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Research on the S-shaped region of pump turbines requires a detailed understanding of
the vortex distribution law and energy losses under various working conditions. In this
study, numerical simulations of a pump turbine model were conducted, and the results
were consistent with the experimental results. The |ω|-criterion in the vortex analysis
method was combined with the Q-criterion to reveal vortex distribution in the S-shaped
region for each working condition along the Q11-n11 curve for all the conditions. Under the
runaway and turbine break conditions, the flow field vortices were mainly the leaf channel
vortex and separation vortex. Under zero-flow-rate and reverse-pump conditions, the
vortices developed towards the stay-guide vanes, obstructing the flow path. Combined
with the entropy production rate distribution, vorticity is closely related to energy loss.
Compared to the rotation, the vorticity generated by the strong shear effect is significant.
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INTRODUCTION

Climate change is a global issue, and the increasing emission of greenhouse gases, particularly carbon
dioxide, is a threat to humankind. Consequently, countries are reducing their greenhouse gas
emissions through a global compact. In September 2020, China announced at the United Nations
General Assembly its goal to achieve carbon peaking by 2030 and carbon neutrality by 2060 (Caide,
2021; Peng 2021; Li et al., 2022). In response to its national policy, China has accelerated the
construction of pumped-storage power plants. As the core of a pumped-storage power plant, the
pump turbine needs to switch back and forth between different operating conditions during
operations and is likely to enter the “S” characteristic instability region (Chen 2018). When
operating in this area, the internal fluid of the pump turbine exhibits a strong nonlinear
turbulent motion (Wangxu et al., 2021), and the turbulent motion is a critical factor for
determining pulsating physical quantities, such as flow-field pressure and velocity. Under the
combined action of complex boundary conditions of the pump turbine and the three-dimensional
transient turbulent motion of the internal fluid, the flow and speed in the unit change significantly,
accompanied by a strong pressure pulsation and significant energy loss.

Pejovic et al. (1976) first published relevant findings on the S-shaped region of pump turbines in
1976. Kinoue et al. (2019) investigated the start-up process of a low-specific-speed pump turbine and
found that when it was close to the S-shaped region, more vortices appeared in the channel.
Cavazzini et al. (2016) examined the load-shedding process of a pump turbine under a large guide
vane opening and analyzed the causes of impeller rotation stall under turbine brake conditions. Singh
et al. (2015) conducted a velocity triangle analysis at an impeller inlet, determined the velocity and
pressure distribution, and comprehensively evaluated the changes in the internal flow pattern in the
S-shaped region. However, in the operation process under various working conditions of the
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S-shaped region of pump turbines, the variations in the flow
pattern and energy of the internal flow field are difficult to
observe. With the development of the vortex motion theory,
entropy generation theory, and computational fluid dynamics
(CFD), several relevant studies have been conducted using these
new techniques.

Liu et al. (2016), Liu et al. (2019) developed vortex
identification methods based on the Omega and Liutex
systems. Peng (2020) applied the |ω|-criterion, Q-criterion, and
regularized helicity in the vortex analysis method to investigate
the internal vortex under the solid–liquid two-phase flow of a
tubular turbine. Peng (2020) found that the sediment significantly
influences the size, position, and rotation direction of the vortex.
Li et al. (2021a) reported that cavitation generates a degree of
large-scale vortices in the hump area of a pump turbine. Zhang
et al. (2018a) applied a new omega vortex identification method
to examine an S-shaped region and verified its effectiveness. Fu
et al. (2021) investigated the load-shedding process of a pump
turbine and found that the leading causes of flow-field pressure
fluctuation are the water hammer, reflux, and water-retaining
ring. Ni et al. (2018) assessed the instantaneous vortex structure
in a nuclear reactor coolant pump using the Q-criterion and
found that the vortex structure in the impeller was critical. Kye
et al. (2018) used a large eddy simulation model and found that
the dynamic and static interferences between the centrifugal
pump impeller and volute generate extremely strong vorticity
at the casing tongue. Zhang N. et al. (2019) performed unsteady
computations for a centrifugal pump using a delayed detached-
eddy simulationmodel. They found that the vorticity in the volute
was large, and the distribution of turbulent kinetic energy was
similar to that of vorticity. Li et al. (2016) applied the Q-criterion
in the hump area of a pump turbine. They demonstrated that the
vortex originated from blade surface friction, and the hump
characteristics were related to the blade suction surface
pressure, friction, and vortex motion. Ji et al. (2016) applied
the Q-criterion to analyze cavitation in Francis turbines and
revealed the potential interaction mechanism between
cavitation and vortices. However, the vortex analysis method
has been applied to vorticity and vortex distribution studies. The
entropy production theory needs to be introduced to evaluate
energy characteristics.

