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1. Introduction 24 

The wind energy community has extensively studied the dynamics of floating offshore wind 25 

turbines, ranging from individual floating rotors to wind farms (Wen et al., 2017; Micallef & 26 

Sant, 2015; Castro-Santos & Diaz-Casas, 2015; Rodrigues et al., 2015). Some focus on an 27 

individual degree of freedom (DoF) motion, while others looked at a fully coupled model with 28 

6 DoF oscillations (Tran & Kim, 2015a; Jonkman, 2009). Even though the mechanics behind 29 

wind and tidal turbines are similar, the key difference between the two is the higher loading 30 

experienced by tidal turbines due to a much higher fluid density and the blockage effect which 31 
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is not as significant in wind turbine operations (Schluntz & Willden, 2015; Wimshurst & 32 

Willden, 2016).  33 

Although tidal energy has been around for more than a decade, not many have researched 34 

floating tidal turbines. Studies such as by Jing et al. (2017), Osman et al. (2020) and Brown et 35 

al. (2020) focus more on a single degree of freedom (DoF) to evaluate the unsteady loading on 36 

the floating tidal turbine. Others concentrate on multi-DoF motion through experiments and 37 

numerical simulations (Xie et al., 2019; Brown et al., 2021). One of the main interests of the 38 

present study is to focus on a single DoF motion of a floating tidal turbine to investigate the 39 

dynamics of the unsteady loading of the rotor. Brown et al. (2020) conducted a numerical study 40 

on floating tidal turbines under wave conditions using an actuator disc model. They found that 41 

pitch motion has the most influence on the unsteady loading on the turbine. Others also found 42 

that the pitch motion is the most significant in contributing to the unsteady (fluctuating) loading 43 

of a floating turbine found in the literature (Bagbanci, 2011; Sebastian & Lackner, 2012; 44 

Pegalajar-Jurado et al., 2016). Therefore, the pitch motion will be discussed in this paper. In 45 

the present study, the term ‘pendulum’ will be used instead of ‘pitch’ in describing the motion 46 

since, in the present study, the former better represents the motion than the latter.  47 

Investigating the effects of motion amplitude and frequency on the floating turbine 48 

performance is crucial in understanding the mechanics behind the unsteady forces (Lienard et 49 

al., 2019). For example, the fluctuating load on a floating turbine is highly in phase with the 50 

instantaneous velocity on the rotor, which affects the device’s performance. In a high 51 

instantaneous velocity (i.e., apparent velocity) condition, which happens in high motion 52 

amplitude and frequency cases, the loading will increase and in some cases, they might go into 53 

stall. A turbine will go into stall when the flow separates from the surface of the rotor blade 54 

due to the increase in the angle of attack (Osman et al., 2020; Osman & Willden, 2021). The 55 

stalling effect is also recorded in the findings of Lienard et al. (2019) for the higher motion 56 

amplitude case. The stalling effect promotes fatigue damage on rotor blades, which can reduce 57 

the design life of the device, and also minimise the power production of the turbine due to the 58 

loss in lifts from flow separation  (Osman et al., 2020). Therefore, this phenomenon will be 59 

addressed in this paper together with the potential way to overcome this problem.   60 

 61 

 62 

 63 
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2. Numerical method 64 

The diagram of the computational domain is given in Figure 1. An in-house blocked rotor 65 

design from Wimshurst & Willden (2016) was used in the present study. It is a three-bladed 66 

rotor designed using the RIS∅-A1-24 aerofoil with a size of 20 m in diameter D. This rotor 67 

design was chosen for the present study because of its thicker blade design which is more 68 

realistic for a tidal turbine operating under a harsh oceanic environment. Further detail on the 69 

rotor design can be found in Wimshurst & Willden (2016). The rotor is offset a” = 0.4D from 70 

the centre of rotation (COR), which is from the in-house design concept of a floating tidal 71 

turbine presented in Osman & Willden (2020). The nacelle centreline is located 1D below the 72 

