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ABSTRACT 

Transient flow in pump turbines appears because the hydropower storage plant needs to 

experience variable operation modes to make a balance between the electricity production and 

consumption, thus causing high-pressure fluctuations and shortening life expectancy. In this 

paper, three-dimensional numerical simulation, based on Detached Eddy Simulation (DES) 

turbulent model, was carried out to investigate the flow characteristics in a high head pump 

turbine in pump mode during rapid closure of wicket gates. The dynamic mesh technique was 

applied to simulate the rotation of the guide vane. In this work, the influence of water 

compressibility on pressure fluctuations was considered. The transient flow characteristics 

during load reduction were investigated by time-frequency analysis methods of the numerical 

data. 
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g Gravitational acceleration m s-2 
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n Rotational speed of the impeller s-1 

nb Impeller number of blades - 

nbR Return Vane number of blades - 

nbW Wicket Gate number of blades - 
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 Wicket gate rotation angle degree 

 Angle degree 

 Wicket gate’s azimuthal position degree 

 density kg/m3 

 Angular rotational velocity  rad s-1 

ϕ Flow rate coefficient - 

Introduction 
Last decades have witnessed an increasing consumption of renewable energy due to the increasing 

price of fossil fuels and damage of carbon dioxide emissions on the living environment. The 

development of wind energy, solar power energy, hydropower energy and clean energy has been put 

into investigation for many years. However, it is a challenging task to control the stability of the 

output of renewable energy transmitted to the electricity grid because of stochastic nature of the 

renewable energy and fluctuating requirement of customers.  

In the renewable energy system, hydropower pump storage plant has been deemed as a cost-

effective electricity storage technology to balance the output of renewable electricity and need of the 

customers.  Even though hydropower pump storage plants has such advantage, it needs change the 

operation modes between the pump mode and turbine mode frequently to meet the unpredictable need 

of electricity consumption, leading to transient instable flow in the pump-turbine under variable 

transient processes including the start-up, stop and adjusting rotating speed and so on. Besides, one 

of the common transient processes is that the wicket gates are required to open or close frequently. 

The transient instable flow including the flow separation, back flow and rotating stalls can cause 

severe pressure fluctuations, resulting in the vibrations of pump-turbine, even reducing the operating 

life expectancy and accidents. Thus, it is very important and urgent to investigate the transient flow 

mechanism for reducing the unstable flow [1].  

Many numerical and experimental investigations on the unsteady flow that are rotor-stator 

interaction and rotating stall have been carried out on pump-turbine at pump mode and turbine mode 

at the constant flow rate[2-7]. In terms of research on the transient process, the transient processes 

that are runaway, no-load, load rejection and so on are studied in pump turbine at turbine mode by 

numerical simulation and experimental methods. Cavazzini et al [8] simulated the transient flow in 

pump turbine at turbine mode under no-load condition. She pointed out that the head began to increase 

due to the fully developed rotating stall, causing the S-shape. An experimental investigation on 

pressure fluctuations on a Francis turbine during emergency shutdown, load rejection and runaway 

was carried out by Trivedi et al [9-10]. He found that the maximum amplitudes of pressure 

fluctuations appeared under a runaway condition. Chen et al [11] executed a numerical simulation on 

the transient flow of pump turbine at turbine mode. The results showed that the jet flow had a direct 

relationship with increase of torque of runner during the starting period. The simulation of Francis 

turbine during starting period was also carried out by Nicolle et al [12].  

The transient regulation of pump turbine in pump mode should also be paid high attention too. 

However, the research on transient unsteady flow analysis on the pump-turbine in pump mode is 

relatively limited. Li et al [13] analyzed the dynamic characteristics during the transient process by 

decreasing the mass flow rate at the draft tube linearly numerically and the result showed that the 

external performance had a certain fluctuation and the flow separation varied in the impeller with the 
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decline of flow rate, which leaded to a drop of the head. Liu et al [14] calculated the transient power 

interruption process of a pump-turbine at pump mode with coupling dynamic mesh simulating the 

closure of wicket gates. The reverse flow occurred in the wicket gates and casing and stall occurred 

in the impeller, which is associated with the change of head. Pavesi et al [15] adopted numerical 

simulation to analyze the unsteady flow by considering a real regulation of rotating speed of pump 

turbine in pump mode firstly.  

