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SUMMARY 

The main goal of the project is to help accelerate the development of IEC TC114 standards and 

facilitate the development of MHK river projects in Canada and abroad.  This project goal was 

accomplished by working through a case study of a turbine array deployment in a Canadian river.   

Over the course of this project, the team successfully built up the capacity to model an array of Marine 

HydroKinetic (MHK) river turbines.  

A man-made channel along the Winnipeg River, downstream of the Seven Sister’s Dam in Manitoba, 

was selected as the site for the case study.  This channel is the site of the Canadian Hydrokinetic 

Turbine Test Centre (CHTTC) run by the University of Manitoba.  The site was selected because there 

is ample data available to calibrate and validate the computer models that have been developed as part 

of this project.  

A cross-flow type MHK turbine having a 6m diameter with 4.5m blades was selected for this study as 

the team had previous experience modeling and testing cross-flow turbines.  The turbine size was 

specified by considering the physical constraints of the channel. 

A simplified turbine model of the cross-flow turbine, named ETM for “effective turbine model”, was 

successfully developed using Star CCM+ software. The ETM model was compared to both 2D and 3D 

CFD simulations of the cross flow turbine. The ETM was shown to be capable of matching both the 

drag and power characteristics of an actual turbine within 5%, irrespective of the channel geometry 

which is a net improvement compared to usual porous disk methods. The wake generated by the 

simplified model, however, needs additional tuning to better represent wake generation and dissipation 

behind an actual turbine.   

The wake behind the 3D cross-flow turbine CFD model was analyzed to guide array row spacing.  The 

CFD model showed that the wake had fully recovered within 15 turbine diameters. A 20 diameter 

spacing is therefore deemed conservative. 

In parallel, a river model of the CHTTC site was created in Telemac 2D extending from the Seven 

Sister’s dam all the way to Lac du Bonnet.  The model was tuned to match physical data obtained from 

the Seven Sister’s dam, flow measurements taken using an ADCP at the CHTTC site and to elevation 

gauges located at Lac du Bonnet.  A high wall roughness setting was used in the man -made portion of 

the channel to tune the model to better match ADCP measurements.  This was necessary as detailed 

geometry for the channel walls was not available–smooth vertical channel walls were therefore 

assumed.   

The water elevations and discharge calculated by the Telemac model were used as inputs to drive a 

more detailed model of the CHTTC site created in Star CCM+. Turbines represented using a simplified 

turbine approach were placed in the model.  Three configurations were simulated: a single turbine 

deployed in the center of the channel, a row of three turbines staggered across the channel and two rows 

of three turbines, separated by a distance of 20 effective diameters.  The simulations demonstrated that 

a significant boost in power/turbine is achieved by placing multiple turbines across the channel.  The 

simulations also showed that deploying the second row of turbines upstream decreases the power 

production of the downstream turbines, with the turbine placed at the center of the downstream row 

being most strongly affected.   
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A Telemac-2D model was also run with the three above mentioned turbine configurations.  It was not 

possible to implement the ETM model using the aperture velocity as the turbine reference velocity.  The 

Telemac model therefore had difficulty predicting the power for dual row turbine array. 

This project therefore laid the foundation for studying MHK turbine river arrays. The team developed 

baseline modeling methods and identified the limitations of each modeling approach.  A series of 

identified improvements now need to be implemented to improve the robustness of the models and 

increase their accuracy. This work should then be followed by subsequent studies aimed at optimizing 

arrays.  The final objective is the development of numerical tools and guidelines that will be used to 

generate bankable performance predictions for individual turbines placed in arrays.   
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1 INTRODUCTION 

There is a growing international interest in using Marine Hydrokinetic (MHK) turbines to extract power 

from fast flowing rivers. 

Canada and the US have recently worked through a reconnaissance level study of major rivers to place 

an upper bound on the power generation potential.  The results of these studies help to narrow down 

reaches of rivers that may be suitable for power generation projects. More focused studies are currently 

underway to identify specific project sites.   

At this point in time, there is no methodology provided to translate predicted power potential for a 

stretch of river into actual extractable turbine power.  Moreover, there is a lack of basic guidelines for 

project developers to use when considering building out a site such as how power generation is affected 

by deploying turbines across a channel or what minimum spacing to use between rows of turbines.   

This knowledge gap needs to be closed in order facilitate the development MHK river projects in 

Canada and abroad. The insight gained from the river modeling, turbine modeling and array modeling 

work completed over the course of this project begins to close this knowledge gap. 
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2 PROJECT OBJECTIVES & SCOPE  

The International Electrotechnical Commission (IEC) is currently working on developing standards on 

turbine performance and hydrokinetic resource assessment in rivers (TC144 PT6200-30 and PT6200-

301). The main goal of this project is to help accelerate the development of these standards in order to 

facilitate the development of MHK river projects.  

The primary objectives of the project are defined as follows:  

 Compare the wake structure, dissipation length and level of turbine interactions between 

porous/drag elements that are currently used to represent turbines in turbine layout studies and 

actual 3D cross-flow turbines;  

 Develop guidelines for turbine spacing along the length of a river & associated power 

extraction; and, 

 Provide recommendations to the River Resource Assessment Standard and the River Turbine 

Performance Standard. 

The work was completed in three steps: 

1. Modelling of turbines using Star CCM+ CFD software to develop a correlation (in terms of 

drag, power production and wake generation) between complex models that take into 

account the complete turbine geometry and simplified turbine models based on actuator 

disk methods.  This was an important first step because at this point in time, it is only 

feasible to place simplified models of turbines into simulations of arrays in rivers due to 

computational constraints.  

2. Develop calibrated models using both Telemac and Star CCM+ software for a stretch of 

river suitable for hydrokinetic projects. The Winnipeg River in Manitoba, downstream of 

the Seven Sister’s dam was selected for this study. This is the site of the Canadian 

Hydrokinetic Turbine Test Centre.  

3. Introduce an array of turbines into the river models with inclusion of a turbine array and 

calculate power generation and quantify wake effects. The array was represented by the 

simplified representation of turbines developed in step 1.  

Cross-flow type turbines were selected as a test case for this project given the group’s experience with 

modelling, tank-testing and field-testing these types of turbines. 
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3 SELECTION OF RIVER FOR TEST CASE 

A critical aspect of this project was to develop an understanding of the interaction between turbines 

placed in a real river and the upstream and downstream river flow. 

The first step was to select a stretch of river to serve as a case study for this project. Table 3-1 

summarizes the rivers initially considered. With the exception of the Winnipeg River, the NRC had 

previously studied all of these rivers. 

After a careful review of the candidate rivers considered for the study, the man made channel 

downstream of the Seven Sister’s Dam on the Winnipeg River, Manitoba, was selected as a test case.  

This is the location of the Canadian Hydrokinetic Turbine Test Centre (CHTTC).  The main reasons for 

selecting this site was that it is a simple channel with a relatively constant depth and width and long 

straight sections.  The added complexity of a unique and complex shoreline, for example, would made 

it much more challenging to develop generalized guidelines for array spacing.  In addition, focusing on 

the Winnipeg River will benefit the companies and researchers working on turbine deployments and 

resource assessments at the CHTTC 

There is 50 years of discharge data available from Manitoba Hydro for the channel.  The CHTTC and 

Mavi have also recently completed flow speed measurements in the channel using an ADCP that can be 

used to calibrate computer models of the river.  

Table 3-1:Rivers Considered as a case study for this project 

River Description 

St-Lawrence River near Cornwall, On High discharge rate, wide and complex because flow splits 

between north and south passages.  Good site for real 

projects, but too complex as a case study for this project.  

Pembina River, MB Limited data available but the river is likely too small in 

terms of discharge, has slow speed flows and is shallow. 

St Clair and Detroit Rivers, ON Both rivers are wide and would require large arrays to have 

significant impact on the flow.  Possibly good sites for real 

projects, but not ideal for a case study for this project. 

Saguenay River, QC The river is shallow and wide through Saguenay but deeper 

and faster sites may exist up river.  The river has a tidal 

influence therefore adding an extra level of complexity that 

makes it not ideal for this project. 

Rainy River, ON Lacks a long enough stretch to lay out an array 

Magaguadavic River, NB Too small of a river to lay out an array.  

Winnipeg River, MB CHTTC site downstream of Seven Sister’s.  Long straight 

stretch of river (~800m), ~50-70m wide, ~10m deep.  Ideal 

as a test case for laying out an array of turbines. 
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4 TELEMAC RIVER MODEL OF CHTTC  

The following sections explain the methodology used to develop a river model for the purposes of 

conducting a feasibility level study for a hydrokinetic project.  

4.1 METHODOLOGY 

For this project, the project team is applying the latest draft version of the Technical Specification for 

the assessment and characterization of river hydrokinetic energy resources. For completeness, a 

summary of the Technical Specification is provided in Section 4.2. 

NRC-OCRE is currently representing Canada in the international project team IEC TC114 PT62600-

301 for the development of the Technical Specifications for the assessment and characterization of river 

hydrokinetic energy resources. The Technical Specification provides: 

 Methodologies that ensure consistency and accuracy in the determination of the theoretical 

river energy resource at sites that may be suitable for the installation of River Energy 

Converters (RECs) or Marine Hydrokinetic (MHK) turbines; 

 Methodologies for producing a standard velocity distribution based on measured, historical, or 

numerical data, or a combination thereof, to be used in conjunction with an appropriate River 

Energy Power Performance Assessment; 

 Allowable data collection methods and/or modelling techniques; and 

 A framework for reporting of results. 

4.2 METHODOLOGY FOR RIVER HYDROKINETIC RESOURCE ASSESSMENT 

The Technical Specification is divided in four main components:  

1. Site Identification and Approach 

2. Flow Duration Curves 

3. Velocity Duration Curves  

4. Energy Production 

These four components are described in detail in the following sections. 

4.2.1 Project Site Identification and Approach 

The project site is defined as the portion of the river in which River Energy Converters (RECs) or 

Marine Hydrokinetic (MHK) turbines and their entire supporting infrastructure are located. The impact 

site is defined as the portion of the river in which the flow is directly altered by the presence and 

operation of the REC or MHK. There is no required methodology for identifying particular project 

sites. The Technical Specification assumes that a project site has already been identified although some 

or all of the methods outlined in the document can be used for the purpose of project site identification. 

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

scale of the resource at the project location and the availability of data of sufficient quality and duration. 

Different types of approaches may be undertaken; the exclusive use of measured data or numerical 

model simulations used in conjunction with direct measurements for model calibration and verification 
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is not necessary. A combination of measurements and numerical models may be used for providing the 

required data for different parts of the resource assessment. 

The flowchart shown in Figure 4-1 outlines the methodology for performing the resource assessment. 

The flowchart documents the multiple viable pathways through the methodology (centre of flowchart) 

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

goals of the resource assessment, the ovals represent the optional steps to obtain these goals and the 

curved rectangles represent the required measurements for supporting each step of the process. 

 

Figure 4-1: Flowchart outlining the methodology for the river resource assessment  
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4.2.2 Flow-Duration Curve 

The flow-duration curve (FDC) is a cumulative frequency curve that shows the percent of time the 

specified discharges were equalled or exceeded during a given period. It combines in one curve the 

flow characteristics of a stream throughout the range of discharge, without regard to the sequence of 

occurrence. The Technical Specifications recommend using at least 10 years of measured discharge and 

stage data to produce a FDC. If discharge and stage measurement data of sufficient duration and quality 

are not available, regional hydrological modelling is necessary to provide a FDC.  

