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The dynamic characteristics of pump response to transient events were investigated by combining the Method of Characteristic (MOC) and Computational Fluid Dynamics (CFD) together. In a typical pump-pipeline-valve system, similar to the reactor system, the pump is treated as three-dimensional CFD model using Fluent code, whereas the rest is represented by one-dimensional components using MOC code. Meanwhile, a description of the coupling theory and procedure ensuring proper communication within the two codes is given. Then the pump transient characteristics caused by downstream valve closing and opening were analyzed and compared with the steady characteristic to study the effect of fluid inertia on the pump transient performance. It was found that the H-Q curve in transient operation evidently deviates from the steady-state value and shows two distinct patterns of deviation, and the cause of the deviation was further explained by the comparison of pump internal and external characteristics. All the results

showed that MOC-CFD is an efficient and promising way for simulating the interaction between pump model and piping system.

INTRODUCTION

The security and stability of the pump and pipe system have received extensive attention in hydraulic engineering, especially in nuclear system [START_REF] Gao | Analysis of reactor coolant pump transient performance in primary coolant system during start-up period[END_REF][START_REF] Zhang | Simulation of hydraulic transients in hydropower systems using the 1-D-3-D coupling approach[END_REF]. Transient operations, such as the rapid closure of a valve, a sudden switch over and start procedure of pumps and pump failure will cause sudden flow variation in the pipe system. This phenomenon, known as water hammer, will produces severe impact force and cause transient effects on the pump during the hydraulic transition process [START_REF] Li | Numerical simulation of the transient flow in a centrifugal pump during starting period[END_REF][START_REF] Tanaka | Transient behavior of a cavitating centrifugal pump at rapid change in operating conditions-Part 1: Transient phenomena at opening/closure of discharge valve[END_REF]. The dynamic interaction between transient pipe flow and pump are closely related with the safety and the operating stability of the whole system. So it is essential to study the transient interaction between them.

Although dynamic interaction between water hammer and pump had been validated by Ismaier and Schlücker [START_REF] Ismaier | Fluid dynamic interaction between water hammer and centrifugal pumps[END_REF] through an experiment, numerical calculation was not conducted due to the lack of effective solution methods. Up to now, one dimensional MOC (Method of Characteristic) and three dimensional CFD (Computational Fluid Dynamics) analyses have been two relatively independent ''modeling cultures''. MOC is commonly used in solving the hydraulic transients in pipe and giving important information at system levels because of its feasibility and advantages in modeling complex systems [START_REF] Afshar | Water hammer simulation by implicit method of characteristic[END_REF][START_REF] Deng | Hydraulic transients induced by pigging operation in pipeline with a long slope[END_REF][START_REF] Tian | Numerical simulation and optimization on valve-induced water hammer characteristics for parallel pump feedwater system[END_REF]. CFD is increasingly being used to capture complex local 3D features inside the fluid machinery [START_REF] Ding | Demonstration and validation of a 3D CFD simulation tool predicting pump performance and cavitation for industrial applications[END_REF]. In general it is impractical to simulate a whole system with a pure 3D CFD model considering computational resource and time, and consequently separate analysis of individual components within the system, such as a pump or a pipe, is considered in isolation. However, the 1D MOC is not mature enough to be applied in the calculation of the hydrodynamic characteristics of a pump under transient operating conditions for two reasons. On one hand, it cannot provide the detailed information, like flow field structure and pressure distribution, inside the fluid equipment. On the other hand, the pump dynamic characteristics, simulated solely based on single MOC, is a quasi-steady result due to replacing the pump model with steady-state performance curve [START_REF] Al-Khomairi | Use of steady-state pump headdischarge curve for unsteady pipe flow applications[END_REF]. Therefore, the two simulations methods are to be seen as complementary, and a multi-scale modeling approach, namely MOC-CFD, can be proposed by combining both models together to utilize the strengths of both approaches [START_REF] Wu | MOC-CFD Coupled Approach for the Analysis of the Fluid Dynamic Interaction between Water Hammer and Pump[END_REF].

In this paper, MOC-CFD coupled method was used to study the pump dynamic characteristics. In a typical pump-pipeline-valve system, the downstream valve is closed and opened rapidly to achieve a rapid change in operating conditions. The transient characteristics of the pump were obtained and compared with and steady characteristics. Then the deviation of the dynamic H-Q curve from the steady-state curve was further explained through the external characteristic and the detailed flow field structure inside the pump. Meanwhile, the effectiveness and accuracy of coupled simulation method were discussed during the research.

