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Abstract: The research on tidal-current energy-capture technology mainly focuses on the conditions
of high flow velocity, focusing on the use of differential pressure lift, while the average flow velocity
in most sea areas of China is less than 1.5 m/s, especially in the marine aquaculture area, where tidal-
current energy is needed to provide green energy locally. Due to the low flow velocity of this type of
sea area, it seriously affects the effect of differential pressure lift, which is conducive to exerting the
effect of impact resistance. In this regard, the coupling effect of the differential pressure lift and the
impact resistance on the blade torque is comprehensively considered, this research puts forward the
design method of the lift—drag-composite thin-plate arc turbine blade. Based on the blade element
momentum (BEM) theory and Bernoulli’s principle, the turbine dynamic model was established, and
the nonlinear optimization method was used to solve the shape parameters of the turbine blades, and
the thin-plate arc and NACA airfoil blade turbines were trial-produced under the same conditions. A
model experiment was carried out in the experimental pool, and the Xiangshan sea area in Ningbo,
East China Sea was taken as the experimental sea area. The results of the two experiments showed
the same trend, indicating that the energy-harvesting performance of the lift–drag-composite blade
was significantly better than that of the lift blade under the conditions of low flow velocity and small
radius, which verified the correctness of the blade design method, and can promote the research and
development of tidal energy under the conditions of low flow velocity and small radius.

Keywords: low flow velocity; tidal current energy; lift–drag-composite type; blade design

1. Introduction

The global economy is developing rapidly, and the demand for energy is increasing.
The environmental pollution and resource shortages caused by traditional fossil fuels are
becoming increasingly serious [1]. There is an urgent need to accelerate the development
and utilization of renewable energy. China has abundant tidal energy resources, and tidal
energy has the advantages of predictability and lower environmental impact, which is a
necessary supplement to meet the energy needs of sea areas and islands where traditional
energy forms are not applicable [2,3]. Especially in recent years, the country has vigorously
developed the marine economy and promoted intelligent green marine aquaculture, but
the intelligent aquaculture far away from the coast urgently needs to solve the problem of
green energy supply [4–6], and tidal current energy can obtain energy locally, which makes
it the best choice for energy supply in the intelligent process of marine aquaculture.

Although scholars at home and abroad have carried out a lot of research on the
utilization of tidal energy, they have mainly focused on tidal energy-capture technology
at higher flow velocities [7]. For example, the SeaGen tidal current generator developed
by the United Kingdom has a turbine diameter up to 20 m and a rated flow velocity of
2.4 m/s [8]; the 60 kW and 120 kW tidal current generator sets designed by Zhejiang

Energies 2021, 14, 4258. https://doi.org/10.3390/en14144258 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9928-7344
https://doi.org/10.3390/en14144258
https://doi.org/10.3390/en14144258
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14144258
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14144258?type=check_update&version=2


Energies 2021, 14, 4258 2 of 16

University in China have a rated flow velocity of 2.1 m/s [9]; China National Ocean
Technology Center’s 150 kW horizontal axis tidal current power generation device with a
maximum flow velocity of 2.7 m/s [10]; and the European Marine Energy Center(EMEC)
conducts tidal energy research at a flow velocity of 2~3 m/s [11]. These studies mainly
consider the effect of differential pressure lift on the turbine. However, the average flow
velocity in most sea areas of China is less than 1.5 m/s, and marine aquaculture is limited by
the anti-current ability of fish schools and aquaculture facilities. Generally, the aquaculture
area is located in the sea area with a lower flow velocity, and the effect of the differential
pressure lift at lower flow velocities is not good, so the development of low-velocity tidal
energy-capture technology will greatly promote the efficient utilization of ocean energy
and the intelligent development of marine aquaculture.

In recent years, some scholars have carried out tidal energy-capture technology at
lower flow velocities. For example, Brian G. Sellar et al. [12] considered the average flow
velocity and turbulence intensity at multiple locations near a tidal turbine to study energy-
harvesting performance; Zhilong Liu et al. [13] studied the problem of tidal weakening
in breeding farms; Jianjun Yao et al. [14] studied the influence of a savonius turbine on
the reduction of flow velocity; and Junhua Chen et al. [15] proposed a calculation method
for the design of flow velocity of turbines. These studies have achieved certain results in
low-velocity energy capture, but the comprehensive utilization of differential pressure lift
and impact resistance needs to be further improved. Based on a hydrodynamic analysis,
this paper proposes a lift–drag-composite thin-plate arc blade, establishes a mechanical
model of the coupling effect of differential pressure lift and impact resistance, establishes
the blade-shape-parameter balance equation, and optimizes the design model to improve
the comprehensive energy-capture performance of the turbine.

