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Abstract: When the Francis-type reversible pump-turbine runs under partial load, the pressure
pulsation amplitude and frequency in vaneless space are high, posing a serious threat to the stability
of unit operation. Water presents weak compressibility in a high-head pump-turbine, thereby
affecting the amplitude—frequency characteristics of pressure pulsation. This study used numerical
simulations in a model and prototype pump-turbine and particle image velocimetry (PIV) in a
model pump-turbine to examine the internal flow field and pressure pulsation characteristics and
determine the effect of the flow in the vaneless space on the amplitude—frequency characteristics of
the pressure pulsation. The pressure pulsation amplitude—frequency characteristics were verified
through prototype tests. The effects of the weak compressibility of the water on the propagation law
of pressure pulsation throughout the flow passage of the prototype and model pump-turbine were
roughly similar but exhibited certain differences. Considering the weak compressibility of water,
the pressure pulsation fluctuations in each flow passage of the prototype and model pump-turbine
exhibit varying degrees of improvement, which is more obvious at the prototype scale. Therefore, the
pressure wave disturbance caused by the weak compressibility of the water has different effects on
the prototype scale and model scale of the high-head Francis pump-turbine.

Keywords: pump-turbine; vaneless space; pressure pulsation; weakly compressible; numerical
simulation; particle imaging velocimetry

1. Introduction

Currently, pumped-storage power stations are globally used as energy storage devices
with huge capacities. As of 2020, the total installed capacity of China’s pumped-storage
power plants was 40 million kilowatts. A pump-turbine is the core component of a pumped-
storage power station, and its operational stability directly affects the benefit of the power
station and the stability of the power grid. Due to the increasing head of pumped-storage
units, the water embodies weak compressibility. This characteristic has an impact on both
the flow and pressure pulsation characteristics inside the unit and is of high research value.

In pump-turbines, the vaneless space between the guide vane and the runner blades
is the most unstable region of flow [1-3]. The rotating stalls in the vaneless space [4,5] and
the rotor—stator interaction (RSI) [6,7] threaten the stable operation of the pump-turbine.
The direct manifestation of the hydraulic stability is the pressure pulsation phenomenon,
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and the vortex flow in the vaneless space and RSI effects are the main factors that influence
the pressure pulsation in the vaneless space [8-10], where the RSI effects cause the high-
frequency component of the pressure pulsation, while the vortex flow leads to the low-
frequency component. The main frequencies of pressure pulsations obtained from model
tests and prototype tests in previous studies are basically the same, but the difference
in amplitude prediction is relatively large. Furthermore, this problem is clarified by the
comparison between numerical simulation and model or prototype tests. The model
test value is significantly smaller than the prototype test value under partial load. The
RSI frequency second harmonic amplitude of pressure pulsation in the high-load area
numerically was simulated compared to the prototype test in the vaneless space was
severely underestimated. Research studies attribute this to the extremely high pressure
inside the unit at high-head conditions that caused the water to be compressed [11-13].
Trivedi et al. [14,15] studied the RSI between the guide vane and the runner and the
evolution of the unsteady flow structure in the runner under no-load conditions and
runaway conditions by means of compressible simulations, and Wang [13] studied the
internal flow field and pressure pulsation characteristics of a model pump-turbine under
different operating conditions by considering the weak compressibility of water. The
compressible simulation results were closer to the model test results. As pump-turbine
design proceeds towards high head, capacity, and speed, the influence of weak water
compressibility on pump-turbine stability plays an increasingly important role in the
design. Hence, in-depth investigation of the effects of weak water compressibility in
pump-turbines is required.

Particle image velocimetry (PIV), as a transient, multi-point, non-contact hydrody-
namic velocity measurement method, has been widely used in researching the internal
flow of fluid machinery in recent years. PIV technology is widely used in fluid research
owing to its good visualization performance and accurate results [16-19]. PIV is widely
used in the shooting of vortices in fluids [20-23]. The PIV test process only needs a CCD
camera, laser, and synchronizer to measure the flow velocity in a transparent pipe without
direct contact with the fluid. Thus, the PIV test process has the advantages of convenient
installation, simple operation, and strong anti-interference ability [24-26]. In comparison
with other non-contact measurement methods (such as LDV and ultrasonic measurement),
PIV has the advantages of high accuracy, large imaging area, easy installation, and strong
anti-interference ability [27].

Yan et al. [28] used the PIV test method to study the flow regime inside the runner
of a Francis pump-turbine and determined the influence of the impingement angle of the
runner blade and the GVO on the flow regime. Tang [29] and Xu [30] used the PIV test
method to study the inter-blade vortex of a Francis turbine and obtained the initiation
and development of the inter-blade vortex. The authors also used the PIV test method to
test the pump-turbine under four-quadrant working conditions. The flow regime in the
vaneless space of the pump-turbine was observed, and the vortex change and development
laws were obtained [31]. Liu et al. [32] studied the vortex structure of the vaneless space
of two different runners in multiple turbine working conditions under different working
conditions through the PIV test. Moreover, they studied the working characteristics of the
unit under unstable conditions.

In this study, we employed the PIV test method to test the flow characteristics in the
vaneless space of a model Francis-type pump-turbine under turbine modes. The internal
flow fields of the model and prototype pump-turbine were also numerically simulated using
computational fluid dynamic (CFD) methods, and the pressure pulsation characteristics
inside the units were investigated considering the low compressibility of water.

2. Computational Fluid Dynamic Simulation
2.1. Geometry and Mesh

The typical parameters of the model and prototype pump-turbine are listed in Table 1.
The diagram of the model pump-turbine is shown in Figure 1.
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Table 1. Basic geometric parameters of model and prototype.