In addition, a few investigations on water compressibility in pump turbine were carried out. Yan 

et al [17] studied the effect of water compressibility on the rotor-stator interaction in pump-turbine 

numerically. He pointed out the incompressible simulation underestimate pressure fluctuations in 

spiral case and runner channels.  

The aim of this study was to investigate the 3D transient flow during the closure of guide from 

design flow rate to shutdown numerically. The dynamic mesh technique was applied to simulate the 

movement of wicket gates in the transient process. Moreover, the influence of water compressibility 

on pressure fluctuations was considered. The mass flow, torque and pressure fluctuations in the pump 

turbine at pump mode were investigated by frequency and time-frequency analysis method. 

Pump-turbine model 
Fig. 1 shows the low-pressure stage of a two stages pump-turbine model under test. The stage has a 

runner with 7 backward 3D blades, 22 wicket gates and 11 return stay vanes (Table 1) and specific 

speed nEQ=0.71. 

The wicket gate allows continuous and 

independent adjustment of the vane angle and 

of relative azimuthally position with the 

return channel vanes. The relative azimuthal 

position of the wicket gates was fixed by 

rotating the whole wicket gates system from 

the face-to-face configuration (reference in 

line position with λ =0°) to a tandem 

configuration out of alignment of  λ=8°, close 

to optimum turbine configuration. In the 

analyzed starting configuration, the radial 

gap between the trailing edge of the wicket 

gates and the impeller tip was 10.5 mm, 

which is 5.25% of the impeller radius. 

Since the study was aimed at reproducing 

the load rejection scenario of a pump-turbine, 

a large adjustable guide vane opening of 23.4 

deg, presenting an unstable behavior in 

pumping mode [16], was considered as 

starting configuration. 

Numerical simulations 
Fig. 2 shows meridional scheme of the 

computational domain. It consists of inlet 

pipe, impeller, wicket gates and return 

channel. The leakage system from seal is also 

considered.  

A structured H mesh with an O grid was 

performed for impeller, wicket gates and 

return channel by commercial code ICEM.  

A sensitivity study taking into account six 

levels of mesh refinement was carried out to 

 

Figure 1: 3D scheme of first stage of pump turbine 

Table 1: Main geometrical parameters of pump 

turbine 

Impeller 

Outlet diameter D2 400 mm 

Outlet width B2 40 mm 

Number of blade nb 7 

Outlet blade angel β2b 26.5° 

Flow rate coefficient ϕDes 0.125 

Wicket 

gates 

Inlet diameter D3 410 mm 

Inlet width B3 40 mm 

Number of vane nbR 22 

Azimuthal position λ -8~8° 

Return 

channel 

Inlet diameter D4 516 mm 

Inlet width B4 40 mm 

Number of vane nbR 11 
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evaluate the influence of the mesh density on 

the simulation results. Fig. 3 presents the head 

computed at BEP conditions for the different 

mesh densities at a GVA of 23.4°. 

The results compared with the 

experimental value show a grid independent 

solution with about 6900 k elements.  

When the mesh density increases from 

6900 k to 1400 k, the accuracy of the head 

improves slightly (0.5%) but to be sure of the 

capacity of the numerical solution to capture 

local pressure pulsations in the whole domain, 

as a precautionary measure, the higher density 

was selected for simulations.  

The mesh elements of draft tube, runner, 

wicket gates and return channel were about 

0.57 million, 3.96 million, 4.3 million and 5.4 

million, respectively.  

y+ value was lower than 20 for the draft 

tube and lower than 15 for impeller, wicket 

gates and return channel. 

The simulation of the rotation of wicket 

gates is a challenging task in the transient 

calculation. The angle of wicket gates mesh is 

the main factor affecting the results because 

the mesh angle changes greatly with the 

rotation of wicket gates and consistently the 

quality of the mesh tends to decrease under an 

acceptable value. The dynamic mesh 

technique was applied to simulate the rotation 

of the wicket gates to adjust the flow rate 

during the power reduction process. 

