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Abstract: To take advantage of the high tidal current velocity near the free surface, the horizontal axis
turbine is installed, which inevitably causes hydrodynamic characteristics to effect the turbine by the
waves. In this article, we established a numerical calculation method for the hydrodynamic load of a
horizontal axis turbine under wave-current conditions. Based on the numerical calculation results,
the hydrodynamic loads were decomposed and the influence rules of wave parameters and blade tip
immersion depth on the hydrodynamic load were obtained. The study found the following: (1) the
multi-frequency fluctuations based on the rotation frequency and incident wave frequency occurred
in instantaneous values of the axial load coefficients and energy utilization ratios, and the fluctuation
amplitude decreased with the increase of the blade tip immersion depth; (2) the fluctuation amplitude,
according to rotation frequency, changed less with the increase of wave period and wave height, and
was smaller according to wave frequency; (3) the fluctuation amplitude based on wave frequency
increased linearly with the increase of wave height and wave period. The research results can provide
the basis and reference for the design and engineering application of tidal current power station.

Keywords: tidal energy; horizontal axis turbine; wave-current interaction; blade tip immersion depth;
hydrodynamic characteristics

1. Introduction

Tidal current power can be described as a highly dense, reliable, and predictable renewable energy
source. It has been reported that an available tidal power of 95 and 61.3 TWH/year are available in the
UK and China, respectively [1,2]. To make full use of the high flow velocity of the water’s surface in
actual horizontal axis tide power stations, horizontal axis turbine is generally supported by floating
type or fixed carriers from the bottom of the sea toward near the free surface [3]. The turbine faces the
effects of water cavitation, free surface, and velocity gradient caused by waves. The impact not only
makes turbine power characteristics worse but also causes accumulation of interference load, fatigue,
and turbine fracture or support structure, which can lead to major accidents.

When the horizontal axis tidal current energy turbine runs near the free-surface, the movement
of the turbine causes the deformation of the wave surface and vice versa [4–8]. The interacting
of the turbine and the wave involves the unsteady and nonlinear interaction between the vortex,
turbulence, and wave surface, which complicates the flow field around the turbine. Therefore, it is
important to accurately predict the hydrodynamic performance of a horizontal axis turbine under
wave conditions. Recently, great interest has developed for turbine dynamic loading as a result of
wave-current interactions. Many experimental and numerical studies have investigated the dynamic
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behavior of scale model horizontal axis tidal current turbine performance immersed in towing and
flume tanks, which highlights the strong influence of surface waves [9–16]. It was reported that the
mean values of both power and thrust coefficients in the presence of waves were identical to cases of
current conditions.

In 2007, Barltrop et al. [9] studied the influence of waves on the tidal current turbines. In the
towing pool, the 3-blade horizontal axis turbine was tested. The turbine radius was 0.16 m, airfoil
S814, and maximum chord length was 66.5 mm. The average value of torque and thrust within a
range of the turbine’s regular wave and Reynolds number range were measured, where the relative
velocity on the turbine radius of 0.7 was tested. The results show that there was no difference between
each parameter’s average value and the wave-free condition, yet the instantaneous value of thrust
and torque obviously changed. In 2010, Gallway et al. [10] also carried out similar model tests on the
three-blade horizontal axis turbine in the towing basin. The turbine diameter was 0.5 m and the regular
deep-water wave (wavelength/depth) was 0.4 m. These results are similar to Barltrop’s, who found
that the instantaneous change of thrust is about 37% and torque 35%. In 2013, Benoit et al. [11] tested a
three-blade horizontal axis turbine with a diameter of 0.8 m in an experimental towing basin. The
test results show that interaction between wave and current increases the load fluctuation amplitude,
which must be considered in fatigue analysis. In 2014, Henriques et al. [12] carried out a surface wave
model test on a three-blade horizontal axis turbine in a high-speed circulating tank at the University of
Liverpool, measuring the thrust and power of the turbine under two different regular wave conditions
and comparing the measurement results with those under uniform flow (no wave) conditions. A
similar conclusion was obtained: the average value of thrust and power coefficient of the turbine
under regular wave condition was basically the same as the measured value of uniform flow, yet the
instantaneous value had obvious periodic change, and the change frequency was consistent with the
wave frequency. In recent years, similar hydrodynamic tests of wave turbines were carried out by
Ethan [13], Pascal [14], and Mustafa [15]. In 2019, Zhang Jisheng [16] carried out a physical model test
to explore the velocity change and turbulent characteristics of the wake field of a horizontal axis tidal
current turbine under the interaction of waves and flows. Compared with the condition without waves,
the existence of waves was conducive to the recovery of the water flow behind the supporting structure,
yet it caused a bigger loss of near wake velocity behind the water area where the turbine blades
rotated. The turbulence intensity decreased when the wave period increased and increased when the
wave height increased. In 2013, Harbin Engineering University (HEU) successfully developed and
installed the "Haineng II" 200 kW floating horizontal axis tidal current power station, whose operation
on the sea shows that waves have a significant impact on turbine power characteristics and floating
carrier motion.