Parameter Model Value Prototype Value
Rated hydraulic head H; (m) 59.8 635
Runner inlet diameter Dy (mm) 556 4448
Runner outlet diameter D, (mm) 250 2000
Guide vane height b (mm) 38.258 306.064
Number of runner blades Z, 9 9
Number of guide vanes Z, 22 22
Stayvane
Inlet Guidevane

Spiral casing
Runner

Drafttube

Figure 1. Pump-turbine.

Using ICEM and Turbogrid, the model pump-turbine was divided into a hexahedral
mesh. The grid is shown in Figure 2. The grid independence was also verified. When
the number of grids reached 4.9 million, the efficiency and head fluctuation were less
than 0.05%. This value met the accuracy required by the numerical simulation. The
number of grids in each part is shown in Table 2. The average value of y+ in the near-wall
region of the runner and guide vane was less than 15, which met the requirements of the

turbulence model.

(@) (b)
() (d)

Figure 2. Grid of model pump-turbine: (a) grid of spiral casing; (b) grid of draft tube; (c) grid of

vanes; (d) grid of runner.



Machines 2022, 10, 143

4 0f 20

Table 2. Number of grids and nodes.

Part Grid Cells Nodes
Spiral casing 1,052,685 1,005,387
Stay vane 1,072,038 987,630
Guide vane 1,384,504 1,282,424

Runner 1,579,356 1,486,674
Draft tube 547,189 529,856
Total 5,635,772 5,291,971

2.2. Boundary Conditions and Operating Points

SST k-w turbulence model [33-35] was used in the CFD simulation by ANSYS CFEX.
The operating point parameters are listed in Table 3. The flow inlet and opening outlet
are adopted. The conditions of the inlet and speed of rotation of the runner were selected
according to the results of the model test. For interface processing, the general grid interface
was used to connect the parts. In the interface type in the stable calculation, type None was
used for the static interface, and the frozen rotor approach was applied for the dynamic and
static interfaces. In the unstable calculation, the static—static interface still adopted the type
None, whereas the dynamic-static interface adopted a transient rotor—stator interaction.
The calculation time step was 1/360 of the runner rotation period, 0.000340977 s for the
prototype and 0.000138899 s for the model. A root mean square of residuals of 10~ was
used as the convergence condition for the iterative calculation. Further, 20 runner rotation
periods were calculated, and the last 5 periods were selected for analysis. The unit flow
and unit speed are expressed as follows:

np = —= (1)

Qn )

__Q
D}VH'

where 177 is the unit speed (rpm), Q11 is the unit flow (L/s), n is the speed (rev/min), Q is

the flow (L/s), H is the working head (m), and D; is the nominal diameter of the runner (m).

Table 3. Operating points in CFD Simulation.

Type Operating Point  Compressibility Q11/(L/s)  n11/(r/min) H/m n/(r/min) Add
PINCOM Incompressible
Prototype 635 488.79 .
PCOM Compressible -, 15, 45.520 Rated operating
. ) ’ int
MINCOM Incompressible pom
Model P 59.8 1199.919
MCOM Compressible

Figure 3 shows the location of pressure pulsation monitoring points during the tran-
sient calculation, where 108 of these are located in the vaneless space, with three layers
of 36 points each. The monitoring points in the vaneless space are named in a clockwise
direction, and owing to space limitations, some monitoring points such as VL36 and VL10
are marked in.
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Figure 3. Position of pressure pulsation monitoring points. (a) Vaneless space, (b) Vaneless space
axial, (c) Runner channel, (d) Spiral casing, (e) Spiral casing, (f) Draft tube.
2.3. Weakly Compressible Equation

The equation expressing the state of the water is based on the relationship between the
water’s density and pressure, determined from the acoustic pressure Equation (3) [11,36].

p =po+ (P —Py)/cy’ 3)

where p is the actual density of water; py is the reference density of water, 998 kg/m3; Py is
the reference pressure, 101,325 Pa; and cy is the speed of sound, 1400 m/s.

2.4. Computational Fluid Dynamics Results

The dimensionless pressure coefficient, Cp, and AH/H are reference values for quanti-
fying the intensity of pressure pulsations in pump-turbines, as shown in Equation (4).

pi—P
C, = F % 100% @)
P pgH
AH _ Pimax — Pimin o
S v el 100% (5)

where Cp is the dimensionless pressure pulsation coefficient (%), p; is the corresponding
pressure at point i (Pa), p is the time-averaged pressure, H is the head (m), p is the density
of water, and g is the gravitational acceleration. AH is the pressure pulsation peak-to-peak
value, M; Pimax, Pimin 15 the corresponding maximum and minimum pressure values at
point i, Pa.

Figures 4 and 5 show the time-domain and frequency-domain plots of the pressure
pulsation monitoring point, VL6 of the prototype test, respectively, where f; is the blade-
passing frequency (BPF), 9f,,. As seen in the figure, the primary frequency of the pressure
pulsation monitoring point, VL6, in the vaneless space of the prototype test was BPF 9f;
(i.e., 73.32 Hz), and the relative pressure pulsation amplitude was 1.97%. The secondary
frequency was 18 f;,, that is, 146.91 Hz, and the relative pressure pulsation amplitude was
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0.94%. Additionally, the relative pressure pulsation amplitude, 4f,;, was relatively small
(32.58 Hz) at a relative pressure pulsation amplitude of 0.28%.

C/% VL6
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Figure 5. Prototype test of frequency-domain of pressure pulsation in vaneless space.