According to the closure law of wicket gates 

in the physical working condition (Fig. 4) 

([17]-[19]), the wicket gates angle was kept 

constant from 0 to 8% of the total time at 

23.4°. Afterwards, it was closed with a 

positive acceleration speed from 8% to about 

25% of the total time and successively with a 

constant velocity. The wicket gates close with 

a negative acceleration before stops. Finally, the wicket gates angle reaches the position with an angle 

equal to 5.79°. In this paper, the simulation of closure of wicket gates will be carried out from 0 to 

about 83% of the total time which correspond to a final position of 7.21°.  

To guarantee a high mesh quality during all the dynamic closure process the mesh was manually 

fixed when the minimum mesh angle was not above 30°. 

Considering the computing ability of capturing complex unsteady flow during the transient 

process, Detached Eddy Simulation (DES) model was adopted due to the large flow separations 

expected at part load moreover the water compressibility was considered.  

Hydraulic compressibility effects were taken into account by compressible CFD based on Navier-

Stokes equations for weakly compressible fluids, incorporating the equation of state for water: 

 

 
Figure 2: Meridional view of the numerical model. 

Regions filled in grey refer to the blades; region 

filled in black refers to the leakage system. 2: 

outlet impeller; 3: inlet wicket gate; 4: inlet return 

channel. 

 
Figure 3: Comparison of simulated and 

experimental head at BEP condition for different 

mesh densities. 

 
Figure 4: Closure law of wicket gate. 
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where the subscript 0 denotes a reference quantity, ρ the density, and p the pressure [17]. The speed 

of sound a0 was assumed to be constant. In order to transpose acoustic effects predicted in model 

scale simulations to prototype conditions, the pump-turbine configuration in model scale was 

simulated with an adapted sonic speed of 523 m/s, which is transported by similarity from the 

prototype pump turbine. Thus, the transposition of the calculated pressure fluctuations from model 

pump turbine to the prototype one could be physical. 

A standard transient sliding interface was adopted for the stator-rotor interface. At the inlet 

boundary condition, the total pressure, obtained by the experimental data, with stochastic fluctuations 

of the velocities with 5 per cent freestream turbulence intensity was imposed. 

Due to the highly disturbed flow field, an opening condition with an average static pressure equal 

to the experimental data and a zero gradient of the turbulence were also fixed.  To guarantee the 

physical nature of the flow, the boundary was located at a point where the flow profile was not 

changing greatly. During the analyses, the impeller rotating speed was supposed to be constant. 

All surfaces of pump components, which are in contact to the water passage, were defined as no-

slip walls.  

Considering the acoustic effect in compressible simulation, the time step should be scaled to 

satisfy the Courant-Friedrichs-Lewy condition and should be so small that the wave does not cross 

one grid cell in one time step. Given the estimated value of sound speed of 523 m/s and a maximum 

grid size of 5 mm, the time step should be set 9.56 10-6 s that is equivalent to an impeller rotation of 

0.034°. Consistently, in a strict way, the time step cannot realistically satisfy the acoustic Courant-

Friedrichs-Lewy condition.  

The momentum equations and the turbulent advection equations were discretized using the high-

resolution scheme whereas a second order implicit time stepping was adopted for the time 

discretization with a time step of about 1. Each time step had a maximum number of five iterations 

with convergence tolerances of all main primitive variables set to 10-5 on the root-mean square 

residuals 

The root mean square Courant number resulted to be lower than 2.6 for all the flow rates, 

guaranteeing an accurate resolution of the transient details.  

Results and discussions 

Validation of performance curve at wicket gates initial angle  

To validate the numerical model, the numerical head curve was compared with that 

experimentally acquired on the pump-turbine under test according to ISO standards. 

The global measurements of flow, head and efficiency were performed following IEC 

recommendations: 0.1% precision for efficiency near to the best efficiency point and 0.3% for the 

overall domain and the calibration of the 

instruments was performed on site. The 

measurements were performed in the test rig 

for turbines and pumps at the Department of 

Industrial Engineering of the University of 

Padova. 

Numerical analyses were carried out for 

some operating points at a constant rotation 

rate of 600 rpm. The numerical data were 

acquired for 10 impeller revolutions after more 

than 20 revolutions required to achieve a quasi-

steady simulation convergence. The average 

head and the range of the numerical values 

 

 
Figure 5: Stage characteristics 
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obtained in the last 20 revolutions are reported in Fig. 5. The agreement between average numerical 

and experimental results is good.  

