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Abstract: In order to study the evolution principle of the coherent structure in the low flow rate
runaway condition, the pump turbine of a certain pumped storage power plant was employed. The
transient dynamic stress of the runner was numerically simulated and examined in this study in
order to analyze the coherent structure of the vortex and the stability of the grid connection during
the transition process. Based on the realizable k-ε turbulent model, the unsteady flow of the whole
pump turbine channels was calculated. The results show that the flow in the runner channels presents
with a turbulence state, and with many different scales vortices. These vortex structures are mainly
distributed in the inlet region of the blade, the area of the blade trailing edge and the middle section
of the runner channels. These vortex structures affect the distribution of the blade pressure load.
Moreover, the vortex structure at the inlet of the runner depends on the change in the attack angle. In
the flow region formed at the outlet of the blade near the suction surface and the runner cone, the
blade has a limited effect on the fluid; thus, the vortex structure depends on the Coriolis force and the
centrifugal force joint action. The evolution of these vortex structures will have a greater impact on
the grid connection of the power station. During the operation of the power station, it is necessary to
reduce the time of transitional conditions so that the power station can operate efficiently.

Keywords: pump turbine; runaway condition; coherent structure; channel vortices; numerical simulation

1. Introduction

Since the carbon peak target of 2030 and the carbon neutral vision of 2060 were
proposed [1], the large-scale grid connection of new energy sources and the construction of
new power systems have become an inevitable trend in the development of energy and
power systems, while, in the current energy structure, pumped storage power plants play
a unique and irreplaceable role in grid peaking, regulating energy structure, irrigation and
tourism [2–7], so accelerating the development of pumped storage is an inevitable choice
and an effective way to guarantee energy and power security.

Pump turbines need to switch quickly between pumping and generation modes so
as to ensure the stability of the grid frequency and the standard orderly distribution of
power [8]. However, under the transition conditions between pump mode and energy
mode, fluid inertial instabilities such as water hammering, vibration and stalling can occur
due to the change in flow pattern inside the pump turbine and the redistribution of velocity
in each fluid domain [9–12], These vortices consume the kinetic energy of the fluid and,
in interaction with each other, seriously affect the efficiency and operational stability of
the equipment. For example, Wang [13] studied the internal flow mechanism of the pump
turbine braking condition and anti-pump condition through numerical calculation and
proposed that the impeller area reflux and vortex in the non-leaf area are the main causes
of high-amplitude and low-frequency pressure pulsation; Zhang [14] studied the pressure
pulsation in the S area of a pump turbine based on a combination of experimental and
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numerical calculation methods of the pressure pulsation in the S zone of the water pump
turbine and concluded that the pressure pulsation in the tail pipe of the water pump
turbine is related to the vortex zone of the tail pipe; Li [15] accurately calculated the flow
characteristics of the water pump turbine under turbine operating conditions by means of
the separation vortex model and found that, as the flow rate decreases, the flow separation
phenomenon occurs in the leaf grille region and gradually evolves into a large-scale vortex
that blocks the flow channel and has a deteriorating effect on the flow stability; Widmer
et al. [16] found that the average convective acceleration in the guide vane channel and the
ability of vortex formation to rotate are responsible for determining whether the stationary
vortex and stall rotation are initially the same, both of which can cause instability in the
unit; Klemm D [17] performed a dynamic numerical simulation of the flow regime of a
water pump turbine under flyaway conditions with the help of CFD to improve the flyaway
no-load stability by varying the opening rate of the guide vane, where it was found that, by
reducing the opening rate of the guide vane, the occurrence of fly-away no-load instability
could be reduced effectively, and it was also found that the no-load instability was more
severe at the low head than at the high chair and that the destabilization was more serious
than that of high-head water; and Xu [18] applied a combination of numerical calculation
and particle image velocimetry of the full characteristic test to study the flow state in the S
characteristic region of the pump turbine, analyzed the influence of the guide vane opening
on the vortices inside the flow channel under low flow conditions and obtained that, as the
guide vane opening decreases, the number of vortices in the impeller channel increases,
and a relatively complete high-speed water blocking ring appears between the movable
guide vane, causing unstable flow. Although much research has been carried out in the
industry on the unsteady flow caused by vortices inside the pump turbine, the internal
flow mechanism of the pump turbine during its movement in the S characteristic zone has
not yet been fully grasped, which hinders the further development of the pump turbine.

