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Abstract: For floating HATT1 with variable speed control, a numerical model based on CFD2 method is proposed to predict the surge 8 
force. Compared with the hydrodynamic load of the HATT under the same condition but with fixed speed control, the variable speed 9 
control can effectively improve the power coefficient of the HATT. When the surge period is 1.5 s and the surge amplitude is D/8, the 10 
average power coefficient increases by 36.36%. But the load fluctuation in terms of the axial load and power coefficients are 11 
significantly larger than those with fixed speed control. Based on the hydrodynamic load decomposition model of the HATT with fixed 12 
speed rotation and surging motion and the variation law of damping coefficient, the hydrodynamic load prediction method of the 13 
HATT with variable speed rotation and surging motion is established. By comparing with the CFD results, it is evidenced that this 14 
prediction method can effectively predict the axial load and power coefficients of the HATT. The research findings can provide a 15 
reference for the rapid prediction of the hydrodynamic load of the HATT during the actual operation of the floating tidal power station. 16 
Key words: Horizontal axis tidal turbine; Hydrodynamic characteristics; Rotation speed control; Prediction method; Surging motion 17 

18 
Nomenclature 19 

Symbols Descriptions Symbols Descriptions 

U Inflow velocity, m/s S Surging displacement, m 

T Turbine angular velocity, rad/s SA Surge amplitude, m 

D Turbine diameter, m S Surge frequency, rad/s 

R Turbine radius, m ST Surge period, s 

 Water density, kg/m3 N Number of blades 

rU Relative inflow velocity, m/s FxC Axial force coefficient 

SU Surge velocity, m/s PC Power coefficient 

 Tip speed ratio n Normalized damping coefficients 

opt Optimal tip speed ratio m Normalized added mass coefficients 

XF Axial force, N u Dimensionless surging velocity 

XT Axial torque, Nm a Dimensionless surging acceleration 

1. Introduction20 

According to BP World Energy Outlook 2018, the development of renewable energy will grow rapidly in the21 
future with 33% expected by 2040 (Dudley, 2018). Ocean energy is a type of renewable energy that contains 22 
abundant untapped resources. With 70% of the earth's surface covered by the ocean, tidal current energy is one kind 23 
of ocean energy (Draper et al., 2014; Liu et al., 2022], which could provide 50-180GWh of electricity per year. 24 
Such great potential in the past decades has attracted scholars from all over the world (Chen et al., 2018). With 25 
continuous research and development, various tidal energy devices have been prototyped and trialled (Liu et al., 26 

1 HATT: horizontal axis tidal turbine 
2 CFD: Computational fluid dynamics 
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2018). According to the different working modes of tidal turbines, they can be divided into horizontal and vertical 27 
axis tidal turbines (Zhang et al., 2013). Compared with the vertical axis turbine, the advantages of the HATT are 28 
clear, including simple structure, better efficiency, self-starting and stable rotation, etc. (Li, 2008). According to 29 
Corsatea surveys, 76% of investment in the tidal current energy industry is used to develop HATT (Corsatea et al., 30 
2013). 31 

Recently, floating platforms are explored, which are demonstrated to be suitable for complex seabed terrain, 32 
large range of water depth, good use of surface water flow and easy installation and maintenance (Jing et al., 2013; 33 
Wang et al., 2020). However, in the real ocean environment, due to wind, wave and turbulence, the floating 34 
platform is subjected to complex motions which complicate the hydrodynamic load of HATT. Furthermore, the 35 
presence of waves in the tidal current field can lead to the following two problems: 1, the waves generate orbital 36 
velocity mixing into the tidal current field and hence lead to spatial-temporal velocity fluctuation, which results in 37 
load fluctuation and compromises the energy conversion efficiency and the power quality; 2, for floating tidal 38 
energy devices, the waves excite the platform to have significant motion together with fast rotating turbines. This 39 
leads to further load fluctuation and impacts power quality and output. Both phenomena contribute to the fatigue 40 
load of the turbine structure and shorten the operational life of tidal energy devices. Therefore, it is vital to discuss 41 
the hydrodynamic performance of a floating HATT under the wave-current interaction. 42 