The maximum percentage difference of -3.84% in head between the experiment and simulation 

was observed just before the hump-type instability zone. The head showed a tendency to smaller 

prediction than the experimental data at the BEP (-1.49%) and a tendency to a greater prediction in 

the hump type instability zone (max +1.24%). The model with compressible water reached a little 

better agreement. The difference may be arising from the practical limitations in numerical model but 

all the difference between the simulation and experiment are in a reasonable range not only at BEP 

condition. 

Analysis of transient flow in pump turbine during wicket gate closure 

Fig. 6 shows the flow rate of pump turbine 

during the wicket gate closure.  The mass flow 

decreases with a very limited rate, up to the 

normalizing time 0.5 even if the wicket gate is 

about 40% close. Then the flow rate starts to 

reduce slowly from 0.5 to 0.8 even though the 

wicket gate closes at a fixed velocity rate up to 

75%. Finally, the flow rate decreases rapidly 

until the wicket gate reaches the closure. The 

flow rate is slightly affected by the rotation of 

wicket gate at the beginning of closure and the 

closure of wicket gate reduces the flow rate 

quickly only after wicket gate reaches about the 

60% of the rotation. Consistently the power 

reduction (Fig. 6) is manifest in the last phase 

of the closure procedure. 

The vector, contour plot and streamlines of flow field during the transient process of closure of 

wicket gate are reported in Figs 7 and 8. During the beginning of wicket gate closure the distribution 

of flow pattern in the each impeller channel is uniform with a quite smooth entrance. Consistently, 

the closure of wicket gate has little influence on the flow in the impeller before Time/TimeMax = 0.9 

corresponding to 80% closure (Figs 7(a) and 7(b)). Only when the wicket gate is quite closed, the 

streamline highlights stall and back flow inside the impeller (Fig.7(c)). 

In the wicket gate, the flow field is not noticeably affected by the motion of wicket gate up to 

about Time/TimeMax = 0.6 (Fig. 8), that is about 50% closure. When the wicket gates start to close, 

the inlet gate angle diminishes but at the same time, the flow rate (Fig. 6) and the inlet absolute angle 

decrease. Therefore, the fluid from the impeller outlet moves quite smoothly into the wicket gate 

channel. However, when the wicket gate continues to close, the inlet vane angle decreases more 

rapidly than the flow angle causing hydraulic entry shock losses and flow instabilities (Fig. 8). 

In the gap between the wicket gate and return channel, the flow field is strongly affected by the 

wicket gate rotation. The progressive wicket closure reduces the blade-to-blade space and causes 

remarkable jets that produced oscillating flow field upstream the return channels (Fig. 8). 

To analyze the evolution of the non-symmetric flow rate distribution in the pump turbine during 

the rapid closure of the wicket gates monitor surfaces were defined (Fig. 9).  

The dimensionless discharge distribution in wicket gates is shown in Fig. 10. The flow rate in the 

wicket gate channels (even channel) faced to return channel blades is higher than the flow rate in the 

adjacent channels due to the partial blockage effect of the return blades. However, difference and flow 

fluctuation in adjacent channels flow rates gradually disappear (Fig. 10) with the closure of wicket 

gate. 

The flow in the gap between the wicket gate and return channel is affected by the transient closure 

of wicket gate sensitively, as shown in Fig. 11. The flow begins to increase with a quite constant rate 

during the closure of wicket gate producing a high speed rotating water ring (Fig. 8a). With the 

 
Figure 6: Flow rate and power in the pump 

turbine 
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reduction of the opening, the water ring 

flow rate decrease (Fig. 11) and experiences 

periodically expansions and contractions 

between the return blades, highlighted in 8b 

by a black line. Reducing the wicket angle 

the amplitude of the periodic oscillations of 

the path starts to increase and becomes 

unsteady reaching large fluctuations (Fig. 

11) contextually with the appearance of the 

stall in the return channel (Figs 8c, 12a).  

