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Abstract—Numerical simulation of a downstream hydrokinetic turbine operating in the wake of an upstream turbine is presented. 11 
Wake effects from an upstream turbine are quantified in terms of wake velocity and amplified turbulence levels. These effects are 12 
integrated in an in-stream hydrokinetic turbine numerical simulation that utilizes a Blade Element Momentum approach with a 13 
dynamic wake inflow model. Simulations are carried out on a fixed turbine model to simulate operation in river or tidal channels with 14 
conventional foundations, as well as on a compliantly moored turbine model such as those designed to operate in open ocean currents.  15 
 16 

Index Terms— Hydrokinetic Power, Marine Renewable Energy, Ocean Current Turbines, Numerical Simulation, Wake, 17 
Turbulence. 18 

I.  INTRODUCTION 19 
N-STREAM hydrokinetic turbines utilize water currents in oceans, tidal flows and rivers to produce electricity. These turbines 20 
have the potential to play a vital role in the future energy supply in many countries around the world [1], and several turbines 21 

have been designed [2, 3, 4] to harness this energy. For example, a 300 kW prototype tidal turbine was installed in the United 22 
Kingdom in 2003 [2]. Similarly, a 25 kW turbine was deployed to produce power from river currents in a remote village in 23 
Alaska [5]. A total of 14 in-stream hydrokinetic projects have been deployed so far and more than 350 other projects are planned 24 
for installation according to [6]. 25 

In-stream hydrokinetic technologies are beginning to transition from single device testing to the installation of small grid 26 
connected turbine farms. Two turbines have been deployed as the start of a small farm in Scotland [7], with eight more planned 27 
[8]. Similarly, Verdant Power has conducted prototype and pre-commercial testing of its turbines and is authorized to install up 28 
to thirty turbines in the East Channel of the East River, New York [9]. Likewise, Marine Current Turbines Ltd. plans to deploy a 29 
10 MW array in Wales [10]. Therefore, it is important to understand the hydrodynamic interactions among turbines in an array 30 
setting to support this transition.  31 

Experimental studies [11, 12, 13] as well as Computational Fluid Dynamics (CFD) simulations [14] have been carried out to 32 
examine wake profile behind in-stream hydrokinetic turbines. Experiments were conducted in a flume tank using three porous 33 
disks [12] and multiple turbine models [11] at different locations to simulate wake profiles of bottom mounted turbines in an 34 
array setting. The experimental setup in [13] was used to study wake profile of a single turbine in shallow water and presents 35 
analytical model based developed using a wake-similarity approach. The analytical model developed in [13] is different than the 36 
model presented here as we quantify wake velocity deficit as a function of ambient turbulence intensity (Equations 3 and 4). 37 
Moving beyond the study of the wake field alone, a CFD analysis [14] has been carried out to evaluate power produced by a 38 
downstream turbine relative to a turbine operating in the unperturbed environment. 39 

This paper presents an approach for simulating the performance of a downstream turbine suitable for control system 40 
development and compares the open loop performance of this downstream turbine with that of a turbine operating in the 41 
unperturbed environment. The effects of upstream turbine wake are taken into account in terms of amplified turbulence and 42 
wake velocity for the evaluation of the downstream turbine performance. Algorithms utilized to quantify amplified turbulence 43 
levels and wake velocity associated with the presence of the upstream turbine [15, 16] are presented, and the integration of these 44 
algorithms into an existing numerical simulation of an Ocean Current Turbine (OCT) that uses a Blade Element Momentum 45 
(BEM) method with a dynamic wake inflow model [16, 17, 18] are discussed. Standard notations are used with boldfaced 46 
mathematical symbols representing vectors or arrays.   47 

The downstream turbine’s performance is evaluated for a bottom mounted configuration commonly used for river and tidal 48 
turbines, isolating loadings caused by the altered flow field.  49 

Additionally, a compliantly moored turbine design, such as those under consideration for ocean current turbines, is evaluated 50 
to better understand the full system response of these devices. The bottom mounted turbine analysis only allows the rotation of 51 
turbine blades about the rotor axis (1 degree of freedom). The compliantly moored turbine analysis allows 6-degrees of freedom 52 
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motions of the entire turbine system in addition to the rotation of the turbine blades about the rotor axis and the motion of the 53 
cable nodes.  54 

Simulations of compliantly moored turbine allow analysis of the motions of the entire turbine system to support the better 55 
understanding of the expected feedback control required for the system to achieve optimal performance of a turbine array. In 56 
addition, the motion analysis of the entire turbine system enables estimation of energy required by the feedback control system 57 
to reorient downstream turbines to optimal positions. 58 

 This paper enhances numerical simulation presented in [16, 18] by integrating downstream turbulence and wake algorithms 59 
in order to evaluate performance of downstream turbine operating in a wake field of upstream turbine. First, the reference 60 
turbine used by the numerical simulation is described (Section II) in both bottom mounted and compliantly moored 61 
configurations. Then, simulation approach is discussed which includes the required coordinate transformations (Section III. A) 62 
as well as algorithms for downstream wake velocity (Section III. B) and downstream turbulence (Section III. C). The 63 
methodology for integration of algorithms presented in this paper with the turbine simulation described in [16, 19] is discussed 64 
in Section III.D.  Section IV presents simulation results and discussion, followed by conclusions which are presented in Section 65 
V. 66 

II.  REFERENCE TURBINE  67 
This section presents the reference turbine model used in the numerical simulations of the upstream and downstream turbines. 68 

Fig. 1 shows a schematic diagram of the turbine deployment system (Fig. 1 top) in its moored configuration and a zoomed in 69 
view of the turbine (Fig. 1 bottom), with the same device assumed to be stationary in simulations where a bottom-mounted 70 
system is modeled. This design is nearly neutrally buoyant and has 3 blades with a rotor diameter of 20 m. The blade profile 71 
uses a FX-83-W airfoil set [19]. This airfoil was shown to produce the highest power output among 14 foil families [18] in the 72 
optimization studies that used HARP_Opt version 2.00.00 optimization routine [20]. The original design of this turbine was 73 
presented in [21] for a 3 m rotor diameter and was scaled in [18] to 20 m rotor diameter.  74 

The details of this turbine system are provided in [18]. The mooring cable that attaches the turbine system to an anchor is 607 75 
m long and the blades allow variable pitch. The mass of the entire modeled turbine is 500,000 kg. Relative locations of two such 76 
turbine models are varied to evaluate the wake effects of the upstream turbine on the downstream turbine. 77 
 78 

 79 

 80 

 81 

Fig. 1.  Schematic diagram (not drawn to scale) of the moored system (top) with a zoomed in view of turbine (bottom). 82 

III.  NUMERICAL SIMULATION 83 
Algorithms for incorporating wake velocity and amplified turbulence levels caused by an upstream turbine into the numerical 84 

simulation of a downstream turbine are presented in this section.  These wake velocity and amplified turbulence level algorithms 85 
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are utilized by the numerical simulation of the downstream turbine to model wake effects. Utilized coordinate systems and 86 
transformations are also discussed.  87 