Recently, many researchers have studied the hydrodynamic load of a HATT under wave-current conditions 43 
either through model experiments or numerical simulation. For example, Henriques et al. (2014) carried out a 44 
three-bladed HATT model test with a diameter of 0.5m in the high-speed circulating water flume, and the thrust and 45 
power output of the HATT under two different regular wave conditions were measured. The results show that the 46 
regular wave has little effect on the time mean value of the thrust and power coefficient of the HATT, but the 47 
instantaneous value has obvious periodic fluctuation, and the fluctuation frequency is the same as the wave 48 
frequency. Ma et al. (2017) conducted experiments on a two-bladed HATT with a diameter of 0.7m in the towing 49 
tank. The axial load and power output of a HATT were measured under the conditions of blade tip-immersion depth 50 
of 0.15m and 0.55m, respectively. The experimental results show that when the turbine is close to the water surface, 51 
the power efficiency will increase due to the influence of waves, and the influence of waves on the axial load of the 52 
HATT will gradually decrease with the increase of blade tip-immersion depth. Guo et al. (2018) studied the thrust 53 
and torque of a HATT with a diameter of 0.8 m in a towing tank with a towing velocity of 0.68 m/s. The 54 
experimental results show that the fluctuation amplitudes of thrust and torque reached up to 50% of their average 55 
values when the wave period is 1.6 s and wave height is 0.14 m. Draycott et al. (2019) conducted experiments on a 56 
three-bladed HATT with a diameter of 1.2 m at the FloWave circular, and the thrust and power output under the 57 
conditions of regular waves were measured. Results demonstrated that the wave-induced fluctuations of the thrust 58 
and power output had increased with the wave amplitude, but it had decreased with wave frequency. Rodrigo et al. 59 
(2018) conducted experiments on the same HATT model, and the thrust and power in oblique currents and wave 60 
conditions were measured. Results demonstrated that waves affect the means and standard deviation of HATT 61 
thrust and power, but off-axis waves are associated with lower thrust loads than head-on waves. Shi et al. (2019) 62 
conducted a test on the leading-edge undulated tidal turbine in a towing tank facility under the conditions of regular 63 
waves and irregular waves. Results revealed that the leading-edge undulated turbine has a stable hydrodynamic 64 
performance over a combined range of current speeds and waves. Zhang et al. (2023)conducted a test on a 65 
three-bladed HATT with a diameter of 0.2 m. The experimental results demonstrated that the power spectrum under 66 
wave conditions is almost a superposition of current and additional components, including wave frequency, rotation 67 
frequency, and their mixing frequency.  68 
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In terms of numerical methods, BEM3 and CFD methods are mainly used in the study of hydrodynamic loads 69 
of HATT. Some researchers have improved the BEM method and used it to study the hydrodynamic load of a 70 
HATT under wave-current conditions (Scarlett et al., 2019, 2020; El-Shahat et al., 2020, 2022). Although BEM 71 
method has been developed and applied to the hydrodynamic load calculation of a HATT under wave-current 72 
conditions, this method has limitations, for example, it does not solve the blade grids and can not give detailed flow 73 
around the rotor. However, CFD method based on Reynolds-averaged Numerical Simulation can effectively 74 
overcome these limitations. From the literature, there are few studies on the hydrodynamic load of a HATT under 75 
wave-current conditions based on CFD method. Jia et al. (2020) used Star-CCM+ software to study the 76 
hydrodynamic performance of the coupled motion between the HATT and the carrier platform. The results showed 77 
that: the wave height and wavelength have significant impacts on the pitch, heave and surge of the floating platform 78 
and the HATT, and the pitch, heave and surge increase with the increase of wave amplitude. Tian et al. (2020) 79 
applied the CFD method to analyze the hydrodynamic performance of a HATT under wave-current conditions. The 80 
findings proved that both the time mean value and the fluctuation amplitude of the HATT torque were increasing 81 
with the increase of wave height. Huang et al. (2022) applied the CFD method to investigate the effects of heave 82 
motion on the performance of a floating counter-rotating turbine under wave-current interaction. The simulation 83 
results show that the mean power and thrust coefficients are reduced by about 9% and 5%, respectively. Peng et al. 84 
(2022) used the CFD method to investigate the HATT performance under free surface condition and with surge 85 
motion. The simulation results show that augmenting the surge amplitude and frequency increases the 86 
time-averaged and fluctuation of the power and thrust coefficient. 87 

In summary, most existing studies considered the effect of waves on the flow field, but did not take into 88 
account the influence of waves on the motion of the floating platform, that is, the HATT rotates around a fixed axis 89 
in a wave-current field. In fact, the wave causes the platform to move with six degrees of freedom, and the HATT 90 
fixed on the floating body will rotate and move with the platform in six degrees of freedom. Prior studies (Wang et 91 
al., 2019, 2021) had reported that the frequency and amplitude of the surging motion can affect the hydrodynamic 92 
load and power output of the HATT with fixed speed rotation and surging motion, but the effect of the varying 93 
rotational speed was not considered. During the actual operation, some turbines use variable speed control which 94 
will be adversely affected by this. It is necessary to analyze the influence of the floating platform motion on a 95 
variable speed controlled turbine.  96 

Therefore, this paper proposes a speed control law based on the floating platform movement to achieve the 97 
purpose of improving the output power of the HATT. Then, based on the previous study (Wang et al., 2021), a 98 
numerical simulation method of variable speed rotation and surging movement of a HATT under free surface 99 
conditions is established, and the hydrodynamic loads of the HATT under different surge periods and amplitudes is 100 
analyzed. Finally, by using the hydrodynamic load decomposition model and the variation law of damping 101 
coefficient under the fixed speed rotation and surging motion of the HATT, a fast hydrodynamic load prediction 102 
method under the variable speed rotation and surging motion is established. The findings can provide a reference 103 
for the rapid prediction of the hydrodynamic load of the HATT during the actual operation of the floating tidal 104 
power station, and provides a basis for the research of the motion response of the floating platform and the design 105 
of the HATT control system. 106 

2. CFD Numerical Simulation107 

2.1 CFD Numerical Methods 108 
In our previous work (Wang et al., 2021), a numerical calculation method for the hydrodynamics load of the 109 

