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Abstract: During the operation of a reversible pump-turbine, a hump area can easily appear under the
pump condition, which will greatly affect the performance of a storage unit, with pressure pulsation
being the key factor for the stable operation of a pump-turbine. Therefore, in order to explore the
pressure pulsation characteristics of each flow component in the hump area, this paper first compared
the full characteristics of the model test under different working conditions, and then it analyzed the
pressure pulsation characteristics. By analyzing the pressure pulsation characteristics in the unit’s
flow component under different flow rates in the hump area, the pulsation rule of a pump-turbine
running in the hump area was revealed. It was found that the peak-to-peak value of the draft
tube in the hump area was the smallest under the optimal flow condition, and the peak-to-peak
value increased along the flow direction, with the rotor and stator interaction (RSI) effects being
continuously enhanced. When away from the runner basin, the influence of RSI gradually weakened
after leaving the runner. No low frequency was found in the optimal traffic. The peak-to-peak value
of the low flow condition increased compared with the optimal flow condition, and the distribution
was not uniform. The main frequency of the whole basin was relatively complex, indicating that the
flow of water was unstable in the condition of partial load, resulting in the hump area during the
unit operation. The research results can provide a theoretical reference for improving the stability of
pump-turbines.

Keywords: reversible pump-turbine; pump hump area; pressure fluctuation; RSI

1. Introduction

With the progress of society, the world’s non-renewable energy sources have been
developed and utilized in large quantities. Non-renewable resources are on the verge
of exhaustion [1,2]. To deal with this situation, the use of renewable energy sources
has increased significantly [3]. However, these renewable energy sources are excessively
dependent on natural conditions and cannot provide electricity continuously and stably,
which makes the stability of the power grid face great challenges [4]. Reversible pump-
turbines are widely used in pumped storage power stations, which can switch safely and
stably between power generation conditions and pumping conditions, making pumped
storage power stations the first choice to improve the quality of the grid in terms of the
current move towards clean energy, as well as in the development of new energy [5,6].
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In order to meet the need of the flexible regulation of the power grid, a pump-turbine
needs frequent and rapid shutdown, start-up, and conversion between different modes,
resulting in many instability problems. To solve these problems, it is the primary task to
understand the complex flow and pressure pulsation characteristics under different work-
ing conditions [7,8]. The full characteristic curve of a pump-turbine is usually expressed
by four-quadrant characteristics. On this basis, five operation modes are defined: turbine,
turbine brake, pump, reverse pump, and pump brake. Due to the lack of design of the
pump-turbine and the need to meet different operating conditions, the pump-turbine will
produce many unstable phenomena during operation, such as the hump characteristics
under the pump condition and the ‘S’ characteristics under the turbine condition [9,10].
When pump-turbines are operating at low flow conditions, a saddle-shaped area appears
on the flow head curve, that is, the hump area [11]. At the same time, when some low
specific speed pump-turbines are operating under turbine conditions, an area similar to
an ‘S’ shape appears on the curve of unit speed and unit flow, which is called the ‘S’ char-
acteristic [12]. The hump characteristic and the ‘S’ characteristic are two characteristics of
the pump-turbine that will affect the normal operation of the pump-turbine. At present,
many scholars are devoted to the study of the ‘S’ characteristics [13,14] and hump charac-
teristic areas [15,16], exploring the internal mechanism of pressure pulsation and seeking
improvement methods.

