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Abstract: The runaway oscillation process of the pump-turbine in a high head pumped-storage power
plant is usually unstable. The root cause of its instability is still unclear. In this paper, its internal
mechanism and the improvement method were studied in depth. First, the flow characteristics
in a model pump-turbine during the runaway process at four guide-vane openings (GVOs) were
investigated by 3D transient numerical simulations. Then, the energy dissipation characteristics of
different types of backflow vortex structures (BFVSs) occurring at the runner inlet and their impacts
on the runaway stability were investigated by the entropy production theory. The results show that
the location change of BFVSs between the hub side and the mid-span of the runner inlet around the
no-load point leads to the sharp change in the energy dissipation rate, which makes the slope of
dynamic trajectory positive and the runaway oscillation self-excited. If the occurrence of BFVSs at the
hub side is suspended, the runaway process will be damped. Finally, the pump-turbine runner was
improved to obtain a wider stable operating range.

Keywords: pump-turbine; runaway process; oscillation stability; transient flows; entropy production;
pumped-storage power plant

1. Introduction

In recent decades, energy consumption has been increasing dramatically worldwide, while the
excess use of fossil energy sources (especially oil, coal, and gas) leads to serious problems of climate
change [1]. The human energy structure should be urgently improved, and the renewable energy
must be more widely implemented to help maintain sustainable growth [2]. Over the last few
decades, renewable energy sources from hydro, solar, wind, wave, tidal, and biomass have shown
greater interest worldwide due to their availability, eco-friendliness, and ease in harnessing to fulfill
the need of mankind [3]. Usually, the renewable energy sources such as wind, solar, wave, tidal,
and biomass are intermittent in nature and hence lack in producing continuous and name plate
capacities. The unpredictability of their power generation has an adverse effect on the power
production, which will lead load and frequency fluctuations of power grids [4]. Hence, suitable energy
storages in bulk are required. Until now, pumped hydroelectric energy storage is the only proven
large-scale energy storage scheme for power system operation. Pumped-storage power plants (PSPPs)
can store energy and generate power according to the load fluctuations flexibly [1].

Pump-turbine is the heart of any PSPP, and it is the part responsible for the plant overall efficiency
and its operational characteristics. The penetration of large amounts of intermittent energy to the power
grid makes the pump-turbine frequently undergo transient operations, which has caused a series of
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severe stability problems [5]. In general, when the grid parameters fluctuate beyond a manageable
limit, the generator of pump-turbine automatically disconnects from the power grids, resulting in
load rejections [6]. If the servomotor fails to close the guide vane momentarily, the units set into
runaway processes. However, the S-shaped characteristics of pump-turbine often lead to self-excited
oscillations in the runaway process [7]. As a result, the fluctuations of operating parameters, such as
pressure, torque, and rotational speed, cannot be converged to constants like normal Francis turbines
and will lead to drastic increases in vibrations, a reduction of runner life, and even breakdown of the
rotor [8–10]. Therefore, the unstable oscillation problem of pump-turbine during the runaway process
needs to be solved.

Generally, the oscillation stability of a pump-turbine during runaway processes is associated
with many parameters of the hydraulic system, such as rotational inertia, water elasticity, and friction
loss in the pipe system; however, the slope of the characteristic curve at the runaway point is the
most important influence factor [11]. Various one-dimensional mathematical models based on the
static characteristic curves of model pump-turbines have been developed to study the dynamic
stability mechanism and the influences of different factors [12–15]. Some methods, such as partly
closing the main inlet valve [16] and misaligning guide-vane openings [17,18], have been proposed to
stabilize runaway processes. However, these methods are not solutions to the source of the unstable
problem. Gentner [19] thought the formation of a fully developed vortex structure at the runner
inlet should be avoided for a stable characteristic and found that the shape of the runner leading
edge influences the formation of the fully developed vortex structure. Zeng [20] reported that two
pump-turbines (BQ and XJ) share the same specific speed and nearly have the same parameters
of turbines except the shape of the runner leading edge (see Figure 1), but they have distinctive
differences in the runaway oscillation process. The oscillation process for the BQ pump-turbine is
self-excited, while that for the XJ pump-turbine is damped. It can be reasoned that the characteristics
of transient flows within the two pump-turbines may be different, and the evolution of transient flows
in XJ pump-turbine is conducive to the stability of runaway oscillation. In addition, the shape of the
runner blade leading edge has a significant influence on their evolution, which cannot be explained by
the aforementioned one-dimensional models. Many studies have shown that various flow patterns,
such as flow separations, backflows, rotating stall, and vortex ropes, will be formed and developed
in the flow passages when the pump-turbine operates at the runaway process [21–25]. Nevertheless,
finding the key flow patterns responsible for the runaway oscillation stability and revealing their
influence mechanism on the stability are the prerequisites for solving the problem at its source.

