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The two-way counter-rotation technology is mainly applied to the tidal power station. In this
paper, the hydrodynamic optimization of the two-way counter-rotating axial-flow pump
turbine is carried out. Under the premise of realizing the forward and reverse power
generation and the forward and negative pumping basic function, it has important
engineering significance and academic value for improving the pump turbine
performance of various working conditions. The main contents are as follows:
hydraulic design of "S"-shaped blade for the two-way counter-rotating axial-flow pump
turbine is conducted, and the influence of the gap between different impeller stages on the
performance is calculated and analyzed, and the variation law of head and efficiency of the
pump turbine under different inter-stage clearances is obtained. And the influence of the
inter-stage gap on the unit is summarized from the vorticity distribution and the axial
section pressure cloud diagram analysis, and the range of the best inter-stage gap of the
unit performance is determined.

Keywords: tidal energy, two-way counter-rotating, pump turbine, inter-stage gap, “S”- shaped blade, hydraulic
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INTRODUCTION

At present, fossil fuels still account for the vast majority of global energy demand, and their mining progress
and environmental degradation have far exceeded imagination. As a kind of renewable energy source (Liu
et al., 2018; Xu andWang, 2019;Gao et al., 2016;Kreitmair et al., 2019) tidal energy has the advantages of high
efficiency, cleanliness, and large-scale development and application. Similar to ordinary hydropower
generation, tidal power generation is that during high tide, seawater is stored in reservoirs as potential
energy, and then the seawater is released during the ebb tide. Using the height difference between the high tide
and the low tide level to drive the turbine to rotate, which in turn translates into generator power generation.
According to the layout and structure of the turbine, the hydroelectric generating sets for tidal power
generationhave the following categories (Peng et al., 2017; Zhang, 2011; Lee et al., 2018; Yin andWang, 2010):
full-flow type, shaft-through flow type, vertical cross-flow type, bulb cross-flow type. The bulb cross-flow
type’s pumping conditions and power generation conditions can obtain excellent performance due to the
straightness of the inlet and outlet water channels. Applying it to the tidal power station can realize six
functions of two-way power generation, two-way pumping and two-way water drain, and it is very suitable
for the development and utilization of tidal resources (Zhu, 2018; Gao et al., 2019; Yang, 2019).

Many scholars have shown that compared with traditional single-rotor pumps with the same
design parameters (flow, head, specific speed, etc.), the counter-rotating pump has higher efficiency,
more compact structure, more stable performance curve and better cavitation resistance (Wang et al.,
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2010; Cao et al., 2012). Counter-rotating axial flow turbines have
been widely used in various industrial fields such as propellers,
axial flow pumps and low-speed fans (Shinpei et al., 2010;
Furukawa et al., 2007; Cao et al., 2013; Shigemitsu et al., 2005).
The core technology is that the residual energy flowing out of the
first-stage impeller is fully utilized by the secondary impeller. The
first-stage and secondary impeller can be designed separately to
further improve energy density, fluid control and anti-cavitation
performance. Moreover, the head and power matching of the two
stage impellers can be controlled by adjusting the rotational speed
of the frequency converter to improve the adaptability of the unit
working condition. Applying the counter-rotating technology to
the tidal power station, it is expected to be able to more effective
improve the performance of the unit pumping conditions on the
basis of giving full play to the advantages of power generation, and
provide more potential energy for the next generation. At present,
the counter-rotation technology is widely used in wind turbines
(Kehsik et al., 2009; Shi et al., 2019; Gongzheng et al., 2006; Joly
et al., 2013), and is still rare in the field of pumps and turbines, but
many scholars have studied the application of rotating wheels in
various fields such as hydrodynamics. Clarke et al. (2010)
developed a new type of counter-rotating tidal turbine. The
novelty of the turbine includes two pairs of counter-rotating
rotor blades that directly drive an open ocean permanent
magnet generator; Muis et al. (2015) by comparing the
performance of a single rotor and two counter-rotating rotor
turbines, research shows that both turbines can operate at
relatively high efficiency. Shigemitsu et al. (2016) studied the
performance of the rotary small turbine through experiments
and numerical analysis, and found that it is highly efficient, and
can maintain high efficiency over a wide flow range, and the
secondary rotor performance is lower under partial flow; Xuesong
(2017) analyzed the design flow of the counter-rotating horizontal
axis tidal energy turbine impeller from the aspects of impeller,
airfoil and leaf element, and studied the blade airfoil optimization
and visualization of the rotor; Yang et al. (2008) used the large eddy
simulation method to study the unsteady and energy performance
of the counter-rotating axial flow turbine, and analyzed the
unsteady characteristics of the internal flow field at different
moments in the same cycle of the turbine; Han and Jin (2006)
detailed the operation mechanism and hydraulic characteristics of

