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Abstract: Pump turbine operating conditions are complex, mainly including turbine mode and pump mode. Pump turbines have
various instability problems during operation, such as S-shaped, pump hump, pressure pulsation and cavitation. PIV (Particle Image
Velocimetry) is a very effective test technique for the internal flow field observation of pump turbines. In this paper, the internal flow
field of pump hump, cavitation, pressure pulsation and four quadrants of the pump turbine are tested by PIV technology. The
experimental observations show that the internal flow on those unstable working conditions of the pump turbine is extremely
complicated. Those conditions which the vortex separation is serious and the flow angle is changed is far away the best efficiency
working condition. Since the operating condition deviates from the optimal operating condition, the inflow Angle is changed and the
inflow Angle is far away from the optimal inflow Angle.And the vortex induces and develops strongly by PIV test. The flow
phenomenon are demonstrated at each operating points by PIV test.
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1 Introduction

Developing clean energy and supporting sustainable
social development are the strategic goals of China's
energy industry. According to the energy composition of
China in 2018 as shown in Fig.1, about 2/3 of the current
electricity still comes from coal-fired power generation [1],
which brings great pressure on China to achieve the social
development goals such as greenhouse gas emission
reduction and air pollution reduction.

Fig. 1. Ratios of different power generation in China

At the same time, in recent years, wind power,
photovoltaic power and other renewable energy have been
developing rapidly, and their proportion in the power

market has been increasing year by year, which also
makes the stability of China's power system face severe
challenges. Therefore, it is an important strategy to
develop hydro-power, especially large capacity pumped
storage, and enhance the ability of rapid adjustment of the
whole power system.
Fig.2 lists the design heads of pumped storage power

stations at home and abroad since the 1960s[2], which
fully illustrates the trend of modern pumped storage
technology towards the direction of high head and large
capacity. Some the large pumped storage power stations
built or under construction in China have water heads
over 700m such as Changlongshan and Dunhua project of
China. High head pumped storage technology not only
puts forward higher requirements on the structure of
power plant units, but also emphasizes more on the
operation quality of units when they deviate from the
design working point.
Existing studies have shown that when the operation

deviates from the design condition, unsteady and unstable
flow phenomena often occur in the pumped storage unit.
Pump in low load condition is easy to have the strong
water pressure pulsation and the pressure pulsation can be
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induced by intermittent cavitation[3-4]. And the uneven
pressure pulsation is the main reason of hydraulic radial
force fluctuations, the instability of rotor dynamics[5],
serious intense vibration [6], crack of crown fracture and
runner [7]. What is more serious is that the safe operation
of the unit will be affected.

Fig. 2. Pumping head variations for pumped storage

power-stations[2]

Pump turbine needs two-way operation, both pump and
turbine working mode, operating conditions throughout
the pump, pump brake, turbine, turbine brake, reverse
pump five operating conditions, the operating conditions
are complex and variable. The hydraulic development of
pump turbine must meet both the performance
requirements of turbine and pump, and the transient
transition process characteristics must be considered
between different working conditions.
The strong pressure pulsation under the pump working

condition of pumped storage unit is caused by the
rotor-stator interference between the runner and the
movable guide vane. The strong vortex at the inlet of the
movable guide vane near the lower ring of the runner
causes the counter-current in the guide vane, which makes
the flow in the guide vane passage go through the periodic
cycle of unobstructed -- blocked -- counter-current --
blocked -- unobstructed [8]. This cyclic process leads to a
sharp increase in the hydraulic loss in the guide vane,
which is then reflected in the hump of the performance
curve or characteristic curve [7].
Because the hump of the performance curve or

characteristic curve is the external manifestation of the
instability of the internal flow of hydraulic rotating
machinery, it is an inevitable way to further develop the
pumped storage technology to put forward the
engineering strategy of suppressing the hump by studying

the mechanism of the internal instability flow.
Although the study of hump phenomenon history can

be traced back to the 1970s, but still needs further comb
existing research data to clearly reveal pumped storage
unit pump working conditions of unstable flow
characteristics, and based on the fundamental properties
of the internal flow unit to determine reasonable
engineering measures to suppress the hump phenomenon,
thus enhancing the running stability of the unit.

Fig.3 shows the characteristic curve of pump
operating condition under certain operating degree of
pumped storage unit measured by model test [9]. The
abscissa represents the dimensionless flow compared with
the optimal efficiency point flow (QBEP), and the
ordinate represents the dimensionless flow compared with
the optimal efficiency point head. In the Fig.3, there are
two humps in the vicinity of 0.90QBEP and 0.70QBEP,
which are respectively represented by PS1 and PS2.
From the results in Fig.3, it can be seen that the

operating condition range and corresponding pressure
pulsation of the hump are different when the experiment
is carried out in different flow regulation directions. This
phenomenon is called delay phenomenon. However, in
the results shown in Fig.3, the delay phenomenon
corresponding to the two flow directions is not
significant.
According to the [9] research, no matter in the direction

of small flow to large flow or from large flow to small
flow, the pressure pulsation in the working conditions
around the hump PS2 (such as point B) is more intense
than that around the working conditions around the hump
PS1 (such as point A).