The numerical simulation utilized in this paper is not a CFD analysis. Instead, the unsteady BEM method described in [16, 88 
18] is the simulation approach used for calculating power, torque, thrust and system response. Turbine interactions are modeled 89 
by integrating algorithms for downstream wake velocity (Equation 5) and downstream turbulence (Equation 11) to evaluate 90 
performance of downstream turbine. This unsteady BEM method calculates loadings on turbine blades by discretizing the rotor 91 
swept area and blades such that forces at each discretized element are calculated as a function of relative water velocity.  92 

Utilized wake algorithms are for the far wake region, which is a distance exceeding 5 rotor diameters (𝐷𝐷) downstream of the 93 
upstream turbine. The structure of the far wake region behind an upstream turbine is expressed as a function of ambient 94 
turbulence intensity and the thrust coefficient of the upstream turbine, which define the turbulence and wake velocity 95 
encountered by the downstream turbine. Hydrodynamic forces on the rotor, two buoyancy compensation modules and the main 96 
body (shown in Fig. 1) of the turbine are calculated using these modified velocity components. 97 

A.  Coordinate systems and transformations 98 
Coordinate systems utilized for incorporating upstream turbine induced wake deficits and turbulence levels into the numerical 99 

simulation of the downstream turbine are described here, along with the associated transformation matrices. These coordinate 100 
systems include two earth fixed frames. While body fixed coordinate systems are also utilized in numerical simulations [15, 17, 101 
18], the turbulence and wake algorithms only utilize earth fixed coordinate systems. Both earth fixed frames have a common 102 
origin that is located at the mean sea level directly above the mooring connection assembly of the downstream turbine. The 103 
mooring connection assembly is assumed to be held stationary within the water column by the larger mooring system (Fig. 1). 104 
However, for commercial systems the mooring cable will likely be attached directly to the sea floor using an anchor [22].  105 

Two earth fixed frames used are North-East-Down (NED) frame and current fixed frame. Both these frames have common Z-106 
axis (Fig. 2). 107 

 108 

Fig. 2.  Current fixed frame and NED frame. 109 

The current fixed frame is aligned to mean flow direction with its X-axis set to the direction of the flow, Z-axis pointing 110 
downwards, and Y-axis in cross-stream direction consistent with the right hand rule. The NED frame has its X-axis pointing 111 
north, Y-axis pointing east, and Z-axis pointing downward in accordance with the right-hand-rule. This coordinate system is 112 
denoted with a superscript 𝑁𝑁 in this paper and is only utilized when presenting how the wake model is integrated into the 113 
existing numerical simulation (Section III-D). Since current fixed frame is the primary earth fixed coordinate system used in this 114 
paper, no superscript is applied to variables that utilize this coordinate system. To transform variables from the current fixed 115 
frame to the NED frame, the transformation matrix, 𝑳𝑳𝑵𝑵𝑵𝑵, can be utilized. If the angle of the X-axes of the current fixed with 116 
respect to the NED frame is 𝛽𝛽, where the positive direction of 𝛽𝛽 is clockwise, the transformation matrix, 𝑳𝑳𝑵𝑵𝑵𝑵, is: 117 

 𝑳𝑳𝑵𝑵𝑵𝑵=�
𝑐𝑐𝛽𝛽 𝑠𝑠𝛽𝛽 0
−𝑠𝑠𝛽𝛽 𝑐𝑐𝛽𝛽 0

0 0 1
�,                 (1) 118 

where 𝑐𝑐 represents cosine, 𝑠𝑠 represents sine, and the subscript represents the associated angle.  119 

B.  Mean wake velocity algorithm 120 
This section presents the algorithm used to calculate the mean wake flow velocity behind a turbine, which impacts the 121 

performance of a downstream turbine. This algorithm is used to modify the inflow velocity model utilized by a downstream 122 
turbine from the one representing a turbine operating in an undisturbed flow.  123 
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The utilized analytic mean wake velocity expressions for in-stream hydrokinetic turbines were derived from wind wake 124 
models [23, 24] with coefficients optimized to represent in-stream hydrokinetic turbine wakes [15, 25]. These wake expressions 125 
calculate the reduced flow speed experienced by the downstream components as a function of flow conditions (ambient 126 
turbulence intensity), upstream turbine performance (thrust coefficient), and relative location (downstream and radial 127 
displacements).  These expressions have been validated against experimental and CFD results [26]. 128 

The downstream distance between upstream and downstream turbines is calculated as the difference between the 𝑋𝑋 129 
coordinates of downstream turbine components, 𝑿𝑿, and the rotor center of upstream turbine, 𝑋𝑋𝑢𝑢, i.e. as  𝑿𝑿 − 𝑋𝑋𝑢𝑢. Similarly, the 130 
radial distance vector, 𝑹𝑹, of the downstream turbine components from the centerline of the upstream turbine is calculated as:  131 

𝑹𝑹 = �(𝒀𝒀 − 𝑌𝑌𝑢𝑢)2 + (𝒁𝒁 − 𝑍𝑍𝑢𝑢)2,                (2) 132 

where 𝒀𝒀 and 𝒁𝒁 are arrays containing all 𝑌𝑌 and 𝑍𝑍 locations of the downstream turbine components (including rotor, buoyancy 133 
compensation module and the body) on which the hydrodynamic forces are calculated, whereas, 𝑌𝑌𝑢𝑢 and 𝑍𝑍𝑢𝑢 are 𝑌𝑌 and Z 134 
coordinates of the upstream turbine rotor center. 135 

The centerline velocity deficit vector, 𝑼𝑼∗, associated with every location of the downstream turbine where hydrodynamic 136 
forces are calculated is obtained as: 137 

𝑼𝑼∗ = 1−�1−𝐶𝐶𝑡𝑡

�1+2𝛼𝛼𝑿𝑿−𝑋𝑋𝑢𝑢𝐷𝐷 �
2,                      (3) 138 

where 𝐶𝐶𝑡𝑡 is the thrust coefficient of the upstream turbine, 𝐷𝐷 is the rotor diameter and 𝛼𝛼 is an ambient turbulence intensity (𝐼𝐼𝑜𝑜) 139 
dependent Jensen coefficient. This coefficient can be calculated as suggested in [15]: 140 

𝛼𝛼 = 3000 𝐼𝐼𝑜𝑜4 − 900 𝐼𝐼𝑜𝑜3 + 97 𝐼𝐼𝑜𝑜2 − 3.96 𝐼𝐼𝑜𝑜 + 0.0763,      (4) 141 

where 𝐼𝐼𝑜𝑜 is expressed as fraction. 142 
The final wake velocity vector experienced by the downstream turbine components can then be calculated as suggested by 143 

[15]: 144 

𝑼𝑼𝒘𝒘 = 𝑼𝑼𝒐𝒐 �1 −𝑼𝑼∗ 𝑒𝑒−3.56� 𝑹𝑹𝐷𝐷𝒃𝒃�
2

�,                 (5) 145 

where 𝑼𝑼𝒐𝒐 is the freestream velocity vector, which is a function of vertical location, 𝒁𝒁, when a vertical shear is specified. In this 146 
equation, the parameter 𝒃𝒃 is defined as: 147 

𝒃𝒃 = � 3.56 𝐶𝐶𝑡𝑡
8 𝑼𝑼∗ (1−0.5 𝑼𝑼∗) 