3 BEM: Blade-Element Momentum 
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HATT with constant speed rotation and surging motion under the condition of free surface has been established, 110 
and the validity of the numerical calculation method is verified by comparing it with the experimental results. The 111 
turbine diameter and blade number are 0.7 m and 2, respectively. Two domains are established: the background 112 
domain and the rotation domain. The distances of the turbine rotation plane from the inlet boundary and the outlet 113 
boundary of the background domain are 5D and 15D respectively, and the distance of the turbine rotation axis from 114 
the bottom and the side of the background domain are 5D. The distance between the rotating center of HATT and 115 
the top side of the background domain is set as 2.5D. This paper studies the hydrodynamic load characteristics and 116 

power characteristics of the HATT with variable speed rotation and surging motion ( = cos( )S S S SU A t  ) under the 117 

condition of the free surface. As far as the numerical simulation method is concerned, the main difference between 118 
the numerical method proposed in this paper and the numerical method established in our previous work is the 119 
setting of the rotational speed. In our previous work, the rotational speed is constant, while the rotational speed of 120 
the HATT in this paper is variable. Therefore, on the basis of the numerical calculation method established in the 121 
literature (Wang et al., 2021), the speed is controlled to realize the numerical simulation of the variable speed 122 
rotation and surging motion of the HATT. The mesh model used in this paper is consistent with that described in 123 
literature (Wang et al., 2021), as shown in Fig. 1. The target size and minimum size of turbine surface are set as 124 
0.002 m and 0.0005 m in Fig.2c. As shown in Fig.2c, the height of the HATT surface mesh of the first layer height 125 
is 0.0005 m, the stretching ratio is 1.1, the number of boundary layers is 10, and the y+ ranges in 0.7~48. In Fig.1d, 126 
the free surface mesh encryption area is enlarged near the HATT in order to capture the deformation of the 127 
free-surface. The number of cells in the whole computing domain is more than 4.5 million. 128 

129 

(a) (b) 130 

131 
(c)                                             (e)  132 

Fig.1 Mesh model. (a) Rotation domain mesh; (b) Boundary layer mesh; (c) Blade surface mesh; (e) XOZ plane mesh. 133 
Rotation and surging motion are realized by sliding grid and overlapping grid respectively. The motion model 134 

of rotation and surging is established, and then the surging velocity and variable rotation speed are given in the 135 
rotation domain. Next, this paper set the atmosphere as the standard pressure and the direction of gravitational 136 
acceleration (-Y). The inlet boundary (Inlet) is set as the velocity entry, and the uniform flow velocity U (1 m/s) and 137 
turbulence parameters are given. The outlet boundary is set as the pressure outlet，and the hydrostatic pressure is 138 
given. According to the blade tip-immersion depth, the volume fractions of water and air at the inlet and outlet are 139 
given. In addition, the bottom and sides of the computational domain are set as free slip walls. The top of the 140 
computational domain is set as an open pressure boundary, the relative pressure is set as 0, and the volume fraction 141 
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of water and air are 0 and 1 respectively. The HATT surface is the non-slip wall. The background and rotating 142 
domains are connected by an overlapping grid. The boundary conditions are set as shown in Fig.3. The turbulence 143 
model is SST model. 144 

145 
Fig.2 Schematic diagram of boundary conditions 146 

2.2 Rotating speed control model 147 
According to the previous research results, the power coefficient of the HATT reaches the maximum when the 148 

tip speed ratio is about 5.5 under the condition of uniform open flow, that is, the optimal tip speed ratio is about 5.5. 149 
Due to the existence of the surging motion, the relative inflow velocity of the HATT changes. If the rotational speed 150 
is constant, the speed ratio will change all the time during the surging motion. Considering the influence of the 151 
surging motion on the relative inflow velocity of the turbine, the rotational speed is controlled to make the HATT 152 
always operate near the optimal tip speed ratio, to improve the power coefficient of the HATT under the condition 153 
of surging motion. According to the law of surging motion, the surge velocity of the HATT can be obtained as: 154 

( )= cosS S S SU A t  (1) 155 

Without considering the influence of the induced velocity, the relative inflow velocity of the HATT can be 156 
expressed as 157 

( )= cosr S S SU U A t − (2) 158 

Set the optimal tip speed ratio opt to 5.5, then the corresponding control rotation speed is159 

( )cosopt S S S
T

U A t
R

  


 − 
= (3) 160 

Based on Eq. (3), a user-defined function about the rotational speed is established in commercial software 161 
Star-CCM+  to realize the control of the rotating speed of the HATT. Since the rotating speed of the HATT 162 
changes at all times and the magnitude of the change is related to the surge amplitude and frequency, if a constant 163 
time step is used, it is not conducive to the convergence of the calculation results. Therefore, according to the 164 
rotational speed, a field function about the time step is established to achieve the purpose of rotating the HATT by 165 
2° at each time step. 166 

3. Results and analysis167 

For the load and performance of the HATT, the axial load and output power are more concerned. So the two168 
dimensionless parameters are defined as follows. 169 

2 21
2

X
Fx

FC
U R 

= (4) 170 
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=                                       (5) 171 

