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ABSTRACT

Since the pump as turbine is increasingly employed in energy storage, improving efficiency in both pump and turbine modes is required for
economic benefits. This study aims to analyze vortex flow characteristics and vortex control methods in both modes to reduce hydraulic loss.
In this paper, a delayed detached eddy simulation was applied in a low specific speed pump-turbine. Based on the entropy production analy-
sis and vorticity binary decomposition in the local vortices, the results show that the local shear is the leading cause of hydraulic loss instead
of the existence of vortices. The average wake loss can be 1.6 times higher than the loss in jet regions in pump mode, but there is little differ-
ence in the distribution of shear and vortices in the wake flow in turbine mode. The local loss caused by the rotor–stator interaction with a
tongue effect at blade passing frequency is up to threefold over the loss without a tongue effect in both modes. Reducing shear and ratio of
shear to rigid vorticity of the local vortices via modification in the volute tongue angle to suppress the tongue effect can be an effective way to
decrease hydraulic loss in both modes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124552

I. INTRODUCTION

Pump as turbine (PAT) running in pump and turbine modes is
becoming a promising solution in energy storage and grid load control
for the growth of renewable energy production since changes between
the power production and consumption need to be balanced.1,2 PAT
saves the cost of purchasing a turbine and is convenient to maintain. It
can be used in a micro-pumped storage power system, as well as in
complex systems with wind power or a photovoltaic system, especially
in rural areas with a sufficient amount of space and slope.3,4 Moreover,
the high-head pump-turbine is the trend to develop to reduce the
investment, which means the low specific speed pump-turbine is gain-
ing more attention.5 As pump-turbine efficiency is closely related to
economic benefits, ensuring that the machine operates efficiently
under both pump and turbine modes is a critical issue to solve. Thus,
it is essential to investigate the hydraulic loss mechanism in two modes
and improve the low specific speed pump-turbine design technology.

For the hydraulic loss in the low specific centrifugal pump, unde-
sirable flows, such as separation, wake, and shock, are the main reason
for the loss in the impeller, while the strong wall effect and incidence
at the tongue are the dominant factors in the volute.6 Li et al.7

conducted a numerical simulation on the vortex movement of a

pump-turbine in pump mode and found that the Dean vortex in the
draft tube could cause periodic blockages in the stator passages and
form the shock loss. When the pump runs in turbine mode, Tang
et al.8 concluded that the wall shear stress on the blade of the guide
vane and runner, and the asymmetric vortex rope in the volute are the
primary factors of irreversible energy loss. Ghorani et al.9 indicated
that the dominant dissipation occurs in PAT runner due to the shock
at the blade inlet, flow deviation at the blade outlet, and vortices in
flow passages. Cavazzini et al.10 analyzed the unsteady behavior of the
pump-turbine in pump mode and turbine mode. It is found that the
rotating stall and the rotor–stator interaction are the leading causes for
unstable operating in pump mode, which also amplifies the hydraulic
loss, while the blocking effect of vortices and stall cells is responsible
for the unstable phenomena in turbine mode. In addition, they also
pointed out that many modifications on runner structures for improv-
ing turbine performance could negatively affect operation in pump
mode, and it is essential to consider two modes simultaneously to opti-
mize the structures.

Although almost all the studies mentioned the relationship
between the vortex and hydraulic loss, the vortex identified by stream-
lines is limited to showing detailed flow information, as the streamlines
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is a global method requiring values in many grid cells, which could
ignore the local vortex structures presented by the neighborhood of a
grid cell. There are many local vortex identification methods, such as
vorticity, Q criterion,11 and the k2 method,12 but these methods are
regarded as not precise enough to present the rotation motion of the
fluid.13 Based on the real eigenvector’s direction of the velocity gradi-
ent tensor is the rotation axis of the local vortex and the rotation are
supposed to avoid shear contamination. Liu et al.14–16 proposed the
rigid vorticity vector (also named as Liutex) to depict the rigid rotation
of the fluid parcel, and a vorticity binary decomposition17 was further
presented to evaluate the local shear and rigid rotational strength.
Since this method has been validated in many studies,18–20 it could
provide a special perspective to analyze the relationship between irre-
versible loss and local vortex strength.