.                       (6) 148 

For any turbine components where the radial distance element 𝑹𝑹 is greater than or equal to its corresponding wake radius, that 149 
particular element is considered to be out of wake and experiences free a stream velocity equal to the corresponding element of 150 
𝑼𝑼𝒐𝒐. The wake radius is the radial distance from the rotor centerline to where the wake effect can be neglected and wake mode 151 
predictions were shown to diverge from experimental data [15]. The wake radius is calculated as suggested by [23]: 152 

𝑹𝑹𝒘𝒘 = 1
2

+ 𝛼𝛼
𝐷𝐷

 (𝑿𝑿 − 𝑋𝑋𝑢𝑢).                 (7) 153 

Thus, the wake velocity on any turbine component is defined by Equation 5 only if element in 𝑹𝑹 is less than the 154 
corresponding element in 𝑹𝑹𝒘𝒘, else, the wake velocity is equal to the corresponding element of 𝑼𝑼𝒐𝒐. 155 

C.  Downstream turbulence algorithm 156 
This section presents an algorithm for quantifying turbulence experienced by a downstream turbine that is operating in the 157 

wake of an upstream turbine. This algorithm is presented as a function of the relative location of the downstream turbine (axial 158 
as well as radial position), ambient turbulence intensity and upstream turbine characteristics (𝐶𝐶𝑡𝑡 and 𝐷𝐷). 159 

An amplified turbulence intensity vector, ∆𝑰𝑰, is introduced that represents increased turbulence levels relative to the ambient 160 
turbulence. For a downstream turbine operating in the wake of an upstream turbine, this is calculated along the centerline 161 
according to: 162 

∆𝑰𝑰 = 1.5
𝐼𝐼𝑜𝑜0.15  𝐶𝐶𝑡𝑡0.4  �𝑿𝑿−𝑋𝑋𝑢𝑢

𝐷𝐷
�
𝑘𝑘
,                    (8) 163 
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where 𝑘𝑘 = −2 𝐼𝐼𝑜𝑜0.1. The centerline turbulence intensity array, 𝑰𝑰𝒄𝒄, can then be calculated according to: 164 

𝑰𝑰𝒄𝒄 = �𝐼𝐼𝑜𝑜2 + ∆𝑰𝑰2.                    (9) 165 

The turbulence parameter array, 𝑰𝑰𝒑𝒑, associated with the centerline location of each component of the downstream turbine is 166 
then defined as: 167 

𝑰𝑰𝒑𝒑 = 𝑰𝑰𝒄𝒄−𝐼𝐼𝑜𝑜
𝐼𝐼𝑜𝑜

.                   (10) 168 

This turbulence parameter is used to calculate the turbulence intensity array, 𝑰𝑰𝒘𝒘, as suggested in [15]:  169 

𝑰𝑰𝒘𝒘 = 𝐼𝐼𝑜𝑜  (𝑰𝑰𝒑𝒑 𝑒𝑒−3�
𝑹𝑹
𝐷𝐷�

2

+ 1).                  (11) 170 

The array 𝑰𝑰𝒘𝒘 contains turbulence intensities experienced by downstream turbine components used for calculating the fluctuating 171 
turbulent velocities experienced by these components. It is also noteworthy that Equation 11 can be used at any radius, and not 172 
only up to the wake radius. 173 
 The turbulence intensity algorithms discussed above were developed to match the four sets of experimental results published 174 
in [27], [28] and [29]. Downstream turbulence intensities determined using these wake algorithms are compared with the 175 
experimentally measured values for centerline locations at ambient turbulence intensities of 3%, 7%, 9.8% and 13% (Fig. 3). A 176 
turbine model of rotor diameter 0.5 m is used by [27] with a flow velocity of 0.4 m/s. Similarly, a turbine model with a rotor 177 
diameter of 270 mm is used by [28] with a flow velocity of 0.47 cm/s. This corresponds to turbine diameter of 19 m operating in 178 
a flow velocity of 3.76 m/s based on Froude scaling [28]. In [29], a turbine model with a rotor diameter of 0.7 m is used and the 179 
flow velocity ranges from 0.4 m/s to 1.03 m/s. 180 

In Fig. 3, the calculated turbulence intensities represented by dotted lines are obtained from Equations 8 and 9. It is seen that 181 
these equations can be used to model downstream centerline turbulence intensities with reasonable accuracy. Only one set of 182 
experimental data [29] was found during this study to be suitable for developing an algorithm for quantifying increased 183 
downstream turbulence intensity as a function of radial location. These data were collected with an ambient turbulence intensity 184 
of 3% [29]. Fig. 4 compares downstream turbulence intensity from this algorithm (Equation 11) with experimental data [29] as a 185 
function of radial location at 7 and 10 𝐷𝐷 downstream. 186 

 187 

Fig.  3.  Comparison of calculated and experimentally measured downstream centerline turbulence intensity. 188 
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 189 

Fig.  4.  Comparison of calculated and experimentally measured downstream turbulence intensity at radial locations for an ambient turbulence intensity of 3%. 190 

From Figs. 3 and 4, it can be seen that downstream turbulence modeling algorithms (Equations 8-11) presented in this paper 191 
can predict downstream turbulence intensities for a general case without modeling specific operational characteristics such as 192 
turbine tip speed ratio and flow velocity.  193 

D.  Algorithms integration into turbine simulation 194 
  The algorithms presented above calculate the mean wake velocity (Equation 5) and turbulence intensity (Equation 11) 195 
experienced by every element of the downstream turbine. This section describes how these algorithms are integrated into the 196 
numerical simulation of the OCT presented in [16, 18]. The simulation in [18] uses unsteady BEM method and applies dynamic 197 
wake inflow model. This method divides turbine blades into a finite number of elements, with the loadings on each blade 198 
element calculated from local lift and drag coefficients obtained from local angles of attack. Loadings on every blade element 199 
are then numerically integrated to calculate tangential and axial forces in order to calculate power, torque and thrust experienced 200 
by the turbine; as well as the response of the turbine to these loadings. 201 

The wake velocity (Equation 5) is calculated in the current fixed frame whereas the turbine simulation presented in [16, 17, 202 
18] utilizes the velocity vector expressed in the NED frame to define the flow field. Therefore, the wake velocity obtained from 203 
Equation 5 is transformed into the NED frame using the transformation matrix 𝑳𝑳𝑵𝑵𝑵𝑵 (Equation 1) as: 204 

   𝑼𝑼𝒘𝒘
𝑵𝑵 =  𝑳𝑳𝑵𝑵𝑵𝑵 𝑼𝑼𝒘𝒘.                     (12) 205 

A method for simulating turbulent flow on a moored in-stream hydrokinetic turbine was presented in [16]. This method 206 
computes turbulent flow velocities as a function of time and location, with turbulence intensity and time averaged mean flow 207 
velocity as main input parameters. In this method, a velocity spectrum is integrated over a considered frequency range to obtain 208 
equations that express this spectrum as a function of turbulence intensity. Desired spatial correlation is obtained by multiplying 209 
the spectrum with a coherence function. Cholesky’s decomposition is then carried out on the spectrum to obtain fluctuating 210 
velocity components in the frequency domain. These fluctuating velocity components are converted into time domain by 211 
considering turbulence as a combination of sine waves that contain all discretized frequencies within the considered frequency 212 
range.  213 