Figure 6 shows the frequency-domain and time-domain diagrams of pressure pulsation
considering the compressible and non-compressible cases of water. Evidently, both the
compressible and non-compressible simulations can better reflect the main frequencies in
the prototype test, but the difference in their prediction of the main frequency amplitude is
relatively large. The main frequency f; relative pressure pulsation amplitude is 1.32% in
the incompressible simulation, while the f; relative pressure pulsation amplitude is 1.86%
in the compressible simulation, which is closer to the prototype test results. In addition,
the incompressible simulation fails to obtain the characteristic frequency, f3, while the
relative pressure pulsation amplitude of the characteristic frequency f3 in the compressible
simulation is 0.25%. Figure 6b shows the time-domain diagram of the pressure pulsation
of the pressure monitoring point VL6 in the vaneless space within one rotating cycle of
the runner considering the compressible and non-compressible cases of the water, and the
pressure pulsation in the vaneless space within one rotating cycle of the runner in both the
compressible and non-compressible simulations shows periodic changes, but the relative
pressure pulsation amplitude in the weakly compressible condition is larger than that in the
non-compressible condition. Therefore, the results yielded when the weak compressibility
of the water in the numerical simulation is considered are closer to those of the prototype
test than the results yielded when the compressibility of the water is not considered.
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Figure 6. Time-domain and frequency-domain of pressure pulsation in vaneless space at monitor
VL6 (PINCOM and PCOM are the operating points in Table 3). (a) PINCOM, (b) PCOM.

The internal flow field characteristics of the prototype and the model were compared
and analyzed, and Figure 7 shows the relative velocity distribution of the annulus within
the vaneless space.

0.4

2 02
t
U
g 0 O 1 1 1 1 1 J
g 0.
g 60 120 180 240 300 360
S Rotating angle of runner /o
.@'0-2 [ ——PINCOM V¢ = PCOM Ve —— MINCOM Ve —— MCOM Ve
2 —— PINCOM Vr —— PCOM Vr —— MINCOM Vr —— MCOM Vr
S04t
o
2
ks
E -0.6

-08 -

(b) Relative velocity component distribution

Figure 7. Distribution of relative velocity at different operating points of 50% load. (a) Speed
decomposition, (b) Relative velocity component distribution.

Figure 7 shows that the water flow in the flow field in the vaneless space under rated
operating conditions flows into the runner through this ring surface, showing regular
velocity fluctuations corresponding to the number of runner blades, which indicates that
the hydraulic instability in the flow field in the vaneless space of the model pump-turbine
and the prototype pump-turbine under this operating condition is mainly generated by
RSI, where the potential flow disturbance phenomenon is obvious. The CFD results of
compressible simulation and incompressible simulation are relatively consistent.

The relative amplitude of pressure pulsation AH/H at monitoring point VL6, mon-
itoring point VL15, monitoring point VL24, and monitoring point VL33 in the vaneless
space of the prototype and the model machine were compared and analyzed as shown in
Figure 8. The positions of the four monitoring points were symmetrical with respect to
the central axis of the runner, and the monitoring points were separated by 90° from each
other, as shown in Figure 3.
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Figure 8. Relative amplitude of pressure pulsation in vaneless space. (a) Prototype pump-turbine,
(b) Model pump-turbine.

Comparison of the relative pressure pulsation amplitude of the four monitoring
points in the vaneless space of the prototype and the model machine indicates that the
distribution pattern of the relative pressure pulsation amplitude in the vaneless space of the
prototype pump-turbine is consistent with that of the model pump-turbine, but the relative
pressure pulsation amplitude in the vaneless space of the prototype pump-turbine is larger
than that of the model pump-turbine, and the compressible simulation is larger than the
incompressible simulation. This difference in the relative pressure pulsation amplitude
caused by the compressibility of water is more obvious in the prototype pump-turbine.

The pressure pulsation time-frequency characteristics of the prototype and model
pump-turbine vaneless space monitoring point VL6 are further analyzed, as shown in
Figure 9, where the blade rotation frequency f; is 8.15 Hz and 19.99 Hz for the prototype
pump-turbine and model pump-turbine, respectively, under the rated operating condition
of the turbine, and its BPF is 9f,,.

The main frequencies of pressure pulsation in the vaneless space of both the prototype
and the model pump-turbine are BPF, and its harmonic frequencies are 9f, and 18f,. In
addition, there is a relatively small pressure pulsation amplitude of 4f,. The blade-passing
frequency and its harmonic frequencies 9f, and 18f, are RSI frequencies. 4f, is obtained
from the upward propagation of the runner channel.

Whether compressibility is considered or not, the numerical simulation results are
consistent with the main frequency of pressure pulsation of the test results, but there is still
a certain difference in amplitude. Under the incompressible condition, the main frequency
amplitude of pressure pulsation in the vaneless space of the prototype pump-turbine is
significantly smaller than that of the prototype test results, and the main frequency ampli-
tude of pressure pulsation in the vaneless space of the model pump-turbine is lower than
that of the model test results, but the difference is smaller. Under the weakly compressible
condition, the main frequency amplitude of pressure pulsation in the vaneless space of
the prototype and model pump-turbine is increased, and the main frequency amplitude
of pressure pulsation in the vaneless space of the prototype pump-turbine is higher than
that of the model pump-turbine when the weak compressibility of the water is considered.
Generally, when considering the weak compressibility of water, the main frequency ampli-
tude of pressure pulsation is closer to the experimental value, and it is more obvious in the
numerical simulation of the prototype pump-turbine. This is because the speed of sound
in water is approximately 1400 m/s, the wavelength is approximately 5-30 m, the RSI
frequency of the pump-turbine is approximately 50-200 Hz, and its corresponding acoustic
wave wavelength is similar to the scale of the prototype pump-turbine, so this pressure
wave perturbation caused by the compressibility of the water causes acoustic resonance in
the flow field and enhances its pressure pulsation amplitude.
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Figure 9. Time and frequency characteristics of pressure pulsation at monitor VL6. (a) Prototype pressure

pulsation time-domain diagram, (b) Prototype pressure pulsation frequency-domain diagram, (c) Model

pressure pulsation time-domain diagram, (d) Model pressure pulsation frequency-domain diagram.

