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In order to study the transient characteristics of a nuclear reactor coolant pump in coast-down process under power failure condition, a transient test device for the nuclear reactor coolant pump is set up. This study investigates the effects of the rotor of the nuclear reactor coolant pump and the circuit characteristics on the nuclear reactor coolant pump during the coast-down process by changing the rotary inertia of the flywheel and the resistance of the pipe system. The results show that the greater the moment of inertia is, the more slowly rotational speed, flow, and lift get down in the same coast-down period. The change in the pipe resistance has little effect on the rate of decline in the coast-down process, but it has a great influence on the descent speed of the flow rate and lift. When the pipe resistance is small, the corresponding flow rate decreases faster, but it is slower for the corresponding lift. The results are of great significance in controlling the stability and reliability of the nuclear reactor coolant pump in the coast-down process.
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INTRODUCTION
With the continuing increase in economy in today’s society, the demand for energy keeps growing, corresponding to the shortage of fossil fuel supplies and restrictions on greenhouse gas emissions. Research shows that China’s nuclear power will step into a period of rapid development in the coming decades (Zeng et al., 2016; Yue et al., 2018). While nuclear power projects are under development, the safety and reliability of nuclear power plants are of vital importance. Although the frequency of nuclear accidents is really low, the severity of it is enormous (Wheatley et al., 2016). As one of the most important equipment in the nuclear power plants, the stability and reliability of the nuclear reactor coolant pump will be related to the safe and stable operation of the whole nuclear power plant (Ni et al., 2016).
In recent years, scholars at home and abroad have done a lot of researches on the safety and reliability of the nuclear reactor coolant pump. Stability researches of the nuclear reactor coolant pump mainly center on the factors causing vibration and noise, which include pressure fluctuation, flow instability, influence of speed on cavitation characteristics of the nuclear reactor main pump, critical wall roughness, and so on (Long et al., 2014; Fu et al., 2016; Ni et al., 2017; Yun et al., 2017; He et al., 2020). Some scholars have also conducted studies on the stability of the nuclear reactor coolant pump in the start-up. Su et al. (2017) studied the changes in pressure pulsation and radial force during the start-up of the nuclear reactor coolant pump. Gao et al. (2013) investigated the transient performance of the nuclear reactor coolant pump during start-up and analyzed the change in torque during the start-up. By establishing a mathematical start-up model for the primary circuit cooling system, Farhadi (Farhadi et al., 2007; Farhadi, 2011a; Farhadi, 2011b) studied the effects of the ratio between the inertial energy of the unit and the fluid mass inertia energy of the pipe coolant during the start-up process of the nuclear reactor coolant pump.
Research studies on the safety of the nuclear reactor coolant pump under extreme accident conditions are listed as follows. Zhu et al. (2016, 2017) studied the characteristics of gas-liquid two-phase flow and cavitation of the nuclear main pump in an accident condition. Jian et al. (2012) studied the change in the flow state of the nuclear reactor coolant pump during the coast-down process in the small break loss of coolant accident. Alatrash et al. (2015) conducted a test and analyzed the coast-down process of the nuclear reactor coolant pump and verified the consistency of the simulation prediction and the experiment by comparing the simulation results with the experimental data. Farhadi (2010) proposed an analytical model which can be used to calculate the flow velocity of the nuclear reactor coolant pump during the coast-down process and found the detailed flow characteristic of the nuclear reactor coolant pump. Gao et al. (2011) deduced the pump speed transient equation of the nuclear reactor coolant pump in the coast-down process based on the moment balance equation of the nuclear reactor coolant pump and verified the equation through a test. Han et al. (2009) explored the effect of cooling performance for KALIMER-600 caused by the nuclear reactor coolant pump with the flywheels of various moments of inertia in a power failure condition. Jiang et al. (2014) proposed a calculation model for the preliminary design calculation of the nuclear reactor coolant pump and validated the analysis. Xu and Xu (2011) proposed and verified a new calculation model of coast-down rotational speed and concluded the change rule of coast-down time when the nuclear reactor coolant pump reached half flow in different moments of inertia. Xiajie et al. (2009) verified the potential hazard of the nuclear reactor coolant pump in the coast-down period through a power failure test. Zhong et al. (2017) proposed a design method for coast-down characteristics in consideration of the inertial influence of loop fluid to increase the flexibility of the main pump design without affecting nuclear safety.
