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Abstract

The low-pressure edge of a pump-turbine runner blade is more prone to cavitation than
other parts. The installation angle of the blade’s low-pressure edge is one of the key param-
eters affecting the cavitation performance of the pump-turbine. Based on the installation
angle of the blade’s low-pressure edge obtained by the principle of normal outflow of the
turbine runner, two other installation angles of the low-pressure edge are constructed by
increasing the installation angle of the low-pressure edge toward the band direction. Three
types of blades are designed based on the parametric design program of the pump-turbine
runner. The Zwart cavitation model is adopted to carry out full-channel steady numerical
simulations for the three runners. The efficiencies and internal flow fields of the draft tube
under turbine operating conditions are compared. The cavitation characteristics in pump
mode, the distribution of the turbulent flow field, and the pressure distribution on the blade
surface are analyzed. The influence laws of the installation angle of the blade’s low-pressure
edge on pump-turbine performance is summarized. A design method for anti-cavitation
of Francis pump-turbine runners has been explored. The results show that the LP1 blade
can achieve normal outflow under the turbine’s rated operating condition, but due to the
large inflow attack angle under pump operating conditions, the cavitation performance in
pump mode is very poor. By increasing the installation angle of the blade’s low-pressure
edge toward the band direction, the efficiencies and cavitation performances of the pump
mode can be improved. The LP3 blade reduces the inflow attack angle while optimizing
the pressure distribution on the blade’s suction surface, thereby reducing the superimposed
effect of two phenomena under large-discharge pump operating conditions with low cav-
itation numbers: flow separations on the pressure surface caused by inflow impact, and
flow separations on the suction surface of adjacent blades caused by cavitation. As a result,
the cavitation performance of the LP3 blade is significantly better than that of the LP1 and
LP2 blades. The proposed anti-cavitation design method is simple and effective and can be
applied to the research and modification design of Francis pump-turbine runners.

Keywords: pump-turbine; installation angle of the blade’s low-pressure edge; flow characteristics;
cavitation; energy characteristics

1. Introduction
Cavitation under pump operating conditions is one of the problems that affects the

energy characteristics and safe and stable operation of the Francis pump-turbine [1]. Cavi-
tation results in lower efficiency and head of the pump-turbine. The unsteady flow and
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pressure pulsation caused by cavitation make the flow control of the hydraulic system diffi-
cult [2] and cause vibrations in surrounding structures; the vibration frequency is several
times higher than the mechanical rotation frequency, and the wide-band shock waves gen-
erated by cavitation risk resonating with other components [3,4]. Cavitation near the solid
wall surface collapses, producing high pressure and high temperature, which act on the
material, leading to cavitation damage. Once cavitation damage occurs, erosion spots will
accelerate unstable flow and re-cavitation, resulting in a shortened maintenance cycle of the
unit [5]. Therefore, studying the cavitation flow characteristics and anti-cavitation measures
in pump-turbines has far-reaching scientific significance and important engineering value.

With the rapid development of experimental measurement technology for cavita-
tion, various studies on the cavitation phenomenon of pump-turbines in different power
stations have been conducted, and the cavitation positions, cavitation patterns, and pres-
sure pulsation characteristics of the pump-turbine under different operating conditions
were obtained [6–10]. CFD numerical simulation technology has been used to demon-
strate the inception, development, and collapse of internal cavitation in pump-turbines
under pump mode, which can be mutually confirmed with the relevant conclusions of
experiments [11,12]. Furthermore, by employing advanced methods to analyze the nu-
merical simulation results, many phenomena that are difficult to observe in experiments
were discovered. Yanzhao Wu [13] and others used the dynamic mode decomposition
(DMD) method to investigate the incipient cavitation and critical cavitation of a model
pump-turbine. Cong Wang [14] proposed a novel mathematical model, namely the entropy
production diagnostic model with phase transition (EPDMS, an extension of EPDM), which
is practical for analyzing irreversible losses in cavitation flow in hydraulic machinery by
including mass transfer and slip velocity. Jingwei Cao [15] developed a procedure to map
cavities from computational fluid dynamics (CFD) simulations to finite element models,
which can reveal the dynamic behavior of a pump-turbine runner in cavitating flow from
the perspective of fluid–structure interaction. Li Qifei [16,17] analyzed the turbulent kinetic
energy distribution of the intermediate flow surface and the distribution law of cavitation
bubbles on the blades under different cavitation coefficients, and explored the interrela-
tionship between the distribution region of cavitation bubbles and the vortex in the inner
blade channel of the runner. These studies provide powerful methods and conclusions for
cavitation research on pump-turbines.

Meanwhile, some scholars consider the cavitation effect to study the instability prob-
lem in pump-turbines. Deyou Li [18] and others adopted large eddy simulation considering
the cavitation effect to reveal the influence mechanism of cavitation on the pressure fluctua-
tion in the hump region of the pump-turbine. Guocheng Lu [19] studied the influence of
cavitation on the slope of the operating condition performance curve of low-specific-speed
pump-turbines based on experimental data and found that the change in the cavitation
coefficient had a significant impact on the occurrence of rotational stalls. Xiaolong Fu [20]
investigated the cavitation characteristics of pump-turbines and the time-domain charac-
teristics of pressure pulsation during the power-off transition process of the pump mode
using the three-dimensional CFD method and the one-dimensional and three-dimensional
coupling method. Guo Junxun [21] conducted a numerical simulation of the full flow
system load rejection transition process of the prototype pump-turbine based on the multi-
phase flow cavitation model. The research found that the cavitation phenomena during the
load rejection process of the pumped storage unit mainly include airfoil cavitation on the
suction surface of blades near the top cover, and short-term, high-frequency cavitation with
cavity development and collapse. Shang Chaoying [22] found that the formation of the
“S” characteristic is related to high-speed recirculation and flow separation at the runner
inlet. As cavitation occurs, more vortices will be formed in the flow field, increasing the



Fluids 2025, 10, 248 3 of 24

instability of the flow. Lin Song [23] found that the abnormal increase in cavitation at the
operating point of the hump characteristic causes irregular changes in hydraulic losses. The
transition of the separation vortex near the band at the runner inlet and in the double-row
cascade is related to the formation of the hump phenomenon. These studies indicate that
cavitation in pump-turbines is closely related to various hydraulic instability problems
such as unstable “S” characteristics, unstable hump regions, rotational stall, and load loss
of pump-turbines. The mechanism by which cavitation induces hydraulic instability and
methods for its suppression require in-depth research.