3. Particle Image Velocimetry Methods

The pressure pulsation amplitude in the vaneless space is affected by compressibility

and the vortex motion in the vaneless space, which is examined using the PIV test.

3.1. Particle Image Velocimetry System and Model Pump-Turbine Parameters

The PIV test system is composed of tracer particles, a pulsed laser and sheet light
source lens group, a CCD camera, a synchronizer, and a special workstation. The main
technical indicators of the PIV test system are listed in Table 4. The parameters of the model
pump-turbine used in the test are consistent with those of the CFD model pump-turbine.

Table 4. Technical index of PIV test system.

Parameter Value
Speed measurement range/m/s 0~1000
Speed measurement accuracy /% <1
Measured area/mm?2 >900 x 1000
Overall operating frequency/Hz <15
Bits 16
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Low-pressure water tank

3.2. Test Site

The structural system of the test bench includes a high-pressure water tank, a model
water pump-turbine test section (including a dynamometer), a low-pressure water tank,
and a vacuum pump system, which is a closed-loop test system. The system was supplied
by two 245A-10 single-stage double-suction centrifugal water pumps. The pumps were
connected to two 850 kW bi-directionally rotating DC motors. The DC motors were
powered by two sets of fully digital DC speed-regulating devices. The pump unit can realize
stable operation within a range of 400-1000 r/min. The maximum lift of the single pump
was 85 m. The maximum flow rate was 1.0 m®/s, and the maximum speed was 1000 r/min.
The maximum water head of the test bench was 170 m, and the speed stabilization accuracy
was 0.1%. The diameter of the high-pressure pipeline of the system was 500 mm, and
that of the low-pressure pipeline was 700 mm. A bi-directional electromagnetic flowmeter
was used for flow calibration. The diameter of the high-pressure water tank and the low-
pressure water tank of the test bench was 2.4 m. These large containers stabilize the water
flow before and after the model unit, and the water flows through the electromagnetic
flowmeter. The parameters of the test bench are listed in Table 5.

Table 5. Test bed parameters.

Parameter Value
Test bench number DF-150
Maximum test flow /m3 1.5
Maximum test head /m 150
Maximum test speed/(r/min) 2500
Diameter of model runner/mm 250-500
Maximum power of dynamometer/kW 500
Rated power of pump motor/kW 2 x 850
Tail water pressure/kPa —85~+250
Uncertainty of efficiency measurement <£0.25%
Test bed model type Counterattack hydraulic machinery

The position and arrangement of the camera are shown in Figure 10. The imaging area
is the position of the vaneless space between the runner and guide vane, and the imaging
area is determined by the position of the two screws on the end shaft of the guide vane.
The pulsed laser was directed to the experimental observation area from the transparent
window at the volute. The test operating points are listed in Table 6.

CCD camera

‘Transparent test area

Pump-turbine

Figure 10. Schematic diagram of test bench.
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Table 6. Table of working points.

Operating Point Opening Q11/(L/s) n11/(r/min) n/(x/min) Load Range
OP1 352.543 37.073 1141.874
Oor2 9° 343.136 38.102 1174.798 50% load
OP3 331.116 38.720 1194.869
OPr4 467.642 37.101 1144.785
OoP5 13° 458.519 38.103 1176.840 75% load
OP6 451.722 38.727 1196.841
or7 588.954 37.061 1143.869
OP8 17° 579.850 38.147 1178.841 100% load
OP9 574.440 38.794 1199.916

3.3. Test Results

Figure 11 shows the internal flow field in the vaneless space under different operat-
ing conditions.

20

(h) OP8 (i) OP9

Figure 11. Streamline of vaneless space under different conditions. (a) OP1, (b) OP2, (c) OP3, (d) OP4,
(e) OP5, (f) OPS, (g) OP7, (h) OPS, (i) OP9.

Under 50% load conditions, the vortex structure in the vaneless space is relatively
large and is distributed singly in the observation area, and the vortex rotation is clockwise.
At the operating point, OP1, the vortex structure is relatively small, and the vortex structure
appears close to the runner outlet, while at OP2 and OP3, where the unit speed is relatively
high, this vortex structure is very large, and the pressure at the center of the vortex is
extremely low owing to the very high vortex center flow velocity at this time. This local
low pressure caused by the vortex causes periodic disturbance to the high-pressure flow
field in the vaneless space where the rotation of the runner significantly contributes to the
high amplitude of pressure pulsation in the vaneless space under partial load.
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Under the 75% load condition, the flow field in the vaneless space is relatively stable
and smooth at the lower speed, OP4, but as the unit speed increases, a clockwise rotating
vortex and a counterclockwise rotating vortex are distributed in pairs at OP5 and OP6,
and the vortex structure is reduced to a certain extent compared with the 50% load vortex
structure. At 100% load condition, the flow field in the vaneless space is relatively stable,
the vortex structure in the vaneless space is very small at OP8 and OP9, and the distribution
of vortex is not even observed at OP7.

At 50% load condition, the unsteady vortex structure in the vaneless space is single
vortex distribution, and the vortex structure is larger. When the unit load increases to 75%,
the vortex structure changes from a single vortex structure to a double vortex structure, and
the vortices are distributed in pairs and rotate in opposite directions. With the progressive
increase in load, the unsteady vortex structure in the vaneless space is further reduced at
100% load condition, and the vortex structure is changed to a single vortex structure with a
smaller vortex structure. At the same load, the vortex structure increases with the increase
in unit speed, and the position moves toward the guide vane exit runner.

Analysis of continuous images of OP1, 2, and 3 test results.