COR. The oscillating rotating motion function, a rigid body motion function which is readily 73 

available in OpenFOAM, is applied to the middle and inner domain meshes using the sliding 74 

mesh method to simulate the pendulum motion of the turbine about the COR. For the inner 75 

domain mesh, another function, which is the rotating motion function, is applied using the multi 76 

solid body motion function, which is also available in OpenFOAM. For the present study, the 77 

blockage ratio B = 0.01; this is to eliminate the effect of the blockage ratio on the turbine 78 

performance since only the effect of the pendulum motion is of interest. 79 

In the wind and tidal energy industry, power and thrust coefficients are widely used to 80 

measure a turbine's performance. The power coefficient is defined as the ratio of power 81 

extracted by the turbine, 𝑃𝐷, over the total available power, 𝑃𝑇, in the flow (Burton et al. 2001),  82 

𝐶𝑃 =
𝑃𝐷

𝑃𝑇
=

𝑄. 𝜔𝑟

1
2 𝜌𝑈∞

3 𝐴𝐷

                    (1) 83 

where 𝜌 is the fluid density, 𝑈∞ is the free stream velocity, 𝑄 is the rotor torque, 𝜔𝑟 is the rotor 84 

rotational speed, and 𝐴𝐷 is the swept area of the rotor. The thrust coefficient can be defined as 85 

𝐶𝑇 =
𝑇

1
2 𝜌𝑈∞

2 𝐴𝐷

                    (2) 86 

where 𝑇 is the rotor thrust. These definitions can only be used for a non-oscillating turbine (for 87 

example, a bottom fixed tidal turbine). For a floating turbine, the instantaneous velocity varies 88 

over time since it constantly oscillates in six degrees of freedom (DoF). Therefore, the apparent 89 

velocity 𝑈𝑎𝑝(𝑡) can be used instead of 𝑈∞ to define 𝑃𝐷, 𝑃𝑇 and 𝑇. By substituting 𝑈𝑎𝑝 into 𝑈∞ 90 

in equations 1 and 2, a new definition can be established, called the power and thrust 91 

efficiencies, 𝜂𝑃 and 𝜂𝑇 respectively.  92 
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𝜂𝑃 =
𝑃𝐷(𝑡)

1
2 𝜌𝑈𝑎𝑝(𝑡)3𝐴𝐷

         (3a) 93 

𝜂𝑇 =
𝑇(𝑡)

1
2 𝜌𝑈𝑎𝑝(𝑡)2𝐴𝐷

          (3b) 94 

where 𝑇(𝑡) and 𝑃𝐷(𝑡) are, respectively, the time-varying thrust and power extracted by a 95 

floating turbine undergoing prescribed motions. 96 

                      97 

                    (a) Computational domain                                               (b) Side view 98 

Figure 1 Diagrams of (a) the computational domain and (b) the side view of the domain, showing the 99 

offset a” of the turbine plane from the COR. 100 

For a floating turbine oscillating under prescribed pendulum motion, the rotor’s 101 

instantaneous angular motion about the centre of rotation (COR) is defined as 102 

𝜃pen(𝑡) = −𝐴0 sin(𝜔0𝑡)          (4) 103 

where 𝐴0 and 𝜔0 are motion amplitude (m) and angular frequency (rad/s), respectively. The 104 

relationship between the angular displacement, apparent velocity, and the motion velocity is 105 

presented in Figure 2 for a floating turbine oscillating at an amplitude 𝐴0 = 1.5° and frequency 106 

𝜔∗ = 𝜔0 𝜔𝑟⁄ = 1.0. The rotational displacement is negative as the turbine swings upstream 107 

and positive as it retreats downstream. The apparent velocity 𝑈𝑎𝑝, which is the flow velocity 108 

relative to the rotor, is 90° out of phase with the turbine’s rotational displacement, such that the 109 

maximum 𝑈𝑎𝑝 occur as the turbine moves into its original position from downstream to 110 

upstream and vice versa for minimum 𝑈𝑎𝑝. Based on Lienard et al. (2019), the apparent 111 

velocity can be calculated as 112 
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𝑈𝑎𝑝(𝑡) = 𝑈∞ cos 𝜃𝑝𝑒𝑛(𝑡) − �̇�pen(𝑡). ℎ          (5) 113 

where �̇�pen is the rotor pendulum velocity (rad/s), and ℎ = 20 m is the rotational arm length 114 

from the centreline of the turbine nacelle to the centre of rotation. The 𝑘 − 𝜔 SST turbulence 115 

model by Menter (1994) was used in the present study. The velocity inlet boundary condition 116 

was applied at the inlet with a constant 𝑈∞ = 2 m/s, pressure outlet was applied at the outlet 117 

boundary, slip boundary was used on the sides of the outer domain to simulate a uniform flow, 118 

and the cyclic arbitrary mesh interface (AMI) was used at interfaces between each domain. 119 