The fluctuating turbulence velocity component matrix for a turbine in an unperturbed flow, 𝒖𝒖𝒖𝒖, associated with 𝐼𝐼𝑜𝑜 is obtained 214 
by calculating 𝑢𝑢, 𝑣𝑣 and 𝑤𝑤 components of 𝒖𝒖𝒖𝒖 in streamwise, cross-stream and vertical directions respectively. For a discretized 215 
element 𝑗𝑗, if  𝑢𝑢𝑗𝑗, 𝑣𝑣𝑗𝑗 and 𝑤𝑤𝑗𝑗  are the 𝑢𝑢, 𝑣𝑣 and 𝑤𝑤 components of  𝒖𝒖𝒖𝒖, the correlated value of  𝑢𝑢𝑗𝑗 denoted by 𝑢𝑢𝑗𝑗𝑒𝑒 is calculated as: 216 

𝑢𝑢𝑗𝑗𝑒𝑒(𝑡𝑡) = 𝑢𝑢𝑗𝑗(𝑡𝑡) + 𝑟𝑟𝑢𝑢𝑢𝑢𝑣𝑣𝑗𝑗(𝑡𝑡) + 2𝑟𝑟𝑢𝑢𝑢𝑢𝑤𝑤𝑗𝑗(𝑡𝑡),          (13) 217 

where 𝑟𝑟𝑢𝑢𝑢𝑢  is the correlation coefficient between  𝑢𝑢 and 𝑣𝑣 and 𝑟𝑟𝑢𝑢𝑢𝑢 is the correlation coefficient between 𝑢𝑢 and 𝑤𝑤. A combination 218 
of a sine wave function with summation of all frequencies as shown below is utilized [16] to calculate 𝑢𝑢𝑗𝑗, 𝑣𝑣𝑗𝑗 and 𝑤𝑤𝑗𝑗: 219 

𝑚𝑚𝑗𝑗(𝑡𝑡) = ∑ |𝑚𝑚𝑘𝑘𝑘𝑘
∗ | sin (2𝜋𝜋𝑓𝑓𝑘𝑘∗𝑡𝑡 + 𝜃𝜃𝑘𝑘𝑘𝑘𝑅𝑅  )𝑁𝑁

𝑘𝑘=1 ,         (14)  220 

where 𝑚𝑚𝑗𝑗= 𝑢𝑢𝑗𝑗, 𝑣𝑣𝑗𝑗 and 𝑤𝑤𝑗𝑗; 𝑚𝑚𝑘𝑘𝑘𝑘
∗  is obtained from Cholesky’s decomposition of the spectra [16]; 𝑁𝑁 is the total number of 221 

frequency components; 𝑓𝑓𝑘𝑘∗ is 𝑘𝑘𝑡𝑡ℎ frequency component, 𝑡𝑡 is time and 𝜃𝜃𝑘𝑘𝑘𝑘𝑅𝑅  is the resultant phase associated with 𝑗𝑗 and 𝑘𝑘. 222 
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The velocity spectra utilized for Cholesky’s decomposition in this paper is assumed to follow Kolmogorov’s five thirds law, 223 
where the velocity power spectral density is proportional to the negative five third power of frequency. Hence, the slope of the 224 
spectra is the same for all turbulence intensities in logarithmic scale. However, the magnitude of variance and in turn, standard 225 
deviations vary with turbulence intensity. Therefore, if the magnitudes of the simulated fluctuating velocity components of the 226 
upstream turbine presented above are adjusted, they can be utilized to simulate velocity components experienced by the 227 
downstream turbine.  228 

Velocity standard deviations dictate the magnitude (amplitude) of fluctuating velocity components. Since linear relationship 229 
exists between velocity standard deviations and turbulence intensity for a given mean flow velocity, the amplification factor 230 
presented in the equation below can be applied to obtain fluctuating velocity components (Equation 14) for the downstream 231 
turbine associated with 𝑰𝑰𝒘𝒘: 232 

𝒖𝒖𝒕𝒕 = 𝑰𝑰𝒘𝒘 𝑼𝑼𝒘𝒘
𝐼𝐼𝑜𝑜 𝑼𝑼𝒐𝒐

 𝒖𝒖𝒖𝒖,                  (15) 233 

where 𝒖𝒖𝒕𝒕 is the fluctuating velocity matrix of downstream turbine that includes wake effects and is a function of time. It is 234 
noteworthy that 𝒖𝒖𝒖𝒖 and 𝒖𝒖𝒕𝒕 contain all three components of the fluctuating velocity in 𝑋𝑋, 𝑌𝑌 and 𝑍𝑍 directions in the current fixed 235 
frame.  236 

It may be pointed out that 𝒖𝒖𝒕𝒕 can alternatively be obtained by applying the same simulation method [16] utilized for 237 
determining 𝒖𝒖𝒖𝒖 by changing the input parameters from 𝐼𝐼𝑜𝑜 and 𝑼𝑼𝒐𝒐 to 𝑰𝑰𝒘𝒘 and 𝑼𝑼𝒘𝒘. However, we have utilized Equation 15 for 238 
calculating 𝒖𝒖𝒕𝒕 to reduce computation time. To integrate this these turbulent fluctuations into the existing numerical simulation 239 
[18] they are converted into the NED frame by: 240 

𝒖𝒖𝒕𝒕𝑵𝑵 = 𝑳𝑳𝑵𝑵𝑵𝑵 𝒖𝒖𝒕𝒕.                   (16) 241 

The final resultant velocity, 𝑼𝑼𝑵𝑵, experienced by the downstream turbine after including wake, turbulence and wave velocities 242 
in the NED coordinate system is obtained as: 243 

𝑼𝑼𝑵𝑵 = 𝑼𝑼𝒘𝒘
𝑵𝑵 + 𝒖𝒖𝒕𝒕𝑵𝑵 + 𝒖𝒖𝒗𝒗𝑵𝑵,                      (17) 244 

where 𝒖𝒖𝒗𝒗𝑵𝑵 is the wave induced velocity vector described in [18], 𝑼𝑼𝒘𝒘
𝑵𝑵 is the wake velocity vector (Equation 12), and 𝒖𝒖𝒕𝒕𝑵𝑵 is the 245 

fluctuating turbulence velocity array (Equation 16). 246 
Spatial grids containing elements of buoyancy compensation modules, the main body and rotor elements are not likely to be 247 

precisely perpendicular to the mean flow direction, especially for a moored turbine. However, the turbulence simulation [16] is 248 
developed based on the assumption that all locations where turbulent fluctuations are calculated are set to a fixed grid that is 249 
perpendicular to the direction of the mean flow. This may lead to small errors in the phase of the turbulent structures on turbine 250 
components that are either upstream or downstream from the center of the mesh grid.  251 

IV.  RESULTS AND DISCUSSIONS 252 
This section presents simulation results for a downstream turbine and compares them with the performance of a turbine 253 

operating in an unperturbed flow. This is done to quantify the relationship between relative turbine location and performance. 254 
The numerical simulations were run using a standard 8 core computers and run times were sensitive to the motions induced on 255 
the turbine because of the cable model. For this reason, it took on average about 4 hours to run a 30 minute simulations when the 256 
downstream turbine was assumed to be stationary (i.e. no cable model) and about 9 hours to run 30 minute simulations when the 257 
response of the downstream compliantly moored turbine was considered.  258 