DESCRIPTION OF HYDRAULIC SYSTEM

As demonstrated in Fig. 1, the system is an open loop, which consists of a large reservoir with a free surface at ambient pressure, a centrifugal pump, a ball valve, a turbine flowmeter and stainless steel pipes. The pump is an in-line pump with inlet and outlet diameters of 0.032 m and rotates at a constant speed of 2320 rpm during the transient events. The valve inlet and outlet diameters are the same with the pipe and the values are 0.032 m. The flowmeter is used to measure the steady-state flow velocity. The stainless steel pipes with 0.032 m internal diameter, 0.002 m wall thickness and 0.02 wall friction factor are used to connect these hydraulic parts. The length of upstream pipe is 1.2 m and the length of downstream pipe is 6 m. The vertical distance between free surface of reservoir and pipe outlet is equal to 0 m. The measured wave speed is about 1000 m/s. Fig. 1 The hydraulic system schematic diagram

NUMERICAL METHOD

In this paper, MOC-CFD coupled method was proposed and developed to analyze the hydraulic system under transient operating conditions. It includes two parts, one-dimensional calculation using the Method of Characteristic (MOC) and threedimensional simulation using the Computational Fluid Dynamics (CFD) [START_REF] Yang | Dynamic analysis of the pump system based on MOC-CFD coupled method[END_REF].

The MOC is a numerical solution of equations that govern unsteady fluid flow in pipelines. At any interior grid intersection point (Q, H) in pipeline, the two compatibility equations are given [START_REF] Wylie | Fluid Transients[END_REF]:
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) where parameters CP and CM are functions of the flowrate and head at a previous time step. By introducing appropriate boundary conditions, the flow rate and pressure at the next time step can be easily calculated by the values in the current time step during the MOC calculation. In current study, the MOC code written using Visual Basic was developed.

CFD uses numerical methods to solve the governing equations of fluid flow. The continuity equation and momentum equations are the fundamental governing equations, which can be formulated as follows [START_REF] Ashgriz | An introduction to computational fluid dynamics[END_REF].
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in which, ρ is the fluid density, t is time, V is the fluid velocity vector, p is pressure, τij is the stress tensor, and F is the external body force. In this paper, Fluent software was employed and the data interface is accomplished through the user-defined functions (UDF).

Based on the experimental hydraulic system, the coupled model is established, as shown in Fig. 2. The pipe and valve are modeled in MOC code and the pump is modelled in Fluent code. Meanwhile, two data interfaces were developed to realize the exchange and synchronize the numerical values between both simulation codes.

Fig.2 The schematic diagram of coupled model

In each time step, C + and C -equations determine the transient system characteristics, and Fluent solver provides pressure datum to the MOC code every certain number of iterations and then updates inlet velocity boundary to complete the coupling process once. The maximum iterations can be set to a lager value (e.g. the multiples of coupled numbers) to ensure that the co-simulation achieves convergence after several coupled data exchanges before entering the next time step. When the flow rate and head obtained from Fluent simulation also satisfy the C + and C -equation at the interface of boundaries, convergence criterion is reached. The MOC code then advances to the next time step, and updates the C + and C -equations of MOC. The Fluent also runs into the next time step to couple the MOC code. At the beginning of the next time step, the flow field inherits the results of the current time step. In addition, the time steps used in the CFD simulation are in synchronization with that used in the MOC code during the transient coupling. It is clear that the information, including pressure and volume flow, is kept the same at the shared interfaces. But in the process of data exchange, cross-section averaged quantities are transformed, either at the interface from the 1D to the 3D code or at the interface from the 3D to the 1D code. After finishing the whole simulation, transient coupling ends.

The dimensions of impeller and volute are shown and provided in Fig. 3. In order to validate the independence of the grid, mesh with different number cells in different parts had been tested. Results show that the observed variation of head was under 1% when the cell number is more than 2 million, as shown in Fig. 4. Velocity in axial direction is specified as inlet boundary, while the average static pressure field is defined as the outlet boundary. And the used model is a realizable k-ε turbulence model, which is suitable to simulate the rotating flow inside the pump. The time dependent term scheme was first order, implicit. The pressure-velocity coupling was calculated through the SIMPLE algorithm. The second order upwind scheme was applied for the spatial discretization of the momentum, turbulent kinetic energy and turbulent dissipation rate.

In addition, in the coupled simulation, the pump unit is equivalent to a pipeline node of MOC calculation, and the flows of pump inlet and outlet are approximately equal to each other, which make pump model like a data transmission carrier, so an incompressible model can be used for the simulation of pump in Fluent code. Moreover, this treatment will achieve a good numerical stability.

