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1 Introduction 
The extraction of energy from flowing water in rivers and tidal regions is gaining acceptance around the 

world as a means of generating electricity without the use of conventional hydropower dams. The purpose 

of this document is to provide a uniform methodology that will ensure consistency and accuracy in the 

estimation, measurement, characterisation, and analysis of the velocity/hydrokinetic resource at sites that 

could be suitable for the installation of an individual or array of Energy Converters (ECs), together with 

defining a standardised methodology with which this resource can be described and reported.  

The first step required for any velocity resource is to characterise and assess the flow environment at the 

project site, be it a river segment, tidal channel, or open ocean. This is necessary for two primary reasons: 

¶ to evaluate the annual extractable power and to provide hydrodynamic characteristics (water 

levels, flow velocities, turbulence, etc.) at the site of interest, and; 

¶ to evaluate the environmental (bathymetry, geotechnical characteristics, etc.) data in order to 

select and design the appropriate power extraction technology. 

This information is typically gathered through field investigations to measure and collect hydrodynamic and 

environmental data, as well as numerical modelling to predict hydrodynamic characteristics and evaluate 

annual available energy. Existing international technical standards provide best practises for tidal resource 

characterization (IEC DTS 62600-201) and river resource characterization (IEC DTS 62600-301). To 

characterise and evaluate the available resources at any potential site for hydrokinetic energy, the 

procedures outlined in these standards should be followed. However, the current versions of the standards 

do not provide best practises for calculating resource characterization with multiple extraction devices. It 

only recommends that the modeller chooses a turbulence model and parameter values that produce 

simulations that match the wake characteristics of a single device sufficiently well. 

Since Canada's Marine Renewable Energy Technology Roadmap (ñCharting the Course - Marine 

Renewablesò 2022) has identified priority areas for establishing guidelines to help designers deploy multiple 

extraction devices into arrays at one project site, the purpose of this guideline is to assist IEC committees 

in determining best practises for calculating the energy resources with a single and multiple extraction 

devices at the project site. 

 Scope 
This guideline provides: 

¶ Methodologies that ensure consistency and accuracy in the determination of the practical energy 

resource at sites that may be suitable for the installation of Energy Converters (ECs); 

¶ Review on ECs;  

¶ Review on governing equations and theory on hydrokinetic energy, hydrodynamic forces on ECs and 

power generation; 

¶ Review and theory on wake generation and flow recovery; 

¶ Methodologies for modelling ECs, optimizing power performance assessment in an array of ECs; 

¶ Methodologies for physical modelling of EC arrays; 

¶ A case study that includes applying a numerical model to simulate various EC array layouts;and, 
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¶ General Recommendations on turbine array configurations 

The document explicitly excludes: 

¶ practical resource assessments; 

¶ resource characterisation; and 

¶ environmental impact studies, assessments, or similar. 

 Normative References 
The following documents are referred to in the text in such a way that some or all of their content constitutes 

requirements of this document. For dated references, only the edition cited applies. For undated references, 

the latest edition of the referenced document (including any amendments) applies. 

IEC TS 62600-1, Marine energy ï Wave, tidal and other water current converters ï Part 1: Terminology 

IEC TS 62600-200, Marine energy ï Wave, tidal and other water current converters ï Part 200: Electricity 

producing tidal energy converters - Power performance assessment 

IEC TS 62600-201, Marine energy ï Wave, tidal and other water current converters ï Part 201: Tidal energy 

resource assessment and characterization 

IEC TS 62600-300, Marine energy ï Wave, tidal and other water current converters ï Part 300: Electricity 

producing river energy converters ï Power performance assessment 

IEC TS 62600-301, Marine energy ï Wave, tidal and other water current converters ï Part 301: River 

energy resource assessment 

 Terms and Definitions 
For the purposes of this document, the terms and definitions given in IEC TS 62600-1 and the following 

apply. ISO and IEC maintain terminological databases for use in standardization at the following addresses:  

Å IEC Electropedia: available at http://www.electropedia.org/ 

Å ISO Online browsing platform: available at http://www.iso.org/obp 

Equivalent diameter: 

Diameter of a circle with area equal to the device projected capture area. 

Power-weighted speed 

Current speed derived with the weighted function of the cube of the speed across the projected capture 

area. 

Principal flow direction 

<of a river current> primary orientation or heading of the river current 

Project blockage ratio 

Ratio of the sum total of the flow-facing area of the moving and non-moving parts of all river energy 

converters divided by the average channel cross-sectional area 
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Note: The average cross-sectional area is calculated by dividing the volume of the fluid in the EC site, determined from bathymetry 

subject to the lowest operational flow, by the length of the project site along the direction of flow. 

Project site  

<of a river energy converter> portion of the water body within which energy converters and their entire 

supporting infrastructure are located 

Projected capture area  

<of a river energy converter> frontal area perpendicular to the principal flow direction of river energy 

converter components hydrodynamically utilised in energy conversion 

Turbine-wake interaction 

Incoming current speed affected by an upstream turbine(s), often resulting in a reduction of current speed, 

a change in turbulence and reduction of power generation  

Turbine-turbine interaction 

Turbine performance affected by downstream turbine(s), often resulting in a reduction of current speed, a 

change in turbulence and reduction of power generation  

Freestream 

<velocity of a river> represents the velocity without the presence of energy converters in the water body 

 Symbols, Units and Abbreviated terms 

 Symbols and Units 

 

‌ Angle of attack 

W Angular velocity 

l Tip speed ratio 

q Pitch angle, azimuthal angle 

 r Density 

m Dynamic viscosity 

l Tip-speed ratio 

ὃ Cross sectional area of a rectangular channel 

ὄ Width of the ith bin 

ὅȟ   ὅ  Drag coefficient  

ὅ Lift coefficient 

ὅ power coefficient of the EC 

Ὂ  Measured drag force acting on the supporting structure 

Ὂ  Total measured drag force 

ὖ Power associated with ith bin 

ὙὩ Reynolds number based on chord length 

Ὕ Turbulence Intensity 

ὟȟὟ ȟὟ   Undisturbed upstream velocity 
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Ὗ Velocity associated with the ith bin 

ὠ  Average velocity 

ὧӶ Mean chord length 

Ὢᶻ Normalized frequency 

ὠ Velocity 

ί Spacing between two subarrays 

Ὂ Aerodynamic force 

ὸ Time 

ὖ Available power of incoming flow 

ὅ  Global power coefficient 

ὅ  Optimum global power coefficient 

ὰ Inter-row spacing 

‍ Global blockage ratio 

‍ Local blockage ratio 

‍  Sub-array blockage ratio 

ЎὬ Upstream water level rise 

ὬȟὌ Depth 

fl Lift force 

ὃȟὃ Frontal area of a single turbine 

Ὀ Turbine diameter 

Ὂὶ Froude number 

ὒ Length 

ὓ Moment 

ὔ Number of blades 

ὖ power developed by the EC 

ὗ Flow 

Ὑȟὶ Turbine radius 

ὙὩ Reynolds number 

ὦ Blade span 

ὧ Chord length 

Ὠ Water depth; turbine diameter 

Ὢ Frequency 

Ὣ Gravitational acceleration 

ὰ Length, longitudinal spacing 

ὰί Inter-row distance between turbines 

ὲ Number of turbines 

ί Lateral spacing between two turbines 

ύ Width 

 ꜠ Drag force 

‍ Blade pitch angle 

‎ Angular frequency 

– Efficiency 

„ Solidity 

‭ Blockage ratio 

‰ Phase difference 
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Ὤ Upstream water level 

ʃ Pitching amplitude 

Ὄ  Heaving amplitude 

Ὗ  Time averaged free-stream velocity 

 Abbreviated Terms 

ADV Acoustic Doppler velocimetry 

AEP Annual energy production 

AFT Axial-flow turbine 

AL Actuator Line method 

AR Aspect ratio 

BEM Blade element method 

CFD Computational fluid dynamics 

CFD-FRG CFD with full rotor geometry 

CFT Cross-flow turbine 

CP Current profiler 

EC Energy convertor 

EP Energy production 

EPTM Effective performance turbine model 

FDC Flow duration curve 

GPS Global positioning system 

IEC International Electrotechnical Commission 

ISO International Organization for Standardization 

LDV Laser Doppler velocimetry 

LES Large eddy simulation 

LMADT Linear momentum actuator disk theory 

MEP Monthly energy production 

MHK Marine Hydrokinetic 

MV Moving vessel 

OFT Oscillating-foil turbine 

PIV Particle image velocimetry 

RANS Reynolds Averaged Navier-Stokes 

REC River energy converter 

RMSE Root-mean-square error 

RTK Real time kinetic 

SST Shear stress transport turbulence model 

SWE Shallow water equation 

TI Turbulence intensity 

TS Technical specification 

TSR Tip-speed ratio 

VDC Velocity duration curve 
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2 Methodology of calculating the Annual Energy 
Production with an array of Energy Converts  

 Study classification 
Two types of studies are covered in this document: a full study and a feasibility study. The distinction 

between the two is based on the amount of information available for the ECs that are to be employed 

(i.e., whether it is a generic EC or has been extensively characterised with regard to its performance). For 

the feasibility study, a generic EC is chosen and all supporting device data shall be presented with 

justification in the report. The power and thrust coefficient shall be defined as a range and therefore the 

feasibility study will result in an AEP range. For the full study, EC data are supplied by the manufacturer 

following IEC TS 62600-200 or IEC TS 62600-300. The following details of the EC shall be available: 

¶ EC dimensions;  

¶ EC operational range; and 

¶ EC power curve and thrust coefficient for different velocities. 

NOTE: The EC power curve and thrust coefficient will vary depending on the blockage ratio and on wave 

recovery and turbulence intensity in an array of ECs. It is not recommended to use freestream upstream 

velocity if there are any turbine-turbine, turbine-wake interactions or for blockage ratios higher than 1%. 

 Project location identification 
There is no required methodology for identifying particular project locations. This document assumes that 

a project location has already been identified; however, some or all of the methods outlined herein may be 

used to assist with project-location identification. 

 Resource definition 
This document describes the methodology for the resource assessment, which consists of the 

determination of the VDCs required for computing the AEP for individual or arrays of ECs. 

 Methodology 
The resource assessment requirements are defined depending on the scale of the project relative to the 

scale of the resource at the project location as well as the availability of measurement data of sufficient 

quality and duration relative to the annual hydraulic cycle. The resource assessment may be undertaken 

based upon exclusive use of site data or upon numerical-model simulations used in conjunction with direct 

measurements for model calibration and validation. A combination of measurements and numerical models 

may be used to generate the required data for different parts of the resource assessment. 

The following assumptions are made: 

¶ The turbines are operating, therefore excluding impact of maintenance or technical issues on the 

resource assessment; 

¶ Have not considered environmental factors (i.e. marine habitat, scour, etc.); 

¶ Effects of channel erosion local scour over time which could damage the turbine; 
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¶ Effects of contaminate transport; 

¶ The turbines are operating in steady flow. Transient flow conditions due to flooding or due to human 

impact such as filling or draining of a reservoir are excluded; and 

¶ The turbines are operating in subcritical flow, i.e. with a Froude number smaller than 1: 

Ὂὶ
ὠ

ὫὨ
ρ 

where ὠ  is the average velocity, Ὣ is the gravitational acceleration and Ὠ is the water depth. 

The flowchart in Figure 2-1 outlines the methodology for performing the resource assessment. The 

flowchart maps the multiple viable pathways through the methodology (centre of flowchart) and includes all 

requirements (left and right sides of the flowchart). The rectangles represent the required goals of the 

resource assessment, the ovals represent the different paths to achieve these goals, and the rounded 

rectangles represent the measurements required to support each step of the process. 

NOTE- While installation in supercritical flow, such as at rapids may be feasible, this type of installation 

would most likely be small scale due to the nature (shallow, highly localised, high-velocity flow) of such flow 

systems. Further, a turbine-triggered hydraulic jump is likely, however, capturing this effect in a model is 

challenging, and could lead to significant error in the resource assessment. 
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Figure 2-1. Flowchart outlining the methodology for a resource assessment. 

 Theoretical velocity duration curves 
The theoretical VDC is the percentage of time that flow speed at an EC location exceeds a particular value. 

The relationship between the river discharge or tidal flow, and the corresponding speed at each EC location 

needs to be ascertained to develop the theoretical VDC. The theoretical VDC can be estimated from IEC 

TS 62600-201 (Tide) or IEC TS 62600-301 (River). This step is crucial to understand if the EC will be within 

the operational range and turbineôs productivity. 

Array Layout 
See 6.2 and 9.1 
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 Power performance and Energy Production 
The power performance of an EC is mainly governed by the water velocity. For scenarios with low blockage 

ratios (less than 1%) and without turbine-wake or turbine-turbine interactions, the methodology prescribed 

in IEC TS 62600-200 (Tide) or IEC TS 62600-300 is sufficient to determine the power curve and thrust 

coefficients. The energy resource assessment and the expected annual energy production (AEP) shall be 

computed using momentum sink or actuator disk models with the power curve and thrust coefficients, as 

recommended in IEC TS 62600-201 or IEC TS 62600-301. For scenarios with high blockage ratios (greater 

than 1%) or with turbine-wake or turbine-turbine interactions, turbine modelling, such as CFD-FRG, Blade 

Element Model, Actuator Line Model, EPTM (see Chapter 6), shall be used to calculate the power and 

thrust coefficients at 15 different flow velocities.  

The AEP for individual EC locations is estimated by combining an appropriate EC power curve, with the 

VDC corresponding to the relative power curve for the intended EC deployment location. The power curve 

determines the power, ὖ, produced by the EC for the current speed, Ὗ, associated with the Ὥ  bin. The 

width of each bin for the VDC represents the proportion of time each speed bin occurs for the particular 

time frame. An example of a power duration curve is shown in Figure 2-2. 

 

Figure 2-2. Power exceedance probabilities. 
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The AEP of each EC is estimated as: 

ὃὉὖὔ ὖὟ ὄ 

where ὔ  is the number of hours for a year, ὔ  is the total number of speed bins in the VDC, ὖὟ  is the 

power from the EC power curve associated with the Ὥ  speed bin of the VDC, Ὗ is the speed of the Ὥ  bin 

of the VDC, and ὄ is the width of the Ὥ  bin for the VDC given as a decimal probability. 

NOTE-Although 15 different flow velocities seems high, this is consistent with the IEC TS 62600-301. 

However, it has been shown that 5-7 different flow velocities can properly represent the hydrokinetic energy 

regime (Kirby et al. 2021). 

 Array Layout and Optimization 
Several aspects of turbine arrays; including local and global blockage, array staggering, lateral and 

longitudinal spacing, turbine rotation direction, and wake recovery, can be studied. Performance and 

optimization of an array are determined by the blockage effect and, if multiple rows, wake recovery. Figure 

2-3a presents various layout configurations, including single-row, single-row staggered, and multiple rows. 

It is essential to note that the single row staggered array is unaffected by the wake produced by an upstream 

turbine. Figure 2-3b illustrates a profile view of a typical single-row configuration.  

 

Figure 2-3. Various array layout configurations in a) plan view, and b) profile view. 

The array is mainly defined by the width of the EC (Ὠ), lateral spacing between ECs (ί), longitudinal spacing 

(ὰ), and inter-longitudinal spacing in a staggered row (ὰί). The global blockage ratio, ‍, represents the 

mutual blockage effects of all turbines on the channel flow at a given section:  
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‍  
Ὕέὸὥὰ Ὢὶέὲὸὥὰ ὥὶὩὥ έὪ ὨὩὺὭὧὩί

ὅὶέίί ίὩὧὸὭέὲὥὰ ὥὶὩὥ έὪ ὧὬὥὲὲὩὰ

ὲὃ

ὃ

ὲ “
Ὠ
τ
ύὬ

 

 

where ὲ is the number of turbines in a row, ὃ is the frontal area of devices and  ὃ is the cross-sectional 

area of flow. For a rectangular channel and an axial turbine: ὃ ύὬ, where ύ is the channel width and Ὤ 

is the channel height and ὃ “  when d is the turbine diameter. The local blockage ratio, ‍, represents 

the local blockage experienced by a turbine in the flow and can be calculated as follows:  

‍  
Ὂὶέὲὸὥὰ ὥὶὩὥ έὪ ίὭὲὫὰὩ ὨὩὺὭὧὩ

ὒέὧὥὰ ὴὥίίὥὫὩ ὧὶέίίίὩὧὸὭέὲὥὰ ὥὶὩὥ

ὃ

Ὠ ίὬ

“
Ὠ
τ

Ὠ ίὬ
 

where ί is the spacing between turbines. When turbines are arranged in sub-groups with tight spacing 

between turbines (producing high local blockage ratios) and wider spacing between sub-groups (arrays), a 

third blockage ratio referred to as the sub-array blockage ratio ‍  can be defined based on the spacing 

between sub-arrays: 

‍  
Ὂὶέὲὸὥὰ ὥὶὩὥ έὪ ὸόὶὦὭὲὩί Ὥὲ ίόὦὥὶὶὥώ

Ὓόὦ ὥὶὶὥώ ὧὶέίί ίὩὧὸὭέὲὥὰ ὥὶὩὥ

ὲὃ

ίὌ
 

where ί is the lateral spacing of the subarrays. 