Figures 12-14 show the variation of the internal flow field in the vaneless space over
time at different speed operating points, OP1, OP2, and OP3, of the unit under 50% load
condition of the turbine, respectively. The rotor rotation times for one revolution at working
points OP1, OP2, and OP3 are 0.0525 s, 0.0510 s, and 0.0502 s, respectively, and the sampling
frequency is 15 Hz. To analyze the variation of the internal flow field in the vaneless space
over time, six different moments, T1, T2, T3, T4, T5, and T6, of the same time interval AT
are selected.

(@) T1

(b) T2 () T3

(e)T5 (f) T6

Figure 12. Streamline of vaneless space at different times at OP1. (a) T1, (b) T2, (c) T3, (d) T4, (e) T5,
(f) Te.

At 50% load, the flow regime inside the vaneless space is more turbulent; large-scale
unsteady vortex structures appear frequently in the observation cycle and are observed
once every AT apart. At operating point OP1, the unsteady vortex structure in the vaneless
space is located near the runner inlet side, and the vortex structure is relatively small.
As the rotational speed increases, the unsteady vortex structure in the vaneless space
becomes larger at operating points OP2 and OP3, and the flow regime in the vaneless space
deteriorates. The large-scale unsteady flow structure appears in the vaneless space between
the guide vane outlet and the runner inlet, and this unsteady vortex structure with high
frequency and large-scale structure disturbs the flow field in the vaneless space, thereby
decreasing the stability of the flow field inside the vaneless space.
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(d) T4 (e) T5 (f) T6

Figure 13. Streamline of vaneless space at different times at OP2. (a) T1, (b) T2, (c) T3, (d) T4, (e) T5,
(f) Té6.
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Figure 14. Streamline of vaneless space at different times at OP3. (a) T1, (b) T2, (c) T3, (d) T4, (e) T5,
(f) Té6.

This unstable vortex structure is generated in the runner channel, so its characteristic
frequency is related to the rotating frequency of the runner blades, and because of its
development to the vaneless space, it intensifies the RSI effect, so this unstable vortex
structure causes the main frequency amplitude of the pressure pulsation in the vaneless
space to increase significantly, i.e., the BPF 9f,. With the change of working conditions, in
the operating range of the unit, the unit load is attenuated as it increases and is enhanced
as the unit speed increases in the same load condition.
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4. Propagation Law of Pressure Pulsation in the Vaneless Space

The source of high-frequency pressure pulsation in the vaneless space, which is the
location of the strongest pressure pulsation in a pump-turbine, was analyzed in CFD and
PIV studjies; therefore, the propagation law was analyzed.

Full-Flow Channel Pressure Pulsation Characteristics

Figure 15 shows the relative pressure pulsation amplitude distribution in the full-flow
channel of the prototype and model pump-turbine under compressible and incompressible
conditions, and the pressure pulsation monitoring points were selected as VO1, ST2, GV2,
VL6, RV1, RV2, RV3, DT1, and DT2. A total of nine monitoring point locations were
compared and analyzed.

Compressible T Compressible
—e—Incompressiblg 6 —*—Incompressible
5F
4l
IF
2F
1F
VOl S"IFZ G\I/Z Vll_6 R{/] R"\/Z R\I/3 D:Fl DT2 0 VOl ST2 G{r’z Vll_ﬁ R\Ifl R\IfZ R\I’S DT1 DT2
(a) Prototype pump-turbine (b) Model pump-turbine

Figure 15. Relative pressure pulsation amplitude in all fluid channels. (a) Prototype pump-turbine,
(b) Model pump-turbine.

Figure 15 shows that the relative pressure pulsation amplitude distribution pattern
is the same for the prototype and model pump under compressible and incompressible
conditions, the strongest pressure pulsation area is located in the vaneless space, and
the relative pressure pulsation amplitude gradually decreases upstream and downstream
along the vaneless space. Regardless of whether the weak compressibility of the water is
considered, the pressure pulsation intensity of the prototype pump-turbine in the full-flow
channel exceeds that of the model pump-turbine. The compressible simulation results
are higher than the incompressible simulation results, and this difference in numerical
calculation owing to the consideration of the weak compressibility of the water is more
obvious in the prototype pump-turbine.

Figure 16a,b shows that the pressure pulsation at monitoring point, VO1, in the inlet
runner of the prototype pump-turbine spiral casing is mainly affected by the vortex rope
of the draft tube under the incompressible condition, showing low-frequency vibration
with low amplitude, while the pressure pulsation under the compressible condition is
mainly affected by the RSI, showing amplitude fluctuations corresponding to the number
of runner blades. The pressure pulsation at monitoring point VO1 of the model pump-
turbine shows the characteristics of high-frequency vibration, but the fluctuation pattern
of pressure pulsation under incompressible conditions is related to the number of runner
blades, and there are nine fluctuations in the runner cycle, which is influenced by RSI, and
four fluctuations of pressure pulsation under compressible conditions are four times in a
runner cycle, which is related to the flow separation in the runner.

In Figure 16c,d, the pressure pulsation at the stay vane monitoring point ST2 of the
prototype pump-turbine is affected by both the vortex rope of the draft tube and RSI
under incompressible conditions, and the pressure pulsation shows the characteristics of
both low-frequency vibration and high-frequency vibration. Further, a significant increase
is observed in the amplitude of the pressure pulsation under compressible conditions,
where one of the high-frequency components is significantly enhanced. The time-domain
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characteristics of the pressure pulsation at the stay vane runner monitoring point ST2 of
the model pump-turbine are relatively consistent, both being high-frequency vibrations

related to the number of blades.
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Figure 16. Time domain of pressure pulsation in prototype and model pump-turbine. (a) Prototype
pump-turbine VOI, (b) Model pump-turbine VO1, (c) Prototype pump-turbine ST2, (d) Model
pump-turbine ST2, (e) Prototype pump-turbine GV2, (f) Model pump-turbine GV2, (g) Prototype
pump-turbine RV2, (h) Model pump-turbine RV2, (i) Prototype pump-turbine DT1, (j) Model pump-
turbine DT1.