Fig.3 3D pump model and mesh

In the coupled model, the valve is modeled in MOC code, and its transient operations are used to generate a rapid change of flow state. For the initial steadystate flow, the valve is described as follow [START_REF] Wylie | Fluid Transients[END_REF].
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in which Q0 and H0, respectively, are flow-rate and hydraulic loss of valve in fully open state, and (CdAG)0 the area of valve opening times the flow-rate coefficient. Here, (CdAG)0 is 0.018. For the transient flow, the relationship between the flow-rate QV and valve hydraulic loss HV are as follows [START_REF] Wylie | Fluid Transients[END_REF][START_REF] Azoury | Effect of valveclosure schedule on water hammer[END_REF].
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in which, τ is the valve opening, and the transient process of valve closure will be expressed using the equations of valve opening τ over time. Valve closing:
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in which tc is the valve closing time. Here, tc equals to 0.042 s. Because the duration of the unsteady flow is very short, the pump is assumed to operate with constant speed.

For the transient simulation of valve closure, analyses were started (time step t0) using initial values of the flow field obtained from the above steady cosimulation. The time step in both codes was set to 0.0012 s, which is obtained from the ratio of pipe grid distance to wave speed in pipeline and is a compromise between calculation accuracy and computational efficiency. In the transient coupled process, the Fluent solver provides pressure datum to the MOC code every 30 iterations and then updates inlet velocity boundary. At this point, one coupling is completed. The maximum iterations were set to 450 corresponding to coupling of 15 times in each time step, and this number has been proved to be enough for the co-simulation achieving convergence before entering the next time step. The valve position was then altered to go into the next time step and to update the C+ and C-equations of the MOC code. The Fluent also runs into the next time step to couple with the MOC code. In the whole process, the volume flow was again chosen as monitoring parameter, as shown in Fig. 6.

In Fig. 6, the flow-rate Q in every time step has achieved convergence before entering the next time step. In the whole process, the flow gradually decreases with the closing of the discharge valve. After the valve is fully closed, the flow fluctuation is occurred around zero and continues for a longer time under the action of water hammer.

The pump curves of inlet and outlet pressure are also plotted versus the time in seconds and compared with the experimental data, as shown in Fig. 7. In the figure, downstream valve closing will cause a positive pressure wave moving from the downstream to the pump, whose propagation leads to the fluctuations. The fluctuations also continue for a longer time until water hammer is dissipated. In addition, a conclusion can be drawn from the comparative research. The coupled numerical results had shown a good match with experimental data, which proves that the MOC-CFD coupled method is reliable 

Valve opening process

In the piping system, the discharge valve is needed to adjust when the pump is completely started up. However, the downstream valve rapidly opening will change the piping system resistance, which will cause sudden flow variations in a pipe and result in water hammer [START_REF] Wu | The transient flow in a centrifugal pump during the discharge valve rapid opening process[END_REF], so this section is mainly aimed at studying the pump transient characteristics when the discharge valve rapidly opens.

The reliability of MOC-CFD coupled method has been proved through the valve-closure experiment, so this section will directly analyze the valve opening process using this method. Analysis model is the same as that used in section 3.1. However, the coupled analysis of pump opening has a certain difference compared with the above valve closing. Pump is first under the shut-off operating condition and the flow in the pipe system equals to 0 m3/h. Therefore, there is no need to carry out the steady coupling to find the initial condition and just directly set the pump inlet velocity as 0 m/s. The initial detail flow field inside the pump was obtained after 2000 iterations in the Fluent code. Then the pump operating data including the inlet and outlet pressure was transferred to MOC code to obtain the initial operating condition of the whole system.

The transient process of valve opening can also be expressed with the equations of valve opening τ over time t.

Valve opening:
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in which to is the valve opening time. Here, to equals to 0.042 s. In this transient process, the pump is also assumed to operate with constant speed.