4.2.3 Velocity Duration Curves 

Similarity to the FDC, the velocity-duration curve (VDC) is a cumulative frequency curve that shows 

the percent of time specified velocities were equalled or exceeded during a given period. The 

relationship between the river discharge and the corresponding velocity at each REC or MHK location 

needs to be determined to create the VDC. 

The Technical Specifications mentions the VDC can be estimated from direct hydrodynamic 

measurements if:  

1. The sum of total blockage area for all RECs is less than 5% of the average channel cross-

section area within the project site;  

2. Each REC has at least 10 rotor diameters downstream spacing; and,  

3. No flow modification for enhancing the power is incorporated.   

For larger projects, VDC and the river hydrokinetic resource needs to be assessed by hydrodynamic 

modelling including the effect of energy extraction, with appropriate verification by measurement. 

The model inputs and required data collection methods for the hydrodynamic modelling are provided in 

the Technical Specifications.  

The model must have sufficient grid resolution to resolve individual REC locations.  

The model may have separate calibration parameters for different flow conditions; however, the model 

needs be validated for each calibration set with independent direct measurements of the velocity at an 

individual REC location for two different discharges.  

The hydrodynamic model needs to be run for at least 15 different discharge conditions thereby allowing 

for the creation of the corresponding VDCs. If required, the effect of energy extraction shall be included 

within the model for these simulations producing the VDC. 

4.2.4 Energy Production  

The recommended method for calculating the annual energy production of an array of RECs is achieved 

by combining the VDC outputs from the previous section with the REC performance assessment power 

curves. The power curve determines the power (  ) produced by the REC for the velocity (  ) 

associated for the i
th
 bin. The width of each discretized bin for the VDC represents the proportion of 

time each velocity bin occurs for the particular month or year of interest. 

The energy production (EP) of each REC should be derived according to the following equation: 
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         (Eq.1) 

where:  

EP is the expected energy production in kWh for the REC; 

Nh is the number of hours in a year; 

RECA  is the expected REC availability; 

NB  is the total number of velocity bins in the VDC; 

          is the power in kW from the REC ‘power curve’ associated with the i
th
 velocity 

bin of the VDC; 

   is the velocity in m/s of the i
th
 bin of the VDC; 

     is the width of the i
th
 bin for the VDC given as a decimal probability; 

The availability (RECA) should be derived from operational experience, or in the absence of such, by 

assumption of the REC manufacturer guaranteed availability prescription if available. 

4.3 WINNIPEG RIVER CHARACTERISTICS AND DATA COLLECTION 

4.3.1 Project Domain 

The Winnipeg River flows from Lake of the Woods (Ontario) to Lake Winnipeg (Winnipeg). The river 

is 235 kilometres long and is broken up by eight hydroelectric dams (i.e Pointe du Bois Generating 

Station at Pointe du Bois, Seven Sisters Falls Generating Station at Seven Sisters). The site of interest 

for this project is downstream (or at the tailrace) of the Seven Sister’s Dam on the Winnipeg River in 

the man-made channel. This channel was created during the construction of the Dam and it is 

approximately 50 m in width and 10 m in depth in solid bedrock. This site is currently the location of 

the Canadian Hydrokinetic Turbine Test Centre (CHTTC). Figure 4-2 shows the project domain with 

key features. 
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Figure 4-2: Project domain with key features 
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4.3.2 Coordinate Systems and Datum 

The common Canadian Geodetic Vertical Datum (CGVD28) is employed as vertical datum. All 

elevation data were either provided or converted to this datum. All elevations in this document reported 

at this datum unless otherwise stated. 

The NAD83 (CSRS) UTM Zone 14N is employed as coordinate system. All geographic information 

system (GIS) data were either provided or converted to this coordinate system. All coordinates in this 

document reported in this coordinate system unless otherwise stated. 

For the hydrodynamic model, geographic information system (GIS) data were translated by 

         m in the eastern axis and by            m in the northern axis to avoid truncation errors in 

the simulations. The model and most pre- and post-processing tools uses 4-byte float numbers, which 

contains only seven significant digits of precision. 

The international System of Units (SI) is employed in the study unless otherwise stated. 

4.3.3 Aerial and Satellite Photographs 

Aerial and satellite photographs were provided by map services including Google Map, Bing Map and 

ArcGIS Imagery. Photographs were digitized and georeferenced, if necessary, to the correct coordinate 

system.     

4.3.4 Hydrometric Data 

Hydrometric data were obtained from a number of sources to generate the FDC at the project site and to 

calibrate/validate the hydrodynamic model. Hydrometric data were obtained from the following 

sources: 

 Environment Canada – HYDAT hydrometric Database (ec.gc.ca) 

 Manitoba Hydro (Lynn Doerksen, personal communication) 

Figure 4-2 shows a map of the region with the EC hydrometric stations and the Manitoba Hydro Dam. 

Three flow gauges and two level gauges are shown in the figure. 

4.3.4.1 Stream Flow Data and Flow Duration Curve 

There are two rivers contributing to the flow downstream of the Seven Sisters Dam:  

 Winnipeg River  

 White Mouth River 

Manitoba Hydro has substantial continuous flow records of the Winnipeg River at the Seven Sisters 

Dam since 1955. Manitoba Hydro has provided to NRC-OCRE: 

 Daily-averaged flow measurements at the powerhouse and spillway from 1955 to present; and, 

 Hourly-averaged flow measurement at the powerhouse and spillway from 2004 to present. 

Environment Canada has continuous records with the HYDAT database since 1942 for the 

White Mouth River. All streamflow is reported as daily averages.  

Figure 4-3 presents the FDC for the Winnipeg River station while Table 4-1 shows a range percentile 

flows for both stations.  

http://www.ec.gc.ca/
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The following procedure was used to develop the FDC: 

1. Sort and rank-order the flow data (i.e., assign 1 to the highest flow and n to the lowest flow 

assuming n observations in the record). 

2. Calculate the exceedance probability for each flow as , where i is the rank. 

3. Plot F on the x axis and flows on the y axis; a smoothed curve can be drawn if appropriate. 

Usable turbine flow rate depends on the velocity in the channel and the REC’s performance power 

curves. For simplification, usable turbine flow rate was assumed to be between the 30
th
 and 90

th
 

percentile flows. 

 
Figure 4-3: Flow Duration Curve on the Winnipeg River at Seven Sisters Dam 

Table 4-1: Usable turbine flow rate on the Winnipeg River and White Mouth River at Seven Sisters Dam 

Flow 
Exceedance 
Percentile 

Winnipeg 
River 

Daily Flow 
(cms) 

White Mouth 
River 

Daily Flow 
(cms) 

 
Flow 

Exceedance 
Percentile 

Winnipeg 
River 

Daily Flow 
(cms) 

White Mouth 
River 

Daily Flow 
(cms) 

90% 500 0.4  58% 830 5 

86% 565 0.6  54% 865 6 

82% 605 0.8  50% 900 8 

78% 640 1.1  46% 930 10 

74% 675 1.4  42% 970 13 

70% 715 1.8  38% 1005 18 

66% 755 2.4  34% 1045 23 

62% 790 3.3  30% 1100 29 

)1/(100  niF
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4.3.4.2 Water Level Data 

Environment Canada has continuous records with the HYDAT database since 1943 for Lake level at 

Lac du Bonnet, which is located downstream of Seven Sisters Dam on the Winnipeg River. All water 

levels are reported as daily averages. In addition, water level records were obtained at the tailrace of the 

Seven Sisters Dam since 1955 to present from Manitoba Hydro. Stage-discharge relationship are shown 

in Figure 4-4 and Figure 4-5 for both gauges. 

Levels at Lac du Bonnet does not fluctuate a lot (within 30 cm) with respect to discharge and is mainly 

controlled by the McArthur hydroelectric dam. Tailrace levels at the Seven Sisters Dam do fluctuate 

with respect to discharge as well as the season. There is high probability that ice processes on the banks 

and in the river is decreasing the conveyance of the channel and thus, changing the hydraulic properties 

of the river. Higher levels are often required during the winter months to release the same amount of 

water as compared to the summer months. Although this is an important river characteristic, it was 

ignored in this study during the river resource assessment. It is recommended in future studies to 

include the effect of ice and other influential features in the resource assessment. 

 

Figure 4-4: Stage-Discharge relationship at Lac 

du Bonnet 

 

Figure 4-5: Stage-Discharge relationship at 

Seven Sisters Dam Tailrace  

4.3.5 Bathymetry Data, Digital Terrain Model and Shoreline Data 

Bathymetry data were obtained from a number of sources to generate a digital terrain model (DTM). A 

digital terrain model is topographic and bathymetric model of the bare earth and riverbed that can be 

manipulated by computer programs. The data files contain the spatial elevation data of the terrain in a 

digital format, which usually presented as a rectangular grid or triangular mesh. Vegetation, buildings 

and other man-made (artificial) features are removed digitally - leaving just the underlying terrain. The 

elevation data sources included: 

1. Nautical Charts published by the Canadian Hydrographic Services (CD RM-CEN11) 

2. Bathymetric survey from the Canadian Hydrokinetic Turbine Test Center (CHTTC) 

(Amir Birjandi and Eric Bibeau, personal communication) 
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The raster format of the Nautical Charts were digitized and georeferenced to NAD83 (CSRS) UTM 

Zone 14. Bathymetric survey from CHTTC was converted to NAD83 (CSRS) UTM Zone 14 from the 

geographic coordinate system NAD83 (CSRS). Each dataset referenced different vertical datum and 

were converted to CGVD28. 

4.3.6 Velocity Measurements 

CHTTC has characterized the near surface flow velocity distribution at the CHTTC site using a 

Horizontal ADCP (H-ADCP). Measurements were taken at 24 sections between July 14 and July 16, 

2015. Details on the sections are described below: 

 The first 10 sections focused on the calibration and accuracy of the ADCP data (July 14). 

 The next 10 sections focused on the velocity distribution profile in the man-made channel 

(July 15) 

 The last 4 sections focused on monitoring the velocity distribution around a turbine designed by 

Mavi Innovations (July 16). 

The averaged water level and the averaged discharge rate for the three days are summarized in the 

Table 4-2. Water level and discharge measurements were taken by Manitoba Hydro at the generation 

station. 

Table 4-2: Averaged water level and discharge rate during ADCP measurements 

Date Averaged Water Level (m) Averaged Discharge (cms) 

July 14 256.15 950 

July 15 256.20 1038 

July 16 256.29 1135 

 

CHTTC developed a depth-averaged velocity map using the H-ADCP measurements. Nine of the 

sections were spatially interpolated throughout the man-made channel to provide a two-dimensional 

depth-averaged velocity distribution. The results are shown in Figure 4-6. It should be noted that this 

figure does not show a snapshot of the velocity field at a particular time but an ensemble averaged field. 

Each velocity section was taken at a different time and date with a different discharge and water level 

measurements. Understandably, this figure is hard to understand because of the time variable. A 

snapshot of the velocity field at a particular time is feasible. However, it requires velocity 

measurements at different sections at the same time, often expensive because of the requirement of 

multiple H-ADCP and additional resources.  
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Figure 4-6 Depth-average velocity in the man-made channel at the CHTTC site 

4.3.7 Velocity Duration Curve 

The velocity duration curve (VDC) can be developed using the same procedure used to develop the 

FDC as described in Section 4.3.4. However, velocity measurements are often limited in terms of 

spatial and temporal resolution, which captures velocity at different locations (x, y, z) and discharge 

rates. A hydrodynamic model is often the best solution to transform a FDC to a VDC at each REC 

location; what results is a transfer function relating the discharge to the velocity. The following section 

describes the development of the hydrodynamic model. 