To compare simulation results with experimental findings, simulations are first carried out to match the ambient turbulence 259 
intensities of experimental results in [11] (sub-section A). Then, additional simulations are carried out for a bottom mounted 260 
turbine where only rotor rotation is allowed (sub-section B) and for a compliantly moored turbine system where translation and 261 
rotation motions about all axes are allowed (sub-section C). The mean flow velocity of 1.6 m/s is utilized for both bottom 262 
mounted and compliantly moored turbine cases. In the bottom mounted turbine analysis, the rpm of the rotor is maintained at the 263 
constant speed associated with the optimal tip speed ratio of the turbine assuming that the flow only varies spatially and not 264 
temporally. Since the downstream turbine experiences different mean velocities at different blade elements caused by wake 265 
shear, the spatial average of velocity over the swept area of the rotor is utilized to determine optimal rpm. In the moored turbine 266 
analysis, a standard wind turbine torque control approach that utilizes the constant gain torque controller presented in [30] is 267 
applied to control the rpm of the rotor. 268 

A.  Comparison with a previous study 269 
Our simulation results are compared with experimental results presented in [11]. Simulations are run using algorithms 270 

presented here for a bottom mounted turbine at axial distances of 6, 8, 10 and 12 𝐷𝐷 behind the upstream turbine rotor center for 271 
an 𝐼𝐼𝑜𝑜 of 3%. Simulations were also performed for axial distances of 5, 6, 8 and 10 𝐷𝐷 for an 𝐼𝐼𝑜𝑜 of 15%. The ambient turbulence 272 
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intensities and downstream axial distances stated above were selected to match the experimental conditions in [11]. These 273 
simulations were each run for a simulated time of 5 minutes. The experiments in [11] were conducted on bottom mounted 3-274 
bladed prototypes of horizontal axis turbines with diameters of 0.7 m.  275 

To visualize the wake propagation associated with these conditions, model predicted mean wake velocity and turbulence 276 
intensity fields behind a single turbine are presented for these two turbulence intensities. Fig. 5 a-b shows the mean velocity for 277 
ambient turbulence intensities of 3 and 15%, while Fig. 5 c-d shows the turbulence intensity fields for these two ambient 278 
turbulence intensities respectively. These figures are created assuming that the thrust coefficient is 0.83. It is noted that it is not 279 
necessary to simulate the flow field over the area presented here to simulate downstream turbine performance. Since these 280 
equations model the far-wake field which typically starts around five diameters downstream only distances beyond this are 281 
shown. For both turbulence intensities, the wake deficit persists much further downstream than the increased turbulence 282 
intensity values in the wake field. These results also show that the velocity in the far-wake is lower and persists longer for lower 283 
turbulence intensities. They also suggest that turbulence intensity values nearly reach their ambient values at 13 diameters 284 
downstream for both of the evaluated ambient turbulence intensities.   285 

 286 

 287 

 288 

 289 
 290 

Fig.  5.  Mean wake velocities calculated for ambient turbulence intensities of 3% (a) and 15% (b), and turbulence intensity calculated for ambient turbulence 291 
intensities of 3% (c) and 15% (d) in the far wake region behind in-stream hydrokinetic turbines. 292 

It is noted that environmental/ambient conditions other than the turbulence level and thrust coefficients such as bathymetry, 293 
blockage ratio and tip speed ratio also affect wake decay and in turn, downstream power. Therefore, the numerical simulations 294 
are not expected to exactly model the experimental conditions of [11] since these conditions were not considered when 295 
developing this numerical simulation. Instead, the developed numerical simulation approach aims to provide estimates of 296 
downstream turbine performance using computationally inexpensive and relatively fast algorithms that do not model the detailed 297 
operating conditions. These algorithms are generic in that they were optimized based on multiple experimental data sets from a 298 
range of potential tidal turbine operating conditions. In other words, the simulations are not carried out to exactly model the 299 
experimental setup in [11], or any other experimental setup, but to calculate the approximate downstream turbine power and 300 
loadings. Therefore, while quantitative differences between the results reported in [11] and our simulation results are expected, 301 
the qualitative trends should be similar. Furthermore, algorithms presented in this paper are optimized based on turbine models 302 
that were scaled either using Froude number or thrust coefficient [15] and therefore, we believe that our analyses with much 303 
larger turbine as discussed in following sections are valid even though the validation here is carried out with small turbine 304 
model.  305 
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Note also that one of the key applications of the models and numerical simulations presented herein will be in feedback 306 
control design for turbines. For this purpose, striving to achieve perfect reproduction of an experimental condition is not deemed 307 
necessary. For feedback control design the presented numerical simulation will be augmented with perturbation models to 308 
account for modeling errors, uncertainties, and sensor measurement errors. Numerous modern control techniques have been 309 
developed to mitigate the perturbations and have reached a stage of maturity to enable their implementation in realistic systems. 310 
For example, we have successfully used such techniques in [31] for the flight control of a moored ocean current turbine.   311 

Mean power produced by the downstream turbine at axial distances from the upstream turbine rotor center (co-axial case) of 6 312 
𝐷𝐷,  8 𝐷𝐷, 10 𝐷𝐷 and 12 𝐷𝐷 for 𝐼𝐼𝑜𝑜=3% are calculated to be 41%, 46%, 49% and 53% of upstream turbine power respectively in the 313 
simulations, whereas these corresponding values in [11] are 23%, 35%, 47% and 53%. Similarly, for 𝐼𝐼𝑜𝑜=15%, the power 314 
produced by the downstream turbine at 5 𝐷𝐷, 6 𝐷𝐷, 8 𝐷𝐷 and 10 𝐷𝐷 are calculated to be 77%, 80%, 85% and 90% of the upstream 315 
turbine power in the simulation whereas these corresponding values are about 80%, 88%, 90% and 92% of in [11]. These results 316 
are presented pictorially in Fig. 6. In this figure the downstream distance is normalized using rotor diameter, 𝑥𝑥/𝐷𝐷, where, 𝑥𝑥 is 317 
the axial distance between upstream and downstream turbine rotor centers. It is seen that experimental and simulation results 318 
show the same qualitative trends and have relatively good agreement beyond 9 𝐷𝐷. Since downstream turbines are likely to be 319 
placed beyond 9 𝐷𝐷, we can conclude that the simulation algorithms presented in this paper can be utilized to assess downstream 320 
turbine performance. 321 

 322 
 323 

Fig.  6.  Comparison of experimental and simulation results for downstream turbine power. 324 

In order to point out the effects of the operating conditions on the downstream turbine power, it is worth mentioning a 325 
Computational Fluid Dynamics (CFD) based analysis presented in [14]. The study in [14] had a blockage ratio of about 1.3% 326 
which is different from study in [11] where the blockage ratio was about 4.8%. The CFD predicted power output of the 327 
downstream turbine at 10 𝐷𝐷 and 40 𝐷𝐷 were 29.3% and 82.8% of the upstream turbine respectively in [14] for 𝐼𝐼𝑜𝑜= 0.68%. These 328 
results are very different from the experimental results in [11] and show the effects of boundary/experimental conditions in 329 
addition to ambient turbulence intensity on the downstream turbine power. 330 

B.  Simulation results for the bottom mounted system 331 
Simulations are carried out for ambient turbulence intensity (𝐼𝐼𝑜𝑜) values of 5% and 10% for the bottom mounted turbine. The 332 