 120 

 121 

                           (a) T5              (b) T6               (c) T7                 (d) T8                 (e) T1 122 

Figure 2 Rotational displacements, apparent velocity, and angular velocity of the pendulum motion for 123 

the case of 𝐴0 = 1.5° with 𝜔∗ = 1.0 and 𝜆 = 4.2. The negative sign of rotational displacement shows the 124 

rotor moves forward and vice versa for the positive sign. The bottom figures show the azimuth position 125 

of each rotor blade at different time steps.  126 

 127 

3. Effects of motion amplitude and frequency on turbine performance 128 

To highlight the effect of pendulum motion on floating turbine performance, a series of tests 129 

were conducted using various motion amplitude 𝐴0 and frequency 𝜔∗. Based on a realistic 130 

assumption of a 20 m diameter floating turbine weighing around 1.5 tonnes (SIMEC Atlantis 131 
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Energy, 2016), five pendulum motion amplitudes, 𝐴0 = 1.0°, 1.5°, 2.0°, 3.0°, 4.3° were chosen 132 

in the present study. The motion frequency is chosen based on the wave frequency at the Fall 133 

of Warness tidal site (Anatec Ltd., 2010), with the frequency range 𝜔∗ = 0.6, 0.7, 0.8, 1.0, 1.3. 134 

The rotor rotational speed 𝜔𝑟 = 0.82 rad/s, which corresponds to the optimal tip speed ratio 135 

𝜆 = 4.2 for this turbine design for a non-oscillating (stationary) condition at B = 0.01 as shown 136 

in Wimshurst & Willden (2016), is kept constant for all cases unless otherwise specified 137 

 138 

(a) 139 

 140 

(b) 141 

Figure 3 Time histories of power and thrust coefficients for a floating turbine undergoing a prescribed 142 

pendulum motion (a) at various motion amplitudes with a constant 𝜔∗ = 1.0; and (b) at various motion 143 

frequencies with a constant 𝐴0 = 3°. 𝑇𝑟 is the period (in second) of one rotor revolution. All cases have 144 

a constant rotor rotational speed 𝜔𝑟 = 0.82 rad/s. The pink dashed line shows the stationary power and 145 

thrust coefficients in all of the figures. 146 

Figure 3 shows the time histories of 𝐶𝑃 and 𝐶𝑇 of a floating turbine undergoing pendulum 147 

motions over a range of motion amplitudes and frequencies. Note that for the various amplitude 148 

cases, the motion frequency is kept constant while for the various frequencies, the motion 149 
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amplitude remains unchanged. Simulations were carried out for ~8 rotor revolutions, and only 150 

data from the last two motion cycles were considered in the present study to ensure consistency 151 

and to eliminate the early data discrepancies of transient simulations. The amplitude of loading 152 

variation increases as the motion amplitude and frequency are increased. This is a typical 153 

loading trend for a floating turbine undergoing pendulum motion where the increase in loading 154 

amplitude is due to the increase in the instantaneous velocity of the rotor (Tran & Kim, 2015; 155 

Wen et al., 2019).  156 

 157 

Table 1 Mean power and thrust coefficients for a floating turbine undergoing a prescribed pendulum 158 

motion over a range of motion amplitude and frequency with a constant 𝜔𝑟 = 8.2 rad/s. For the stationary 159 

case, the rotor rotational speed is also 𝜔𝑟 = 8.2 rad/s (which corresponds to 𝜆 = 4.2).  160 

𝐴0 [ ° ] 𝜔∗ 𝐶�̅� 𝐶�̅� Percentage 

difference 

𝐶�̅� [%] 