As we can see from the researches above, the present studies mainly focus on the prediction of rotational speed and performance in the coast-down period, but there are few studies on the effects of the rotor of the nuclear reactor coolant pump and the circuit characteristics on the nuclear reactor coolant pump during the coast-down process. It is necessary to follow Eq. 1 when calculating the rotating speed of the nuclear reactor coolant pump rotor during the coast-down process (Guo, 1995).
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where [image: image] is the hydraulic torque of the nuclear reactor coolant pump, N m; [image: image] is the friction torque of the nuclear reactor coolant pump unit, N m; I is the moment of inertia for the nuclear reactor coolant pump, kg m2; [image: image] is the angular velocity of the nuclear reactor coolant pump rotating impeller, rad/s; t is time, s. According to Eq. 1, different rotational inertia and pipe resistance have significant influences on the rotational speed of the coast-down process and also affect the flow state in the core pump. Therefore, it is necessary to study the influence of moment of inertia and pipe resistance on the transient characteristics of the coast-down process.
In the field of fluid machinery, some scholars use pure simulation methods to study its performance index (Shi et al., 2020a;Shi et al., 2020b; Wang et al., 2020a; Wang et al., 2020b), some scholars adopt the method of combining simulation methods with experiments (Wang et al., 2018; Shi et al., 2020), and this study adopts the method of direct experiment.
In order to explore the influence of rotational inertia and pipe resistance on the nuclear reactor coolant pump during the coast-down period, the following two aspects are mainly discussed: 1) the effect of the flywheel of different rotational inertias on the coast-down process with rated flow and 2) the effect of different valve openings on the coast-down process with the flywheel of the same moment of inertia. The results are of great significance in controlling the stability and reliability of the nuclear pump in the transition process.
TEST OBJECT
The Test Pump
This study used the model pump as the test pump to test the nuclear reactor coolant pump during the coast-down process in Figure 1. The hydraulic model of the nuclear reactor coolant pump has enough precision to test the nonlinear coast-down transient process under normal temperature and pressure. The size factor between the prototype pump and the test pump is 5.56, and the main performance parameters are shown in Table 1.
TABLE 1 | Comparison of main performance parameters between the prototype pump and the test pump of the nuclear reactor coolant pump.
[image: Table 1]Flywheel
Due to power failure, the nuclear reactor coolant pump works in the coast-down transition condition, and the flow of coolant through the reactor core decreases continuously. It will lead to rise in temperature in the reactor, which is liable to cause a safety accident. Increasing the moment of inertia of the nuclear reactor coolant pump by adding a flywheel can prolong the coast-down time of the pump and avoid accidents. The inertial energy provided by the flywheel not only ensures sufficient heat removal capacity of the cooling loop system during the coast-down period, but also helps establish subsequent natural cycles. In addition, a larger moment of inertia can also effectively control the accelerated rate of the nuclear reactor coolant pump during start-up, which is very important for the reactor in the transition period from natural circulation to forced circulation. Equation 2 is the one to calculate the flywheel moment of inertia and the flywheel energy storage. From the equation, it can be seen that the rotary inertia is proportional to the mass and the outer diameter of the flywheel. The energy storage can be regulated by changing the diameter and thickness of the flywheel.
In order to find the influence of different rotational inertias on the coast-down process, four groups of flywheels of different rotary inertias as shown in Figure 2 were designed and manufactured. The size of the flywheels are 0.15, 0.3, 0.5, and 0.75 kg m2, and A, B, C, and D are numbered from small to large, respectively. The rotating inertia of the flywheel can also increase the moment of inertia by the bolt combination.
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where E is the energy storage by the moment of inertia of the flywheel, J; ρ is the flywheel material density, kg/m3; and R1 and R2 are the flywheel diameter of the axle and outer, respectively, m; and h is the height of the flywheel, m.