At present, cavitation suppression methods for pump-turbine runners can be classified
into two aspects. On one hand, from the material perspective, coatings are applied to
areas prone to cavitation [24], or cavitation and erosion areas are repaired by welding or
grinding during maintenance. This approach is a remedial measure taken after the fact and
does not fundamentally solve the cavitation problem. On the other hand, from a design
perspective, advanced numerical simulation methods are used to predict the occurrence,
development, and vibration characteristics induced by cavitation in the runner. By changing
the geometric features of the runner, the occurrence of cavitation flow can be controlled,
thereby improving the cavitation performance of the pump-turbine. Li Yuanyu [25], in
response to the cavitation defects in the pump-turbine runner of Shahe Pumped Storage
Power Station, carried out a modified and optimized design of the high-pressure and
low-pressure edges of the runner blades based on the analysis of cavitation causes. The
optimized runner is suitable for the renovation characteristics of Shahe Power Station and
has excellent cavitation performance.

According to the research conducted by Zanao Hu [26] on the influence of runner
geometric parameters on pump-turbine runner cavitation performance, the design of the
runner blades’ low-pressure edge is the key factor affecting runner cavitation. Parametric
design methods for runner blades indicate that the key parameters characterizing the
runner blades’ low-pressure edge include meridional position, thickness distribution,
and installation angle distribution. Therefore, investigating the influence of these three
parameters on the runner’s cavitation performance can help identify design methods to
improve the runner’s cavitation resistance. Based on this thinking, Ning Nan [27] designed
short blades with different low-pressure edge positions considering the runner’s structural
characteristics and investigated the influence of short blades’ low-pressure edge position
on the cavitation performance of high-head pump-turbines with long and short blades.
Ran Tao [28] and Di Zhu [29] studied the influence of blade airfoil leading-edge geometric
characteristics on pump-turbine primary cavitation by combining numerical simulation
and experiments. Through redesigning the blade profile, the cavitation performance
of reversible pump-turbines under pump conditions was improved. Ruan Hui [30,31]
investigated the influence of blade low-pressure edge meridional position and thickness
distribution on high-head pump-turbine cavitation performance and summarized the
influence laws. These studies focused on the influence of low-pressure edge position and
thickness distribution on cavitation. However, there have been no reports on the effect of
low-pressure edge installation angles on the blades’ cavitation performance.

When designing a turbine runner, it is required that the installation angle of the blade’s
low-pressure edge should comply with the principle of normal outflow. When designing
a pump runner, it is required that the installation angle of the blade’s low-pressure edge
should comply with the principle of no inflow impact. In most cases, these two installation
angles of the blade’s low-pressure edge are not the same, which leads to a situation where
a single installation angle of the blade’s low-pressure edge cannot simultaneously meet the
optimal design requirements of both turbine mode and pump mode. Moreover, the energy
characteristics of the turbine mode and the cavitation characteristics of the pump mode
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are sometimes contradictory. How to determine the installation angle of the blade’s low-
pressure edge to balance these multiple contradictions depends entirely on the experience
of designers, and no systematic method has been established. Therefore, this paper aims
to investigate the influence of the installation angles of the blade’s low-pressure edge on
the energy characteristics and cavitation performance of the pump-turbine, summarize a
feasible method for calculating the installation angles of the blade’s low-pressure edge, and
effectively improve the runner’s cavitation performance while meeting the pump-turbine’s
energy characteristics.

Therefore, based on the pump-turbine runner design program in this paper, three
blades with different low-pressure edge installation angles, designed according to different
principles, are developed. The Zwart cavitation model is used to perform steady-state nu-
merical simulations of the full flow channel for the three runners under multiple operating
conditions. The efficiency and flow characteristics under turbine operating conditions are
compared. The cavitation characteristics of runners with the three blade types under pump
operating conditions (optimal discharge and large discharge) are analyzed quantitatively.
The positions and intensity of cavitation occurrence for different runner blades are analyzed
qualitatively, and the influence of low-pressure edge installation angles on cavitation and
the runner’s internal flow field is explored. This research provides guidance for the safe
and stable operation of pump-turbines and runner design and offers technical support for
the development of large-capacity pumped storage power stations.

2. Methodology
2.1. Blade Design

This paper takes the pump-turbine of a 200 m head pumped storage power station
as the research object. The basic parameters of this pump-turbine are as follows: the
diameter of the runner’s low-pressure side (D2) = 2.2912 m; the diameter of the runner’s
high-pressure side (D1) = 3.58 m; the installation elevation is 260 m, and the suction height
is −55 m. The specific operating parameters of the pump-turbine are shown in Table 1.

Table 1. Parameters of the pump-turbine.

Parameter Value

Maximum head of the turbine 214.7 m

Rated head of the turbine 190.0 m

Minimum head of the turbine 160.0 m

Maximum head of the pump 216.7 m

Minimum head of the pump 163.7 m

The design of the runner blades in this paper is based on the pump-turbine runner
blade design platform V1.0. Figure 1 shows the design flowchart of the pump-turbine
runner. Based on the blade profile distribution on the meridional plane (shown in Figure 2),
and by ensuring consistency in the high-pressure edge installation angles, the blade instal-
lation angle distribution control coefficient, thickness distribution, and number of blades,
the high-pressure edge installation angle distributions and low-pressure edge installation
angle distributions (shown in Figure 3) were specified, and three runners with different
low-pressure edge installation angles were designed.
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Figure 1. The design flowchart of the pump-turbine runner.

Figure 2. The profile distribution of the blade on the meridional plane.

In Figure 3, the horizontal coordinate represents the relative lengths of each point
from the crown to the band. A position with a relative length of 0 indicates the crown, and
a position with a relative length of 1 indicates the band. The low-pressure edge 1 (LP1)
installation angle distribution is calculated based on the normal outflow design principle of
the turbine under the rated operating condition; that is, the LP1 installation angle is equal
to the water flow angle (βe = β), as shown in Figure 4, and the water flow angle is derived
based on the velocity triangle relationship. The low-pressure edge installation angle at the
crown is 18.79◦ and gradually changes toward the band. The LP1 installation angle at the
band is 25.12◦.
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Figure 3. Comparison of the blade angle distributions.