The purpose of this paper is to study the influence mechanism of transient flow patterns on the
runaway oscillation stability of pump-turbines. First, 3D numerical simulations were performed to
investigate the characteristics of transient flow patterns in a model pump-turbine during the runaway
process for four different GVOs. The influence mechanism of different types of flow patterns on the
runaway stability is clarified. The runner was improved to obtain a more stable runaway process,
and a design criteria to extend the stable operating range of runaway process is proposed.
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Figure 1. Different characterizations. (a) Runners. (b) Runaway oscillation processes [20].

2. Numerical Models and Schemes

2.1. Pump-Turbine Model

A low-specific-speed model pump-turbine was investigated. Table 1 reports the main geometrical
data of the considered pump-turbine. Martin [26,27] has deduced the runaway stability criterion of
pump-turbines at constant guide-vane openings and proved that the runaway stability depends on
the slopes of the characteristic curves at the no-load point and the time scales of the hydraulic system.
However, the length of the pipeline is a minor factor. To reduce the impacts of the hydraulic system
and highlight the influence of transient flow in the pump-turbine on the runaway oscillation stability,
the computational domains only include the flow passages from the spiral-case to the extension part of
draft-tube (Figure 2a), which is like a short tube model.

Table 1. Parameters of the model pump-turbine.

Parameter Value

Specific speed nQE = n
√

Q/H3/4 29.17
Runner inlet diameter D1 0.280 m

Runner outlet diameter D2 0.1409 m
Number of runner blades zb 9

Number of stay vanes nsv 20
Number of guide vanes ngv 20
Rated rotational speed n0 1000 r/min
Guide-vane openings α 6◦, 9◦, 15◦, 24◦

Hybrid meshes were constructed for different domains by the ANSYS ICEM 14.0 software.
Tetrahedral meshes were used in the spiral-case; wedge meshes were employed in the guide-vanes;
structured hexahedral meshes were applied in the runner and draft-tube (Figure 2b). Mesh independence
checks for different GVO conditions have been conducted in our previous works [23,24]. When the
number of gird elements is more than 4.0 million, the relative error of macro parameters among each
mesh generation was less than 0.3%, indicating that the numerical simulation results are reasonable.
Considering the numerical accuracy and time cost, the total number of mesh elements was capped at
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9.0 million. Finally, the total numbers of mesh elements for the four GVO conditions are 7.86 million,
7.78 million, 8.22 million, and 7.75 million. The simulated static performance curves in S-shaped region
were compared with the results of a model test, and a good agreement was obtained [23]. The final
mesh specifications are summarized in Table 2.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  4 of 17 

conditions are 7.86 million, 7.78 million, 8.22 million, and 7.75 million. The simulated static 
performance curves in S-shaped region were compared with the results of a model test, and a good 
agreement was obtained [23]. The final mesh specifications are summarized in Table 2. 

 
(a) 

 
(b) 

Figure 2. Computational domain and mesh. (a) Geometry; (b) mesh. 

Table 2. Number of mesh elements (million). 