4.4 MODEL DEVELOPMENT 

4.4.1 Solver 

The Telemac2D and Telemac3D solvers from the Telemac System (v7.0) were selected to solve the 

shallow water equations and Navier-Stokes equations, respectively. The Telemac System was originally 

created by the Laboratoire national d’hydraulique et environment d’Électricité de France (EDF) but is 
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now managed by a consortium of core organizations under the OpenTelemac-MASCARET umbrella 

(www.openTelemac.org). 

4.4.2 Domain and mesh 

The model domain includes the Winnipeg River between the powerhouse tailrace at the Seven Sisters 

Dam and Lac du Bonnet. The domain does not include the spillway outfall region for two reasons:  

 Land consists of jagged bedrock and rough topography and is not suitable for MHK; and, 

 Turbulence and chaotic behavior of flow does not affect the downstream hydrodynamics near 

the White Mouth River junction.  

For similar reasons, the reach of the White Mouth River upstream of the junction was not included in 

the model. The model domain is shown in Figure 4-7. 

The Telemac2D and Telemac3D solvers require a mesh to discretize the physical system into a set of 

numerical triangular elements, often referred to as unstructured grid. The unstructured grid allows the 

size of the elements to vary in space; where a fine mesh allows proper representation in the model of 

certain fine details such as flows around bridge piers or jetties, while a coarse mesh is less accurate in 

the representation of these details, but results in a smaller number of elements requiring less computing 

time. 

The default edge length of the triangular elements was set to 25 m. The mesh was refined in the tailrace 

channel (3 m), at the junction (10 m) and at the bridge piers (3 m). The mesh was only coarser in the 

Lake (100 m).  

The model does allow flooding which means it is able to solve for wet, semi-wet and dry elements, and 

thus enable to simulate the shoreline. Wet elements at boundaries are treated as vertical walls. Vertical 

walls are only located in the man-made channel at the CHTTC site. 

4.4.3 Boundary Conditions 

The model has five boundary conditions:  

 Flux from the Dam’s powerhouse;  

 Flux from the Dam’s Spillway gates;  

 Flux from the White Mouth River;  

 Water level from Lac du Bonnet; and  

 Solid walls.  

All flux boundary conditions are influx, velocity vectors are normal to the boundary and its norm is 

proportional to the square root of the virtual water depth computed from the lower point of the free 

surface at the boundary. Boundary conditions are shown in Figure 4-7. 

http://www.opentelemac.org/
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Figure 4-7: Model domain and boundary conditions 

4.4.4 Bridge Piers 

Bridge piers within the Winnipeg River required explicit description in the 2D hydrodynamic model. 

There are three approaches to properly represent bridge piers in the model: 

1. Refine mesh to a resolution that it can take the physical shape of the bridge pier; 
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2. Assign a very high bed roughness coefficient; or, 

3. Add momentum sinks at the bridge piers. 

All the approaches have advantages and disadvantages. In this study, the easiest approach, approach 2, 

was selected since the study is not focused on accurately simulating flows near the bridge piers but to 

only capture the energy lost. In the model, bridge piers had a Manning’s roughness coefficient of 100. 

4.4.5 Calibration and Validation 

Model calibration was achieved through an iterative process of varying the channel roughness (bed and 

sidewalls) until values computed by the model reproduced as closely as possible the observed values. 

Values consist of water level and flow patterns. Model and observed water levels were compared at the 

gauges positioned at the tailrace of the Seven Sisters Dam and at the Lac du Bonnet. Model and 

observed flow patterns were compared in the man-made channel where the ADCP measurements were 

taken.  Graphical tools and statistics were used to compare modelled and observed values. 

4.4.6 Flow Scenarios 

Six periods were selected from the available hydrometric data. These data sets observe a period of near 

steady-state for at least 3 days with a standard-deviation of within (insert value). As mention in Section 

4.3.4, ice processes during the winter months can have an influence on the hydrodynamics between Lac 

du Bonnet and the Seven Sisters Dam. For calibration and validations purposes, winter months from 

November to April were removed from the available datasets. In total, six flow conditions ranging from 

low flows (approximately 500 m
3
/s) to a high flows (approximately 1000 m

3
/s) were simulated and 

compared to observed data. Characteristics of each flow event are shown in Table 4-3. 

Table 4-3 Calibration and validation scenarios 

Scenario Date 
Flow (m

3
/s) 

Powerhouse Spillway White Mouth River Total 

Cal_504 2012-02-04 504 0 0.6 505 

Cal_590 2007-12-06 590 0 0.5 591 

Cal_700 2013-07-30 700 0 2 702 

Cal_800 2013-06-12 800 0 9 809 

Cal_900 2008-06-17 900 0 23 923 

Cal_994 2014-07-03 994 0 0.6 995 

Val_950 2015-07-14 950 233 27 1210 

Val_1038 2015-07-15 1038 118 24 1180 

Val_1135 2015-07-16 1135 30 24 1189 

4.4.7 Roughness Zones 

Channel roughness was spatially divided into different zones based on the characteristics of the bed and 

turbulence of the flow, which have an impact on energy loss and water level. The domain was divided 

into five different zones. The domain consists of two regional zones that capture the Winnipeg River 

and the tailrace channel and three local zones at the bridge piers. 
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Bed roughness is expected to be independent with flow rates. Although bed roughness is sometimes 

dependent on seasonal changes (i.e vegetation growth), it was not considered in this study. Further 

analysis would be required to obtain seasonal bed roughness, if applicable.    

Turbulence, combination of horizontal momentum and vertical eddy diffusivities, may change, perhaps 

with trends of increasing values with increasing flow rates. Techniques such as regularized inversion 

may assist in identifying unique parameter combinations that calibrate the model. However, these 

techniques are often not practical in the field. In this study, roughness due to turbulence was assumed to 

be independent with flow rates. 

4.4.8 Calibration and Validation Results 

Differences in water level between measured and modeled were computed for each flow scenario. In 

addition, the mean and standard deviation of the water level differences were calculated. The model 

was calibrated and validated to within 0.1 m at all sites with a standard deviation of 0.1 m. Calibration 

and validation results are presented in Figure 4-8. A line of 1:1 was drawn in the figure to show the 

general relationship between the methods and help identify discrepancy of results. The figure also 

shows two dashed lines representing the standard deviation of ±0.1 m. 

 

Figure 4-8: Measured and modeled tailrace level during calibration and validation. Label at each point 

represents the flow scenario. 

4.4.9 Velocities: Measured vs. Modelled 

Modeled velocities from Scenario 1135 were visually compared with the corresponding H-ADCP 

measurements as discussed in Section 4.3.6. Figure 4-9 shows the measured and modeled velocities in 

the man-made channel at the CHTTC site. Note that the comparison could be improved if the measured 

depth-averaged velocity dataset was available. 
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Overall, the model is in good agreement with the H-ADCP measurements. During calibration and 

validation, it was realized that the rock protrusions on both banks of the channel (sidewall roughness) 

has a big impact on the velocities. Although the flow should be more bias along the west bank after the 

river bend, the rock protrusion decreases the velocity along the bank and forces the flow towards the 

center of the channel. Velocities near the banks are around 0.5 m/s compared to 2.0 m/s in the middle of 

the channel. Maximum velocities are located in the middle of the channel before the river bend; both 

measured and modeled maximum velocity is 2.5 m/s.  

4.4.10 Calibrated Roughness Values 

The bed roughness and sidewall roughness were calibrated to a Manning’s roughness coefficient of 

0.015 and 0.1, respectively. The roughness value for the sidewall is substantial, and much higher than 

expected, but necessary to account energy losses on the banks due to bedrock protrusions. 

 

Figure 4-9: Measured and modelled velocities 

4.5 THEORETICAL ANNUAL ENERGY PRODUCTION 



Quantifying extractable power in a stretch of river using an array of MHK turbines March 31st, 2016 

Prepared for: Marine Renewables Canada Mavi Innovations Inc. et al  28 

 

Theoretical annual energy production is the amount of energy in the river without the implementation 

of turbine(s), often called gross power. This is achieved by computing the VDC/PDC without 

integrating the REC’s power curve. The theoretical annual energy production (AEP) in the river is 

derived according to the following equation: 

    
           

 

  

   

    (Eq.2) 

where:  

   
   is the annual energy production in Wh/m

2
; 

   is the number of hours in a year; 

NB  is the total number of velocity bins in the VDC; 

  is the density of water (1000 kg/m
3
); 

   is the velocity in m/s of the i
th
 bin of the VDC; 

     is the width of the i
th
 bin for the VDC given as a decimal probability; 

         is the number of hours in a year for the i
th
 bin; 

The width of each discretised bin for the VDC represents the proportion of time each velocity bin 

occurs for the particular year of interest. It is recommended in the Technical Specification that the 

hydrodynamic model needs to be run for at least fifteen (15) different discharge conditions thereby 

allowing for the creation of the corresponding VDCs. As mention in Section 4.3.4, sixteen (16) 

discharge conditions were selected between 30
th
 and 90

th
 percentile flows based on the usable turbine 

flow rate. Note that the theoretical AEP it not limited to the usable turbine flow rate therefore extra runs 

could be simulated to capture the 0
th
 and 30

th
 percentile flows, and the 90

th
 and 100

th
 percentile flows. In 

this study however, the 30
th
 and 90

th
 percentile flows were used to cover the missing range, 

respectively. 

The hydrodynamic model was used to simulate the sixteen flow conditions. As shown in Figure 4-4, 

McArthur hydroelectric dam mainly controls the level at Lac du Bonnet and it is not dependent on the 

Winnipeg River discharge rate. An average level of 255.0 m was used during the sixteen simulations. 

White Mouth River only contributes less than 3% of the flow therefore it was ignored during the AEP 

calculations. 

Figure 4-10 shows the theoretical AEP at the CHTTC site and the Pinawa bridge. Similarly to the 

measured and modelled velocities shown in Figure 4-9, most of the hydrokinetic energy if found in the 

centre of the channel at the CHTTC site. The maximum theoretical AEP in the channel is 42 MWh/m
2
. 

There are also high-energy hot spots located near the Pinawa Bridge where the maximum theoretical 

AEP is around 70 MWh/m
2
. This is not surprising since the width of the river is shorter and requires 

higher velocity to transfer the same amount of flow, often called the Bernoulli principle.  It should be 

noted that the bathymetry in that region is coarse therefore, AEP calculations could be refined in further 

studies. 
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The annual AEP of the channel is around 15 GWh. In perspective, the average annual electricity 

consumption per household in the US and Canada is around 10 MWh. If we assume 25% blockage with 

60% turbine efficiency, the river could support in theory 225 houses. This estimate will be further 

refined in the following section. 

Table 4-4: 16 Discharge conditions and number of hours in a year for each discharge conditions. 