T R
U


 =                                          (6) 172 

The diameter of the prototype turbine is 9 m, the tidal current speed is about 3.5 m/s, and the wave period is 173 
from 4 s to 7 s. The diameter of the HATT model in numerical simulation is 0.7 m. Based on the Froude's similarity 174 
law, the inflow velocity during numerical calculation is 1 m/s, and the wave period is around 1.1 s -1.9 s. It is 175 
assumed that the period of the surging motion is the same as that of the wave. 176 

3.1. Influence of surge period on hydrodynamic performance 177 
By selecting the surge amplitude as D/16, the blade tip immersion water depth as D/8, and the incoming flow 178 

velocity as 1m/s, the time history curves of the axial load and power coefficients under three different surge periods 179 
(1.1s, 1.5s, and 1.9s) were calculated, and the results are given in Fig. 3. In the figure, -F represents the calculation 180 
result when the rotation speed is fixed, and -V represents the calculation result when the rotation speed changes 181 
according to Eq. (3). 182 
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(a)                                              (b)  184 

Fig.3 Time history curves of the hydrodynamic load under different surge periods. (a) Axial load coefficient; (b) Power coefficient. 185 
It can be seen from Fig. 3 that whether the rotational speed is fixed or the rotational speed is changed 186 

according to Eq. (3), both the axial load and power coefficients have obvious periodic fluctuations. The fluctuation 187 
period is consistent with the surge period, and the fluctuation amplitude increases with the decrease of the surge 188 
period. It can be explained as follows: for fixed rotational speed motion, the relative inflow velocity at the 189 
rotational plane of the HATT changes periodically with the surging motion, and the smaller the period, the greater 190 
the variation of the relative inflow velocity; for variable rotational speed motion, except that the relative inflow 191 
velocity at the rotating plane of the HATT changes with the surging motion, the rotation speed of the HATT also 192 
changes periodically with the surging motion, and the smaller the period, the larger the variation range of the 193 
relative inflow velocity and rotation speed. Moreover, the fluctuation amplitude and average value of the axial load 194 
and power coefficients under the condition of variable rotational speed are larger than those under the condition of 195 
fixed rotational speed in Fig. 3. Especially for the power coefficient, the calculation results of the variable rotational 196 
speed motion are larger than the calculation results of the fixed rotational speed motion, and the smaller the period, 197 
the more obvious the difference. Compared with the average power coefficient under fixed rotational speed, the 198 
average power coefficient under varying rotational speed during the surge period of 1.9s, 1.5s and 1.1s increases by 199 
5.98%, 9.77% and 19.00%, respectively. The main reason is that the HATT always works at the optimal tip speed 200 
ratio during the variable rotational speed motion, which improves the power output of the HATT. Therefore, 201 
making the HATT always works at the optimal tip speed ratio can effectively improve the power generation of the 202 
floating tidal current power station. 203 
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3.2. Influence of surge amplitude on hydrodynamic performance 204 
The surge period, the blade tip immersion water depth, and the incoming flow velocity are set as 1.5s, D/8, and 205 

1 m/s, respectively. Then the hydrodynamic loads under different surge amplitudes (D /32, D /16, 3 D /32, D /8) 206 
were calculated. The time history curves of the axial load and power coefficients are shown in Fig. 4, where -F 207 
indicates the calculation result when the rotational speed is fixed and -V indicates the calculation result when the 208 
rotational speed is varied according to Eq. (3). 209 
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(a)                                            (b)  211 

  Fig.4 Time history curves of the hydrodynamic load under different surge amplitudes. (a) Axial load coefficient; (b) Power 212 
coefficient. 213 

It can be found from the Fig. 4 that 1) with the increase of the surge amplitude, the fluctuation amplitude of 214 
the axial load and power coefficients gradually increases, but the fluctuation period is consistent with the surge 215 
period; 2) the fluctuation amplitude and average value of axial load and power coefficients under the condition of 216 
variable rotational speed are greater than those under the condition of fixed rotational speed; 3) compared with the 217 
power coefficient under fixed rotational speed, the larger the surge amplitude, the more obvious the increase of 218 
power coefficient under variable rotational speed motion. Compared with the average power coefficient under fixed 219 
rotational speed, the average power coefficient under varying rotational speed during the surge amplitude of D/32, 220 
D/16, 3D/32 and D/8 increases by 2.63%, 9.77%, 21.15% and 36.36%, respectively.The reason is similar to the 221 
influence of the surge period on the axial load and power coefficients, that is, under the same surge period, the 222 
amplitude of the surging motion determines the variation range of the relative inflow velocity and rotational speed. 223 
The larger the surge amplitude is, the larger the variation range of relative inflow velocity and rotational speed is, 224 
resulting in the larger the fluctuation amplitude of the hydrodynamic load of the HATT.  225 