Most previous numerical studies that used the blade-element momentum (BEM) model to evaluate
the dynamic loading behavior of the horizontal axis tidal current turbine due to surface wave’s effects
utilized linear wave theory to estimate the horizontal and vertical wave particle velocities [14,17,18].
The main problem of linear wave theory is that the current effects on waves are not accounted for; the
current velocity is simply superimposed to the horizontal wave particle velocities. On the other hand,
the BEM model based on the lift and drag obtained from two-dimensional airfoil cannot be used to
analyze complex three-dimensional flow effects, nor can it obtain detailed flow field information.

It can be seen from the above research that the hydrodynamic problem of horizontal axis turbine
under wave-flow condition was mainly studied by a model test. Then, the variation trend of the
hydrodynamic load of the turbine under wave-flow condition was obtained, but the specific rules
about the influence of wave parameters on the load are not given. Therefore, in this article, based
on the computational fluid dynamics (CFD) method, the hydrodynamic load was calculated within
the horizontal axis turbine under wave-current conditions. The hydrodynamic loads decomposed,
and the influence rules of wave parameters and the blade tip immersion depth on those loads were
obtained. Further, we summarized the approximate fast prediction method about hydrodynamic load
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under wave-current condition. Lastly, we provided, the reference of hydrodynamic load forecast for
the horizontal axis of the turbine under complex condition.

2. CFD Numerical Simulations

2.1. Calculation Model

CFD simulations were performed with the node centered in a finite volume solver. The fluid
region was meshed to be decomposed into a finite number of a controlled volume. For incompressible
fluids, the general conservation (transport) equation for continuity and momentum given below were
solved on the set of controlled volume:

∂ui
∂xi

= 0 (1)

ρ
∂ui
∂t

+ ρu j
∂ui
∂x j

= fi −
∂pi

∂xi
+ µ∇2ui (2)

The blades used in the turbine calculation model were developed by the Institute of Renewable
Energy, Deep Sea Center, and Harbin Engineering University [19]. We adopted a cross-sectional airfoil
with a S809 blade extending, as well as the form of varying chord length and pitch angle. The chord
length and pitch angle of different radius sections are shown in Table 1 and Figure 1. The turbine
diameter in the model was 0.7 m and there were two blades (Figure 2a). After the calculation model
was built, a large enough calculation field was given to simulate the flow field. The distances of the
turbine rotation plane from the inlet and outlet boundaries of the calculation field were 5D and 15D,
respectively. Moreover, the distance from the bottom and the side to the turbine rotating shaft were 5D.
Since the simulation was a two-phase flow, the distance between the turbine rotating shaft and the
top side of the calculation field was 2D to reduce the calculation time. To avoid a reduction in grid
quality during the calculation process, the entire computational domain was divided into two parts:
rotation domain and static domain. For convenience, a fixed coordinate system was established. The
origin of the coordinate system was located on the turbine axis. The XOZ plane was parallel to the
stationary water surface. The z-axis was in the direction of tidal current and the Y-axis was in the
vertical direction.

Table 1. Parameters of the turbine.

Radius (mm) Chord (mm) Pitch (Degrees)

70 90.01 26.2
90 84.96 19.9

110 80.11 15.5
130 75.46 12.2
150 71.01 9.8
170 66.76 7.9
190 62.71 6.3
210 58.86 5.0
230 55.21 4.0
250 51.76 3.1
270 48.51 2.3
290 45.46 1.6
310 42.61 1.1
330 39.96 0.5
350 37.51 0.1
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Figure 1. Chord length and pitch distribution with radius. 
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(d) YOZ plane mesh 

Figure 2. Schematic and mesh model. 