Despite the above research, we also have conducted a series of
studies on the detailed vortex flow features and induced loss in the
pump, including entropy production diagnostic analysis,21,22 structure
optimization via minimization of entropy generation,23 attached vor-
tex patterns on the volute,24 and unsteady rigid vortex evolution char-
acteristics.25 It is found that the entropy production method is an
effective way to detect the detrimental flow and help to improve per-
formance. However, the relationship between the vortices and loss is
not fully understood, which leads to a lack of guidance in optimizing
structures via vortex control. As improving the pump-turbine effi-
ciency requires taking the flow analysis of both modes into account,
the loss mechanism in the view of the local vortex in each mode needs
to be further discussed.

In this paper, numerical research is conducted to investigate the
flow characteristics in a low specific speed pump-turbine. The internal
loss calculated by the entropy production method is validated in two
modes. The relationship between loss and the local rigid vortex is
revealed, and the flow and dissipation characteristics in both modes
are discussed. Finally, an original hydraulic loss reduction method is
validated in both modes based on the above findings.

II. THEORETICAL MODEL
A. Energy loss in pump-turbine

The total loss (TL) in the pump-turbine includes leakage loss,
disk friction loss, and hydraulic loss. Although only the hydraulic loss
is the research focus, the other two losses cannot be ignored when
comparing the predicted performance with the experiment. The fluid
could flow into the cavity chamber through clearance, which means
this part of the fluid avoids any energy conversion by the runner.
There exists leakage loss

DPL ¼ qgqH; (1)

where q is the density, q is the leakage flow discharge obtained from
simulation, andH is the head.

Disk friction loss is related to the wall shear on the runner

DPD ¼ sw � uw; (2)

where sw is the wall shear stress, and uw is the velocity at the first layer
of the grid from the wall.

The hydraulic loss can be calculated by entropy generation based
on the second law of thermodynamics. The single-phase instantaneous
local entropy production with the Navier–Stokes equation form26 is
expressed as

SNSpro ¼
U
T
� K
T2

@T
@xi

� �2

; (3)

where U is the viscous dissipation, T is the temperature, K is the ther-
mal conductivity, and xi is the spatial coordinate. The first term of the
right hand is loss from viscous dissipation, and the second term
denotes irreversible heat transfer loss.

Since the heat transfer loss for the pump-turbine flow, which can
be neglected due to the water temperature, is almost unchanged, the
loss is dominated by viscous dissipation

U ¼ rij
@uj
@xi

; (4)

where rij is the viscous stress, uj is the velocity component. For the
incompressible flow, rij ¼ lð@ui@xj

þ @uj
@xi
Þ, and l is the dynamic viscosity.

The instantaneous dissipation cannot be calculated directly
except for direct numerical simulation data. Based on the idea of the
Reynolds averaging method, the instantaneous viscous dissipation can
be divided into time-averaged value and fluctuating component

Ut ¼ �U þ U0
t ; (5)

where �U is the time-averaged value, andU0
t is the fluctuating value.

Herwig and Kock27 derived the entropy production equation
with the Reynolds-averaged Navier–Stokes (RANS) form

�U ¼ �Ud þ �Utur ¼ l
@�ui

@xj
þ @�uj

@xi

 !
@�uj

@xi
þ l

@u0i
@xj

þ @u0j
@xi

 !
@u0j
@xi

: (6)

The first term of right hand is called direct dissipation, and the
second is turbulent dissipation. Note that the turbulent dissipation is
the average of fluctuation. The quantity is related to the turbulent dis-
sipation rate

�Utur ¼ qe; (7)

where e is the turbulent dissipation rate.
Considering the turbulent production is generally approximately

equal to the dissipation in a steady and homogeneous flow, the turbu-
lent dissipation can also be expressed as28

�Utur ¼ �qu0iu0j
@�ui

@xj
¼ lt

@�ui

@xj
þ @�uj

@xi

 !
@�uj

@xi
; (8)

where the term �qu0iu0j
@�ui
@xj

is the turbulent production, �qu0iu0j
¼ ltð@�ui

@xj
þ @�uj

@xi
Þ is ’the Boussinesq’s hypothesis, and lt is the turbulent

viscosity.
The difference in turbulent dissipation between these two meth-

ods is slight, and the deviation is no more than 2%.29 Thus, both of
them can be used in the engineering field. The entropy production rate
with RANS is expressed in Eq. (9), and Eq. (10) is the total hydraulic
loss given as

Spro ¼
�Ud

T
þ

�Utur

T
; (9)