Qin et al. (2017) conducted experimental tests and CFD
simulations and proved that the hydraulic loss during the load
rejection process of pump turbines is related to vortex
distribution. Yuan et al. (2021) confirmed that a significant
shearing effect is a sufficient condition for intense irreversible
losses compared to the rotation effect. Lu et al. (2019) analyzed a
pump turbine based on the entropy production theory and found
that the total entropy production of the runner and draft tube is
significantly higher than that of the guide vane and volute. Ren
et al. (2021) evaluated a centrifugal pump using the entropy
production theory and Q-criterion and found that the volute and
impeller are the core areas where internal energy loss occurred in
the centrifugal pump. The vortex analysis method and entropy
production theory have been rarely used in studies on the
S-shaped region of pump turbines, and the relationship
between vortex distribution and energy loss is unclear.

The internal vortex dynamics characteristics of the S-shaped
region of pump turbines under different working conditions were
investigated using a vortex analysis method. The internal flow law
was established, and a quantitative study on the internal energy
conversion and loss of pump turbines was conducted using the
entropy production theory to establish the relationship between
vortex and energy loss. This study serves as a reference for further
research on pump turbines.

CALCULATION METHOD AND THEORY

Vortex Analysis Method
Vortex motion is prevalent in fluids that cause vibration and
fatigue in hydraulic turbines (Zhang et al., 2018b), and vortices
are often difficult to observe in complex turbulent flows within
fluid machinery. Therefore, with the development of CFD and
vortex dynamics, vortex analysis methods that do not depend on
the selection of coordinates and rotational variations have
gradually been developed.

Vorticity can be regarded as twice the angular velocity of a
fluid microcluster rotating rigidly around its center, derived from
the flow-field velocity gradient. The vorticity of a flow field can be
quantified using the |ω|-criterion, mathematically expressed as
follows:

ω �  × v (1)
where v is the velocity vector of the fluid mass, and ω is the
vorticity of the fluid mass.

The Q-criterion can be expressed as follows:

Q � 1
2
[|Ω|2 − |S|2] (2)

Ω � 1
2
[v − (v)T] (3)

S � 1
2
[v + (v)T] (4)

v � S + Ω (5)
where S and Ω are the symmetry and antisymmetry tensors,
respectively, S is the strain,Ω is the rotation, and v is the velocity
gradient. When Q > 0, rotation is dominant, but when Q < 0, the
shear strain is dominant.

Entropy Production Theory
According to the second law of thermodynamics, a fluid system is
always accompanied by increased entropy (Li et al., 2017). The
relationship between the entropy production rate and energy
dissipation is expressed as follows.

_S
/

D � _Q

T
(6)

where _Q represents the energy dissipation rate.
Therefore, the entropy production rate can characterize the

energy loss. When the fluid flow inside the pump turbine is
turbulent, the entropy production rate is influenced by the time-
averaged and pulsating velocities, expressed as follows:
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μeff � μ + μt (10)

where _S
/
D is the entropy production rate, _S

/
_D is the entropy

production rate due to pulsating velocity, and _S
/
�D is the entropy

production rate due to the time-averaged velocity. μeff is fluid
effective dynamic viscosit. μt is turbulent power viscosity.

For the k–ω turbulence model, the entropy production rate of
the pulsating velocity can be calculated using Eq. 10.