Discharge 

Scenario 

(j) 

Flow 

Exceedance 

Percentile 

Winnipeg 

River 

Daily Flow 

(cms) 

White Mouth 

River Daily 

Flow (cms) 

Lac du 

Bonnet Level 

(m) 

# of hours 

in a year 

(    

 100% - - - 876 

1 90% 500 0 255.0 350.4 

2 86% 565 0 255.0 350.4 

3 82% 605 0 255.0 350.4 

4 78% 640 0 255.0 350.4 

5 74% 675 0 255.0 350.4 

6 70% 715 0 255.0 350.4 

7 66% 755 0 255.0 350.4 

8 62% 790 0 255.0 350.4 

9 58% 830 0 255.0 350.4 

10 54% 865 0 255.0 350.4 

11 50% 900 0 255.0 350.4 

12 46% 930 0 255.0 350.4 

13 42% 970 0 255.0 350.4 

14 38% 1005 0 255.0 350.4 

15 34% 1045 0 255.0 350.4 

16 30% 1100 0 255.0 350.4 

 0% - - - 2628 
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Figure 4-10: Theoretical annual energy production at the CHTTC site and at the Pinawa Bridge 
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4.6 TECHNICAL ANNUAL ENERGY PRODUCTION 

Technical annual energy production is the amount of energy in the river with the implementation of 

turbine(s), often called extractable power. The Technical Specification recommends that the technical 

AEP may be estimated from computing the theoretical VDC/PDC with the integration of the turbine’s 

power curve if: 

 the sum of the turbines frontal area is less than 5% of the average channel cross-sectional area 

within the project site; 

 each turbine has at least 10 rotor diameters downstream spacing; and, 

 no flow modification for enhancing the power is incorporated. 

For other conditions, the technical AEP needs to be assessed by hydrodynamic modeling including the 

effect of energy extraction, with appropriate verification by measurements. The act of harvesting energy 

from natural condition will disturb the underlying river hydrodynamics and potentially the sediment 

dynamics as well. This has implications locally in terms of altered flow fields in the immediate vicinity 

of the turbine (e.g., the downstream wake generated by the device, changes in eddy patterns) and 

potentially far-field impacts (e.g., increased water-surface elevations upstream, flow diversions from 

the project site). The technical AEP assessment should also be considering the impact of various levels 

of energy harvesting and subsequently assess the proposed development with an understanding of the 

energy extraction impacts.  

4.6.1 Methodology for incorporating energy extraction in river models 

Incorporating energy extraction in the numerical model facilitates the assessment of technical AEP for 

the proposed array development and helps understanding the hydrodynamic impacts of the energy 

extraction.  A parametric equation is required, embedded in the numerical model, which captures the 

essential operational characteristics of the proposed technology and acts as an appropriate energy sink. 

The Telemac solver simulates the removal of energy by turbines through a reduction in momentum, 

often called drag force, where the devices are situated and according to device performance metrics. 

The drag force of a turbine may be defined through the following equation: 

     
 

 
           (Eq.3) 

Where    is the drag force along the central axis of the turbine,   is the fluid density,   is the area of 

the turbine,    is a drag coefficient, and    is a reference velocity along the central axis of the turbine. 

The reference velocity    is particularly important when modelling turbines with Telemac-2D/3D, 

because when a turbine constructor calibrates the drag coefficient this velocity is usually taken at a 

position where the flow is not disturbed by the presence of the turbine (e.g upstream). Therefore using 

the velocity at the position of the turbine will usually generate the wrong drag force. Further detail on 

the application on the drag force equation in the Telemac-2D is explained in Joly et al (Joly, Pham, & 

Andreewsky, 2015). 
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In theory, the power extracted by a turbine is given through the following formula: 

   
 

 
      

      (Eq.4) 

where   is the extracted power and    is power coefficient. However, this equation does not provide 

the efficiency of the turbine. The amount of useful energy harvested from the river system is computed 

using the power curves from IEC TS 62600-200. The power curve determines the power (  ) produced 

by the turbine for a given velocity (  ), hence    (  ). 

No modification was done in the turbulence closure scheme used in the Telemac river model. Although 

there has been studies in the field of wind turbines in terms of predicting sources of turbulence intensity 

and its dissipation rate values, these values may not be directly transferrable to river turbine devices. 

Values may vary depending on the density and viscosity between media, the existence of the free 

surface, and the effects of the device on downstream turbulence (e.g., the difference between 

horizontal- and vertical-axis turbines).  

Due to the lack of information on the parametric turbulence values, the Telemac-2D/3D does not 

accurately simulate the wake behind the turbine. To increase accuracy, it would require modelling in 

detail each components of the turbine and calibrating the parametric turbulence values that yield results 

with a sufficiently close match to the wake characteristics of a single turbine device. However based on 

experimental work (Stallard & Collings, 2011), the model should be valid 10-15 diameters downstream 

of the turbine device even without the calibrated parametric turbulence values. 

The reference velocity,    in (Eq.3) and (Eq.4) assumes free-stream flow speed where the flow is not 

disturbed by the presence of the turbine device. This generally remains true for a single device or one 

row of devices where the sum total blockage area for all turbines is less than 5% of the average channel 

cross-sectional area within the project site. For multiple rows of turbines and/or blockage above 5%, the 

above methodology is generally not adequate and could misrepresent the power extraction and wake 

generation. The following sections (CFD and Simplified Turbine Modeling) describe the approach and 

methodology that accurately simulate an array of turbines in respect of wake generation and power 

extraction. Results from the technical annual energy production are shown in Section 7. 
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5 CFD TURBINE MODELING  

One of the primary objectives of this project was to develop a simplified turbine model that could be 

used with confidence for modeling turbine arrays in rivers.   Simulating multiple turbines with detailed 

modeling of the geometry (blades, shafts, etc) remains prohibitive in terms of computer requirements.  

The performance and wake characteristics of a single turbine needed to be quantified in detail prior to 

developing the simplified model.   

Most of the CFD simulation effort realized in this work has relied on 2D simulations, namely by taking 

a slice through the rotor (i.e., considering a rotor with infinitely long blades). This is a commonly used 

method for modeling straight bladed cross-flow turbines as full 3D simulations are very demanding and 

computationally expensive. Nonetheless, a few very important and significant 3D simulations of the 

rotor have been realized for comparison purposes and accurate wake characterization. The following 

sections present the numerical methodology used and the main results, first in 2D then in 3D. 

5.1 2D TURBINE MODEL 

In order to produce reference data for the development of a simplified turbine model, 2D CFD 

simulations were performed on a single turbine unit for a range of tip speed ratios under three different 

levels of confinement (i.e blockage ratios). 

5.1.1 Geometry 

The turbine geometry was provided by MAVI. It is a scaled up version (6.56:1) of a turbine MAVI 

tested at the NRC towing tank in Newfoundland. A 6.0 m diameter turbine was selected for this project 

because a row of 3 turbines placed across the river at the CHTTC site would take up a substantial 

portion (~15% blockage) of the channel cross-section. The modeled turbine dimensions and parameters 

are provided in Table 5-1.  

Table 5-1 Turbine dimensions and characteristics 

Parameter Dimension/Characteristic 

Diameter, D 6.0 m 

Blade length, b 4.5 m 

Number of Blades, N 3 

Blade Profile NACA 63-021 

Chord Length, c 0.428 m 

Shaft Diameter, ds 0.31 m 

Solidity, σ=Nc/R 0.428 
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5.1.2 Boundary Conditions & Turbine Operating Conditions 

Figure 5-1 shows the CFD domain dimensions and boundary conditions used for these 2D validation 

simulations. To characterize the level of confinement, we introduce the blockage ratio   defined as the 

ratio of the turbine frontal area to the channel cross-section area (      in 2D). 

The velocity is prescribed at the domain inlet as well as the turbulent quantities (turbulent viscosity 

ratio of 10 and turbulent intensity of 1%). The averaged relative static pressure is imposed at the outlet 

boundary.  Symmetry planes (equivalent to slip walls) are used on the top and bottom boundary. Table 

5-2 details the turbine operating conditions simulated. The Reynolds number based on the turbine 

diameter is     
   

 
           . 

 

Table 5-2 Turbine operating points 

Parameter Values 

Inlet Velocity U0 = 2 m/s 

Blockage Ratio 5%, 20%, 40% 

TSR Range 
2.00, 2.25, 2.50, 2.75, 3.00, 

3.25, 3.50, 3.75 

 

 

 

Figure 5-1: Domain dimension and boundary conditions for the 2D CFD simulations 

5.1.3 CFD Methodology 

The finite-volume commercial code CD-Adapco StarCCM+ v10.06 is used as the CFD solver. In the 

CFD simulations, the blades, the hub and the outer fluid domain are meshed independently. They are 

combined together with the overset mesh technique that allows motion of the blades relative to the fixed 

fluid domain (see Figure 5-2). The simulations are run for about 15 turbine rotations with the last 10 

rotations using a finer timestep, namely 1800 timesteps per rotation. We use a URANS (Unsteady 

Reynolds Averaged Navier Stokes) approach with the k-w SST 2-equations turbulence model. The 

mesh refinement at the solid surfaces (blades and hub) leads to a        at the wall as required by the 

SST model. 
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Figure 5-2: The overset mesh technique allows independent meshing of the blades and turbine shaft 

 

5.1.4 Results 

The 2D CFD results are summarized in Figure 5-4 to Figure 5-6. The quantities of interest are  

 the cycle-averaged drag coefficient of the entire turbine, which is by definition the mean drag 

over one turbine rotation, normalized by the upstream dynamic pressure and the turbine frontal 

area A (equal to the turbine diameter in 2D). T is the rotation period; 

  
     

 
      

 

 
  

 
    

  
 

 the cycle-averaged power coefficient of the turbine, which is by definition the mean power 

extracted  over one turbine rotation, normalized by the kinetic energy flux through the turbine 

frontal area A (equal to the turbine diameter in 2D); 

  
    

 
      

 

 
  

 
    

  
 

 the cycle-averaged mean velocity through the turbine (coined the “aperture velocity”), where Q 

is the flow rate through the turbine and A is the turbine frontal area (equal to the turbine 

diameter in 2D). The location of the central cross-section where the aperture velocity is 

computed is shown in Figure 5-3: 
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Figure 5-3:  Instantaneous vorticity contours with streak lines and streamwise velocity vectors at the 

turbine central cross-section where the aperture velocity is computed 

 

 

Figure 5-4 Cycle-averaged drag coefficient vs tip speed ratio for the 2D turbine 

in three different blockage ratios. 
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Figure 5-5 Cycle-averaged power coefficient vs tip speed ratio for the 2D turbine in 

three different blockage ratios. 

 

As expected, the drag (Figure 5-4) and power extracted (Figure 5-5) increase with blockage for a given 

tip speed ratio due to the flow acceleration resulting from the increased confinement. This accelerated 

flow is apparent in the values of aperture velocity as shown in Figure 5-6. 

 

Figure 5-6 Cycle-averaged mean velocity through the turbine vs. tip speed ratio for 

the 2D turbine in three different blockage ratios. 
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In order to characterize a given turbine’s performance, one can provide its power and drag curves. 

Unfortunately, these are dependent on the blockage ratio as shown in Figure 5-4 and Figure 5-5. For a 

given tip speed ratio, a turbine at a blockage of 5% is not experiencing the same effective operating 

conditions as the same turbine in a 20% blockage due to the acceleration of the flow with blockage. It 

makes sense then to normalize the drag, power and tip speed ratio with the average flow through the 

turbine (the aperture velocity) instead of the upstream, unperturbed velocity. Once the aperture velocity 

   has been computed, we can normalize the power (  ) and drag (  ) coefficients with it as well as 

the tip speed ratio ( ).  

  
  

     
 

    

  
  

     
 

    

   
    

  
 

The advantage of normalizing the drag and power with the effective conditions at the turbine is 

the independence of results with regards to the level of confinement in which the turbine operates. 

This is apparent in Figure 5-7 and Figure 5-8 where the normalized drag and power data respectively 

fall on unique curves when plotted against the effective tip speed ratio. The collapse of the drag and 

power curves on unique curves is globally excellent with the only exception being on the normalized 

power curve at very high blockage (40%) where the discrepancy goes up to 5% when high effective tip 

speed ratios are considered. 