𝐼𝐼𝑜𝑜 value of 10% is considered as two tidal sites have shown this value for a wide range of mean flow speed [32]. Similarly, an 𝐼𝐼𝑜𝑜 333 
value of 5% is considered because OCTs will operate in deep water away from most boundary effects as opposed to tidal 334 
turbines that operate in shallow water and much closer to boundaries. Therefore, it is assumed that ambient turbulence at open 335 
ocean energy sites will be less than at tidal sites. For the results in this section, simulations are performed to generate 30 minute 336 
time histories for each evaluated operating condition. Results are first presented for a case where downstream turbine location is 337 
co-axial with upstream turbine, and then for downstream distance of 10 D as a function of radial location. 338 

Fig. 7 shows time histories of shaft power for 𝐼𝐼𝑜𝑜= 5% and 10% calculated using the bottom mounted turbine simulation. 339 
Power produced by the downstream turbine is calculated at normalized axial distances (𝑥𝑥/𝐷𝐷) of 5, 10 and 15. For 𝐼𝐼𝑜𝑜= 5% (Fig. 7 340 
left), the mean powers produced by the downstream turbine at axial distances of 5 𝐷𝐷, 10 𝐷𝐷 and 15 𝐷𝐷 are 41.6%, 52.6% and 341 
61.7% of the mean power produced by the upstream turbine. The standard deviations of power for the upstream turbine is 5.8% 342 
of the mean upstream power, whereas the power standard deviations are 19.6%, 9.7% and 6.9% of the corresponding mean 343 
power values for the respective axial distances.  344 

For 𝐼𝐼𝑜𝑜= 10% (Fig. 7 right), the mean power produced by the downstream turbine at axial distances of 5 𝐷𝐷, 10 𝐷𝐷 and 15 𝐷𝐷 are 345 
51.8%, 67.2% and 76.8% of the power produced by the upstream turbine. The power standard deviation for the upstream turbine 346 
is 11.7% of mean power, whereas these deviations are 18.2%, 13.5% and 13.1% of the mean power produced at their respective 347 
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downstream distances. By comparing the results for the two turbulence intensities it can be seen that downstream power 348 
recovery happens more quickly as ambient turbulence intensity increases because of the associated faster wake recovery.  349 

 350 
 351 

Fig.  7.  Power time history at axial locations for 𝐼𝐼𝑜𝑜= 5% (left) and 10% (right) for bottom mounted turbine. 352 

Fig. 8 shows mean and standard deviation power trends over a wider range of downstream distances (5-30 𝐷𝐷). The presented 353 
standard deviations are normalized by dividing these deviations by their corresponding mean power at a given location. It is seen 354 
that for 𝐼𝐼𝑜𝑜= 5%, the mean power converges from 41.6% to 78.5% of free stream as downstream distance is changed from 5 𝐷𝐷 to 355 
30 𝐷𝐷. Another observation is that the power standard deviation converges back to the upstream value more quickly than mean 356 
power, converging from 19.6% to 9.7% for downstream distances of 5 𝐷𝐷 and 10 𝐷𝐷 and then to 6.4% at 30 𝐷𝐷. This 30 𝐷𝐷 standard 357 
deviation is only 0.6% higher than the free stream value. 358 

For 𝐼𝐼𝑜𝑜= 10%, mean power converges from 51.8% to 90.0% of free stream as downstream distance is changed from 5 𝐷𝐷 to 30 359 
𝐷𝐷. These results also show that the standard deviation converges rapidly as a function of downstream distance, converging from 360 
18.2% to 13.5% for downstream distances of 5 𝐷𝐷 and 10 𝐷𝐷 and then to 13.3% at 30 𝐷𝐷 (1.6% higher than free stream). It is noted 361 
that downstream power converges more rapidly back to the upstream value for the higher ambient turbulence intensity. Also, it 362 
is seen that wake effects on mean power persist beyond 30 𝐷𝐷 for both values of 𝐼𝐼𝑜𝑜, but that the variation in power has nearly 363 
converged to upstream values by this distance.  364 

 365 

Fig.  8.  Power at different downstream distances with standard deviations for 𝐼𝐼𝑜𝑜= 5% and 10% for bottom mounted turbine. 366 

Since turbulence and shear cause fatigue on turbine blades due to the time varying loads that they produce, axial forces on a 367 
single turbine blade are examined for 𝐼𝐼𝑜𝑜= 5% and 10%. Axial forces on one blade of the tri-bladed rotor are evaluated at 368 
locations ranging 5 𝐷𝐷 to 30 𝐷𝐷 downstream. The time averaged mean and standard deviations of the axial load on this blade are 369 
presented in Fig. 9, along with the time averaged and standard deviations for a turbine operating in the free stream (dashed line). 370 
Since the mean forces for 𝐼𝐼𝑜𝑜= 5% and 10% are nearly equal (force for 𝐼𝐼𝑜𝑜= 10% is only 0.31 kN greater than 𝐼𝐼𝑜𝑜= 5%), both mean 371 
forces are represented by a single dashed horizontal line. The vertical bars on this line are standard deviations for 𝐼𝐼𝑜𝑜= 5% 372 
(shorter bar) and 𝐼𝐼𝑜𝑜= 10% (longer bar).  It is seen that mean axial forces at 30 𝐷𝐷 are still lower than upstream value for both 373 



 11 

values of 𝐼𝐼𝑜𝑜 (15.2% lower for 𝐼𝐼𝑜𝑜= 5% and 6.8% lower for 𝐼𝐼𝑜𝑜= 10%), indicating that wake velocities that cause axial force have 374 
not recovered to upstream value. At 10 𝐷𝐷 downstream and beyond, the axial force standard deviations are within ±11% of 375 
upstream standard deviation. These force variations are increased by the amplified turbulence intensities in the wake but 376 
decreased by the mean flow speed being reduced. These effects roughly offset each other for co-axial turbines separated by more 377 
than 10 𝐷𝐷 downstream.      378 

 379 

Fig.  9.  Axial force downstream for 𝐼𝐼𝑜𝑜= 5% and 10% for bottom mounted turbine. 380 

Turbines will seldom operate precisely co-axially with each other and therefore a comparison is made between power 381 
produced by upstream turbine and a downstream turbine as a function of radial location. This comparison is conducted for an 382 
axial downstream distance of 10 𝐷𝐷. Time histories of the power produced for 𝑅𝑅/𝐷𝐷 = 0.5 are shown in Fig. 10, along with power 383 
produced by downstream turbine at 𝑅𝑅/𝐷𝐷=0 and an upstream turbine. For 𝐼𝐼𝑜𝑜= 5%, the power produced by downstream turbine at 384 
𝑅𝑅/𝐷𝐷=0.5 is found to be about 70% of upstream turbine power and 33% higher than power produced at 𝑅𝑅/𝐷𝐷=0 (Fig. 10 left). For 385 
𝐼𝐼𝑜𝑜= 10%, the power produced by downstream turbine at 𝑅𝑅/𝐷𝐷=0.5 is found to be about 74.6% of upstream turbine power and 386 
11% higher than power produced at 𝑅𝑅/𝐷𝐷=0 (Fig. 10 right).  387 