Fig. 3. Positive slope at characteristic curve for pumped

storage unit at pump mode
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Unsteady CFD methods for simulating the amplitudes and

frequencies of pressure fluctuations of pump turbines have been

widely used, and RANS method is most popular among them.

Unsteady simulations in normal operating condition were
developed [10-12], and the results showed that for the
monitoring point closest to the runner, maximum pressure
amplitude is observed for the same component, indicating
the strong influence of the potential effect in the
interactions between the guide vanes and the rotating
runner blades. The amplitude of this component decreases
very fast backward to the stay vanes. Other studies
simulated the off-design operating condition to investigate
different feature of pressure fluctuations. Yan [13]

simulated the hydrodynamics in a pump-turbine at
off-design operating conditions in turbine mode and found
that the low frequency components appear at runaway and
low discharge conditions. Widmer[14] did similar
simulation and found that during unsteady vortex
formation, the vortices in the runner and the vaneless
space fluctuate in time, and induce in-phase pressure
fluctuations in the vaneless space. Yin [15] predicted
pressure fluctuations under low partial flow of pump
mode and suggested that the low frequency pressure
fluctuations are essential. Xiao [16] and Liu[17] simulated
the unsteady flow within the entire flow passage of a
pump-turbine with misaligned guide vanes (MGV). Three
arrangements of MGV of different opening angles were
chosen to analyze the influence of MGV on the pressure
pulsations and four quadrants curve. It was found that by
using the MGV, the four quadrants curve shape is
improved and the fluctuation amplitudes close to the
synchronous opening guide vanes have been reduced
significantly.

2 Experiment

2.1 PIV parameter on pump-turbine

The research object is a reduced pump-turbine, and the
whole model includes the draft tube, impeller, guide vane,
stay vane and spiral case, as shown in Fig. 4. The number
of impeller blades is 9 and the number of guide vanes is
22, as listed in Table 1.
Table 1. Main parameters of the tested pump-turbine model.

Impeller diameter at inlet D1/ mm 530
Impeller diameter at outlet D2/ mm 250

Impeller blade number Z1 9
Guide vane number Z0 22

Rated guide vane opening a/(o) 20

Rotational speed N/(r/min) 900
Height of guide vane b0/mm 37.6
specific speed ns=np0.5/H1.25 93

2.2 PIV structure on pump-turbine

The test device design the observation window on the
headcover of model pump turbine, and the PIV camera is
loaded on the top of the headcover to capture the fluid
motion state under the observation window. A window is
designed on one side of the volute to ensure that the laser
emitted by the PIV laser enters the fluid, and the laser
passes through the transparent fixed guide vane and the
movable guide vane and enters the location of the
vane-less area between the guide vane and the impeller. In
order to ensure the shooting effect, transparent Windows
are made of acrylic plexiglass. In order to ensure the
transparency of movable guide vane and fixed guide vane,
the manufacturing of guide vane must adopt water
grinding technology to ensure the processing accuracy
and transparent. The laser beam passes through the fixed
guide vane and the movable guide vane along the
transparent window of the volute. In order to ensure the
objectivity of test results, test parameters is 40m water
head according to IEC regulations, and the transparent
window must bear the minimal pressure of 0.5Mpa.

(a) Pump turbine structure for PIV test
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(b) PIV camera

(c) Transparent window and view area

Fig.4. The structure of the pump-turbine model.

The main test instruments include PIV laser, PIV
camera, and model pump turbine and so on, as shown in
Fig.4. The PIV laser was arranged near transparent
window made by glass on spiral case and the camera
resolution is 15 frames. The PIV camera is fixed on the
hydrostatic bearing and the camera is 50cm above the
headcover, in Fig.4b. And the view area is on the
observation window and is positioned by two bolt
labeled by green circle, in Fig.4c. And the view area can
include two impeller blades and three guide vane blades.
The flow can be observed by the transparent windows.

2.3 PIV tracer particle

PIV test shows that the selection of tracer particles is a
very important to test results, and tracer particles should
have good follow-ability and reflectance. A variety of
tracer particles, mainly including silica, titanium dioxide
and hollow glass beads are contrasted in the experimental,
as shown in Fig.5. Through the comparison of

experimental results, it is finally determined that the
hollow glass microspheres have the best test effect and
can meet the requirements of the reflective and tracer
particles.

（a）silica

（b） Titanium dioxide

（c）Hollow glass beads

Fig. 5. The PIV test tracer particle.