_S
/
_D � β

ρωk

T
(11)

Where β = 0.09. ω is turbulent vortex viscous frequency. k is
turbulent kinetic energy.

NUMERICAL MODEL AND CALCULATION
SETUP

Computational Domain
In this study, a pump turbine model machine was used for
calculations. The overflow components included the volute,
stay vane, guide vane, runner blade, and draft tube. The
geometric parameters of the model are listed in Table 1.

Turbulence Model
Fluid motion follows the continuity equation and momentum
equation, the continuity equation that the net mass flow into the
control body and the control body due to density changes in the
mass added per unit of time is equal, the momentum equation
that a system is not subject to external forces or the sum of the
external forces is zero, expressed by Eqs 12–15:

zρ

zt
+ z(ρu)

zt
+ z(ρv)

zy
+ z(ρω)

zz
� 0 (12)

z(ρu)
zt

+ ∇ · (ρuV) � ρfx + zτxx
zx

+ zτyx
zy

+ zτzx
zz

− zP

zx
(13)

z(ρv)
zt

+ ∇ · (ρvV) � ρfy + zτyy
zy

+ zτxy
zx

+ zτzy
zz

− zP

zy
(14)

z(ρω)
zt

+ ∇ · (ρωV) � ρfz + zτzz
zz

+ zτxz
zx

+ zτyz
zy

− zP

zy
(15)

In computational fluid dynamics, the shear stress transport
SST k–ω model is an optimization model of the k–ω and k–ε
models, expressed by Eqs 16, 17:

z

zt
(ρk) + z

zxi
(ρkui) � z

zxj
(Γk

zk

zxj
) + Gk − Yk + Sk (16)

z

zt
(ρω) + z

zxi
(ρωui) � z

zxj
(Γω

zω

zxj
) + Gω − Yω +Dω + Sω (17)

where ρ is the fluid density, k is the turbulent kinetic energy, ω is
the turbulent dissipation rate, and Γk and Γω are the effective
diffusion terms of k and ω, respectively. Gk and Gω are generative
terms, Yk and Yω are diffusion terms, Dω represents the
orthogonal divergence terms, and Sk and Sω are custom terms.

The SST k–ω model considers the transfer of principal shear
stress in the near-wall inverse pressure gradient boundary layer
(Li et al., 2021b). It precisely predicts the inverse pressure
gradient and flow separation, while the entropy production is
closely related to the viscous force in the boundary layer.
Therefore, the SST k–ω model was adopted for the calculations.

Grid Information and Grid Irrelevance
Verification
The entire model was meshed using ICEM Surf. Because the grid
quality significantly impacts the calculation accuracy and
considering that the structured grid simulation results are
highly accurate (Li Z. et al., 2021; Li et al., 2021d), all parts of
the computing domain were meshed to form a structured grid.
Table 2 lists the grid details for the six sets of grids in the model.
Taking the normal turbine working condition as the calculation
working condition point, we obtained the relative values of the
calculated head, test head, and pump turbine efficiency as the
independent verification standard (Figure 1).

The y+ values for all six grid sets were lower than 11.6
(Table 2), and the velocity field in the wall region could be
obtained directly using the SST k–ω model (Li 2017). The head
and efficiency were in the grid number exceeding 4.7 million close
to the test data and tended to stabilize, considering the calculation
accuracy (Figure 1). Finally, the sixth grid set was selected as the
grid model for the calculations. The grid division is depicted in
Figure 2.

Boundary Conditions
Ansys Fluent was used to perform a constant numerical
simulation of the entire fluid domain. The inlet boundary
condition was set as the mass flow inlet, and the draft tube

TABLE 1 | Parameters of model.

Parameter Value

Runner inlet diameter, D1 477.5 mm
Runner outlet diameter, D2 240 mm
Number of runner blades, Z1 9
Number of stay vanes, Z2 20
Number of guide vanes, Z3 20

Frontiers in Energy Research | www.frontiersin.org May 2022 | Volume 10 | Article 9042023

Zeng et al. S-Shaped Region of Pump Turbine

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


outlet was the pressure outlet. The solid wall surface had a no-slip
boundary condition. In addition, the flow field applied SIMPLEC
pressure–velocity coupling, the rotation was set to a frame
motion, and the convergence residual was set to 10−4. The
energy characteristics were analyzed for all cases without
considering cavitation.