Figure 4. Schematic diagram of blade parameters.

Because the band is more prone to cavitation than the crown of the blade’s low-pressure
edge, the installation angle of the low-pressure edge at the crown is kept consistent. The
installation angle of low-pressure edge 2 (LP2) at the band is calculated based on the design
principle of no-impact inflow for the pump under design operating conditions. Since the
pump discharge under design conditions is greater than the turbine discharge under rated
operating conditions, the LP2 installation angle at the band is greater than that of LP1 at
the band. The LP2 installation angle at the band is 26.22◦, which is an increase of 1.1◦

compared to LP1. To reduce the impact angle under large-discharge conditions for the
pump, the installation angle of low-pressure edge 3 (LP3) at the band is increased by 1.8◦

compared to that of LP2 at the band, with the LP3 installation angle at the band being
28.02◦. After determining the low-pressure edge installation angles at the crown and band,
the installation angles of the middle section smoothly transition from the crown to the
band, as shown in Figure 3.

Figure 5 shows the geometric comparison of the blades designed based on three low-
pressure edge installation angles. For clarity, the three types of blades are named LP1 blade,
LP2 blade, and LP3 blade. The cross-sectional profiles of the three blades at the crown
are consistent, with a wrap angle of 115◦. The cross-sectional profiles of the band vary
significantly. The wrap angle of the LP1 blade at the band is 119.46◦, which is 4.46◦ larger
than that at the crown. The wrap angle of the LP2 blade at the band is 115.03◦, which is
close to that of the crown profile; the low-pressure edge of the LP2 blade is basically on the
same meridional plane. The wrap angle of the LP3 blade at the band is 110.38◦, which is
4.62◦ smaller than that at the crown.
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Figure 5. Comparison of runner blades.

2.2. Numerical Schemes and Boundary Conditions

Numerical calculations were performed on the entire flow channel region, including
the spiral casing, stay vanes, guide vanes, runner, and draft tube, as shown in Figure 6. The
boundary conditions for turbine mode are as follows: the mass flow rate is set at the spiral
casing inlet, with the velocity direction perpendicular to the inlet section; the relative static
pressure at the draft tube outlet is set to 0 kPa. The boundary conditions for pump mode
are as follows: total pressure is set at the draft tube inlet, and mass flow rate is set at the
spiral casing outlet. The wall condition is a no-slip boundary. The general grid interface
(GGI) is applied to the interfaces between the spiral casing and stay vanes, and between
stay vanes and guide vanes; the frozen rotor interface is applied to runner-related interfaces
(guide vane-runner and runner-draft tube).

Figure 6. The three-dimensional model of the pump-turbine.

The numerical calculation of the internal flow field in the pump-turbine is based on
the continuity equation and the momentum conservation equation (Navier–Stokes) for
a constant-temperature, compressible Newtonian fluid. The RANS equation is obtained
by Reynolds-averaging the Navier–Stokes equation. The Reynolds stress in the RANS
equation is estimated using the eddy viscosity model (by introducing the eddy viscosity
coefficient). The SST k-ω turbulence model is used to solve for the eddy viscosity coefficient,
thereby closing the governing equations for the internal flow of the pump-turbine. The
mathematical expressions are as follows:

∂
∂t (ρk) + ∂

∂xj
(ρujk)− ∂

∂xj
((µ + σk0µt)

∂k
∂xj

)

= min(µtPk, 10β∗ρkω)− β∗ρkω
(1)
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∂
∂t (ρω) + ∂

∂xj
(ρujω)− ∂

∂xj
((µ + σω0µt)

∂ω
∂xj

)

= α0ρPk − β0ρω2 + 2ρσω2(1−F1)
ω

∂k
∂xi

∂ω
∂xi

(2)

where

Pk =
∂ui
∂xj

(
∂ui
∂xj

+
∂uj

∂xi
), F1 = tanh(arg4

1), arg1 =min(arg2,
4ρσω2k
CDkωd2 )

arg2 =max(
2
√

k
β∗ωd

,
500µ

ρd2ω
) , CDkω = max(

2ρσω2

ω

∂k
∂xi

∂ω

∂xi
, 10−10)

and where d is the distance from the wall, and the constants with subscript 0 are computed
by blending the corresponding constants from the k-ω model with subscript 1 and from
the k-ε model with subscript 2 via α0 = α1F1 + α2(1 − F1), and β∗ = 0.090, α1 = 0.5532,
β1 = 0.0750, σk1 = 0.850, σω1 = 0.500, α2 = 0.4404, β2 = 0.0828, σk2 = 1.000, σω2 = 0.856.

µt is defined as follows:

µt =
a1k(ρv + (1 − αv)10(ρl − ρv))

max(a1ω, F2
√

Pk)
(3)

where a1 = 0.31, F2 = tanh(arg2).
For the mixture fluid of liquid and vapor, the homogeneous equilibrium modeling

approach is adopted, which assumes that vapor is evenly dispersed in a finite volume of
liquid, and hence velocity and pressure are equal between the two phases inside each finite
volume. The assumption enables us to treat the mixture fluid as a single pseudo-fluid with
variable fluid properties corresponding to the composition of the two phases. The density
ρ and viscosity µ of the mixture fluid are averaged on a volume fraction basis, as in the
volume-of-fluid method.

ρ = αvρv + (1 − αv)ρl µ = αvµv + (1 − αv)µl (4)

where αν is the vapor volume fraction, and the subscripts v and l indicate vapor and liquid,
respectively.

The continuity equation for the vapor phase contains the mass transfer rate
.

m per unit
volume from the vapor to the liquid as a sink term, as follows:

∂

∂t
(αvρv) +

∂

∂xj

(
αvρvuj

)
= − .

m (5)

The cavitation model proposed by Zwart et al. uses Equation (5) as a vapor transport
equation. The direct proportionality of

.
m to the volume fraction of liquid for evaporation

is added based on the physical reasoning that the nucleation-site density for evaporation
must decrease accordingly as αν increases. The nucleation-site volume fraction γnuc and
the nucleation-site radius RB are constants.