2. Analysis of Differential Pressure Lift and Impact Resistance of Water
Turbine Blades

Horizontal axis tidal turbines can be divided into lift-type and drag-type according
to different driving forces. The lift-type turbine is shown in Figure 1: the incoming flow
velocity is V1, the rotational angular velocity of the turbine is ω, and the rotational linear
velocity is µ. As shown in Figure 2, according to Bernoulli’s principle, when the water flows
through the surface of the turbine blade, the flow velocity on the convex side increases, the
pressure decreases, the flow velocity on the concave side decreases, and then the pressure
increases. There will be a pressure difference between the two sides of the blade. With
reference to the force of the airplane wing, this force is called the differential pressure lift
FL, and the direction is the same as the radial direction of the arc of the turbine blade. The
differential pressure lift FL is decomposed into rotational driving force and axial thrust,
and the rotational driving force drives the rotation of the water turbine.

The drag-type turbine is shown in Figure 3. The water flows to the turbine, and the
blades hinder the water flow. The water flow gathers on the front side of the blade, causing
the change of flow velocity and direction. The fluid pressure P1 on the front side of the
blade increases, and the fluid pressure P2 on the back side of the blade decreases. There
is a pressure difference between the front and rear sides, P1 > P2. As shown in Figure 4,
according to the momentum theory, the water flow is hindered by the blades, and the
blades are subjected to the impact force of the water flow, which is called impact resistance
FI in this article, and the direction is the same as the normal direction of the turbine blades.
The impact resistance FI is decomposed into rotational driving force and axial thrust, and
the rotational driving force drives the rotation of the water turbine.
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Figure 1. Schematic diagram of the driving force of the lift-type turbine.

Figure 2. Static analysis of the differential pressure lift.

Figure 3. Schematic diagram of driving force of the drag-type turbine.



Energies 2021, 14, 4258 4 of 16

Figure 4. Static analysis of the impact resistance.

The differential pressure lift is defined as FL = 1
2 ClρV2 A, where Cl is the lift coefficient;

ρ is the water flow density; and V is the incoming flow velocity and the vector sum of the
water flow velocity and the tangential velocity of the turbine rotation, V = 2πnr, where
n is the turbine speed and r is the radius of the hydraulic turbine. It can be seen that
the differential pressure lift is related to the incoming flow velocity, and is quadratically
proportional to the radius of the turbine blade, so the larger the radius, the greater the
differential pressure lift. According to the momentum theory, in the water-flow impact
resistance FI = m∆V, the impact resistance is proportional to the mass of water flow m and
the flow velocity change ∆V after the water flow impacts the turbine. The flow mass is
related to the compactness of the turbine blades and the swept area of rotation, and the
compactness decreases with the increase of the radius. The trend of differential pressure
lift and impact resistance as the radius changes is shown in Figure 5.

Figure 5. Trend chart of the differential pressure lift and impact resistance with radius.

The hydraulic turbine blades are affected by the differential pressure lift and impact
resistance, and the force received by the blades is decomposed into rotational driving
force and axial force. Among them, the rotational driving force realizes the rotation of the
turbine and converts the tidal energy into useful mechanical energy, while the axial force
increases the bending change of the blade and the supporting force of the root of the blade.
Excessive axial force can easily lead to blade bending deformation and root fracture, so
in the design of turbine blades, it is necessary to maximize the rotational driving force
while reducing the axial force. According to the direction of the differential pressure lift
and impact resistance, the angle between differential pressure lift and axial force is larger,
and the proportion of axial force decomposed is smaller. Therefore, scholars have mostly
studied the differential pressure lift under the condition of high speed and large radius.
For example, in wind power generation, the radius of the blade can reach 70 m. In this case,
if the blade shape is changed to increase the impact resistance, the risk of blade breakage is
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likely to develop. Therefore, under the condition of high flow velocity and large radius,
the pressure difference lift is mainly considered, and the impact resistance is ignored.