the positive and negative turbines in theory, analyzed the power
generation performance through experiments, and analyzed the
characteristics of the runners under variable operating conditions.

From the above research, some scholars have been conducting
research in various fields. However, there are few relevant
literatures on the study of two-way counter-rotating tidal units
with six operating conditions, and the optimization methods for
the rotating impeller are also different. In view of the fact that the
tidal unit has more design parameters for the rotating impeller,
how to select the optimization parameters and the appropriate
design method remains to be explored, the research on the
rotating speed of the rotating wheel on the tidal power station
is still insufficient. Therefore, it is necessary to further research
the application of the rotary unit in tidal power station.

TWO-WAY COUNTER-ROTATING AXIAL
FLOW PUMP TURBINE UNIT STRUCTURE

The two common components of the counter-rotating pump
turbine unit are double motor drive and single motor drive.
Figure 1 is a schematic structure view of a double-motor
counter-rotating unit. Since the vortex at the exit of the
conventional cross-flow pump is large, it is usually added to the
rear guide vane to eliminate the pre-rotation to improve the
performance of the pump. Considering that the two-way unit
needs to meet the reverse performance, the addition of a
common airfoil guide vane will greatly reduce the reverse
performance. From the preliminary simulation calculation, the
flow line of the non-guide vane-rotating “S”-wing impeller is
stable, and the turbulent flow mainly occurs in the central area
of the flow channel. The ordinary straight guide vane can be used
instead of the airfoil guide vane, and straight guide vanes are
arranged on both sides of the exit.

TWO-WAY COUNTER-ROTATING AXIAL
FLOW IMPELLER HYDRAULIC DESIGN

In order to adapt to the six operating conditions of the tidal power
station (forward and reverse power generation, forward and reverse
discharge, and forward and reverse pumping), in the process of
using the conventional axial flow airfoil, if the impeller is directly
rotated in the opposite direction, the head and efficiency of the axial
pump will be greatly reduced. The blade is the core component of
the turbine machinery. The design quality determines the
performance of the turbine machinery. To make the impeller
have both high performance in the forward and reverse
directions, the existing hydraulic design of the bidirectional axial
flow pump blade is generally in accordance with the ordinary axial
flow pump. The airfoil used is generally divided into two types. One
is a straight blade, also called a flat airfoil, that is, a wing types whose
center line is a straight line, as shown in Figures 2A. The airfoil
chord length is divided from the center, the airfoil is removed from
the water inlet and the airfoil is thickened from the chord length to
the two sides to obtain a centrally symmetrical flat airfoil. The other
is an “S”-shaped airfoil, that is, an airfoil whose center line is “S”-

FIGURE 1 | Schematic diagram of the unit structure.
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shaped, as shown in Figures 2B. The airfoil chord length is divided
from the center, and the airfoil inlet section is removed, the outlet
section is thickened according to the 791-airfoil thickening, and the
blade outlet section is rotated and replicated by 180° to obtain a
symmetric “S”-shaped blade. Generally, flat airfoils are not used.
Due to their poor flow around, cavitation performance is not good.
Therefore, this paper studies the “S”-shaped blade. At present, there
are many “S”-shaped design methods. In this paper, the axial flow
pump blade is used as the initial blade, and the “S”-shape change is
performed on the axial flow pump blade with excellent
performance.

Structural Parameter Selection
Table 1 shows the hydraulic design parameters under theoretical
conditions. At present, there are many bidirectional pump
turbine design methods (Shan, 2013; Wu et al., 2017; Li et al.,
2018b). The hydraulic design is designed according to forward
and reverse pumping conditions, checking the performance of
forward and reverse power generation conditions, or according to
forward and reverse power generation conditions, checking the
performance of forward and reverse pumping conditions.