[image: Figure 1]FIGURE 1 | Test pump physical map.
[image: Figure 2]FIGURE 2 | Flywheel structure and physical map.
TEST DEVICE INTRODUCTION
The Test System
The transient measurement device for the nuclear reactor coolant pump during the coast-down period is shown in Figure 3, and it is a closed loop test system. The system is mainly made up of a test pump, surge tank, valve, turbine flowmeter, motor, torque sensor, a flywheel, etc.
[image: Figure 3]FIGURE 3 | Experimental set-up. (A) Schematic diagram. (B) Testing site.
Data Acquisition Device
Flow Measurement
The LWGY turbine flowmeter (as shown in Figure 4) with a DN125 is selected as the test device. It can directly display the flow and, at the same time, output 4–20 mA pulse current signal with 0.5 sampling accuracy. The flowmeter should meet the requirement of the length of the straight pipe installed at both the front and back to make sure the measurement accuracy is achieved. The length of the straight pipe installed in the front is 25 times the diameter of the flowmeter, and the counter installed back is 10 times the diameter of the flowmeter. While the flow rate of the coast-down process keeps changing, it cannot be read directly through the flowmeter. In order to get the transient flow, the pulse current signals during the coast-down period need to be collected by the data acquisition card (USB3200 data acquisition card manufactured by Beijing Altay Technology Development Co. Ltd.). The data acquisition card is usually used to collect voltage signals. Therefore, it is necessary to use a conversion module (as shown in Figure 5) to convert the current signal into a voltage signal. The relationship between flow and time can be found during the coast-down process.
[image: Figure 4]FIGURE 4 | Turbine flowmeter.
[image: Figure 5]FIGURE 5 | Data acquisition and conversion equipment.
Measurement and Collection of Head
The head is energy difference between the inlet and outlet of a pump of the unit weight liquid. The test pump’s inlet and outlet are at the same level. The diameter of the measuring pressure section for the inlet and outlet is the same. The friction of the measuring tube can be neglected. Therefore, the head can be calculated directly according to the pressure difference between the inlet and outlet of the measuring pressure section. The pressure of the inlet and outlet of the test pump can be collected using the WT2000 intelligent pressure sensor, as shown in Figure 6. The pressure sensor which measures the inlet static pressure is located upstream of the inlet, and the one in the outlet is located downstream of the pump outlet. The inlet and outlet pressure sensors are 0.1 and 0–0.5 MPa, respectively, and the measurement accuracy is 0.2%. Pressure data are collected by the 285–20 digital data acquisition, as shown in Figure 7, and then entered into the computer.
[image: Figure 6]FIGURE 6 | Pressure sensor.
[image: Figure 7]FIGURE 7 | Data acquisition.
Measurement and Collection of the Transient Rotation Speed
In this study, the transient speed of the motor is collected by the ZJ torque sensor shown in Figure 8, and its measurement accuracy is 0.1. Its working principle is based on the principle of magneto-electric conversion and phase difference. The sensor converts the mechanical energy into two circuits’ electrical signal with a certain phase difference, and measures the transient speed through collecting the electrical signals. The sensor should have a load because it cannot measure the motor speed separately. In order to ensure high accuracy of measurement, good concentricity of the motor, pump, and sensor should be met during the installation period. As shown in Figure 9, the WJCG dynamometer which supports the ZJ torque sensor is used for collecting the electrical signals from the sensor, and it can collect data per 0.02 sec. In the WJCG, the meaning of W is metal with slight gauge, and the J is 40 μm, and the C stands for reduced pressure range, and the G represents gauge. The transient electrical signal during the coast-down period is collected by the sensor and transmitted to the dynamometer. Then, the relationship between rotational speed and time is obtained during the coast-down period.
[image: Figure 8]FIGURE 8 | Torque sensor.
[image: Figure 9]FIGURE 9 | Dynamometer.
