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Abstract. The positive slope on the pump performance curve of pump-turbines suggested 

potential operational instabilities in pump mode. In the present study a low specific speed 

model pump-turbine was experimentally and numerically examined. The results revealed that 

the positive slope region exists on each Guide Vane Opening (GVO) curve except at the 

optimum GVO. The positive slope occurred in the discharge coefficient between 80%-85% 

optimum discharge coefficient at every GVO. Hysteresis was detected on the occurrence of the 

positive slope between measurements with increasing and decreasing discharge coefficient. 

FFT (Fast Fourier Transformation) analysis on pressure fluctuations revealed the occurrence of 

rotating stall with two cells close to the vaneless space between the runner and the guide vanes 

in the positive slope region. Two-dimensional simulation was then applied for a further 

understanding of the flow mechanism of the rotating stall. 

1.  Introduction 

Hydropower pumped storage is widely utilized in commercial as grid-scale energy storage technology. 

Water is pumped to an upper storage reservoir by pump-turbine when the power supply is higher than 

the demand, while it is reversed to generate hydroelectric power when the supply is lower than the 

demand. In the 1960s the pumped storage power stations (PSPS) developed rapidly to the complement 

the applications of nuclear power [1]. This technology has been used extensively recently for the 

increasingly renewable-based electricity supply systems, for the benefits of load-levelling, grid 

frequency regulation, and spinning reserves [2]. 

Positive slopes can often be observed on the performance curves of pump-turbines in pump mode, 

which may result in operational instabilities, accompanied with severe noise and vibration. The flow 

mechanisms of this phenomenon in a pumping system are extraordinarily complex. Gülich [3] 

summarized them as the “sudden change” of flow patterns at the entrance or exit of the pump impeller. 

In pump-turbines, diverse flow pattern changes, including rotating stall [4, 5], flow separation shift [6, 

7] and pre-rotation of inflow [6], have been reported when pump-turbines operate in the positive slope 

region. 

In the present study, the pump performance of a low specific speed pump-turbine was 

experimentally investigated. The pressure fluctuations in the draft tube, the vaneless space and the stay 

vanes channels were measured and analyzed by fast Fourier Transformation (FFT) to detect the flow 

pattern responsible for the positive slope. For the purpose of a further understanding to the flow 

mechanism of this flow pattern, two-dimensional simulations were then carried out. 
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2.  Experimental set-up 

Experimental investigation was applied on a low specific speed (
0 75

27
q

n Q
n

H
 

.
, where n, Q represent 

the rotating speed and the flow rate respectively) model pump-turbine (figure 1), on the DF150 

Hydraulic Test Rig (figure 2) of Dongfang Electric Corporation (DEC), China. The geometric and 

operational parameters of the model pump-turbine are listed in table 1, while the operational 

parameters of this test rig are listed in table 2. 

Dynamic miniature piezoelectric pressure sensors (0-345kPa, minimum response frequency 0.5Hz) 

were flush-mounted on the walls of the draft tube, the vaneless space and the stay vanes channel, in 

accordance with the IEC standard [8], as illustrated in figure 3. 

 

Figure 1. Low specific speed model pump-turbine 

 

Figure 2. Schematic of DF150 Hydraulic Test Rig 

Table 1. Geometric and operational parameters of the model pump-turbine 

Parameter Value 

Wrap angle of blades (°) 154 

Number of blades 7 

Impeller inlet diameter (mm) 150 

Impeller outlet diameter (mm) 280 

Number of guide vanes 20 

Height of guide vanes (mm) 37.75 

Rotating speed (r/min) 1100 
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Table 2. Operational parameters of DF150test rig 

Parameters Value 

Maximum flow rate (m3/s) 1.5 

Maximum head (m) 150 

Maximum rotating speed (r/min) 2500 

Systematic uncertainty on the 

efficiency measurement (%) 
0.25 

 

Figure 3. Monitoring points in the draft tube (p1), vaneless space (p2, p3) and stay vane channel (p4) 

3.  Pump performance 

The experimental pump performance curves at different GVOs are shown in figure 4. Here 
3

Q
φ=

nD
  

and 
2 2

gH
ψ=

n D
  represent discharge coefficient and energy coefficient respectively. α represents the ratio 

of GVO over the optimum GVO (18)̊. The discharge coefficient decreased from high to low when 

measuring the performance curves. Detailed examination of each curve shows that the positive slope 

region exists on each GVO curve except at the optimum GVO. Table 3 lists the range of discharge 

coefficient with positive slope at various GVOs. φmin and φmax represent respectively the minimum and 

maximum discharge coefficients with positive slope at every GVO, while φ* indicates the optimum 

discharge coefficient at this GVO. It could be seen that the positive slope occurs in the discharge 

coefficient between 80%-85% optimum discharge coefficient at every GVO. 