In this paper, the pump condition is adopted to design the
pump. The blade is designed to be centrally symmetric and the
counter-rotating impellers are arranged in mirror image. Which
makes the performance of the forward pumping condition and
the reverse pumping condition basically the same, and the
performance under forward and reverse pumping condition is
basically the same (Li et al., 2019; Zhang et al., 2019a; Zhang et al.,
2019b). Therefore, the design of the two-way counter-rotating
axial-flow pump turbine is simplified to the two working
conditions of the forward pump and the reverse turbine.

D0 � 10.5

��
Q
K

√
(1)

ns � 3.65n
��
Q

√
H

3 /

4
2

In the Eqs 1, 2: D0—impeller diameter, m; Q—flow rate, m3/s;
ns—specific speed; H—head, m; K—Nd value, generally taken
350∼415.

The research object of this paper is rotary impeller. The design
flow rate of single impeller is 6 m3/s, the speed is 300 r/min, and
the design head is 2.65 m. According to Eqs 1, 2, the diameter of
impeller is D0 � 1300 mm and specific speed is ns � 1,291. The
hub ratio d is according to the curve of statistical results adopted
by the series models. When ns � 1291, take d � 0.32, the hub
diameter can be obtained dh � 0.32 D0 � 416mm. The number of
blades is usually calculated by specific speed, and according to
Table 2, the number of blades is z � 3.

Streamline Method for Design and
Calculation of Section
Five cross-sectional airfoil diagrams are drawn according to the
axle projection data of Table 3 as shown in Figures 3A. According
to the afore mentioned blade airfoil variation method, the “S”-
shaped blade (As described in reference (Wang et al., 2020), the
simplified ternary flow and liftmethod is adopted to design the “S”-
shaped blade.) airfoil section is made as shown in Figures 3B. In
the diagrams, e-e, d-d, c-c, b-b and a-a are axle-surface diagrams of
impellers equally divided from hub to rim, and the axle-surface
diagrams are divided by contours. According to the section of
airfoil, the 2D model of “S”-shaped blade is drawn, as shown in
Figure 4.

Modeling of "S"-Shaped Blade
The axial plane expansion diagram of the blade is divided by
contour lines as shown in Figures 5A and B. Record the points on
the five airfoil sections and the back contour on the woodwork

FIGURE 2 | Two-way airfoil schematic. (A) Inlet section (B) Outlet section.

TABLE 1 | Basic parameters of hydraulic design.

working condition Flow (m3/s) head (m) power (kW) Unit efficiency (%) speed (r/min) frequency (Hz)

Forward power generation 5 Rated 6
Top 8

216
266

73
68

198 33

Reverse power generation 5 Rated 6
Top 8

209
260

71
66.2

198 33

Positive pumping 6 5.3 445 70 300 50
Reverse pumping 6 5.3 432 68 300 50
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diagram in the table, as shown in attached Table 4. From the
impeller hub to the rim, the airfoil sections 5-1, 4-1, 3-1, 2-1, and
1-1 are sequentially plotted on the contour line of the working
surface, and records 5-2, 4- 2, 3-2, 2-2, 1-2 as the points on the
back-contour line. L/mm is the distance from the working surface
of the airfoil contour line and the point on the back side to the
center line of rotation. R/mm is the radius of the airfoil cylindrical

section. Z/mm is the distance from the contour line to the
centerline of the shaft surface. And θ/° is the circumferential
curvature of the L transformation. The data of the working
surface and the upper airfoil point are imported into the
CREO drawing software through the offset coordinate system
to obtain the points of the five airfoil sections and the back side.
The spatial three-dimensional data points and models of the

TABLE 2 | Relation between blade number and specific speed.

ns 500 600 700 850 1,000 1,250 1,500

z 5 5 4 4 3 3 3

TABLE 3 | Axis projection data.