The turbine-blade radius of tidal-current energy-capture devices developed in China
is not too large. For example, in the dozens of KW-level tidal energy-generating devices
developed by Zhejiang University [16] and Harbin Engineering University [17] in China,
the radius of the turbines are all within 2.5 m; moreover, the impeller diameter of the
tidal-energy turbine used in intelligent breeding equipment is smaller, such as the self-
powered aquaculture-platform turbine developed by Zhejiang University Ningbo Institute
of Technology, which has a blade radius of 1 m. Under the condition of low flow velocity
and small radius, the impact resistance cannot be ignored, so it is necessary to comprehen-
sively consider the coupling effect of differential pressure lift and impact resistance on the
turbines to improve the tidal-energy-capture performance of small turbines in low-velocity
sea areas.

3. Design of the Arc-Shaped Blades with Lift–Drag-Composite Thin-Plate
3.1. Velocity Analysis at the Inlet and Outlet of the Turbine Blade

The blade is subdivided into a number of microelements in the radial direction, and
each microelement is called a blade element. For an ideal fluid, the water-flow velocity
and the rotation velocity of the turbine are comprehensively considered, so we drew a
velocity diagram at the inlet and outlet, as shown in Figure 6. Suppose the water flow
velocity at the inlet is V1, the blade element rotation linear velocity is µ = ωr, ω is the
rotational angular velocity, r is the equivalent radius corresponding to the blade element,
the relative blade velocity of the water flow is ν1, the angle between the flow velocity and
the tangential velocity is θ1, the jet angle is ϕ1, the water-flow velocity at the outlet is V2,
the relative blade velocity of the water flow is ν2, the angle between the water flow velocity
and the tangential velocity is θ2, and the jet angle is ϕ2. The direction of the water-flow
velocity V1 at the inlet is consistent with the axial direction, so θ1 = 90◦, regardless of the
friction between the water flow and the turbine, and the axial induction coefficient f and
the radial induction coefficient e are introduced:

µ =
V1(1 − f )

tan ϕ
(1)

ν2 = ν1 =
V1(1 − f )

sin ϕ
(2)

Figure 6. Cont.
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Figure 6. Velocity diagram at the inlet and outlet.

3.2. Blade-Shape Parameters of Lift–Drag-Composite Thin-Plate Arc Blade

This study optimized the lift-type turbine blades to increase the effect of impact
resistance. Impact resistance is occurs when the blade hinders the movement of the water
flow and is subjected to the impact force of the water flow. The torque acting on the blade
can be simplified as the resultant moment of the water flow at the inlet and outlet. For an
ideal fluid, the torque of a single blade element subjected to the impact resistance of the
water flow can be calculated according to the momentum theory, which can be expressed as:

dTI = ρQ
(

⇀
V1,−,

⇀
V2

)
dr (3)

where dTI is the torque generated by the impact resistance,
⇀
V1 is the incoming flow-velocity

vector,
⇀
V2 is the outlet-velocity vector, ρ is the water density, Q is the rotating surface flow

of the turbine, and dr is the radial microelement corresponding to the blade element. It can
be seen from Equation (3) that by increasing the curvature of the blade, the change of the
water flow speed is increased, thereby improving the effect of the impact resistance on the
torque. On the basis of the traditional lift-type NACA airfoil, the thickness of the underside
of the blade is reduced, and the curvature of the underside of the blade is increased. The
optimized blade is similar to the thin-plate arc shown in Figure 7. The upper surface
captures the differential pressure lift, and the lower surface captures the water impact
resistance more effectively. It is called a lift–drag-composite thin-plate arc blade. For the
key parameters, a is the chord length, b is the arc height, and Xa is the position of the
chord direction.

Figure 7. Thin-plate arc blade.

3.3. Hydrodynamic Modeling of Lift–Drag-Composite Thin-Plate Arc Blade

(1) Impact resistance

The velocity analysis at the inlet and outlet of the thin-plate arc blade is similar to that
of a lift-type turbine, as shown in Figure 8.
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Figure 8. Impact-resistance model.

The torque is the same as Equation (3), and the axial force is:

dFI = ρBau2(1 − f )2(1 − e cos ϕ)dr (4)

where B is the number of blades and ϕ is the jet angle;

tan ϕ =
V1(1 − f )
ωr(1 + e)

=
1 − f

λ(1 + e)
(5)

where λ is the tip speed ratio at any radius, λ = ωr
V1

, and the simplified torque is:

dTI = ρBaru2(1 − f )2(e − sin ϕ)dr (6)

(2) Differential pressure lift

Assuming that the blade elements do not interfere with each other, the analysis of the
differential pressure lift of a single blade element is shown in Figure 9, calculated according
to Bernoulli’s principle.

Figure 9. Differential pressure lift model.