TESTING PROCEDURE
Collection of Pump Characteristic Curve Before and After Optimization and the Coast-Down Process Test
After regulating the valve to the maximum, open the pump and wait for its stable operation. Collect the characteristic parameters through the data acquisition device after adjusting the valve and wait for the system to operate stably under the condition of 120% of the rated flow rate. (The following is described as 1.2Q.) After that, collect each characteristic parameter under the condition of 0–110% of the rated flow rate and then repeat the test three times. After collecting a set of data, replace the flywheel and collect the characteristic data of the pump optimized according to the above steps.
Coast-Down Transient Process Test for the Flywheel With Different Rotational Inertias Under Rated Flow
Turn on the power switch to start the pump (the mixed flow pump start-up has no specific requirements for the valve’s opening and closing). Adjust the outlet valve to keep the pump stable at the rated flow point and adjust each device to make sure they can operate properly and accurately. Turn off the power switch and wait for the pump to stop without operating the valve. The tests are conducted with five different flywheels: A, B, C, D, and AD, respectively. In the first place, open the pump and wait for its stable operation. Then, turn on the data acquisition device and turn off the pump power to stop the pump, and the data acquisition device will collect the characteristic data during the pump stop, which is the coast-down process. A set of test measurement and data collection is accomplished by repeating the test three times. The tests are carried out with other four different sets of flywheels following the above steps.
Test on the Coast-Down Process Under Different Pipe Resistances
After the above tests, the influence of different pipe resistances on the coast-down process is studied by using the pump with D flywheel. At first, turn on the pump and wait for its stable operation in 80% of the rated flow rate condition (the following is described as 0.8Q) by adjusting the outlet valve. Then, turn on the data acquisition device and turn off the pump power to stop the pump, and the data acquisition device will collect the characteristic data during the coast-down process. A set of test measurement and data collection in 0.8Q condition is accomplished by repeating the test three times. The test data on the effect of pipe resistance on the coast-down process are collected as the above steps under the condition of 0.9Q, 1.1Q, and 1.2Q, which are adjusted by the valve.
TEST RESULTS AND ANALYSIS
Influence of Rotational Inertia on the Coast-Down Process
Figure 10 shows the characteristics curve of the nuclear reactor coolant pump in different moments of inertia during coast-down transition for five sets of different flywheels with moment of inertia in T2 (T2 = 11 sec). It can be seen from Figure 10 that the relation of rotation speed, flow rate, head, and time is nonlinear in the coast-down transition process. The steepness of each characteristic curve corresponding to different rotational inertias is different. The change in the rate of decline of each characteristic in the coast-down process decreases and then becomes constant afterward. As shown in Figure 10, the change in time–rotational speed, time–flow, and time–head characteristic curves in the coast-down process of the flywheel with different rotational inertias is different, and it is the same for the curve of the characteristic decrease speed. The smaller the moment of inertia is, the faster the speed of each characteristic drops, and the steeper the decline of each characteristic curve is. The greater the moment of inertia is, the slower the decrease speed of each characteristic is, and the gentler the decline of each characteristic curve is. It can be seen comparing Figures 10A–C that the descend range of rotational speed, flow, and head is different during the same time. And it can be seen from Figure 10 that the curve of the head drops the fastest, and the flow characteristic curve drops the slowest. From the decrease speed curve of each characteristic, we can see that the initial value of the decrease speed of the head is greater than that of the decrease speed of rotational speed and flow in five sets of coast-down tests. Therefore, the head drops most. The initial value of the decrease speed of rotational speed is greater than that of the decrease speed of flow, so the extent of the rotational speed drop is greater than that of the flow drop. According to the square relationship between the head and the rotational speed of the pump, the decrease speed of the head is faster than the decrease speed of the rotational speed. Because of the linear relationship between flow and rotational speed, the flow and rotational speed should be the same in theory. However, as the flowmeter is generally located in the inlet pipeline to measure the flow rate, the decrease speed of flow lags behind the decrease speed of rotational speed.
[image: Figure 10]FIGURE 10 | Characteristics of the nuclear reactor coolant pump for different moments of inertia during coast-down transition. (A) The characteristic curve of the rotational speed and acceleration during coast-down transition. (B) The characteristic curve of the flow and flow decrease speed during coast-down transition. (C) The characteristic curve of the head and head decrease speed during coast-down transition.