.
m is defined by

.
m = −Ce

3γnucρv

RB

√
2
3

Pv − P
ρl

(1 − αv0) P < Pv (6)

.
m = Cc

3ρv

RB

√
2
3

P − Pv

ρl
αv0 P > Pv (7)

The finite volume method was used for the discretization of the governing equation,
in which the convection term was discretized using a first-order upwind difference scheme
and the diffusion term using a central difference scheme. The velocity–pressure coupling
problem in the momentum equation was solved using the SIMPLEC algorithm.
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2.3. Grid Generation and Independence Validation

Based on the accurate definition of the pump-turbine’s calculation domain and time
step, structured grids were used to divide each component. To ensure that the influence of
grid node count on calculation accuracy can be ignored, a grid independence analysis was
conducted for the pump-turbine’s calculation domain. Since the minimum pressure on the
blade surface directly affects the runner’s cavitation performance in cavitation calculations,
Figure 7 shows the relationship between grid node count, minimum pressure on the
blade surface, and pump efficiency under a pump operating condition with a discharge
of 0.27031 m3/s. The minimum pressure on the blade surface (indicated by the solid line)
decreases as grid node count increases, with a maximum decrease of 11,970 Pa; the pump
efficiency (indicated by the dashed line) fluctuates with changes in node count. When
the grid node count increases from 6.76 million to 8.93 million, the minimum pressure on
the blade surface decreases by 350 Pa, while pump efficiency (indicated by the dashed
line) remains unchanged, meeting the calculation accuracy requirements. Thus, a grid
distribution with 6.76 million nodes in the computational domain was selected for the
numerical calculations. The grid node counts for specific components are as follows: spiral
casing, 510,000; stay vanes, 1,200,000; guide vanes, 1,810,000; runner, 2,760,000; and draft
tube, 480,000. The grid distribution is shown in Figure 8. The boundary layers in the draft
tube, runner, and guide/stay vanes were set sufficiently densely to ensure that the average
y + value was less than 2.

Figure 7. Grid independence validation.

   
(a) (b) (c) (d) 

Figure 8. Mesh distribution. (a) Spiral casing; (b) Guide vanes; (c) Runner; (d) Draft tube.

2.4. Experimental Validation

The experiments were conducted on the high-precision test rig for hydraulic ma-
chinery. The experimental setup can assess both turbine and pump performance, with a
composite error of approximately ±0.2% for efficiency measurement. It operates in a closed
loop with a maximum head of 40 m and a maximum discharge of 1.8 m3/s, respectively.
All measurements complied with the International Electrotechnical Commission (IEC)
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standards [32]. The model test rig for the tested pump-turbine model is shown in Figure 9a,
and detailed information on the test rig is provided in previously published papers [33].

 
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. Experimental validation. (a) Pump and turbine model test rig; (b) The H-Q curves of the
pump operating condition; (c) Cavitation test; (d) Numerical simulation of cavitation; (e) Cavitation
inception curves.

Figure 9b presents the head–discharge relationship curves for pump operation with a
22◦ guide vane opening, calculated via numerical simulation, along with a comparison of
performance parameters at the operating point from model tests. Under a flow condition of
0.20317 m3/s, the numerically calculated head is 0.22 m higher than that measured in the
model test, with a relative error of 0.91%. The heads calculated via numerical simulation
under the three flow conditions (0.20317 m3/s, 0.23326 m3/s, and 0.30558 m3/s) are slightly
lower than those measured in the model test.

Under the flow condition of 0.23326 m3/s, the head calculated by numerical simulation
is 0.24 m smaller than that measured in the model test, with a relative error of 0.97%. Under
the flow condition of 0.27031 m3/s, the head calculated by numerical simulation is 0.27 m
smaller than that measured in the model test, with a relative error of 1.13%. Under the flow
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condition of 0.30558 m3/s, the head calculated by numerical simulation is 0.02 m smaller
than that measured in the model test, with a relative error of 0.08%; the head error is the
smallest at this time. The heads calculated by numerical simulation under the three flow
conditions (0.32279 m3/s, 0.34039 m3/s, and 0.34959 m3/s) are slightly higher than those
measured in the model test. Under the flow condition of 0.32279 m3/s, the numerically
calculated head is 0.21 m higher, with a relative error of 0.96%. Under the flow condition
of 0.34039 m3/s, the numerically calculated head is 0.15 m higher, with a relative error
of 0.72%. Under the flow condition of 0.34959 m3/s, the numerically calculated head is
0.07 m higher, with a relative error of 0.36%. The heads calculated by numerical simulation
under the three flow conditions (0.36289 m3/s, 0.37889 m3/s, and 0.39701 m3/s) are 0.39 m,
0.47 m, and 0.60 m lower than those measured in the model test, with relative errors of
2.03%, 2.59%, and 3.64%, respectively. It can be seen from these results that near the small
discharge and under optimal operating conditions, the pump head error obtained via
numerical simulation is relatively small. In the large-discharge operating region, however,
the pump head error obtained via numerical simulation is relatively large, but all errors fall
within a reasonable range and meet actual engineering requirements. This indicates that
the numerical simulation method adopted in this paper is reasonable.

Figure 9c,d present the cavitation contour on the blade surface under a pump condition
with a discharge of 0.27031 m3/s and a cavitation number of σ = 0.141. When comparing
the cavitation contour with the actually observed cavitation morphology (marked with the
red dotted circle in the figure), the cavitation position obtained from numerical simulation
is completely consistent with the location where cavitation occurred in the cavitation test,
and the cavitation morphology is also basically consistent.

Figure 9e presents the cavitation inception curves under a pump condition with a
discharge of 0.27031 m3/s. The efficiency obtained from numerical simulation is higher
than that from model testing. When the cavitation number is 0.521, the efficiency from
model testing is 90.74%, while that from numerical calculation is 91.32%, with an error of
0.58%. When the cavitation number is 0.175, the efficiency from model testing is 90.12%,
and that from numerical calculation is 90.82%, which is 0.7% higher than the efficiency from
model testing. When the cavitation number is 0.107, the efficiency from model testing is
88.58%, and that from numerical calculation is 89.21%, with an error of 0.63%. Thus, under
the pump condition with a discharge of 0.27031 m3/s, the error of the pump efficiency
obtained from numerical simulations of cavitation is within 1%.