The unstable flow phenomenon caused by internal vortices is more prominent in water
pump turbines under runaway conditions, the interaction between vortices of various scales
and the influence mechanism of vortex motion on the mainstream is more complicated
and the efficiency and operational stability of the unit are significantly reduced, so the
study of the vortex evolution process under runaway conditions has more engineering
significance. With the rapid development of computer technology, numerical calculations
have gradually become an important tool for studying complex fluid flows, which visualize
the internal flow characteristics in detail and provide an intuitive reference basis [19,20].
Therefore, this paper uses a combination of verification tests and numerical calculations to
study the influence of the guide vane opening on the vortex evolution and motion process
in the runner region under the runaway condition of a water pump turbine, and elucidates
the vortex evolution mechanism in the relative static position of the blades and the impeller
runner. This study provides theoretical references for improving the safety and stability of
water pump turbines.

2. Materials and Methods

In this study, the mixed-flow pump turbine model was used as the research object.
Considering that the internal flow in the runner region shows asymmetric characteristics
under runaway conditions, a full-flow channel numerical calculation of the pump turbine
is required, where the model structure is illustrated in Figure 1 and the model parameters
are given by Table 1. The three-dimensional model was spatially discretized using the
commercial software TurboGrid hexahedral mesh, and the boundary layer was encrypted
for the blade. Worm casing and guide vane wall positions and the rated operating point of
the hydraulic turbine operating condition (speed n = 920 r/min, flow rate Qv = 0.35 m3/s,
efficiency η = 92%, head H = 30 m) were used to verify the mesh irrelevance, and when the
mesh number is greater than 5,575,139, the fluctuation in the hydraulic turbine efficiency is
within 2%, which meets the calculation requirements; thus, the grid number of 5,575,139
was selected for numerical calculation [21,22]. Figure 2a shows the grid model diagram,
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Figure 2b shows the distribution of y+ values defined at this grid size and the number of
grids for each part is shown in Table 2. The min angle is calculated as the minimum internal
angle of each grid cell; the higher the value, the better the grid quality. The min quality
measures the mesh, and the min value is considered as the mesh quality. Grid irrelevance
analysis is shown in Figure 3.
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Table 1. The geometry parameters of the pump turbine.

Parameter Symbol Value

Diameter of the high-pressure side of the runner/mm D1 473.6
Diameter of the low-pressure side of the runner/mm D2 300

Runner blade number Zr 9
Guide vane number Zg 20
Stay vane number Zs 20

Outlet diameter of draft tube /mm D1m 660
Inlet diameter of volute/mm D2m 315

Guide vane height/mm b0 66.72
Case wrap angle/(◦) ϕ0 343

Table 2. The grid division of each part.

Parameter Spiral Casing and
Stay Vane Number Guide Vane Runner Draft Tube

Total elements 1,794,767 1,118,500 1,205,507 1,456,365
Total nodes 316,840 1,028,400 1,127,820 1,422,144