The pressure pulsation fluctuation at the guide vane monitoring point GV2 of the
prototype and model pump-turbine in Figure 16e,f is affected by the RSI under both
compressible and incompressible conditions, showing a regular fluctuation related to the
number of blades, but the pressure pulsation amplitude fluctuation of the prototype pump-
turbine is more obvious under compressible conditions. In Figure 16g,h, the fluctuation
of the pressure pulsation amplitude at the prototype and model pump-turbine runner
monitoring point RV2 is mainly influenced by the RSI, which is related to the number of
guide vanes, and the pressure pulsation fluctuation of the prototype pump-turbine is more
obvious than that of the model pump-turbine.

In Figure 16i,j, the straight cone section of the draft tube of the prototype pump-turbine,
DT1, mainly vibrates at low frequencies under incompressible conditions, with small pulsa-
tion amplitudes, while under compressible conditions, the pressure pulsation fluctuations
are significantly enhanced, and the frequency of amplitude fluctuations is significantly
increased, with fluctuation patterns related to the phenomenon of flow separation in the
runner. The pressure pulsation fluctuations of the model pump-turbine draft tube straight
cone section monitoring point DT1 in the incompressible conditions are small and almost
tend to be stable, while the pulsation amplitude of low-frequency fluctuations appears in
the compressible conditions.
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The frequency-domain characteristics of the full-flow channel pressure pulsation for
the prototype and model pump-turbine under compressible and incompressible conditions

are shown in Figure 17.
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Figure 17. Time domain of pressure pulsation of the prototype and model pump-turbine. (a) PIN-
COM, (b) PCOM,, (c) MINCOM, (d) MCOM.

The similarities in the propagation pattern of the characteristic frequency of pres-
sure pulsations along the flow channel in the prototype and model pump-turbine under
compressible and incompressible conditions are displayed in Figure 17. In the prototype
pump-turbine, the pressure pulsation special sign frequencies are 1f,;, 4f,, 9, 18fu, 22f,,, and
36f. 1f, is the RSI frequency between the runner and the draft tube. 1f, increases upstream
along the runner outlet to the spiral casing inlet, decreases rapidly downstream through
the vaneless space at the runner outlet, decreases downstream along the runner outlet to
the elbow section of the draft tube, and decreases during the propagation downstream
along the runner outlet to the elbow section of the draft tube. The compressible simulation
is consistent with the incompressible simulation. 4f, is associated with a deliquescence
in the runner inlet, a characteristic frequency that is not captured in the incompressible
simulation. 4f, is strongest in the compressible simulation at the runner inlet position and
decreases upstream and downstream along the flow channel from the runner inlet.

9fu, 18y, and 36f, are the RSI frequencies and their harmonic frequencies in the
vaneless space between the runner and the guide vane. In the incompressible simulation,
the RSI frequencies and their harmonic frequencies in the vaneless space decrease from
the vaneless space upstream and downstream along the flow channel. 9f, and 18f, in the
compressible simulation maintain the same propagation pattern as the incompressible,
but 36f, increases at the stay vane during propagation upstream along the flow channel,
probably owing to the pressure wave disturbance caused by the weak compressibility of the
water amplifying this characteristic frequency. 22f, is subject to the RSI frequency between
the guide vane and the runner, i.e., the guide vane passing frequency, which is highest in
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amplitude in the runner inlet channel and decreases along the upstream and downstream
from the runner inlet channel.

The characteristic frequencies of pressure pulsation in the model pump-turbine are
consistent with those of the prototype pump-turbine, and their main characteristic frequen-
cies are 1f,, 4fu, 9fu, 18f4, and 22f,, and the compressible simulation and incompressible
simulation propagation laws are more similar. The 1f,, increases upstream from the runner
outlet channel to the runner inlet channel and decreases rapidly after passing through the
vaneless space. 9f, and 18f, decrease upstream and downstream from the vaneless space.
22f, from the runner inlet channel along the upstream and downstream also maintains a
decreasing trend. The difference between the compressible and incompressible simulations
comes from the different regularity of 4f, propagation upstream. In the incompressible
simulation, 4f, gradually decreases along the upstream and downstream from the runner
inlet channel, while in the compressible simulation, 4f, gradually decreases along the
downstream and gradually increases along the upstream to the spiral casing inlet.

5. Conclusions

In this paper, the pressure pulsation characteristics of the vaneless space of the proto-
type and the model pump-turbine are compared and analyzed based on the weak compress-
ibility of the water, and the vortex flow in the vaneless space of the model pump-turbine is
measured using the PIV test.

1. Under compressible conditions, the pressure pulsation value calculated by CFD is
closer to the test measured value of the prototype pump-turbine, and the increased
unit instability caused by the compressibility of water should be considered in the
design of high-head pump-turbines.

2. Important causes of instability in the vaneless space of pump-turbines include RSI
and vortex flow; RSI is the main source of instability, while the vortex motion in the
vaneless space enhances the pressure pulsation caused by RSI. The main frequencies of
pressure pulsation in the vaneless space of the prototype and the model pump-turbine
are all RSI frequencies, and their harmonic frequencies, in addition to the relative
pressure pulsation amplitude, are low in relation to the runner inlet runner pressure
side flow separation 4f;.

3. This unsteady vortex structure in the vaneless space owing to the operation of the
unit in a non-optimal operating zone, has been identified by PIV tests as exacerbating
flow instability in the vaneless space. This is caused by the negative attack angle
resulting from the mismatch between the runner inlet water flow angle and the runner
inlet blade placement angle, which generates a stall vortex on the pressure side of
the runner inlet and a backflow structure near the runner inlet. With the change of
operating conditions, the disturbance decreases with the increase in the unit load in
the unit operating range and increases with the increase in the speed under the same
load condition.