3. Result Analysis and Discussion
3.1. Comparative Analysis of Energy Performance Under the Turbine Operating Conditions

In order to investigate the influence of low-pressure edge blade installation angles
on the energy characteristics of turbine operating conditions, three different output condi-
tions were selected in this paper to calculate the turbine performance. The three output
conditions are as follows: operating condition 1 (n11 = 63.46 r/min, Q11 = 0.618 m3/s),
operating condition 2 (n11 = 56.05 r/min, Q11 = 0.676 m3/s), and operating condition 3
(n11 = 41.79 r/min, Q11 = 0.725 m3/s). Figure 10 presents the efficiency comparison curves
of the three blade runner types under different turbine flow conditions. Under operating
condition 1, the LP3 blade runner has the lowest efficiency at 82.31%. The LP1 blade runner
has the highest efficiency at 84.45%, which is 2.14% higher than that of the LP3 blade runner.
The LP2 blade runner has intermediate efficiency at 83.92%. Under operating condition
2, the LP3 blade runner has the lowest efficiency at 92.74%. The LP1 blade runner has the
highest efficiency at 94.05%, which is 1.31% higher than that of the LP3 blade runner. The
LP2 blade runner has intermediate efficiency at 93.57%. Under operating condition 3, the
LP1 blade runner has the lowest efficiency at 84.63%. The LP3 blade runner has the highest
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efficiency at 85.24%, which is 0.61% higher than that of the LP1 blade runner. The LP2
blade runner has intermediate efficiency at 84.94%. It can be concluded that under turbine
operating conditions, the energy performance of the LP1 blade runner is superior to that of
the LP2 and LP3 blade runners.
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Figure 10. Comparison of the efficiency under turbine operating conditions.

3.2. Comparative Analysis of Flow Characteristics Under the Turbine Operating Conditions

Figure 11 presents the internal streamline distribution diagrams of the three blade
runner types and their draft tubes under the rated turbine operating condition (operating
condition 2). Figure 11a shows that the flow patterns in the three runner types are all
excellent: the streamlines are evenly distributed, and the water flow is in close contact with
the pressure and suction sides of the blades, with no impact or obvious flow separation.
Figure 11b shows significant differences in the streamline distribution within the draft
tubes of the three blade runners. The streamline distribution in the LP1 blade runner’s
draft tube is relatively uniform, with no vortices, and the draft tube’s energy recovery is
relatively high. Disturbances and slight vortices occur in the streamlines of the straight
cone section in the LP2 blade runner’s draft tube, and the water flow in the diffusion section
flows upward. A large reflux vortex appears in the straight cone section of the LP3 blade
runner’s draft tube. Moreover, after flowing through the elbow section, the water rushes
to the upper half of the diffusion section, resulting in severe flow separation in the lower
half of the diffusion section. This affects energy recovery in the draft tube and leads to a
decrease in turbine efficiency. It can be concluded that the LP1 blade runner has basically
achieved ideal normal outflow. A slight increase in the blade installation angles of the LP2
and LP3 blade runners, which does not affect the flow field distribution within the runner,
has a significant impact on the flow state and energy recovery in the draft tube, resulting in
relatively low efficiencies under turbine operating conditions.

3.3. Comparative Analysis of Cavitation Characteristics Under the Pump Operating Conditions

In order to investigate the influence of the low-pressure edge blade installation angle
on the cavitation performance under pump operating conditions, two pump operating
conditions with discharges of 0.32279 m3/s (optimal operating condition) and 0.37889 m3/s
(large-discharge condition) from Figure 9 were selected for numerical simulation. The
specific parameters for cavitation calculations under these pump operating conditions are
shown in Table 2.
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(a) 

 

(b) 

Figure 11. Streamlines distribution under the rated operating condition of the turbine. (a) Streamlines
distribution in runners; (b) Streamlines distribution in draft tubes.

Table 2. The parameters of the pump cavitation condition.

Operating
Condition

Speed Guide Vane
Opening Discharge Cavitation Number

of Device

nm (r/min) αm (◦) Qm (m3/s) σp

OP4 −900 22 0.32279 0.288

OP5 −900 22 0.37889 0.319

Figure 12 presents a comparison of the cavitation number and efficiency curves for the
three runner types, calculated via numerical simulation under the optimal pump operating
condition (OP4, Qm = 0.32279 m3/s). When the cavitation number is greater than 0.115,
the efficiencies of the three runner types remain basically unchanged. Among them, the
LP1 blade runner has an efficiency of 92.89%, the LP2 blade runner 93.1%, and the LP3
blade runner has 93.37–0.48% higher efficiency than that of the LP1 blade runner. When
the cavitation number is 0.088, the efficiencies of the three runner types begin to decrease
slightly: the LP1 blade runner has an efficiency of 92.38% (a decrease of 0.51%); the LP2
blade runner 92.87% (a decrease of 0.23%); and the LP3 blade runner 93.04% (a decrease
of 0.33%). When the cavitation number is 0.065, the efficiencies of the three runner types
decrease significantly: the LP1 blade runner has an efficiency of 84.5% (a decrease of 8.39%);
the LP2 blade runner 84.75% (a decrease of 8.62%); and the LP3 blade runner 82.68% (a
decrease of 10.69%). It can be concluded that under the optimal pump operating condition,
the variation trends of the three runner types’ efficiencies with cavitation numbers are
basically the same. Under conditions of a larger cavitation number, the efficiency of the
LP3 blade runner is slightly higher than that of the other two runner types.
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Figure 12. Cavitation number and efficiency curve of the optimal operating condition of the pump.