Given initial parameters Q (L/s) H (m) N (r/min) DH (mm) z D (mm)

6,000 2.65 300 416 3 1,300

Project Eq Company e d c b a
Section D mm 416 637 858 1,079 1,300
Pitch distance t � Dπ/z mm 435.4 666.73 898 1,129 1,360
Given l/t — 0.86 0.77 0.72 0.67 0.64
Chord length l mm 374.4 513.38 646.5 756 870.8
V ’
m1 V ’

m1 � 4Q
π(D2−d2

h )ηv
m/s 5

Estimate Ψ � 1 − 2
3( δmax

t sin β) — 0.89 0.91 0.93 0.95 0.97

Vm1 Vm1 � V ’
m1/Ψ m/s 5.62 5.49 5.38 5.26 5.15

u u � Dπn/60 m/s 6.53 10.00 13.47 16.9 20.41
Hydraulic efficiency ηh � η − (0.02 − 0.03) — 0.90 0.89 0.88 0.87 0.86
V ’
u2 V ’

u2 � gHt
u � gH

uηv
m/s 4.42 2.92 2.19 1.76 1.48

V ’
u2 correction ε m/s 0.90 0.95 1.00 1.05 1.10

Vu2 Vu2 � εV ’
u2 — 3.98 2.77 2.19 1.85 1.63

β’1 β’1 � arctan Vm1
u m/s 40.70 28.78 21.76 17.2 14.17

Inlet incidence angle Δβ1 (°) 0.00 0.30 0.60 0.90 1.20
β1 β1 � β’1 + Δβ1 (°) 40.70 29.08 22.36 18.1 15.37
β’2 β’2 � arctan Vm2

u−Vu2
(°) 65.55 37.24 25.48 19.2 15.35

Outlet impact angle Δβ2 (°) 1.00 1.00 1.00 1.00 1.00
β2 β2 � β’2 + Δβ2 (°) 66.55 38.24 26.48 20.2 16.35
βL βL � (β1 + β2)/2 (°) 53.62 33.66 24.42 19.2 15.86
R R � L

2 sin(β2−β1
2 ) mm 837.2 3,217.2 8,980 20,960 51,310

FIGURE 3 | Airfoil section transform diagram. (A) According to the above table axial projection data. (B) According to the blade airfoil change method.
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blade are obtained by line connection, scan mixing, merging, and
materialization as shown in Figures 6A, B.

The calculation equation of the working face points is as
follows:

θ � 360pL
2pπpR

3

The calculation equation of the back points is as follows:

θ � 360p(L + δ)
2pπpR

4

In Eq. 4, L is the distance from the airfoil edge to the axis of the
blade axial projection diagram. δ is the thickness of the axial
projection of the blade.

EFFECT OF INTER-STAGE CLEARANCE OF
DIFFERENT IMPELLERS ON
PERFORMANCE
Due to the opposite rotating impeller rotation direction,
dynamic-dynamic interference will occur between the rotors.
If the distance between the rotors is too close, serious
interference will occur, which will greatly affect the

FIGURE 4 | "S"-shaped blade.
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performance of the unit. And the distance between the rotors is
too long, the instability of the unit will increase. Studies have
confirmed the effect of the axial distance between the two stages
of the axial fan on the fan. They concluded that the effect of this
distance on the static pressure rise was stronger at partial flow
rates than flow rates. The axial distance has a slight influence on
the static pressure rise of the front rotor. As the distance
increases beyond the 1.25 average chord length of the front
rotor blade, the static pressure of the rear rotor gradually
decreases. It can be seen that the inter-stage clearance has a
great influence on the performance of the unit. Therefore, in
order to improve the performance of the unit, it is first necessary
to determine the range of the gap between the rotating sub-
stages. Choosing an appropriate distance can not only ensure
the performance of the unit but also keep the unit stable. The
schematic diagram of the gap between the rotating sub-stages is
shown in Figure 7. DL represents the inter-stage gap width, and
L represents the axial length of the single impeller body. For DL1

� 0, DL2 � 0.25L, DL3 � 0.5L, DL4 � 0.75L, DL5 � 1.0L, DL6 �
1.25L, DL7 � 1.5L, DL8 � 2.0L, modeling and numerical
simulation are carried out under the eight rotor inter-stage
gaps respectively. The influence of different rotor inter-stage
gaps on the performance of the unit are analyzed and studied.
The data of the pump and the working condition of the turbine
were obtained by the data statistics software.