Maximising the AEP from the EC array layout is an iterative process and can involve an extensive number 

of simulations. This guideline should provide the necessary information to maximise the AEP from the EC 

array layout by reviewing the governing equations and theory on hydrokinetic energy, hydrodynamic forces 

on ECs and power generation (Chapter 4); reviewing and theory on wake generation and flow recovery 

(Chapter 5); providing methodologies for modelling ECs,(Chapter 6); providing a case study that includes 

applying a numerical model to simulate various EC array layouts (Chapter 7); providing methodologies for 

physical modelling of EC arrays (Chapter 8); and optimizing power performance assessment in an array of 

ECs and general recommendations on turbine array configurations(Chapter 9). 
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3 Energy Converters 

There are a variety of marine hydrokinetic (MHK) devices that can extract energy from river, tide, and ocean 

currents. A common configuration for these devices, also known as turbines, is a rotor attached to a central 

shaft. Hydrokinetic turbines are broadly classified based on the orientation of their rotational axis relative to 

the direction of the water flow. Cross-flow devices are turbines with a rotational axis that is perpendicular 

to the direction of the current. Axial-flow devices are turbines with a rotational axis that is parallel to the 

direction of the current (see Figure 3-1). There are a number of emerging turbine technologies that do not 

fit in either of these two categories; including oscillating hydrofoils, tidal kites, and devices with vortex-

induced vibration. 

 

 

Figure 3-1. Flow direction with respect to rotation direction for a) axial-flow turbine and b) cross-flow 
turbine (Roberts et al. 2016).  

 Axial-Flow Turbines (AFT) 
Axial-flow turbines, see Figure 3-2, are turbines whose rotational axis is parallel to the direction of flow. 

Similar to propellers, these turbines use lift forces to rotate the blades around a central axis. To achieve a 

favourable angle of attack, the blades of an axial-flow turbine are composed of two-dimensional hydrofoil 

cross-sections and oriented at a specified pitch angle. As water flows around each turbine blade, a lift and 

drag force is generated, and the blades produce a torque on the central shaft that drives a power takeoff 

system (Laws and Epps 2016). 
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Figure 3-2. Representation of an axial-flow turbine (ñRenewable Energy Focusò 2022). 

Axial-flow turbines can achieve efficiencies of up to 40 percent (Saini and Saini 2019). In an effort to 

increase turbine power, some designs incorporate a duct or confinement that gradually decreases the flow 

area immediately upstream of the turbine, thereby increasing the flow velocity encountered by the turbine 

(Niebuhr et al. 2019) (see Figure 3-3). There is a cubic relationship between flow velocity and power; 

consequently, small increases in flow velocity at the turbine can result in significant increases in available 

power. Depending on the design and size of the confinement structure, studies indicate that adding a duct 

around a turbine can increase the turbine's power output by 30-71%. The addition of a confinement 

structure does present some additional difficulties, such as an increase in blockage and debris 

entanglement risk, and it is possible that power production could be reduced at certain velocity ranges 

(Belloni, Willden, and Houlsby 2016). 

 

Figure 3-3. Illustration of a ducted turbine (ñREUK.Co.Ukò 2022). 
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To maintain high efficiencies, an axial-flow turbine's orientation must be aligned with the flow direction such 

that the turbine is perpendicular to the incoming flow. This requires a yawing mechanism in locations with 

a meandering or bidirectional (tidal) flow in order to maintain the required perpendicular angle. The yawing 

mechanism adds complexity to the design of the turbine and can increase manufacturing and maintenance 

costs. The majority of axial-flow turbines are also self-starting, meaning they can rotate from rest to 

operating speed without additional power. This is advantageous for operating in tidal streams, as the turbine 

would experience no water velocity during slack tide. 

The design of an axial-flow turbine also contributes to minimal or nonexistent fluctuations in the torque (and, 

consequently, the power) produced by the turbine. Since it maintains its orientation with respect to the flow 

direction, a single blade of an axial-flow turbine experiences a relatively constant force throughout a 

rotation. The circular shape of the turbine's swept area favours locations with deeper waters, such as those 

with tides or ocean currents. In riverine applications, the size of an axial-flow turbine is typically constrained 

by the river's depth, as rivers typically have a greater width-to-depth ratio than locations with tidal and ocean 

currents. 

 Cross-Flow Turbines (CFT) 

Cross-flow turbines, as shown in Figure 3-4, are machines whose rotational axis is perpendicular to the 

direction of the current. The axis of these turbines can be oriented either horizontally or vertically. There 

are a variety of rotor configurations designed to extract hydrokinetic energy, and they fall into three main 

categories: lift-force based, drag-force based, and combined (lift and drag). Figure 3-5 provides a summary 

of the primary types of cross-flow turbines. 

 

 

Figure 3-4. Representation of a cross-flow turbine (Kumar and Sarkar 2016). 
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Figure 3-5. Summary of cross-flow turbine configurations (Saini and Saini 2019). 

The most popular and simplest lift-force-based design, known as a Darrieus rotor, functions similarly to an 

axial-flow turbine. The blades have an airfoil shape, and as water flows around the blades, a lift force is 

generated. In contrast to axial-flow turbine blades, Darrieus turbine blades do not experience a constant 

force throughout a single rotation. The angle of attack of each blade varies cyclically as the turbine rotates. 

The cyclical variation of the angle of attack induces cyclical blade loading and, consequently, cyclical torque 

and power (Laws and Epps 2016). This cyclical loading also inhibits the turbine's ability to self-start. If the 

turbine's rotation speed is insufficient, the drag created by the "gap" between each blade may be sufficient 

to prevent the turbine from rotating. Consequently, a number of Darrieus cross-flow turbines require an 

initial addition of energy to kick-start the turbine to an appropriate tip speed ratio (TSR), at which point the 

turbine can produce sufficient lift-force to continue rotating continuously (Saini and Saini 2019). The 

Darrieus turbine has the advantage that its energy production is independent of flow direction, eliminating 

the need for a yaw mechanism. 

In an effort to address the cyclical loading and self-start issues, pitch control systems that allow the pitch of 

each blade to change throughout a rotation in order to obtain a more favourable angle of attack have been 

developed and tested (Kirke 2016; L. Chen et al. 2019; Hantoro 2011; Kirke 2011). However, the 

mechanical complexity of these systems necessitates more frequent maintenance. Using the helical blade 

design of a Gorlov turbine as an alternative strategy for addressing cyclical loading and self-start issues 

has been implemented (see Figure 3-6). During a rotation, the helical blade of a Gorlov turbine helps to 

distribute the load across each blade. Figure 3-7 depicts the power smoothing effect of helical blades by 

plotting the variance of the power coefficient for a single turbine rotation. However, the smoothing of the 

loading on each blade also results in a decrease in the average lift force generated by each blade, resulting 

in a decrease in efficiency. In addition, manufacturing and installing helical blades is more difficult and 

expensive. 
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Figure 3-6. Representation of a Gorlov turbine with helical blades (Kumar and Sarkar 2016). 

 

Figure 3-7. Power variation throughout a single rotation for a straight and helically twisted cross-flow 
turbine (Scheurich, Fletcher, and Brown 2010). 

Cross-flow turbines driven by drag force are the simplest form of hydrokinetic energy converters. These 

devices rely on the precise shape of the turbine blades to generate a greater drag force on one side of the 

turbine than the other (see Figure 3-8), thereby generating a torque on the rotor shaft (Saini and Saini 

2019). Although drag-force turbines are about 20% less efficient than lift-force turbines (Gorelov and 

Krivospitsky 2008), they are better at self-starting and more efficient at lower flow speeds (Ibrahim et al. 

2021). As shown in Figure 3-8, there are a variety of drag-force based designs, with more recent designs 

incorporating hinged or flapping blades. These blades can extend into the flow to increase resistance when 
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travelling with the flow and collapse against a central body to decrease resistance when travelling against 

the flow. 

 

Figure 3-8. Drag forces acting on a Savonius rotor (Kumar and Sarkar 2016). 

The typical efficiencies of lift-based cross-flow turbines are between 30 and 40% (Roberts et al. 2016), 

whereas the efficiencies of drag force variants are around 20% (Saini and Saini 2019). Numerous 

modifications to these turbines have been investigated in an effort to boost their efficiency. This includes, 

among others, the addition of a blocking plate located in front of the retarding vane (Patel, Eldho, and 

Prabhu 2018), plates on each end of the turbine (Villeneuve, Boudreau, and Dumas 2021), and a 

duct/confinement structure surrounding the turbine (Niebuhr et al. 2019). However, the most effective way 

to maximise the amount of energy extracted by a cross-flow turbine is to add multiple turbines along a 

single horizontal axis (Figure 3-9) or by employing an array of individual devices (Figure 3-10). The 

cylindrical geometry of cross-flow turbines allows for the vertical or horizontal placement of multiple turbines 

across the broad and shallow cross-section of a river. This allows the turbines to sweep a larger area in 

shallow rivers, thereby increasing the amount of energy that can be generated per turbine (Güney and 

Kaygusuz 2010). This makes cross-flow turbines the leading turbine technology for shallow river 

applications. 

 

Figure 3-9. Multiple horizontal axis cross-flow turbine units (ñOcean Renewable Power Companyò 2016). 
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Figure 3-10. Multiple vertical axis cross-flow turbine units (ñBluewater Secures Demonstration Site for Its 
Floating Tidal Energy Converter (UK)ò 2011). 

 Other Energy Device Types 

While axial-flow and cross-flow turbines are the most common turbine types for marine hydrokinetic energy 

extraction (Roberts et al. 2016), a number of novel energy extraction devices, such as oscillating hydrofoils, 

tidal kites, and vortex induced vibration systems, are currently in development. 

Figure 3-11 shows an oscillating hydrofoil with either a single or multiple hydrofoils attached to a lever arm 

that is perpendicular to the flow. As the current flows around the hydrofoil, a lift force is produced, which 

raises the hydrofoil and lever arm. Once the hydrofoil reaches its maximum upward position, it pivots, 

changing the angle of attack and creating a lift force on the underside, which causes the lever arm to 

descend (Roberts et al. 2016). The first oscillating hydrofoil commercial prototype utilised a single hydrofoil 

and had a maximum power extraction efficiency of 11.5% (Kinsey et al. 2011). However, current designs 

typically employ two hydrofoils to increase the device's efficiency by up to 40 percent (Kinsey et al. 2011). 

This system's disadvantages include oscillating power generation (similar to that of cross-flow turbine) and 

relatively complex mechanical systems. 
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Figure 3-11. Illustration of an oscillating hydrofoil device (Roberts et al. 2016). 

The tidal kite system is composed of a relatively small turbine attached to a hydrofoil wing, which is tethered 

to the sea bed or river bottom. Through the combination of tension in the tether and a rudder, the tidal kite 

can ñflyò on a prescribed route (Figure 3-12). The movement of the tidal kite increases the flow speed 

travelling through the turbine to be higher than the ambient free-stream velocity, allowing greater amounts 

of power to be generated compared to a stationary turbine (Roberts et al. 2016).  

 

Figure 3-12. Illustration of a tidal kite operation (Roberts et al., 2016). 

Vortex induced vibration systems use the periodic shedding of vortices in the wake of a cylinder (or multiple 

cylinders). This shedding creates alternating low-pressure regions on the upper and lower sides of the 

cylinders, resulting in an unsteady periodic lift force, as illustrated in Figure 3-13 (Laws and Epps 2016). 

The systems are tuned to vibrate at a desired frequency and the vibration movement of the cylinders drive 

a power take-off system. The vortex induced vibration system is still early in its development, but shows 

promise as it has shown the ability to generate power in low velocity flows (0.4 m/s) and the system can be 

designed to have multiple cylinders placed in-line with each other in close proximity (Bernitsas, Raghavan, 

and Duchene 2008). 
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Figure 3-13. Illustration of vortex induced vibration producing lift on a cylinder (Laws and Epps 2016). 
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4 Turbine Theory 
The chapter begins with a brief introduction to hydrokinetic energy and hydrodynamic forces on blades. 

The theory behind axial-flow turbine (AFT), cross-flow turbine (CFT), and oscillating-foils turbine (OFT) are 

then described and briefly discussed. In each instance, the pertinent non-dimensional parameters that 

characterize their geometry and operating conditions are also presented, along with the typical power 

coefficient and drag values. Finally, the typical wake structure and recovery mechanisms for each turbine 

type are discussed. 

 Hydrokinetic Energy 
The dynamics of a river or a tidal channel are governed primarily by gravity (through a difference in water 

levels or bed slope) and by the resistance to the flow. The kinetic energy inside the flowing water, 

hydrokinetic energy, can be harnessed into electrical energy through an energy converter (EC). For most 

hydrokinetic turbines, the efficacy to generate power depends on the water density (”), turbine power 

coefficient, cross-sectional area, and water velocity. The ideal kinetic energy of the hydrokinetic system is 

given below: 

ὖ
ρ

ς
”ὃὅὟ  

where ὖ is the power developed by the EC, ὃ is the frontal-area,  Ὗ is the velocity and ὅ is the power 

coefficient of the EC. It should be noted, however, that adding an EC in the water increases the resistance 

force and rise the upstream level (ЎὬ) which can affect the velocity at the EC. Although the amount can be 

relatively small, it can have a large impact in river channel when the blockage ratio is high (Gauvin Tremblay 

and Dumas 2021). Figure 4-1 shows a schematic illustrating the impact of the presence of an EC. 

 

Figure 4-1. Sketch showing the impact of the presence of a turbine in a river (upstream and downstream 
sections not necessarily to scale) 

 Hydrodynamic forces on blades 

 Forces 

The EC presented in this guide are all lift-based technologies (turbine), meaning the power generation 

mostly comes from lift forces that put the turbineôs blades into motion. The other force encountered is drag, 

a force that is directed in the same direction as the effective upstream velocity impacting the blades in the 

bladesô reference frame. In comparison to drag-based turbines, lift-based turbines have a higher efficiency, 

therefore a higher power output for the same flow and dimensions.  

The fact that the turbines are lift-based indicates the necessity to use lifting body profiles in order to 

maximize the lift and minimize the drag on the blades. Lifting bodies are typically streamlined profiles that 
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are characterized with a smooth body shape where no flow separation occurs. The following section 

introduces the specificities of lifting bodies. 

 Characteristics of lifting bodies 

The turbineôs blades experience two orthogonal forces: lift and drag. The following figure illustrates the two 

forces on a lifting airfoil. It also introduces other important parameters related to lifting bodies such as angle 

of attack and center of pressure. 

 

Figure 4-2. Forces acting on a blade section of a lifting body. 

As shown in Figure 4-2, the direction of lift and drag is entirely dictated by the incoming direction of the local 

flow. In Figure 4-2, the velocity Ὗ is the effective local upstream velocity for that blade section, L represents 

the lift force (perpendicular to the velocity vector) and D represents the drag force (parallel to the velocity 

vector). The location on the airfoil where the forces are applied is called the center of pressure. For thin 

symmetric profiles, the theory predicts that it is located at the quarter chord (ὼÃÐ ὧȾτ). For more general 

(cambered) blade sections, ὼÃÐ is not at the quarter chord, but at the aerodynamic center (point about which 

the pitching moment is independent of the angle of attack). The angle of attack, ‌, is defined as the angle 

between the chord line and the direction of the incoming flow.  

There are two highlighted zones in Figure 4-2; the blue zone, denoted with ὖ , which on the same side as 

the lift and is called the suction side; and the red zone, denoted with ὖ , which is on the opposite side of 

the lift and is called the pressure side. This terminology comes from the fact that, for a body to generate lift, 

there needs to be a pressure differential on both sides of the body. The two sides are then named for the 

increase and decrease of pressure they induce with respect to the upstream pressure. Therefore, the 

suction side is where the pressure is lower, and the pressure side is where the pressure is higher.  

For all the turbines presented in this guide, the part of the turbine that generates motion, the blades, have 

an airfoil shape. In order to predict the performance of turbines as accurately as possible, the blades of the 

turbines are regions of great importance and will need sufficient attention when representing them in a 

numerical model. 
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 Force coefficients 

The forces acting on a lifting body are typically normalized with the dynamic pressure and the plan view 

area of the body to facilitate comparisons and provide a uniform presentation. The lift and drag coefficients 

are respectively defined as: 

ὅfl
fl

ρȾς”Ὗςὃ
 

ὅ꜠
꜠

ρȾς”Ὗςὃ
 

where ” is the density and Ὗ the upstream flow velocity. For the case of turbine blades, the area ὃ is equal 

to the chord length (ὧ multiplied by the blade span,ὦ). By using this normalization and assuming smooth 

blade surfaces (no roughness), the force coefficients are only functions of the angle of attack and the 

Reynolds number which is presented and discussed in the following section.   

Another important blade characteristic for turbine performance is the blade lift-to-drag ratio. As its name 

suggests, the lift-to-drag ratio is calculated as: 

,Ⱦ$ ÒÁÔÉÏ  
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Optimizing this ratio improves the performance of the turbine since the motion of the blades is a resultant 

of both lift and drag forces. It is also helpful when comparing the power outputs of different designs or 

operating conditions. Indeed, some turbines are more affected by blade drag than others, and thus the lift-

to-drag ratio of their blades may become important. 

 Reynolds number 

In fluid mechanics, there exists a very important non-dimensional number that characterizes the flow. This 

number is called the Reynolds number and is calculated with the following relation: 

2Å
”Ὗὒ

‘
 

In order to properly characterize a turbine that is being studied, the Reynolds number should be computed 

with values that are relevant to the flow interacting with the turbine. For example, a characteristic length, ὒ, 

for a turbine can be the diameter, Ὀ, of said turbine and the characteristic velocity, Ὗ, of the flow is the 

velocity of the upstream flow, far upstream from the turbine. The other two variables used for the calculation 

of the Reynolds number are the density, ”, and the dynamic viscosity, ‘, which are properties of the fluid 

involved. For example, in the case of hydrokinetic turbines, the density and dynamic viscosity of water are 

used. The Reynolds number is denoted 2ÅὈ when the diameter of the turbine is used as the characteristic 

length. Another example of characteristic length used to calculate the Reynolds number is the chord 

length,ὧ, of the blades. In this case, the Reynolds number is denoted as 2Åὧ.  