Min angle/(◦) 18 29 30 36
Min quality 0.50 0.48 0.50 0.65

In this paper, the entire computational model was simulated numerically using the
commercial software ANSYS FLUENT. Although the flow is strongly nonlinear in the
pump turbine, the Knudsen number is still much less than one, so the flow field satisfies
the assumption of velocity nonlinearity, and the fluid is considered continuous. Using
the finite volume method to solve the Reynolds-average Navier–Stokes equations [23] (as
Equation (1)), the realizable k-ε turbulence model can effectively simulate shear flows,
including jet, mixed and separated flows [24–26]; thus, this paper used the realizable k-ε
turbulence equations [23] (Equations (2) and (3)), the continuity equation [23] (Equation (4))
and Reynolds time-averaged equations to achieve a closed solvable control equation, with
the mass inflow port and pressure outlet as the boundary conditions, assuming no slip on
the wall. Using the runner region as the rotor region and the worm shell runner as the
stator region, the steady-state calculation was solved by the multiple coordinate system
method, and the transient was solved by a slip grid. The time spent for each 1◦ rotation of
the runner blade was set as a time step to 0.00018 s.
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A validation test was carried out using the experimental platform of the State Key
Laboratory of Hydropower Equipment (Harbin Institute of Large Electric Machinery),
where the test head Hm = 30 m was determined by measuring the differential pressure
between the inlet and outlet [27,28]. Figures 4 and 5 show the schematic diagram and the
test site of the test rig, which is a closed loop system and can operate in both directions.
The maximum head allowed in the test stand was 190 m and the maximum mass flow rate
was 2.0 m3/s. The small flow rate is defined as the flow rate below the rated condition
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during the pump turbine operation. Figure 6 shows the Q11 (unit flow rate)-n11 (unit speed)
curve of the pump turbine in the transition process under different guide vane openings,
where the working condition point when the rotating torque is zero is determined by a
torque meter, the rotating torque at zero for each guide vane opening is the intersection of
the connecting line with the Q11-n11 curve, which is the fly-away condition point, and the
fly-away condition points at guide vane openings of 11, 19, 21, 25, 33, 41 and 45 mm are
used as the numerical calculation conditions. The operating parameters of each calculation
condition are shown in Table 3. Figure 7 compares the Q11-n11 curves of the experimental
results with the numerical results. As can be seen from the figure, the numerical results
match the experimental results at each working condition, and the correctness of the
numerical results can be verified. Equations (5) and (6) give the calculation method of Q11
and n11.

n11 =
nD2√

H
(5)

Q11 =
Q

D2
2

√
H

(6)
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Figure 4. Schematic diagram of the test bed. (1. Flow board diverter; 2. nozzle; 3. low-pressure vessel;
4. dynamometer motor; 5. torque measurement system; 6. pump turbine model; 7. high-pressure
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13. weighing sensor; 14. weighing cylinder; 15. water cooling system; 16. commutation pipeline).
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Table 3. Numerical simulation results of steady flow.

a0/mm n11/(r/min) Q11/(m3/s) n/(r/min) qm/(kg/s)

P1 11 57.61 0.150 1051.810 73.943
P2 19 62.30 0.215 1137.436 105.984
P3 21 64.74 0.249 1182.015 122.690
P4 25 66.26 0.276 1209.762 135.835
P5 33 70.82 0.376 1292.989 185.349
P6 41 74.47 0.511 1359.595 251.952
P7 45 76.52 0.545 1397.056 268.658
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3. Results

Under the runaway condition, a vortex with different scales is distributed in the runner
region, and the vortex with different scales in each flow passage forms coherent structures
with different scales. In order to study the evolution of a coherent structure more clearly,
channels were divided, as shown in Figure 8, and the rotation angle of the channel region
was corrected to ensure that each runner position is relatively stationary. Figure 8 shows
the unsteady numerical results of the runner region at the P1 operating point. No. 1–9
refer to the flow line distribution in different impeller runner channels at time t = 0.4240 s,
0.4294 s, 0.4348 s, 0.4402 s, 0.4456 s, 0.4510 s and 0.4564 s, respectively. At these moments,
the vortex appears in the middle of the blade. The position of the vortex in the image was
calibrated with a red circle. In addition, it can be seen from Figure 8 that the eddy coherent
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structure is also found at the inlet and outlet of the blade. Therefore, the eddy coherent
structure can be divided into three parts according to their distribution positions: blade
outlet, blade inlet and middle of blade passage.
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3.1. Evolution of the Coherent Structure at the Blade Outlet

In order to further study the evolution rule of the coherent structure at the outlet of
the blade, the streamline chart of the one channel was selected as shown in Figure 9. It
shows that the coherent structure moves along the wall from the outlet of the channel to
the middle with stretching and contraction. Because the fluid element in the instantaneous
state of each point can be decomposed into three directions, they are the translation and
expansion along the principal axis (it can be decomposed for the uniform expansion and
pure deformation) and the rigid rotation around an axis. The fluid element is subjected
to the maximum tension (positive in the flow direction) in the direction of π/4 with the
wall surface, and the maximum contraction force in the direction of 3π/4. Because of the
velocity difference at the trailing edge position, the flow field is subjected to shearing action,
and the adhesion condition makes it generate vorticity. At the same time, it is accompanied
by translation and stretching along the wall in the π/4 direction.

Processes 2023, 11, x FOR PEER REVIEW 7 of 15 
 

 

calibrated with a red circle. In addition, it can be seen from Figure 8 that the eddy coherent 

structure is also found at the inlet and outlet of the blade. Therefore, the eddy coherent 

structure can be divided into three parts according to their distribution positions: blade 

outlet, blade inlet and middle of blade passage. 