DPH ¼
ð
V

TSprodV : (10)
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This expression still works when it comes to unsteady Reynolds-
averaged Navier-Stokes (URANS) or delayed detached eddy simula-
tion (DDES) model, and Eq. (5) is recommended. During the transient
process, the local entropy production can be obtained based on the
instantaneous velocity and the turbulent dissipation rate.30

B. Vorticity binary decomposition

The necessary and sufficient condition of the fluid rotation
requires that there exist two complex conjugates eigenvalues and a real
eigenvector of the velocity gradient tensor, and the local rotational axis
direct along the real eigenvector. Since the rotational axis of vorticity is
not always satisfied with the condition, the curl of the velocity field
can hardly present the physical phenomenon of rotation, i.e., vorticity
concentrates in the Blasius boundary layer, but there does not exist
fluid rotation. Liu et al. proposed the rigid vorticity vector R to repre-
sent the direction of the vortex and absolute swirling strength17

R ¼ Rr ¼ x � r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � rð Þ2 � 4k2ci

q� �
r; (11)

where x is the vorticity, and r and kci are the real eigenvector and the
imaginary part of the complex eigenvalue of the velocity gradient ten-
sor, respectively.

The rigid vorticity can be interpreted as the rigid-body rotation
part of vorticity, and the other part of vorticity is mainly shear S. Thus,
the vorticity binary decomposition is expressed as

x ¼ Rþ S: (12)

The local vortex exists when the magnitude of R is larger than 0.
A non-dimensional variable XR is also used in Eq. (13), which denotes
the relative vortex strength.31 As XR becomes meaningful only when it
is greater than 0.5, the XRB in Eq. (14) is employed to represent the
rotation directly32

XR ¼ x � rð Þ2
2 x � rð Þ2 � 2k2ci þ 2k2cr þ k2r
� �þ e0

; (13)

XRB ¼ jXR � 0:5j þ XR þ 0:5ð Þ
j2XR þ 1j þ e0

XR; (14)

where kcr and kr denote the real part of the complex eigenvalue and
the real eigenvalue of the velocity gradient tensor, respectively, and e0
is a small value to avoid program error.

III. NUMERICAL MODEL ANDMETHOD
A. Calculation domain

The centrifugal pump as turbine with a specific speed of
3:65nQ0:5=H0:75 ¼ 23:7 was selected to conduct a numerical simula-
tion in both pump and turbine modes. The designed head of the pump
is 78m under the discharge of 12.5m3/h and speed of 2900 r/min.
Figure 1 shows the pump-turbine computational domain. Since only
the fluid domain was modeled and simulated, the blank area in Fig. 1(c)
presents the solid domain of the shaft and blades. Chambers A and B
are the cavities to take the leakage loss into account. The red lines S1–S6
and light blue points V0–V4 denote the monitoring surface of the
volute and the point, respectively. The surfaces S1–S4 are the cross sec-
tions of the volute at the degree of 90�, 180�, 270�, and 0�, respectively.

The points V1–V4 locate in the corresponding position of circle C3
with a diameter of D3. The S5 and V0 are aligned with the tongue tip.
There are five flow passages in the runner, namely, P1–P5, as well as
five parts for the curve C3. The main parameters of the fluid domain
are listed in Table I. The length of the inlet tube and the outlet tube in
pump mode is six and five times the diameter to reduce the distur-
bance, respectively. The structured mesh shown in Fig. 2 was built via
ANSYS ICEM to improve the calculation efficiency, where the bound-
ary layer grids near the blade suction side (SS) and pressure side (PS)
are also illustrated.

B. Numerical setup

The ANSYS Fluent was applied for the transient flow calculation
of the pump-turbine in two modes. The DDES based on the k–x
shear-stress transport (SST) turbulence model was selected to balance
the calculation cost and precision.

In order to analyze the flow characteristic at the best efficiency
point with the same rotational speed of two modes, the discharge rate
of 6.25m3/h (Qn) in pump mode and the discharge of 10.62m3/h
(1.7Qn) in turbine mode with the runner speed magnitude of 1450 r/min
are defined. This runner speed is selected to avoid the plexiglass blades
getting fragile during the experiment. The velocity inlet boundary and
pressure outlet were set in pump mode, and the same boundary condi-
tion with a counter runner rotation was defined in turbine mode. The
unsteady simulation of a moving mesh is employed when the initial
steady calculation converges. The SIMPLEC scheme was chosen for
pressure–velocity coupling. The time step is 0.000 115 s with 40 inner
iterations, and the convergence criterion is 0.0001. The user-defined
function was implemented to calculate the transient entropy produc-
tion, rigid vorticity, and XR in every time step.