Effect of Pipe Resistance on the Coast-Down Process
Figure 11 shows the characteristics curve of the nuclear reactor coolant pump during coast-down transition for five sets of different pipe resistances in T2. It can be seen from the figure that the relationship between each characteristic and time in the coast-down process is nonlinear for the flywheel with the same rotational inertia, and different valve openings correspond to different characteristic curves. The rate of change for the decrease speed of each characteristic in the coast-down process decreases and becomes constant afterward. In Figure 11, the changes in time–rotational speed, time–flow, and time–head characteristic curve in the coast-down process of the flywheel with different valve openings are different, and the same applies for the curve of characteristic decrease speed. As can be seen in Figure 11A, the initial value of the rotational descent speed is large and the rotational speed drops rapidly during the coast-down period under the condition of 0.8Q. But in the condition of 1.2Q, the initial value of the descent speed is small and the decrease speed is slow during the coast-down period. As shown in Figure 11B, the initial value of the flow decreases is small and the decrease speed of the flow is slow during the coast-down period under the condition of 0.8Q. But in the condition of 1.2Q, the initial value of the flow decreases is large and the decrease speed falls rapidly during the coast-down period. In Figure 11C, the initial value of the head decreases is large and the decrease speed of the head is rapid during the coast-down period under the condition of 0.8Q. But for the condition of 1.2Q, the initial value of the head decreases is small and the decrease speed is slow during the coast-down period.
[image: Figure 11]FIGURE 11 | Characteristic curves of the nuclear reactor coolant pump with different resistances during coast-down transition. (A) The characteristic curve of the rotational speed and acceleration during coast-down transition. (B) The characteristic curve of the flow and flow decrease speed during coast-down transition. (C) The characteristic curve of the head and head decrease speed during coast-down transition.
Comparing A, B, and C in Figure 11, we can get the relationship between each characteristic decrease speed is vH > vn > vQ. And it means that the head drop is the fastest, the decrease of the flow is the slowest, and the speed decrease is between those two in different working conditions. The changes in each characteristic at the same time under the adjacent working conditions are different during the coast-down period under different conditions. As shown in Figure 11, the change in the head is the largest, the change in the rotational speed is the smallest, and the flow change is between those two in different working conditions. The results show that the effect in different conditions on rotational speed in the coast-down period is nonsignificant. However, it has a major influence on the head, and the effect of the flow is between them. The following are the reasons for the difference in the flow, rotational speed, and head in descending process. Although the rotational inertia of the fluid in the initial stage of the coast-down period changes due to the change in pipe resistance, the moment of inertia of the rotor is much larger than that of the fluid. Therefore, the effect in different conditions on rotational speed in the coast-down period is very little. The initial values of flow and head are different with different pipe resistances in the coast-down period. The decline range of the corresponding rotational speed is almost the same under different pipe resistances. The initial speed of the flow decrease is large and that of the head decrease is small in small pipe resistance. The initial speed of the flow decrease is small and that of the head decrease is large in large pipe resistance.
CONCLUSION
In this study, the influence of rotary inertia and tube resistance on the coast-down process of the nuclear reactor coolant pump was studied by constructing a transient test device for the nuclear reactor coolant pump, and the results show the following:
(1) The test researches for the effect of moment of inertia on coast-down process are conducted by changing the moment of inertia of the rotor. The results show that the greater the moment of inertia is, the slower the drop rate of the rotational speed, the flow, and the head is in the same time. In the same moment of inertia, the head drops fastest, the flow decreases most slowly, and the drop rate of the rotational speed is between the above two.
(2) The effects of pipe resistance on the coast-down process are tested and analyzed by changing the pipe resistance of the loop system. The results show that the influence of the change in pipe resistance on the rotational speed decrease in the coast-down process is slight, but it has a great influence on the decrease speed of flow rate and the head. For a smaller pipe resistance, the decrease speed of flow rate is fast and the decrease speed of the head is slow.
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