 

Figure 8. Vortex distribution in different impeller runner channels at different time. 

3.1. Evolution of the Coherent Structure at the Blade Outlet 

In order to further study the evolution rule of the coherent structure at the outlet of 

the blade, the streamline chart of the one channel was selected as shown in Figure 9. It 

shows that the coherent structure moves along the wall from the outlet of the channel to 

the middle with stretching and contraction. Because the fluid element in the instantaneous 

state of each point can be decomposed into three directions, they are the translation and 

expansion along the principal axis (it can be decomposed for the uniform expansion and 

pure deformation) and the rigid rotation around an axis. The fluid element is subjected to 

the maximum tension (positive in the flow direction) in the direction of π/4 with the wall 

surface, and the maximum contraction force in the direction of 3π/4. Because of the veloc-

ity difference at the trailing edge position, the flow field is subjected to shearing action, 

and the adhesion condition makes it generate vorticity. At the same time, it is accompa-

nied by translation and stretching along the wall in the π/4 direction. 

       
(a) (b) (c) (d) (e) (f) (g) 

Figure 9. Channel (No. 1 blade channel) snapshot of the evolution of the vortex in one cycle (a): t = 

0.4240 s; (b): t = 0.4294 s; (c): t = 0.4348 s; (d): t= 0.4402 s; (e): t= 0.4456 s; (f): t = 0.4510 s; (g): t= 0.4564 

s). 

Figure 9. Channel (No. 1 blade channel) snapshot of the evolution of the vortex in one cycle (a):
t = 0.4240 s; (b): t = 0.4294 s; (c): t = 0.4348 s; (d): t = 0.4402 s; (e): t = 0.4456 s; (f): t = 0.4510 s;
(g): t = 0.4564 s.
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3.2. Influence of Vortex Structure at Blade Suction Side on Blade Pressure Load

Taking the No. 2 blade as the research object, the relationship between the evolution
process of a vortex-dependent structure and pressure load was studied. Figure 10 indicates
that the pressure load on the suction side of the blade decreases along the direction of the
blade inlet and the peaks appear at the inlet and outlet of the blade, respectively, shown as
Figure 11. A local high-pressure area and local low-pressure area appear in the blade outlet
section, respectively. With the development of the vortex cycle, the peak position of the
local high-pressure area does not change, and the position of the local low-pressure area
moves towards the inlet of the blade with time corresponding to the vortex movement on
the suction side of the blade. Compared to the change in the minimum low pressure in the
local low-pressure area with time, local low pressure does not exist in the initial vortex stage
(Figure 10a). Local low-pressure areas appear at corresponding positions with the moving
blade loads of vortices. The minimum pressure value in the low-pressure area decreases,
and the low-pressure area becomes more apparent. As time goes on, the position of the
low-pressure area moves toward the blade inlet, and the minimum pressure gradually
increases. The low-pressure area gradually becomes less noticeable and disappears with the
disappearance of the vortex movement. This indicates that the vortex changes the pressure
load distribution of the runner blade during the development process. Low pressure is
generated locally at the vortex development location of the runner blade and the location of
the low-pressure area changes with the displacement and intensity of the vortex. Compared
to the local low-pressure area, the location of the local high-pressure area and the peak
value do not change.
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on monitoring channels numbered 1, 3, 6, 9.

In order to obtain the evolution process and characteristics of the coherent structure
on the suction surface of the blade, a tangential velocity distribution map was made at the
birth position and time of the vortex, as shown in Figure 11.