3.3. Influence of rotational speed on hydrodynamic performance 226 
To obtain the influence of the rotational speed on the hydrodynamic load of the HATT and provide data 227 

support for the hydrodynamic load prediction method when the rotational speed is variable. This paper set the surge 228 
period as 1.5s, the surge amplitude as D/16, the immersion depth of the blade tip as D/8, and the incoming flow 229 
velocity as 1m/s. 11 different fixed rotational speeds are selected for numerical calculation, and the variation law of 230 
hydrodynamic load at different fixed rotational speeds is obtained in Fig. 5. The numbers in the legend indicate the 231 
tip speed ratios. It can be seen from Fig. 5 that under different fixed rotational speeds, the axial load and power 232 
coefficients fluctuate periodically with the surging motion. The fluctuation period is consistent with the surge 233 
period, and the fluctuation amplitude gradually increases with the increase of rotational speed. The main reason is 234 
that the faster the rotational speed, the greater the relative velocity of the airfoil of the HATT blade section, 235 
resulting in a greater magnitude of the hydrodynamic load change caused by the same surge velocity change. The 236 
variation law of the average value of the axial load and power coefficients with the rotation speed is consistent with 237 
that of axial load and power coefficients when only rotating, that is, with the increase of the rotation speed, the 238 
average value of axial load coefficient gradually increases, but the average value of the power coefficient first 239 
increases and then decreases. As far as the power coefficient is concerned, there is an optimal speed ratio, that is, 240 
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the corresponding tip speed ratio when the power coefficient achieves maximum is about 5.5. 241 
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(a)                                              (b)  243 

  Fig.5 Time history curves of the hydrodynamic load under different tip speed ratios. (a) Axial load coefficient; (b) Power 244 
coefficient. 245 

4. Hydrodynamic load prediction method 246 

4.1. Decomposition analysis of hydrodynamic load at a fixed rotating speed 247 
4.1.1. Hydrodynamic load decomposition model 248 

According to the analysis of the calculation results in Section 3 and the hydrodynamic load characteristics of 249 
the HATT, the decomposition model of the axial load and power coefficients is established as follows. 250 
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The correlation coefficients in Eqs. (7-8) can be obtained by fitting the axial load and power coefficients time 253 
history curve based on the least square method. By analyzing and comparing the correlation coefficients, the 254 
following expressions can be obtained by ignoring the parts with small influence. 255 

( )0 01
2 cosZ Z Z SC C C t= +                                   (9) 256 

( ) ( )0 01 02
2 2cos cos 2P P P S P SC C C t C t = + +                            (10) 257 
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Fig.6 Comparison of calculated values between formula and CFD. (a) H=D/8, SA =D/16, ST =1.1s，λ=5.5; (b) H=D/8, SA =D/8, 264 

ST =1.5s，λ=5.5; (c) H=D/8, SA =D/16, ST =1.5s，λ=7.5. 265 

The comparison curve of calculation value obtained by Eqs. (9-10) and CFD are given in Fig.6. The 266 
calculation value obtained by Eqs. (9-10) basically keeps the same with the calculated value obtained by CFD. 267 
Therefore, Eqs. (9-10) can reflect the hydrodynamic characteristics of HATT with surging motion under free 268 
surface conditions. According to the law of surging motion, the dimensionless surge velocity is defined as shown in 269 
Eq. (11). Thus, Eqs. (9-10) can be written as Eqs. (12-13), which ignores the effects of additional mass and divides 270 
hydrodynamic loads into two parts: the hydrodynamic load when only rotating is considered, and the damping force 271 
related to the surge velocity. In Eqs. (12-13), the damping coefficient of the axial load coefficient is stable during 272 
the surging motion, but the damping coefficient of the power coefficient changes periodically based on the surge 273 
frequency. 274 
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( ) ( )

( )

( )

0 01 02
2 2

0 0 1 02

0 0 1

cos cos 2

= cos

= cos

P P P S P S

P PS PS S S P

P PS PS S S

C C C t C t

C n n t u C

C n n t u

 






= + +

 + + − 

 + + 

                          (13) 277 

4.1.2. The effect of the surge period on the fitting coefficient 278 
For the time history curves of the axial load and power coefficients under different surge periods, the 279 

correlation coefficients in Eqs. (12-13) can be obtained by fitting with the least square method and given in Tables 280 

1-2. As can be seen from Tables 1-2, 0
FxC and 0

PC   are stable, that is, the change of the surge period has little effect 281 

on the time mean of the axial load and power coefficients. For the axial load coefficient, the damping coefficient is 282 
stable under different surge periods, that is, the axial load coefficient has a linear relationship with the 283 
dimensionless surge velocity. For the power coefficient, the average value of the damping coefficient is stable under 284 
different surge periods, but its fluctuation amplitude increases linearly with the increase of the surge frequency in 285 
Fig. 7, that is, the damping coefficient of the power coefficient fluctuates with the surging motion, and the 286 
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fluctuation amplitude increases linearly with the increase of the surge frequency. 287 
Table 1 FxC  correlation coefficients 288 

ST  (s) 0
FxC  FxSn  

1.1 0.858  -1.304  

1.3 0.860  -1.308  

1.5 0.861  -1.301  

1.7 0.861  -1.287  

1.9 0.861 -1.272 

Table 2 PC  correlation coefficients 289 

ST  (s) 0
PC   0

PSn  1
PSn  

1.1 0.416  -1.315  0.100  

1.3 0.414  -1.320  0.092  

1.5 0.413  -1.322  0.090  

1.7 0.410  -1.298  0.080  

1.9 0.409 -1.282 0.076  

n1
PS = 0.01ωS + 0.0433

0.07

0.08

0.09

0.10

0.11

3 4 5 6

n1 PS

ωS  290 
Fig. 7 Variation law of 1

PSn  with surge frequency 291 

4.1.3. The effect of the surge amplitude on the fitting coefficient 292 
Based on Eqs. (12-13), the axial load and power coefficients at different surge amplitudes are fitted by using 293 

the least squares method, and the correlation coefficients in Eqs. (12-13) can be obtained, and the detailed results 294 
are given in Tables 3-4.  295 