Percentage 

difference 

𝐶�̅� [%] 

1.0 1.0 0.331 0.875 28.5 4.6 

1.5 1.0 0.337 0.872 27.2 4.9 

2.0 1.0 0.342 0.867 26.1 5.5 

3.0 1.0 0.344 0.853 25.7 7.0 

4.3 1.0 0.347 0.836 25.1 8.8 

3.0 0.6 0.364 0.858 21.4 6.4 

3.0 0.7 0.334 0.854 27.9 6.9 

3.0 0.8 0.365 0.846 21.2 7.7 

3.0 1.0 0.344 0.853 25.7 7.0 

3.0 1.3 0.320 0.818 30.8 10.8 

Stationary 0.463 0.917 - - 
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 161 

 162 

(a) 𝐴0 = 1.5° 𝜔∗ = 1.0 163 

 164 

(b) 𝐴0 = 3.0° 𝜔∗ = 0.7 165 

Figure 4 Power and thrust coefficients for each blade, Δ𝐶𝑃 and Δ𝐶𝑇, respectively, for a floating turbine 166 

undergoing a prescribed pendulum motion with a constant 𝜆 = 4.2. Figure (b) was purposely plot over 167 

a wider range of time to highlight the loading variation. 168 

Besides that, higher motion amplitude increases the mean 𝐶𝑃 and decreases mean 𝐶𝑇, as 169 

presented in Table 1. A similar trend is shown in the literature by Leble & Barakos (2016) and 170 

Lienard et al. (2019) for a floating wind turbine undergoing a prescribed pendulum motion. 171 

However, higher motion frequency decreases both mean 𝐶𝑃 and 𝐶𝑇. This happens due to the 172 

stalling effect, where the flow starts to separate causing the loss in lifts along rotor blades due 173 

to the increase in the motion frequency. The overall mean loading values of the pendulum 174 

motion diverges from the stationary case, with mean 𝐶𝑃 diverges more than mean 𝐶𝑇. This 175 

happens due to the stalling phenomenon which occurs more toward the tangential or rotating 176 

component of the load (i.e. torque) than the axial component (i.e. thrust). The stalling effect 177 
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will be discussed in the following chapter. Besides that, the reduction in mean thrust and power 178 

is due to less optimal rotor operation due to the hydrodynamic effects associated with 179 

oscillating inflow. This will be explained later when discussing the rotor’s efficiency. 180 

Looking at loading time histories on individual blades presented in Figure 4, each blade 181 

shows different loading variations and is slightly out of phase with one another. A similar trend 182 

has been shown in the literature for a floating wind turbine undergoing pendulum motion (T. 183 

Tran et al., 2014; Shen et al., 2018; Lienard et al., 2019). For the case of 𝐴0 = 1.5°, blade 1 184 

shows the lowest power and thrust at both minimum and maximum apparent velocities. This is 185 

because at maximum apparent velocity, blade 1 is located at its original position with azimuth 186 

angle = 0° (refer to Figure 2 for blades azimuth position). Due to the pendulum motion, the 187 

instantaneous velocity is larger at the bottom half of the rotor (blades 2 and 3) than the upper 188 

half (blade 1) when the rotor moves forward. The opposite will happen when the rotor swings 189 

backwards in the pendulum motion. Note that at minimum 𝑈𝑎𝑝 the rotor plane is at its original 190 

position with the azimuth angle of blade 1 at 180°. Although not shown here, similar behaviour 191 

can be observed in all 𝐴0 cases with constant 𝜔∗ = 1.0. For the case of 𝜔∗ = 0.7 the loading on 192 

each blade shows variation at each motion cycle, where the maximum and minimum loading 193 

occurs on different blades at every peak and through. Blade 3 shows the lowest thrust at 𝑡 𝑇𝑟⁄  194 