TEST VERIFICATION

The reliability of the numerical simulations was verified
experimentally using a model pump turbine. A schematic of
the testbed is shown in Figure 3. The test bench adopted a
circular closed two-way operating system, and the experimental
accuracy and operational stability satisfied relevant requirements.

In the numerical simulations, a minimum flow was selected to
replace the zero flow because it is impossible to select the flow as
zero under the zero-flow-rate condition; otherwise, the flow
cannot be calculated. The specific operating point data are
listed in Table 3, where n11 and Q11 are the unit speed and
unit flow rate, respectively. n11 andQ11 are transformed using Eqs
18, 19, respectively:

n11 � nD��
H

√ (18)

Q11 � Q

D2
��
H

√ (19)

where n is the rotational speed,Q is the flow rate,D is the nominal
diameter of the runner, and H is the water head.

The Q11-n11 curve of the pump turbine depicts the inverse “S”
shape of the guide vane opening line; hence, this area is called the
S-shaped region of the pump turbine. The “S” property of the
pump turbine is unique, and its existence can create difficulties in
grid connection in the unit and fail to achieve no-load stability
after load shedding. The test data for the turbine operating
conditions were presented as the Q11-n11 curve and compared
with the CFD results for verification (Figure 4).

The most significant difference between the numerical
simulation and test results near the runaway condition is
attributed to the high speed and flow mismatch under this
condition (Figure 4). However, the maximum error was still
lower than 3%, and the numerical simulation and test results were
consistent and satisfied the accuracy requirements (Liu 2013).

ANALYSIS OF VORTEX IN S-SHAPED
REGION

The physical quantity that characterizes the angular velocity of
rotation of a fluid microelement is vorticity, which originates
from the velocity gradient of the flow field (Norizan et al., 2018;
Tajul 2018). The |ω|-criterion uses the modulus of vorticity as the
criterion for vortex. However, because vorticity originates from
the velocity gradient of a flow field, it cannot distinguish between
the rotation and shear motion, although it can intuitively show
the difference in velocity gradient. When the vorticity modulus is
very high, it becomes inconsistent with the existence of a vortex.
Therefore, the Q-criterion was introduced to identify vortices
(Zhang Y.-n. et al., 2019). Figure 5 shows the vorticity
distribution of the stay-guide vanes and runner for each
operating condition in the S-shaped region. Figure 6 shows
the Q-criterion discrimination results of the stay-guide vanes
and runner for each operating condition in the S-shaped region.

The velocity gradient of the internal flow field of the turbine
condition was mainly induced by the impact of the incoming flow
on the runner (Figures 5, 6). Therefore, the vorticity modulus was
very low, and the vortices were small-scale vortices.

The vorticity under the runaway condition was significantly
increased compared with OP1. Not only did vorticity
exceeding 600 s−1 occur on each blade pressure surface, but

TABLE 2 | Grid information.

Number Volute Stay-guide vanes Runner Draft tube Total y+

1 256,720 427,692 543,010 150,870 1,378,922 3.1
2 294,782 665,932 975,825 212,680 2,149,219 3.3
3 594,112 830,122 1,437,975 376,480 3,500,849 2.4
4 634,782 1,217,522 2,392,875 476,490 4,721,669 1.9
5 691,204 1,780,168 2,398,032 712,680 5,582,084 1.8
6 691,204 2,089,988 3,398,032 959,130 7,158,354 1.6

FIGURE 1 | Validation of grid independence.
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FIGURE 2 | Grids of different parts.