Three-Dimensional Modeling and Mesh
Generation of Counter-Rotating Turbine
Fluid Domain
The ICEM meshing software is used to mesh the fluid domains
shown in the above figure. Considering the number of

computational model grids, the number of optimized design
models, and the better convergence of the computational
model, a tetrahedral unstructured grid is used for the fluid
domain waters as shown in Figure 8. Taking the inter-stage
gap of DL � 1.0L as an example, the grid independence check is
performed. When the number of computational model grids
exceeds 7.16 million, the head change is less than 1%. In order
to save computing resources and take into account the calculation
accuracy, the number of grid units in the water inlet section, the
first stage impeller, the secondary impeller and the outlet section
of the fluid domain is 2.38 million, 800,000, 800,000, 2.38 million,
respectively. The grid size setting is consistent with other fluid
domains.

The Setting of Boundary Conditions for
Pump and Turbine Working Conditions
Using the ANSYS CFX 18.1 full implicit multi-coupling multi-
grid linear solver, the Reynolds average momentum equation is
used to describe the incompressible flow in the flow channel, and
the turbulence model uses the RNG k-ε turbulence model. The
calculation domain inlet adopts the pressure inlet condition, and
the outlet is the outlet mass flow rate converted into the given
flow. The wall surface adopts the non-slip boundary condition
and the standard wall function, and the calculation convergence
precision is 10−5. When calculating the unsteady value, the type of
dynamic-static interface between impeller and inlet-outlet section
and inter-stage is set to Transient Rotor-Stator. When setting the
parameters of the solver, the time corresponding to each 4°

rotation of the impeller is taken as the unit time step, and the
unsteady transient is set to six impeller rotation periods, the total
number of steps is 540 steps. And the last week is treated as the
result of numerical calculation.

FIGURE 5 | "S"-shaped blade expansion view (A) and axial view (B)
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TABLE 4 | “S” -airfoil section data points.

5-1 L −90.4 −86.0 −77.8 −67.6 −54.6 −38.7 −20.6 2.0 22.6 41.4 58.5 74.0 90.4
R 208 208 208 208 208 208 208 208 208 208 208 208 208
θ −24.9 −23.7 −21.4 −18.6 −15.1 −10.7 −5.7 0.6 6.2 11.4 16.1 20.4 24.9
Z 186 150.0 120.0 90.0 60.0 30.0 0.0 −30.0 −60.0 −90.0 −120 −150 −186

5-2 L −90.4 −74.0 −58.5 −41.4 −22.6 −2.0 20.6 38.7 54.6 67.6 77.8 86.0 90.4
R 208 208 208 208 208 208 208 208 208 208 208 208 208
θ −24.9 −20.4 −16.1 −11.4 −6.2 −0.6 5.7 10.7 15.1 18.6 21.4 23.7 24.9
Z 186 150 120 90.0 60.0 30.0 0.0 −30.0 −60.0 −90.0 −120 −150 −186

4-1 L −188.98 −159.13 −128.18 −96.23 −62.24 −24.68 19.77 62.68 104.15 144.28 188.98 — —

R 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 — —

θ −34.01 −28.64 −23.07 −17.32 −11.20 −4.44 3.56 11.28 18.75 25.97 34.01 — —

Z 154.59 120.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.00 −154.59 — —

4-2 L −188.98 −144.28 −104.15 −62.68 −19.77 24.68 62.24 96.23 128.18 159.13 188.98 — —

R 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 318.50 — —

θ −34.01 −25.97 −18.75 −11.28 −3.56 4.44 11.20 17.32 23.07 28.64 34.01 — —

Z 154.59 120.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.00 −154.59 — —

3-1 L −266.78 −237.78 −188.97 −138.00 −84.09 −27.60 37.82 101.90 164.70 226.27 266.78 — —

R 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 — —

θ −35.65 −31.77 −25.25 −18.44 −11.24 −3.69 5.05 13.62 22.01 30.24 35.65 — —

Z 140.06 120.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.00 −140.06 — —

3-2 L −266.78 −226.27 −164.70 −101.90 −37.82 27.60 84.09 138.00 188.97 237.78 266.78 — —

R 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 429.00 — —

θ −35.65 −30.24 −22.01 −13.62 −5.05 3.69 11.24 18.44 25.25 31.77 35.65 — —

Z 140.06 120.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.00 −140.06 — —