The Reynolds number is called a non-dimensional number since no dimensions (units) are associated with 

it. This number represents the ratio of the convective inertial forces to the viscous forces in the flow. 

Therefore, a high Reynolds number indicates that the flow is mostly governed by convective inertial forces 
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and that viscous forces are restrained into thin regions called the boundary layers adjacent to the solid 

surfaces of the turbine parts. For most practical flows studied in the case of hydrokinetic turbines, the 

Reynolds number is of the order of ַ(106)ײ, meaning the boundary layers of such flows are quite thin. The 

Reynolds number may also indicate in what regime the rotational regions of the fluid (boundary layers and 

wakes) are flowing: laminar (low 2Å) or turbulent (high 2Å). In comparison to the ordered laminar regime, 

the turbulent regime has more small-scale fluctuations that allows better momentum and energy mixing in 

the wakes, and results in larger skin friction on the blades.  

As previously discussed, the force coefficients are dependent on the Reynolds number and the effective 

local angle of attack. The following figure presents the influence of both the angle of attack and the Reynolds 

number on the two force coefficients. Figure 4-3 also presents a curve of the drag polar. 

 

 

Figure 4-3. Lift and drag coefficients and drag polar as a function of the angle of attack for a symmetric 

NACA0015 foil at two different Reynolds numbers:  ὙὩ ρπ in blue  and  ὙὩ ρπ in red. (Source: Xfoil 
prediction, airfoiltools.com) 

As can be seen from Figure 4-3, the force coefficients on a streamlined body are highly affected by both 

the angle of attack and the Reynolds number. The higher Reynolds number case allows the lift coefficient 

to reach higher values at higher angles of attack before stalling (refer to Section 4.2.5). Also, the drag 

coefficient is lower for the higher Reynolds case.  
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Consequently, the Reynolds number is a major non-dimensional parameter that governs the physics for all 

the turbines presented in this guide. The turbineôs Reynolds number, 2ÅὈ, and the bladeôs Reynolds 

number, 2Åὧ, give crucial information on how importantly the viscous effects will impact the performances. 

For large enough Reynolds number, the physics and the dimensionless performance coefficients of the 

turbines become ñReynolds independentò. Large-scale deployment of tidal turbines, for example, should 

fall in this category while most laboratory testing on small prototypes would not. 

Some technologies, such as the CFT, are more sensitive to drag. The performances of such turbines are 

highly affected by drag and the lift-to-drag ratio. For optimized performances, the maximum lift-to-drag ratio 

is often used to select the blade profiles and determine the design angle of attack. 

 Stall 

On a streamlined body, increasing the angle of attack results in an increase of both lift and drag up to a 

point at which the boundary layer on the suction side cannot sustain the adverse pressure gradient 

(ÄὖÄὼϳ πᵼÁ ÐÒÅÓÓÕÒÅ ÈÉÌÌ) and separates from the bladeôs surface. When that happens, drag greatly 

increases while lift may somewhat decline. This boundary layer separation may occur near the trailing edge 

and move up toward the leading edge with further increases in the angle of attack. 

When the suction side boundary layer separates at or near the leading edge of the blade, we call this 

phenomenon ñstallò. This may occur suddenly for sharp-nosed blades or more gradually, in terms of angle 

of attack, for well-rounded leading-edge (large radius of curvature). At stall, the lift force has dropped in 

comparison to its maximum possible value, and drag has become quite large. This results in a ὒȾὈ ratio of 

one. That is what Figure 4-3 suggests if one extrapolates the data for  2Åὧ ρππȟπππ  up to about ςπЈ (for 

that 2Å; the ὅflÍÁØ is about ρȢρ and occurs at ρτЈ). Since the turbines considered here are all lift-driven, a 

reduction in lift necessarily translates into decreasing power output. Stall conditions are thus to be avoided 

in all cases. 

For the two turbine concepts that involve unsteady hydrodynamics, the CFT and the OFT, the effective 

angle of attack may temporarily exceed the stall angle. The varying effective angle of attack in time allows 

for the stall to be delayed and thus the lift coefficient to reach higher values than the stationary ὅflÍÁØ. This 

occurs momentarily and stall is to be expected if the effective angle of attack continues to increase. 

 Blade tip losses 

In the previous discussion of forces on blades, there was no mention of 3D effects stemming from a finite-

span blade, which are referred to as tip losses. The previous figures presented the forces that would be 

obtained on a blade section. In the 2D case, the blades have an infinite span and the forces are uniform 

along the span. In reality, the turbineôs blades do not have an infinite span and tip losses are present as 

well as induced drag (which adds up to the viscous drag discussed above). Thus, the force loading on the 

blade is not uniform along the span. For a rectangular blade of a cross-flow turbine or an OFT, the lift force 

has a maximum value at the center of the blade whereas the minimum value is found at the bladeôs tips. 

On the contrary, the drag force is minimal at the blade center and maximal at the bladeôs tips. It is important 

to note that the 2D case represents the theoretical limit without any tip losses. Therefore, the lift force in the 

3D case cannot reach a higher value than in the 2D case, meaning that the power calculated in 2D 

simulations will always be overestimated compared to an equivalent 3D simulation or to reality (see Figure 

4-5). 
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Figure 4-4. Blade span "ὦ" of a rectangular blade. 

  

Figure 4-5. Typical spanwise distribution of the sectional power coefficient ὅ ᾀ for a 2D and 3D 

rectangular blade of a typical CFT (Gauvin Tremblay and Dumas 2020a). 

A way to limit the tip losses for a finite-span blade of CFT or OFT is by using end-plates. The presence of 

end-plates significantly increases the lift distribution over the span while also decreasing the drag coefficient 

distribution (Villeneuve, Boudreau, and Dumas 2019). Figure 4-6 presents a case where end-plates were 

attached directly to the bladeôs tips. The results show that the spanwise loading is more uniform. 
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Figure 4-6. Spanwise distributions of the sectional lift coefficient ὅ  (a) and drag coefficient ὅ  (b) for a 
case with and without end-plates (Villeneuve, Boudreau, and Dumas 2019). 
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 Aspect ratio 

Related to the previous discussion, the aspect ratio (AR) is the ratio of the bladeôs span length to the mean 

chord length ὧӶ  ( ὧӶ ὧ  for a rectangular blade): 

AR
ὦ

ὧӶ
 

The aspect ratio greatly affects the tip losses. In fact, the 2D case previously mentioned is the equivalent 

of having an infinite aspect ratio. Smaller values of the aspect ratio will result in increased tip losses.  

 Three main turbine concepts 
The second section of this chapter focuses on the presentation of the three main turbine technologies: 

axial-flow turbine (AFT), cross-flow turbine (CFT) and oscillating-foil turbine (OFT). These hydrokinetic 

turbines are very analogous to wind turbines in the sense that no dam or increase of hydraulic head is 

necessary to produce power. Instead, the power is extracted from the kinetic energy of an incoming flow. 

In order to extract power from the flow, the bladeôs resulting forces must be in the same direction as the 

bladeôs motion, that is, the hydrodynamic forces must do positive work on the blades. This work is the power 

extracted by the turbine. The instantaneous power coefficient is defined as the instantaneous power 

extracted from the turbine divided by the total power available in the turbineôs extraction window (total flux 

of kinetic energy): 

ὅ
ὖ

 ρςϳ”Ὗὃt
 

where ὃÔ is the turbineôs frontal area as seen from the upstream flow. The turbineôs extracted power is 

reflected in the velocity deficit in the wake as the presence of a turbine in the flow will generate a wake. The 

velocity deficit is an indication of the turbineôs extracted power, the higher the deficit the higher the extracted 

power. 

Having the blades doing the entirety of the work means that the selection of the blade profile is crucial to 

the turbines performance. Judicious blade profile selection should be made according to the conditions and 

parameters, such as the Reynolds number at which the turbine is operating (related to the flow velocity and 

the size of the turbine).  

One important factor when evaluating the performance of a turbine (power extraction ability) is the blockage 

ratio. The blockage ratio represents the confinement level of the turbine, i.e., how important is the frontal 

area of the turbine in comparison to the passage, or channel, area. The blockage ratio, ‍, is calculated as: 

‍  
ὃ

ὃ
 

This ratio represents how much the presence of the turbine affects the passage of the flow. For high 

blockage ratio values, a higher amount of flow is contracted and forced to pass through the turbine, 

therefore affecting the performances in comparison to the case where the blockage ratio is near zero 

(unconfined case). The Betz limit of ὅ  υωϷ only applies to the unconfined case, and can easily be 

surpassed in confined deployments (Vermaak, Kusakana, and Koko 2014).. 
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Whether in tow tank experiments or in free-surface streams, the blockage ratio is of great importance 

because it affects the overall performances of the turbine significantly. The use of corrections to take into 

consideration the confinement level of a turbine is judicious if one aims to correctly predict the performances 

in an unconfined condition. 

The blockage ratio is a fundamental and critical aspect for turbine performance reporting. This aspect 

should always be taken into consideration when performing measurements, whether experimental or 

numerical. No mention of the blockage ratio in a report implies that the turbine was not confined (‭ π). 

 Axial-Flow Turbine (AFT) 

The axial-flow turbine (AFT) owes its name to the fact that its axis of rotation is aligned with the flow. A hub 

is centered with the axis of rotation and serves as attachment for the rotating blades. Contrary to the other 

two technologies (CFT and OFT), there is no 2D version of an AFT. It is intrinsically 3D and must be 

simulated as such. A particular property of the AFT is that its blades are in a stationary hydrodynamic state. 

Even though they rotate, the blades experience constant flow conditions over a cycle. This stationary 

hydrodynamics property is very useful in studying AFT since different approaches can be taken for modeling 

such turbine. Another attractive property is that the power output and torque from an AFT are constant and 

uniform throughout the rotating cycle. 

AFTs remain the most popular type of turbine, both for wind and hydrokinetic turbines. Normally, the turbine 

rotates at a fixed angular velocity  . Figure 4-7 presents a front and isometric view of a typical AFT. 

 

Figure 4-7. Front and isometric view of an axial-flow turbine (Boudreau and Dumas 2017a). 

Since the circumferential velocity,  ὶ, increases with the turbine radius, the different blade sections face a 

different flow velocity and thus a different angle of attack. Figure 4-8 shows a view of the actual flow velocity 

ὠ that the bladeôs section faces and the related hydrodynamic forces. The pitch angle — is a design choice 

in order to have the proper angle of attack for each blade sections. 
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Figure 4-8. Section view of the flow velocity and the related hydrodynamic forces. Section A-A is shown in 
the bladeôs reference frame. 

This is the reason why the AFT blades are twisted; so that each blade section is oriented to provide the 

optimal angle of attack that will maximize the power output. The twist for each blade section is limited by 

the stationary stall angle, otherwise, performances would significantly decrease. Figure 4-9 illustrates a 

typical bladeôs twist as well as the local chord length for different sections. 

 

 

Figure 4-9. Local blade twist and chord length along the span. 

 

The power extracted from the flow is defined as the positive contribution from the hydrodynamic forces to 

the rotation of the AFT, and is calculated as: 

ὖ  ὓ   

Plane of 
rotation (r-q) 
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where the moment, M, is calculated at the axis of rotation from the hydrodynamic forces distributions along 

the bladesô span.  

In addition to the Reynolds number, 2Å, and the blockage ratio, ‭, the main parameters that characterize 

the geometry and operating condition of an AFT and have an impact on its performances are listed below: 

Tip-speed ratio (‗) 

The tip-speed ratio is defined as the ratio of the circumferential velocity at the bladeôs tip to the upstream 

flow velocity: 

‗
 Ὑ

Ὗ
 

This ratio describes how fast the turbine blades are rotating in comparison to the upcoming flow. The tip-

speed ratio affects the performances of the AFT and there is a range of tip-speed ratios where the power 

coefficient is maximized. Figure 4-10 presents a typical curve of power coefficient as a function of the tip-

speed ratio for different blockage ratios. Notice that the Betz' limit of 59% for unconfined conditions is largely 

surpassed.  

 

 

Figure 4-10. Power coefficient for an AFT as a function of the tip-speed ratio ‗ and different blockage 
ratios (Kinsey and Dumas 2016). Here the dotted lines are the estimations of the turbine performance at 
different blockage ratios using the results of a given level of blockage compared to the original CFD data 

(colored symbols). The results from the AFT at Ů = 20% are here used for the estimates. 
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Radial distribution of the chord length ὧὶ 

The radial distribution of the chord length is a design choice and impacts the hydrodynamic forces per blade 

section. The chord length is decreasing along the radius since the targeted spanwise loading should be 

somewhat constant for both structural and hydrodynamic reasons. 

Radial distribution of the pitch angle —ὶ 

Similar to the chord length, the radial distribution of the pitch angle is a design choice and allows the blade 

sections to face the flow with optimal angles of attack. 

Number of blades ὔ 

The number of blades is another important design parameter that will directly affect the power coefficient. 

A small number of blades means that the blades need to achieve higher rotational speeds in order to output 

the same power therefore impacting the optimal tip-speed ratio. Also, for structural reasons, turbines with 

a single blade necessitate at least one counterbalance to limit wear and fatigue. 

 Cross-Flow Turbine (CFT) 

Contrary to the axial flow turbine, the cross-flow turbine (CFT) has its axis of rotation perpendicular to the 

flow. The most common concepts have the axis of rotation aligned either horizontally or vertically as shown 

in Figure 4-11.  

 

 

Figure 4-11. Two different illustrations of cross-flow turbines: vertical axis with straight blades (left) and 
horizontal axis with helical blades (right). (Source: UCL Discovery (left) and ORPC (right)) 

Since the axis of rotation is perpendicular to the upstream flow direction, the CFT blades move towards the 

flow for half a cycle and move with the flow for the other half, while the effective angle of attack constantly 

changes. Consequently, the blades experience unsteady hydrodynamics over a complete cycle, and 

generate unsteady torque and power. In addition, the effective angles of attack of blade elements may 

temporarily exceed the stationary stall angle.  
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Figure 4-12. Close-up view of a blade-elementwith local effective velocity ὡ and angle of attack ‌ at a 

particular azimuthal angle — in the cycle (Descoteaux and Olivier 2021). 

The instantaneous power is calculated as the product of the instantaneous moment ὓ— at the turbine 

axis resulting from the forces acting on the bladeôs center of pressure and the angular velocity  : 

ὖ— ὓ—  

The instantaneous power coefficient is thus: 

ὅ —
ὖ—

 ρςϳ”Ὗὃ
 

whereas the average power coefficient over a cycle is defined as: 

ὅ ὅ —Ὠ— 

The overall frontal area swept by the blades is calculated as: 

ὃÔ ὦὈ 

where ὦ is the blade span, and D the turbine's diameter. 

The fact that the blades experience unsteady hydrodynamics results in cycling forces and moment 

measured at the axis of rotation. This is reflected in the power generated as a function of the azimuthal 

angle, —. Figure 4-13 presents a comparison between power coefficients for an AFT and CFT over one full 

turbine rotation. The power coefficient remains constant in the case of the AFT, whereas it greatly varies 

for the CFT even reaching negative values for most of the cycle. To achieve similar overall power 

coefficients over a cycle, a CFT blade needs to reach instantaneous values of power coefficient much 

higher than that of the AFT. In fact, the blade reaches its maximum instantaneous power coefficient near 
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the 90° azimuthal angle in the upstream phase (— πЈȟρψπЈ). For the downstream phase (—

ρψπЈȟσφπЈ), the blade generally produces negative power, consuming energy in the process. 

 

Figure 4-13. Comparison between the instantaneous power coefficientsof an AFT and a single-bladed 
CFT as a function of the azimuthal position — (Gosselin 2015). 

The main characteristics and non-dimensional parameters that govern the CFT physics are listed below. 

Tip-speed ratio ‗ 

The tip-speed ratio has the same definition as for the AFT. Again, the tip-speed ratio impacts the power 

coefficient (see Figure 4-14), therefore having a suitable tip-speed ratio for a specific turbine is crucial. 

Solidity „ 

The solidity is defined as the ratio of the total frontal area covered by the blades to the frontal area: 

„
ὔὧ

Ὀ
 

Some authors use another definition which is twice as large, dividing by half the frontal area: 

„
ὔὧ

Ὑ
 

Both definitions reflect the same characteristic, which is the ratio of the frontal area occupied by the turbineôs 

blades to the total frontal area. Figure 4-14 presents the average power coefficient over a cycle for different 

values of tip-speed ratio and solidity. A main conclusion on the impact of solidity is that the typical ὅ ‗ 

curve is shifted to the left and reaches lower values for higher solidities (Gosselin, Dumas, and Boudreau 

2016).  
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Figure 4-14. Average power coefficient over a cycle for different valuesof tip-speed ratio and solidity 
(Gosselin, Dumas, and Boudreau 2016). 

Number of blades . 

The number of blades has a dual impact. It influences the solidity and thus the power coefficient if the 

blades chord length is not modified accordingly. Also, an increase in the number of blades will tend to 

uniformize the instantaneous power coefficient of the overall turbine as can be seen in Figure 4-15 

(Gosselin 2015). 
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Figure 4-15. Impact of the number of blades for a constant solidity turbine („  πȢυτψφ).The top figure 
presents the instantaneous power coefficient for the whole turbine (combined blades) and the lower figure 

presents the power coefficient for one of the blades (Gosselin, Dumas, and Boudreau 2016). 