It is noteworthy that power produced by a turbine at 𝑅𝑅/𝐷𝐷=0.5 and axial distance of 10 𝐷𝐷 is higher for 𝐼𝐼𝑜𝑜= 5% than for 𝐼𝐼𝑜𝑜= 388 
10%. This is because the wake radius increases with increasing ambient turbulence intensity as experimentally observed [27], 389 
causing wake velocity at 𝑅𝑅/𝐷𝐷=0.5 for 𝐼𝐼𝑜𝑜= 5% to be higher than for 𝐼𝐼𝑜𝑜= 10%. However, the power produced by turbine for 𝐼𝐼𝑜𝑜= 390 
10% at 𝑅𝑅/𝐷𝐷=0 and a downstream distance of 10 𝐷𝐷 is about 28% higher than the power produced by turbine for 𝐼𝐼𝑜𝑜= 5% at the 391 
same location. This is because the wake decays faster in the direction of flow for higher turbulence intensity although it 392 
propagates with greater radius as the turbulence intensity increases. Power standard deviation at 𝑅𝑅/𝐷𝐷=0.5 is 17% higher than the 393 
value at 𝑅𝑅/𝐷𝐷=0 for both 𝐼𝐼𝑜𝑜= 5% and 10%.  394 

 395 

Fig. 10.  Power time history at radial locations for 𝐼𝐼𝑜𝑜= 5% (left) and 10% (right) for bottom mounted turbine case at centerline distance 10 𝐷𝐷.  396 
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In order to better visualize the relationship between power production and radial location, the percentage of upstream power 397 
produced for a range of radial locations is presented for a downstream distance of 10 𝐷𝐷 (Fig. 11). The percentage values are the 398 
time averaged means for ambient turbulence intensities of 𝐼𝐼𝑜𝑜= 5% and 10%. The fluctuation of power due to turbulence are 399 
shown as standard deviation bars. These deviations are normalized using their corresponding individual power production 400 
values. It is noted that the power produced increases as radial distance increases with power produced almost equal to upstream 401 
power starting 𝑅𝑅/𝐷𝐷= 1.25 for both 𝐼𝐼𝑜𝑜= 5% (100% recovery) and 𝐼𝐼𝑜𝑜= 10% (around 98% recovery). The normalized standard 402 
deviations of power are lowest at 𝑅𝑅/𝐷𝐷=0 for both 𝐼𝐼𝑜𝑜 values and increase with increased radial distance up to 𝑅𝑅/𝐷𝐷=1.25 where 403 
the turbine is nearly out of wake, and these deviations approach upstream values. 404 

 405 

Fig.  11.  Downstream power variation with radial distance for axial distance of 10 𝐷𝐷. 406 

Time averaged values of the axial force experienced by one blade of the tri-bladed rotors are presented as a function of radial 407 
locations for a centerline distance of 10 𝐷𝐷 in Fig. 12. The dotted horizontal line is upstream value and vertical bars in this line 408 
represent standard deviations for 𝐼𝐼𝑜𝑜= 5% (short bar) and 𝐼𝐼𝑜𝑜= 10% (long bar). It can be seen that axial forces converge back to 409 
upstream value at 𝑅𝑅/𝐷𝐷= 1.25. The standard deviation of axial force fluctuation is presented using error bars. At 𝑅𝑅/𝐷𝐷= 1.25, it 410 
can be noted that the standard deviation for 𝐼𝐼𝑜𝑜= 10% is higher than for 𝐼𝐼𝑜𝑜= 5% although the mean values are almost same. The 411 
standard deviation is highest at 𝑅𝑅/𝐷𝐷=0.75 for 𝐼𝐼𝑜𝑜= 5%, whereas it is highest at 𝑅𝑅/𝐷𝐷=1 for 𝐼𝐼𝑜𝑜= 10%. This difference is likely 412 
caused by different wake radii, downstream turbulence values and wake velocities associated with different 𝐼𝐼𝑜𝑜 values.  413 

 414 

Fig.  12.  Axial force variation with radial distances at axial distance of 10 𝐷𝐷. 415 
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C.  Simulations results for moored system 416 
The performance of a compliantly moored downstream turbine is simulated to evaluate the power, motion and axial loading. 417 

Motion analysis is an important part of this process as this turbine system is free to move, changing its location and therefore the 418 
temporally and spatially varying wake effects. In most cases, simulations are run to simulate a period of 30 minutes and ambient 419 
turbulence intensities of 𝐼𝐼𝑜𝑜= 5% and 10% are utilized. In the first analysis, the downstream turbine is anchored such that it would 420 
operate co-axially with the upstream turbine at downstream distances of 5 𝐷𝐷, 10 𝐷𝐷 and 15 𝐷𝐷 if the flow were steady and 421 
undisturbed by the upstream system. After this, numerical simulations are run where the downstream turbine would operate at a 422 
downstream distance of 10 𝐷𝐷 and radial distances of 0.5 𝐷𝐷 if deployed in a steady and unperturbed flow.   423 

Power time histories are shown for the three nearly co-axial simulations in Fig. 13. For 𝐼𝐼𝑜𝑜= 5% (Fig. 13 left), time averaged 424 
axial distances for a period of 30 minutes are found to be 4.5 𝐷𝐷, 9.7 𝐷𝐷 and 14.8 𝐷𝐷 with corresponding time averaged mean radial 425 
distances of 0.15 𝐷𝐷, 0.05 𝐷𝐷 and 0.02 𝐷𝐷. This shows that the wake from the upstream turbine reduces the loading on the 426 
downstream turbine causing it to operate slightly upstream from where it would operate if the flow were undisturbed. Minimal 427 
lateral motions are also induced on the turbine caused by the turbulence and wake shear. Mean power produced by downstream 428 
turbine at these locations are 44.4%, 52.8% and 61.9% of power produced by upstream turbine respectively. These powers are 429 
similar to bottom mounted turbines, except for a downstream distance of 5 𝐷𝐷 where the moored turbine producing slightly more 430 
power (about 3%) than the bottom mounted turbine likely due to a slight radial misalignment. The power standard deviation is 431 
2.6% of mean power for an upstream moored turbine, whereas these deviations for the three downstream distances are 9.7%, 432 
4.7% and 4.3% of their respective mean values. 433 

For 𝐼𝐼𝑜𝑜= 10% (Fig. 13 right), time averaged axial distances for a period of 30 minutes are found to be 4.7 𝐷𝐷, 9.8 𝐷𝐷 and 14.9 𝐷𝐷 434 
with corresponding radial distances of 0.08 𝐷𝐷, 0.03 𝐷𝐷 and 0.04 𝐷𝐷. The faster wake decay associated with this 𝐼𝐼𝑜𝑜 is responsible 435 
for the turbine being located slightly further downstream than for 𝐼𝐼𝑜𝑜= 5%. Mean power produced by downstream turbine at these 436 
locations are about 51.9%, 67.3% and 76.9% of power produced by upstream turbine respectively. The power standard deviation 437 
is 4.5% of mean power for upstream turbine, whereas these deviations are 9.7%, 8.1% and 7.6% of mean power for the three 438 
downstream distances. It is seen that for both 𝐼𝐼𝑜𝑜 values, the percentage of power standard deviation with respect to the 439 
corresponding mean values is 9.7% for downstream distance of about 5 𝐷𝐷 (for 4.5 𝐷𝐷 at 𝐼𝐼𝑜𝑜= 5% and for 4.7 𝐷𝐷 at 𝐼𝐼𝑜𝑜= 10%). This 440 
almost same percentage value (9.76 % for 𝐼𝐼𝑜𝑜= 5% and 9.78 % for 𝐼𝐼𝑜𝑜= 10%) is likely only a coincidence. 441 