Because the diversion channel of the pumped storage power station unit is long, and
the water level difference between the upstream and downstream is large, the design of
the unit tends to compress the space of the vaneless area. The operating conditions of the
pumped storage power station unit are complex and changeable, and the flow pattern of the
pump-turbine is more unstable than that of the simple pump and turbine due to the internal
structure. Therefore, the pressure pulsation in the vaneless area of the pump-turbine has
become one of the main factors affecting the stable operation of the power station. In
particular, factors such as rotating stall [17,18], eddy current [19,20], cavitation [21,22],
defluidization [23], and incoming flow disturbance [24] are the main reasons for the internal
pressure pulsation of the pump-turbine. For example, Hu et al. [25] found that when the
working point is close to the design working point of the pump and turbine, the flow is
stable, and the pressure pulsation is small. When the working point deviates from the
optimal working point, the flow becomes worse, and the vibration phenomenon occurs. Ma
et al. [26] found that the pressure pulsation amplitude of the blade through the frequency
component showed inhomogeneity at different vertical positions. Guo et al. [27] analyzed
the pressure pulsation characteristics of the pump working condition and concluded that
the amplitude of the impeller pressure surface was stronger than that of the low-pressure
side. E. Vagnoni et al. [28] analyzed the internal flow structure of the model pump-turbine
based on the particle image velocimetry (PIV) test and confirmed the existence of an
unstable vortex and backflow in the vaneless region. Maruzewski et al. [29] compared the
effects of different turbulence models on the internal flow field and pressure pulsation in
the vaneless region and found that the SST k-ω model is more accurate in capturing the
pressure pulsation of the guide vane wake.

The existence of the hump area causes the pump-turbine to be in an extremely unstable
state during operation, which will cause vibration and noise of the unit [30,31]. It can be
seen from the above research that the current research on the hump area of the pump-
turbine has achieved rich results, and many causes of the hump area have been found.
However, there are few studies on the influence of pressure pulsation on the unit under
different flow rates in the hump area of the pump-turbine. Therefore, in order to explore
the causes of the unstable working conditions of the pump-turbine, this paper studied the
pressure fluctuation characteristics of the pump-turbine under different flow rates in the
hump area and explored the pressure fluctuation changes in the flow components of the
pump-turbine in the hump area.
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2. Research Object
2.1. Physical Model

The research physical model of the paper is a reversible pump-turbine, which is shown
in Figure 1. The parameters of the pump-turbine are shown in Table 1. In this study, the
specific speed of the pump-turbine was about 43.83.
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Figure 1. Pump-turbine model diagram.

Table 1. Parameters of the pump-turbine.

Component Symbol Value

Runner inlet dia. (mm) D1 470
Runner outlet dia. (mm) Dt 300

Rated rotational speed (rpm) Nd 1200
Nominal head (m) H 30

Runner blade number (-) Z 9
Stay vane number (-) Z1 20

Guide vane number (-) Z2 20

The parameter conversion formulas running in the pump-turbine are as follows:

n11 =
nD√

H
(1)

n11 is the unit speed, where n is the runner rotational speed, and the unit is rpm; d is
the runner nominal diameter, the unit is m; H is the net water head, the unit is m.

Q11 =
Q

D2
√

H
(2)

Q11 is the unit flow. Here, Q represents the flow, and the unit is L/s.

M11 =
M

D3
√

H
(3)

M11 is the unit torque. M is the torque generated by the rotation of the main shaft of
the runner, and the unit is N·m.
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2.2. Selection of the Calculation Working Point

The error between the results of the external characteristic parameters of the steady
calculation and the test results is still large, and the flow calculation results cannot reflect
the real operation process. So as to further study the unsteady flow characteristics in the
pump condition and obtain a more realistic actual flow state, two working points were
selected for long-term unsteady calculation under the optimal active guide vane opening.
The optimal flow condition was 408 L/s(406.8 kg/s), and the partial load condition was
190 L/s (189.4 kg/s).

The 190 L/s flow condition and 408 L/s flow condition, as the two most typical
working conditions of the pump-turbine operating under the pump condition, are the most
worthy of study. By studying the flow characteristics and pressure pulsation characteristics
under the two working conditions, the flow law of the water flow in the pump-turbine will
be explored, and the cause of the hump area in the pump-turbine under the pump working
condition will be revealed.

2.3. Grid Independence Verification

According to the calculated performance parameters and their comparison with the
model test results, a mesh scheme of 2.84 million was finally selected as the computational
mesh for flow analysis. The grid division of each channel under this grid density is shown
in Figure 2. The volute adopts tetrahedral mesh, and the number of mesh elements is
about 600,000. The mesh division is shown in Figure 2a. The stay vane and the guide vane
adopt a hexahedral grid basin, and the head and tail of the guide vane are encrypted. The
number of grid units is about 290,000 and 340,000, respectively. The grid division is shown
in Figure 2b. The runner is the core component in the numerical calculation. When meshing
the runner basin, hexahedral grids and high grid density are used, and the head and tail
of each blade are encrypted. The number of grid units is 1.2 million, and the meshing
situation is shown in Figure 2c. The draft tube basin adopts a hexahedral grid, and the
number of grid units is 418,000, as shown in Figure 2d. The aspect ratio and skewness of
each component grid are shown in Table 2.