Blade pitch angle ‍ 

The blade pitch angle has a similar effect on performances as for the AFT case. The pitch angle is a design 

choice and changes the effective angle of attack encountered by the blades throughout the cycle, and thus 

changes the overall performances. The terminology used for the blade pitch angle is often in terms of toe-

in or toe-out. A toe-in blade pitch angle means that the bladeôs leading edge is rotated internally towards 

the axis of rotation and is defined as positive. A negative blade pitch angle means the bladeôs leading edge 

is rotated externally and is referred to as a toe-out angle (see Figure 4-16).  

It has been found that a small toe-out pitch angle increases the performance since it reduces the effective 

angle of attack in the upstream phase therefore limiting stall, and increases the angle of attack in the 

downstream phase (Gosselin, Dumas, and Boudreau 2016). Figure 4-17 presents some results of the 

effects of blade pitch angle, illustrating that a small toe-out angle reduces the risk of stall in the upstream 

phase while increasing the power output in the downstream phase. 
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Figure 4-16. Top view of the geometry of blade pitch anglewith ‍ πЈ (left) and toe-out ‍  χЈ (right) 
(Villeneuve, Boudreau, and Dumas 2021). 

 

 

Figure 4-17. Influence of blade pitch angle on instantaneous performances over a cyclefor a single-blade 
CFT (Gosselin, Dumas, and Boudreau 2016) 
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The following geometric parameters also affect the performances of the CFT quite significantly:  

Helical blades 

As can be seen from Figure 4-11, some CFT designs opt for helical blades. Helical blades have a similar 

impact as the number of blades. Helical blades will tend to provide a more uniform overall power coefficient 

from all blades. The reason behind this is that every section of the blade is not at the same azimuthal 

position at a given instant, therefore spreading the power coefficient over the cycle for a single blade. This, 

however, comes at the price of a reduced power efficiency (Gosselin, Dumas, and Boudreau 2016). 

Strut position and junction 

The struts serve as arms between the blades and the rotating shaft of the turbine. They are the support 

structure of the blades and may significantly interfere with their spanwise loading. When positioned at the 

blade tips (Figure 4-18), the struts may help control the 3D tip losses. Also, the strut-blade junction should 

be judiciously rounded to reduce the interaction losses (Villeneuve, Boudreau, and Dumas 2021) 

As mentioned earlier, the CFT is very sensitive to drag and having misplaced struts can affect both the lift 

distribution on the blade and the overall drag of the blade. Figure 4-19 presents how the performance of 

the blade sections are affected by different strut positions.  
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Figure 4-18. 3D view (top) and front view (bottom) of four different blade-strut geometries(Villeneuve, 
Boudreau, and Dumas 2021). 

 

 

Figure 4-19. Section power coefficient distribution (ὅ ) along the span of the bladefor four different strut 

positions at the angular position — ρππЈ (Villeneuve, Boudreau, and Dumas 2021). 
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 Oscillating-Foil Turbine (OFT) 

The oscillating-foil turbine (OFT) owes its name to the fact that the bladeôs motion is oscillating about a 

central position. The motion is the combination of two components: heave and pitch. The heave motion 

corresponds to the linear motion of the pitching axis, located along the chord line at a distance ὼÐ from the 

leading edge. The pitch motion corresponds to the rotation motion about the axis of rotation (see Figure 

4-21). Figure 4-20 below presents two concepts of the OFT. 

 

  

Figure 4-20. Two concepts of the OFT(left: Éolo-Université Laval; right: IHC Engineering Business Ltd). 

For the kinematically fully-constrained OFT, both heave and pitch motions and velocities are imposed by 

design and may be, for example, expressed as: 

—ὸ —ÓÉÎ‎ὸ      ᵼ       ὸ —‎ÃÏÓ‎ὸ 

Ὤὸ ὌÓÉÎ‎ὸ ‰      ᵼ     ὠ ὸ Ὄ‎ÃÏÓ‎ὸ ‰  

where ʃ and Ὄ  are respectively the pitching and heaving amplitudes, ‎ the angular frequency ( ‎  ς“Ὢ ), 

and ‰ is the phase difference between the two motions. Both degrees of freedom are entirely driven by the 

flow, only their functions are constrained by design.  

Figure 4-21 presents a side and an isometric view of the OFT with the important parameters. 
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Figure 4-21. Kinematics of the OFT and main parameters (top image:(Kinsey et al. 2011); bottom 
image:(Kinsey and Dumas 2008). 

As presented in Figure 4-21, the heaving direction of the foil is the ώ direction. Therefore, a ώ subscript 

represents the heaving aspect of the motion. 

The instantaneous power extracted from the flow comes from the sum of a heaving contribution, ὖ ὸ, and 

a pitching contribution, ὖ ὸ. The heaving contribution is calculated as the product of the aerodynamic 

force contributing to the heaving motion Ὂ ὸ and the heave velocity ὠ ὸ. 

ὖ ὸ Ὂ ὸὠ ὸ 

In a similar way, the pitching contribution is calculated as the product of the resulting torque ὓὸ about the 

pitching center ὼ  and the pitching angular velocity ɱὸ 

ὖ ὸ ὓὸ ὸ 

We also define the heave force coefficient ὅ ὸ and torque coefficients ὅ ὸ as follows: 

ὅ ὸ
Ὂ ὸ

ρȾςʍὟ ὦὧ
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ὅ ὸ
ὓὸ

ρ
ς
”Ὗ ὦὧ

 

Using the previous definitions, it is possible to compute the mean power extracted over one cycle in non-

dimensional form as: 

ὅ ὅ ὅ ὅ ὸ
ὠ ὸ

Ὗ
ὅ ὸ

 ὸὧ

Ὗ
ÄὸὝϳ  

Finally, we define the power extraction efficiency – as the ratio of the mean total power extracted ὖ to the 

total power available ὖ in the incoming flow passing through the swept area, the ñflow windowò: 

–
ὖ

ὖ

ὖ ὖ

ρ
ς
”Ὗ ὦὨ

ὅ
ὧ

Ὠ
 

Readers should be careful about the numerous definitions for power-extraction efficiency used in the 

literature. It is common to see comparisons of efficiency between different groups whose values are actually 

based on different definitions. Here, the frontal area of the turbine is defined as the whole heaving motion 

Ὠ including the trailing edge as shown in Figure 4-21. Some definitions use the displacement of the pitching 

axis or the amplitude of the heaving motion. 

A positive power means the force is doing a positive work on the blade, i.e., the force and bladeôs motion 

are in the same direction. For the power extracted by the OFT to be positive, the sum of heaving and 

pitching contributions must be positive. For most cases of interest, the heaving contribution ὖ to the total 

power extracted significantly dominates the pitching contribution ὖ. 

Consequently, there are three major aspects affecting the level of power extracted:  

1. Synchronization of Ὂ ὸ and ὠ ὸ 

2. Magnitude of Ὂ ὸ 

3. Magnitude of ὠ ὸ 

Thus, optimal synchronization between the heaving force and the heaving velocity such that both are of the 

same sign most of the cycle is desired to avoid negative power occurrences. 

It is important to distinguish between imposing the motions (or constraining the motions) and driving the 

motions. No energy is being fed to the turbine here. Both motions are being driven by the energy the turbine 

extracts from the flow as long as it operates in the power-extraction regime (Kinsey and Dumas 2008). The 

constraining of the motions is achieved in practice by implementing a coupling mechanism between the 

pitch and the heave motions (in the case of a one degree-of-freedom system) and also with the rotating 

shaft of the generator (Kinsey et al. 2011). Once the oscillating-foil motion is completely constrained in 

shape and operating frequency, it becomes possible to extract power optimally for any given flow velocity.  

The maximal values of the effective angle of attack and velocity reached within one motion cycle are 

expected to have a major impact on the peak forces generated and on the possibility of dynamic stall 

occurrence.  
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The hydrodynamics of oscillating foils is a rich and complex topic due to its inherent unsteadiness, but also 

to the number and wide ranges of its governing non-dimensional parameters that can be classified into 

three categories: ñmotionò, ñgeometricalò, and ñviscousò. 

4.3.3.1 Motion 

1. Heaving amplitude Ὄ ὧϳ 

The normalized heaving amplitude directly influences the heaving velocity (for a given frequency) thus 

has a substantial impact on the power coefficient knowing the power output is dominated by the heaving 

motion of the turbine. When increased while keeping other parameters fixed, it tends to restrain the 

zone associated to the power-extraction regime in the parametric space. Due to the augmented 

effective velocity, the resultant hydrodynamic force increases with the heaving amplitude but its 

projection in the heaving direction decreases due to higher pitching amplitude. Those two opposing 

effects tend to cancel out, leading to similar evolutions and magnitudes of the heaving hydrodynamic 

force (Kinsey and Dumas 2008). 

2. Pitching amplitude — 

The pitching amplitude influences the pitching velocity but also impacts the effective angles of attack 

encountered during the cycle. The effective angles of attack will determine if dynamic stall is present 

and this affects the power output. For some configurations, dynamic stall is a detriment and reduces 

the overall power output. For some other cases, well-timed dynamic stall vortex shedding increases the 

performances. High pitching amplitudes around — χπЈψπЈ are typically related to the highest 

efficiency achieved. 

3. Frequency Ὢᶻ 

The normalized frequency is defined as: 

Ὢᶻ
Ὢὧ

Ὗ
 

It dictates the cycle period of the OFT and for the highest performances, the frequency should be 

adapted for the other non-dimensional parameters. It is somewhat equivalent to the tip-speed ratio ‗ 

for the other technologies. 

4. Phase difference ‰ 

The phase difference impacts the coordination between the heaving and pitching motions. For higher 

performances, the coordination needs to be such as the blade is horizontal when the heave reaches 

its maximum position (‰ ωπЈ). 

Figure 4-22 presents typical mappings of efficiency –Ὢᶻȟ— . As can be seen, the optimal performances 

are achieved in specific regions of the parametric space depending on the heaving amplitude. An increase 

in heaving amplitude tends to shift the optimal power coefficient for lower normalized frequencies and higher 

pitching amplitudes. 
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4.3.3.2 Geometrical 

1. Foil geometric shape 

Contrary to the other two technologies, the OFT absolutely necessitates a symmetric foil. Indeed, the 

fact that the blades oscillates about a central position determines the need for symmetric foils.  

It has been found that the OFTôs performances are less influenced by the bladeôs thickness therefore 

encouraging the use of thicker foils for structural needs. However, for high Reynolds number flows such 

as the ones encountered in practical flows, thinner bodies are associated to higher instantaneous lift 

on the oscillating foil and further delayed dynamic stall due to more robust boundary layers. To reach 

higher lift typically yields higher extracted power and efficiency (Kinsey 2011). 

2. Location of pitching axis, ὼ ὧϳ 

The location of the pitching axis changes the kinematics of the blades. Essentially, changing the 

location of the pitching axis is similar to changing the blade profile by adding an effective camber thus 

resulting in different performances. Typical values for the location of pitching axis are a third or a quarter 

of the chord length. 
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Figure 4-22. Mappings of efficiency – for the foil operating in the power extraction regime, associated to 

four different heaving amplitudes (Ὄ ὧϳ  ρȢπȟ ρȢυȟ ςȢπ ÁÎÄ σȢπ). NACA 0015, ὙὩ  υππ πππ, ὼ ὧσϳ ,   

‰  ωπЈ (Kinsey and Dumas 2014). 

4.3.3.3 Viscous 

1. Reynolds number 

The Reynolds number based on the chord length affects the viscous layers on the foil surface. Indeed, 

for high Reynolds numbers, the boundary layers will be more robust and closer to the foil surface 

affecting the effective hydrodynamic body of the foil. On the contrary, low Reynolds numbers are 

associated with thicker and less robust viscous layers. Leading-edge vortices are observed at these 

low Reynolds numbers. For a given set of parameters, the flow behavior thus differs between low and 

high Reynolds number, i.e., without and with turbulence present. This obviously impacts the location of 

optimum performance in the parametric space –Ὢᶻȟ—  (Kinsey 2011). 

Nonetheless, this technology is not as sensitive to the Reynolds number as the CFT. The OFT is very 

inertial, thus less sensitive to classic hydrodynamics. Out of the three turbines presented here, the 

OFT is also the less sensitive to ambient turbulence. 
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5 Wake Theory 
The wake of a turbine is the region of disturbed flow downstream of the turbine, characterised by slowed 

flow velocity, increased turbulence, and swirl. Wake characterization can play an important role in 

estimating the performance of downstream turbines in turbine arrays containing multiple rows. In this 

chapter, wake-related behaviours are discussed. 

 Wake Generation 

 Velocity Deficit  

Due to the extraction of momentum from the flow by the turbine, the downstream flow velocity is slower 

than the upstream flow velocity. Wake-induced velocity deficits are frequently observed beyond 20 times 

the diameter of the turbine rotor (20D) downstream of the turbine (Masters et al. 2015). 

 Wake Swirl and Tip Vortices 

The wake produced by a turbine wakes also contain swirl. Swirl is an equal and opposite torque generated 

in the fluid to match that of the turbine. As a result, the fluid behind the turbine rotor rotates in the opposite 

direction to the turbine blades. The rotation of turbine blades also causes the formation of tip vortices which 

are then shed into the flow downstream of the turbine, adding further complexity to the wake. An example 

of both wake swirl and tip vortices are shown in Figure 5-1. 

 Wake Shape and Direction  

Wind turbine wakes are generally considered to be axisymmetric, whereas hydrokinetic turbine wakes tend 

to be asymmetric due to the influences of the seabed, free surface, and turbine supporting structure. This 

has been demonstrated by both physical and numerical models (Bahaj et al. 2011; Apsley, Stallard, and 

Stansby 2018). Wake meandering, or large-scale changes in the wake direction, is influenced by 

turbulence, waves, and other wakes and can be caused by proximity to boundaries. Multiple studies 

(Chamorro et al. 2013; Seokkoo Kang, Yang, and Sotiropoulos 2014; Ouro and Stoesser 2019) have 

determined that meandering typically begins 4D downstream and is characterised by high levels of mean 

velocity fluctuation. 

 Flow Recovery  

A shear boundary layer is formed between the low energy wake region and the surrounding ambient flow 

field. As mixing occurs between the slow and fast regions, momentum is transferred from the flow field back 

into the wake. With distance the wake is dissipated through this re-energization process and the flow field 

recovers lost velocity. Experimental and numerical studies of the wake produced by a single axial flow 

turbine have shown that the recovery of a wake to within 10% of the free-stream velocity varies from 10 

turbine diameters (D) (Yaling Chen et al. 2017), 15D (Nuernberg and Tao 2018) and 20D downstream 

(Stallard, Feng, and Stansby 2014; Myers, Bahaj, and Hyam 2010). The wake recovery rate has been 

shown to be influenced by a number of variables such as ambient turbulence intensity, proximity of the 

turbine to the seabed (Bahaj et al. 2011)  and the presence/size of the turbine support structure (Yaling 

Chen et al. 2017).  Cross-flow turbines have been shown to have a faster wake recovery compared to axial 

flow turbines, largely due to the wake characteristics and the interaction of the wake with the surrounding 

flow (Bachant et al. 2016; Boudreau and Dumas 2017a). Cross-flow turbines have been shown to have 
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wake recoveries to within 10% of the free-stream velocity at approximately 12-15D downstream (Knox et 

al. 2018; Sébastien Bourget, Gauvin Tremblay, and Dumas 2018). 

 Factors Influencing Wake Behaviour 
The created wake is dependent on the power extracted from the flow. The ambient flow speed and direction 

can be used to crudely predict turbine power output and wake characteristics. In practise, there are 

numerous other influencing factors, such as water depth, flow obstruction, turbulence, waves, and ocean 

currents that must also be taken into consideration. 

 Site Geography 

The depth and bathymetry of a tidal site affects the resource available, as does the width of a channel. The 

distance between the turbine and the seabed, water surface and channel walls all influence how wakes can 

expand or meander. Deeper channels have been shown experimentally to lead to faster wake recovery in 

comparison to a shallow flow (Aghsaee and Markfort 2018). 

 Flow Shear Profile 

Water flow through a channel has a natural shear profile due to the bottom friction induced by the seabed 

in comparison with the free region at the water surface. Flow velocity differs at the top and bottom of the 

turbine swept area, affecting the energy extracted and hence the wake generation and recovery. Shear 

profiles can differ significantly with flow condition and flow direction. 

 Turbulence  

The turbulent characteristics of a flow have a significant effect on wake generation and flow recovery. 

Turbine loading, fatigue and power outputs are also affected (Milne et al. 2016; Ahmed et al. 2017). 

Generally, ambient turbulence is seen to increase wake recovery (MacLeod et al. 2002), with large coherent 

structures specifically seen to produce a shorter wake (Gant and Stallard 2008). Turbulence can be 

described in terms of its intensity (TI), and length scale. TI is the root-mean-square of turbulent velocity 

fluctuations over the mean velocity. Turbulence length scale is a dimensional value describing the size of 

large turbulent eddies. As with shear profile, TI can vary with velocity, tidal state and with geographical 

location within a single tidal site. 

 Waves  

Waves have an influence on the tidal current and turbulence. Scale experiments have found that waves do 

not affect average loading but do cause oscillations (Guo et al. 2018; Martinez, Payne, and Bruce 2018) 

and that these variations increase with wave amplitude and decrease with frequency (Draycott et al. 2019). 