CHINESE JOURNAL OF MECHANICAL ENGINEERING ·5·

3 Results and analysis

3.1 installation and debugging of field test devices
According to the test conditions of PIV, the platform and
support for the laser, lens group, CCD camera and other
test equipment with fixed PIV system are built.
1. Fix the laser so that it shines the laser light on the
measured area (as shown in Fig. 6), and the laser height is
located in the middle of the guide vane height.
2. Fix the CCD camera so that it can fully capture clearly
the flow state of the measured window, as shown in Fig.6.

Fig. 6.The PIV laser on the middle of guide vane height.

3.2 PIV test on pump hump condition
Take a pumped storage power station as an example:
under the working condition of turbine, the rated head of
the unit is 656m, the maximum head is 695m, and the
minimum head is 626m.Under the working condition of
pump, the maximum head of the unit is 711m, and the
minimum head is 661m. The motor is a reversible
synchronous motor with a rated capacity of 375MW and a
speed of 500r/min. The model impeller of the power
station is tested in the following working conditions. The
tested working conditions include working point
A,B,C,D,E, F and G.
The flow coefficient is defined

uD
Q
2

4


  (1)

The pressure coefficient is defined

2

2
u
gH

 (2)

Where, Q is discharge, u is the average velocity at the
outlet section, H is head, g is gravitational acceleration.

Fig. 7.The working points on pump H-Q curve.

The flow is shown on different working conditions in
Fig.8. At working point A, the flow is very smooth at the
location of the vane-less area. At working point B, the
primary point of hump, the vortex begins to appear in the
observation window. At working point C, the vortex
develops fully and rotates clockwise and vortex cut off the
ability of water from the runner flows to the guide vane.
At working point D, the vortex develops fully and
separates, and the hump gradually disappears.
High-pressure water is free from the runner flows through
the guide vane. The ability of pump water is regain. From
the flow condition of the first hump, the first hump is
closely related to the flow in the vane-less area between
the guide vane and runner. It is the stall vortex in the
vane-less area that induces the first hump.

Fig. 8.The flow state on different working points on first hump

of pump H-Q curve.

On the three working points E, F and G, second pump
hump condition, the vortex is not obvious. On the
vane-less area between guide vane and runner, the high
pressure water is cross flow from runner to guide vane in
Fig.9.
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Fig. 9.The flow state on different working points on pump H-Q
second hump curve.

From the second hump, the vortex distribution in the

vane-less region is not obvious. Why the pump hump take

place? With the help of CFD analysis, it can be found that

there is a certain correlation between the second hump and

the flow state at the runner leading edge in Fig.10. The

sheddding vortex is distribution along the runner leading

edge.

Fig. 10.The vortex distribution on runner leading edge of
second hump of pump H-Q curve.

Comparing the flow field between first hump and second

hump, the position of vortex initial is different. So the

optimal measures are different. For the first hump, the

optimal measures is the trailing edge of runner and the

optimal measures is the leading edge for the second hump.

3.3 PIV test on pump cavitation
For the pump turbine, cavitation performance is an

important index to ensure that the turbine does not have

cavitation damage, and it is also an important index to

ensure that the pump turbine does not have water column

separation. It is required that initial cavitation cannot

occur in all working conditions, especially under plant

cavitation coefficient. Thant means the initial cavitation

coefficient curve can’t interact with plant cavitation

coefficient curve. In the Fig.11, comparing the runner A

and B, the initial cavitation coefficient curve of runner A

just is intersecting with plant cavitation curve and intial

cavitation cuve of runner B is smaller than the plant

cavitation curve. That means the runner B can ensure the

unite operates is full-wet state and runner A is full-dry

state on the limited points.

By comparing the PIV test images of the two runners, it

can be found that the distribution of vortices in the

vane-less region of the two runners is quite different. The

vortices in runner A are strong and well developed, while

those in runner B are weak. The possible reason is that the

initial cavitation of runner A changes the inlet flow Angle

at the inlet of runner, and then changes the flow state at

the outlet side of runner.

(a) Runner A cavitation curve and PIV picture

(b) Runner B cavitation curve and PIV picture

Fig.11.The PIV results on different initial cavitation working
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points.

The distribution of cavitation is different at high and low heads.

The cavitation bubbles at high head are concentrated on the

suction surface and at low head on the pressure surface, in Fig.12.

(a) Hmin (b) Hmax
Fig.12.The cavitation bubble distribution on runner A.The white
zone is cavitation bubble, which is 10% vapor volume fraction.