FIGURE 3 | Pump turbine test bench.
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the vorticity in the vaneless space also increased. A significant
velocity gradient existed at the entrance of each runner flow
channel, obstructing the normal passage of water and blocking

the flow channel. The Q-criterion discrimination results for
the runaway condition indicated that the blade pressure
surface exhibited a larger-scale vortex because the runaway
condition had a high speed and low flow rate, and flow
separation occurred on the blade wall. However, the Q
value of the vaneless space was lower than zero. Based on
the Q-criterion definition and velocity gradient equation, the
vorticities in these areas were dominated by shear strain.
Under the turbine brake condition, its speed slightly
decreased compared with OP2, but the flow decreased
rapidly; therefore, the flow separation and the rotating stall
of the runner were intense. The unit exhibited significant
instability, and the scales of the passage and separation
vortices increased.

Under the zero-flow-rate condition, numerous vortices started
to appear in the stay-guide vane flow paths. These vortices,
formed by the secondary and cross flows, prevented water
from flowing smoothly into the runner area. This obstruction
indicated that the vortex propagated towards the stay-vane and
guide-vane flow channels. Under the reverse pump condition, the
vorticity inside the pump turbine was very large. In many areas, it
exceeded 900 s−1. Numerous vortices were distributed in the
circumferential direction in the vaneless space. The stress on
the blade became complex, and the flow channel of the stay-guide
vanes was almost wholly occupied by vortices. These phenomena
mainly occurred because the rotation direction of the blade was
inconsistent with the incoming flow direction. Therefore, the
water could not smoothly enter the volute and flow out,
generating strong exciting forces in the mainstream area. In
engineering practice, the unit should prevent reaching this
working condition as much as possible.

In summary, the vorticity increased in all the areas for all the
conditions. The OP1, OP2, and OP3 vortices were mainly
distributed on the blade pressure surface, and the velocity

TABLE 3 | Calculated working points.

Working condition n11 Q11

Turbine condition, OP1 37.02 0.69
Runaway condition, OP2 50.01 0.31
Turbine break condition, OP3 47.46 0.12
Zero-flow-rate condition, OP4 45.05 −0.02
Reverse pump condition, OP5 47.46 −0.11

FIGURE 4 | Turbine operating characteristic curves.

FIGURE 5 | Vorticity distribution.

FIGURE 6 | Results for Q-criterion discrimination.
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gradient in the vaneless space was mainly generated by shear
strain. The OP4 and OP5 vortices propagated towards the stay-
guide vane flow paths, and the flow patterns in the entire
mainstream area were highly turbulent.

ANALYSIS OF ENTROPY PRODUCTION
RATE IN S-SHAPED REGION

According to the second law of thermodynamics, entropy always
increases in fluid systems (Gong et al., 2013). Yao (2018) found
that the high entropy production rate in the main flow area of a
pump turbine is mainly caused by flow separation, impact, and
circulation. The entropy production rate can characterize the
energy loss. The entropy production rate distribution was plotted
to determine the energy loss of each working condition in the
S-shaped region (Figure 7).

The entropy production rate of the turbine condition was low
and lower than 1,000Wm−3K−1 in most areas (Figure 7). Under
the runaway condition, the entropy production rate in the vaneless
space increased, the energy loss was significant, and the overall
distribution of the entropy production rate exhibited periodicity
and symmetry. At this time, the energy loss of the pump turbine
was mainly generated by the rotating stall and rotor–stator
interaction. The entropy production rate distribution of the
turbine break condition was similar to that of the runaway
condition; however, the flow rate of the turbine break condition
was halved, and the internal flow pattern of the turbine break
condition was more turbulent than that of the runaway condition.
Thus, themechanical energy loss propagated towards themiddle of
the runner channel, the maximum entropy production rate
exceeded 8,000Wm−3K−1, and the efficiency of the unit decreased.

FIGURE 7 | Entropy production rate distribution. FIGURE 8 | Monitoring point setting.

FIGURE 9 | Variations in vorticity and entropy production rate.
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Under the zero-flow-rate condition, the entropy production
rate of the blade pressure surface and vaneless space continued to
increase compared to the turbine condition, owing to the low flow
rate. However, the energy loss of the blade suction surface was still
minimal. Entropy production rates exceeding 5,000Wm−3K−1

were observed for the stay-guide vane channel, indicating that the
energy loss spread outward. The reverse pump condition had a
comparable speed but in the opposite direction of fluid flow of the
turbine break condition. The mismatch between the incoming
flow and blade rotation direction increased the energy loss. At this
time, the vortices blocked the flow channel, forming a high-speed
water-blocking ring, and a significant amount of mechanical
energy inside the unit was transformed into internal energy.