C. Simulation validation

The grid convergence index (GCI) method recommended by the
Journal of Fluids Engineering33 was applied to validate the grid inde-
pendence, and Table II gives the computed errors based on the
Richardson extrapolation of three sets of grids in pump mode. As the
fine-grid convergence index is less than 1%, the calculation result can
be deemed to meet the demand for mesh independence. Thus, the
pump-turbine model with 8.21 � 106 elements was selected in this
paper. Under this set, the first grid layer heights near blades and volute
are 0.003 and 0.016mm, and the number of boundary layers is 16 and
10 with a growth ratio of 1.3, respectively. The average yþ of the run-
ner blades is 1.8 and 5.4 of the volute wall.

The experiment was conducted to validate the numerical method,
where the uncertainty of head and efficiency are 0.4% and 0.66%,
respectively, according to the measurement uncertainty and calcula-
tion formula. The detailed information on the hydraulic test loop can
be seen in our previous paper.24 Figure 3(a) presents the changes in
head and efficiency with different discharges in pump mode, where
the pump head and efficiency are expressed as Eqs. (14) and (16). In
general, the predicted results agree well with the experimental data,
and the maximum error is lower than 3%, which indicates the simula-
tion is reliable. The comparison of the entropy production method is
shown in Fig. 3(b), where the total loss (TL) was calculated by Eqs.
(18) and (19). The maximum total loss error in different methods is
5% in pump mode and error of 4% in turbine mode. Although only
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numerical data were used to validate the entropy production method
in turbine mode, the total loss computed via the experimental data
and numerical data given in pump mode is sufficient to verify the
validity and accuracy of this method

HP ¼ pout � pin
qg

; (15)

HT ¼ pin � pout
qg

; (16)

gP ¼ qgQPHP

MPxr
; (17)

gT ¼ MTxr

qgQTHT
; (18)

DPTL;P ¼ MPxr � qgQPHP; (19)

DPTL;T ¼ qgQTHT �MTxr ; (20)

where the subscripts P and T denote the pump mode and the turbine
mode, respectively, H is the head, g is the efficiency, pout and pin are

FIG. 1. The computational domain of the pump-turbine and schematic view: (a) components in two modes, (b) side view of the runner and the volute, (c) front view of the run-
ner and the volute with monitor points, and (d) front view of the runner and the volute with monitor curve.

TABLE I. Geometric parameters of the pump-turbine.

Variable Value Variable Value

D1 0.05 m D2 0.236 m
D3 0.242 m D4 0.0319 m
ub 230� uc 9�

b1 29� b2 19.1�

t1 0.002 m t2 0.001 m
t3 0.004 m t4 0.005 m
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the total pressure at the outlet and the inlet, M is the torque, Q is the
flow discharge, andxr is the angular velocity.

IV. RESULTS AND DISCUSSION
A. Loss characteristic of local rigid vortex
in pumpmode

This part focuses on the relationship between hydraulic loss and
local vortex, and their characteristics under typical unsteady flow phe-
nomena, such as jet-wake flow and the rotor–stator interaction in
pump mode.

The instantaneous contour of the entropy production rate and
local rigid vortex distribution with streamlines at the mid-plane of
the runner and the volute at discharge of Qn are shown in Fig. 4.

FIG. 2. Grid information of the runner and the volute.

TABLE II. Grid convergence index based on the Richardson extrapolation method.

Parameters Variable Value

Mesh element number M1, M2,M3 (�106) 3.64, 5.47, 8.21
Grid refinement factor r21, r32 1.5, 1.5
Head H1, H2, H3 (m) 19.42, 19.33, 19.28
Apparent order P 1.44
Extrapolated value U21

ext 19.53
Approximate relative error e21a (%) 0.46
Extrapolated relative error e21ext (%) 0.58
Fine-grid convergence index GCI21fine (%) 0.72

FIG. 3. Performance comparison between experimental and numerical results: (a) validation on head and efficiency in pump mode and (b) validation on the entropy production
method.
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The loss concentrates on the runner inlet, runner outlet, and volute
outlet. The incidence loss at the leading edge of blades accounts for the
significant entropy production at the runner inlet, while the wake flow
is the leading cause of loss at the runner outlet. In addition, there also
exist high losses at the blade tip clearance when the blade moves to the
volute tongue. Streamlines present the distribution of the global vortex,
indicating a smooth flow in the runner without any separation and
vortex on a mainstream scale. However, the local vortex identification
method could illustrate more detailed vortex structures. Figure 4(b)
shows the local rigid vortex structures. It can be seen that there are
fewer vortices at the runner inlet while generating sharply in the run-
ner passages near the suction side and pressure side. At the runner
outlet, vortices concentrate on the wake flow of the trailing edge of the
suction side, and there are no apparent vortices near the pressure side.