Spiral-Case Guide/Stay 
Vane (6°) 

Guide/Stay 
Vane (9°) 

Guide/Stay 
Vane (15°) 

Guide/Stay 
Vane (24°) 

Runner Draft-Tube 
with Extension 

1.01 2.06  1.98  2.42 1.96  2.45 2.34  
  

Figure 2. Computational domain and mesh. (a) Geometry; (b) mesh.

Table 2. Number of mesh elements (million).

Spiral-Case Guide/Stay
Vane (6◦)

Guide/Stay
Vane (9◦)

Guide/Stay
Vane (15◦)

Guide/Stay
Vane (24◦) Runner Draft-Tube

with Extension

1.01 2.06 1.98 2.42 1.96 2.45 2.34
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2.2. Turbulence Model and Boundary Conditions

The change in flow structures in the pump-turbine during runaway process is very complicated,
and strong shear flows will occur at the blade-surface boundary layer by the large attack angle.
The SAS-SST (Scale Adaptive Simulation-Shear Stress Transport) model was adopted to resolve
various vortices on a different scale. It is a hybrid turbulence model, and it introduces the von
Karman length-scale in the transport equation of the turbulence eddy frequency. The information
provided by the von Karman length-scale allows the SAS-SST model to dynamically adjust to the
resolved structures in the unsteady Reynolds Averaged Navier-Stokes (URANS) simulation. Therefore,
the SAS-SST turbulence model could provide better solutions for the off-design condition due to
involving various scale vortices [28,29].

The boundary conditions were defined as follows: constant total pressure was defined at the
spiral-case inlet; constant static pressure 0 Pa was applied at the outlet of draft-tube extension part;
no-slip wall condition was used for all the walls. The total pressure at the spiral-case inlet is different
for the four operating conditions. The smaller the value of the GVOs, the larger the total pressure at
the spiral-case inlet. The pressure setting in the CFD simulation is only to obtain a better initial flow
fields at each GVO.

2.3. Control Method of Varying Angular Speed

During the runaway process, the rotational speed of the pump-turbine runner fluctuates for
acceleration and deceleration. The change in rotational speed is obtained by the hydraulic force
coupling method and uses the angular momentum equation to relate rotational speed variation with
the torque exerted on the turbine runner. The process can be described as

dn
dt

=
30
π

T
J

(1)

where J is the total rotational inertia of rotating systems, T is the hydraulic torque acting on the runner,
and t is the time.

Using an Euler approximation, the runner rotational speed can be calculated as follows:

ni+1 = ni +
30
π

T
J
(ti+1 − ti). (2)

During transient simulations, the torque on the runner blades were extracted from the CFD solver
by a user defined function (UDF) at every time-step. Given the results at the ith time step, the rotation
speed at the (i + 1)th time step ni+1 can be obtained from Equation (2). Thus, the rotational speed was
updated at every time-step, and the corresponding flow fields were calculated.

2.4. Time Step and Numerical Scheme

Unsteady numerical simulations were conducted by commercial software ANSYS FLUENT 14.0.
During the numerical simulations, the results of steady RANS simulations were used as the initial
flow field for the transient simulations. In the steady RANS simulations, the multiple reference frame
approach was used for the runner zone; in the transient simulations, a sliding mesh approach was
used. The time-step was set to 0.0002 s, corresponding to 1.2◦ of the runner rotating at initial steady
condition. Even at the maximum speed during the runaway process, the rotation angle at every
time-step is less than 1.6◦. It is small enough to simulate the influence of the rotor stator interaction.
The maximum number of iterations per time-step was set to 40, and the residual convergence criterion
at each time-step was 1.0× 10−5. The SIMPLEC algorithm was chosen to achieve the coupling solution
for the velocity and pressure equations. The second order discretization schemes in time and space
were used.
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3. Results and Analysis

3.1. Dynamic Trajectories at Different GVOs

The runaway processes after load rejections with servo motor failure at four different GVOs
of a model pump-turbine were simulated. Figure 3 shows the dynamic trajectories and the static
characteristic curves. The speed factor nED, discharge factor QED, and torque factor TED are defined
as follows:

nED = nD1/(60
√

gH) (3)