Table 2. Aspect ratio and skewness of each component grid.

Parameter Aspect Ratio Skewness

Volute 3.5 0.16
Stay vanes 5.1 0.19

Guide vanes 4.6 0.03
Runner 4.4 0.05

Draft tube 3.7 0.08

Figure 3 shows the distribution of Y + value near the wall surface of the runner area of
the reversible pump-turbine. It can be seen that the average value is about 8, and it meets
the requirements of the SST k-ω turbulence model for Y+ value [32].

In this study, five grid densities from 1 million to 4 million were calculated. According
to the calculation of the optimal performance parameters, a grid scheme of 2.84 million
was finally selected for simulation. When the calculated head and efficiency will no longer
change with the number of grids, it indicates that the number of grids at this time has
reached the calculation requirements, and the number of grids will not affect the accuracy
of the calculation. Therefore, it is not necessary to increase the number of grids and avoid
wasting computing resources, as shown in Figure 4.
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3. Numerical Calculation Settings
3.1. Turbulent Flow Model

The SST k-ω turbulence model that is suitable for low Reynolds number calculation
is used in this calculation. This model has the advantages of the SST model and k-ω
model, which makes the calculation results more accurate and reliable. The mathematical
expression of this model is shown in Formula (4) [33].

∂

∂xi
(ρωui) =

∂

∂xi

(
Γω

∂ω

∂xj

)
+ Gω − Yω + Dω + Sω (4)

In the formula, ω is the turbulent dissipation rate, Gω is the generation term of the
turbulent dissipation rate, Γω is the turbulent dissipation rate effective diffusion coefficient,
Yω is the dissipation term of the turbulent dissipation rate, Dω is the orthogonal diffusion
term, and Sω is the source term of the turbulent dissipation rate [33].

3.2. Boundary Condition Setting

For different working conditions in a simulation calculation, mass flow inlet and
average pressure outlet should be used. The runner is a rotating part, so the GGI interface
should be set between the runner and the guide vane and the draft tube in contact with
it. All walls of the flow channel are assumed to be hydraulically smooth, with no-slip
boundary conditions applied. And the convergence threshold is set to less than 10−5.
The simulation calculation method adopted in this paper can reach convergence after
3000 iterations.

The SST turbulence model is used in the unsteady calculation, and the steady calcula-
tion results are taken as the initial conditions of each operating point. The inlet and outlet
conditions and the treatment of the interface are the same as those of the steady calculation.
For the two dynamic and static interfaces of the guide vane-rotor and the runner-suction
pipe, the unsteady calculation adopts the treatment method of the transient rotor stator.
Considering the runner rotation speed and the number of blades, the time step is set. The
final time step is 1/180 of the runner rotation period, that is, 180 steps are calculated for
each rotation period, and the calculation results are saved every two steps. Each working
condition calculates 18 rotation cycles of the runner, and the calculation results of the last
eight cycles are used to process and analyze the external characteristic parameters.

In the process of the unsteady numerical simulation, the corresponding recording
points are set up in the basin to record the change rule of pressure. A total of 72 rotating
recording points and 33 static recording points are set up in the whole flow channel. The
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72 moving points are located in the nine blade channels of the runner, and eight recording
points are arranged in each channel. As shown in Figure 5, the naming rules of the recording
points in each channel are similar. For example, the eight moving points in channel 1 are
named as rv11-rv18 according to the order of water flow, and the names of the other
channels are rv21-rv28, rv31-rv38, rv41-rv48, rv51-rv58, rv61-rv68, rv71-rv78, rv81-rv88,
and rv91-rv98.
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Two pressure sensors are placed in the inner area of the elbow section of the suction
tube and the vaneless area between the runner and the guide vane to detect the pressure
pulsation. The position of the pressure sensor is marked in red font in Figure 4, being
dt12 and mv2 (near the upper wall).
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4. Test Verification