Table 3 FxC  correlation coefficients 296 

SA  0
FxC  FxSn  

D/32 0.863 -1.311 

D/16 0.865 -1.301 

3D/16 0.870 -1.277 

D/8 0.877 -1.245 

Table 4 PC  correlation coefficients 297 

SA  0
PC   0

PSn  1
PSn  

D/32 0.410  -1.337  0.047  

D/16 0.413  -1.322  0.090  

3D/16 0.418  -1.290  0.115  

D/8  0.425  -1.248  0.131  

As can be seen from Tables 3-4, 0
FxC and 0

PC   keep stable, that is, the changes in the surge amplitude also 298 

have little effect on the time mean of the axial load and power coefficients. For the axial load coefficient, the 299 
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damping coefficient is stable under different surge amplitudes, and the difference is within 5%, that is, the axial 300 
load coefficient is also basically linear with the dimensionless surge velocity. For the power coefficient, the average 301 
value of the damping coefficient is also basically stable under different surge amplitudes, but its fluctuation 302 
amplitude increases linearly with the increase of the surge amplitude in Fig. 8, that is, the damping coefficient of 303 
the power coefficient fluctuates with the surging motion, and the fluctuation amplitude increases approximately 304 
linearly with the increase of surge amplitude. 305 

n1
PS = 1.1441AS + 0.0373

0.04

0.06

0.08

0.10

0.12

0.14

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

n1 PS

AS  306 
Fig. 8 Variation law of 1

PSn  with surge amplitude 307 

4.1.4. The effect of the tip speed ratio on the fitted coefficient 308 
Based on Eqs. (12-13), the axial load and power coefficients at different tip speed ratios are fitted using the 309 

least squares method, and the correlation coefficients can be obtained, and they are listed in Tables 5-6.  310 
Table 5 FxC  correlation coefficients 311 

  0
FxC  FxSn  

3 0.484  -0.444  

3.5 0.571  -0.411  

4 0.661  -0.614  

4.5 0.743  -0.847  

5 0.809  -1.094  

5.5 0.861  -1.301  

6 0.902  -1.454  

6.5 0.934  -1.576  

7 0.961  -1.679  

7.5 0.987  -1.783  

8 1.008  -1.867  

Table 6 PC  correlation coefficients 312 

  0
PC   0

PSn  1
PSn  

3 0.188  -0.102  -0.051  

3.5 0.269  -0.311  -0.118  

4 0.332  -0.577  -0.094  

4.5 0.386  -0.885  -0.059  

5 0.409  -1.118  0.006  

5.5 0.421  -1.322  0.090  

6 0.415  -1.449  0.134  

6.5 0.401  -1.546  0.168  

7 0.380  -1.621  0.193  

7.5 0.347  -1.691  0.217  
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8 0.308  -1.745  0.237  

As can be seen from Tables 5-6, with the increase of the tip speed ratio, 0
FxC  gradually increases (as shown in 313 

the Fig. 9(a)). 0
PC 

 first increases and then decreases (as shown in the Fig. 9(b)), and a maximum value is obtained 314 

when the tip speed ratio is about 5.5. It is consistent with the change of the axial load and power coefficients with 315 
the tip speed ratio when the HATT rotates at only a fixed rotation speed, and the value is the same. For the axial 316 
load coefficient, except that the tip speed ratio is 3, the absolute value of the damping coefficient increases as a 317 
quadratic function with the increase of the tip speed ratio (as shown in Fig. 9(c)). For the power coefficient, the 318 
average value of the absolute value of the damping coefficient also increases in a quadratic function with the 319 
increase of the tip speed ratio (as shown in Fig. 9(d)), but its fluctuation amplitude has no obvious law with the 320 
increase of the tip speed ratio. 321 

C0
Fx = -0.0185λ2 +0.3066λ - 0.2688

0.4

0.6

0.8

1.0

1.2

2.5 3.5 4.5 5.5 6.5 7.5 8.5

C
0 Fx

λ  

C0
P = 0.0035λ3 - 0.0858λ2 + 0.6221λ -

0.9962

0.15

0.22

0.29

0.36

0.43

0.50

2.5 3.5 4.5 5.5 6.5 7.5 8.5

C0 P

λ  322 
(a)                                             (b) 323 

nFxS = 0.0469λ2 - 0.8673λ + 2.0765

-2.0
-1.7
-1.4
-1.1
-0.8
-0.5
-0.2

3 4 5 6 7 8 9

n F
xS

λ  

n0
PS = 0.0624λ2 - 1.0235λ + 2.4604

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3
0.0

2.5 3.5 4.5 5.5 6.5 7.5 8.5

n0 PS

λ  324 
(c)                                             (d) 325 

Fig. 9 Variation law of correlation coefficients with tip speed ratio. (a) 0
FxC ; (b) 0