= 5.4 (the first maximum apparent velocity) while at 𝑡 𝑇𝑟⁄  = 6.8 (the second maximum apparent 195 

velocity) blade 3 shows the highest. The other two blades also show different variations at each 196 

cycle. This variation is due to the different azimuth angles of each blade at each maximum 𝑈𝑎𝑝, 197 

which happens because the angular velocity of the rotor (rotor rotational speed) differs from 198 

that of the pendulum motion. When both parameters have the same value, only one blade will 199 

constantly experience the highest loading at maximum 𝑈𝑎𝑝 and one blade will constantly 200 

experience the lowest loading at minimum 𝑈𝑎𝑝. In the present study, blade 3 is always 201 

maximum and blade 1 is always minimum at maximum (t/Tr = 7) and minimum (t/Tr = 6.5) 202 

𝑈𝑎𝑝, respectively, as shown in Figure 4a. In the study of a dynamic yawing wind turbine by 203 

Tran & Kim (2015), they found that in the case of rotor rotational speed equal to the motion 204 

frequency, one blade (in the present study, blade 3) is always experiencing an advancing phase 205 

while another blade (blade 1 in the present study) the retreating phase.  206 

The power and thrust efficiencies for a turbine undergoing a prescribed pendulum motion 207 

are presented in Figure 5a. It is observed that the turbine efficiencies go to the maximum twice 208 

per motion cycle. This happens because when the rotor moves into the farthest upstream and 209 
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downstream, the value of apparent velocity is (almost) similar to the free stream velocity 210 

(𝑈𝑎𝑝 ≈ 𝑈∞). In this condition, the turbine operates at its optimum tip speed ratio (i.e., optimum 211 

operating condition). To describe the rotor efficiency at different apparent velocity conditions, 212 

an aerofoil sketch is presented in Figure 5b, corresponding to the markers T1 (minimum 𝑈𝑎𝑝, 213 

blue dashed arrows), T5 (maximum 𝑈𝑎𝑝, red dashed arrows), T3 and T7 (𝑈𝑎𝑝 ≈ 𝑈∞, black solid 214 

arrows). The reader can refer to Figure 2 for markers T1 to T7. Although, this analysis does not 215 

consider the effects of the angle of attack on the blades relative to the position of the rotor. The 216 

instantaneous flow velocity is slightly rotated (in the y-axis) at positions T3 and T7 due to the 217 

tilted position at farthest downstream and upstream, respectively. This will affect the angle of 218 

the free stream flow on the rotor plane, affecting the angle of attack on each blade. 219 

                   220 

                                       (a)                                                                                   (b) 221 

Figure 5 (a) Power efficiency for a floating turbine undergoing a prescribed pendulum motion at various 222 

motion amplitudes moving at a constant 𝜔∗ = 1.0 and 𝜆 = 4.2; (b) Sketch of a blade cross-section and 223 

the flow diagram of the rotor corresponds to figure (a), where T1 and T5 are at the minimum and 224 

maximum apparent velocity, drawn in blue and red dashed arrow lines, respectively, and black solid 225 

arrow lines for T3 and T7. 𝑢𝑅 is the additional velocity caused by the rotor’s motion. 226 

 227 

4. Stalling effects of a floating tidal turbine 228 

In the previous chapter, we encounter many instances of stalling effects, particularly involving 229 

the flow separation along rotor blades due to the increase in the instantaneous velocity. In this 230 

chapter, we will dive further into the effects of stall on the floating turbine performance. 231 

T5 

T7 T3 

T1 
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Previously, we come across the asymmetry at the peak of each cycle shown in the time 232 

histories plot given in Figure 3 for higher motion amplitude and frequency cases (for instance, 233 

at maximum 𝑈𝑎𝑝 at timesteps 𝑡 𝑇𝑟⁄ = 6, 7, 8 in Figure 3a). This characteristic is more 234 

prominent in 𝐶𝑃 than 𝐶𝑇. A similar trend can also be observed in the individual blade loading 235 

given in Figure 4b. This characteristic is an indication of stalling. The rotor goes into stall as 236 

the instantaneous apparent velocity 𝑈𝑎𝑝 goes to the maximum. To explain this phenomenon, 237 

we can view the axial and tangential aerodynamic force coefficients, 𝐶𝑋 and 𝐶𝑌 respectively, 238 

as having components of lift and drag coefficients (𝐶𝐿 and 𝐶𝐷, respectively): 239 