Numerical simulations were conducted for a series of operating points of the pump-
turbine under different guide vane openings (GVO 46%, 60%, 74%). The unit speed and
unit flow characteristics were compared with the model test results at various operating
points, as illustrated in Figure 7. The relative errors for head and efficiency were within
0.93% and 3.88%, respectively. Though there were some discrepancies at certain points, the
numerical simulation results showed good agreement with the model test data, confirming
the accuracy and reliability of the three-dimensional numerical simulation method used in
this study [34].
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5. Analysis of the Results
5.1. Hydraulic Performances of the Pump Hump Area

Figure 8 shows the external characteristic curve of the pump-turbine with a 60% guide
vane opening. It can be seen from the figure that within a certain flow range, the Q-H curve
had a hump area, that is, the slope of the curve changed from negative to positive. The
existence of the hump area made the pump-turbine unable to run stably under the pump
condition, resulting in hydraulic loss.
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5.2. Pressure Pulsation Characteristics under Optimal Flow Conditions

Under the optimal working conditions, the mixing amplitude analysis of a total of
72 moving points in 9 channels in the runner domain was first performed. As shown in
Figure 9, it can be found that the peak-to-peak variation characteristics were the same in
the nine blade channels, and the curves were almost coincident, indicating that the flow
of the fluid in the nine channels was similar. In order to simplify the analysis, only eight
recording points of channel 1 are analyzed here.
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Figure 9. Peak-to-peak value of dynamic point pulsation in each channel of the runner under Optimal
Flow Conditions.

The pressure pulsation frequency domain diagram of the eight moving points rv11-
rv18 in channel 1 is shown in Figure 10. It can be seen from the diagram that the frequency
domain diagram of the eight moving points was similar. From rv11-rv18, the amplitude
of 20 times frequency increased gradually, which was due to the fact that the closer the
runner was to the outlet, the stronger the RSI of the cascade. This is because near the runner
outlet, due to the thrust in the opposite direction of the active guide vane, the flow state is
gradually disturbed, and a local backflow area is formed, and this part of the backflow area
is reversely offset, resulting in a gradual enhancement of the RSI effect.
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Then, the pressure pulsation of different static recording points in the whole flow
channel was analyzed. After FFT transformation, the frequency domain diagram of the
pressure pulsation of each static recording point is shown in Figure 11. It can be seen from
the figure that the spectral analysis results of gv1-gv4, mv1-mv4, sv1-sv4, sp1-sp5, and
dt11-dt44 were similar. In order to facilitate the analysis, only one point was selected from
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the record points with similar results for analysis. In the following, only dt14, gv2, mv2,
sv2, and sp2 in the static point were analyzed.
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A total of eight recording points were selected to analyze the pressure fluctuation
characteristics in the flow components of the pump-turbine. According to the order of
water flow, they were dt14, rv11, rv14, rv18, gv2, mv2, sv2, and sp2.

The peak-to-peak values of the eight recording points selected under the optimal
conditions are shown in Figure 12, and the curve was an inverted ‘V’ shape. Among the
eight recording points, the peak-to-peak value of dt14 was the smallest, and the peak-
to-peak value increased along the flow direction from dt14 to rv18, which indicates that
the RSI effect from dt14 to rv18 was continuously enhanced, and the peak-to-peak value
reached the highest point at rv18, which was 6.08%. When far away from the runner
basin, the peak-to-peak value from gv2 to sp2 basically showed a gradual downward trend,
indicating that the influence of RSI gradually weakened after leaving the runner.
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Figure 12. Peak-to-peak pulsation values of the eight recording points in the whole flow channel.