Although some studies indicate that the vortex structures could lead to
local loss rise,9 there exists a counterexample that the vortices in the
runner passages do not cause significant loss, as shown in the area
marked by the yellow curve, where there exist intense vortex structures
while the local loss is almost negligible.

The jet-wake flow pattern is a common phenomenon occurring
at the outlet of the centrifugal runner, which is featured higher velocity
near the pressure side of the blade (jet flow) and lower velocity near
the suction side (wake flow), causing a considerable impact on effi-
ciency. In Fig. 5, the instantaneous velocity and the entropy produc-
tion rate on circle C3 were further extracted to analyze the loss
distribution in jet-wake flow. Assuming the velocity of the turning
point (the boundary between the jet and wake) was the spatially aver-
aged value in each part of P1 to P5, the approximate areas of the jet

FIG. 4. Distribution of hydraulic loss and local rigid vortex in pump mode: (a) contour of entropy production rate and (b) contour of the relative vortex strength.

FIG. 5. Distribution of velocity and hydraulic loss at C3 in pump mode: (a) velocity and (b) entropy production rate.
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pattern marked in light orange and the wake pattern in light blue in
each passage were divided, except for the passage P1, as there is no
apparent jet-wake pattern. Figure 5(b) also shows that hydraulic loss
mainly occurs in the wake areas and achieves the highest level at the
suction side in passage P5 when the blade moves to the tongue region.

Since vorticity binary decomposition provides the perspective of
pure shear distribution and local rigid vortex strength, the relationship
between loss, shear, and rotational strength can be further revealed.
The top diagram of Fig. 6 depicts the shear and loss changes in the jet-
wake pattern, and the bottom one gives the distribution of absolute
vortex strength R and relative strength XRB. The hydraulic loss is
closely related to shear as the shear trend agrees well with the entropy
production rate. Compared with the average entropy production rate
of the wake areas and the jet regions, the average wake loss can be 1.6
times higher than the loss in jet flow. According to the distribution of
shear and rotational strength, it is found that the shear is a necessary
but insufficient condition to the local vortex, i.e., there could be no
vortex occurring even if strong shear exists as shown in the jet area in
P5. However, once a local rigid vortex exists, the absolute rotational
strength could rise with the increasing shear. It is also noted that the
hydraulic loss near point B is considerably lower than that near point
A when the values of shear are almost identical. This can be explained
by the difference in rotational strength that the magnitude of R at
point B is much higher than that at point A. It can be concluded that
the areas with higher rotational strength can be less dissipated than
others when suffering a comparable shearing effect.

The instantaneous distribution of loss and vortex in the cross sec-
tions of the volute is present in Fig. 7, where the subscript number of
T1–T4 and B1–B4 corresponds to the position S1–S4. In the top dia-
grams T1–T4, the loss from the two opposite pairs of global vortices is
much less than the loss produced by wall shear, and it is also substantially
lower than the incidence loss when the blade passes the tongue in T4.

Thus, reducing the wall shear or incidence loss at the tongue can be
more efficient than controlling secondary flow to decrease energy dis-
sipation. The bottom figures B1–B4 show the relationship between
local rigid vortices and the global vortex. The global vortex (vortex
identified by the global method) is depicted by streamlines as this
method requires values in many grid cells, while the local vortex (vor-
tex identified by the local method) is presented by the neighborhood
of a grid cell. The global method hardly captures all the local vortex’s
positions, but the local vortex could present all the central positions of
the global vortex. The possible reason is that the global vortex featured
plenty of local vortices rotating around a public axis. So, it can be con-
cluded that the generation of the local vortex is a necessary but not an
insufficient condition for the global vortex. In addition, the local rigid
rotational strength has little connection with the central location of the
secondary flow.