QED = Q/(D1
2√gH) (4)

TED = T/(ρD1
3gH) (5)

where n, Q, T, ρ, g, and H represent the rotating speed, flow rate, torque, water density, gravitational
acceleration, and water head, respectively. Here, the water head was defined as the pressure between
the spiral case inlet and draft tube inlet.
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As can be seen in Figure 3, during the runaway processes, the dynamic trajectories of operating
point form loops in the S-shaped region. At the primary stage, the dynamic trajectories of operating
parameters are nearly consistent with the measured static characteristic curves, which indicates that
the scheme of numerical simulation has certain reliability. The variation tendencies of four loops are
different. The pump-turbine experiences a damped oscillation for GVO at 6◦, while it undergoes
a self-excited oscillation for GVO at 9◦, 15◦, and 24◦. Martin [26,27] has proved that the runaway
instability of this simple rigid hydraulic system depends on the slopes of torque factor dTED/dnED

at no-load point. For GVO at 6◦, the slopes dTED/dnED of dynamic trajectories are negative at the
no-load point, while for GVO at larger values (9◦, 15◦, and 24◦), the slopes dTED/dnED are positive at
the no-load points, which satisfy and dissatisfy the runaway stability criterion, respectively.

In fact, the slope of the dynamic trajectories near the no-load point relates to the energy transfer
between the hydraulic energy and the mechanical energy. If the exciting energy transferred from the
unstable flows to the runner is larger than the dissipated energy, the oscillation will be un-damped.
Therefore, the difference in slopes on dynamic trajectories may be attributed to the differences of
flow evolutions within the pump-turbine during runaway processes between 6◦ GVO and other
larger GVOs.
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3.2. Influence of Pressure Fluctuations and Flow Changes on Dynamic Trajectories

To investigate the influence of flow evolutions on the runaway stability, the variations of total
pressure coefficient PGN at the guide vane inlet, the total pressure coefficient PDN at the draft tube inlet,
and the normalized radial velocity VrN in vaneless space for GVOs at 15◦, 9◦, and 6◦ are shown in
Figures 4–6, respectively. The layout of monitoring points is illustrated in Figure 7. Here, the variations
of radial velocity are the low frequency filtered signals of velocity fluctuations. The total pressure PT

is composed of static pressure Ps and kinetic pressure Pk =
∫

ρv2ds/2s, where ρ is the fluid density,
v is the fluid velocity, and s is the area of flow section. The pressure was normalized by the reference
pressure 0.5ρ(πn0D1/60)2, and the radial velocity was normalized by the reference velocity πn0D1/60,
as expressed in Equations (6) and (7).

PN =
PT

0.5ρ(πn0D1/60)2 (6)

VrN =
Vr

πn0D1/30
. (7)

During the runaway processes, the operating points will move from the turbine mode to the
reverse pump mode in the forward direction and then back from the reverse pump mode to the turbine
mode in the backward direction. As shown in Figures 4–6, the transient variations of pressure and
velocity in the two directions are different. For the GVOs at 15◦ and 9◦, the total pressure at the section
of draft tube inlet first decreases with decreased discharge in the forward direction and then increases
with increased discharge in the backward direction (Figures 4 and 5). Meanwhile, the pressure PDN at
no-load point OP1 is smaller than the pressure at initial time, whereas PDN at no-load point OP2 is
larger than the pressure at initial time. As a result, the slopes dTED/dnED of the dynamic trajectories at
the no-load points (OP1 and OP2) both become positive, so the runaway processes are self-excited.
On the contrary, for the GVO at 6◦, the pressure PDN first increases with decreased discharge in the
forward direction and then decreases with increased discharge in the backward direction (Figure 6a).
Simultaneously, the values of total pressure PDN at the no-load points (OP1 and OP2) are both larger
than the value at initial time. Therefore, the slopes dTED/dnED of dynamic trajectories at the no-load
points (OP1 and OP2) both become negative (Figure 6b), which dampens the runaway process.
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Figure 5. Dynamic trajectories and time histories of operating parameters at GVO 9◦. (a) Variation of
pressure and radial velocity; and (b) dynamic trajectories.
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Figure 6. Dynamic trajectories and time histories of operating parameters at GVO 6◦. (a) Variation of
pressure and radial velocity; (b) dynamic trajectories.
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Figure 7. Schematic diagram of monitoring points and sections.