2.2. Mesh Generation 

In this paper, a hexahedron-based mesh form was adopted. A previous work [20] studied the 
number and convergence of meshes. The results showed that when the number of meshes reaches 
2.31 million and the height of the first layer of mesh on the model surface was 0.0005 m, the 
calculation results were basically unchanged even if the mesh was encrypted. In this paper, the mesh 
was refined based on a previous method [20], which improved the blade surface’s mesh quality and 
encrypted the region of the wave height range. The height of the turbine surface mesh of the first 
layer height was 0.0005 m, the stretching ratio was 1.1, and the y+ ranges was 0.7–48, as shown in 
Figure 2b. The target size and minimum size of turbine surface were 0.002 m and 0.0005 m, 
respectively, as shown in Figure 2c. Specifically, 12 grids were divided in the wave height range and 
100 girds were divided in the wavelength range. Since the turbine formed a wave-maker, the mesh 
in the free surface area near the turbine was further encrypted, as shown in Figure 2d. 

2.3. Boundary Condition Setting 

For the CFD system, the Unsteady Reynold Averaged Navier Stokes (URANS) equations were 
solved with a transient rotor-stator approach. A sliding mesh technique was utilized to physically 
rotate the rotation domain. The shear stress transport (SST) turbulence model was used with an 
automatic wall function approach. The SST turbulence model can accurately predict the onset and 
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Figure 1. Chord length and pitch distribution with radius.
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Figure 2. Schematic and mesh model.

2.2. Mesh Generation

In this paper, a hexahedron-based mesh form was adopted. A previous work [20] studied the
number and convergence of meshes. The results showed that when the number of meshes reaches 2.31
million and the height of the first layer of mesh on the model surface was 0.0005 m, the calculation
results were basically unchanged even if the mesh was encrypted. In this paper, the mesh was refined
based on a previous method [20], which improved the blade surface’s mesh quality and encrypted
the region of the wave height range. The height of the turbine surface mesh of the first layer height
was 0.0005 m, the stretching ratio was 1.1, and the y+ ranges was 0.7-48, as shown in Figure 2b. The
target size and minimum size of turbine surface were 0.002 m and 0.0005 m, respectively, as shown in
Figure 2c. Specifically, 12 grids were divided in the wave height range and 100 girds were divided in
the wavelength range. Since the turbine formed a wave-maker, the mesh in the free surface area near
the turbine was further encrypted, as shown in Figure 2d.

2.3. Boundary Condition Setting

For the CFD system, the Unsteady Reynold Averaged Navier Stokes (URANS) equations were
solved with a transient rotor-stator approach. A sliding mesh technique was utilized to physically rotate
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the rotation domain. The shear stress transport (SST) turbulence model was used with an automatic
wall function approach. The SST turbulence model can accurately predict the onset and amount of
flow separation in adverse pressure gradients. The SST model demonstrated better flow separation
prediction and more accurate performance assessment in several turbine CFD studies [21,22]. The wall
function model utilized the log law approximation and provided better computational efficiency.

The numerical simulation was completed by the CFD Software and based on the volume of fluid
(VOF) method to simulate two-phase flow. The VOF regular wave model was established first and then
the static water surface position, water velocity, air velocity, wave period, and amplitude were given.
The other relevant settings are as follows: the atmospheric pressure was set as the standard pressure and
then the direction of gravitational acceleration was obtained; the inlet boundary was set as the velocity
inlet condition and then the velocity of VOF regular wave model and the volume fraction of water and
air were given; the outlet boundary was set as an open pressure boundary, the relative pressure and
the volume fraction of water and air were then given; the left and right sides of the fluid computing
domain were set as free slip wall surfaces; the top and the bottom of the fluid calculation domain was
set as a velocity inlet condition and the velocity of VOF regular wave model and the volume fraction
of water and air were given; the surface of blade and hub was set as a non-slip wall; a sliding mesh
technique was utilized to physically rotate the rotation domain and then the rotation angular velocity
in the rotation domain was given; the static domain and the rotational domain were connected by an
interface; a transient solver was used. The boundary conditions were then set, as shown in Figure 3.
In addition, the turbulence model used in this study was the SST k-omega turbulence model, which
Menter proposed in 1994 [23]. It can accurately predict the onset and amount of flow separation in
adverse pressure gradients and demonstrated better flow separation prediction and more accurate
performance assessment in several turbine CFD studies [21,22,24]. The time stepping [25] was set as
the rotation time of the blades rotate 3◦ around the Z-axis. In the computing process, spatial discrete
used high-resolution scheme, which owns second-order or higher order accuracy. Moreover, temporal
discrete adopted a second-order implicit scheme.
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3. Result and Analysis