4. The influence of the weak compressibility of water on the propagation law of pres-
sure pulsation in the full-flow channel of the prototype and model pump-turbine is
generally similar but with some variability. Considering the weak compressibility of
water, the fluctuation of pressure pulsation in each flow channel of the prototype and
model pump-turbine is increased to different degrees, but this effect is more obvious
at the prototype scale, and the harmonic frequency 36f, of RSI at the prototype scale is
amplified during the propagation along the upstream. This indicates that the pressure
wave disturbance due to the weak compressibility of water is different in the proto-
type and model scales of the high-head Francis-type pump-turbine. This difference is
attributed to acoustic resonance.

Author Contributions: W.D. and L.X. contributed equally to this paper. Conceptualization, L.X. and
W.D.; methodology, X.L.; software, Z.L. and L.S.; validation, L.X., Z.L. and W.T.; formal analysis, X.W.;
investigation, X.L.; resources, D.L.; data curation, W.D.; writing—original draft preparation, L.X.;



Machines 2022, 10, 143 19 of 20

writing—review and editing, W.D. and L.X,; visualization, L.X. and L.S.; supervision, X.L.; project
administration, W.D.; funding acquisition, X.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (Grant No.:
2018YFB0905200) and the National Natural Science Foundation of China (Grant No.: 51279172).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would also like to thank Lei Ji, Key Laboratory of Fluid and Power
Machinery, Ministry of Education, for providing support in data processing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Xia, L.; Cheng, Y,; Yang, ].; Cai, F. Evolution of flow structures and pressure fluctuations in the S-shaped region of a pump-turbine.
J. Hydraul. Res. 2019, 57, 107-121. [CrossRef]

2. Cavazzini, G.; Houdeline, ].B.; Pavesi, G.; Teller, O.; Ardizzon, G. Unstable behaviour of pump-turbines and its effects on power
regulation capacity of pumped-hydro energy storage plants. Renew. Sust. Energ. Rev. 2018, 94, 399—409. [CrossRef]

3. Zuo, Z; Liu, S. Flow-Induced Instabilities in Pump-Turbines in China. Engineering 2017, 3, 504-511. [CrossRef]

4. Landry, C.; Favrel, A.; Muller, A.; Nicolet, C.; Avellan, F. Local wave speed and bulk flow viscosity in Francis turbines at part load
operation. J. Hydraul. Res. 2016, 54, 185-196. [CrossRef]

5. Li, Z.; Bi, H.; Karney, B.; Wang, Z.; Yao, Z. Three-dimensional transient simulation of a prototype pump-turbine during normal
turbine shutdown. J. Hydraul. Res. 2017, 55, 520-537. [CrossRef]

6. Dring, R.P; Joslyn, H.D.; Hardin, L.W.; Wagner, ].H. Turbine Rotor-Stator Interaction. J. Eng. Gas Turbine Power 1982, 104, 729-742.
[CrossRef]

7. Rodriguez, C.G.; Egusquiza, E.; Santos, L.E. Frequencies in the vibration induced by the rotor stator interaction in a centrifugal
pump turbine. J. Fluids Eng. 2007, 129, 1428-1435. [CrossRef]

8. Staubli, T.; Senn, E; Sallaberger, M. Instability of Pump-Turbines during Start-up in Turbine Mode. Hydro 2008, 2008, 6-8.

9.  Widmer, C,; Staubli, T.; Ledergerber, N. Unstable Characteristics and Rotating Stall in Turbine Brake Operation of Pump-Turbines.
J. Fluids Eng. 2011, 4, 41101. [CrossRef]

10. Widmer, C,; Staubli, T.; Tresch, T.; Sallaberger, M. Unstable Pump-Turbine Characteristics and Their Interaction with Hydraulic Systems;
Hydro Vision: Charlotte, NC, USA, 2010.

11.  Yin,].L.; Wang, D.Z.; Wang, L.Q.; Wu, Y.L.; Wei, X.Z. Effects of water compressibility on the pressure fluctuation prediction in
pump turbine. IOP conference series. Earth Environ. Sci. 2012, 15, 62030.

12.  Yan, ]; Koutnik, J.; Seidel, U.; Hiibner, B. Compressible Simulation of Rotor-Stator Interaction in Pump-Turbines. Int. J. Fluid
Mach. Syst. 2010, 3, 315-323. [CrossRef]

13. Wang, LK Ly, ]J.L.; Liao, W.L.; Zhao, Y.P; Ji, Q.F. Numerical analysis of the hydraulic force of a pump turbine under partial load
conditions in turbine mode. IOP conference series. Earth Environ. Sci. 2019, 240, 72041.

14. Trivedi, C. Compressible Large Eddy Simulation of a Francis Turbine During Speed-No-Load: Rotor Stator Interaction and
Inception of a Vortical Flow. J. Eng. Gas Turbines Power 2018, 140, 112601. [CrossRef]

15. Trivedi, C.; Dahlhaug, O.G. Interaction between trailing edge wake and vortex rings in a Francis turbine at runaway condition:
Compressible large eddy simulation. Phys. Fluids 2018, 30, 75101. [CrossRef]

16. Guo, C.Y,; Gui, Y.F; Hang, Y.; Xu, P. Experimental study on the evolution of solitary wave flow structure based on PIV. |. Huazhong
Univ. Sci. Technol. Nat. Sci. 2021, 9, 114-119. (In Chinese) [CrossRef]

17.  De Gregorio, F; Visingardi, A.; Iuso, G. An experimental-numerical investigation of the wake structure of a hovering rotor by PIV
combined with a r2 vortex detection criterion. Energies 2021, 14, 2613. [CrossRef]

18. Jasper, S.; Hussong, J.; Lindken, R. PIV investigation of high Reynolds number submerged water jets at high-pressure ambient
conditions. Exp. Fluid 2021, 62, 1-15. [CrossRef]

19. Fu, H.; He, C; Liu, Y. PN experimental study on flow characteristics of a low swirl number precessing jet. J. Exp. Fluid Mech. 2021,
35, 39-45.