From the tangential velocity distribution of Figure 11b, we can discover that the effect
of the fluid on the outlet of the blade is determined by the shear flow. It is a flow pattern
similar to a wall jet, judging from the law of velocity distribution. As shown in Figure 12, it
can be found that the jet is mainly caused by the large angular velocity of the runner and
the sizeable centrifugal force. With the action of centrifugal force, a high-speed rotating
fluid is accumulated at the outlet position of the runner blade. The collision between a fluid
and a high-speed rotating blade forces it to divert at the exit of the blade. As the speed of
the runner is larger, the process of the collision between the fluid and the blade is more
similar to the wall jet. Thus, a coherent structure is generated at the outlet position of the
runner blade.
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From the three-dimensional shape of the vorticity iso-surface in Figure 13, it can be
found that the direction of the vortex and the flowing fluid are perpendicular. Thus, it can
be judged that the coherent structure of the rear surface of the rotor blade is a spanwise
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vortex. This is due to the effect of wall jet shearing on the uneven velocity distribution.
When the disturbing wave number is sufficiently large, the shear layer is destabilized, and
vorticity is formed. The inducing effect of the vortex sheet and its further enhancement
with the disturbance of the flow from the blade channel make the unstable wave gradually
roll up and develop into a periodic spanwise vortex. Since the vorticity of the feed fluid
increases parallel to the wall, the vortex moves along the wall surface under the effect of
tangential force, and the fluid velocity of the near-wall decreases with an increase in the
moving distance. At the same time, due to the influence of the flow from the blade channel,
the vortex core is not evenly distributed in the circumferential direction, and the vortex
develops to disappear in the middle of the blade.
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Figure 13. Blade spanwise vorticity structure.

3.3. Evolution of Coherent Structure at the Inlet of the Blade

In order to study the effect of the inlet of the blade on the flow pattern and the coherent
structure of the blade, CFD-POST post-processing software was used to turbo-process the
runner area under the runaway speed operating condition. From Figure 14, it is found
that the vortex moves downstream and then falls, and that the process of evolution forms
a vortex street. In order to clarify the evolution of morphology vortices and their causes,
the No. 1 flow channel was used to show the velocity streamline diagram, as shown in
Figure 14. The vortex begins at the leading edge of the blade inlet, as shown in Figure 15a.
Due to the lift acting, the vortex moves backward along the leading edge of the blade and
diffuses into the fluid interior. As the vortex diffuses into the fluid, external disturbances
and self-induction of the main vortex cause the vortex layer to stretch, diffuse and dissipate.
A twice-separation vortex was induced, as shown in Figure 15e. The concentrated vortex
forms after vortex separation causes a large pressure gradient, which causes the bottom
pressure to decrease. The vortex layer in the higher pressure area near the side of the blade
wall is pulled into the wake to form a new vortex, and the vortex layer continues to stretch.
The vortex layer is stretched, diffused or even pulled off. Finally, the vortices alternately
fall off.
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To explore the cause of vortices at the inlet of the blade, the attack angle was calculated.
According to the contour of the blade, the hydrofoil bone line was drawn, and the velocity
was extracted in the vertical direction of the bone line, as shown in Figure 16a. Its attack
angle was calculated, as shown in Figure 16b. From Figure 16c, it can be found that the
value of the attack angle is larger. The maximum is 22.5◦ and the minimum is 15.6◦; in
the direction from point C to point D, the attack angle first decreases and then increases.
Through the calculation of other channels and conditions, the value of the attack angle is
large in each case. Thus, the detailed distribution of the absolute attack angle is shown
in Figure 16c–e. The distribution is irregular, and no obvious periodicity can be observed.
However, it is certain that the large attack angle is responsible for the formation of vortices
at the channel inlet.
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Figure 16. Distribution of attack angle: (a) the calculation method and position of the angle of attack;
(b) the trend of the attack angle from point C to point D; (c–e) angle of attack distribution of runner
No. 3, 6 and 9.

3.4. Evolution of Coherent Structures in a Runner Channel

In runaway conditions, different scale vortices are distributed in the middle of the
runner channel. In order to study its origin and evolution, the coherent structure of the
No. 7 runner channel was studied as shown in Figure 16.

Figure 17 show that the formation of the coherent structure in the middle of the
channel is related to the disturbance of the incoming flow at the leading edge of the inlet