The transient coupled analysis for valve opening was also started from the initial steady coupled results. The parameters setting and the coupled control scheme were same with those of valve closing. In the process, the volume flow was again chosen as monitoring parameter. The history curves of pump flow-rate and pump inlet and outlet pressures were obtained and shown in Figs. 8 and Fig. 9, respectively. Fig. 8 The history curve of pump flow As shown in Fig. 8, the history curve of flow-rate Q starts from 0 m3/s and gradually increases with the opening of the discharge valve. However, the curve represents a slight fluctuation. After the valve is fully opened, the flow reached the maximum value 4.78 m 3 /h. Fig. 9 The history curve of pump inlet and outlet pressure

During the whole process, the inlet and outlet pressure of the pump synchronizing with the flow curves represent a considerable difference, as shown in Fig. 9. The fluctuation of pressure curves is much stronger than that of flow-rate curve. The valve rapidly opening will produce a low pressure wave, which moves from the downstream to the pump at the wave speed. When arrived at pump outlet position, the wave lowered the outlet pressure. The biggest pressure drop for outlet is about 50 kPa. Then the wave passed through the pump body and decreased the pump inlet pressure. Moreover, this whole process is repeated under the action of elasticity of fluid, which results in the strong fluctuations. When the valve is fully opened, the action of fluid friction and wall friction damps out the vibration and eventually causes the fluid to flow smoothly.

Comparative analysis

The transient process of valve closure and opening will cause the instability of piping system, so the pump response to the change of system resistance will present a certain transient characteristic. Therefore, the pump transient characteristics under two kinds of water hammer events were arranged and compared with the pump steady characteristic to study the effect of fluid inertia on the pump transient performance.

As shown in Fig. 10, the H-Q curves are also obtained to relate the pump flow-rate to its head. However, the H-Q curve in transient operation evidently deviates from the steady-state value and shows two distinct patterns of deviation, one is above the steady-state curve and the other is below the curve. The one above the steady-state pump H-Q curve is associated with flow reduction and is attributed to the positive pressure wave that results from downstream valve closing. The transient H-Q finally rotates around the pump shut-off point with fluctuations and the rotating radius decreases with the effect of water hammer fading away. However, downstream valve opening will generate a negative pressure wave, which moves from the valve to the pump and results in lower pressures than a pump would usually provide. The transient H-Q curve with fluctuations moves from the pump shut-off point to the mass flow points. Moreover, the wave volatility is weakened but the frequency is increased in the whole process. The wave volatility for the valve opening event is much lower than that of the valve closing event. Fig. 11 shows the relative velocity vectors distributions on two surfaces, one is defined by the inlet and outlet pipe axis intersection and the other is the middle stream surfaces S1m of the impeller. The shade of the velocity vectors indicates the vector magnitude. However, the flow field structure inside the pump under different operating state is different. For the steady case, several big primary vortexes exist near the volute tongue and rotate in the opposite rotational direction of the impeller. For the transient case of valve rapidly closing, vortexes on the middle stream surfaces S1m are squeezed, stretched, and moves to outer diameter of the impeller, and those on the surface defined by axis intersection are generated and developed when compared with those in same zone under the steady condition. However, for the transient case of valve rapidly opening, vortexes on the middle stream surfaces S1m are expanded and become much clearer, and those on the surface defined by axis intersection develop into larger vortexes and begin to block the passage when compared with the steady condition. Therefore, the positive pressure wave will strongly damage the vortex structure inside the pump, leading to the transient H-Q curve above the stead-state curve, while the negative pressure wave will promote the generation and development of vortex structure, leading to the transient H-Q curve below the stead-state curve. 

CONCLUSION

In this paper, a typical pump-pipeline-valve system, similar to the reactor system, was established to study the transient characteristics of pump response to transient events. And a coupled method, namely MOC-CFD, was used to predict this dynamic interaction. The coupled method is fully flexible and capable of providing detailed information only where needed while providing system level information in the rest of the domain. What's more, this multi-scale method avoids the need of imposing approximated boundary conditions to the pump model which would badly affect the reliability of the simulation itself.

In the transient analysis for the rapid process of valve closure, the coupled numerical results had shown a good match with experimental data, which proves that the coupled method is reliable. Then the transient analysis for the rapid process of valve opening was also carried out using MOC-CFD coupled method, and the pump transient characteristics under two kinds of water hammer events were arranged and compared with the pump steady characteristic. The H-Q curve under transient operating condition evidently deviates from the steady-state value and shows two distinct patterns of deviation, one is above the steadystate curve and the other is below the curve. The one above the steady-state pump H-Q curve is associated with flow reduction and is attributed to the positive pressure wave that results from downstream valve closing. However downstream valve opening will generate a negative pressure wave, which moves from the valve to the pump and results in lower pressures than a pump would usually provide. In addition, the effect of fluid inertia caused by transient events was further analyzed from the perspective of internal flow. The results show that the positive pressure wave will strongly damage the vortex structure inside the pump, while the negative pressure wave will promote the generation and development of vortex structure, and the actions are account for deviation of the dynamic H-Q curve from the steadystate curve.
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