These oscillations increase peak loading and are a driving factor in turbine design. It has also been 

observed that waves can double the magnitude of velocity fluctuations in the upper half of the wake (Stallard 

et al. 2013). Numerical models have predicted that waves will enhance local turbulence and fluid mixing 

behind the turbine, ultimately penetrating through the wake and influencing recovery (Fuad, Li, and 

OôConnor 2017). If wave interaction is expected then an appropriately incorporated free surface is needed 

in any computational fluid dynamics (CFD) model (OôDoherty, OôDoherty, and Mason-Jones 2018). 
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  Typical wake characteristics and recovery 

 Axial flow turbine 

The axial flow turbine has the most coherent wake of the three turbines discussed herein. The steadiness 

of the blade produces what can be called a ócleanô wake where coherent vertical structures are ejected. 

Two well-defined vortex regions are present in the wake of an AFT.  

The first region is the wake directly centered downstream of the turbine hub where a helicoidal vortex 

system is formed by the root vortices in the center. This wake is compact and has a low velocity deficit and 

the vortices generated in this region are complex but coherent. The second region is the outer region of the 

wake. This region is generated by the blade tips that eject strong vortices. Both regions break down due to 

the presence of an instability further in the wake, having the hub vortex wake break down faster than the 

strong vortices generated from the tips (see Figure 5-1). Further downstream, a rapid velocity recovery is 

observed due to the enhanced turbulent mixing resulting from the breakdown of the root and the tip vortex 

systems. This yields the observed transition from an annular-shaped velocity deficit to a more usual 

Gaussian-shaped velocity deficit (see Figure 5-2) (Boudreau and Dumas 2017b). 

 

Figure 5-1. Typical vortex structures and regions in the wake of an AFT (Boudreau and Dumas 2017b). 

There is a radial spread of velocity deficit in the wake as the wake progresses downstream. Beginning from 

the axis of rotation, the wake does not show significant decrease in streamwise velocity, even attaining 

higher values in a small core of the wake. The main streamwise velocity deficit is achieved in an annular 

region at approximately ¾ of the radius further downstream of the turbine. In this region, the streamwise 
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velocity may be as low as 25% of the freestream velocity (see Figure 5-2). Another characteristic of the 

wake is that there is no significant circumferential velocity deficit or increase. 

 

Figure 5-2. Typical streamwise and circumferential velocity fields in the wake of an AFT (Boudreau and 
Dumas 2017b). 

 Cross-flow turbine 

As can be seen from Figure 5-3, the wake vortex dynamics of a CFT is characterized with the presence of 

tip vortices as well as some spanwise vortex structures. The latter being shed in response to the variation 

of the bladeôs bound circulation associated to changes in the lift value during the revolution of the blade. 

It is found that the tip vortices are particularly strong when the blade is located near the most upstream 

location (— ωπЈ), where the highest effective angles of attack are reached. 

Opposite to the AFT, the CFT produces a wake where both spanwise and transverse velocity components 

are present. Mean transverse and spanwise velocity components reaching up to 25% and 40% of the 

freestream velocity, respectively, are observed on the spanwise midplane and transverse midplane (see 

Figure 5-4). This indicates the importance of the mean flow in the spanwise direction on the entire CFT 

wake behavior. Consequently, the turbineôs aspect ratio (ὦὈϳ ) is expected to be a critical parameter 

regarding the wake dynamics of this technology. Also, its sensitivity to the freestream turbulence level is 

expected to be much weaker than for the axial-flow turbine since it does not depend primarily on the 

development of a flow instability (Boudreau and Dumas 2017b). 
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Figure 5-3. Typical vortex structures and regions in the wake of a single-blade, no-strut, horizontal axis 
CFT (Boudreau and Dumas 2017b). 

A peculiar aspect of the CFT wake is that it produces a transverse, or lateral, force Ὂ that can affect the 

potential aspect of array deployment. The flow will tend to be diverted in a specific transverse (ώ) direction 

depending on the turbineôs rotation. This lateral force must be accounted for when determining the location 

of another turbine further downstream to limit the performance losses of a turbine directly in the wake 

velocity deficit. 

The CFT wake presents another particularity in its streamwise velocity distribution as the wake progresses 

(see Figure 5-5). There is a contraction of the streamwise velocity deficit in the central region of the wake 

due to the strong tip vortices generated at — ωπЈ that reenergize the wake. On the opposite, there is an 

expansion of the streamwise velocity deficit at the edges of the wake due to the weak tip vortices generated 

at — πЈ and — ρψπЈ. Finally, the wake presents an asymmetry in the transverse (ώ) direction in the fact 

that the velocity deficit is more pronounced and wider for the upcoming blade region (top portion of the 

images) than for the retreating blade region (bottom portion of the images) (Boudreau and Dumas 2017b). 
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Figure 5-4. Typical mean spanwise (z) and transverse (y) velocity fields in a low-solidity CFT (Boudreau 
and Dumas 2017b). 

 

Figure 5-5. Mean streamwise velocity in the wake of the CFT on various planes perpendicular to the 
streamwise direction. Note that the black rectangle corresponds to the shape of the turbineôs extraction 

plane (Boudreau and Dumas 2017b). 

 Oscillating-foil turbine 

Similar to the CFT, the effective angle of attack in the bladeôs reference frame varies during a cycle of the 

OFT. Consequently, in addition to the tip vortices having a circulation which varies throughout the cycle, 

spanwise vortices are also shed as a result of the variations in the bladeôs bound circulation.  

Oscillating foils tend to produce counter-rotating spanwise vortices in their wakes. Figure 5-6 presents the 

typical vortex structures in the wake of an OFT. In the near wake, it is observed that the spanwise vortices 

and the tip vortices form structures similar to vortex loops ends. Further downstream, the only vortical 

structures remaining are the ones that originate from the strong tip vortices. 

Since the foil is oscillating about a central position, the vortex structures generated can be decomposed 

into two specific vortex loops that alternate every half cycle. Figure 5-8 presents the two different vortex 

structures, denoted L1 and L2, and their associated vorticity sign. There is a contraction of the vortices in 

the spanwise direction but a separation in the transverse direction. This is associated with the induced 

velocities from the vortices as is presented in Figure 5-8. The transverse and spanwise induced velocities 

reach values up to 40% and 20% of the freestream velocity, respectively (Boudreau and Dumas 2017b). 
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Figure 5-6. Typical vortex structures and regions in the wake of an OFT.(Boudreau & Dumas, 2018) 

 

 

Figure 5-7. Typical mean spanwise (ᾀ) and transverse (ώ) velocity fields in an OFT. The white regions 
correspond to the area swept by the moving mesh region (Boudreau and Dumas 2017b). 
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Figure 5-8. Q-criterion isosurfaces colored by the streamwise vorticity component in the wake of an OFT 
(Boudreau and Dumas 2017b) 
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6 Numerical Modelling of Turbine Arrays 

 Turbine Modelling 
In the investigation of hydrokinetic energy, numerical simulation is an important tool that complements field 

survey and scaled physical experiments. However, difficulties exist due to the problem's multiscale nature. 

Modeling hydrodynamic process is affected by the interactions between different scale effects, as shown 

in Figure 6-1. For simulations hydrokinetic energy, a number of numerical models exist, which can generally 

be divided into two categories: turbine scale models and field-scale models. 

 

Figure 6-1. Different scale effects of hydrodynamic modelling  

Typically, models in the first category are based on computational fluid dynamic large eddy simulation (LES) 

or full 3D Reynolds Averaged Navier-Stokes (RANS) momentum equations. Such models employ extremely 

fine computational grids and are able to predict the detailed velocity field around the turbine rotor as well 

as the eddies that form in the downstream wake. Full three-dimensional CFD models cannot be used for 

simulating real flows with large spatial coverage and complex bathymetry, or arrays of turbines due to the 

significant computational cost required for high grid resolution models. Models in the second category are 

based on the shallow water equation (SWE) coastal models with simplified turbine representations. 

Simplified turbine representations are used to reduce the complexity and cost of modelling, but some 

turbine behaviour and wake characteristics may be lost due to these simplifications. Modelling of large-

scale tidal stream energy is currently favoured by their use. Such models can either be used to provide 

detailed temporal and spatial distributions of tidal energy density at sites of interest or to investigate the 

interactions between generic turbine wakes. The energy capture of each turbine in a power farm can also 

be predicted. Two-dimensional and three-dimensional SWE models have been developed to simulate field-

scale coastal water movements and can be used to predict the distribution of tidal energy in actual coastal 

waters. The most common turbine representations are described in the section that follows. 
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 Momentum Sink 

The simplest way to represent a turbine within a numerical model is by increasing the bottom roughness in 

the area of a turbine or by introducing a momentum sink thereby increasing the drag to represent the drag 

force introduced by a turbine. This simple approach has been applied in both CFD models and shallow 

water equation (SWE) coastal models. A number of studies have utilized this method for preliminary 

investigations into the effects of hydrokinetic turbines on surrounding hydrodynamics and the optimization 

of array placements. A collection of these studies found in available literature is provided in Table 6.1. While 

this method is relatively simple to employ in a numerical model and has a relatively low impact on 

computational resources, there are a number of disadvantages or limitations with this method. One of the 

primary limitations of this method is that a constant value of drag is applied to the flow, regardless of the 

current speed and TSR of the turbine. In reality, the drag coefficient varies with the TSR of a turbine, with 

higher TSRs typically having a larger drag coefficient. Therefore, the increased bottom roughness either 

under or over predicts the drag force as the flow speed varies. Another limitation is that there are no cut-in 

or cut-out velocities for the simplified turbine. The increased bottom roughness is applied at all times where 

an actual turbine only starts rotating and extracting energy out of the flow once the flow speed hits a certain 

threshold. Since the simplified turbine is extracting energy at all flow velocities it will produce inaccurate 

power predictions and hydrodynamic effects. 

The momentum sink method is implemented into the numerical models by introducing a drag force with the 

same magnitude as the force exerted by the flow onto the turbine but in the opposite direction. The drag 

force is typically introduced by adding the two following sink terms to the right-hand side of the momentum 

equations: 

ὓ
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Where Mx and My represent the momentum of the external forces per unit volume in the x- and y- directions; 

U is the component of the effective flow velocity perpendicular to the turbine; A is the frontal area of the 

turbine; and CT is the thrust coefficient of the turbine. The values of CT depend on the turbines that are 

being represented in the model. Typical values range from 0.5 to 0.9 depending on the turbine design. 

There are limited studies available in current literature comparing the accuracy of the increase bottom 

roughness or momentum sink method. However, (Ramos, Carballo, and Ringwood 2019) compared the 

performance of the momentum sink approach to the actuator disc method in the Delft-3D hydrodynamic 

model. The results showed that the two methods had considerable differences in modelling both the near 

and far field hydrodynamics produced by a turbine. The momentum sink method underestimated the 

turbulent kinetic energy and velocity profiles by up to 30% and 10% respectively, compared to the actuator 

disc approach. The authors recommend that the momentum sink method be reserved for assessing the 

impacts of tidal energy extraction on the hydrodynamics only as a simple and relatively quick first 

approximation before more detailed investigations.   

  



 

 

Guideline for Simulating Hydrokinetic Turbine Arrays 56  

 

Table 6.1. Collection of studies that employed the bottom roughness/momentum sink method (ordered by 
publication year). 

Study Title Reference 

Tidal current energy assessment for Johnstone Strait, Vancouver 
Island 

(Sutherland, Foreman, and 
Garrett 2007) 

Laboratory-scale simulation of energy extraction from tidal 
currents 

(Sun, Chick, and Bryden 2008) 

Numerical modeling of tidal currents and the effects of power 
extraction on estuarine hydrodynamics along the Georgia coast, 
USA 

(Defne, Haas, and Fritz 2011) 

Numerical modelling of the effect of turbines on currents in a tidal 
channel ï Tory Channel, New Zealand 

(Plew and Stevens 2013) 

Assessment of the impacts of tidal stream energy through high-
resolution numerical modeling 

(Ramos et al. 2013) 

Modeling tidal stream energy extraction and its effects on 
transport processes in a tidal channel and bay system using a 
three-dimensional coastal ocean model 

(Yang, Wang, and Copping 
2013) 

Tidal turbine array optimisation using the adjoint approach (Funke, Farrell, and Piggott 
2013) 

Hydraulic impacts of hydrokinetic devices (Kartezhnikova and Ravens 
2014) 

Floating vs. bottom-fixed turbines for tidal stream energy: A 
comparative impact assessment 

(Sánchez et al. 2014) 

The influence of intra-array wake dynamics on depth-averaged 
kinetic tidal turbine energy extraction simulations 

(Piano et al. 2018) 

Assessment of tidal current energy resources and its impact on 
surrounding in the Southeast waters of Zhaitang Island, China 

(Yuan et al. 2018) 

Application of the actuator disc theory of Delft3D-FLOW to model 
far-field hydrodynamic impacts of tidal turbines 

(Ramos, Carballo, and 
Ringwood 2019) 

  

 Actuator Disk 

Linear momentum actuator disk theory (LMADT) assumes that the loss of pressure across a turbine rotor 

is due to work done in extracting energy from the flow. Actuator disks (AD) can be considered an idealised 

turbine and are the simplest turbine model. In computational models this can be represented as a 

momentum sink over a given area in the streamwise direction. The actuator disc method has generally 

been a popular approach for modelling wind turbines and has also been applied to hydrokinetic turbines. 

The actuator disc method produces a relatively accurate representation of an axial flow turbine with a 

reasonably low computational time. This method is implemented by modelling a turbine as a step drop in 
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static pressure over the swept area of the turbine rotor with a negligible thickness in the flow direction 

(Hunter, Nishino, and Willden 2015a). This method is advantageous because the thrust coefficient of the 

simplified turbine can be defined as a function of the flow velocity, thereby allowing different TSRs to be 

simulated. However, the thrust coefficient is uniformly applied across the entire surface of the actuator disc 

and does not vary along the blade of an axial flow turbine. Studies have shown good agreement in wake 

predictions produced by the actuator disc when compared to experimental studies in both CFD and 

hydrodynamic models. (Harrison et al. 2010) used a CFD model to compare the actuator disc method to 

experimental results of a porous disc. The study found that the actuator disc was able to reproduce velocity 

deficits greater than 6D downstream when compared to experimental values. The authors did note that the 

turbulence levels in the wake were much lower in the numerical model due to the actuator disc not producing 

any turbulence, which was also confirmed by Thinh et al. (2019). Brain et al. (2014) compared the actuator 

disc tool in the Delft-3D hydrodynamic model to the same experimental results used by (Harrison et al. 

2010) and found that the actuator disc tool was able to simulate the experimental results and provided a 

good match of the wake velocity (RMSE of ~4.5%). However, similar to (Harrison et al. 2010), the inter-

device turbulence aspects showed poorer agreement with an RMSE of ~12.3%.  

The majority of the studies that utilize the actuator disc method use it to represent a simplified axial-flow 

turbine. Since the method assumes a negligible thickness of the disc in the flow direction as well as having 

a uniform thrust coefficient across the entire disc, the method is only useful for axial-flow turbines where 

there is a relatively uniform force acting on the turbine rotor. Due to the cylinder shape of a cross-flow 

turbine, the simplification of a negligible turbine thickness used in the actuator disc method cannot be 

applied. In addition, (Bachant et al. 2016) found that due to the asymmetry of the wake of a cross-flow 

turbine (unlike the symmetrical wake produced by an axial flow turbine), the uniform streamwise force 

developed from an actuator disc approach did not capture the cross-flow turbine wake accurately and that 

a non-uniform distribution of force or the actuator line method may produce a more accurate representation. 

Table 6.2 shows a collection of studies that employed the actuator disc method. 
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Table 6.2. Collection of studies that employed the actuator disc method (ordered by publication year). 

Study Title Reference 

Modelling tidal energy extraction in a depth-averaged coastal domain (Scott Draper et al. 2010) 

A comparison between CFD simulations and experiments for predicting the far 
wake of horizontal axis tidal turbines 

(Harrison et al. 2010) 

Effects of 3-D channel blockage and turbulent wake mixing on the limit of power 
extraction by tidal turbines 

(Nishino and Willden 
2012a) 

Methodology for tidal turbine representation in ocean circulation model (Brain, Conley, and 
Greaves 2013) 

Optimization of multiple turbine arrays in a channel with tidally reversing flow by 
numerical modelling with adaptive mesh 

(T. Divett, Vennell, and 
Stevens 2013) 

Assessment of arrays of in-stream tidal turbines in the Bay of Fundy (Karsten, Swan, and 
Culina 2013) 

Tidal turbine representation in an ocean circulation model: Towards realistic 
applications 

(Brain et al. 2014) 

Investigation of tidal turbine array tuning using 3D Reynolds-Averaged Navier-
Stokes simulations 

(Hunter, Nishino, and 
Willden 2015a) 

Modelling the effect of large arrays of tidal turbines with depth-averaged actuator 
disks 

(Thiebot, Sylvain, and 
Thinh 2016) 

A CFD study on the performance of a tidal turbine under various flow and 
blockage conditions 

(Koh and Ng 2017) 

Effects of the current direction on the energy production of a tidal farm: The case 
of Raz Blanchard (France) 

(Thinh et al. 2019) 

Application of the actuator disc theory of Delft3D-FLOW to model far-field 
hydrodynamic impacts of tidal turbines 

(Ramos, Carballo, and 
Ringwood 2019) 

Study of the wake characteristics and turbines configuration of a hydrokinetic 
farm in an Amazonian river using experimental data and CFD tools 

(Santos, Camacho, and 
Filho 2021) 

  

 Blade Element Method  

The blade element method (BEM) has been developed as an extension to the AD to include effects of non-

uniform loading across the rotor swept area. The BEM method discretizes a turbine into a number of circular 

cells with a specified thickness, dr (see Figure 6-2). Each circular cell uses the blade properties at the radial 

location of the cell to calculate the lift and drag forces acting on the blade and are averaged throughout the 

entire circular cell. This is completed for a number of discretized radial positions starting from the centre of 

the turbine and extending out to the tip of the blades. Source terms, which are functions of the radial and 

axial position, are applied to each of the momentum equations that represent the force on the fluid due to 

the blades of the turbines (R. Malki et al. 2013) .This allows for the physical characteristics of the blade to 

be directly applied to source terms rather than having to model the actual geometry of the blades. The 
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disadvantages include lack of any flow features produced by rotating blades, such as tip vortices and 

turbulence. As previously discussed, this method has not been implemented in hydrodynamic models, 

limiting its use to CFD models. The BEM method can represent both axial-flow and cross-flow turbine 

devices with relatively high degrees of accuracy regarding the wake, showing an average of 5% error when 

compared to experimental results (Gotelli et al. 2019)  and predicting maximum power coefficients within 

7% (Rahimian, Walker, and Penesis 2018). A brief summary of a selection of studies that utilize the BEM 

method are provided in Table 6.3. 