RELATIONSHIP BETWEEN VORTEX
DISTRIBUTION AND ENERGY LOSS

Although vortices are caused by shear, no rotational flow occurs
when the shear stress direction is parallel, which explains why
intense vorticity exists in laminar boundary flow but without
vortex structures (Yuan 2020). Because the vorticity and entropy
production rates were distributed periodically, the relationship
between the energy loss and adverse flow was investigated. Three
monitoring points were selected from the guide vane channel,
vaneless space, and runner channel, and their vorticities and
entropy production rates were quantitatively analyzed and
averaged. Figure 8 shows the locations of the monitoring
points, and Figure 9 shows the variations in the average
vorticity and average entropy production rate.

As can be seen from Figure 9, OP1 has small vorticity
everywhere. The average vorticity of the guide vane flow channel
in OP2, OP3 is almost no increase, this is because although the high
speed flow rate is small, but the bad flowmainly occurs in the runner
and vaneless space, the guide vane flow channel does not appear
larger velocity gradient. And in OP4, OP5 vorticity increased more,
when the blade rotation direction and the direction of incoming flow
does not match, vorticity is mainly caused by the guide vane flow
channel vortex. The maximum average vorticity is 590 s−1. The
vorticity of the runner flow channel is mainly due to the velocity
gradient generated by the flow separation. The vorticity increases
more in the vaneless space, and the average vorticity is close to
1000 s−1 at OP5, which is also the location of the largest velocity
gradient in the whole mainstream area. This indicates that the rotor-
stator interaction effects have the greatest impact on the vorticity
inside the pump turbine (Li et al., 2021e).

The growth rate of the average EPR is similar to that of the
vorticity, which also indicates that the vorticity and energy loss have
a strong correlation. At OP5, the average EPR in the vaneless space is
close to 10,000Wm−3K−1, and at this time, the strong rotor-stator
interaction effects cause strong vibration, and the mechanical energy
is converted into internal energy in a large amount.

The vorticity and entropy production rate in each working
condition not only increase in a similar pattern, but also
correspond to high entropy production rate in places with high
vorticity, which are all near the vaneless space, showing a good
match. Vorticity is strongly correlated with energy loss. The runaway

and turbine break conditions had more shear strains in the vaneless
space dominating the flow. Under both conditions, the rotor–stator
interaction in the vaneless space was intense, and the strong shear
effect generated larger vorticity than the rotation. Under the zero-
flow-rate and reverse-pump conditions, the vaneless space still had
the largest vorticity and entropy production rate. Although there are
many vortices and large energy loss in the stay-guide vanes channel,
the vorticity caused by shear strain reaches 980 s−1 in reverse-pump
conditions, while the vorticity caused by rotation is only 590 s−1.
Therefore, the vorticity caused by the strong shear effect was more
significant than that caused by the rotation.

CONCLUSION

The aim of this study was to investigate the characteristics of
vortex distribution and its relationship with energy losses in the
S-shaped region of a pump turbine. The following conclusions are
drawn.

1) The |ω|-criterion can be used to derive the vorticity distribution
in a flow field based on the vortex analysis of each working
condition of the S-shaped region. However, the |ω|-criterion
cannot distinguish between rotation and shear motion, whereas
the Q-criterion can effectively solve this problem.

2) Under all the conditions, the vorticity and entropy production
rate increased, and the passage and separation vortices were
densely distributed gradually. Under the zero-flow-rate and
reverse pump conditions, vortices propagated towards the
stay-guide vanes, significantly blocking the flow channel and
obstructing the smooth flow of water.

3) The vorticity and entropy production rates in the vaneless space
were the highest. The vorticity and energy loss were strongly
correlated, and the vorticity induced by the strong shear effect
was more significant than that induced by the rotation.
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