Although not directly comparable with the bottom mounted turbine because of the moored turbine motion and different rotor 442 
control strategies, the overall downstream power for co-axial cases are very similar for the moored and bottom mounted 443 
turbines. However, the standard deviations percentages are higher for bottom mounted turbine than for moored turbine. This is 444 
most likely caused by the difference in the utilized rotor speed control strategies, as well as the compliance of the mooring cable 445 
reducing relative velocities by allowing the turbine to move slightly downstream during peak flow speeds.  446 

 447 

Fig.  13.  Power time history at approximate axial locations for 𝐼𝐼𝑜𝑜= 5% (left) and 10% (right) for moored turbine. 448 

Simulations are carried out to evaluate the performance of a moored downstream turbine when its initial position is set at 449 
radial location of 0.5 𝐷𝐷 and axial distance of 10 𝐷𝐷 relative to upstream turbine rotor center. These results are compared with 450 
those obtained for 𝑅𝑅/𝐷𝐷 =0. Ambient turbulence intensities of 𝐼𝐼𝑜𝑜= 5% (Fig. 14) and 𝐼𝐼𝑜𝑜= 10% (Fig. 15) are evaluated. It can be 451 
seen that when a downstream turbine is initially placed at radial location of 0.5 𝐷𝐷, it is found to move towards the centerline 452 
where velocity is low for both turbulence intensities.  453 
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 454 

Fig.  14.  Comparison of moored downstream turbines for two initial radial positions for 𝐼𝐼𝑜𝑜= 5%.  455 
 456 

 457 

Fig.  15.  Comparison of moored downstream turbines for two initial radial positions for 𝐼𝐼𝑜𝑜= 10%. 458 

It can be seen in Figs. 14 and 15 that when the unperturbed turbine position is co-axial, i.e. 𝑅𝑅/𝐷𝐷 =0, the turbine position is 459 
less variable than for 𝑅𝑅/𝐷𝐷 =0.5. This is because both the mean wake and the cable forces are pulling the turbine towards the 460 
same equilibrium location for 𝑅𝑅/𝐷𝐷 =0. Conversely, for the 𝑅𝑅/𝐷𝐷 =0.5 case, the time averaged cable forces and the wake forces 461 
pull the turbine in opposite directions. Therefore, the turbine tends to oscillate with a mean location between these locations with 462 
oscillations excited by the time varying turbulence field.  463 

Lower ambient turbulence intensities leads to more consistent and pronounced shear regions within wake, because there is 464 
less mixing between different velocity layers at low turbulence levels. Therefore, velocity regions inside wake are more 465 
pronounced and consistent for 𝐼𝐼𝑜𝑜= 5% than for 𝐼𝐼𝑜𝑜= 10% (bottom figures in Fig. 14 & Fig. 15). Additionally, wake velocity 466 
recovery at a given co-axial/centerline distance is greater for higher turbulence intensity causing less wake velocity shear for 𝐼𝐼𝑜𝑜= 467 
10% than for 𝐼𝐼𝑜𝑜= 5%.  468 

In order to better visualize the long term motion behavior of turbine system, simulation is run to generate turbine position 469 
time histories of 3 hours for 𝐼𝐼𝑜𝑜= 5% and 𝐼𝐼𝑜𝑜= 10% with the downstream turbine center position set to radial and axial distances of 470 
0.5 𝐷𝐷 (10 m) and 10 𝐷𝐷 (200 m) respectively. Y (cross-stream) and Z (vertically downwards) positions of downstream turbine 471 
relative to upstream turbine are plotted for 𝐼𝐼𝑜𝑜= 5% (Fig. 16 left) and 10% (Fig. 16 right), with the figures plotted as if the turbine 472 
was observed from a downstream location. The positions are normalized by rotor diameter and hence there are no units. 473 
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 474 

Fig.  16.  Relative Y and Z positions (normalized by rotor diameter) of downstream moored turbine with respect to upstream turbine. 475 

It can be seen in Fig. 16 that the travel range for 𝐼𝐼𝑜𝑜= 5% is higher than for 𝐼𝐼𝑜𝑜= 10%, which is caused by higher wake velocity 476 
shear values. Position fluctuations are caused by combined effects of cable force on turbine system, shear force and turbulence. 477 
For 𝐼𝐼𝑜𝑜= 5%, the shear values are relatively high and resulting forces are more dominant than for 𝐼𝐼𝑜𝑜= 10%, resulting in a more 478 
easily observable periodic motion stemming from the interplay of shear and cable forces. The amplitudes of both Y and Z 479 
motions eventually stabilize at the value of around 0.125 𝐷𝐷 for both Y and Z axes (Fig. 16 left).  For 𝐼𝐼𝑜𝑜= 10%, turbulence 480 
induced motions are more pronounced and the lateral forces (shear and cable forces) approximately balance one another (Fig. 16 481 
right). In this case, the amplitudes of both Y and Z motions eventually stabilize at the value of around 0.0375 𝐷𝐷 482 

Overall, it is noted that shear causes the downstream turbine to move towards the centerline of upstream turbine where both 483 
relative Y and Z positions are 0. On the other hand, turbulence causes random motion and the cable force tend to move the 484 
turbine away from centerline because it is anchored at radial position of 0.5 𝐷𝐷. 485 

V.  CONCLUSIONS 486 
The wake caused by an upstream turbine is quantified in terms of mean wake velocity and amplified turbulence. These 487 

downstream effects are integrated into the numerical simulation of a downstream turbine. The performance of the downstream 488 
turbine at different locations relative to the upstream turbine is then evaluated. Simulations are performed for bottom mounted 489 
and compliantly moored turbine systems. 490 

Higher turbulence levels are found to increase the power produced by a co-axially located downstream turbine because the 491 
wake effects converges towards unperturbed values more quickly. The impact downstream and radial location have on power 492 
production are quantified for bottom mounted and moored turbine systems. Motion analysis of a downstream moored turbine is 493 
performed and it is observed that this turbine moves towards the centerline region of the upstream turbine when its radial 494 
position is set to be away from the centerline of the upstream turbine.  495 

The mathematical models and simulation results obtained here can be used for array layout optimization. In addition, the 496 
models and results for compliantly moored turbine can be used in the design and analysis process of feedback control systems 497 
required to control the position and the orientation of downstream turbines in a turbine array. In light of the results reported 498 
herein, feedback flight control is found to be important for the stabilization of the downstream turbines operating in the wake of 499 
upstream turbines in an array. Our results show that downstream turbines tend to move to the centerline region of the upstream 500 
turbine, which will reduce power production and for multiple turbine arrays could lead to collisions. This problem can be solved 501 
using collision avoidance trajectory path planning and control. Also, in order to reconfigure and distribute an array of turbines 502 
for optimal ocean current energy harvesting, formation flight control based on the models and simulations presented herein is 503 
mandatory. 504 
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