Then the pump performance curves were measured with increasing discharge coefficient. By 

comparing the pump performance curves between measurements with increasing and decreasing 

discharge coefficients at three different GVOs (α=145%, 75% and 45%), hysteresis was detected as 

shown in figure5 (where ‘Inc’ represents the measurement with an increasing discharge coefficient, 
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while ‘Dec’ represents that with a decreasing discharge coefficient). The positive slope still exists but 

occurs at a smaller discharge coefficient. 
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Figure 4. Experimental pump performance curves at various GVOs 

Table 3. Range of discharge coefficient with positive slope at various GVOs 

α φmin-φmax φ* φmin/φ*-φmax/φ* 

145% 0.289-0.298 0.35 82.5%-85% 

120% 0.257-0.267 0.317 81.1%-84.2% 

75% 0.242-0.254 0.294 82.3%-86.4% 

65% 0.229-0.233 0.282 81.2%-82.6% 

45% 0.183-0.19 0.225 81.3%-84.4% 
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(a)       (b)               (c) 

Figure 5. Pump performance curves when increasing and decreasing discharge coefficient at (a) 

α=145%, (b) α=75% and (c) α=45% 

4.  Pressure fluctuations 

The measurements of the pressure coefficient (
2

2
1

2
p

p
C

u
  , where u2 represents the relative velocity 

at impeller exit) fluctuations in the draft tube, vaneless space and the stay vane channel at α=45% were 

applied with decreasing the discharge coefficient and then FFT analysis are shown in figure 6. The 

dominant frequency of pressure fluctuations is the blade passing frequency (BPF, f1 in figure 6) at 

large discharge coefficient, whose amplitude remained almost constant with varying discharge 

coefficient. The amplitude of BPF component is largest at vaneless space which matches the 

conclusion in the previous study [9]. When the discharge coefficient decreases into the positive slope 

region, a pressure fluctuation component with a low frequency (f2=1.46Hz≈8%fn in figure 6, where fn 

represents the rotating frequency) was detected. Rotating stall may be the flow pattern that is 
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responsible for this low-frequency fluctuation component, which is stronger at the vaneless space than 

that at the other two locations, according to previous studies [4, 10]. The cross phase delay of the low-

frequency fluctuation component is about 180 degree (figure 7), while the phase difference between 

the two monitoring points is 90 degree. It implies that two rotating cells exist.  

Figure 8 provides a global view of the occurrence of rotating stall by superposing the amplitude of 

the low-frequency fluctuation component to the pump performance curve. The area of the circles is 

proportional to the fluctuation amplitude. It could be seen that the amplitude of the low-frequency 

fluctuation component increases sharply when the discharge coefficient decreased to lower than the 

maximum discharge coefficient with positive slope, suggesting the possible occurrence of the rotating 

stall at these working conditions. The situation with increasing the discharge coefficient when 

measuring is also shown in figure 8. The low-frequency fluctuation component was still detected, 

when the discharge coefficient is lower than the maximum discharge coefficient with positive slope. 

Thus, it could be concluded that rotating stall appears when the discharge coefficient decreases to 

positive slope region, and it disappears when the discharge coefficient increases from positive slope 

region to negative slope region. 

 

(a)    (b) 

 

(c) 

Figure 6. FFT results of pressure fluctuation at (a) stay vane (p1), (b) vaneless space (p2) and (c) draft 

tube (p4) at α=45% 

 

Figure 7. Cross phase delay of the pressure fluctuations between p2 and p3 
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(a)      (b) 

Figure 8. Amplitude of low-frequency fluctuation component at vaneless space(α=45%)with (a) 

decreasing and (b) increasing discharge coefficient 

5.  Two-dimensional simulations 

Two-dimensional simulation was applied for a further understanding to the flow mechanism of the 

rotating stall. A computational domain including the fluid channels in the impeller, guide vane 

(α=145%), stay vane and the spiral casing was built as illustrated in figure 9. The two-dimensional 

computational domain was simplified from the three-dimensional fluid domain as following:  

The impeller component is the projection of S1 surface on the middle section, while the other 

components are the projections of the corresponding hydraulic components on the middle section. 

Unsteady numerical simulations based on RANS method with v2-f turbulence model were applied in 

commercial software CFX. SIMPLEC was chosen as the pressure-velocity coupling method. The time 

when the impeller rotates for 1° was determined as the computational time step. A structured 

computational mesh system with almost one million grids for the whole computational domain was 

developed in ICEM. Local refinements to the boundary layers were applied in the impeller, guide vane 

and stay vane regions regarding that no wall function is utilized in v2-f turbulence model, as shown in 

figure 9. The values of y+ were compatible with the chosen turbulence model (y+<10). 