 

Figure 6-2. Blade element momentum discretization of an axial flow turbine (R. Malki et al. 2013). 
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Table 6.3. Collection of studies that implement the blade element momentum method (ordered by 
publication year). 

Study Title Reference 

A robust blade element momentum theory model for tidal stream turbines 
including tip and hub loss corrections 

(Masters et al. 2011) 

Modelling tidal current turbine wakes using a coupled RANS-BEMT approach as 
a tool for analysing power capture of arrays of turbines 

(Turnock et al. 2011) 

A coupled blade element momentum ï computational fluid dynamics model for 
evaluating tidal stream turbine performance 

(R. Malki et al. 2013) 

The influence of flow acceleration on tidal stream turbine wake dynamics: A 
numerical study using a coupled BEM-CFD model 

(Masters et al. 2013) 

On the onset of wake meandering for an axial flow turbine in a turbulent open 
channel flow 

(Seokkoo Kang, Yang, 
and Sotiropoulos 2014) 

Planning tidal stream turbine array layouts using a coupled blade element 
momentum ï computational fluid dynamics model 

(R. Malki et al. 2014) 

Experimental and numerical studies of blade roughness and fouling on marine 
current turbine performance 

(Walker et al. 2014) 

Hydrodynamic analysis of a ducted, open centre tidal stream turbine using blade 
element momentum theory 

(Allsop et al. 2017) 

An enhanced disk averaged CFD model for the simulation of horizontal axis tidal 
turbines 

(Edmunds et al. 2017) 

Performance of a horizontal axis marine current turbine ï A comprehensive 
evaluation using experimental, numerical, and theoretical approaches 

(Rahimian, Walker, and 
Penesis 2018) 

A neural network approach to enhance blade element momentum theory 
performance for horizontal axis hydrokinetic turbine application 

(Abutunis, Hussein, and 
Chandrashekhara 2018) 

Capturing the development and interactions of wakes in tidal turbine arrays using 
a coupled BEM-DES model 

(Gajardo, Escauriaza, 
and Ingram 2019) 

Experimental and numerical investigation of wake interactions of marine 
hydrokinetic turbines 

(Gotelli et al. 2019) 

 Actuator Line Model  

The actuator line (AL) method includes the effects of non-uniform loading and extends BEM to distribute 

loads along rotating lines which represent blades, rather than average them over an area. The actuator line 

method projects a body force, which is equal and opposite of the lift and drag forces experienced by a 

turbine blade, onto the flow along a line that represents the blade position. The loads on the turbine blades 

are calculated using a similar discretization method as conducted in the BEM approach (Ahmadi and Yang 

2020). These actuator lines rotate around the central axis, similar to actual turbine blades.  This allows for 

the method to introduce rotation into the flow along with tip vortices to better match the wake of an actual 
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turbine (Bowman et al. 2021). However, this method has extensive mesh requirements making it more 

computationally demanding compared to the other methods discussed. A study completed by (Seokkoo 

Kang, Yang, and Sotiropoulos 2014) has shown that the actuator line method generally produces more 

accurate results compared to the actuator disk method. However, while the actuator line method is able to 

produce a rotation in the flow due to the rotating actuator lines, this flow rotation persists for a greater 

downstream distance and there is a reduced level of turbulent kinetic energy compared to a full rotor 

simulation. Therefore, while the actuator line method does produce more accurate results compared to 

other simplified turbine representations, it is still not a perfect match to full rotor simulations. Similar to the 

BEM method, the actuator line method has not been implemented into a hydrodynamic model primarily due 

to the high-resolution mesh requirements, thereby limiting its application to CFD analysis of small turbine 

arrays. A brief summary of a selection of studies that utilize the actuator line method are provided in Table 

6.4.  

Table 6.4. Collection of studies that implement the actuator line method (ordered by publication year). 

Study Title Reference 

A large-eddy simulation study of wake propagation and power 
production in an array of tidal-current turbines 

(Churchfield, li, and Moriarty 2013) 

On the onset of wake meandering for an axial flow turbine in a 
turbulent open channel flow 

(Seokkoo Kang, Yang, and 
Sotiropoulos 2014) 

Numerical simulations of wake characteristics of a horizontal axis 
tidal stream turbine using actuator line model 

(Ahmadi and Dong 2017b) 

Validation of the actuator line method for simulating flow through a 
horizontal axis tidal stream turbine by comparison with 
measurements 

(Ahmadi and Dong 2017a) 

Wake characteristics of a TriFrame of axial-flow hydrokinetic 
turbines 

(Chawdhary et al. 2017) 

Analysis of array spacing on tidal stream turbine farm performance 
using Large-Eddy Simulation 

(Ouro, Ramirez, and Harrold 2019) 

The evolution of turbulence characteristics in the wake of a 
horizontal axis tidal stream turbine 

(Ahmadi and Yang 2020) 

Hydrokinetic turbine performance and wake analysis using a data-
driven actuator line model 

(Bowman et al. 2021) 

 

 Fully-resolved Geometry  

Full representation of the rotating turbine blade geometry is the most exact solution. This is computationally 

costly and not always feasible for numerical modelling applications. To study the physics of turbines and 

their wakes, precise predictions of the force distribution on blades and the surrounding flow field are 

required. The solution of the Navier-Stokes equations is required for the simulation of fluid flows. Since an 

analytical solution to these equations is typically impossible (nonlinear equations, complex geometries, 

etc.), numerical techniques are typically used to solve them. CFD is currently employed extensively to 

address this issue. The "blade-resolved simulation," also known as "full-rotor simulation", is the most 

reliable method. In this type of CFD simulation, the detailed turbine geometry is resolved up to the walls, 
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typically using a body-fitted mesh, allowing for the accurate distribution of forces on turbines and the 

generation of well-resolved wake structures. Blade-resolved simulations can achieve a very high level of 

fidelity, but they typically require a substantial amount of memory and CPU time. Consequently, blade-

resolved simulations are typically applicable only to single turbines or small arrays. Table 6.5 shows a 

collection of studies that employed the fully resolved turbine geometry. Appendix B contains additional 

recommendations and guidelines for predicting and simulating fully-resolved geometry simulations with 

CFD tools. 

Table 6.5. Collection of studies that employed the fully resolved turbine geometry (ordered by publication 
year). 

Study Title Reference 

A large-eddy simulation study of wake propagation and power production in 
an array of tidal-current turbines 

(Churchfield, li, and Moriarty 
2013) 

Numerical performance analysis of acoustic Doppler velocity profilers in the 
wake of an axial-flow marine hydrokinetic turbine 

(Richmond, Harding, and 
Romero-Gomez 2015) 

Numerical study of wake characteristics in a horizontal-axis hydrokinetic 
turbine 

(Strobel et al. 2016) 

Impact of Environmental Turbulence on the Performance and Loadings of a 
Tidal Stream Turbine 

(Ouro and Stoesser 2019) 

A CFD investigation of a variable-pitch vertical axis hydrokinetic turbine with 
incorporated flow acceleration 

(Mannion et al. 2019) 

Asymmetric effects of a modelled tidal turbine on the flow and seabed (Ramírez-Mendoza et al. 
2020) 

Three-bladed horizontal axis water turbine simulations with free surface 
effects 

(Rodríguez, Benavides, and 
Lain 2021) 

Computational Fluid Dynamics Study of Wake Recovery for Flow Across 
Hydrokinetic Turbine at Difference Water Depth 

(Ren et al. 2021) 

Momentum recovery downstream of an axial-flow hydrokinetic turbine (Posa and Broglia 2021) 

A review of commercial numerical modelling approaches for axial 
hydrokinetic turbine wake analysis in channel flow 

(Niebuhr et al. 2022) 

Numerical investigation of the performance, hydrodynamics, and free-
surface effects in unsteady flow of a horizontal axis hydrokinetic turbine 

(Benavides, Rodríguez-
Jaime, and Lain 2021) 

 

 Effective Performance Turbine and Tuned Actuator Methods 

The Effective Performance Turbine Model (EPTM) (Sébastien Bourget, Gauvin Tremblay, and Dumas 

2018; Sebastien Bourget 2018)  and the tuned actuator (Shives and Crawford 2016)  are approaches that 

consists in applying a non-uniform, vectorial momentum source (sink) distribution in an actuating region 

geometrically similar to the real turbine. The distribution based on either experiments or a limited set of 

fully-resolved geometry CFD simulations. It represents the mean forces acting on the turbine, which in turn 

(action-reaction) act on the flow. These models typically reproduces the mean (time-averaged) wake of the 
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turbine and its mean effect on the flow. One of the advantages of using the EPTM is that the source terms 

within the actuating regions are not scaled with the upstream velocity, but rather with the effective velocity, 

which represents the local velocity actually experienced by the turbine. In this way, the model intrinsically 

takes into account blockage effects. This has been demonstrated (Sébastien Bourget, Gauvin Tremblay, 

and Dumas 2018) that turbine performance coefficients become independent of the blockage ratio when 

normalized with this effective velocity. Table 6.6 provides a collection of studies that employed the EPTM 

and turned actuator disk methods. 

Table 6.6. Collection of studies that employed the EPTM or tuned actuator methods. 

Study Title Reference 

Tuned actuator disk approach for predicting tidal turbine performance 
with wake interaction 

(Shives and Crawford 2016) 

A tuned actuator cylinder approach for predicting cross-flow turbine 
performance with wake interaction and channel blockage effects 

(Shives, Crawford, and Grovue 
2017) 

Hydrokinetic turbine array modeling for performance analysis and 
deployment optimization  

(Sébastien Bourget, Gauvin 
Tremblay, and Dumas 2018) 

Development and assessment of a modeling method for hydrokinetic 
turbines operating in arrays 

(Sebastien Bourget 2018) 

Modeling and optimizing hydrokinetic turbine arrays using numerical 
simulations 

(Gauvin-Tremblay 2021) 

 Model Selection Consideration 
This section highlights some important physical characteristics that should be taken into consideration prior 

to simulating hydrokinetic turbines. 

 Blockage effects and confinement on turbine performance 

The blockage ratio is crucial since it has a significant impact on the overall turbine performance. A higher 

blockage ratio indicates that the frontal area of the turbine occupies a significant amount of space in the 

passage area and thus the flow is more or less forced to pass through the turbine. It is thus imperative to 

compare performances of turbines under the same confinement level. Corrections have been proposed 

(e.g., (Kinsey and Dumas 2016)) to convert the performance coefficients obtained under confined 

conditions to their unconfined values. When carrying out simulations to characterize the performance of a 

given turbine design, it is recommended to do so in a large enough flow domain such that the confinement 

effects can be ignored. In that regard, blockage ratios smaller than approximately 0.3% are recommended. 

 Upstream vs local velocity 

For source term methods (such as actuator disc and EPTM), it is recommended to calculate source terms 

using the local turbine velocity. Thus, the model incorporates blockage effects intrinsically, and turbine 

performance coefficients become independent of the blockage ratio. The simulation of turbines that are 

based on the upstream velocity requires correction factors for a variety of blockage ratios and array layout 

configurations, which would make the simulation impractical. 
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 Independence of Reynolds number 

Simulations conducted at sufficiently high Reynolds numbers are frequently considered Reynolds 

independent. This indicates that the boundary layers over the blades are physically extremely thin and 

turbulent, and that a further increase in the Reynolds number should have no effect on the force and power 

coefficients, and thus the performance of the turbine. (Miller et al. 2018) conducted experiments on a five-

blade CFT with various tip-speed ratios to determine the effect of the Reynolds number on the power 

coefficient. Figure 6-3 illustrates some findings from this study. By normalizing each power coefficient curve 

with the respective asymptotic power coefficients at high Reynolds numbers for all tip-speed ratios from the 

image on the left of Figure 6-3, all curves collapse as showed in the image on the right. This indicates that 

the power coefficient (performance) of a turbine is independent of the Reynolds number once it reaches 

approximately 2Å ρȟυ ρπ for all tip speed ratios. This result is extremely significant because it proves 

the existence of a Reynolds-independent regime for turbine technologies. Therefore, it is advised to 

characterize any new turbine designs or concepts within this Reynolds range. 

 

Figure 6-3. Power coefficient curves for a five-blade CFT normalized by the asymptotic power coefficient 
for respective tip-speed ratio values from the left figure (Miller et al. 2018). 

 Sensitivity to ambient turbulence 

The intensity of ambient turbulence can impact both the performance and wake recovery of a turbine 

technology. It is crucial to distinguish between inlet turbulence (inflow boundary conditions) and ambient 

turbulence in flow simulations. This must be measured and characterized at the turbine level, in close 

proximity to it, and not too far upstream. This is the turbulence (velocity fluctuations and perturbations) that 

may influence the blades and turbine wake physics. Different ambient turbulence levels may influence the 

laminar-turbulent transition of the boundary layers over the blades. This would have an effect on the force 

coefficients of the blades, particularly the drag, and the separation resistance of the boundary layers. The 

CFT and OFT technologies are not sensitive to ambient turbulence than the AFT technology. As previously 

discussed, a hydrodynamic instability is the primary mechanism driving the wake velocity recovery behind 

AFTs (Boudreau and Dumas 2017a). This indicates that the AFT recovery process is highly sensitive to 

upstream flow perturbations and ambient turbulence intensity. Typically, this is not the case for CFT and 

OFT technologies, whose wake recovery is primarily determined by the mean flow characteristics 

downstream of the turbine. Consequently, their wake recovery sensitivity to ambient turbulence is 

anticipated to be minimal. 
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 Turbine-wake Interaction 

Simulation of large arrays with multiple rows of turbines can be computationally costly. Modeling the first 

row of the array and calculating the power evaluation of the rows downstream based on the wake velocity 

is one way to save time and computational resources. Although this strategy seems reasonable, it fails to 

account for turbine-wake interaction. As demonstrated by (Gauvin-Tremblay 2021), this method tends to 

underestimate the power (see Figure 6-4) and is therefore not recommended. A correction factor is also 

not advised, as it would depend on the turbine's wake, the ambient turbulent intensity, and the array layout. 

 

Figure 6-4. Prediction of downstream turbine power from the wake of the upstream turbine (line with 
squares) and computed turbine power by modelling all turbines in array (diamonds) (Gauvin-Tremblay 

2021). 

 Free-surface interaction 

The interaction of free-surface effects and the turbine array can have some impact in terms of resource 

assessment. Very few studies have been carried out on their optimization of simple array configurations 

including free-surface interaction. (Gauvin-Tremblay 2021) have develop a free-surface modeling approach 

that not only captures the free-surface (air-water interface), but also in the inclusion and measurement of 

the impact on the resource. Blade-resolved simulations with free-surface modeling have shown that when 

the interaction with the resource is taken into account, the power extraction is rather independent of the 

Froude number for deep immersion or slightly decreasing for shallow immersion. Although only one turbine 

has been considered in their simulations, these have allowed to establish that an entire array can have a 

non-negligible impact on upstream water levels, supporting the need to conduct array simulations with free-

surface modeling to assess the actual impact of arrays on the resource.  
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7 Case Study - Numerical Simulations of Turbine 
Arrays 

This chapter shows a case study to show the procedure performing numerical simulations of turbine arrays, 

as shown in Chapter 2. 

 Site, velocity duration curve and turbine selection 
For this case study, a straight river channel with constant depth and width was chosen. The attributes of 

the river are shown in Table 7.1 and the velocity duration curve in Figure 7-1. The velocity duration curve 

was calculated based on IEC TS 62600-301. Please note the velocity duration curve is constant throughout 

the channel due to the flow uniformity in the channel. However, in a real river, the velocity duration curve 

would be dependent on the 3D location (latitude, longitude and elevation). A cross-flow turbine was selected 

for this case study and its characteristics are shown in  Table 7.2.  

Table 7.1. River channel characteristics 

Width 102 m 

Height 6.62 m 
 

 Table 7.2. Cross-flow turbine characteristics 

Blade profile NACA 63-021 

Aspect ratio 0.75 

Shaft diameter and 

turbine diameter ratio 

0.05 

Solidity 0.428 

Diameter 1 m  or 6m 

Reynolds number 2.5x106 (1m) or 1.5 x 

107 (6 m) 
 

 

Figure 7-1. Velocity duration curve for the case study. 

 Blockage Ratio Scenarios  
In this case study, recreational sports and navigation must coexist with one or more energy converters. 

Maintaining navigation in a river hydrokinetic energy site necessitates a lower blockage ratio (reduced 
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cross-sectional area occupied by turbines), whereas a higher blockage ratio may produce more energy. 