 

 

Figure 5-7 Normalized cycle-averaged drag coefficient vs effective tip speed ratio for 

the 2D turbine in three different blockage ratios. 
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Figure 5-8 Normalized cycle-averaged power coefficient vs effective tip speed ratio for the 

2D turbine in three different blockage ratios. 

To characterize a turbine with its effective power and drag curves will be useful for the development of 

simplified turbine models in Section 6. 

5.2 3D CFD MODEL  

A direct extension of the 2D turbine to 3D has been performed. In the latter, the blades and the shaft of 

the turbine are modeled without any supporting arms and associated connections. The blades and shaft 

span is 4.5 m corresponding to a turbine aspect ratio (Span/Diameter) of 0.75 (see Figure 5-9).  

The simulations were performed at the same diameter based Reynolds number (10.7 M) and boundary 

conditions as the 2D case.  

It should be noted that the blockage ratio is defined as the ratio of the turbine frontal area to the channel 

cross section. This leads to different domain aspect ratio in 2D and 3D for a same blockage ratio.  

The 3D simulations were performed for three values of tip speed ratios (TSR=2.5, 3.0, 3.5) for two 

different blockage ratio conditions (1.7% and 20%). Each simulation is run for 8 turbine rotations, the 

first 4 rotations with a time refinement of 500 timesteps per rotation and the last 4 rotations with 1000 

timesteps per rotation (slightly coarser than in 2D to maintain computing cost reasonable, nonetheless 

sufficient for good accuracy). The total number of cells is 62 M. Simulations were run on 256 to 384 

processing cores on the Colosse supercomputer at Laval University, part of the national platform from 

Compute Canada. 
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Figure 5-9: 3D turbine geometry 

Drag and power coefficient results are plotted against tip speed ratio in Figure 5-10 and Figure 5-11. 

The computed aperture velocity is provided in Figure 5-12. The effective drag and power coefficients 

vs. effective tip speed ratio (normalized with the aperture velocity) are provided in Figure 5-13 and 

Figure 5-14. The normalized curves are again essentially independent of blockage, supporting the 

conclusions drawn based on  the 2D results. 

 

Figure 5-10 Cycle-averaged drag coefficient vs tip speed ratio for the 3D turbine  

at two different blockage  ratios. 

3D 
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Figure 5-11 Cycle-averaged power coefficient vs tip speed ratio for the 3D turbine  

 

 

Figure 5-12 Cycle-averaged mean velocity through the turbine vs. tip speed ratio  

  

3D 

3D 
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Figure 5-13 Normalized cycle-averaged drag coefficient vs. effective tip speed ratio for  

 

 

Figure 5-14: Normalized cycle-averaged power coefficient vs. effective tip speed ratio for the 3D turbine at two 

different blockage ratios. 

 

5.3 TURBINE PERFORMANCE: 2D VS 3D 

3D 

3D 
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To perform full 3D CFD simulations is very computationally expensive. It is therefore important to 

understand the limitations of simplifying the turbine model down to 2D.  

Table 5-3 compares the 2D and 3D turbine performance for three different operation points (TSR=2.5, 

3.0 and 3.5) at a blockage ratio of 20%.  

For the operating points considered, the 2D simulations tend to over predict the turbine drag by about 

5% and power by approximately 10% when compared to their 3D equivalent.  

The resulting aperture velocity is very similar between 2D and 3D predictions in the cases of TSR=2.5 

and 3.0 (agreement within 1%). However, this agreement is likely to vary over the operating TSR range 

as inferred from the 5% discrepancy observed at TSR=3.5. 

Table 5-3 Comparing the performance predictions of 3D CFD and 2D CFD 

TSR = 2.5 
 2D 3D % difference 

Drag coefficient - CD 0.977 0.927 -5.1 % 

Power coefficient - CP 0.547 0.493 -9.9 % 

Aperture velocity – V* 0.688 0.695 1.0 % 

CD* 2.063 1.921 -6.9 % 

CP* 1.678 1.469 -12.5 % 

CD*/CP* 1.229 1.31 6.6 % 

TSR = 3.0 
 2D 3D % difference 

Drag coefficient - CD 1.114 1.052 -5.6 % 

Power coefficient - CP 0.591 0.525 -11.2 % 

Aperture velocity – V* 0.608 0.607 -0.2 % 

CD* 3.014 2.854 -5.3 % 

CP* 2.630 2.345 -10.8 % 

CD*/CP* 1.15 1.22 6.1 % 

TSR = 3.5 
 2D 3D % difference 

Drag coefficient - CD 1.192 1.137 -4.6 % 

Power coefficient - CP 0.578 0.501 -13.3 % 

Aperture velocity – V* 0.544 0.515 -5.3 % 

CD* 4.030 4.279 6.2 % 

CP* 3.596 3.661 1.8 % 

CD*/CP* 1.12 1.17 4.5 % 

5.4 WAKE CHARACTERISTICS – 2D VS 3D 

Accurately modeling the general characteristics of the wake (velocity deficit, kinetic energy and 

turbulence) is critical when considering the problem of optimizing turbine placement within an array. 

Ultimately, the simplified turbine model that will be used for modeling arrays in rivers (see Section 6) 

should provide the adequate wake characteristics. The reference for the latter is provided by the full 

CFD simulations of the turbine.  

Obviously differences will arise between the modeled 2D and 3D wake structures. These differences 

are quantified in the present section for one operating point (TSR=3, blockage ratio = 20%). 
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5.4.1 Methodology 

A refined mesh in the wake region is needed in order to avoid excessive numerical diffusion. The wake 

behind the single turbine unit has been refined up to a distance of 15 turbine diameters downstream of 

the turbine center/shaft. Figure 5-15 presents the whole computational domain with the levels of 

refinement for the 2D case. The 3D mesh with its refined wake region is illustrated in Figure 5-16 and 

Figure 5-17. 

 

Figure 5-15: 2D CFD mesh with refined wake region and details of the spatial resolution 

 

Figure 5-16  Complete 3D domain showing the extent of the refined wake 
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Figure 5-17 Close-up of the 3D turbine, with mesh slices showing refinement around the blades and the hub. 

In the present wake characterization study, the priority is to retrieve the averaged physical quantities 

that we want to ultimately reproduce with a simpler turbine model.  

The wake of the turbine is, however, unsteady in the full CFD simulations as shown in Figure 5-18. In 

the latter, the velocity deficit is thus non-uniform both in space and time.  

With the present URANS (Unsteady Reynolds-Averaged Navier Stokes) approach, the relatively large 

unsteady fluctuations within the wake are captured. This is suitable in the present situation where the 

cycle-averaged velocity deficit, energy and turbulence are of interest in order to develop a simplified 

steady turbine model. If the objective was to characterize the fine unsteady fluctuations within the 

wake, a DES (Detached Eddy Simulation) or LES (Large-Eddy Simulations) approach would have been 

more suited although more computationally expensive. 

 

Figure 5-18:  Instantaneous vorticity field showing the blade tip vortices and the turbulent wake mixing. 
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A visual and quantitative comparison of the 2D and 3D wakes for the turbine operating at a TSR=3 and 

blockage ratio of 20% is provided in Appendices A1-A8. The interested reader is invited to take some 

time consulting those Appendices. The averaged field quantities were computed over at least 4 turbine 

rotations in order to damp unsteady fluctuations in the wake associated to relatively long time scales 

relative to the turbine’s period of rotation. 

The quantities of interest to characterize the wake (to serve as reference for the development of a 

simplified turbine model) are: 

 The mean streamwise velocity relative to the upstream velocity (bypass flow and velocity 

deficit); 

 The mean streamwise momentum flux relative to the upstream condition (proportional to the 

streamwise velocity squared and relevant to the drag that would be perceived by an 

hypothetical downstream turbine); 

 The mean kinetic energy flux relative to the upstream condition (proportional to the cube of 

the streamwise velocity and relevant to the power that would be produced by an hypothetical 

downstream turbine); 

 The mean turbulent kinetic energy and turbulent viscosity ratio. 

5.4.2 Summary of Results 

The level of recuperation of the averaged velocity is provided in a side-by-side comparison between 2D 

and 3D results through cut planes contours and streamwise rakes in Appendix A1 and A4. The results 

show a maximum bypass flow velocity ratio (relative to the upstream flow velocity) of 1.22 for the 2D 

case and 1.18 for the 3D case. In 2D, the minimum averaged velocity ratio along a centerline 

downstream of the turbine is 0.23 at 2.3 turbine diameters downstream of the turbine center. In the 3D 

case, the minimum velocity ratio along such a centerline is 0.28 located at 1.8 turbine diameters 

downstream of the turbine center.  

The velocity contours in Appendix A1 show notable differences in the structure of the 3D wake 

compared to its 2D equivalent. In 3D, the wake recovers faster notably due to the re-energization 

induced by the bypass flow in the spanwise direction (as shown in the X-Z view). The presence of blade 

tip vortices also contribute to the additional mixing, thus re-energization, of the wake.  

The wake asymmetry (drift from centerline) is more pronounced in 3D than in 2D. In 3D, the flow 

resistance induced by the turbine is more important in the radial region where the blades motion 

opposes the flow direction. This leads to an asymmetry in the spanwise bypass flow distribution (visible 

in Figure 5-19), which in turn accentuates the wake asymmetry. 
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Figure 5-19:  Cycle-averaged streamwise component of velocity contours on a plane cut located at a distance of 

1D downstream of the turbine center. 

In Appendix A4, the level of recuperation of the mean streamwise velocity is quantified at different 

stations downstream of the turbine for both the 2D and 3D cases. To do so, the surface-averaged 

streamwise velocity is computed at each section, on a surface equivalent to the turbine frontal area. The 

results are also compiled in Table 5-4.  

Appendix A2 and A5 present figures and results pertaining to the mean streamwise momentum flux. 

Appendix A3 and A6 present figures and results pertaining to the mean kinetic energy flux. 

Table 5-4 Level of wake recuperation vs downstream distance to the turbine 

 

 

 

 

 

Downstream 

distance 

Mean X 

Velocity ratio  

(u/U0) 

Mean X 

momentum 

flux ratio 

(~u
2
/U0

2
) 

Mean kinetic 

energy flux 

ratio (~u
3
/U0

3
) 

2D 3D 2D 3D 2D 3D 

1 D 0.420 0.477 0.188 0.272 0.089 0.188 

5 D 0.362 0.828 0.139 0.717 0.056 0.648 

8 D 0.540 0.920 0.360 0.855 0.304 0.803 

10 D 0.801 0.972 0.690 0.948 0.691 0.927 

15 D 0.873 0.995 0.767 0.990 0.739 0.985 
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5.4.2.1 Mean X Velocity ratio   

In 2D, the mean streamwise velocity in the turbine wake drops until x/D = 5 where it is only 36% of the 

upstream velocity. In contrast, the faster re-energization of the 3D wake leads to a recuperation of 83% 

of the upstream velocity at x/D=5.  

At x/D=10, that mean streamwise velocity has recovered to 80% in 2D and 97% in 3D. 

At x/D=15, corresponding to the limit of the refined wake in this study, the mean streamwise velocity in 

2D has recovered to 87% while it has completely recovered in 3D. 

5.4.2.2 Mean X momentum flux ratio   

In 2D, the X-momentum flux (or dynamic pressure available) in the turbine wake drops until x/D=5 

where it is only 14% of the upstream available dynamic pressure. In contrast, the faster re-energization 

of the 3D wake leads to a recuperation of 72% of the upstream available dynamic pressure at x/D=5. 

At x/D=10, the dynamic pressure available has recovered to 69% in 2D and 95% in 3D. 