The positive slope on the performance curve was detected in the results of the two-dimensional 

simulations, as shown in figure 10. Here the discharge coefficient is defined as   2D

3 3

Q bQ
φ=

nD nD
, where 

Q2D is the flow rate in the two-dimensional simulation, and b is the width of impeller outlet. The 

streamlines in the impeller at working conditions P1 and P2 are shown in figure 11. Recirculation was 

detected at most passages because the inlet area is too small. The flow field in the impeller became 

strong circumferential asymmetric at the condition with positive slope. Figure 12 shows the pressure 

distribution in the impeller, guide vane and the stay vane at P1. Four high pressure regions and low 

pressure regions (cells) distribute alternately in circumferential. Figure 13 illustrates the distribution of 

velocity and pressure in the guide vane and the stay vane at three different time steps. It could be seen 

that these high pressure regions and low pressure regions rotate along the rotating direction of impeller, 

indicating the occurrence of rotating stall. Two channels (C2 and C3) were blocked, and the low 

pressure region located in C3 when t=0. This low pressure region moved to the location near the guide 

vane (G4) between C3 and C4 at 1

30
t= T   and then arrived C4 at 1

15
t= T , when C3 and C4 were 

blocked instead of C2 and C3 at  t=0. 

 

0.17 0.18 0.19 0.20 0.21
1.32

1.34

1.36

1.38





Legend:  Cp=1

 

  

  

 
 

 

  
 

 

 

0.17 0.18 0.19 0.20 0.21
1.32

1.34

1.36

1.38





Legend:  Cp=1

  

    

    

      

    
  

  

  



7

1234567890 ‘’“”

Asian Working Group- IAHR’s Symposium on Hydraulic Machinery and Systems IOP Publishing

IOP Conf. Series: Earth and Environmental Science 163 (2018) 012110  doi :10.1088/1755-1315/163/1/012110

 

 

 

 

 

 

 
(a)                                        (b) 

 

(c)      (d) 

Figure 9. (a) Computational domain and boundary layer grids in (b) impeller, (c) guide vane as well 

as (d) stay vane for two-dimensional simulations 
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Figure 10. Performance curve by two-dimensional simulations 

 
(a)   (b) 

Figure 11. Streamlines in the impeller at (a) P1 and (b) P2 



8

1234567890 ‘’“”

Asian Working Group- IAHR’s Symposium on Hydraulic Machinery and Systems IOP Publishing

IOP Conf. Series: Earth and Environmental Science 163 (2018) 012110  doi :10.1088/1755-1315/163/1/012110

 

 

 

 

 

 

 

Figure 12. Pressure distribution in impeller, guide vane and stay vane channels at P1 

 
(a) 

 
(b) 

 
(c) 

Figure 13. The distribution of velocity (left) and pressure (right) 

 in guide and stay vane at (a) 0t= , (b) 1

30
t= T  and (c) 1

15
t= T  

6.  Concluding remarks 

A low specific speed pump-turbine was experimentally and numerically investigated in the present 

study. The conclusions were drawn as follows: 

Rotating 
direction 
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 The positive slope region was detected on each GVO curve except at the optimum GVO. The 

positive slope occurs in the discharge coefficient between 80%-85% optimum discharge 

coefficient at every GVO.  

 Hysteresis was detected by comparing the pump performance curves between measurements 

with increasing and decreasing discharge coefficients at three different GVOs (α=145%, 75% 

and 45%). The positive slope occurs at a smaller discharge coefficient when decreasing the 

discharge coefficient. 

 The measurements of the pressure coefficient fluctuations in the draft tube, vaneless space and 

the stay vane channel atα=45% were applied with decreasing the discharge coefficient. The 

dominant frequency of pressure fluctuations is the BPF at large discharge coefficient. The 

occurrence of rotating stall with two cells was also proven when the discharge coefficient 

decreases into the positive slope region, by confirming the occurrence of a low-frequency 

fluctuation and cross phase analysis. 

 Two-dimensional simulation was applied for a further understanding to the flow mechanism of 

the rotating stall. The positive slope on the performance curve was detected in the results of the 

two-dimensional simulations. Four high pressure regions and low pressure regions (cells) 

distribute alternately in circumferential and rotate along the rotating direction of impeller at the 

condition with positive slope, indicating the occurrence of the rotating stall. 
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Nomenclatures 

D: impeller inlet diameter (m) 

ρ: density (kg/m3) 

p: pressure (Pa) 

Q: discharge (m3/s) 

H: head (m) 

t: time (s) 

b: width of impeller outlet (m) 

n: rotating speed of impeller (r/min) 

u2:circumferential velocity at impeller outlet (m/s) 

α: relative guide vane opening 

f: frequency 

fn: rotating frequency 

nq: specific speed,
0 75.


q

n Q
n

H
 

φ: discharge coefficient,
3

Q
φ=

nD
 

ψ: energy coefficient,
2 2

gH
ψ=

n D
 

Cp: pressure coefficient,
2

2
1

2
p

p
C

u
  

Subscripts: 

min: minimum value in the positive slope region 

max: maximum value in the positive slope region 

2D: two-dimensional 
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