Processes 2023, 11, 2080 12 of 15

end of the blade and the jet formed by the impact of the outlet end of the blade and the
fluid. As shown in Figure 17a, the leaflet flow at No. 2 is affected by the leading edge of the
blade, the free shear layer is destabilized and the vortex structure at No. 2 in Figure 17b is
developed and formed. At the same time, the coherent structure developed along the wall
surface of the blade near the exit of the blade continues to develop upstream as shown in
Figure 17b No. 1. With the vortex at No. 1 gradually approaching the vortex at No. 2, the
vortex layer at position No. 3 is changed to generate a vortex structure, as shown in the
position of No. 3 in Figure 17c. With the development of the structures of No. 1 and No. 3,
the vortex at No. 4 is disturbed by the vortex layers. Thus, the vortices at No. 4 and No. 1
form a vertical pair, and the vortices at No. 2 and No. 3 form a vertical pair, as shown in
Figure 17d. As the vortex at No. 1 continues to develop upstream of the runner, the vortex
at No. 4 is “captured” by the No. 1 vortex, and the vortex at No. 1 gains a vortex that is
opposite to its own vorticity, counteracting its own vorticity, as shown in Figure 17e. Due
to the disturbance and self-induction between the vortex layers, the vortices at the No. 1
and No. 3 positions are destabilized and collapsed, and the runner channels return to the
original flow state again, as shown in Figure 17f,g. The main reason for the formation of the
coherent structure in the middle of the leaf passage is that the vortex at the No. 1 position
moves along the upstream vortex of the blade and the disturbance of the incoming flow
from the leading edge of the blade inlet.
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4. Discussion

The pump turbine needs to be converted under different working conditions while
operating. When the water pump turbine discharges the load, the unit may quickly enter
the flyaway state under the extreme working condition of the guide vane control of the
unit. The study of this problem is of great engineering significance because the flyaway
transition process is a great danger to the safe and reliable operation of the unit.

In this paper, the pump turbine of a pumped storage power plant was taken as the
research object, and the influence of the change in the guide vane opening on the vortex in
the runner area under the flyaway condition was carefully analyzed. It was found that the
result of the joint action of the angle of attack of the incoming flow and the centrifugal force
determines the vortex structure in the flow channel. The evolution of the vortex process
can significantly affect the grid connection of the power plant, so it is necessary to reduce
the flyaway and even the whole transition process during the operation of the power plant
to facilitate the long and stable operation of the pumped storage power plant. This paper
provides some theoretical reference for the future research of other transition processes
in pump turbines; the generation and development of a vortex in the blade runners can
be predicted appropriately and also provide directions for hydraulically optimizing the
design of other angle-of-attack variations, such as guide vanes and even runner blades.
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There are some limitations to this work. For example, in the flyaway condition, the
influence of the change in the opening degree of the guide vanes on the vortex development,
the vibration and even the energy in the tailpipe region was investigated. At the same time,
the transition process of the pump turbine is complex and variable. The vortex evolution
and the angle of attack of the inlet flow have not formed a systematic, regular pattern.

5. Conclusions

The vortex-induced flow instability of the pump turbine under the flyaway condition
is the key to the safe and reliable operation of the unit. This paper analyzed the evolution
of the vortex coherent structure in the runner region by combining numerical analysis and
experimental verification, and reached the following conclusions:

1. Under the runaway condition, the vortex coherent structure at the rotor blade tends to
move along the impeller outlet to the center of the flow channel and is accompanied by
stretching and contraction phenomena. The fluid element and the wall are subjected
to the maximum expansion force in the π/4 direction (flow direction is positive) and
the maximum contraction force in the 3π/4 direction.

2. The pressure load on the suction surface of the blade decreases along the blade inlet
direction, and a positive peak appears at the outlet; the coherent structure of the
vortex has a certain influence on the phenomenon, where, with the evolution of the
vortex coherent structure, the negative peak appears at the rear end of the positive
peak; the location of the negative peak relates to the evolution process of the vortex
coherent structure, where the location of the negative peak moves with the vortex
location; the location of the positive peak does not influence the vortex location.

3. The velocity distribution of the blade angle of attack between 15.6 and 22.5 degrees
was studied, and the results show that the large angle of attack is the main cause of
the vortex formation, and that the vortex is formed at the leading edge of the blade,
then spread back to the inside of the runner and finally separated inside the runner
and leaf alternately.
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Nomenclature

ρ Fluid density
k Turbulent kinetic energy
t Time
u X-direction velocity
v Y-direction velocity
w Z-direction velocity
µ Fluid viscosity
µt Turbulent viscosity
σk Prandtl number corresponding to turbulent kinetic energy
Gk Turbulent kinetic energy due to average velocity gradient
σε Prandtl number corresponding to turbulent dissipation rate
ε Turbulent dissipation rate
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C1 A coefficient related to viscosity
E Shear strain rate
a0 Guide vane opening
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