The variations of radial velocity in the vaneless space show that the BFVSs with negative radial
velocity emerge at the runner inlet and have regular transition near the no-load point. For the GVOs
at 15◦ and 9◦, the location of BFVSs changing back and forth between the hub side and mid-span
(Figures 4a and 5a). For GVO at 6◦, the BFVSs only occur at the mid-span (Figure 6a). In general,
the BFVSs will block the through flow, leading to increased pressure in the guide vane domain.
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For large GVO conditions, after the onset of BFVSs on the hub side in turbine mode, the total pressure
PGN increases progressively until the operating points enter into reverse pump mode in the forward
direction (Figures 4a and 5a). The total pressure PGN then drops sharply with the location of BFVSs
turning from hub side to mid-span. When the operating points move out from the turbine-braking
mode to the turbine mode in the backward direction, the total pressure PGN decreases with BFVSs
turning location. Although the changes of total pressure PGN of GVO at 6◦ are different from those of
GVOs at larger values, the local change trends around the turbine braking region are similar (Figure 6a).
Therefore, it can be concluded that the local pressure rise caused by the blockage of BFVSs in front of
the guide-vane is not the main reason for un-damped runaway oscillations.

3.3. Influence of Discharge Change Rate on Runaway Stability

In general, the water head of a pump-turbine during transient process were main influenced
by the discharge change rate dQ/dt and the hydraulic loss [12]. In order to identify the cause of
above distinctive differences on dynamic trajectories between large GVOs and 6◦ GVO, the transient
variations of discharge Q, the discharge change rate dQ/dt, the total pressure, and static pressure
for the GVOs at 15◦ and 6◦ are shown in Figure 8. As shown in the figure, the change laws of
static pressure fluctuations are consistent with the change laws of the discharge change rate dQ/dt
for the two cases. However, the variation amplitudes of discharge change rate dQ/dt and static
pressure for the 15◦ GVO condition are both approximately 3.5 times higher than those for the 6◦

GVO condition, which means that the flow fields inside the pump-turbine change more rapidly at
larger GVO. In addition, the change laws of total pressure and static pressure for 15◦ GVO are similar
(Figure 8a), while they are significantly different for 6◦ GVO (Figure 8b). This difference demonstrates
that the sharp change in discharge make the static pressure dominate the water head for 15◦ GVO.
If the discharge changes slowly, the change in kinetic pressure will have more influence on the transient
total pressure, i.e., the water head.
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Figure 8. Transient variations of operating parameters for 15◦ and 6◦ GVOs. (a) 15◦ GVO; (b) 6◦ GVO.

When the pump-turbine operates at part load, the kinetic pressure in the turbine will be enhanced
by the development of vortex structures, which leads to energy dissipation with vortex breakdown.
The traditional method for evaluating energy dissipation, i.e., hydraulic loss, in a pump-turbine is
through the evaluation of the pressure drop. However, the pressure drop cannot intuitively reflect
the influence of energy dissipation caused by local unstable flow patterns. According to the second
law of thermodynamics, the excess hydraulic energy is dissipated into internal energy with the
development of vortices, which is irreversible and leads to increased entropy [30–32]. Therefore,
the local entropy production rate can be used to access the influence of the development of local
vortices in the pump-turbine on local flow energy dissipation.