At x/D=15, corresponding to the limit of the refined wake in this study, the dynamic pressure available 

in 2D has recovered to 77% while it has completely recovered in 3D. 

5.4.2.3 Mean kinetic energy flux ratio 

In 2D, the kinetic energy flux (or power available) in the turbine wake drops until x/D=5 where it is 

only 6% of the upstream available power. In contrast, the faster re-energization of the 3D wake leads to 

a recuperation of 65% of the upstream power at x/D=5. 

At x/D=10, the power available on a section equivalent to the turbine frontal area has recovered to 69% 

in 2D and 93% in 3D. 

At x/D=15, corresponding to the limit of the refined wake in this study, the power available in 2D has 

recovered to 74% while it has completely recovered in 3D.   

The re-energization of the wake is thus much faster in 3D stressing the need to use 3D simulation  for 

characterizing the turbine wake. 

5.5 CONCLUSIONS 

Considering one turbine unit, a 2D simulation tends to over predict the drag by approximately 5% and 

power by 10% when compared to the 3D results.  

Both 2D and 3D simulations show similar (within 5%) values of bypass flow velocity and flow rate 

through the turbine. However, the extent of the velocity and energy deficit downstream of the turbine 

tends to be significantly over predicted in 2D.  

2D CFD models are appropriate to estimate the flow rate through a turbine not operating in the wake of 

another turbine as well as to study the performance trends of an isolated turbine.  

On the other hand, 3D CFD models are necessary when considering arrays where turbines operate in 

the wake of other turbines. Of course, 3D CFD simulations of the full turbine are very computationally 

expensive. A simplified turbine model in a 3D computational domain therefore needs to be developed 
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for optimization of turbine arrays.  Such a simplified model of the turbine is investigated in the 

subsequent sections. 
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6 SIMPLIFIED TURBINE MODEL 

6.1 GOALS AND EXPECTATIONS 

The main goal of the simplified turbine model is to allow a reliable prediction of  

1. The performance of a turbine once deployed in an array, and  

2. The turbine’s impact on the resource in which it is deployed. 

The performance of a turbine can be characterized by the following three quantities: 

 the mean extracted power of the turbine    

 the mean drag of the turbine   

 the mean velocity passing through the turbine    (ie. aperture velocity) 

More specifically, the mean extracted power quantifies the mechanical energy that is taken out of the 

incoming flow when it passes through the turbine. It is this energy that is converted into shaft power by 

the turbine. The mean drag represents the mean resistant force opposing the incoming flow. The action 

of both the resistant force   and the mechanical energy extraction   results in a tendency of the flow to 

bypass the turbine. This has the effect of limiting the mean flow velocity passing through the turbine    

to a fraction of its upstream value   . 

Moreover, in order to predict the right impact on the resource, one needs to accurately reproduce the 

turbine’s wake. Essentially, it is the wake flow topology that needs to be mimicked, namely the mean 

velocity and pressure fields downstream of the turbine. This aspect is important due to its impacts on 

the accuracy of the predictions of the wake regeneration. 

The wake of a turbine is strongly affected by the values of   ,   and   , but also by the turbulence it 

generates. It is to be stressed out that this aspect of the turbine modelling is critical when considering 

turbines located downstream of others as the incoming flow characteristics affect directly the turbine 

performance. 

A simplified model predicting the right turbine behavior in a specific situation (i.e a given blockage 

ratio or channel geometry) is useful but limited in applicability.  

The objective is therefore to develop a simplified model of the turbine that will accurately predict 

power generation, drag and wake for a specific turbine irrespective of channel blockage or the 

shape/complexity of deployment location in the river.  

6.2 MAIN CHARACTERISTICS OF THE ETM AND PRM 

The simplified modelling approach chosen in this work is to represent the turbine in a CFD domain by a 

very thin prism region of same frontal area as the reference turbine inside which a body force    [N/m
3
] 

acts (Figure 6-1). Hence, in order to mimic the reference turbine performances with a simplified turbine 

model, one needs to express    correctly. 

This kind of modelling approach allows the numerical simulations to be a lot less costly as no solid 

bodies are present and thus no boundary layers need to be resolved. This permits to use a much coarser 

mesh than the full CFD case. Moreover, as we only want to reproduce the mean behavior of the turbine, 

the simulations involving the STM can be run in steady state. It is mostly this aspect that allows 
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computational resources to be spared as unsteady CFD simulations where the turbine blades rotate need 

to be run for many turbine rotations until a statistically converged solution is achieved. 

 

 

Figure 6-1 Simplified schematics of the proposed turbine modelling approach  

6.2.1 Porous region model (PRM) formulation 

A simplified model widely used in practice to model turbines consists of representing the reference 

turbine by a porous region. That methodology represents a particular case of a simplified turbine model 

where the body force   at a given position in the turbine plane is given by  

            

where the action of the viscous resistance tensor is neglected,    is a constant tuned in order to obtain 

the same effective drag coefficient   
  (see Section 5) as the reference turbine and   is the local velocity 

passing through the turbine at this particular location. 

It is to be noted that the constant   can be automatically tuned to match the desired   
  (i.e., without 

manual intervention during the numerical simulation process) if implanted in the following way: 

  
  

  
        

   
 

where      is the volume integral of the local velocity squared over the turbine region 

         . 

In this work, we propose an alternative formulation to build a simplified turbine model which is found 

to produce more accurate results than the PRM model just presented. A comparison of the results of 

these two model formulations and the full CFD reference cases is presented Section 6.4. 

6.2.2 Effective turbine model (ETM) formulation 

It was shown in Chapter 5 that effective performance curves independent of blockage exist for a given 

turbine geometry. These effective performance curves are obtained when the tip speed ratio   and the 

drag    and power    coefficients are normalized by the mean velocity passing through the turbine 
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   instead of an arbitrarily-chosen reference velocity   . As introduced in Section 5.1.4, these effective 

coefficients are expressed as 

  
  

     
 

      

  
  

     
 

      

   
    

  
   

This observation led to the establishment of the conceptual basis of the simplified turbine model 

hereafter proposed, and which we refer to as the “effective turbine model” (ETM): 

A way to obtain a blockage-independent turbine model is to reproduce the effective behavior of 

the reference turbine. This behavior is governed by the values of its effective drag and power 

coefficients   
  and   

 . 

The means to achieve the latter modelling requirement is to make sure the body force   always leads to 

the desired value for   
  and   

 . This is done by using the following formulation: 

             
 
 

 
    

                      

with  

  
  

 

 
 

      

 

and  

   
 

  
           

where 

   is the turbine’s frontal area, 

  is the fluid density, 

   is the mean velocity passing through the turbine, 

   is the local velocity in the turbine region, and 

    is a unit vector normal to the turbine’s frontal area. 

The spatial distribution of    is imposed by the normalized shape functions   which are determined to 

yield the correct value of    
  without affecting the value of   

 . These normalized space functions have 

dimension of 1/length, and are defined as  
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where 

    is the thickness of the turbine region where the body force is applied, 

   is the turbine diameter, 

    is the order of the  -direction shape function, 

    is the turbine span and 

   is the order of the  -direction shape function. 

For the step-by-step model development, please refer to Appendix B2. 

It was found in this project that, for 2D modelling, a parabolic shape gives the right combination of   
  

and   
 . In 2D simulation, everything taking place in the  -direction is assumed constant and uniform. 

Thus, we have 

    
   

 
 

 
    

   
 

 
 

    
 

   
 

 

    

     
 
 

 
    

In 3D, the 2D parabolic shape was maintained in the  -direction and an 8
th
 order polynomial shape was 

found the most appropriate for the spanwise  -direction. Thus, we have 

    
   

 
 

 
    

   
 

 
 

    
 

   
 

 

    

     
 

    
 

   
 

 

    

     
    

In the 2D simulations, the values for   
  and   

  imposed in the model were chosen after we observed 

that all of the turbine’s optimal performance points (in terms of power extraction) coincide on the 

effective performance curves regardless of the blockage conditions (as presented in Section 5.1.4).  

The inputs of the effective turbine model were thus selected based on the reference turbine 

performances at optimal conditions, namely 

 the optimal effective power coefficient   
 
   

     , and 

 the optimal effective drag coefficient   
 
   

    . 

In the 3D simulations, these inputs were selected based on the 3D reference case at       and 

     , namely 

 the target effective power coefficient   
       and 

 the target effective drag coefficient   
      . 
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6.3 NUMERICAL METHODOLOGY 

The numerical simulations involving the Effective Turbine Model (ETM) and the Porous Region Model 

(PRM) use the same domain size and boundary conditions as the full CFD simulations carried out by 

the LMFN (see Section 5). All simulations were run in steady-state RANS mode (Spalart-Allmaras 

turbulence model) using the StarCCM+ software from CD-Adapco. 

All technical details regarding the numerical simulations used to calibrate and to analyze the ETM are 

presented in Appendix B1. For easier referencing, Figure 6-2 and Figure 6-3 summarize the domain 

characteristics and boundary conditions used for the 2D and the 3D case study. 

 

 

Figure 6-2  2D schematics of the simplified turbine model for a blockage ratio of 20%. 

Please note that the domain size is not to scale. 

Specifically, in the 2D simulations, we have: 

 Domain length :     (  = turbine diameter) 

 Domain width   : depends on the desired blockage level   
 

 
 

 For example, if a       blockage ratio is desired, the domain width   is set to    

 Reference coordinate system : located at the turbine center (as in Figure 6-2) 

 Turbine region : very thin rectangular region perpendicular to the incoming flow 

 Thickness of          

 Turbine position :  

 centered in the  -direction (symmetrical blockage condition) 

 placed at     of the domain inlet in the  -direction 

 Boundary conditions : 

 Inlet : Constant uniform  -velocity    and turbulent viscosity ratio of 
  

 
    

 Outlet : Constant average relative pressure (         ) 

 Lateral boundaries : Symmetry plane (equivalent to slip wall) 

 Fluid properties : the fluid properties, namely the dynamic viscosity    and density   or 

equivalently the kinematic viscosity    are set to obtain a Reynolds number based on the 

turbine diameter   of     
   

 
 

    

 
        

 Turbulence model used : standard one-equation Spalart-Allmaras turbulence model. 
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For convenience, the previous values are given in dimensional form in the following table. 

Table 6-1 : 2D dimensional parameters used for the ETM numerical simulations. 

 
Blockage ratio (ε) 

 20% 5% 

Upstream velocity (  ) 2 m/s 2 m/s 

Domain Length 180 m 180 m 

Domain Width (H) 30 m 120 m 

Turbine Diameter (D) 6 m 6 m 

Turbine thickness (e) 0.03 m 0.03 m 

Turbine position from inlet 60 m 60 m 

Fluid kinematic viscosity (ν)  

[m^2/s] 
1.12E-06 1.12E-06 

Fluid Density [kg/m^3] 1000 1000 

 

 

Figure 6-3 Schematics of the domain characteristics and boundary conditions used for the 3D 

ETM numerical simulations. Please note that the domain size is shown to scale. 

For the 3D simulations, we have 

 Turbine region : very thin prism region perpendicular to the incoming flow 

 Thickness of          ( -direction) 

 Turbine span of         ( -direction) 

 Frontal area of       

 Aspect ratio of     
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 Domain length :     

 Domain width    and depth    : depends on the desired blockage level   
  

  
 

  

    
 

     
 

 
   

     
 

 
    

 

 
       

 Reference coordinate system: located at the turbine center as in Figure 6-2. 