3.1. Validation of Uniform Flow

The above grid model and boundary condition set were used to simulate the test conducted by
the Institute of Renewable Energy and HEU research (Inflow velocity U = 1.5 m/s, tip-immersion
H = 0.79D) [26]. Then, the energy utilization ratio and axial load coefficient of the turbine with
different rotation speed were obtained. Energy utilization ratio (CP) of the turbine was a parameter that
represented the ability of a turbine to absorb tidal current kinetic energy. The axial load coefficient (CZ)
of the turbine was the dimensionless load along the rotation axis and the blade tip speed ratio (λ) was
the ratio of blade tip rotational linear velocity to incoming flow velocity. These can be expressed as:

CP =
TZω

1
2ρU3πR2

(3)
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CZ =
FZ

1
2ρU2πR2

(4)

λ =
ωTR

U
(5)

The comparison between the experimental values and the average values of the calculated results
are shown in Figure 4. The average value refers to the arithmetic average of the calculated results
when the turbine rotates once. It can be seen that the calculated value and the experimental value
were basically the same. The result verified the feasibility and accuracy of the numerical method
on studying the hydrodynamic characteristics of the horizontal axis turbine under two-phase flow
conditions. It should be noted that, since HEU measures the output power of the generator during
the turbine test, the experimental data in the figure was the measured data divided by 0.85 (consider
generator conversion efficiency and mechanical transmission efficiency).

J. Mar. Sci. Eng. 2020, 8, 562 6 of 15 

 

2 21
2

Z
Z

FC
U Rρ π

=  (4) 

T R
U

ωλ =  (5) 

The comparison between the experimental values and the average values of the calculated 
results are shown in Figure 4. The average value refers to the arithmetic average of the calculated 
results when the turbine rotates once. It can be seen that the calculated value and the experimental 
value were basically the same. The result verified the feasibility and accuracy of the numerical 
method on studying the hydrodynamic characteristics of the horizontal axis turbine under two-phase 
flow conditions. It should be noted that, since HEU measures the output power of the generator 
during the turbine test, the experimental data in the figure was the measured data divided by 0.85 
(consider generator conversion efficiency and mechanical transmission efficiency). 

 
(a) Axial load coefficient 

 
(b) Energy utilization ratio 

Figure 4. Comparison between calculated and experimental values. 

3.2. Wave Simulation Validity Verification 

When there was no turbine, the mesh model and boundary condition settings in Section 1 were 
used to simulate the coupling of regular waves (wave height 0.09 m, period 1.3 s) and uniform 
incoming flow (1.5 m/s). As shown in Figure 5, the change of the Z coordinate on the free surface and 
5D away from the inlet boundary was monitored and compared with the theoretical values based on 
Stokes' first-order wave theory. 

 
(a) Complete picture 

 
(b) Partially enlarged view 

Figure 5. Comparison of calculated and theoretical values. 

In Figure 5, it can be seen that the CFD numerical results changed slightly, but basically 
coincided with the theoretical values, verifying the effectiveness of the numerical method on wave 
simulation used in this paper. It should be noted that the given wave period 1.3 was the relative 
period when the wave and current were coupled, while the actual surface fluctuations change 

0

0.2

0.4

0.6

0.8

1

1.2

3 4 5 6 7 8

C Z

λ

Cal
Test

0

0.1

0.2

0.3

0.4

0.5

3 4 5 6 7 8

C P

λ

Cal

Test

-0.055

-0.015

0.025

0.065

5 6 7 8 9 10 11 12 13

ζ/
m

t (s)

CFD Theory

0

0.02

0.04

0.06

10 11 12 13

ζ/
m

t (s)

CFD Theory

Figure 4. Comparison between calculated and experimental values.

3.2. Wave Simulation Validity Verification

When there was no turbine, the mesh model and boundary condition settings in Section 1 were
used to simulate the coupling of regular waves (wave height 0.09 m, period 1.3 s) and uniform incoming
flow (1.5 m/s). As shown in Figure 5, the change of the Z coordinate on the free surface and 5D away
from the inlet boundary was monitored and compared with the theoretical values based on Stokes’
first-order wave theory.
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In Figure 5, it can be seen that the CFD numerical results changed slightly, but basically coincided
with the theoretical values, verifying the effectiveness of the numerical method on wave simulation
used in this paper. It should be noted that the given wave period 1.3 was the relative period when the
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wave and current were coupled, while the actual surface fluctuations change according to the regular
wave period when there was no flow velocity, and the relationship is as follows:

ωw = ωr + krU (6)

3.3. Influence of the Blade Tip Immersion Depth on Hydrodynamic Performance of the Turbine

The wave height was set at 0.09 m, the relative wave period was 1.3 s, and the rotation speed
was 230 r/min. The hydrodynamic load of the different blade tip immersion depth under water was
calculated. The time-history curves of axial load coefficient and energy utilization ratio of the blade
wheel under different blade tip immersion water depth were obtained and compared with those under
free surface condition only, as shown in Figure 6.
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Figure 6. Time history curves of different tip-immersion.