𝐶𝐿 cos 𝜙 + 𝐶𝐷 sin 𝜙 = 𝐶𝑋          (6a) 240 

𝐶𝐿 sin 𝜙 − 𝐶𝐷 cos 𝜙 = 𝐶𝑌          (6b) 241 

where 𝜙 = 𝛼 + 𝛽 is the resultant flow angle, 𝛼 is the angle of attack and 𝛽 is the blade twist 242 

angle. In the above equations, 𝐶𝑋 can be used to derive the thrust and 𝐶𝑌 the torque, hence 243 

power. Now imagine a typical lift and drag over angles of attack curves of a 2-dimensional 244 

aerofoil. As 𝑈𝑎𝑝 is increased, 𝛼 will also increase, and it will continue increasing until it passes 245 

the static stall angle at maximum 𝑈𝑎𝑝. When this happens, the lift will drop, but the drag will 246 

continue to increase. Therefore, the drag is more dominant than the lift at a higher 𝑈𝑎𝑝. This 247 

causes the power to drop considerably more than the thrust. The effect of flow separation at 248 

high 𝑈𝑎𝑝 can also be seen along each blade where the change in the characteristic of the loading 249 

(a sudden drop in loading around 80 per cent of the spanwise distance along the blade) is 250 

prominent compared to the stationary turbine, as shown in Figure 6. Figure 6 shows the force 251 

profiles along each blade of a rotor undergoing a pendulum motion at 𝐴0 = 3.0° and 𝜔∗ = 1.0 252 

at different time step which corresponds to minimum and maximum 𝑈𝑎𝑝, and at 𝑈𝑎𝑝 ≈ 𝑈∞. 253 

As explained before, vertical variation of 𝑈𝑎𝑝 exists for a rotor undergoing a pendulum motion. 254 

At the maximum 𝑈𝑎𝑝 the local velocity is highest at the bottom and lowest at the top along the 255 

turbine plane and vice versa for minimum 𝑈𝑎𝑝, where the local velocity is highest at the top 256 

and lowest at the bottom along the turbine plane. These results correspond to the result 257 

presented in Figure 4b, where blade 1 has the lowest loading at both minimum and maximum 258 

𝑈𝑎𝑝, which happen because blade 1 is at azimuth angles of 0° and 180° at maximum and 259 

minimum 𝑈𝑎𝑝, respectively. At the maximum 𝑈𝑎𝑝 flow separation occurs along blades 2 and 260 

3 where there is a change in characteristics of the force profiles. This happens due to the high 261 

angle of attack on rotor blades at high 𝑈𝑎𝑝.  262 
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 263 

(a) minimum 𝑈𝑎𝑝 264 

 265 

(b) 𝑈𝑎𝑝 ≈ 𝑈∞ 266 

 267 

(c) maximum 𝑈𝑎𝑝 268 

Figure 6 Force profiles for all blades at different apparent velocity conditions at 𝐴0 = 3.0° with a 269 

constant 𝜔∗ = 1.0 and 𝜆 = 4.2. 270 

Flow visualisations are given in Figure 9a showing the difference in the instantaneous 271 

velocity magnitude between blades 1 and 3 at maximum 𝑈𝑎𝑝. Although not presented here, this 272 

phenomenon (i.e., flow separation) does not occur at 𝐴0 ≤  1.5°. Comparison of pressure 273 
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coefficients between the case of 𝐴0 = 1.5° and 3° is presented in Figure 10 in the appendix 274 

showing the occurrence of flow separation in higher pendulum motion case. 275 

 276 

5. Minimizing the stalling effect on an oscillating turbine 277 

A rotor undergoing a pendulum motion at 𝐴0 = 3.0° and 𝜔∗ = 1.0 was simulated using three 278 

different rotor rotational speeds 𝜔𝑟 = 0.76, 0.84, 0.92, and the power and thrust coefficients 279 

time histories for all three cases are presented in Figure 7. 280 

 281 

 282 

Figure 7 Power and thrust coefficients for a stationary (Sta.) and floating turbine undergoing a 283 

prescribed pendulum motion (Pen.) over a range of rotor rotational speed with 𝐴0 = 3.0° and 𝜔∗ = 1.0. 284 