The tangential lift dFx can be expressed as:

dFx =
1
2

ρBau2Cxdr (7)

The axial lift dFy can be expressed as:

dFy =
1
2

ρBau2Cydr (8)

The torque dTl of the differential pressure lift can be calculated as:

dTl =
1
2

ρBau2Cxrdr (9)
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The coefficient of lift and drag in the x and y directions is:{
Cx = Clsinϕ − Cdcosϕ
Cy = Clcosϕ + Cdsinϕ

(10)

where B is the number of blades; a is the chord length; u is the combined speed; Cx and Cy
are the lift and drag coefficients in the x and y directions, respectively; and Cl and Cd are
the lift and drag coefficients, respectively.

(3) Balance equation

The balance equation considers that the differential pressure lift and the impact
resistance are coupled to the blades of the hydraulic turbine. There is energy loss in the
impact resistance of the water flow. The impact-energy-capture coefficient k is introduced,
and the balance equation of the total torque dT is:

dT = k·dTi + (1 − k)dTl (11)

According to the blade element momentum (BEM) theory, the total torque expres-
sion is:

dT = mr2ω = 4πρr3V1ω(1 − f )edr (12)

Combining (11) and (12), we can get:

e
1 + e

=
kρBar(sin ϕ − 1) + (1 − k) BaCx sin ϕ

2
4πr

(13)

The axial force balance equation is:

dF = k·dFi + (1 − k)dFl (14)

According to BEM theory, we can get:

dF = m(V1 − V2) = 4πρrV1
3(1 − f ) f dr (15)

Combining (14) and (15), we can get:

f
1 − f

=
kρBa(1 − cos ϕ) + (1 − k) BaCy cos2 ϕ

2
4πr

(16)

Combining (13) and (16), the general balance equation can be obtained:(
(1 − k)F1

f sin ϕ

1 − f
+

1
4

kF2

)
tan ϕ = (1 − k) cos ϕ

e
1 + e

− 1
3

k(1 − cos ϕ) (17)

This introduces the impact-energy-capturing coefficient to reflect the proportion of the
impact force under the combined force and creates conditions for the establishment of the
overall balance equation. The equilibrium equation is taken as the constraint condition, the
induction coefficients f and e are taken as the target parameters, and an iterative calculation
is used to obtain the target parameter value when the energy harvesting power is maximum,
which provides the basis for the design of the shape parameters of the water turbine.

3.4. Calculation of Blade-Shape Parameters of Hydraulic Turbine Blades

The turbine-blade parameters were calculated based on actual sea conditions. The
Xiangshan sea area in Ningbo, East China Sea was taken as the experimental sea area. The
flow-velocity data of the studied sea area was collected for a long time through the flow
meter, which measured the data every 10 min; that is, the flow-velocity data was equivalent
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to the flow velocity for 10 min, and the tidal current flow velocity data represented the
characteristics of the sea area’s flow velocity, as shown in Figure 10.

Figure 10. A tidal current periodic velocity in the applied sea area.

The curve equation of the flow velocity was fitted:

V(t) = Vm

[
1 + Ksin

(
2π

T0
t0

)]
sin
(

2π

T
t
)

(18)

In the formula, Vm is the maximum flow velocity, which is 1.5 m/s; T is the tidal
current period, and according to the measured data, the tidal cycle was 11.67 h; K is
the approximation coefficient, which was 0.21; the average flow velocity was between
0.8~1 m/s; and the design flow velocity was 0.9 m/s. According to the national standard
GB/T13981-1992, the number of blades was selected as 6, and the basic design parameters
of the hydraulic turbine are shown in Table 1.

Table 1. Basic design parameters of the hydraulic turbine.

Parameter Numerical Parameter Numerical

Design flow velocity (m/s) 0.9 Hub diameter (m) 0.1
Rated power (W) 200 Impact-capture coefficient 0.5
Blade radius (m) 0.55 Number of blades 6

We substituted (17) to simplify the balance equation as:

(1 − f )(1.11 f − 0.11) = λ2(1 + e)(0.96 f − 0.04) (19)

The energy-capture coefficient Cp of a water turbine is the most important perfor-
mance index:

Cp =
8

λ2
0

∫ λ0

0
e(1 − f )λ3dλ (20)

In the formula, λ0 is the tip speed ratio, and λ is the tip speed ratio at the corresponding
radius of the blade element. In order to get the maximum Cp, each blade element dCp = dλ
is required to have the largest value. Using Matlab mathematical tools and (19) to substitute
the tip-speed ratios at different radii, we obtained the induction coefficient f, e of 11 blade
elements, as shown in Table 2.
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Table 2. Calculation results for the induction coefficient of each section.