As seen in the figure, the existence of the wave caused the turbine axis load and energy utilization
to fluctuate. The overall fluctuation frequency was equal to the corresponding wave frequency when
there was no flow velocity. With the increase of blade tip immersion depth, the fluctuation amplitude of
axial load coefficient and energy utilization ratio decreased gradually, and the average value increased.

3.4. Influence of Wave Period on Hydrodynamic Performance of the Turbine

In this paper, the blade tip immersion depth D/8, wave amplitude was 0.09 m and the speed was
230 r/min. Five relative wave periods (0.9 s, 1.1 s, 1.3 s, 1.5 s, and 1.7 s) were selected for the following
numerical simulation. The time-history curves of axial load coefficients and energy utilization ratios of
the turbine under different wave periods were obtained, as shown in Figure 7.
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Figure 7. Time history curve under different wave periods.

It can be seen that with the increase of wave period, the fluctuation amplitudes of the axial load
coefficients and turbine’s energy utilization ratios gradually increased because the wave propagation
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speed increased with the increase of the wave period. We also found that the time-mean values of the
axial load coefficients and energy utilization ratios changed only a little.

3.5. Influence of Wave Height on Hydrodynamic Performance of the Turbine

The blade tip immersion depth under water was set as D/8, the relative wave period was 1.3 s,
and the rotation speed was 230 r/min. Five wave heights (0.05 m, 0.07 m, 0.09 m, 0.11 m, and 0.13 m)
were selected for numerical simulation. The time-history curves of the axial load coefficient and energy
utilization ratio of the turbine under different wave amplitudes were obtained, as shown in Figure 8.
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Based on the principle of the least square method, according to Equations (7) and (8), the 
correlation coefficients were obtained by fitting the time-history curves of the axial load coefficients 
and energy utilization ratios. 
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As seen in the above figure, with the increase of wave height, the fluctuation amplitudes of axial
load coefficients and energy utilization ratios gradually increased, but the fluctuation period and the
time-mean value of the axial load coefficients and energy utilization ratios were basically the same.
This was because the wave frequency was the same and the motion velocity of the fluid particle
increased with the increase of wave height.

4. Load Decomposition Analysis

According to the time-history curve under the wave condition, the axial load coefficients and
energy utilization ratios fluctuated in multiple frequencies based on the rotation frequency of the
turbine and the wave frequency when the flow velocities were zero. Therefore, the axial load coefficient
and energy utilization can be written as the following series:
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ZT

)
+

n1∑
j=1
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) sin( jωW)

+
n2∑
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) cos(kωW)

(7)
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(
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PT

)
+

n1∑
j=1

C0 j
P1 +

m1∑
i1=1

Ci j
P1 sin

(
i1NωT +ψi1

PT1

) sin( jωW)

+
n2∑

k=1

C0k
P2 +

m2∑
i2=1

Cik
P2 sin

(
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(8)

Based on the principle of the least square method, according to Equations (7) and (8), the correlation
coefficients were obtained by fitting the time-history curves of the axial load coefficients and energy
utilization ratios.
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To verify Equations (7) and (8), Figure 9 shows the comparison of CFD calculation value and
fitting curve. FIT-1 represents the fitting result when n1 = n2 = m0 = m1 = m2 = 2. FIT-2 gives the
fitting results when n1 = n2 = m0 = 2 and m1 = m2 = 0. It can be seen that the fitting values of FIT-1
was basically the same as calculated values. Those of FIT-2 reflect the characteristics of the turbine
loads, which showed that the coupling influence of the rotational and wave frequencies was small.
The small difference appeared only near the peak point, so that the follow-up analysis was based on
the FIT-2 fitting formula.

J. Mar. Sci. Eng. 2020, 8, 562 9 of 15 

 

To verify Equations (7–8), Figure 9 shows the comparison of CFD calculation value and fitting 
curve. FIT-1 represents the fitting result when 1 2 0 1 2 2n n m m m= = = = = . FIT-2 gives the fitting 
results when 1 2 0 2n n m= = = and 1 2 0m m= = . It can be seen that the fitting values of FIT-1 was 
basically the same as calculated values. Those of FIT-2 reflect the characteristics of the turbine loads, 
which showed that the coupling influence of the rotational and wave frequencies was small. The 
small difference appeared only near the peak point, so that the follow-up analysis was based on the 
FIT-2 fitting formula. 