To compare and analyze differences in cavitation positions and forms among the three
runner types, Figure 13 presents the cavitation contours of the three runner types under
conditions with different cavitation numbers, under the optimal pump operating condition.
When the cavitation number is 0.192, the cavitation performance of the three runner types
is relatively good. Among them, the LP1 blade runner has basically no cavitation, while
the LP2 and LP3 blade runners exhibit slight cavitation at the low-pressure edge near
the band on the blade suction surface. When the cavitation number is 0.088, cavitation
occurs on the LP1 blade runner near the band on the blade suction surface, and also on
the pressure surface of the LP1 blades. However, cavitation occurs only on the blade
suction surfaces of the LP2 and LP3 blade runners, with the cavitation region of the LP3
blade runner being larger than that of the LP2 blade runner. It can be seen that under
the optimal pump operating condition, when the cavitation number is relatively small, as
the low-pressure edge blade installation angle increases, cavitation on the blade pressure
surface gradually disappears, while cavitation near the band on the blade suction surface
gradually intensifies.

To further analyze the cavitation flow characteristics of the three runner types under
optimal pump operating conditions and their mechanism of interference-induced instability
with the mainstream, Figure 14 presents the velocity vector distributions of liquid water
near the band of the runners for different cavitation numbers. At a cavitation number of
0.192, flow separation occurs at the inlet of the LP1 runner. This indicates a mismatch be-
tween the blade angle and the inflow angle under optimal operating conditions. Although
no cavitation occurs in the LP1 runner, the inlet separation causes losses, resulting in its
relatively lowest efficiency. The LP2 runner essentially achieves shock-free inflow, with
the water adhering to the blade surfaces and flowing smoothly out of the runner. The LP3
runner exhibits slight cavitation on the suction surface near the blade inlet, but no obvious
flow loss occurs, and it hardly affects the main flow.

In Figure 14b, when the cavitation number is 0.088, the LP1 blade runner has cavitation
on both the suction surface and the pressure surface of the blades. The cavitation at these
two positions superimposes on each other, resulting in obvious disturbances in the runner’s
blade passages. Cavitation on the suction surface of the LP2 blade runner causes local
flow separation on the blade, but it does not affect the flow in the downstream blade
channels. Cavitation on the suction surface of the LP3 blade runner also causes local flow
separation on the blade. The flow separation region is slightly larger than that caused
by cavitation on the LP2 blade runner, but it does not have a significant impact on the
flow in the downstream non-cavitation region. It can be concluded that under the optimal
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operating condition, the anti-cavitation performance of the LP2 blade runner is slightly
better than that of the other two blade runner types.

(a) 

 

(b) 

Figure 13. Cavitation contours of three types of runners under optimal operating conditions of the
pump. (a) Vapor water volume fraction on blades when cavitation number is 0.192; (b) Vapor water
volume fraction on blades when cavitation number is 0.088.

Figure 15 presents a comparison of the cavitation number and efficiency curves for
the three runner types, calculated via numerical simulation under the large-discharge
pump operating condition (OP5, Qm = 0.37889 m3/s). When the cavitation number is
greater than 0.265, the efficiencies of the three runner types are very close: the LP1 blade
runner has an efficiency of 77.48%; the LP2 blade runner 78.63%; and the LP3 blade runner
has 78.77–1.29% higher efficiency than that of the LP1 blade runner. When the cavitation
number is 0.209, the efficiencies of the three runner types begin to decline: the LP1 blade
runner has an efficiency of 75.36% (a decrease of 2.12%); the LP2 blade runner 78.36% (a
decrease of 0.27%); and the LP3 blade runner 78.39% (a decrease of 0.38%).

When the cavitation number is 0.139, the efficiency of the LP1 blade runner decreases
significantly to 62.15% (a decrease of 15.33%), indicating that cavitation seriously impairs
the internal energy conversion of the LP1 blade runner, leading to a sharp decrease in
efficiency. The efficiencies of the LP2 and LP3 blade runners decrease slightly, reaching
75.13% and 76.93%, respectively.

When the cavitation number is 0.117, the efficiency of the LP1 blade runner is 42.18%,
which decreases by 35.3%. The efficiency of the LP2 blade runner is 67.11%, which decreases
by 11.52%. The efficiency of the LP3 blade runner is 75.92%, which decreases by 2.85%.
At this time, the difference in cavitation performance between the LP2 and LP3 blades
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begins to gradually increase. When the cavitation number is 0.083, the efficiency of the
LP1 blade runner further decreases to 8.88%. The efficiency of the LP2 blade runner also
begins to decrease significantly, reaching only 15.22%, indicating that cavitation leads to a
sharp deterioration in the performance of the LP2 blade runner, resulting in a significant
reduction in efficiency. However, the efficiency of the LP3 blade runner does not decline
significantly under this condition, reaching 73.96%, which is only 4.81% lower than the
efficiency without cavitation. It can be concluded that under the large-discharge pump
operating condition, the cavitation performance of the LP3 blade runner is superior to that
of the other two blade runners.

(a) 

 
(b) 

Figure 14. Velocity vectors of the three types of runners near the band section under the optimal
operating condition of the pump. (a) Cavitation number is 0.192; (b) Cavitation number is 0.088.

Figure 15. Cavitation number and efficiency curve of large-discharge operating condition of pump.

Figure 16 presents the isosurface of the vapor water volume fraction of the three
runner types under conditions with different cavitation numbers, under the large-discharge
pump operating condition. In Figure 16a, when the cavitation number is 0.265, cavitation
occurs at the low-pressure edge and at the intersection of the pressure surface and the
band of the LP1 blade runner, while no cavitation occurs on the blade suction surfaces.
Slight cavitation occurs at the low-pressure edge of the blade pressure surface and at the
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connection between the blade pressure surface and the band of the LP2 blade runner. No
cavitation occurs in the LP3 blade runner.

(a) 

(b) 

 
(c) 

Figure 16. Isosurface of vapor water volume fraction of three types of runners under the large-
discharge operating condition of the pump. (a) Cavitation number is 0.265; (b) Cavitation number is
0.139; (c) Cavitation number is 0.117.