PC  ; (c) FxSn ; (d) 0
PSn . 326 

4.2. Prediction method of hydrodynamic load with variable rotational speed 327 
4.2.1. Prediction model of hydrodynamic load 328 

It can be seen from the analysis in Section 4.1 that when the HATT rotates at a fixed speed, 0
FxC , 0

PC  , FxSn  329 

and 0
PSn  are basically independent of surging motion, but only a function of the rotation speed; 1

PSn  is a function 330 

of the surge frequency, surge amplitude and rotation speed. Therefore, according to the hydrodynamic load 331 
decomposition model and the obtained correlation coefficient under the conditions of fixed speed rotation and 332 
surging motion of the HATT, the fast prediction model of axial load and power coefficients under the conditions of 333 
variable speed rotation and surging motion of the HATT can be obtained, as shown below. 334 

( ) ( )0
Fx Fx FxS SC C n u = +                                   (14) 335 
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( ) ( ) ( ) ( )0 0 1 , , cosP P PS PS S S SC C n n A t u    
  = + +                          (15) 336 

According to the analysis in Section 4.2, if the relationship between 0
FxC  and tip speed ratio, FxSn  and tip 337 

speed ratio, 0
PSn  and tip speed ratio is fitted with quadratic function, and the relationship between 0

PC   and tip 338 

speed ratio is fitted with cubic function, Eqs. (14-15) can be written as follows.  339 

( )2 20.0185 0.3066 0.2688 0.0469 0.8673 2.0765Fx SC u   = − + − + − +              (16) 340 

( ) ( ) ( ) ( )

3 2

2

1

0.0035 0.0858 0.6221 0.9962

0.0624 1.0235 2.4604

1.1508 /16 0.01 4.18879 cos

P

PS S S S

C

u

n A D t u

  

 

  

= − + −

 + − + 

 + + − + − 

        (17) 341 

In Eq. (17), since the change law of ( )1
PSn   with tip speed ratio is not obvious, interpolation is based on 342 

radial basis function. The form of the basis function is shown in the following formula.  343 

( ) ( )

2

1 11
ix x

p
r

if x e i
− 

−  
 = = − ,                         (18) 344 

where 11 1r r r= − ，and p  is the parameter with a value ranging from 1–1000, the value is 10 in this study.  345 

( ) ( )
11

1
1 11j i i j

i
y C f x j

=

= = − ,
  

                     (19) 346 

where iC  is the unknown coefficient. Once the value of iC  from the known data points is obtained, the 347 

relationship between x and y can be defined. 348 

 ( )
11

1
i i

i
y C f x

=

=  (20) 349 

According to the value of ( )1
PSn   in Table 6, the value of iC  about ( )1

PSn   can be obtained in Table 7. 350 

Table 7. Numerical table of iC  351 

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

( )1
PSn   

-28.928  168.264  -497.536  990.373  -1477.112  1730.136  -1616.494  1193.474  -668.151  256.748  -51.325  

Based on Eqs. (16-17) and (20), as well as Table 7, the axial load and power coefficients of the HATT can be 352 
quickly calculated under the conditions of rotation at different rotational speeds and surging motion. 353 
4.2.2. Verification of hydrodynamic load prediction model 354 

Based on the prediction model of the axial load and power coefficients established in Subsection 4.3.1, the 355 
axial load and power coefficients under the condition of variable rotational speed can be calculated and the 356 
comparisons of the CFD calculation results are given in Fig. 10. 357 
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Fig. 10 Comparison between calculated values of prediction model and CFD. (a) SA =D/16, ST =1.1s; (b) SA =D/16, ST =1.5s; (c) 364 

SA =D/8, ST =1.5s. 365 

As can be seen from Fig. 10, the calculated values based on the prediction model are basically consistent with 366 
the CFD calculations, but differ greatly around the peak point. By analyzing Figs. 10(a) and 10(b), the smaller the 367 
surge period, the greater the difference near the peak point. In Figs. 10(b) and 10(c), the larger the surge amplitude, 368 
the greater the difference near the peak point. There are two main reasons: 1) on the one hand, it is caused by the 369 
surging motion, the smaller the surge period or the larger the surge amplitude, the greater the surging motion 370 
acceleration of the HATT, while the hydrodynamic load prediction model does not consider the influence of surging 371 
motion acceleration; 2) on the other hand, it is the influence of the change of the HATT rotating speed, the smaller 372 
the surge period or the larger the surge amplitude, the larger the variation range of the HATT rotating speed, and the 373 
larger the rotating acceleration, while the prediction model does not consider the influence of the rotating 374 
acceleration. To further clarify the main reason for the difference near the peak point, the axial load and power 375 
coefficients of the HATT with only variable speed rotating motion are calculated based on the established CFD 376 
method. On this basis, considering the influence of the surging motion on the axial load and power coefficients, that 377 
is, considering the surge damping coefficient, the axial load and power coefficients of the HATT with variable 378 
speed rotation and surging motion can be obtained, and the expression is as follows. 379 
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( )0 2
_ 0.0469 0.8673 2.0765Fx Fx CFD SC C u = + − +                       (21) 380 