  
(a) WH  = 0.09 m, rT  = 0.9 s 

  
(b) WH  = 0.13 m, rT  = 1.3 s 

Figure 9. Comparison diagram of the computational fluid dynamics (CFD) calculated value and 
fitting value. 

The corresponding expression of the FIT-2 curve in Figure 9 is shown. Based on the 
characteristics of Equations (9) and (10), the rotation and wave frequencies are separated to obtain 
their respective influences on hydrodynamic loads, which can be convenient for the prediction of 
hydrodynamic loads. 

( ) ( ) ( )

( ) ( )

2 2
0

1 2
1 1

2 2
0

1 1

sin cos sin

= sin sin

i i j j
Z Z Z T ZT Z W Z W

i j

i i j j
Z ZT T ZT ZW W ZW

i j

C C C iN C j C j

C C iN C j

ω ψ ω ω

ω ψ ω ψ

= =

= =

= + + + +

+ + + +

 

 
 (9) 

( ) ( ) ( )

( ) ( )

2 2
0

1 2
1 1

2 2
0

1 1

sin cos sin

= sin sin

i i j j
P P P T PT P W P W

i j

i i j j
P PT T PT PW W PW

i j

C C C iN C j C j

C C iN C j

ω ψ ω ω

ω ψ ω ψ

= =

= =

= + + + +

+ + + +

 

 
 (10) 

4.1. Load Analysis Under the Different Blade Tip Immersion Depths 

0.8

0.85

0.9

0.95

10 10.5 11 11.5 12 12.5 13

C Z

t (s)

CFD FIT-1 FIT-2

0.35

0.4

0.45

0.5

10 10.5 11 11.5 12 12.5 13
C P

t (s)

CFD FIT-1 FIT-2

0.75

0.85

0.95

1.05

10 10.5 11 11.5 12 12.5 13

C Z

t (s)

CFD FIT-1 FIT-2

0.3

0.4

0.5

0.6

10 10.5 11 11.5 12 12.5 13

C P

t (s)

CFD FIT-1 FIT-2

Figure 9. Comparison diagram of the computational fluid dynamics (CFD) calculated value and
fitting value.

The corresponding expression of the FIT-2 curve in Figure 9 is shown. Based on the characteristics
of Equations (9) and (10), the rotation and wave frequencies are separated to obtain their respective
influences on hydrodynamic loads, which can be convenient for the prediction of hydrodynamic loads.
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4.1. Load Analysis Under the Different Blade Tip Immersion Depths

According to Equations (9) and (10), the correlation coefficients were obtained by fitting the
time-history curves of the axial load coefficients and energy utilization ratios. When i equaled 2, the
coefficients of axial load coefficients and energy utilization ratios series expanded under different blade
tip immersion depths, as shown in Tables 2 and 3.

Table 2. Expansion coefficient table of axial load coefficient under the different blade tip
immersion depths.

H C0
Z C1

ZT ψ1
ZT C2

ZT ψ2
ZT C1

ZW ψ1
ZW C2

ZW ψ2
ZW

0 0.8488 0.0142 56.62 0.0016 −120.21 0.0984 −7.80 0.0017 −9.27

D/16 0.8601 0.0083 49.99 0.0007 −116.66 0.0841 −5.73 0.0012 −18.87

D/8 0.8825 0.0051 39.12 0.0003 −112.66 0.0741 −3.80 0.0008 −4.83

D/4 0.8907 0.0024 22.79 0.0003 165.60 0.0582 −1.98 0.0003 −9.82

3D/8 0.8933 0.0013 −0.26 0.0001 −41.28 0.0466 −0.80 0.0001 1.51

D/2 0.8939 0.0010 −25.69 0.0001 127.12 0.0375 0.21 0.0001 10.13

Table 3. Expansion coefficient table of energy utilization ratio under the different blade tip
immersion depths.