 285 

These are typical results for a floating turbine undergoing a prescribed motion, where the 286 

amplitude of variation increases as the rotor rotational speed is increased (Wen et al., 2017; 287 

Jing et al., 2017; Sun et al., 2017). At the peak of each cycle, where the apparent velocity is at 288 

the maximum, the stalling effect is minimized as the rotor spins faster. For a floating turbine 289 

operating at a constant rotational speed, the instantaneous tip speed ratio will vary when it 290 

oscillates in the pendulum motion. For a stationary turbine, the tip speed ratio is inversely 291 

proportional to the free stream velocity. For a floating turbine, the instantaneous tip speed ratio 292 

calculation does not depend on the free stream velocity; rather, it depends on the rotor's 293 

instantaneous velocity (i.e., the apparent velocity). Hence, the instantaneous tip speed ratio 𝜆in 294 

for a floating turbine operating under a fixed rotational speed can be defined as 295 

𝜔𝑟 = 0.72 rad/s 

𝜔𝑟 = 0.84 rad/s 

𝜔𝑟 = 0.92 rad/s 
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𝜆in(𝑡) =
𝑅𝜔𝑟

𝑈𝑎𝑝(𝑡)
          (7) 296 

Therefore, at maximum 𝑈𝑎𝑝(𝑡) the instantaneous tip speed ratio is not 4.2, but lower than 297 

that, and the opposite happens at the minimum 𝑈𝑎𝑝(𝑡). So, operating a turbine at a higher than 298 

optimal rotational speed will make the rotor operates at near optimum instantaneous tip speed 299 

ratio when the apparent velocity goes to the maximum, thus minimizing the flow separation on 300 

each blade. 301 

Since the stalling effect was minimized when operating a floating turbine at higher than 302 

optimal rotational speed, the rotor can extract more (average) power. Table 2 shows the 303 

percentage difference between floating and stationary turbines with their respective rotational 304 

speed. The rotor can extract more power relative to its rotational speed as the rotational speed 305 

increases. This happens due to the flow separation being minimized as the rotational speed is 306 

increased. 307 

 308 

Table 2 Mean power and thrust coefficients for a floating turbine undergoing a prescribed pendulum 309 

motion at various rotational speeds with constant 𝐴0 = 3.0° and 𝜔∗ = 1.0. 310 

𝜔𝑟 [rad/s] 𝐶�̅� 𝐶�̅� Percentage 

difference 𝐶�̅� [%] 

Percentage 

difference 𝐶�̅� [%] 

Pendulum 0.72 0.303 0.791 33.502 10.903 

Pendulum 0.84 0.344 0.853 25.711 6.975 

Pendulum 0.92 0.371 0.909 19.403 5.245 

Stationary 0.72 0.455 0.887 - - 

Stationary 0.84 0.463 0.917 - - 

Stationary 0.92 0.461 0.959 - - 

 311 
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 312 

(a) 𝜔𝑟 = 0.76 rad/s at maximum 𝑈𝑎𝑝 (𝜆 = 3.8) 313 

 314 

(b) 𝜔𝑟 = 0.92 rad/s at maximum 𝑈𝑎𝑝 (𝜆 = 4.6) 315 

Figure 8 Comparison of axial force profiles at maximum apparent velocity for each blade for a rotor 316 

operating at 𝜔𝑟 = 0.76 and 0.92 rad/s while undergoing a pendulum motion with 𝐴0 = 3.0° and 𝜔∗ = 317 

1.0. 318 

When comparing the force profiles, given in Figure 8, on each blade for a floating turbine 319 

rotating at 𝜔𝑟 = 0.76 and 0.92 rad/s, at maximum 𝑈𝑎𝑝 the flow separation is minimized when 320 

rotating the rotor at a higher speed. This happens due to the operating tip speed ratio of the 321 

turbine. When the apparent velocity increase, the angle of attack will also increase. If the rotor 322 

spins at the optimum speed or lower, at maximum 𝑈𝑎𝑝 the rotor operates at a lower than 323 

optimum tip speed ratio condition, and flow separation on the blade surface will occur. If the 324 

rotor is rotating faster than the optimum speed, it will operate at a tip speed ratio closer to the 325 

optimum condition at high 𝑈𝑎𝑝 condition. Flow visualisation of the velocity magnitude for 326 

lower and higher rotational speed cases is given in Figure 9b in the appendix, showing flow 327 

separation is minimized as the rotational speed is increased. 328 
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 329 