( ) ( ) ( ) ( )

0 2
_

1

0.0624 1.0235 2.4604

1.1508 /16 0.01 4.18879 cos

P P CFD

PS S S S

C C u

n A D t u

 

  

 = + − + 

 + + − + − 

              (22) 381 

The comparative curve of the axial load and power coefficients under different calculation methods is shown 382 
in Fig. 11, where CFD represents the calculation results based on CFD, CAL1 represents the calculation results 383 
based on Eqs. (16-17), and CAL2 represents calculations based on Eqs. (21-22). 384 
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Fig. 11 Comparison between calculated values of prediction model and CFD. (a) SA =D/16, ST =1.1s; (b) SA =D/16, ST =1.5s; (c) 391 

SA =D/8, ST =1.5s. 392 

In Fig. 11, the calculation results based on Eqs. (21-22) are significantly closer to CFD calculation results than 393 
those based on Eqs. (16-17), and their errors are generated due to the neglect of the effects of the additional mass 394 
coefficient and the higher-order terms of the surge frequency. The results indicate that the axial load and power 395 
coefficients are related to the rotation speed and the change speed of the rotation speed when the HATT only rotates 396 
because of the influence of the induced velocity. The faster the rotation speed changes, the greater the induced 397 
velocity, resulting in the greater difference in the axial load and power coefficients between the variable rotation 398 
speed and the fixed rotation speed of the HATT (as shown in Fig. 12, CAL represents the calculation result based 399 
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on the cubic polynomial fitting formula in Fig. 8 (b)). Fig. 11 also shows that the influence of surging motion on the 400 
axial load and power coefficients of HATT has little relationship with the change speed of rotating speed. Therefore, 401 
when the HATT is rotating and surging at the same time, the hydrodynamic load of the HATT can be obtained by 402 
adding the influence of surging motion to the hydrodynamic load of HATT rotating motion only (as shown in Eqs. 403 
(21-22)), and can also be approximately estimated based on the prediction model (as shown in Eqs. (16-17)). 404 
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Fig. 12 Comparison between calculated values of fitting formula and CFD under variable speed rotation only. (a) 409 

( )cosopt S S S
T

U A t
R

  


 −  = : SA =D/16, ST =1.9s; (b) 
( )cosopt S S S

S

U A t
R

  


 −  = : SA =D/16, ST =1.1s. 410 

 411 

5. Conclusion 412 

In this study, a numerical simulation method for the HATT with variable speed rotation and surging motion 413 
under the condition of the free surface is proposed, and the axial load and power coefficients under different surge 414 
periods and surge amplitudes are obtained to compare with those under fixed rotation speed. On this basis, the 415 
hydrodynamic load under fixed speed rotation and surge motion is decomposed into the hydrodynamic load when 416 
only rotating and the damping force related to surge speed are considered. Based on the least square method, the 417 
variation law of damping coefficient under different surge periods, surge amplitudes and tip speed ratios is obtained. 418 
Finally, a hydrodynamic load prediction method of the HATT under variable speed rotation and surging motion is 419 
proposed to compare with the CFD results. The research findings can be concluded as follows. 420 

1) There are obvious periodic fluctuations in the instantaneous values of axial load and power coefficients 421 
under variable speed rotation and surging motion, and the fluctuation amplitude increases with the increase of surge 422 
amplitude, surge frequency and rotation speed; 423 

2) The speed control model proposed in this paper can effectively improve the power coefficient of the HATT 424 
with surging motion, and the average power coefficient under varying rotational speed during the surge period is 425 
1.5 s and the surge amplitude is D/8 increases by 36.36%;  426 

3) The damping coefficient of axial load and power coefficients changes slightly with the surging motion 427 
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parameters, that is, it remains stable with the increase of surge frequency and surge amplitude, but changes 428 
significantly with rotation speed; 429 

4) The influence of rotating speed on the axial load and power coefficients of HATT is closely related to the 430 
change speed of rotating speed, but the influence of surging motion on the axial load and power coefficients is not 431 
related to the change speed of rotating speed; 432 

5) The proposed hydrodynamic load prediction method can effectively predict the axial load and power 433 
coefficients of the HATT during variable speed rotation and surging motion. 434 
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Appendix: Using  -Buckingham theorem to obtain dimensionless numbers 496 

The axial load coefficient ( FxC ) of HATT is the dimensionless load coefficient along the direction of rotation 497 

axis. Power coefficient ( PC ) is a parameter that represents the ability of the HATT to absorb tidal current kinetic 498 

energy. These coefficients are based on XF  and P which are a functions of following variables  499 

  ( ), , , , , , , , , , ,X T S SF P f H R U U g t N   = ,                          (1) 500 

where = cos( )S S S SU A t   is the surge velocity. All other variable follow the manuscript nomenclature.  501 

Using the  -Buckingham theorem and selecting R, U and   as basic physical quantities, we get 502 

  ( ), , , , ,Re,Fr, ,Fx P S SC C f H U t N     = ,                           (2) 503 
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The other dimensionless variables were obtained manipulating variables of the original set 511 
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Where Re and Fr and the well-know Reynolds and Froude numbers. 516 
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