H C0
P C1

PT ψ1
PT C2

PT ψ2
PT C1

PW ψ1
PW C2

PW ψ2
PW

0 0.3930 0.0109 79.38 0.0012 −97.29 0.0969 −9.57 0.0028 −78.22

D/16 0.4034 0.0061 81.05 0.0006 −81.68 0.0842 −7.53 0.0022 −76.58

D/8 0.4241 0.0033 79.55 0.0003 −77.28 0.0758 −5.61 0.0015 −74.14

D/4 0.4322 0.0010 93.85 0.0003 173.15 0.0601 −3.76 0.0009 −79.67

3D/8 0.4345 0.0002 −179.40 0.0001 −80.76 0.0482 −2.54 0.0005 −82.05

D/2 0.4351 0.0005 −97.33 0.0001 163.54 0.0388 −1.49 0.0003 −81.24

In Tables 2 and 3, with the increase of the blade tip immersion depth, C0
Z and C0

P gradually increased,
and the average value of axial load coefficient and energy utilization ratio gradually increased. The
first-order item coefficient (C1

ZT, C1
ZW , C1

PT, C1
PW) was obviously greater than the second-order item

coefficient (C2
ZT, C2

ZW , C2
PT, C2

PW) and the influence of the quadratic term can be ignored. The fluctuation
amplitude (C1

ZW , C1
PW) based on the wave frequency was obviously greater than the turbine rotation

frequency fluctuation (C1
ZT, C1

PT), and both decreased gradually with the increase of the blade tip
immersion depth. However, the amplitude attenuation based on the rotation frequency fluctuation
became more rapid. Therefore, under the wave condition, the axial load coefficient and energy
utilization ratios of the turbine fluctuated over time based on rotation and wave frequencies. The
fluctuation amplitude based on the wave frequency was significantly greater than the rotation frequency.
With the increase of immersion depth, the fluctuation amplitude decreased gradually, but the time
mean values of axial load coefficients and energy utilization ratios increased gradually.

4.2. Load Analysis under the Different Wave Periods

The coefficients of load coefficient and energy utilization ratio series expansion under different
wave periods are shown in Tables 4 and 5, respectively.
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Table 4. Expansion coefficient table of axial load coefficient under the different wave periods.

T (s) C0
Z C1

ZT ψ1
ZT C2

ZT ψ2
ZT C1

ZW ψ1
ZW C2

ZW ψ2
ZW

0.9 0.8791 0.0051 42.59 0.0003 −98.25 0.0335 −15.53 0.0005 9.28

1.1 0.8810 0.0052 39.76 0.0004 −142.63 0.0583 −7.52 0.0003 −8.02

1.3 0.8825 0.0051 39.12 0.0003 −112.66 0.0741 −3.80 0.0008 −4.83

1.5 0.8831 0.0052 40.03 0.0003 −111.87 0.0819 −1.39 0.0011 16.92

1.7 0.8829 0.0053 40.90 0.0004 −116.15 0.0855 −0.23 0.0012 38.67

Table 5. Expansion coefficient table of energy utilization ratio under the different wave periods.

T (s) C0
P C1

PT ψ1
PT C2

PT ψ2
PT C1

PW ψ1
PW C2

PW ψ2
PW

0.9 0.4195 0.0034 84.81 0.0003 −57.90 0.0339 −17.84 0.0004 −38.82

1.1 0.4222 0.0033 79.15 0.0002 −114.89 0.0594 −9.65 0.0009 −89.13

1.3 0.4241 0.0033 79.55 0.0003 −77.28 0.0758 −5.61 0.0015 −74.14

1.5 0.4250 0.0035 80.10 0.0004 −77.10 0.0838 −2.94 0.0015 −59.06

1.7 0.4249 0.0036 82.10 0.0004 −82.30 0.0874 −1.59 0.0013 −50.61

According to Tables 4 and 5, when the wave period increased, the values of C0
Z and C0

P hardly
changed, and the average values of axial load coefficients and energy utilization ratios also hardly
changed. The influence of the second-order term coefficient (C2

ZT, C2
ZW , C2

PT, C2
PW) was neglected.

The fluctuation amplitudes (C1
ZT, C1

PT) based on the rotation frequency of the turbine hardly changed
with the increase of the wave period, while the fluctuation amplitude (C1

ZW , C1
PW) based on the wave

frequency increased with the increase of the wave period. The increase was obvious when the period
was smaller because the wave frequency changes were obvious in the small wave period. Figure 10
shows the change curve of C1

ZW and C1
PW with wave frequency. As can be seen, C1

ZW and C1
PW decreased

linearly when wave frequency increased.
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Tables 6 and 7 show the coefficients and load coefficient for the energy utilization ratio series 
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4.3. Load Analysis Under the Different Wave Heights

Tables 6 and 7 show the coefficients and load coefficient for the energy utilization ratio series
under different wave heights.
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Table 6. Expansion coefficient table of axial load coefficient under the different wave heights.