 Turbine position :  

 centered in the  -direction and the  -direction (symmetrical blockage condition) 

 placed at     of the domain inlet in the  -direction 

 Boundary conditions : 

 Inlet : Constant uniform  -velocity    and turbulent viscosity ratio of 
  

 
    

 Outlet : Constant average relative pressure (         ) 

 Lateral boundaries : Symmetry plane (equivalent to slip wall) 

 Fluid properties : the fluid properties, namely the dynamic viscosity   and density   or 

equivalently the kinematic viscosity  , are set to obtain a Reynolds number based on the 

turbine diameter   of     
   

 
 

    

 
        

For convenience, the previous values are given in dimensional form in the following table. 

 

Table 6-2 : 3D dimensional parameters used for the ETM numerical simulations. 

 

Blockage ratio 

(ε) 

 20% 

Upstream velocity (  ) 2 m/s 

Domain Length 180 m 

Domain Width (Ly) 13.416 m 

Domain Depth (Lz) 10.062 m 

Turbine Diameter (D) 6 m 

Turbine span (b) 4.5 m 

Turbine thickness (e) 0.03 m 

Turbine position from inlet 60 m 

Fluid kinematic viscosity (ν) 

[m^2/s] 
1.12E-06 

Fluid Density [kg/m^3] 1000 
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6.4 RESULTS 

In this section, predictions of both the Effective Turbine Model (ETM) and the Porous Region Model 

(PRM) are compared to full CFD reference results in different blockage conditions. These predictions 

concern both the turbine performance (  ,    and   ) and the wake topology. 

6.4.1 Turbine performance predictions in different blockage conditions 

At first, both ETM and PRM are used in the same blockage conditions as two 2D CFD reference cases. 

Results for the turbine mean velocity   , the turbine drag and power coefficients    and    and the 

turbine effective drag and power coefficients   
  and   

  are listed in Table 6-3. 

Table 6-3 Comparison of the 2D ETM and PRM predictions with 2D CFD reference results 

Blockage 
ratio (ε) 

Turbine 
performance 
coefficients 

Reference 
(CFD) 

ETM (2D) PRM (2D) 

Results 
Relative 

difference 
[%] 

Results 
Relative 

difference 
[%] 

20% 

V*/U0 0.61 0.62 1.0 0.67 9.1 

CD 1.11 1.14 2.2 1.32 19.2 

CP 0.59 0.61 2.8 0.88 48.5 

CD
* 2.99 3.00 0.2 2.99 0.1 

CP
* 2.60 2.60 0.1 2.98 14.7 

5% 

V*/U0 0.57 0.55 -3.5 0.61 6.8 

CD 0.95 0.90 -4.5 1.11 16.8 

CP 0.47 0.43 -8.5 0.67 42.2 

CD
* 2.93 3.00 2.5 2.99 2.3 

CP
* 2.56 2.61 1.8 2.98 16.6 

 

Observations: 

 As expected, both the ETM and the PRM formulations proposed in this work does impose the 

correct value of the effective drag coefficient in each of the blockage conditions without a need for 

manual tuning (  
  fixed to      in both confinement cases presented here). 

 In the 20% blockage case, the ETM results are in very good agreement with reference CFD for both 

the mean velocity passing through the turbine    and the drag and power coefficients    and   . 

This is due to the right behavior with regard to the effective power coefficient   
 . Results are a bit 

less accurate in the 5% blockage case because of the slight difference between the imposed values 

of   
  and   

  with those of the reference turbine. 

 As for the PRM, even if the right effective behavior with regards to the effective drag coefficient 

  
  is imposed, the effective power coefficient   

  differs from that of the actual turbine. This affects 



Quantifying extractable power in a stretch of river using an array of MHK turbines March 31st, 2016 

Prepared for: Marine Renewables Canada Mavi Innovations Inc. et al  58 

 

significantly the accuracy of the predictions for the actual drag and power coefficients in 

comparison with reference CFD. 

 The effective power coefficient   
  imposed by the PRM is always very close to the effective drag 

coefficient   
  because the flow distribution across the turbine is essentially uniform. 

 

Simulations including the ETM and PRM have been run in 3D as well. Predictions derived from these 

two models are compared with those of the 3D CFD reference case in Table 6-4. Please note that as the 

nature of the reference turbine changes by going from a 2D to a 3D case, the imposed value of   
  and 

  
  in the ETM and PRM are fixed to different values in the 3D case. 

Table 6-4 Comparison of the 3D ETM and PRM predictions with reference CFD results 

Blockage 
ratio (ε) 

Turbine 
performance 
coefficients 

Reference 
(3D CFD) 

ETM (3D) PRM (3D) 

Results 
Relative 

difference 
[%] 

Results 
Relative 

difference 
[%] 

20% 

V*/U0 0.61 0.61 0.5 0.68 11.3 

CD 1.05 1.06 1.1 1.30 23.8 

CP 0.52 0.52 -1.7 0.88 67.4 

CD
* 2.85 2.85 0.0 2.85 -0.1 

CP
* 2.34 2.27 -3.2 2.84 21.3 

 

Observations: 

 By going from a 2D to a 3D domain, the nature of the reference turbine changes; the 2D being 

an infinitely long turbine in the span direction as opposed to the finite size 3D turbine. 

Consequently, the reference turbine performances are not the same as earlier, and thus the 

imposed value of   
  and   

  in the ETM and PRM are fixed to different values. 

 As in the 2D cases, the predictions of the ETM are in very good agreement with the reference 

CFD results. Again, this is due to the right behavior with regards to   
  and   

 . 

 The PRM seems even less accurate in the 3D case than in 2D case, overpredicting the drag and 

power coefficients significantly even if the correct effective drag coefficient is imposed. 

6.5 WAKE TOPOLOGY PREDICTIONS 

In this section, we compare the 3D wake topology predictions of the effective turbine model (ETM) and 

that of the porous region model (PRM) with the reference case of the averaged wake topology from the 

full 3D CFD results. The principal aspect to consider here is the recuperation length of the wake and, in 

a second step, the general topology of the flow fields.  
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In Figure 6-4 and Figure 6-5, the streamwise velocity contours for the reference turbine, the ETM and 

the PRM are compared in the    and    planes, respectively. In Figure 6-6, the streamwise velocity 

profiles in the   and   directions are presented at different locations downstream of the turbine.  

From Figure 6-4 and Figure 6-5, it is obvious that the flow topology predicted by the ETM and PRM 

differs greatly. The ETM simulation predicts a faster wake recovery in better agreement with the 

reference case than the PRM simulation does. However the velocity deficit in the turbine near-wake is 

significantly more important in the ETM case than in the reference case. The PRM simulation exhibits a 

very slow wake recovery compared to the reference case.  

Regarding the pressure coefficient contours, pressure is uniform (between the wake and the bypass 

flow) from about 2.5 diameters downstream of the turbines in every case presented here. As the 

simplified models act very locally in space compared to the reference turbine, it is natural that 

significant pressure differences are observed in the near wake region (     ). Similarly to the 

velocity contours, the pressure is recovering faster along the flow direction in the ETM simulation than 

in the PRM model which is closer to the reference wake topology. 

Looking at the turbulent viscosity ratio contours, it is apparent that the ETM simulation generates more 

turbulence than the PRM and reference cases. However this high turbulent viscosity favors the faster 

wake recovery of the ETM which is desired to match the far-wake topology of the reference case. One 

should note that in the unsteady simulation of the reference CFD case, in addition of the turbulent 

mixing, part of the wake recovery is due to the resolved unsteady fluctuations of the flow (e.g. blade tip 

vortices induced velocity). Such contribution is not accounted for in the ETM steady state simulation. 

Streamwise velocity profiles are provided in Figure 6-6 at different locations downstream of the turbine 

to provide local comparisons of these profiles between the reference and the simplified turbine models. 
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Figure 6-4 : Comparison of the streamwise velocity, pressure coefficient and turbulent viscosity ratio contours in 

the XY plane for the reference turbine (CFD), the effective turbine model (ETM) and the porous region model 

(PRM).  
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Figure 6-5 : Comparison of the streamwise velocity, pressure coefficient and turbulent viscosity ratio contours in 

the XZ plane for the reference turbine (CFD), the effective turbine model (ETM) and the porous region model 

(PRM).  
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Figure 6-6 : Comparison of the X-velocity profiles across the domain at different locations 

downstream of the turbine in the Y and Z-directions.  



Quantifying extractable power in a stretch of river using an array of MHK turbines March 31st, 2016 

Prepared for: Marine Renewables Canada Mavi Innovations Inc. et al  63 

 

 

When placing turbines downstream of one another, one needs not only to consider the streamwise 

velocity recuperation length, but also the streamwise momentum flux and kinetic energy flux 

recuperation lengths.  

Table 6-5 quantifies the wake recovery for the reference case, the ETM and PRM at different locations 

downstream of the turbine. As mentioned, the ETM simulation exhibits a faster wake recovery than the 

PRM simulation. The discrepancies of the ETM with the reference case are less than 10% for the 

streamwise velocity recuperation except in the very near wake. The PRM exhibits a relative difference 

of approximately 40% with the reference case for the streamwise velocity recuperation in the far wake. 

Of course these discrepancies are amplified for the momentum and kinetic energy fluxes recuperation 

lengths.  

Table 6-5 Mean velocity passing through turbine projection planes 

    3D - 20% blockage ratio 

    
Reference 

(CFD) 

ETM                       
(parabolic - 8th order) 

PRM (Uniform) 

  

Downstream 
distance 

Results 
Relative 

difference 
[%] 

Results 
Relative 

difference 
[%] 

  

1D 0.477 0.248 -48 0.423 -11 

5D 0.828 0.771 -7 0.469 -43 

8D 0.920 0.856 -7 0.535 -42 

10D 0.972 0.888 -9 0.596 -39 

15D 0.995 0.935 -6 0.739 -26 

  

1D 0.272 0.134 -51 0.179 -34 

5D 0.717 0.599 -16 0.255 -64 

8D 0.855 0.734 -14 0.331 -61 

10D 0.948 0.790 -17 0.389 -59 

15D 0.990 0.875 -12 0.555 -44 

  

1D 0.188 0.080 -57 0.076 -60 

5D 0.648 0.470 -27 0.167 -74 

8D 0.803 0.630 -21 0.232 -71 

10D 0.927 0.703 -24 0.275 -70 

15D 0.985 0.819 -17 0.423 -57 
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6.6 PARTIAL CONCLUSIONS AND RECOMMENDATIONS 

The main characteristics of the effective turbine model (ETM) proposed by the LMFN have been 

described in this report.  

Its accuracy with respect to the turbine performance coefficients (drag and power) and wake topology 

has been compared to full CFD reference cases and a classical simplified model (porous region model, 

PRM). It was observed that the ETM model outperforms significantly the PRM in every simulation. 

Regarding the turbine modeling, it was found that in order to correctly predict the turbine performances 

in an a priori unknown blockage ratio environment, it is necessary to impose the right effective behavior 

in the simplified turbine model, namely the right effective drag and power coefficients. 

The main characteristics of the ETM model is to use a spatially non-uniform distribution of the drag 

elements in the turbine region which allow to match both the drag and the power output of a reference 

turbine. 

The ETM predictions on drag and power are accurate (within ~5%) in both 2D and 3D once the right 

shape function is found. There is no need to recalibrate the model when used in another environment. 

In its actual state, the ETM tends to over predict the velocity recuperation of the wake by approximately 

10%. It may be possible to refine the model with added turbulence generation at the turbine to obtain a 

more precise prediction. 

Considering the encouraging results presented in this work, we propose that the effective turbine model 

(ETM) serves as a basis for further simplified turbine model improvements.  