The rotor–stator interaction is another critical factor for pump
operation in a stable and high-efficiency state. It is known that this
effect could amplify hydraulic loss, while the amplitude of loss differs
from region to region in the volute because of the asymmetric struc-
ture and the influence of the volute tongue. To analyze how the loss in
different regions is affected by the rotor–stator interaction and where
is the most dissipated area, the fast Fourier transform (FFT) of the
change of the entropy production rate at points V0–V4 was presented
in Fig. 8. The 1024 sample points in three rotation periods were used
to satisfy the requirement of the sample number (2n) of FFT. This
number of rotation periods can be sufficient to show the changing law
and save the computation cost at the same time. The spectra domain
diagram shows that the dominant frequency locates at blade passing
frequency (fBPF), where the peak loss decreases from point V0 to V4
along the downstream direction. Due to the tongue effect, the maxi-
mum loss at fBPF at V0 can be approximately three times higher than
the loss at V3. This is because the shearing effect gets reduced since

FIG. 6. Distribution of hydraulic loss, shear, and rigid vortex strength at C3 in pump mode.
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the blade tip clearance becomes wide. Figure 9 shows the changes in
shear, rigid vortex strength, and loss at point V0 during the rotor–
stator interaction process. In the time domain graph, the start time is
when the phase position of the runner equals it of Fig. 4. The changing
trend of shear instead of rotational strength is consistent with hydrau-
lic loss, which proves again that it is shear that plays a major role in
energy dissipation. However, the relationship between shear and rota-
tional strength can be complicated since the magnitude of shear is not
the only factor in vortex generation. A periodic phenomenon can be

seen that all these variables reach their highest level when the blade
passes by the volute tongue. The spectra domain diagram shows the
dominant frequency locates at the blade passing frequency, and dis-
tinct shear and hydraulic loss peaks occur at its harmonics. The ampli-
tude of rigid vorticity pulsation is distinctive only at fBPF and 2 fBPF,
indicating the high-frequency vortices are characterized by chaotic
and weak vortices, while the loss and shear can be more sensitive to
the rotor–stator interaction in a broader range of frequency.

It is aware that hydraulic loss is not only dominated by shear but
also negatively associated with rotational strength from the above dis-
cussion. However, the increase in the rotational strength always
accompanies the strengthening of shear. Thus, the relative quantity of
the ratio of shear to rigid vorticity (RSL) in Eq. (21) is proposed to
quantify the influence of shear on the rigid rotational strength. When
the value of RSL decrease, the flow tends to be steady with loss reduced
since the relative rotational strength gets enhanced, and the shearing
effect is likely to strengthen rotation rather than dissipate. Figure 10
shows the area averaged energy loss and RSL on the iso-surface of vor-
tex structures identified by XR under the instantaneous field. The areas
are iso-surface of XR at 0.5, 0.6, 0.7, 0.8, and 0.9. Once the coordinates
of these points of iso-surface were extracted, the spatially averaged
value of Spro and RSL can also be obtained. The total loss in the volute
is much higher than the loss in the runner. Both the loss and RSL of
vortices become lower as relative rotational strength gets stronger,
indicating that the RSL can be used as a subordinate factor in contrast
with shear to hydraulic loss,

RSL ¼ jSj
jRj þ e0

: (21)FIG. 8. FFT spectra of the entropy production rate at different monitor points in
pump mode.

FIG. 7. Distribution of hydraulic loss and local rigid vortex in pump mode. T1–T4 are the contours of the entropy production rate at sections S1–S4, respectively, B1–B4
contours of the relative vortex strength at sections S1–S4, respectively.
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B. Loss characteristic of local rigid vortex
in turbine mode

This part focuses on the difference in loss distribution affected by
the local rigid vortex and shear in turbine mode compared to pump
mode under the turbine best efficiency point (1.7Qn) with unchanged

rotational speed. The representative flow patterns of separation, jet-
wake flow, and rotor–stator interaction are also discussed.

The hydraulic loss mainly concentrates in spiral casing wall, run-
ner blades tip, and runner inlet passages and also exists at the runner
outlet in a small proportion according to Fig. 11. Although the global

FIG. 9. Local vortex and loss characteristics of the rotor–stator interaction at monitor point V0 in pump mode: (a) temporal evolution of the shear, rigid vorticity, and entropy
production rate and (b) FFT spectra of the shear, rigid vorticity, and entropy production rate.