2-1 L −329.15 −247.11 −177.28 −103.64 −28.22 57.39 141.84 225.17 329.15 — — — —

R 539.50 539.50 539.50 539.50 539.50 539.50 539.50 539.50 539.50 — — — —

θ −34.97 −26.26 −18.84 −11.01 −3.00 6.10 15.07 23.93 34.97 — — — —

Z 128.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −128.00 — — — —

2-2 L −329.15 −225.17 −141.84 −57.39 28.22 103.64 177.28 247.11 329.15 — — — —

R 539.50 539.50 539.50 539.50 539.50 539.50 539.50 539.50 539.50 — — — —

θ −34.97 −23.93 −15.07 −6.10 3.00 11.01 18.84 26.26 34.97 — — — —

Z 128.00 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −128.00 — — — —

1-1 L −392.83 −305.91 −215.38 −121.48 −26.01 79.16 183.50 287.01 392.83 — — — —

R 650.00 650.00 650.00 650.00 650.00 650.00 650.00 650.00 650.00 — — — —

θ −34.64 −26.98 −18.99 −10.71 −2.29 6.98 16.18 25.31 34.64 — — — —

Z 120.91 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.91 — — — —

1-2 L −392.83 −287.01 −183.50 −79.16 26.01 121.48 215.38 305.91 392.83 — — — —

R 650.00 650.00 650.00 650.00 650.00 650.00 650.00 650.00 650.00 — — — —

θ −34.64 −25.31 −16.18 −6.98 2.29 10.71 18.99 26.98 34.64 — — — —

Z 120.91 90.00 60.00 30.00 0.00 −30.00 −60.00 −90.00 −120.91 — — — —
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Effect of Inter-Stage Gap on External
Characteristics
Figures 9A, B are the pump head and efficiency curves for the
gap between different stages. In Figures 9A, the overall curve of
the lift under pump conditions, 1.00L>2.00L � 1.50L �
1.25L>0.75L > 0.5L > 0.25L > 0.00L, the pump head
gradually increases with the increase of the inter-stage gap.

When DL � 1.00L, the head reaches the maximum under full
flow conditions. As the gap between the stages continues to
increase, the curves at 1.25L, 1.50L and 2.00L are basically
coincident, which are lower than DL � 1.00L. It shows that the
pump head does not increase when the gap between the stages
exceeds 1.00L, but it is lower than 1.00L. In Figures 9B, the
highest efficiency under full-flow conditions is also at DL �
1.00L. Under small flow conditions, the efficiency of the gap
between the stages increases in a staggered way, and the lowest
is at 0.25L (Figure 10 shows that: when the inter-stage gap
increases to 0.25L, three vorticity bands appear at the inter-
stage gap, which extends from the first stage impeller to the
secondary impeller. The annular vorticity at the inlet of the
secondary impeller decreases, and most of them are
concentrated in the back of the secondary impeller blades
and vanishes along each blade at the exit. So, the efficiency
of 0.25L drops abnormally when Q � 5.4). Under the large flow
conditions, the gap between the different levels starts to decline
when it reaches its peak value. The gap on the curve remains the
highest at 1.00L and the lowest at 0.00L. The highest efficiency
values in the remaining gaps is in the middle position,
indicating that the efficiency of the pump condition no
longer increases when the inter-stage gap exceeds 1.00L, but
is lower than 1.00L.

Figures 9C, D are the head and efficiency curves of the
turbine operating conditions under different inter-stage gaps.
In Figures 9C, the overall head of the turbine under hydraulic
conditions is 2.00L � 1.50L � 1.25L>1.00L � 0.75L>0.5L >
0.25L > 0.00L, and the head gradually increases with the
increase of inter-stage gap. The curves are basically
coincident at 1.25L, 1.50L, 2.00L, and the head is basically
stable when the inter-stage gap exceeds 1.25L. In Figures 9D,
the overall efficiency curve of the turbine under operating
conditions is 1.00L>2.00L � 1.50L � 1.25L>0.75L > 0.50L >
0.25L > 0.00L, and the efficiency increases with the increase of
the inter-stage gap. The maximum efficiency curve under full
flow conditions is 1.00L, and the curves at 1.25L, 1.50L, and
2.00L are basically coincident, indicating that the head is
basically stable when the inter-stage gap exceeds 1.00L.