In Figure 16b, when the cavitation number is 0.139, the cavitation at the blade’s low-
pressure edge and at the intersection of the pressure surface and the band of the LP1 blade
runner intensifies. The cavitation extends simultaneously toward the upper crown and
the blade’s high-pressure edge, and severe cavitation also occurs at the suction surface
of the mid-blade. The cavitation at the low-pressure edge of the blade pressure surface
and the connection between the pressure surface and the band of the LP2 blade runner
are intensified, with the cavitation region expanding, and cavitation also begins to occur
at the connection between the suction surface of the mid-blade and the band. Cavitation
only occurs at the connection between the pressure surface of the LP3 blade runner and
the band.
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In Figure 16c, when the cavitation number is 0.117, large-scale cavitation occurs on
both the pressure surface and the suction surface of the LP1 blade runner. The cavitation
region of the LP2 blade runner on both the pressure surface and suction surface expands
further; the cavitation region of the LP3 blade runner at the connection between the blade
pressure surface and the band increases slightly, and cavitation occurs at the connection
between the suction surface of the mid-blade and the band. Overall, as the low-pressure
edge blade installation angle increases, the cavitation position on the suction surface shifts
from 1/2 of the blade height to the connection between the suction surface and the band,
and the cavitation position on the pressure surface shifts from 2/3 of the blade length
to 1/4 of the blade length. It can be concluded that as the cavitation number decreases,
the cavitation region of the LP1 blade runner expands sharply, and its anti-cavitation
performance is very poor. However, the cavitation region of the LP3 blade runner increases
slowly, showing relatively good anti-cavitation performance under the large-discharge
pump operating condition.

Figure 17 presents the velocity vector distribution of liquid water near the band of the
three runner types with different cavitation numbers under the large-discharge operating
condition of the pump. When the cavitation number is 0.265, a low-speed zone of liquid
water appears in the LP1 blade runner near the low-pressure edge of the blade pressure
surface, but it does not affect the water flow in the middle of the blade channel. The water
flow inside the LP2 and LP3 blade runners basically adheres to the blade surfaces.

In Figure 17b, when the cavitation number is 0.139, the LP1 blade runner experiences
severe flow separation due to intensified cavitation at the low-pressure edge of the blade
pressure surface. Moreover, it superimposes the vortex caused by cavitation on the suction
surface of the adjacent blade, forming a very large vortex in the downstream blade channel,
which seriously hinders the downstream water flow. Cavitation near the low-pressure edge
of the LP2 blade runner’s pressure surface causes flow separation. The flow separation
caused by cavitation on the suction surface of adjacent blades cannot flow downstream
smoothly with the main flow, forming a local vortex. However, the unstable flows caused
by cavitation at these two positions do not have a significant superposition effect. A low-
velocity zone of liquid water appears on the LP3 blade runner near the low-pressure edge of
the blade pressure surface, but it does not affect the mainstream flow in the blade channel.

In Figure 17c, when the cavitation number is 0.117, due to large-scale cavitation
occurring on both the pressure and suction sides of the LP1 blade runner, the velocity of
liquid water in the blade channel is very low, forming a large-scale backflow zone that
blocks the downstream water flow, resulting in a rapid decrease in the pump’s head and
efficiency. The flow separation caused by cavitation on the pressure surface of the LP2
blade runner and the vortex caused by cavitation on the suction surface of the adjacent
blades superimpose to form a very large vortex downstream of the blade channel, which
hinders the downstream flow. Flow separation begins to occur in the low-velocity zone of
liquid water near the low-pressure edge of the LP3 blade runner’s pressure surface, and
the suction surface of adjacent blades also starts to show flow separation. However, these
two flow separations do not superimpose to form a large vortex, and the water flow in the
blade channel can still flow out smoothly. At this time, the LP3 blade runner still maintains
a relatively high pump head and efficiency.

Figure 18 presents the pressure distribution diagrams of the three runner types under
the large-discharge pump operating condition with a cavitation number of 0.117. Figure 18a
shows the positions of the three selected sections: span 0.05 is near the crown, span 0.50
is the middle section, and span 0.95 is near the band. Along the streamline direction,
the low-pressure side is defined as position 0, and the high-pressure side as position 1,
corresponding to the abscissas in Figure 18b–d.
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(b) 

 
(c) 

Figure 17. Velocity vector diagrams of the three types of runners near the band section under the
large-discharge operating condition of the pump. (a) Cavitation number is 0.265; (b) Cavitation
number is 0.139; (c) Cavitation number is 0.117.

By comparing the pressure distribution curves of the three blades on the span 0.05
section in Figure 18b, it can be found that the pressure on the high-pressure side of the
blades increases as the low-pressure edge blade installation angle increases. Among them,
the pressure on the high-pressure side of the LP1 blade is the lowest, at 84,843.56 Pa, while
the pressure on the high-pressure side of the LP3 blade is the highest, at 162,115.67 Pa,
which is 77,272.11 Pa higher than that of the LP1 blade. The pressure surface of the LP1
blade shows a negative pressure gradient within the range of 0.3 to 0.5 of the streamline
length, and the suction surface also shows a negative pressure gradient within the range
of 0.5 to 0.7 of the streamline length. Although no cavitation bubbles are observed on the
blades at this section position, the blade load distribution is still affected. The pressure
distribution of the LP2 and LP3 blades is relatively better, and the overall pressure of the
LP3 blade is higher than that of the LP2 blade.
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(a) (b) 

(c) (d) 

Figure 18. Pressure distribution diagrams of the three types of runners under the large-discharge
operating condition of the pump, and the cavitation number is 0.117. (a) Span and streamline numbers
of blades; (b) Pressure distribution curves of span 0.05; (c) Pressure distribution curves of span 0.50;
(d) Pressure distribution curves of span 0.95.

According to Figure 18c, it can be seen that the pressure surface of the LP1 blade
experiences a negative pressure gradient within the range of 0.3 to 0.65 of the streamline
length, while the suction surface of the LP1 blade shows a pressure close to zero within the
range of 0.53 to 0.85. This indicates that cavitation has occurred within the 0.53 to 0.85 range
of the suction surface at this time, and the vaporized water has significantly reduced the
load on the blade surface. Meanwhile, the pressure distributions of the LP2 and LP3 blades
are relatively good.