HW(m) C0
Z C1

ZT ψ1
ZT C2

ZT ψ2
ZT C1

ZW ψ1
ZW C2

ZW ψ2
ZW

0.05 0.8817 0.0052 43.28 0.0003 −159.47 0.0408 −4.88 0.0002 −21.35

0.07 0.8817 0.0053 43.20 0.0002 −102.25 0.0575 −4.18 0.0005 −17.40

0.09 0.8825 0.0051 39.12 0.0003 −112.66 0.0741 −3.80 0.0008 −4.83

0.11 0.8827 0.0049 40.71 0.0003 −134.03 0.0897 −3.61 0.0011 −15.41

0.13 0.8832 0.0050 37.70 0.0004 −147.24 0.1060 −2.55 0.0015 −10.87

Table 7. Expansion coefficient table of energy utilization ratio under the different wave heights.

HW(m) C0
P C1

PT ψ1
PT C2

PT ψ2
PT C1

PW ψ1
PW C2

PW ψ2
PW

0.05 0.4223 0.0038 85.87 0.0002 −124.04 0.0417 −6.71 0.0005 −77.98

0.07 0.4227 0.0037 84.75 0.0003 −58.14 0.0587 −5.99 0.0010 −75.04

0.09 0.4241 0.0033 79.55 0.0003 −77.28 0.0758 −5.61 0.0015 −74.14

0.11 0.4235 0.0031 84.30 0.0003 −93.74 0.0907 −5.45 0.0023 −77.65

0.13 0.4264 0.0029 77.35 0.0003 −116.79 0.1084 −4.36 0.0032 −74.88

When wave height increased, the average values of axial load coefficients and energy utilization
ratios hardly changed. The influence of the second-order term coefficient (C2

ZT, C2
ZW , C2

PT, C2
PW) was

neglected. The fluctuation amplitudes (C1
ZT and C1

PT) based on the rotation frequency of the turbine
hardly changed when wave height increased, while the fluctuation amplitudes (C1

ZW and C1
PW) based

on the wave frequency increased when wave height increased. Figure 11 shows the variation curve of
C1

ZW and C1
PW with wave height. C1

ZW and C1
PW increased linearly with wave heights.
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5. Conclusions

In this paper, the hydrodynamic loads of a horizontal turbine under wave-flow condition were
numerically calculated based on the CFD method. The research conclusions can be summarized
as follows:

(1) Under the condition of wave flow, the instantaneous values of axial load coefficients and
energy utilization ratios of the turbine produced multi-frequency fluctuations based on wave and
rotation frequencies. The fluctuation amplitude based on wave frequency was obviously greater than
those based on rotation frequency.
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(2) With the increase of the blade tip immersion depth, the time-mean values of the axial load
coefficients and energy utilization ratios gradually increased, but the increasing rates decreased. The
fluctuation amplitude based on the wave and rotation frequencies both decreased rapidly.

(3) When the wave period increased, the time-mean values of axial load coefficients and energy
utilization ratios hardly changed. The fluctuation amplitudes based on the rotation frequency hardly
changed when the wave period increased, while the fluctuation amplitudes based on the wave
frequency basically increased linearly.

(4) When wave height increased, the time-mean values of axial load coefficients, energy utilization
ratios, and the fluctuation amplitudes based on rotation frequency, hardly changed and no obvious
rules were found. The fluctuation amplitudes based on the wave frequency increased linearly when
wave height increased.
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Nomenclature

Symbols Units Descriptions
U m/s Inflow velocity
ωT rad/s Turbine angular velocity
D m Turbine diameter
N Number of blades
R m Turbine radius
H m Blade tip immersion depth
n r/min Rotation speed of turbine
ωr rad/s Relative wave frequency
kr rad/m Relative wave number
ωw rad/s Wave frequency
HW m Wave height
Tr s Relative wave period
FZ N Axial force
TZ Nm Axial torque
CZ Axial force coefficient
CP Axial torque coefficient
ρ kg/m3 Density of inflow water
λ Tip speed ratio
f N Mass force
p N/m2 Pressure
µ Ns/m2 Dynamic viscosity
C mm Chord
Φ degree Pitch
Acronyms Descriptions
HEU Harbin Engineering University
BEM Blade-Element Momentum
CFD Computational Fluid Dynamics
URANS Unsteady Reynold Averaged Navier Stokes
SST Shear Stress Transport
VOF Volume of Fluid
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