FIG. 10. Comparison between the area-averaged entropy production rate and RSL vs relative vortex strength in pump mode: (a) in the runner and (b) in the volute.
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vortices of separation flows occur in the runner passages, it does not
bring plenty of losses as flow in blades tip or near spiral casing wall.
There are no obvious axial local rigid vortices in the volute except for
the downstream spiral casing. The axial vortices almost cover the whole
runner passages, while they are only found near blades in pump mode.

The flow pattern of velocity magnitude periodically varying from
high to low value in passages is also found in turbine mode, as shown
in Fig. 12(a), where the sampled points are identical to those in pump
mode. Although it occurs in the runner inlet, it is also named the jet-
wake phenomenon in this paper. However, in contrast to pumpmode,
the jet is near the suction side, and the wake is near the pressure side
in turbine mode. In addition, there is no significant loss in the wake
areas compared to the jet areas, as shown in Fig. 12(b), while the loss at

the tip of the blade takes the majority proportion. The counter pattern
of velocity distribution in two modes is attributed to the reversed flow
condition and vortices distribution. In pump mode, the combination
effect of adverse pressure gradient flow in the runner and the wake vor-
tices causes the lower velocity magnitude in the wake areas. However,
as the flow in turbine mode is favorable pressure gradient, the velocity
magnitude near the suction side can be higher due to the higher-
pressure gradient on the suction side compared to the pressure side.

In addition to the difference in wake loss between the two modes,
the significant loss in the wake areas of pump flow appears due to
intense shear, while in turbine mode, there is no considerable shear in
the wake flow to promote loss generation, as depicted in Fig. 13. It is
also found the phenomenon that the hydraulic loss decreases even

FIG. 11. Distribution of hydraulic loss and local rigid vortex in turbine mode: (a) contour of the entropy production rate and (b) contour of the relative vortex strength.

FIG. 12. Distribution of velocity and hydraulic loss at C3 in turbine mode: (a) velocity and (b) entropy production rate.
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when shear increases at point B of P5. This is because the strength of
the local rigid vortices is reinforced and make the local loss less dissi-
pated, which verifies the previous conclusion.

The hydraulic loss and local vortices distribution of spiral casing
is given in Fig. 14, where the subscript number of T1–T4 and B1–B4
also corresponds to the position S1–S4. The change of loss along the

downstream in turbine mode is more significant compared to pump
mode, and the area-averaged hydraulic loss reaches a maximum at the
end of the monitor section shown in T1. In addition, no streamwise
global vortex is observed in section T4, and only a few local vortices
appear at the volute outlet. As discussed in pump mode, a pair of
opposite vortices are also found with fluid flows downstream.

FIG. 13. Distribution of hydraulic loss, shear, and rigid vortex strength at C3 in turbine mode.

FIG. 14. Distribution of hydraulic loss and local rigid vortex in turbine mode. T1–T4 are the contours of the entropy production rate at sections S1–S4, respectively, B1–B4 are
contours of the relative vortex strength at sections S1–S4, respectively.
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Meanwhile, more and more local vortices are generated due to the
intense unsteady flow downstream.

When the monitor point locates upstream of the runner in tur-
bine mode, a similar rotor–stator interaction effect is also observed in
Fig. 15 compared to pump mode. Although the local loss is higher

than it is in pump mode, the amplitude of loss fluctuation is smaller.
The loss caused by the rotor–stator interaction with a tongue effect
can also be up to threefold over the loss without a tongue effect.

The changes in shear, rotational strength, and hydraulic loss near
the volute tongue are shown in Fig. 16. The blade passing frequency is
also the dominant frequency. The values of shear and loss are much
smaller than those in pumpmode even though the volute flow velocity
in turbine mode is higher than in pump mode, indicating that the
blade passing effect on dissipation in turbine mode is rather weaker
compared to pump mode. However, unlike the vortex strength pulsa-
tion in pump mode, a distinct peak occurs at 2fRF, which implies there
may exist a rotating stall causing local vortex generation periodically
but with negligible impact on loss.

C. Hydraulic loss reduction based on passive control
of shear and RSL

According to the above discussion, the local hydraulic loss could
decrease when shear or RSL gets reduced, and the shearing effect plays
a major role. It can be feasible to improve the efficiency of the pump-
turbine in both modes by reducing shear or strengthening rigid vortex
via structure optimization.

Since the loss near the volute outlet in pump mode and the inci-
dence loss near the volute tongue in both modes are the significant fac-
tors to the whole hydraulic loss, the adjustment of the volute tongue

FIG. 15. FFT spectra of the entropy production rate at different monitor points in
turbine mode.