According to Figure 18d, due to cavitation, all three types of blades exhibit negative
pressure gradients in their pressure curves, but the position intervals vary significantly.
For the LP1 blade, the pressure surface curve overlaps with the suction surface curve
within the range of 0.3 to 0.7 of the streamline length (with a pressure difference of 0). For
the LP2 blade, a similar overlap occurs within the range of 0.3 to 0.5 of the streamline
length. This indicates that cavitation in the blade passages of LP1 and LP2 is severe in
the corresponding position segments, and the water, becoming gaseous, is unable to flow
downstream, resulting in the failure of the runner to perform work. For the LP3 blade, a
negative pressure gradient occurs within the range of 0.2 to 0.4 of the streamline length,
and slight cavitation occurs at this position. However, the flow separation caused by the
cavitation does not affect the main flow, so the downstream flow is good, and the pressure
difference between the pressure and suction sides of the blade quickly returns to normal.
By comparing the pressure distribution curves of the three sections on the blade surfaces,
it can be concluded that the pressure distribution of the LP3 blade is significantly better
than that of the LP2 and LP1 blades. It has a favorable pressure gradient, a large pressure
difference, and a high pressure at the high-pressure edge outlet, thus exhibiting excellent
anti-cavitation performance.
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4. Conclusions
This paper investigates the influence laws of three different installation angles of the

blade’s low-pressure edge on the energy characteristics and cavitation characteristics of the
pump-turbine, and explores an anti-cavitation design method for the Francis pump-turbine
runner. The obtained influence laws and the design method are summarized as follows:

(1) The low-pressure edge blade installation angles have a significant influence on the
efficiencies of turbine operations and the internal flow field of the draft tube. The
blade design with the LP1 blade installation angle calculated based on the normal
outflow design principle can ensure the normal outflow of the runner under the rated
turbine operation condition, with uniform internal flow lines in the draft tube and
high energy recovery efficiency. It achieves a hydraulic efficiency of 94.05%, indicating
that the low-pressure edge installation angle calculated based on the normal outflow
principle in this paper is accurate. The installation angles of the LP2 and LP3 blades
are slightly increased based on that of the LP1 blade, but this leads to disturbances and
vortices in the draft tube; the greater the increase in the low-pressure edge installation
angle, the more severe the disturbances and vortices in the draft tube.

(2) Although the LP1 blade has high efficiency and a good flow pattern under the rated
turbine operating condition, its cavitation performance under the pump operating
condition is very poor. This is because the discharge at the pump’s optimal operating
condition is generally greater than that at the turbine’s rated operating condition,
resulting in the installation angle of LP1 being smaller than the inlet angles of water un-
der the pump’s optimal operating condition. This causes impact and flow separation.
Moreover, as the discharge increases, the attack angle of the inflow becomes larger, the
impact becomes more intense, and the flow separation becomes more severe, causing
a low-pressure area on the blade. Especially under the condition of a low cavitation
number, the large areas of low pressure on the blade’s suction surface accelerate
water vaporization, and the flow separation on the pressure surface of the adjacent
blade produces an additive effect, forming a large vortex, which causes the pump
performance to decline rapidly. The LP2 and LP3 blades improve the pump’s inlet
conditions by increasing the low-pressure edge blade installation angles and reducing
the attack angles under the optimal pump operating condition and large-discharge
condition, thereby enhancing the performance under pump operating conditions.

(3) By comparing the cavitation performance of the LP2 and LP3 blades under pump
operating conditions, it is found that the improvement effect of LP2’s blade installation
angle on cavitation performance under large-discharge conditions is less than that of
LP3’s. Through an analysis of the internal flow field, it is discovered that although the
installation angle of the LP2 blade has reduced the attack angle of incoming flow and
improved the flow separation problem on the blade pressure surface caused by inlet
impact, the flow separation problem caused by the pressure decrease on the blade
suction surface is not effectively solved. As the cavitation number decreases, the flow
separation on the blade pressure surface and that on the suction surface of the adjacent
blade form a superimposed effect, resulting in a large-area vortex and hindering water
flow. However, the installation angle of the LP3 blade at the band is 1.8◦ larger
than that of the LP2 blade at the band, and the blade wrap angle of the LP3 blade
is reduced by 4.65◦. This design further reduces the attack angle of incoming flow,
reduces flow separation on the blade pressure surface, and mitigates the formation of
the low-pressure area in the middle position of the blade suction surface. It effectively
avoids the superimposed effect between the flow separation on the blade pressure
surface caused by inlet impact and that on the adjacent blade suction surface caused
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by cavitation-induced low-pressure areas, thereby significantly improving cavitation
performance under large-discharge and low cavitation number conditions.

(4) Taking into account the turbine operation efficiency, pump operation efficiency, and
pump cavitation performance, the LP3 blade exhibits the best comprehensive per-
formance for the pump-turbine researched in this paper. With the LP1 blade as the
reference, although the LP3 blade shows a 1.31% decrease under rated turbine oper-
ation, its efficiency in pump design operation increases by 0.48%, and its efficiency
in the pump’s large-discharge and high cavitation number operation condition in-
creases by 1.29%. Under this condition, the LP3 blade still maintains an efficiency
of 73.96% with a good internal flow state. However, under this condition, the LP1
and LP2 blades could no longer operate due to internal flow field blockage caused by
severe internal cavitation. In actual power station operation, the LP3 blade has good
cavitation performance, which can reduce unit maintenance downtime and extend
the runner’s service life.

(5) The research has found that when designing the blades of a pump-turbine runner,
using the traditional method of specifying velocity moment is very complicated. The
distribution of velocity moment makes it difficult to simultaneously meet the compre-
hensive performance requirements of both pump and turbine operating conditions,
and it is not easy to determine, with a large trial calculation workload. However, this
paper adopts the method of specifying blade installation angle distribution, which is
simple and effective. Firstly, the blade installation angle of the low-pressure side is
calculated according to the normal outflow principle of the turbine’s rated operating
condition; then, the installation angle at the band position (where cavitation is prone
to occur) is increased, with a gradual change implemented in the middle section,
to obtain the corrected low-pressure edge blade installation angle; finally, the blade
design is carried out based on the corrected low-pressure edge blade installation angle.
The determination of the increment value requires calculation according to the flow
parameters and changes in the blade wrap angle. The research object of this paper is
the pump-turbine in the 200 m head section. Within the range of 5◦ control for blade
wrap angle changes, the low-pressure edge blade installation angle is increased by
approximately 1 to 2◦, and after two trials, a relatively optimal LP3 blade installation
angle is obtained. This method can be applied to the research, modification, and
optimization of Francis pump-turbine runners.
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