Therefore, a RHK site must strike a balance between maintaining navigability and generating electricity. In 

this case study, two blockage ratio scenarios were selected (Table 7.3). 

Table 7.3. Case study blockage ratio scenarios 

Scenario 1 ï High global 

blockage ratio 

>10% 

Scenario 2 - Low global blockage 

ratio 

<10% 

 Numerical settings   
Using the methodology outlined in Chapter 2 and Appendix B, an EPTM was generated using full-geometry 

CFD (CFD-FRG) simulations. See (Gauvin Tremblay and Dumas 2021) for additional information on the 

EPTM's creation. The turbines were contained in a rectangular simulation domain that represented a river 

channel with two vertical sidewalls, the inlet, the outlet, the riverbed (bottom), and the water surface. Various 

array layout configurations were implemented, but the general CFD numerical setup remained unchanged. 

Figure 7-2 shows the typical simulation computational domain and boundary conditions. All turbines in each 

array simulation had identical geometrical dimensions. 

 

 

Figure 7-2. Typical computational domain and boundary conditions used for array simulations, showing 
15 turbines arranged in a staggered configuration with 8 turbines in the upstream row and 7 in the 

downstream row. 

The ANSYS-CFX software was used to perform all CFD simulations. The EPTM method is described in 
Appendix C. The implementation of the EPTM method within ANSYS-CFX is referred as CFX-EPTM. 
Table 7.4 provides a summary of the numerical setting used for CFX-EPTM simulations.  

The simulations solved the Reynolds-averaged Navier-Stokes (RANS) equations with EPTM implemented 

as a momentum source term. The Shear Stress Transport (SST) model is used to model the turbulence 

and a uniform velocity and a medium level of ambiance turbulence intensity (ὝὍ) of 5% are imposed at the 

domain inlet. Free-slip wall boundary conditions are applied to the two vertical channel side walls and the 
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channel bottom. A free-slip wall boundary condition is imposed at the top as well, thus the effect of the free 

surface is not directly simulated. 

The average effective drag coefficient (Cd*), the effective power coefficient (Cp*), and the effective tip-

speed ratio (l*) associated with the EPTM are shown in Table 7.4. 

Table 7.4. EPTM-CFX simulation conditions 

Models (CFX) 

Turbulence model SST 

Simulation type Steady 

Domain Interfaces GGI 

Boundary conditions 

Inlet Prescribed velocity Uref = 2.5 m/s 

Upstream turbulence intensity 5% 

Outlet Relative static pressure = 0. [Pa] 

Top, bottom, and side walls Free-slip wall 

EPTM  

Cd* 2.83 

Cp* 2.34 

l* 4.93 

 

The computational mesh was made up of multiple parts. First, the mesh for a single turbine was generated, 

and then it was duplicated for the other turbines in a given turbine array configuration. Next, a separate 

mesh was generated for the rectangular domain surrounding the turbines. To accurately capture the flow 

characteristics of interest, the meshes were refined with a higher resolution in the actuator regions 

(subdomains representing the turbines) and the potential wake regions. In CFX-EPTM, it is simple to adjust 

the turbine positions by specifying and modifying their local coordinate systems. The general grid interfaces 

(GGI) capability of CFX-EPTM is used to connect the meshes of all turbines to the mesh of the simulation 

domain. A separate subdomain was created for each turbine in order to specify the body force (from the 

EPTM). Three turbines (one in the upstream row and two in the downstream row) can be seen in the 

example computation mesh shown in Figure 7-3. Also shown are the actuator regions representing the 

turbine blades and the shaft. 
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Figure 7-3. Portion of a typical grid used for the array simulations (plan view). Only one turbine in the 
upstream row and two turbines in the downstream row are shown.  

 Scenario 1 - High Global Blockage Ratio 

 Effects of lateral inter-turbine spacing 

Five inline turbines arranged in a row have been simulated to examine the effect of spacing on turbine 

performance (see Figure 7-4): T1 to T5 represent the five turbines used in the simulation; L1 represents the 

distance between the inlet of the simulation domain and the center of the turbine; L2 is the distance between 

the turbine and the domain exit; H is the depth of the channel; W is the width of the channel; and, ί is the 

lateral spacing (inter-turbine spacing) between two adjacent turbines. Values used for the simulations are 

summarized in Table 7.5. Simulations were conducted for seven different lateral spacing (ὛȾὈ) ranging 

from 1.25D to 3.00D with increments of 0.25D. 

 

Figure 7-4. Sketch showing channel dimension and turbines spacing. 

 



 

 

Guideline for Simulating Hydrokinetic Turbine Arrays 70  

 

Table 7.5. Channel dimensions and various spacing for EPTM-CFX simulations 

ɓG D [m] L1 [m] L2 [m] W [m] H [m] S/D 

20% 6 60 180 102 6.62 1.25D to 3.0D with increment of 0.25D 

 
The power coefficients (Cp) for each individual turbine are plotted in Figure 7-5. As expected (see Section 

6.3.1), smaller inter-turbine spacing leads to higher power production. It is also observed that the middle 

turbines (T2, T3, and T4) generate more power due to their relatively higher effective local blockages. This 

result is consistent with the findings of  (Nishino and Willden 2012b), who discovered that at high blockage 

ratios, the efficiency increases monotonically as intra-turbine spacing is decreased. 

 

Figure 7-5. Power coefficients of the individual turbine at various spacing with a 20% blockage ratio. 

Figure 7-6 and Figure 7-7 illustrate the contours of streamwise velocity for turbine spacings of 1.25D and 

3.0D, respectively. The components of streamwise velocity are normalised with Ὗ . The flow between 

adjacent turbines was accelerated, and as the turbine spacing was decreased (resulting in a higher local 

blockage ratio), the acceleration between adjacent turbines increased. This accelerated flow, as illustrated 

in the subsequent sections, can be used to increase the output of a turbine if it is placed in the downstream 

gaps in a staggered configuration. In addition, the wake recovers more rapidly when the lateral spacing is 

greater. 
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Figure 7-6. Streamwise velocity contours of velocity field on the horizontal plan passing the turbine center 
for ɓG=20%. Top: S=1.25D, Bottom: S=3.00D.  

 

 

 

 

Figure 7-7. Streamwise velocity contours of the vertical plane passing the turbine center for ɓG=20%. Top: 
S=1.25D, Bottom: S=3.00D 

In order to study the effects of blockage ratios, supplementary simulations were conducted at a relatively 

lower global blockage ratio of ɓG=10%. Figure 7-8 and Table 7.6 show the average power for all turbines at 

seven different turbine spacings. The simulations demonstrate that the power output is greater when the 
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global blockage is greater and decreases as the lateral spacing increases. This indicates that both high 

global and local blockage ratios can be advantageous for power generation. 

 

Figure 7-8. Total power and drag coefficients for two blockage ratios of 10% and 20% at 7 different 
turbine spacing.  

Table 7.6. Total power for 7 different turbine spacing for two blockage ratios of 10% and 20%. 

Spacing G̡=10% G̡=20% 
S/D [-] Cp [-] Cp [-] 
1.25 0.49 0.59 
1.5 0.48 0.58 
1.75 0.47 0.57 

2 0.46 0.56 
2.25 0.46 0.55 
2.5 0.46 0.55 
3 0.46 0.55 

 

 

 Effects of Multiple Rows 

To reduce the footprint of a turbine array, configurations with multiple rows of turbines can be implemented. 

Multiple rows of turbines are arranged in tandem (turbines are aligned longitudinally in the streamwise 

direction) or staggered in order to examine the effects of inter-row spacing on turbine performance and 

energy extraction using the EPTM. Depending on the river's size and the number of turbines deployed, 

turbine arrays installed in a river may experience a wide range of blockage ratios. In this section, the EPTM 

was applied to configurations where turbines are arranged in a staggered configuration to study the effects 

of turbine inter-row spacing on turbine performance and energy extraction.  

Figure 7-9 illustrates the simulation domain, the turbine arrangement, and several geometrical and physical 

parameters with a turbine diameter (D) of 6m, a domain width (W) of 11.15D, and a domain height (H) of 

1.86D. The turbine configurations vary depending on the value of x/D: for x/D=0, all nine turbines are 
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arranged in a single row, whereas for other values of x/D, five turbines (T1 to T5) are arranged in the 

upstream row and four turbines (T6 to T9) are arranged in the downstream row. The global blockage ratio 

for the single-row configuration is 32.4%, while the global blockage ratios for the upstream and downstream 

rows of the two-row configurations are 18.0% and 10.8%, respectively. 

 

Figure 7-9. Staggered turbine arrangement and simulation domain. Downstream turbines are represented 
by dashed lines. 

 

 

Figure 7-10. Streamwise velocity contour on the mid-span horizontal plane for x/D = 6. 

Figure 7-10 illustrates high-speed bypass regions formed by the localised flow acceleration in the gap 

between two upstream turbines. The turbines in the downstream row can be positioned within the region of 

accelerated flow to capitalise on the higher flow speeds and increase power output. 

Figure 7-11 provides a summary of the power output of turbines with inter-row spacings of 0D, 2D, 4D, 6D, 

8D, and 10D. In addition to the power generated by each individual turbine, the average per-turbine power 

for each inter-row spacing and a trend line for the average power are provided. In comparison to the 

staggered configurations, the one-row configuration produced the highest average power. When all turbines 

are arranged in a single row, the blockage ratio is greater than that of the two-row configuration, resulting 

in a higher configurational average power output. In two-row configurations, a smaller inter-row spacing 

(i.e., x/D = 2) resulted in a greater average power coefficient than larger inter-row spacings. In a two-row 

configuration, the power coefficients of the downstream turbines are typically greater than those of the 
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upstream turbines because the downstream turbines take advantage of the flow acceleration between the 

gaps between the upstream turbines.   

 

 

Figure 7-11. Power coefficients for staggered configurations with 6 different inter-row spacing. Values of 
average power coefficients for each scenario indicated with text labels. 

 Scenario 2 ï Low Global Blockage Ratio 

 Effects of lateral inter-turbine spacing 

Using the EPTM, seven turbines arranged in a single row were simulated to determine how the distance 

between turbines impacts turbine performance.  

Figure 7-12 illustrates a sketch of the numerical channel as well as its essential dimensions. The turbines 

are represented by T1 through T7. L2 is 70D while L1 is 10D. H = 1.6667 and w = 21.6. The global blockage 

ratio is 8.75%. In the EPTM simulations, ten lateral turbine spacings are considered: S = 1.25D, 1.50D, 

1.75D, 2.00D, 2.50D, 3.00D, 3.50D, 4.00D, 4.50D, and 5.00D, with ɓL values of 0.36, 0.30, 0.26, 0.23, 0.18, 

0.15, 0.13, 0.11, 0.10, and 0.09, respectively. 

Table 7.7 provides a summary of the power coefficients for individual turbines and the average power 

coefficient for all turbines, based on the lateral spacings. In general, a smaller inter-turbine lateral spacing 

results in a higher power output, while a larger lateral spacing results in a lower power output. This trend is 

similar to that observed for high global blockage ratios. 
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Figure 7-12. Sketch of the inline configuration with seven turbines in the row. 

Table 7.7. Power coefficients for individual turbines for the various lateral spacings. 

S/D Cp T1 Cp T2 Cp T3 Cp T4 Cp T5 Cp T6 Cp T7 Cp Overall 
1.25 0.5337 0.5553 0.5637 0.5657 0.5626 0.5531 0.5281 0.5517 

1.5 0.5205 0.5399 0.5478 0.5494 0.5459 0.5366 0.5148 0.5364 

1.75 0.5107 0.5287 0.5361 0.5377 0.5341 0.5248 0.5046 0.5252 

2 0.5028 0.5197 0.5268 0.5283 0.5246 0.5156 0.4965 0.5163 

2.5 0.4902 0.5054 0.5118 0.5130 0.5096 0.5012 0.4841 0.5022 

3 0.4819 0.4952 0.5008 0.5018 0.4988 0.4914 0.4764 0.4923 

3.5 0.4763 0.4876 0.4923 0.4930 0.4905 0.4843 0.4717 0.4851 

4 0.4729 0.4820 0.4855 0.4860 0.4840 0.4793 0.4694 0.4799 

4.5 0.4717 0.4779 0.4801 0.4803 0.4790 0.4760 0.4698 0.4764 

5 0.4727 0.4753 0.4759 0.4757 0.4752 0.4743 0.4738 0.4747 

 

 Effects of Multiple Rows (Tandem)   

7.5.2.1 Tandem configurations with 2 turbines   

 
The downstream turbine (T2) was positioned 8, 10, 12, 15 or 30 turbine diameters behind the upstream 

turbine (T1). The relationship between the turbine effective velocities, V2*/V1*, and power coefficients, 

Cp2/Cp1, is visualized in Figure 7-13. The results indicate that T2's effective velocity was 80% of T1's at a 

streamwise separation distance of 8D. T2's effective velocity increased to 95% of that of T1 at 30D. T2's 

output is therefore 52% of that of T1 when situated 8D downstream and 87% of T1 when situated 30D 

downstream. 
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Figure 7-13. Effect of turbine spacing on effective velocity ratios and power coefficient ratios. 

7.5.2.2 Tandem configurations with multi-rows of turbines   
In a series of simulations, 16 turbines were arranged in tandem configurations with four rows of four turbines 

each. With this configuration, the downstream turbines are precisely aligned with the upstream turbines in 

the streamwise direction. Figure 7-14 illustrates a sketch of the turbine configuration, in which the distance 

(x/D) between each row is constant. T1 through T16 indicate the number of turbines employed in the 

simulation; L1 was 10D, L2 was 70D, H was 1.667D, and w was 21.6D. Four cross-stream distances (S) 

and three inter-row distances (x) were simulated between turbines: S = 1.50D, 2.00D, 2.50D, and 3.00D 

and x = 8D, 11D, and 15D. The minimum x of 8D was chosen because if the inter-row spacing is too small, 

the downstream turbines will be severely impacted by the turbulent, non-stationary flow of the wakes 

produced by the upstream turbines. This can lead to low efficiency, low output, and fluctuating load on the 

turbines downstream. In all simulations, the global blockage ratio for each row was 5%, while the local 

blockage ratios for the four cross-stream spacings of 1.50D, 2.00D, 2.50D, and 3.00D were 0.30, 0.225, 

0.18, and 0.15, respectively. 

 

Figure 7-14. Tandem configuration with 4 rows of turbines and 4 turbines in each row. 
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On the basis of the power coefficients obtained from each of the 16 turbines, a weighted average for each 

row was computed to compare their performance (see Table 7.8). Note that Cp row1, Cp row2, etc. refer 

to the averaged coefficients of power per row. In Table 7.8, the ratio of Cp row2 to Cp row1 is also provided. 

The row-averaged power coefficients are plotted in Figure 7-15. The plots demonstrate that the power 

coefficients decrease with each consecutive row downstream, with the most downstream row having the 

smallest power coefficient. 

Table 7.8. Average power coefficients for 4-row tandem configurations 

S/D x/D Cp row1 Cp row2 Cp row3 Cp row4 Cp row2/Cp row1 Cp overall 
1.5 8 0.4861 0.2376 0.1866 0.1457 0.4887 0.2640 

1.5 11 0.4922 0.2677 0.2004 0.1493 0.5439 0.2774 

1.5 15 0.4957 0.292 0.2107 0.1527 0.5891 0.2878 

2 8 0.4774 0.2412 0.2236 0.2019 0.5051 0.2860 

2 11 0.4823 0.2776 0.2455 0.2099 0.5756 0.3038 

2 15 0.4853 0.3089 0.2618 0.2151 0.6365 0.3178 

2.5 8 0.4718 0.2367 0.2249 0.2111 0.5017 0.2861 

2.5 11 0.4758 0.2733 0.2484 0.2232 0.5745 0.3052 

2.5 15 0.4784 0.3051 0.2674 0.2328 0.6379 0.3209 

3 8 0.4677 0.2325 0.2234 0.2101 0.4972 0.2834 

3 11 0.4711 0.2695 0.2465 0.2224 0.572 0.3024 

3 15 0.4732 0.3009 0.2651 0.2324 0.636 0.3179 

 

 

Figure 7-15. Power coefficients for 4-row tandem configurations with 3 different inter-row spacings. 
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Separate plots (Figure 7-16) were generated with constant inter-row and cross-stream spacings in order to 

gain a better understanding of how performance varies based on spacing. The three plots at the top of 

Figure 7-16 illustrate the variation of power coefficients with cross-stream turbine spacing for three distinct 

inter-row spacings. Figure 7-16's bottom three plots represent, for four distinct cross-spacings, how power 

coefficients vary with inter-row spacing. The solid lines represent row-average power coefficients, whereas 

the dashed lines represent the overall array power coefficient, which was calculated by averaging the power 

coefficients of all turbines in the array. 

Results from simulations indicate that for all simulated lateral spacings (S/D = 1.5, 2.0, 2.5, and 3.0), 

increasing the inter-row spacing (from x/D = 8 to x/D=15) led to an increase in array performance. This is 

because a larger row spacing places the downstream turbines at a greater distance from the upstream 

turbines, allowing the downstream turbines to recover energy from the surrounding flow via the wake 

created by the upstream turbines. This resulted in greater velocities at the downstream turbines in 

simulations where the row spacing was increased.  