Figure 13 shows the pressure pulsation spectrum analysis of the eight recorded points
selected under the optimal working conditions and the change of the amplitude of the
relevant pulsation frequency in the flow channel. It can be clearly seen from the diagram
that at the point dt14 and the downstream of the runner, the recording points gv2 to sp2,
the frequency domain diagram contained the main frequencies 9f n, 18f n, and 27f n, which
were nine times the frequency of the rotation frequency, corresponding to the number
of blades of the runner. These were the results of the RSI between the runner and the
stationary parts, and the pressure pulsation amplitude of 9f n gradually decreased from
gv2 to sp2, indicating that it was downstream of the runner basin. The influence of the
runner weakened along the direction of water flow.
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For the moving points rv11, rv14, and rv18 inside the runner, the first main frequency
was the rotating frequency f n, and the pressure fluctuation amplitude at the rotating
frequency f n and the rotating frequency doubling nf n increased from point rv11 to rv18.
The amount of 20 f n was also included, corresponding to the number of guide vanes, and
the pressure fluctuation amplitude increased from rv11 to rv18, indicating that the cascade
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played an increasingly more important role along the flow direction in the flow channel.
Under the optimal conditions, no low frequency was found, indicating that the flow was
relatively smooth under the optimal conditions, as shown in Figure 14.
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5.3. Pressure Pulsation Characteristics under Partial Load Conditions

The partial load condition was 190 L/s (189.4 kg/s, 0.46Qd). Under the condition of
partial load rate, the mixing amplitude of 72 moving points in 9 channels in the runner
domain was analyzed, as shown in Figure 15. It can be found that the distribution of
peak-to-peak values in the nine blade channels was further uneven compared with the
optimal flow condition, which further indicates that when the operating condition was
farther away from the optimal operating condition, the flow in each channel of the runner
became more uneven. In order to simplify the analysis, only 16 recording points of channel
1 and channel 5 with the largest difference are analyzed here.
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Under the condition of partial load rate, FFT changes were performed on 16 moving
points in channel 1 and channel 5 in the runner domain, and the frequency domain diagram
of pressure fluctuation was obtained, as shown in Figure 16. It can be found that there
were differences in low-frequency values at some corresponding points, indicating that
there were differences in the flow of channel 1 and channel 5, resulting in differences in
low-frequency values. It is further proven that as the operating conditions were farther and
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farther away from the optimal conditions, the flow in each channel of the runner became
more uneven.
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Figure 16. Frequency spectrum analysis of rotating points in runner channel 1 and runner channel 5.

The peak-to-peak values of the eight recording points dt14, rv11, rv14, rv18, gv2, mv2,
and sp2 under the low flow condition are shown in Figure 17, and the peak-to-peak value
under the low flow condition was increased relative to the optimal flow condition. In
summary, as the flow rate decreased, the peak-to-peak value of the same recording point
increased continuously, and the larger peak-to-peak value often corresponded to larger
flow loss and more complex internal flow conditions.
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Figure 17. Peak-to-peak values of the eight recording points.

It can also be found from Figure 17 that from dt14 to rv18, the peak-to-peak value
increased continuously with the continuous strengthening of the RSI. At rv18, the peak-to-
peak value reached the maximum value of 62.78%. When the water flow left the runner,
the peak-to-peak value from rv18 to sv2 decreased rapidly, while the peak-to-peak values
of sp2 and sv2 were relatively close.

Figure 18 shows the flow characteristics and vortex distribution of each flow compo-
nent at a low flow rate. It can be seen that after the flow rate decreased, the flow situation
in the flow parts became extremely unstable, especially in the straight cone section of the
draft tube, resulting in a large number of vortices and serious flow loss.

The FFT transform was performed on the pressure pulsation of the eight recording
points at the lowest flow condition point. And the results are shown in Figure 19. At partial
load rates, the dominant frequency of the entire basin was more complicated. From point
dt14 to point gv2, the dominant frequency was 0.35 f n. For point rv18, the first dominant
frequency was 1.41 f n, and the second dominant frequency was 0.35 f n. From point mv2 to
sp2, the dominant frequency became the low frequency 0.53 f n, and the frequency 9nf n was
completely submerged in a large number of dominant frequency pulsations.



J. Mar. Sci. Eng. 2024, 12, 1654 14 of 16
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 14 of 16 
 

 

 
(a) draft tube  (b) vanes and runner  (c) volute 

Figure 18. Flow situation of each component. 