Section 1 2 3 4 5 6 7 8 9 10 11

f 0.232 0.251 0.281 0.305 0.322 0.345 0.370 0.382 0.351 0.364 0.323
e 0.071 0.080 0.103 0.122 0.131 0.145 0.125 0.117 0.134 0.125 0.132

We substituted the table data into Equations (4) and (16) to obtain the inclination angle
and chord length, and drew the curve, as shown in Figure 11.

Figure 11. Curves of inclination angle and chord length of lift–drag arc blades.

In order to verify the energy-capture performance of the lift–drag-composite thin-plate
arc turbine blade under low flow velocity and small radius, experimental comparative stud-
ies of different airfoil blades were carried out. Under the same conditions, this paper took
NACA6412 lift-type blades as the design object and adopted the Glauert design method [18].
An iterative calculation based on the BEM balance equation e(1 + f )λ2 = f (1 − f ) was
used to calculate the inclination angle and chord length of each element of the NACA
airfoil blade and draw the curve, as shown in Figure 12.

Figure 12. Curves of inclination angle and chord length of NACA airfoil blades.

According to the parameters of inclination angle and chord length of each section, the
physical models of the thin-plate arc turbine and NACA airfoil turbine were trial-produced,
as shown in Figure 13.
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Figure 13. Physical image of the hydraulic turbine models: (a) thin-plate arc; (b) NACA airfoil.

4. Experimental Verification
4.1. Construction of Experimental Device

The schematic diagram of the hydraulic turbine experimental device is shown in
Figure 14. The underwater turbine was fixed by the bracket, and the energy captured by
the turbine was transferred to the water surface through the chain. The chain transmission
ratio was 1:1; the torque and speed were monitored by the dynamic torque sensor. The
power captured by the turbine was calculated from the measured torque and speed; this
device used a servo motor instead of a generator, so that the load box could be discarded,
and the constant torque damping control could be directly realized by the servo motor.
To ensure that the rated torque of the servo motor was greater than the maximum output
torque of the hydraulic turbine, a speed increaser was installed in the front section of the
servo motor, and the transmission ratio was 1:40; finally, the control box collected data and
controlled the servo motor, and established the communication between the PC and the
experimental device wirelessly, which was convenient for the observation and control by
the experimental personnel. The physical image of the experimental device is shown in
Figure 15.

Figure 14. Schematic diagram of the hydraulic turbine experimental device.
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Figure 15. Physical image of the hydraulic turbine experimental device.

4.2. Analysis of Experimental Data

The experimental pool was 70 m in length, 40 m in width, and 2 m in depth. The hy-
draulic turbine experimental device was installed on a drag trolley above the experimental
pool. By dragging the trolley to drive the water turbine to move, this created a relative
flow velocity to simulate water flow. In every experiment, the drag trolley had a process of
acceleration, speed maintenance, and deceleration. For the accuracy of the experimental
data, each experiment took the data of the drag trolley in the speed-maintaining stage; that
is, the data in the 10th to 40th second of its operation. Ten data points could be collected per
second, and 300 groups of torque and speed data could be collected each time to calculate
the average of the data and the average power and power coefficient. The servo motor was
adjusted to change the torque, and different torque experiments were carried out at the
same flow rate to obtain the maximum captured power and power coefficient; the same
comparative experiment was carried out at different flow rates to obtain the maximum
capture power and power coefficient at each flow rate, as shown in Figure 15.

From Figure 16a, it can be seen that the capture power of the two types of hydraulic
turbines generally showed an increasing trend with the increase of the flow velocity. The
thin-plate arc had the most obvious trend of capturing power increase at around 1.05 m/s,
while the NACA airfoil had the most obvious trend of capturing power increase at around
1.25 m/s. Combined with Figure 16b, the reason for the above phenomenon was that the
two blades obtained the optimum power coefficient near 1.05 m/s and 1.25 m/s. From
Figure 15, when the flow velocity was less than 1.25 m/s, the capture power and power
coefficient of the thin-plate arc was significantly better than the NACA airfoil, and it can be
seen that the lift–drag-composite turbine was more suitable for the lower flow velocity of
the sea, and the lift-type turbine was more suitable for the higher flow velocity of the sea.