In order to achieve a high overall turbine efficiency (dashed lines), it was determined that a minimum lateral 

spacing of 2.0D was required, as opposed to 1.5D. However, an increase in lateral spacing did not result 

in a significant increase in turbine efficiency (across all turbines). It appeared that a lateral spacing of 2.5D 

was optimal for the tandem configurations considered (up to x/D = 15), and increasing the lateral spacing 

further did not improve performance. This is illustrated in Figure 7-17, which shows the contours of the 

streamwise velocity component at the turbines' mid-span. As seen in the upper left image of Figure 7-17 

(S/D=1.5), there is a lateral component of the upstream wake that can result in a downstream turbine being 

subjected to the wake from multiple upstream turbines, i.e. a downstream turbine is impacted not only by 

the wake produced by an immediate upstream turbine but also by that produced by an adjacent upstream 

turbine. This effect diminishes as the cross-stream spacing increases, resulting in improved performance 

of the downstream turbines. 

Furthermore, Figure 7-16's solid lines reveal that the steepest negative slopes exist between rows 1 and 2. 

This indicates that the greatest decrease in turbine performance occurs in row 2, which is approximately 

half as efficient as row1 (see the 2nd last column of Table 7.8 for detailed values). In addition, a general 

trend of downstream turbines being less efficient than upstream turbines was observed. 

Finally, the effect of local blockage ratio is visible in the solid lines in the three bottom plots of Figure 8.16. 

When S/D increases from 1.5 to 3, the power coefficient for the first row of turbines, which is only exposed 

to an undisturbed flow, decreases monotonically (thereby decreasing the local blockage). In addition, it is 

demonstrated that the optimal power coefficient is achieved when the cross-stream spacing is 2.5D and 

the maximum inter-row spacing is 15D. This may be attributable to a larger cross-stream spacing helping 

to reduce or eliminate the (negative) impact of the neighbour wake. However, a very large cross-stream 

spacing does not benefit from a high local blockage, which explains why the optimal coefficient does not 

necessarily occur at the largest cross-stream spacing simulated, S/D = 3.0. 
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Figure 7-16. Power coefficients for 4-row tandem configurations: Top with 3 constant inter-row spacings; 
Bottom with 4 constant cross-stream spacings.  

 



 

 

Guideline for Simulating Hydrokinetic Turbine Arrays 80  

 

 

 

Figure 7-17. Contour of streamwise velocity components in the horizontal plan at mid-height of the turbine 
with x/D = 8 and 4 cross-stream spacing: Top left-S/D = 1.5; Top right-S/D = 2.0; Bottom left-S/D=2.5; and 

Bottom right-S/D=3.0. 
 

 Effects of Multiple Rows (Staggered) 

CFX-EPTM simulations are performed for low global blockage ratios to investigate the effect of various 

turbine spacings on the array performance, which includes configurations with 2 rows and 4 rows of 

turbines. Figure 7-18 illustrates the simulation domain and turbine configurations, with the turbines divided 

into two groups: the upstream group, which consists of turbines T1 to T7, and the downstream group, which 

consists of turbines T8 to T14. L1 was set to 10D and L2 was set to 80D in these simulations. 

 

Figure 7-18. Sketch of a staggered configuration with four rows of turbines. 
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7.5.3.1 Staggered configurations with two rows of turbines   
In order to determine an adequate inter-row spacing, simulations were performed with three values of x1/D: 

2.0, 4.0 and 6.0 at four cross-stream spacings (S/D) of 2.5D, 3.0D, 3.5D and 4.0D. Cross-stream spacings 

smaller than 2.5D were not tested because that would create a situation where the turbines in the 

downstream row are located in the wakes of upstream row. The resulting row-averaged power coefficient 

from the simulations are listed in Table 7.9 and presented in Figure 7-19. The ratios of Cp row2 to Cp row1 

are also provided in Table 7.9.  

The simulation results indicate that row2 generally offers superior performance to row1. Nearly all power 

coefficients for the downstream row are 10% greater than those for the upstream row for the simulated S/D 

values. This demonstrates that the downstream turbines benefit from the accelerated flow speeds between 

the gaps of the upstream turbines. Particularly, the greatest performance improvement (19.35%) was 

realised when the turbines were positioned at a relatively close distance of 2D between rows. 

Table 7.9. Average power coefficients for staggered configurations with two rows. 

S/D x/D Cp row1 Cp row2 Cp row2/ Cp row1 Cp Overall 

2.5 2 0.4598 0.5488 1.1935 0.4979 

2.5 4 0.4663 0.5111 1.0961 0.4855 

2.5 6 0.4718 0.4809 1.0192 0.4757 

3 2 0.4622 0.5469 1.1833 0.4985 

3 4 0.464 0.5242 1.1298 0.4898 

3 6 0.468 0.5112 1.0924 0.4865 

3.5 2 0.464 0.541 1.1658 0.4970 

3.5 4 0.4622 0.5215 1.1282 0.4876 

3.5 6 0.4651 0.5113 1.0995 0.4849 

4 2 0.4653 0.5339 1.1475 0.4947 

4 4 0.4608 0.5176 1.1233 0.4851 

4 6 0.4628 0.5085 1.0988 0.4824 
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Figure 7-19. Power coefficients for two row staggered configurations with three different inter-row 
spacings. 

Figure 7-20 also illustrates the power coefficients for staggered two-row array configurations. These graphs 

demonstrate that as the inter-row spacing increased, the performance increase of the downstream row 

(compared to the upstream row) decreased. Therefore, a small inter-row spacing of x/D = 2 produced the 

highest turbine performance downstream. This is advantageous because the turbine array will require less 

space while producing more energy. In addition, it was determined that 6D is the maximum acceptable 

spacing for the staggered second row. For spacings greater than 6D, the second-row performance 

improvement was diminished. 

It was determined that cross-stream spacing does not significantly affect performance as long as it falls 

within a reasonable range. For example, as long as the cross-stream spacing is large enough so that the 

downstream turbines are not located in the wakes of the upstream turbines, but not so large that the flow 

acceleration between the gaps of the upstream turbines is reduced. All four simulated cross-stream 

spacings appeared to fall within a reasonable range. However, a cross-stream spacing of S/D = 3 generated 

the most power in the downstream row.  
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Figure 7-20. Average row power coefficients for the staggered 2 row array configurations: Top ï three 
constant inter-row spacings; and Bottom ï with four constant cross-stream spacings. 

7.5.3.2 Staggered configurations with four rows of turbines   
The results of the staggered two row arrays demonstrated that a relatively small inter-row spacing of 2D 

increased the power output of the row of turbines downstream by approximately 20%. Simulations 

previously discussed demonstrated that if downstream turbines are aligned with upstream turbines in the 

streamwise direction, the downstream row will require a sufficiently larger inter-row spacing to be energy 

efficient. Additional simulations were conducted for a series of four row staggered layouts with the following 

configurations: row spacing of 2D in each group (first group consisting of rows 1 and 2, and second group 

consisting of rows 3 and 4), and group spacings of 15D, 30D, 45D, and 60D (see Figure 7-18). Also 

simulated were seven cross-spacings (S/D = 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, and 7.0). 

The numerical simulations' outcomes are summarised in Table 7.10. Included in Table 7.10 are the average 

power coefficients for each row, the average power coefficients for each group, the ratio between the 
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average power coefficients for groups two and one, and the average power coefficient for all simulated 

turbines. Figure 7-21 also shows the power coefficients against cross-stream and inter-row spacing. 

Table 7.10. Average power coefficients for staggered array configurations with four rows. 

S/D x/D Cp row1 Cp row2 Cp grp1 Cp row3 Cp row4 Cp grop2 Cp grp2/Cp grp1 Cp Overall 
2.5 15 0.4568 0.5442 0.4943 0.257 0.2686 0.2620 53.00% 0.3781 

2.5 30 0.4594 0.5487 0.4977 0.2862 0.323 0.3020 60.68% 0.3998 

2.5 45 0.4596 0.5489 0.4979 0.3032 0.3441 0.3207 64.42% 0.4093 

2.5 60 0.4596 0.5488 0.4978 0.3111 0.3536 0.3293 66.15% 0.4136 

3 15 0.4593 0.5429 0.4951 0.3122 0.3115 0.3119 62.99% 0.4035 

3 30 0.4617 0.547 0.4983 0.333 0.3596 0.3444 69.12% 0.4213 

3 45 0.4619 0.5472 0.4985 0.3417 0.3775 0.3570 71.63% 0.4278 

3 60 0.4619 0.547 0.4984 0.346 0.3864 0.3633 72.90% 0.4308 

3.5 15 0.4613 0.5369 0.4937 0.3316 0.3334 0.3324 67.32% 0.4130 

3.5 30 0.4634 0.5404 0.4964 0.3621 0.3828 0.3710 74.73% 0.4337 

3.5 45 0.4636 0.5405 0.4966 0.3695 0.3992 0.3822 76.98% 0.4394 

3.5 60 0.4636 0.5403 0.4965 0.3722 0.4072 0.3872 77.99% 0.4418 

4 15 0.463 0.531 0.4921 0.3344 0.3411 0.3373 68.53% 0.4147 

4 30 0.4648 0.534 0.4945 0.3745 0.3948 0.3832 77.50% 0.4388 

4 45 0.465 0.5341 0.4946 0.3857 0.4127 0.3973 80.32% 0.4459 

4 60 0.465 0.5339 0.4945 0.3895 0.4214 0.4032 81.53% 0.4489 

5 15 0.4647 0.5191 0.4881 0.3313 0.3407 0.3353 68.71% 0.4117 

5 30 0.4661 0.5209 0.4896 0.3768 0.3961 0.3851 78.66% 0.4373 

5 45 0.4662 0.5208 0.4896 0.3938 0.4177 0.4040 82.52% 0.4468 

5 60 0.4662 0.5210 0.4897 0.4026 0.4296 0.4142 84.58% 0.4519 

6 15 0.4654 0.5090 0.4841 0.3276 0.3368 0.3315 68.49% 0.4078 

6 30 0.4663 0.5100 0.4850 0.3740 0.3906 0.3811 78.58% 0.4331 

6 45 0.4663 0.5097 0.4849 0.3919 0.4124 0.4007 82.64% 0.4428 

6 60 0.4663 0.5099 0.4850 0.4025 0.4256 0.4124 85.03% 0.4487 

7 15 0.4655 0.5009 0.4807 0.3245 0.3331 0.3282 68.28% 0.4044 

7 30 0.4660 0.5012 0.4811 0.3712 0.3855 0.3773 78.44% 0.4292 

7 45 0.4660 0.5009 0.4810 0.3893 0.4069 0.3968 82.50% 0.4389 

7 60 0.4661 0.5011 0.4811 0.4002 0.4200 0.4087 84.95% 0.4449 
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Figure 7-21. Power coefficients for staggered array configurations with four rows of turbines with four 
different inter-row spacings. 

Figure 7-22 illustrates plots of the row-averaged power coefficients and the power coefficients averaged 

across all turbines in the array. Figure 7-22a and b demonstrate that, for each simulated cross-stream 

spacing, the overall performance improved as the group spacing increased. When the group spacing was 

60D, the ratios between the power coefficients of group 2 to group 1 (Cp grp2/Cp grp1) reached as high as 

85 percent. The greatest overall performance change occurred when x/D increased from 15 to 30. Beyond 

an x/D ratio of 30, the improvement in performance was not as dramatic. This indicates that a 30D group 

spacing is a reasonable compromise between array footprint requirements and power output. The results 

also indicate that, for a given group distance, the performance increased as the cross-stream spacing 

increased from 2.5D to 4D and decreased as it increased from 5D to 7D. On the basis of these findings, it 

can be concluded that the optimal cross-stream spacing lies between 4.0D and 5.0D. 

In conclusion, the advantages of staggering turbines in adjacent rows and packing turbines within rows are 

not distinct. Staggering turbines takes advantage of the accelerated flow through the gaps in the upstream 

row of turbines, which is affected by the size of these gaps, which are optimised to pack as many turbines 

in a row as possible. In the most extreme cases of extremely small or large gaps, there is likely little 

additional benefit to staggering. The optimal cross-stream spacing is approximately 4-5D, with a 

recommended group distance of 30D and inter-row spacing of 2D. 
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(c) 

 
(d) 

Figure 7-22. Average row power coefficients for staggered array configurations with four rows of turbines: 
a) and b) with four constant inter-row spacings, and c) and d) with four constant cross-stream spacings. 

 Comparison between the three types of configurations studied 

Table 7.11 compares the average power coefficients for the three array configurations simulating a low 

blockage ratio. The comparison configurations were selected based on the fact that they had a comparable 

number of turbines and array footprint. The three selected simulations were therefore the 7 turbine inline 

configuration, the 8 turbine tandem configuration with 2 rows of 4 turbines and an inter-row distance of 8D 

(minimum inter-row distance to avoid deficiency), and the 7 turbine staggered configuration with 4 turbines 

in the upstream row and 3 turbines in the downstream row and an inter-row spacing of 2D. 
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Table 7.11. Comparison of average power coefficients for the three simulated array configurations. 

S/D 1.25 1.50 1.75 2.00 2.50 3.00 3.50 4.00 4.50 5.00 

Cp: Inline -1 row-7 Turbines 0.5517 0.5364 0.5252 0.5163 0.5022 0.4923 0.4851 0.4799 0.4764 0.4747 

Cp: Tandem-2 row-InterRowSpacing8D  0.3619  0.3593 0.3543 0.3501     

Cp:Steggered-2-row- 
InterRowSpacing2D 

    0.4979 0.4985 0.4970 0.4974   

 
Figure 7-23 compares the power coefficients for the three array configurations that were chosen. Clearly, 

the average array efficiencies for staggered configurations are substantially higher than those for tandem 

configurations (0.50 vs. 0.35, or approximately 40% higher). It is also demonstrated that when the turbines 

are tightly packed with small turbine spacing (1.25D) in the inline configuration, the efficiency could be 10% 

higher (0.55 versus 0.50) than in the staggered configurations. 

The results concur with (Vennell), who stated that it is not evident that staggering turbines is preferable to 

arranging them in a single row when all turbines possess the same properties. However, staggered turbines 

are demonstrably superior to multiple rows of non-staggered turbines. 

 

 

Figure 7-23. Comparison of average power coefficients between the selected three different 
configurations. 
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 Effects of rotational directions of turbines 
When multiple turbines are deployed in a river or channel, whether they are deployed in-line, tandem, or 

staggered, there may be interactions between them, and the power produced by a turbine may be affected 

by adjacent turbines. This is especially true when the distance between turbines is minimal. In this 

subsection, simulation results of four configurations of two closely positioned turbines with the same lateral 

spacing of 1.25D but with different rotating directions will be presented in order to comprehend the effect 

of the turbine rotation direction on power production. Table 7.12 lists the four configurations as follows: 

turbines with an inward rotation direction (C1), turbines with an outward rotation direction (C2), turbines 

with a counter-clockwise rotation direction (C3), and a turbine with a clockwise rotation direction (C4). 

The outcomes of the simulations are summarised in Table 7.12. According to the simulation results, the 

inward configuration C1 produced the most power. Using the total power produced by C1 as a reference, 

C2 has the largest power deficit of 5.62% 

Table 7.12. Total power produced for various turbine rotation directions. 

Turbine configuration Direction of rotation Total Power [kW] Rel. Power diff. 

[-] 
Total Drag 

[kN]  

Rel. Drag diff . 

[-] 

C1 

 

2.41E+02 0.00% 1.87E+02 0.00% 

C2 

 

2.27E+02 -5.62% 1.80E+02 -3.79% 

C3 

 

2.34E+02 -2.60% 1.84E+02 -1.74% 

C4 

 

2.34E+02 -2.65% 1.84E+02 -1.78% 

 
Figure 7-24 illustrates the streamwise velocity contours at the horizontal midspan plane of the turbine for 

the four simulated configurations. The asymmetric distribution of force in the EPTM has caused wake 

deflections (small side components towards sidewalls depending on the turbine rotational direction). C3 

and C4 demonstrate that when the two turbines are rotating in the same direction, the deflection effect is 

quite noticeable. When the turbines are rotating counter-clockwise, the merged wakes deflect toward the 

upper sidewall, resulting in a larger streak of the free stream flow at the lower sidewall. When the pair of 

turbines are rotating counter-clockwise, the inverse occurs. Moreover, in both C3 and C4 the wakes 

combine with the free-stream flow, regain energy, and expand laterally. As shown in the top two images of 

Figure 7-24, when the turbines are rotating inward (C1), the combined wake expands laterally in both 

directions, creating a larger wake region than when the turbines are rotating outward (C2). In a two (or 

more) row array, the differences in wake characteristics caused by the turbine's rotational direction would 

have varying effects on downstream turbines. 
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Figure 7-24. Streamwise velocity contours at the mid-span plane. Configurations from top to bottom: C1, 
C2, C3, and C4. 

 Additional regular simulation results 
To evaluate the difference in power production in a rectangular channel with a cross-section of 26.25D in 

width and 1.71D in depth, a series of simulations comprised of fifteen turbines with different turbine 

configurations were performed. Five distinct configuration types (C1 to C5) were utilised, as displayed in 

Figure 7-25. C1 consists of a single row configuration with evenly spaced turbines and a 1.75D lateral 

spacing. C2 is a two-row staggered array configuration with eight turbines in the upstream row and seven 

turbines in the downstream row. The turbines have a lateral spacing of 3.5D and a row spacing of 5D. C3 

is also a staggered configuration, but the upstream row has nine turbines and the downstream row has six 

turbines, and every three turbines are grouped into a subarray with a 1.75D lateral spacing. C4 is a single-

row configuration with five subarrays containing three turbines each and 1.25D turbine lateral spacing. C5 

is a subarray with staggered lateral and subarray spacings of 1.25D and 2.75D, respectively. Table 7.13 

provides a summary of the global and local blockage ratios associated with each configuration. 
































































































































