Appl. Sci. 2018, 8, 2193 10 of 17

The temperature in the flow of the pump-turbine is constant, and the temperature change
is neglected. Kock and Herwig [33] proposed a model to calculate the local entropy production
rate induced by the velocity fluctuation. In Menter’s k-ω SST turbulence model, the local entropy
production rate induced by velocity fluctuation can be calculated by Equation (8) as

Ep = β
ρωk
Te

(8)

where β is the SST closure constant, given as β = 0.09, ω is the turbulent eddy frequency (s−1), k is the
turbulent energy(m2/s2), ρ is the fluid density(kg/m3), and Te is the temperature (K).

Figures 9 and 10 show the distributions of entropy production rate Ep and total pressure coefficient
PT for 6◦ GVO condition at some typical instants. As the operating point moves forward to the no-load
point, the entropy production rate mainly increases in the guide-vane, around the runner inlet and
near the draft tube wall (Figure 9), in which the flow separations and vortex structures will gradually
emerge and develop. The region with high total pressure in the draft tube (Figure 10) is in accordance
with the region with the high entropy production rate; however, the total pressure distribution cannot
reflect the energy dissipation in the runner and guide-vane domain.
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Figure 11 shows a new dynamic trajectory (green line) by neglecting the influence of kinetic
pressure in the water head for the 6◦ GVO condition. The change law of the new dynamic trajectory
around no-load is similar to that of the dynamic trajectories of large GVO conditions with positive
slopes dTED/dnED at no-load points (see Figures 4 and 5). Therefore, it can be concluded that the energy
dissipation caused by kinetic pressure have a positive effect on the runaway stability, which results in
negative slopes dTED/dnED at no-load points.
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3.4. Influence of Flow Transitions on Discharge Change Rate

The above investigations demonstrate that the sharp change in discharge around the no-load
points is detrimental to the runaway oscillation stability. Meanwhile, a remarkable relevance can be
observed between the backflow transitions at the runner inlet and the discharge change rate.

During the runaway process for large GVOs (9◦, 15◦, and 24◦), the location of BFVSs on the hub
side will turn to the mid-span as the operating point enters into the turbine braking region in the
forward direction, and the falling rate of discharge will increase. Afterward, the location of BFVSs will
change in a reverse process as the operating point moves out from the turbine braking region in the
backward direction, and the rising rate of discharge will increase dramatically. For 6◦ GVO, the BFVSs
only occur at the mid-span of the runner inlet, and the radial velocity only changes in magnitude
but without direction. Although the discharge changes in falling and rising stages also are different,
their amplitudes are quite small.

Figures 12 and 13 show the distribution changes in the entropy production rate Ep along the
streamwise direction of flow passages around no-load points OP1 and OP2 for 15◦ and 6◦ GVOs,
respectively. As shown in Figure 12, the entropy production rate has a sudden change around the
no-load points for 15◦ GVO, which means that the transition of BFVSs at the runner inlet leads to a
dramatic change in energy dissipation and causes a sharp change in the flow resistance, which results
in a rapid change in discharge. Moreover, the change range of the entropy production rate within
the guide-vane domain in the backward direction is much larger than that in the forward direction
(Figure 12). Therefore, the change in the energy dissipation inside the flow passages in the stage
with increased discharge is higher than that in the stage with decreased discharge, which leads
to significant differences in the discharge change rate in both directions (Figure 8a). Conversely,
the entropy production rate changes very slightly around no-load points for 6◦ GVO (Figure 13).
Therefore, the change in discharge at no-load points for 6◦ GVO is slighter than that for 15◦ GVO.
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Figure 14 shows the vortex structures in the guide-vane and runner passages at no-load points
OP1 and OP2 for 15◦ and 6◦ GVOs. The Q-criterion is employed to identify the vortex structures [34].
Here, the iso-surface of the Q-criterion was set to 500,000 s−2 and colored by the magnitude of
the entropy production rate. For 15◦ GVO, the runner inlet was severely blocked by the unstable
vortices, but the region with separation vortices at no-load point OP1 is larger than at no-load point
OP2, especially nearby the runner outlet (Figure 14a). This explains why there is a higher entropy
production rate near the runner outlet at OP1 than at OP2 (see Figure 12). For 6◦ GVO, the runner
passages are also blocked severely by separation vortices (Figure 14b). However, the vortices in the
guide-vane domain have a smaller value of the entropy production rate. In other words, smaller energy
is dissipated there. Although the energy dissipation of separation vortices at no-load points for 15◦