6. Conclusion  330 

To conclude, this paper investigates the hydrodynamic loading of a floating tidal turbine 331 

undergoing pendulum motion over a range of motion amplitude and frequency. As mentioned 332 

in the literature (Tran & Kim, 2015a; Leble & Barakos, 2016; Lienard et al., 2019), and the 333 

data presented here, the rotor loading variation is highly in phase with the apparent velocity. 334 

The typical result has been shown in the present study for the loading variation. The amplitude 335 

of variation increases as the motion amplitude is increased, and the mean power increases while 336 

the mean thrust decreases with the increase in motion amplitude. The overall mean power and 337 

thrust are significantly lower for the floating turbine compared to the stationary. This might be 338 

due to the rotor design used in the present study. Wimshurst & Willden (2016) optimized the 339 

blocked rotor design to operate in a high blockage condition (close to blockage ratio B = 20%). 340 

The present study uses B = 1%, which significantly affects the performance of the rotor when 341 

operating in an unsteady condition, such as oscillating in a pendulum motion. Loading variation 342 

for individual blades happens due to the vertical variation of the instantaneous apparent 343 

velocity, together with the azimuth angle of each blade at a given time step. The rotor goes into 344 

stall at higher motion amplitude and frequency cases due to the loss in lift along the rotor 345 

blades, particularly at higher apparent velocity because of the increase in the angle of attack. 346 

The floating tidal turbine undergoing pendulum motion operates near the optimum condition 347 

twice per motion cycle, where the rotor efficiency is at the maximum at 𝑈𝑎𝑝 ≈ 𝑈∞.  348 

The instantaneous tip speed ratio varies over time for a floating turbine due to the change 349 

in the apparent velocity of the rotor; a higher apparent velocity will reduce the instantaneous 350 

tip speed ratio and vice versa for a lower apparent velocity. Therefore, it is better to increase 351 

the speed of rotation (i.e., speed control technique) when operating a floating turbine at a high 352 

apparent velocity so that it will operate at an instantaneous tip speed ratio close to its optimum 353 

condition.  354 
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 364 

APPENDIX 365 

 366 

(a) 367 

 368 

 369 

Figure 9 Cross-sections of velocity (magnitude) field contour plots for the case of 𝐴0 = 3.0° and 𝜔∗ = 370 

1.0 at spanwise distance r/R = 0.8 of: (a) blade 3 (left) and blade 1 (right) at maximum 𝑈𝑎𝑝 of a rotor 371 

undergoing a pendulum motion at 𝜆 = 4.2 (i.e., 𝜔𝑟 = 0.84 rad/s). Higher instantaneous velocity can be 372 

seen at blade 3 compared to blade 1, and the presence of swirling towards the trailing edge of blade 3 373 

indicates flow separation; (b) 𝜔𝑟 = 0.76 and 0.92 rad/s at maximum 𝑈𝑎𝑝, where swirling at the trailing 374 

edge is minimized at a higher rotational speed. 375 

 376 

𝝎𝒓 = 0.82 rad/s (Blade 3) 𝝎𝒓 = 0.82 rad/s (Blade 1) 

𝝎𝒓 = 0.76 rad/s (Blade 1) 𝝎𝒓 = 0.92 rad/s (Blade 2) 
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 377 

                (a) 𝐴0 = 1.5°; blade 1 at 𝑟 𝑅⁄ = 0.8                       (b) 𝐴0 = 3.0°; blade 3 at 𝑟 𝑅⁄ = 0.8 378 

          379 

Figure 10 Pressure coefficients of a floating tidal turbine undergoing pendulum motion. The pressure 380 

coefficient in (b) at T5 and T6 plots show flat towards the trailing edge at the suction side, indicating 381 

flow separation occurs at that blade section. 382 

 383 
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