FIG. 16. Local vortex and loss characteristics of the rotor–stator interaction at monitor point V0 in turbine mode: (a) temporal evolution of the shear, rigid vorticity, and entropy
production rate and (b) FFT spectra of the shear, rigid vorticity, and entropy production rate.
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angle from 9� (original pump-turbine) to 15� (optimized pump-
turbine) was applied to reduce energy loss. It should be pointed out
that the thought of current modification was enlightened by an experi-
ment study.34 Although it may not be effective in other models,

the basic idea of shear and relative rigid rotational strength control is
the critical issue.

When the tongue angle increases, the hydraulic loss in the down-
stream region of the volute in pumpmode and the loss near the tongue

FIG. 17. Comparison of hydraulic loss and local vortices for pump-turbine in two modes: (a) pump mode and (b) turbine mode.

FIG. 18. The temporal evolutions of volume integral hydraulic loss and shear in the volute: (a) in pump mode and (b) in turbine mode.
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in turbine mode, as marked with the red rectangle in Figs. 17(a) and
17(b), gets reduced compared to the original pump-turbine. Figure 18
gives the change of total hydraulic loss and shear in the volute within a
rotational period, which shows there is less loss in optimized volute all
the time. In addition, the loss in turbine mode featured periodic fluctu-
ation, while it is not observed in pump mode. This phenomenon
implies that the effect of the rotor–stator interaction on volute loss in
turbine mode is the main factor, while this effect is not dominant in
pump mode when compared to the loss downstream of the volute
tongue.

In order to analyze the detailed variation in shear and relative
rigid rotational strength in the downstream volute regions in pump
mode, the area-averaged values at cross sections S5 and S6 were moni-
tored, as shown in Fig. 19. Note that the position of S5 is aligned with
each tongue tip, and S6 locates the same place in two models. At the
tongue tip area S5, the average loss of the optimized pump is less than
that of the original pump over the periods due to the shear decrease
after optimization. However, when the average shear at S6 in the opti-
mized one becomes almost identical, the RSL could help explain the
reduction in loss. Due to the smaller value of RSL, the flow tends to be
less dissipated as the relative rotational strength becomes reinforced.
Thus, the local shear and RSL are not only helpful in explaining the
hydraulic loss generation but also are practical objectives for structure
optimization.

V. CONCLUSIONS

By applying the DDES simulation with the help of the entropy
production method and vorticity binary decomposition, this study
analyzed the influence of local shear and rigid rotational strength on
hydraulic loss in a low specific speed pump-turbine, and their distribu-
tion characteristics of typical unsteady flow phenomena in both
modes. An original idea of reducing local hydraulic loss is also dis-
cussed based on the findings. The main conclusions are drawn as
follows:

(1) Local shear is the main factor to hydraulic loss rather than the
occurrence of local vortices or global vortices, such as secondary
flow and separation flow, since the occurrence of these vortices
does not always imply intense shear. In addition, vortex areas
with lower RSL can be less dissipated in comparison to others
under the comparable shearing effect.

(2) In contrast to the jet-wake flow in pump mode, this pattern in
turbine mode is characterized by higher velocity near the suc-
tion side and lower velocity near the pressure side due to the
significant favorable pressure gradient on the suction side.
There is little difference in the distribution of shear and vortices
in the wake flow in turbine mode, while the average wake loss
can be 1.6 times higher than the loss in the jet regions in pump
mode.

FIG. 19. The temporal evolutions of area-averaged hydraulic loss, shear, and RSL in pump mode: (a) at surface S5 and (b) at surface S6.
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(3) The local loss caused by the rotor–stator interaction with a
tongue effect at blade passing frequency can be up to three
times higher than the loss without a tongue effect in both
modes. However, this impact on the hydraulic loss of the volute
in turbine mode is weaker than in pump mode. Nevertheless,
the blade passing effect plays a more vital role in the volute loss
in turbine mode, as periodic loss fluctuation in the volute is
observed in turbine mode rather than pump mode.

(4) Reducing local shear and RSL of the local vortices is an effective
way to decrease local hydraulic loss. The pump-turbine perfor-
mance can be improved by optimizing the volute tongue angle
to reduce loss via decreasing the local shear at the tongue area
in both modes and lowering RSL of local vortices downstream
of the volute in pump mode.
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