In summary, except for the turbine head, the highest values of
the other working conditions are on the 1.00L curve, indicating
that the inter-stage spacing DL has the best performance in the
vicinity of the axial width L of the impeller.

Analysis of Internal Flow in Inter-Stage
Gaps
The influence of the inter-stage impeller on the performance of
the turbine is analyzed from the internal flow angle. Taking the
pump working condition as an example, the vorticity analysis and
the internal pressure analysis of the impeller are performed under
the gap between different stages of the design working condition.
From the distribution of the vorticity area, it can be seen that the
inter-stage gap has a serious influence on the secondary impeller.
The Plane analysis pressure change is established in the middle of
the secondary impeller. The eddy current intensity is expressed by
the eddy viscosity, and the internal pressure change of the

FIGURE 6 | Three-dimensional solid modeling of blades. (A) Three-
dimensional spatial data points. (B) Model.

FIGURE 7 | Inter-level gap diagram.
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impeller is represented by the total pressure. The vorticity
distribution of the unit with eight inter-stage gaps and the
internal pressure distribution of the secondary impeller shaft
section are shown in Figures 10, 11. In Figures 10A–H
respectively indicate the inter-stage gap DL1 � 0.00L, DL2 �
0.25L, DL3 � 0.50L, DL4 � 0.75L, DL5 � 1.00L, DL6 � 1.25L,
DL7 � 1.50L, DL8 � 2.00L.

In Figure 10, the left side of the unit is filled with water, and the
right side is filled with water. The black area on the left side is the
first stage impeller, and the black area on the right side is the
secondary impeller. From the vorticity distribution, the vorticity
distribution in other clearance conditions is roughly the same,
except when the inter-stage clearance is zero. The vorticity at the
first stage impeller is mainly concentrated at the inlet edge of the
impeller working face and the inlet edge of the impeller. The
vorticity at the secondary impeller is concentrated in the inlet
side and the back area of the impeller working face, extending
from the inlet side to the outlet side in a banded region. When the
inter stage gap is zero, the vorticity at the secondary impeller is
distributed annularly around the impeller inlet, and most of them is
concentrated between the secondary impeller blades and the blades.
When the fluid from the forward rotation of the first stage impeller
enters the secondary impeller, one part of the fluid is accelerated by
the reverse rotation of the secondary impeller working surface,
while the other part of the fluid directly impacts on the secondary
impeller working surface. Two parts of the fluid in the middle area

of the blade collision vortex (Yun et al., 2020a). When the inter-
stage gap increases to 0.25L, three vorticity bands appear at the
inter-stage gap, which extends from the first stage impeller to the
secondary impeller. The annular vorticity at the inlet of the
secondary impeller decreases, and most of them are
concentrated in the back of the secondary impeller blades and
vanishes along each blade at the exit. The impeller blades are on the
back side and disappear along the respective vanes at the outlet end.
As the gap between the stages continues to increase, the vorticity at
the gap basically disappears, and the annular vorticity at the inlet of
the secondary impeller becomes less and less, and there is only a
small amount of vortex at the inlet.

Figure 11 pressure cloud diagram of secondary impeller
intermediate shaft section (the impeller rotation direction is
counterclockwise). The pressure on the cut surface of the
impeller body increases gradually from the back of the blade
to the working surface, and the pressure near the back of the blade
is about 1.0∼1.3 atm, the pressure near the working surface is
about 1.6∼1.8 atm. When the gap between the stages is zero, the
range of the low-pressure area on the back side of the blade is
large, and the range of the high-pressure area at the working
surface is small. When the inter-stage gap is between 0.25 and
2.00L, the low-pressure area at the back side of the blade rises by
0.3 atm compared with the zero gap, the high-pressure area at
working face of the blade increases by 1.6～1.8 atm, and the
pressure range of 1.3∼1.6 atm is also doubled compared with the

FIGURE 8 | Flow field and meshing of flow passage components. (A) Fluid field of flow passage components. (B) Fluid domain grids.
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zero gap. Combined with the vorticity analysis, when the inter-
stage gap is too small, the first stage impeller forward rotating out
of the fluid into the secondary impeller. Some fluid quickly enters
the secondary impeller working surface and is accelerated by the
reverse rotation. The other part of the fluid directly impacts the
working surface of the secondary impeller. This causes a large
number of vortices to accumulate at the secondary impeller, and
the overall pressure in the secondary impeller is lower than other
clearance conditions.

