoted as M3. With the increase of primary fluid temperature from 327.15 K to 413.15 K, the mass flow rate of RHE branch increases monotonically, while the mass flow rate of PHE branches and the SG branch first increase and then decrease.
[image: Figure 5]FIGURE 5 | Mass flow rate with different PHE temperature in second stage Stable conditions.
For the middle temperature range of 413.15 K–458.15 K, the transient flow characteristics is different, where the flow in RHE branch is suppressed in the second stage completely.
For the core temperature range of 458.15 K–533.15 K, it can be seen from Figure 4 that unstable oscillating flow will occur in the second stage, which means the heat removal capacity of the PRHRS may be significantly deteriorated when the SG branch is failed to be isolated. In contrast, the PRHRS reaches a steady state in the third stage where the SG branch is isolated.
3.2 Effect of hot and cold ring header on the transient characteristics of PRHRS
The hot and cold ring header are important to the PRHRS hydraulic characteristics. In order to investigate the effect of ring headers on the oscillatory flow during the second stage, the ring headers in the original model (Figure 2) are replaced with small control volumes represented by the 714B and 814B (Figure 6). For the RELAP5 model of Figure 6, the transient flow rates of each branch at different primary fluid temperature are shown in Figure 7.
[image: Figure 6]FIGURE 6 | RELAP5 node diagram of the PRHRS of removing ring header.
[image: Figure 7]FIGURE 7 | Mass flow rate of each branch changing with Time at different PHE boundary temperature (removing the ring header).
For the primary fluid temperature range of 327.15 K–413.15 K, steady-state flow distribution is also achieved in the second stage. The flow rate distribution without ring headers is compared to the flow rates of the original model in Figure 8. It can be seen from Figure 8 that the steady-state flow rate of each branch has the same trend for the two models with and without ring headers, the flow rate of SG branch and PHE branches of the model without ring headers is slightly higher than that of the original model, while the mass flow rate of RHE branch is not significantly changed.
[image: Figure 8]FIGURE 8 | Mass flow rate at different primary fluid temperature under second stage (with the ring headers removed).
For the temperature range of 413.15 K–458.15 K, the transient flow characteristics of the system model without ring headers is generally the same to the original RELAP5 model. However, in temperature range of 458.15 K–533.15 K, steady-state flow distributions are achieved instead of the oscillatory flow of the original model in the second stage, which indicates that removing ring headers can suppress the oscillatory flow when isolation valves of the SG branch fail to close. In the third phase, with the absence of ring header, the flow distribution of six PHE branches are uniform, and the reverse flow phenomena in the six PHE branches caused by the existence of ring headers is eliminated.
3.3 Effect of initial flow rates to the transient characteristics of PRHRS
In order to study the influence of the initial flow rates to the steady-state flow rate distribution of all PRHR branches, the flow direction of pump 976 TJ is set to the opposite direction in the first stage. The transient flow rate of each branch is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Transient flow rate of each branch at different primary fluid temperature (with reversed initial flow direction of SG pump).
For the primary fluid temperature range of 327.15 K–443.15 K, the steady-state flow rates of the second stage of the current model (Figure 9) are opposite to that of the original model (Figure 4). The absolute value of steady state flow rates of PRHR branches for the current model and the original model are plotted on Figure 10, where the flow rate of SG branch (M1) and all PHE branches (M2) are significantly higher than the flow rates of the original PRHRS model or the PRHRS model without ring headers, while the flow rate of RHE branch (M3) is almost unchanged.
[image: Figure 10]FIGURE 10 | Steady-state flow rate at different primary fluid temperature in the second stage (with reversed initial flow direction of SG pump).
For higher primary fluid temperature ranges from 473.15 K to 533.15 K, oscillating flow also occurs in the second stage of PRHRS operation for the current model with initial SG pump flow direction reversed. However, it can be seen from Figure 10 that the pattern of oscillatory flow is very different compared to the transient flow rate of the original model (Figure 4). Therefore, the initial flow direction of PRHRS has a significant influence on the transient flow characteristics of PRHRS.
3.4 A preliminary PRHRS design improvement to suppress oscillatory flow
The flow oscillation phenomena, which may occur in PRHRS when the isolation valves of SG branch fail to close in certain temperature ranges, could significantly deteriorate the heat removal capacity of the PRHRS. A preliminary PRHRS design improvement to suppress the oscillatory flow is proposed and shown in Figure 11, where the tees of the SG branch are moved from the RHE branch (Figure 3) to the ring headers (Figure 11). The general consideration behind this design improvement is to reduce the flow resistance from the six PHE branches to the SG branch, and to avoid early mixing of fluid with different temperatures from both the RHE branch and the SG branch.
[image: Figure 11]FIGURE 11 | RELAP5 node figure of an improved PRHRS design.
The transient flow rate of the improved design is shown in Figure 12 with primary fluid temperature of 533.15 K. The operation curve of PRHRS used in this section is the same as previous sections, i.e., the first stage (0–50 s) with pump-driven circulation between SG and the six PHEs, and the second stage (50–550 s) with valves of RHE branch opened and valves of SG branch kept open (isolation failure), and for the third stage (550–1000 s), the SG branch is isolated.
[image: Figure 12]FIGURE 12 | Transient flow rate of the improved design with primary fluid temperature of 533.15 K.
As can be seen from Figure 12, the steady-state flow rate of all branches in the second stage (50–550 s) is the same as the third stage (550–1,000 s), which indicates that the improved PRHRS design can effectively suppress the flow oscillations during the period of isolation failure of SG valves. However, study of the purposed design improvement is preliminary and further numerical simulations and experiments are needed to confirm the effectiveness of the improved PRHRS design.
4 DISCUSSION
In this paper, a RELAP5 model is established for the NHR-200-II nuclear heating reactor PRHRS integral test facility. The impact of various parameters on PRHRS transient flow characteristics are studied, the parameters include the primary fluid temperature, the existence of ring headers and the initial flow directions. Both the case of fail and success to isolate SG branch are considered. The main conclusions include:
(1) The flow rates in PRHR branches are always steady when success to isolate SG branch, and the flow in PRHRS is oscillatory when fail to isolate SG branch if the primary fluid temperature is larger than 458.15 K.
(2) The flow oscillation can be suppressed by replacing the ring headers with a small control volume in the RELAP5 model. This means that the design of ring headers is an important cause on flow instability. In the RELAP5 model without ring headers, the steady-state flow rates of the SG branch and the six PHE branches are larger than that of the original model.
(3) The initial flow direction of PRHRS has a significant influence on the transient PRHRS flow characteristics. In a lower primary fluid temperature range of 327.15 K–443.15 K, the steady-state flow rates are opposite to the original model once the initial flow direction of SG branch is reversed. The SG branch and all PHE branches absolute value steady state flow rates increase when the initial flow direction of SG branch reversed, while the flow rate of RHE branch is almost unchanged.
(4) A preliminary improvement of PRHRS design is purposed, where the tees of SG branch are moved from the RHE branch to the ring headers. Preliminary numerical results show that the flow oscillations are effectively suppressed when fail to isolate SG branch. Further numerical simulations and experiments are planned to confirm the effectiveness of the improved PRHRS design.
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