20. Wang, X,; Song, B.; Zhang, Y. Experimental investigation on axisynunetric surface source plume with particle image velocimetry.
J. Refrig. 2021, 42, 145-150.

21. Zhang, X.; Chen, Y.; Gao, Z. PN test of central Vortex flow in horizontal axis wind turbine. Acta Energ. Sol. Sin. 2020, 41, 288-296.

22.  Ghaemi, S.; Ragni, D.; Scarano, F. PIV-based pressure fluctuations in the turbulent boundary layer. Exp. Fluid 2012, 53, 1823-1840.
[CrossRef]

23. Luff, ].D.; Drouillard, T.; Rompage, A.M.; Linne, M.A.; Hertzberg, J.R. Experimental uncertainties associated with particle image

velocimetry (PIV) based vorticity algorithms. Exp. Fluid 1999, 26, 36-54. [CrossRef]


http://doi.org/10.1080/00221686.2018.1459893
http://doi.org/10.1016/j.rser.2018.06.018
http://doi.org/10.1016/J.ENG.2017.04.010
http://doi.org/10.1080/00221686.2015.1131204
http://doi.org/10.1080/00221686.2016.1276105
http://doi.org/10.1115/1.3227339
http://doi.org/10.1115/1.2786489
http://doi.org/10.1115/1.4003874
http://doi.org/10.5293/IJFMS.2010.3.4.315
http://doi.org/10.1115/1.4039423
http://doi.org/10.1063/1.5030867
http://doi.org/10.13245/j.hust.210920
http://doi.org/10.3390/en14092613
http://doi.org/10.1007/s00348-021-03167-x
http://doi.org/10.1007/s00348-012-1391-4
http://doi.org/10.1007/s003480050263

Machines 2022, 10, 143 20 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Wu, Y; Liu, S.; Yuan, H.; Shao, J. PIV measurement on internal instantaneous flows of a centrifugal pump. Sci. China Technol. Sci.
2011, 54, 270-276. [CrossRef]

Park, J.; Im, S.; Sung, H.J.; Park, J.S. PN measurement of flow around an arbitrarily moving body. Exp. Fluid 2015, 56, 1-16.
[CrossRef]

Sung, HJ.; Kim, K.C; Lee, S.J. Micro PIV measurement of two-fluid flow with different refractive indices. Meas. Sci. Technol. 2004,
15,1097. [CrossRef]

Li, W,; Li, Z.; Deng, W.; Ji, L.; Qiu, Y.; Chen, H. Particle image velocimetry flowmeter for natural gas applications. Flow Meas.
Instrum. 2004, 82, 102072. [CrossRef]

Ren, Y,; Bi, Y.; Wu, R. Study on flow characteristics in the runner of Francis Pump-turbine based on piv technology. Chin. ].
Hydrodyn. 2019, 34, 720-725. (In Chinese)

Tang, Z. Experimental and Numerical Study on Channel Vortex of Francis Turbine; Xihua University: Chengdu, China, 2020.
(In Chinese)

Xu, L; Jin, X,; Li, Z.; Deng, W.; Liu, D.; Liu, X. Particle image velocimetry test for the inter-blade vortex in a Francis Turbine.
Processes 2021, 9, 1968. [CrossRef]

Tang, Z.; Liu, X.; Wang, X.; Tina, C. PIV test study on the vaneless space of pump turbine in four quadrants working condition.
Water Resour. Power 2020, 38, 154-156. (In Chinese)

Liu, D.M.; Xu, W.L.; Zhao, Y.Z. Experimental study of the flow field of a high head model pump turbine based on PIV technique.
J. Hydrodynam. 2021, 33, 1045-1055. [CrossRef]

Menter, ER. Improved Two-Equation k-w Turbulence Models for Aerodynamic Flows, NASA Technical Memorandum TM 103975; NASA
Ames: Mountain View, CA, USA, 1992.

Menter, ER. Two-Equation Eddy-Viscosity Transport Turbulence Model for Engineering Applications. AIAA J. 1994, 32, 1598-1605.
[CrossRef]

Menter, ER. Eddy viscosity transport equations and their relation to the k-¢ model. J. Fluid Eng. 1997, 119, 876-884. [CrossRef]
Yan, J.; Koutnik, J.; Seidel, U.; Hubner, B.; Scherer, T. Compressible simulation of rotorstator interaction in a pump turbine.
In Proceedings of the 3rd IAHR International Meeting of the Workgroup on Cavitation and Dynamic Problems in Hydraulic
Machinery and Systems, Belgrade, Serbia, 14-16 October 2009.


http://doi.org/10.1007/s11431-010-4262-3
http://doi.org/10.1007/s00348-015-1920-z
http://doi.org/10.1088/0957-0233/15/6/008
http://doi.org/10.1016/j.flowmeasinst.2021.102072
http://doi.org/10.3390/pr9111968
http://doi.org/10.1007/s42241-021-0092-y
http://doi.org/10.2514/3.12149
http://doi.org/10.1115/1.2819511

	Introduction 
	Computational Fluid Dynamic Simulation 
	Geometry and Mesh 
	Boundary Conditions and Operating Points 
	Weakly Compressible Equation 
	Computational Fluid Dynamics Results 

	Particle Image Velocimetry Methods 
	Particle Image Velocimetry System and Model Pump-Turbine Parameters 
	Test Site 
	Test Results 

	Propagation Law of Pressure Pulsation in the Vaneless Space 
	Conclusions 
	References