The FFT transform was performed on the pressure pulsation of the eight recording 
points at the lowest flow condition point. And the results are shown in Figure 19. At partial 
load rates, the dominant frequency of the entire basin was more complicated. From point 
dt14 to point gv2, the dominant frequency was 0.35 fn. For point rv18, the first dominant 
frequency was 1.41 fn, and the second dominant frequency was 0.35 fn. From point mv2 to 
sp2, the dominant frequency became the low frequency 0.53 fn, and the frequency 9nfn was 
completely submerged in a large number of dominant frequency pulsations. 

 
(a) the pressure fluctuation frequency domain diagram 

 
(b) the propagation of related frequencies in the flow channel 

Figure 19. The pressure fluctuation frequency domain diagram of eight recording points and the 
propagation of related frequencies in the flow channel. 

6. Conclusions 
(1) Under the condition of the pump, as the flow rate decreased, the increase in head 

was insufficient to compensate for the hydraulic losses. At this point, the slope of the flow-

Figure 18. Flow situation of each component.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 14 of 16 
 

 

 
(a) draft tube  (b) vanes and runner  (c) volute 

Figure 18. Flow situation of each component. 

The FFT transform was performed on the pressure pulsation of the eight recording 
points at the lowest flow condition point. And the results are shown in Figure 19. At partial 
load rates, the dominant frequency of the entire basin was more complicated. From point 
dt14 to point gv2, the dominant frequency was 0.35 fn. For point rv18, the first dominant 
frequency was 1.41 fn, and the second dominant frequency was 0.35 fn. From point mv2 to 
sp2, the dominant frequency became the low frequency 0.53 fn, and the frequency 9nfn was 
completely submerged in a large number of dominant frequency pulsations. 

 
(a) the pressure fluctuation frequency domain diagram 

 
(b) the propagation of related frequencies in the flow channel 

Figure 19. The pressure fluctuation frequency domain diagram of eight recording points and the 
propagation of related frequencies in the flow channel. 

6. Conclusions 
(1) Under the condition of the pump, as the flow rate decreased, the increase in head 

was insufficient to compensate for the hydraulic losses. At this point, the slope of the flow-

Figure 19. The pressure fluctuation frequency domain diagram of eight recording points and the
propagation of related frequencies in the flow channel.

6. Conclusions

(1) Under the condition of the pump, as the flow rate decreased, the increase in head
was insufficient to compensate for the hydraulic losses. At this point, the slope of the
flow-head curve steepened, and in some cases, a local positive slope appeared, resulting in
the formation of a hump area. Under the optimal flow condition, the peak-to-peak value
of the draft tube in the hump area was the smallest, and the peak-to-peak value increased
along the flow direction. The RSI effect was continuously enhanced, and the peak-to-peak
value reached the highest point at the runner. When away from the runner basin, due to
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the influence of RSI, the peak-to-peak value from the guide vane to the volute gradually
decreased after leaving the rotating runner.

(2) Under the optimal flow condition, no low frequency was found, indicating that
the water flow was relatively smooth. The main frequency in the draft tube and the
downstream basin of the runner was nine times of the rotating frequency, corresponding to
the number of blades of the runner, which is the result of the RSI between the runner and
the static components. The amplitude of pressure fluctuation along the flow direction in
the runner increased continuously, and the 20 times frequency of the rotation frequency
appeared, which was the result of the action of the guide vane cascade.

(3) The peak-to-peak value under partial load conditions was increased relative to
the optimal flow conditions. The distribution of peak-to-peak values in the nine runner
channels was further uneven compared with the optimal flow condition, indicating that the
flow in each runner channel was more uneven when the operating condition was farther
away from the optimal operating condition. The peak-to-peak value from the guide vane
to the runner increased, which was the result of the continuous strengthening of the RSI.

(4) Under the condition of partial load rate, the main frequency of the whole basin
was more complex, and the frequency 9f n was completely submerged in a large number of
main frequency pulsations, which indicates that the flow was extremely unstable under
the condition of the partial load rate, resulting in the hump area during the operation of
the unit.
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