GVO is higher than that for 6◦ GVO, the change rate in energy dissipation for 15◦ GVO has much
more influence on the change in discharge, which is unfavorable to the oscillation stability of a pump
turbine in a runaway process.
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3.5. Improvement of the Runaway Oscilation Stability

In general, at the start-up of pump-turbine, synchronization speed is reached at a small GVO
degree, usually less than 9◦. If the stable runaway region of a pump-turbine is expanded, the unit
can operate more safely. Now that we know that the runaway oscillation stability is affected by
the backflows at the runner inlet, the stability can be improved by changing the development law
of the BFVSs at the runner inlet. The authors redesigned the shape of the runner blade leading
edge. As shown in Figure 15, the original runner has no lean at the runner blade leading edge,
while the improved runner has a negative lean angle at the runner blade leading edge. Figure 16 show
the comparisons of the dynamic characteristic between the improved and original cases during the
runaway process at 9◦ GVO. As shown in the figure, a stable runaway process of the pump-turbine
can be achieved by the improved runner. The changes of the transient macro parameters of two cases
are very close until the BFVSs emerge at the runner inlet. The changes in radial velocity show that
the BFVSs of the improved case only occur at the midspan of the runner inlet. As a result, the change
amplitude of discharge change rate dQ/dt for the improved case is significant smaller than that for
original case, and the dynamic trajectory of the improved case has negative slopes dTED/dnED at the
no-load points, which satisfies the runaway oscillation stability criterion. Therefore, the runaway
process is damped.
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4. Conclusions

Three-dimensional transient numerical simulations were carried out on the runaway processes
of a low specific-speed pump-turbine at four GVOS. The evolution of BFVSs at the runner inlet
was investigated in depth. Further, entropy production theory was used to analyze the dissipation
characteristics of different types of BFVSs and their impacts on the runaway stability. The internal
mechanism of runaway oscillation instability was obtained. A design criteria is proposed to extend the
stable runaway operating range.

During the runaway oscillation process, BFVSs occur at the runner inlet for all GVOs, which results
in severe separations and complicated vortices in the guide-vane and runner domains. For the large
GVO condition, the energy dissipations have a sharp change around the no-load points with the
location of BFVSs at the runner inlet changing between hub side and midspan, which makes the
discharge change rapidly. As a result, the slopes of dynamic trajectories at the no-load point become
positive, so the runaway oscillation is self-excited. Conversely, for the small GVO condition, the BFVSs
only occur at the midspan of the runner inlet, and the change rate of energy dissipation is very small
around the no-load points, which makes the discharge change slightly. Consequently, the slopes of
dynamic trajectories at the no-load points become negative, and the runaway oscillation is therefore
damped. If the occurrence of BFVSs at hub side of the runner inlet the runner is suspended, a more
stable pump-turbine for runaway process can be obtained. Experimental verifications will be conducted
in future work.
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Nomenclature

T Torque (N·m)
n Rotational speed (rpm)
Q Rotational inertia (kg·m2)
g Gravitational acceleration (m·s−2)
D1 Runner inlet diameter (m)
H Water head (m)
ρ Water density (kg·m−3)
t Time (s)
nED Speed factor (nD1/(60

√
gH))

QED Discharge factor (Q/(D1
2√gH))

TED Torque factor (T/(ρD1
3gH))

PT Total pressure (Pa)
PN Pressure coefficient (P/0.5ρ (πnD1/60)2)
GVO Guide vane opening
ns Specific speed nQ0.5/H0.75

BFVS Backflow vortex structure
Vr Radial velocity (m·s−1)
VrN Normalized radial velocity (Vr/πn0D1/30)
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