Figure 16. Performance of turbine at different velocities: (a) captured power; (b) power coefficient.
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5. Marine Experimental Research

Figure 17 shows the designed and manufactured catamaran offshore experimental
platform. The experimental platform had a total length of 14 m, a width of 11 m, and a
height of 6 m. The two sides of the hull provided the buoyancy force of the platform. The
hydraulic turbine was installed between the two sides of the hull. During the experiment,
in order to facilitate the replacement of blades and the adjustment of the blades’ installation
angle, the height of the hull on both sides was increased, and a ballast tank also was
arranged, and the draught of the platform was adjusted by changing the water-carrying
capacity of the ballast tank.

Figure 17. Ocean-energy power-generation platform.

The radius of the hydraulic turbine designed for the sea trial was 1.8 m, as shown
in Figure 18, and the parameters are shown in Table 3. The principle of the sea-trial test
device was similar to that of the pool experimental test device. The captured energy was
transferred upward to the test shaft through the chain drive, the torque and rotational
speed were monitored through the dynamic torque sensor, the output speed was increased
through the speed increaser, and finally the permanent magnet generator was driven to
work. The generator converted mechanical energy into electrical energy to drive the load
to work. During the experiment, the torque and rotational speed were indirectly adjusted
by dynamically adjusting the connected load to obtain the best captured power. In order
to avoid the influence of the conversion efficiency of the generator, the captured power in
the sea trial was not equal to the generator power, but was determined by the torque and
rotational speed measured by the sensor.

Figure 18. Thin-plate arc turbine blade.
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Table 3. Turbine parameters for sea trials.

Parameter Numerical Parameter Numerical

Blade radius (m) 1.8 Hub diameter (m) 0.37
Number of blades 6 Pitch angle (◦) 12◦

In the process of the sea trial, with the increase of tidal flow velocity, the turbine
began to rotate after breaking through the starting torque. After the turbine rotated,
the measurement and control system intervened and adjusted the load according to the
gradient to obtain the maximum captured power at the current flow rate. The measurement
and control system recorded the flow velocity and the corresponding maximum captured
power every 10 min. The complete tidal cycle experimental data are shown in Figure 19.
It can be seen that during high tide, the flow velocity was basically less than 1.25 m/s,
and the capture power of the thin-plate arc turbine was greater than that of the NACA
airfoil turbine; during low tide, there was a short period of time when the flow velocity
was greater than 1.25 m/s. During this period, the capture power of NACA airfoil turbines
was greater than that of thin-plate arc turbines, but this period of time was extremely short.
Through statistical calculations, in a tidal cycle, the average power of the thin-plate arc
turbine was 1200.96 W, and the average power of the NACA airfoil turbine was 1121.44 W.
It can be seen that the comprehensive energy capture efficiency of the thin-plate arc turbine
was better in this sea area, which also verified the results of the tank experiment.

Figure 19. Capture-power and flow-rate graphs of the tidal cycle.

6. Conclusions

Aiming at the technical problem of tidal energy capture under the condition of low
flow velocity and small radius, the hydrodynamic analysis of differential pressure lift and
impact resistance of hydraulic turbine blades was carried out, and the design method of a
lift–drag-composite thin-plate arc blade was proposed, which comprehensively considered
the coupling effect of differential pressure lift and impact resistance. Based on the BEM
theory and Bernoulli’s principle, the blade dynamics model was established, the shape
parameters of the blade were solved, and the thin-plate arc and NACA airfoil turbine
blades were constructed under the same conditions. We carried out water-tank and
offshore experiments, and reached the following conclusions:

1. Through the hydrodynamic analysis of the turbine blade, the water flow around the
airfoil formed a pressure difference and impact, which acted on the blade together;
that is, the torque and axial force acted on the blade. Under the condition of low flow
velocity and small radius, the impact resistance of the blade cannot be ignored.

2. Through the water-tank experiment and the offshore experiment, the thin-plate arc
turbine blades that comprehensively used differential pressure lift and impact resis-
tance had better performance under conditions of low flow velocity and small radius,
which verified the correctness of the design method of lift–drag-composite blades.
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3. In sea areas where the flow velocity was generally low, the flow velocity could be
higher at certain moments, and the capture power of the lift-type blade was greater
than that of the lift–drag-composite blade. However, when considering the variation
period of tidal current velocity comprehensively and calculating the average power of
cycle, the average capture power of the lift–drag-composite blade was larger, which
was more suitable for the low-velocity sea area.

4. The lift–drag hydraulic turbine was characterized by low speed and heavy load, while
the lift-type turbine was characterized by high speed and light load.
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