3.4 PIV test on pump pressure fluctuation
For the pump turbine, the pressure pulsation is the most
serious in the turbine working condition, and the vane-less
area is the position with the largest pressure pulsation
amplitude. By comparing the different operating conditions
in Fig.13, it can be found that the internal flow field varies
greatly. In the optimal condition H, the flow in the
vane-less region is smooth. At rated operating condition I,
slight vortex separation has occurred. At 50% load
condition J and no-load condition K, the vortex separation
is already very serious. The vortices formed in the
vane-less area seriously hinder the flow of water from the
guide vanes to the runner, resulting in the accumulation of
high-pressure water in the vane-less area. The pressure
pulsation amplitude is very large in addition to the
influence of rotor-stator interaction.

Fig.13. The PIV results on different pressure fluctuation working
points.

3.5 PIV test on four quadrants curve working points
For pump turbines, operating conditions are often in
constant conversion, such as pumping forward electricity,
power generation phase modulation. In this series of

operating condition conversion process, the unit must run
along the four-quadrant curve, so the four-quadrant curve is
very important for the pump turbine. The shape of the
four-quadrant curve directly determines whether the unit
can realize the safe conversion between operating
conditions.
For pump turbines, the four-quadrant curve shape of

rated openness affects the safety of load rejection. PIV
observations at the rated open characteristic operating
conditions show that the flow characteristics at different
operating conditions vary greatly.
PIV flow field observation was conducted at the

characteristic working condition points on the rated guide
vane opening 20o. In the reverse pump zone Q and the
zero-flow condition R of the turbine, the vortexes are
serious. A vortex exists in the flow passage in the vane-less
zone. As there is both flow in the direction of the turbine
and the flow in the direction of the pump, the two flows
cross each other. In S and L conditions close to the no-load
condition, one vortex developed into a double vortex
distribution. As the turbine and pump two-way flow rub
each other. The bigger vortex is caused by the turbine
direction of the flow induced and the smaller vortex is
caused by the pump direction of the flow induced. The
turbine flow is smooth with few vortices. In the braking
condition M, the vortex strength gradually decreases. Close
to the zero flow condition point N of the pump, the
phenomenon of double vortices continues to appear. Pump
operating conditions O and P, the flow is smooth in the
channel. In the transition process, after the turbine load
rejection, the unit's operating state from the turbine
condition into no-load, no-load into the turbine brake, and
then into the reverse pump area. From PIV test observation
of internal flow field, it can be seen that from no load to the
area where the reverse pump is located, strong vortices
exist. Therefore, it is easy to understand that some units
show the pressure exceeds the guaranteed value on volute
and draft pipe during the transition process.

Fig.14. The PIV test results on guide vane opening 20o

For hump condition, cavitation condition, pressure
pulsation and four-quadrant conditions, the common point
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is that they all operate in deviation from the optimal
conditions. Compared with the optimal condition, the
velocity triangle changes in Fig.15. The flow angle also

changed from  to 5 , which led to the separation of

detached vortex. The macroscopic effect of these vortices
is to produce these unstable phenomena.

Fig.15. Velocity triangle (the sold line represents the optimal

discharge, the dotted line represents the partial load working

condition C5)

4 Conclusions
In this paper, the flow field of the pump turbine is
observed and studied by PIV. It mainly studies the
unstable conditions of the pump turbine under the
working conditions, such as the hump and cavitation
conditions of the pump mode, the pressure pulsation
conditions of the turbine and the four-quadrant conditions
of the whole unit.
The following conclusions are obtained:
(1) The flow states of the first hump and the second

hump are quite different. The vortex separation area
of the first hump occurs in the vane-less area, while
the vortex separation of the second hump occurs at
the leading edge of the runner.

(2) The cavitation changes the inlet angle of the runner
and the flow pattern at the outlet of the runner.

(3) The amplitude of pressure pulsation is closely
related to the vortex separation

(4) The four-quadrant curve, especially the double
vortices in no-load condition, seriously hindered the
normal flow of water, resulting in excessive volute
pressure and draft tube pressure.
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Figures

Figure 1

Ratios of different power generation in China

Figure 2

Pumping head variations for pumped storage power-stations[2]



Figure 3

Positive slope at characteristic curve for pumped storage unit at pump mode



Figure 4

The structure of the pump-turbine model.



Figure 5

The PIV test tracer particle.



Figure 6

The PIV laser on the middle of guide vane height.

Figure 7

The working points on pump H-Q curve.



Figure 8

The �ow state on different working points on �rst hump of pump H-Q curve.

Figure 9



The �ow state on different working points on pump H-Q second hump curve.

Figure 10

The vortex distribution on runner leading edge of second hump of pump H-Q curve.



Figure 11

The PIV results on different initial cavitation working points.



Figure 12

The cavitation bubble distribution on runner A.The white zone is cavitation bubble, which is 10% vapor
volume fraction.

Figure 13

The PIV results on different pressure �uctuation working points.



Figure 14

The PIV test results on guide vane opening 20o

Figure 15

Velocity triangle (the sold line represents the optimal discharge, the dotted line represents the partial load
working condition C5)
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