DISCUSSION

The hydraulic design of the "S"-shaped blade for the two-way
counter-rotating axial-flow pump turbine is carried out, and the
influence of the gap between different impeller stages on the
performance of the unit is calculated and analyzed. Both the
head and efficiency increase with the increase of the inter-stage
gap and no longer increase when it exceeds 1.00L. Combined with
the vorticity analysis, when the inter-stage gap is too small, the fluid
that is rotating forward from the first stage impeller enters the
secondary impeller. A part of the fluid quickly enters the secondary
impeller working surface and is accelerated by the reverse rotation.
The other part of the fluid is directly impacted on the working
surface of the secondary impeller, causing a large number of vortices

to accumulate at the secondary impeller, and the overall pressure in
the secondary impeller is lower than other clearance conditions.

CONCLUSION

In this paper, the hydraulic design of the two-way counter-
rotating axial-flow pump turbine of the tidal power station is
designed. Two common counter-rotating unit structures are
designed for the tidal power station, and the influence of the
gap between the impeller stages on the performance is calculated
and analyzed. The main conclusions are as follows:

(1) The head gradually increases with the increase of the inter-
stage gap under pump conditions. When the DL � 1.00L, the
head reaches the maximum under the full flow condition.
With the inter-stage gap continues to increase, the curves at
1.25L, 1.50L, 2.00L are basically coincident, and are lower
than DL � 1.00L. It shows that the pump head will no longer
increase when the inter-stage gap exceeds 1.00L, and the
highest efficiency point under full flow condition is also at
DL � 1.00L, and when the inter-stage gap exceeds 1.00L, the
pump operating efficiency does not increase any more.

(2) The head gradually increases with the increase of the inter-
stage gap under turbine operating conditions. The curves are

FIGURE 9 | Performance curves of pumps and turbines with different inter-stage clearances. (A) the pump head. (B) the pump efficiency. (C) the head curves of the
turbine. (D) the efficiency curves of the turbine.
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basically coincident at 1.25L, 1.50L, 2.00L, and the head is
basically stable when the inter-stage gap exceeds 1.25L.On the
overall efficiency curve, 1.00L > 2.00L � 1.50L � 1.25L >
0.75L > 0.50L > 0.25L > 0.00L, the efficiency increases with the
increase of inter-stage gap, and the highest efficiency curve
under full flow condition is 1.00L, and the curves at 1.25L,
1.50L, 2.00L are basically coincident, indicating that the head is
basically stable when the inter-stage gap exceeds 1.00L.

(3) When the inter stage is zero, the vorticity at the secondary
impeller is distributed annularly around the impeller inlet, and
most of them are concentrated between the secondary impeller
blades and the blades. On the cut surface of the secondary
impeller body, the low-pressure area on the back of the blade is
larger, while the high-pressure area on the working face is

smaller. The vorticity decreases with the increase of inter stage
gap, the area of low-pressure on the back of the blade on the
section surface of the secondary impeller becomes smaller, and
the area of high-pressure on the working face becomes larger.

(4) It is not the best point when the gap between the stages is too
small or too large. When the inter-stage gap is too small, the
dynamic-moving interference of the counter-rotating
impeller is severe, and the vorticity of the secondary
impeller is excessively accumulated, which seriously affects
the performance of the unit. When the inter-stage clearance
increases to near the axial width of a single reel body, the
performance of each working condition is optimal. When the
inter-stage gap continues to increase, the performance of
each working condition decreases slightly.

FIGURE 10 | Vortex distribution at counter-rotating impeller with different inter-stage clearances. (A) DL1 � 0.00L (B) DL2 � 0.25L (C) DL3 � 0.50L (D) DL4 � 0.75L
(E) DL5 � 1.00L (F) DL6 � 1.25L (G) DL7 � 1.50L (H) DL8 � 2.00L
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