Consistently, the flow rate distribution 

into the return channels is strongly affected 

  

  
Figure 8: Streamline in the stators 

 

 

 
Figure 7: Contour and vector plot at 70% span 

in the impeller  

 
Figure 9: Examples of monitor surfaces. 
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by the dynamic behavior in the wicket channels 

and in the gap. In the preliminary phases, a non-

uniformity of the flow rate in adjacent channels 

is highlighted (Fig. 12a). Up to about 50% of the 

wicket closure (Time/TimeMax = 0.6) the flow 

distribution is circumferentially quite uniform. In 

the last phases of the closure process, the 

remarkable jet (Fig. 8), coming out the wicket 

gates, causes a rotating stall with three cell 

moving from one group of adjacent channels to 

the subsequent one, according to the runner 

rotation direction, as highlighted in Fig. 12 by the 

black lines. The rotating stall velocity is equal to 

about 15% of the impeller velocity whereas the 

stall Strouhal number is about 0.068.  

The dynamic behavior of the flow rate 

moving around the gap is highlighted by the 

amplitude and frequency evolution versus time in 

Fig. 13 for two consecutive monitor surfaces. 

The flow field is uniform with very limited 

oscillation up to about 50% of the wicket closure. 

Consistently the flow rate in the return 

channel remain stable and to coincide with the  
Figure 10: Discharge factor QED acquired in 

the wicket gate 

  
Figure 11: Discharge factor QED and relative flow rate variation acquired in the gaps between 

the diffuser and return channel 

  
Figure 12: Discharge factor QED and relative flow rate variation acquired in the return channels 
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quite constant value of the flow rate both the 

power and the efficiency do not go down. 

 Successively perturbations start up abruptly 

showing sub-tonal frequencies related to the stall 

precession (Fig. 13). 

Contextually, the pressure at downstream of 

the wicked gates shows an evolution in the same 

way. Fig. 14 shows the magnitude and the 

frequency of the pressure coefficient measured at 

the monitor point R19 (Fig. 9) located at the 

leading edge of the return blade. 

In the initial phase of the closure, the flow 

field has limited pulsations due to the blades and 

the impeller frequencies (Fig. 9). When the 

instabilities start up, forcing frequencies are 

highlighted and they partly coincide with those 

identified in the pumping power reduction 

scenario obtained by speed reduction (St=0.33, 

St=0.66) [16], but the most remarkable ones are 

related to the rotating stall phenomenon 

highlighted during the rapid closure of the wicket 

gates. 

The concomitant action of pressure and flow 

rate circumferentially variable over time 

determines a non-constant torque on the wicket 

blades (Fig. 15).  
In the initial phases of the closing, the fluid 

action is essentially neutral with a torque close to 

zero. When the gates are closed of the 60%, a 

strong torque arises tending to close the blades 

(Fig. 15). The peak of the torque values are 

comparable for all the wicket gates, but the mean 

value  and the length of time in which the high 

torque value act on the blades is different, and is 

considerable longer and more intense for all the 

 
Figure 14: Magnitude of the pressure factor cp 

evaluated in the monitor point R19 (Fig. 8) in a 

return channel 01 

 
Figure 15: Numerical dimensionless torque 

factor TED evaluate on the pin of the wicket 

gates 

 
 (a) Gap 01 (b) Gap 02 

Figure 13: Magnitude of the discharge factor QED acquired in two gaps between the diffuser 

and return channel 
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gates (even vanes) face to the return blades (Fig. 15). 

CONCLUSIONS 
A 3D compressible transient process of closure of wicket gate was numerically simulated with 

the dynamic mesh technique and using DES turbulence model. Numerical accuracy was validated 

using the steady experimental data. 

The flow rate, the pressure and the torque variation in time were used to analyse the flow field 

during the rapid closure of the wicket gates from 0% to about 90%. 

The major achievements obtained in this research are summarized in the following: 

1. During the beginning of the closure process, the variation flow rate and power is moderate. 

2.  For lower opening, the flow field into the wicket gates channel start to manifest a jet and wake 

structures still undeveloped. Hence, the fluctuations of pressure and torque for different 

monitoring points show relatively low variation. 

3.  Close to the end of the closure process, the maximum torque on the pin of wicket gate is about 

eight times larger than the initial value, and the highest level occurs in the stay vanes showing 

a rotating stall. The parameters show serious fluctuations of torque and force on wicket gate 

pins. 
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