The logical next steps in the development of the ETM are listed below. These are required to allow the 

accurate and robust predictions of turbine arrays performance and their impact on the resource. 

 To verify more thoroughly the hypothesis behind the effective turbine model, namely the 

existence of effective performance curves independent of blockage conditions, with a different 

cross-flow turbine geometry and other types of turbine. 

 To test the robustness of the ETM in perturbed flow conditions (sheared flow) as well as in 

conditions of asymmetrical blockage.  

 To extend the effective turbine model formulation to other types of turbines, notably the 

horizontal-axis turbine. 

 To provide a general framework of polynomial shape functions for the ETM that can reproduce 

both the desired drag and power coefficients for any given turbine. 

 To improve the wake prediction of the ETM (flow structures and recovery length) by the 

addition of asymmetric shape functions and turbulence sources at the turbine location. 

 To characterize and validate the performance and robustness of the ETM against full CFD for 

turbines operating in the wake of other turbines. 
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7 ARRAY MODELING 

All of the work documented in the previous sections was completed in order to build up to modeling an 

array of turbines in a real river environment.  The channel downstream of the Seven Sister’s dam was 

selected as the site for a case study.  Even though the channel is man -made, it still has the attributes of 

a real river. 

The channel and turbine array were modeled using Telemac-2D and Star CCM+ CFD software. A 

simplified turbine model was used to represent the turbines in the simulation.   Both CFD and the 

Telemac-2D river models were simulated for a river discharge of 1135 m
3
/s (Scenario Val_1135). Only 

the Telemac-2D river model was used to compute the annual energy production (AEP). 

7.1 TURBINE GEOMETRY & POSITIONS 

The team’s objective was to maximize the size of the turbines deployed in the channel in order to 

amplify the impacts on water elevation and local flow constriction/blockage.  Of specific interest was 

the increase in the water elevation upstream of the turbines at the outflow of the hydro dam.   

Cross sections were taken along the length of the channel to help guide turbine sizing.  As shown in 

Figure 7-1, the channel depth remains nearly constant at approximately 11.5m up to section I and then 

becomes shallower.  The width of the channel does vary; this is reflected in the river current speeds.   

 

Figure 7-1: Channel Cross Sectional Areas 

As shown in Figure 7-2, the depth-averaged velocity through the channel is fastest near the outflow of 

the Seven Sister’s hydro power plant where the channel is at its narrowest.  The team therefore decided 

to focus on the stretch of channel between sections A and C where the current speeds are fastest. 

Placing a turbine array at this location will also have the greatest impact on water levels at the dam. 

A
B

C

D

E

F

G

H
I

J

K

Section Width 
(m)

Max 
Depth 

(m)

A 51 15.72

B 40 11.76

C 43 11.82

D 59 11.62

E 70 11.70

F 48 11.43

G 76 11.54

H 68 11.47

I 65 10.15

J 107 8.13

K 120 7.02
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Figure 7-2:  Depth Averaged velocity contours calculated using CFD for entire channel (left) and portion near 

outflow of dam (right) 

The turbines were subsequently sized such that multiple turbines could be deployed in a row across the 

river thus enabling an array study.  Turbines having a rectangular frontal area were specified 

representative of a vertical axis turbine with a 4.5m blade length and 6m diameters.  It was assumed that 

the top of the turbine blade would be submerged 1m below the water surface and the turbines would be 

placed 4m apart.  These would be achievable dimensions and distance for floating cross-flow type 

turbines such as the ones designed by New Energy or Mavi Innovations.  

 

 

Figure 7-3: Turbine Size & Spacing (shown at Section B) 

The following four conditions were considered as part of this study (see Figure 7-4): 

1. Open channel – no turbines 

2. Single turbine at Section C 

3. Row of 3 turbines at Section C 

4. Two rows of turbines, first row at Section C, second row 20 effective diameters upstream of 

Section C 
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The effective diameter is an equivalent diameter for an axial flow turbine having the same frontal area 

as the cross-flow turbine considered for this project. An effective diameter approach is adopted by IEC 

TC114 standards and is a useful “non-dimensionalized” value to use for this and future studies.   The 

20-diameter spacing was a first guess based on rules of thumb typically used by the wind industry. The 

3D simulations completed for the present cross-flow turbine (see section 5) indicate that this rule of 

thumb may be overly conservative for this specific case.  

The turbines specified for this study have an effective diameter of 5.86m based on a frontal area of 

27m
2
.  The 20D therefore equates to the two rows of turbines being spaced 117.2 m apart.  

The resulting blockage ratios for the three configurations considered are summarized in Table 7-1.  

Table 7-1: Blockage ratio for array simulations 

Configuration Blockage Ratio 

1. Single turbine at Section C 0.051 

2. Row at Section C 0.153 

3. Row 20D upstream of section C 0.151 

 

 

Figure 7-4: Turbine Locations for 4 cases considered – no turbines, single turbine, a row of turbines, two rows of 

turbines 
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The numbering convention for the turbine placement is provided in Figure 7-5. The coordinates for the 

turbines are provided in Table 7-2 along with the normal vector specified for alignment purposes. 

Figure 7-6 explains the alignment convention used to orient the turbines in the channel.  

 

 

Figure 7-5: Turbine numbering convention 

Table 7-2: Coordinates for turbine locations and alignment angle 

Turbine 

Global Coordinates Water 

Elevation 

[m] 

Face 

Angle 

[deg] x y z 

T1 2827.70 6421.50 

255.15 256.17 

24.8 T2 2823.51 6412.42 

T3 2831.89 6430.58 

T4 2936.81 6378.54 

20.4 T5 2933.42 6369.13 

T6 2940.20 6387.95 
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Figure 7-6: Turbine alignment convention 

7.2 TELEMAC RIVER MODEL  

7.2.1 Methodology 

As mention in Section 4.6.1, Telemac-2D solver simulates the removal of energy by turbines through a 

reduction in momentum, often called drag force, where the devices are situated and according to device 

performance metrics. Based on the CFD modelling, the basic drag force (Eq.3) was modified to include 

the spatial distribution as developed in the previous section. The modified equation is shown below:  

 
    

 

 
          

    
 

   
 

 

 

 
   

 
(Eq.5) 

where    is the drag force per unit length along the turbine plane,   is the fluid density,   is the area of 

the turbine,    is a drag coefficient, and    is a reference velocity along the central axis of the turbine, 

  is the turbine diameter and   is the distance from the central axis of the turbine. 

The drag and power coefficients are particularly important when modeling turbines with Telemac since 

they need to be calibrated with a reference velocity. The reference velocity can be taken at any position, 

usually upstream, where the flow has limited disturbance by the presence of a turbine. If the reference 

velocity is selected at another position in the model or if the presence of a turbine disturbs the flow at 

the reference position, it will generate the wrong drag force and power extraction. For example, a 

higher turbine blockage ratio will generate higher drag and power coefficients. Therefore, if the 

blockage ratio conditions change compared to the calibration case or a case where multiple turbine rows 

are modeled, the reference velocity method will generate the wrong drag force and power extraction 

prediction by Telemac. For this reason, the aperture velocity method described in Section 5 needs to be 

used. 

Unfortunately, the Telemac-2D model does not support the aperture velocity method at the moment. 

Drag and power coefficients using the reference velocity are based on the CFD results computed in 

Section 5 as shown in Table 7-3 for each configuration. 
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Table 7-3 Drag and power coefficients in the Telemac river model 

Configuration Blockage ratio       

1. Single turbine at Section C 5% 0.864 0.365 

2. Row at Section C 15% 1.052 0.525 

3. Row 20D upstream of section C 15% 1.052 0.525 

7.2.2 Telemac river model results and discussions 

Results from the Telemac-2D river model are summarized in Table 7-4 for all configurations.  The table 

shows the power at each turbine, along with the total power generated by the array.  

Please note that configuration 3 was not able to run properly in the Telemac-2D river model with 

reference velocity taken at 2.5D due to numerical instabilities. A reference velocity taken at 0.5D was 

applied to the numerical model to reach stable condition. It is unclear at the moment what caused the 

instability and further research would be required to determine the cause. Even if stability issues were 

resolved, turbines in the downstream row will generate the wrong drag force and power extraction since 

drag and power coefficients were obtained from a reference position (2.5D) where the flow was not 

disturbed by the presence of any turbine(s).  

Depth-averaged velocity contour plots are provided for all three configurations as shown in Figure 7-7 

through Figure 7-9. 

 

 Table 7-4 Summary of results for turbine array simulations using the Telemac river model 

Configuration Turbine 
Power 

(kW) 

Total Array Power 

(kW) 

1 T1 89.0 89.0 

2 

T1 114.8 

306.4 T2 84.8 

T3 106.8 

3*** 

T1 51.2 

319.1 

T2 45.8 

T3 59.1 

T4 54.5 

T5 55.3 

T6 53.2 

*** Due to instability, reference velocity was taken at 0.5D. The values for configuration 3 are only 

provided for future reference, as additional work is required to model multiple rows of turbines in 

Telemac with implementation of an aperture velocity method. 
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Figure 7-7 Depth-averaged velocity for single turbine simulation (Configuration 1) 

 

 

Figure 7-8 Depth-averaged velocity for a row of turbines (Configuration 2) 
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Figure 7-9 Depth-averaged velocity for a two rows of turbines (Configuration 3) 

No modification was done in the turbulence closure scheme in the Telemac river model. Due to the lack 

of information on the parametric turbulence values, the wake behind the turbine is questionable and 

probably not accurate. To increase accuracy, it is recommended to model in detail each component of 

the turbine and calibrate the parametric turbulence values that yield results with a sufficiently close 

match to the wake characteristics of a single turbine device. To achieve this, here is a list of 

recommendations: 

 Develop a methodology for determining the parametric turbulence values; 

 Create a Technical Specification document that describes the methodology; and, 

 Apply the Technical Specification on different turbine devices to develop a list of parametric 

turbulence values. 

The application of the reference velocity method in an array of turbine is questionable. It can likely only 

be applied if: 

 the drag and power coefficients were calibrated for the same turbine(s) blockage area in the 

same environment; 

 the reference velocity position is located at the same location as that of the reference velocity 

used in the definition of the drag coefficient. 

For other cases, the aperture velocity method is recommended since it resolves the above issues. One 

downside of the aperture velocity method is that during calibration to determine the drag and power 

coefficients, it is required to perform laboratory work or CFD simulations. It may not be possible to 

measure easily the velocity at the aperture in the lab. Therefore, it is necessary to calibrate the CFD 

with laboratory results and then determine the aperture velocity and associated coefficients from the 

CFD results. 
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Although this method has been properly implemented in Star-CCM+, further research is required to 

implement the aperture velocity method in the Telemac system. 

7.2.3 Technical Annual Energy Production Results 

The Telemac hydrodynamic model was used to simulate the sixteen flow conditions as presented in 

Table 7-5. 

Table 7-5: Annual energy production results 

Discharge 
Scenario (j) 

Flow 
Exceedance 
Percentile 

# of hours in 
a year (    

Configuration 1 
Total Array 

Power (MWh) 

Configuration 2 
Total Array 

Power (MWh) 

Configuration 3 
Total Array 

Power 
(MWh)*** 

 100% 876 8 32 35 

1 90% 350.4 3 13 14 

2 86% 350.4 5 18 19 

3 82% 350.4 6 21 23 

4 78% 350.4 6 25 27 

5 74% 350.4 7 31 31 

6 70% 350.4 9 35 35 

7 66% 350.4 10 40 41 

8 62% 350.4 12 46 46 

9 58% 350.4 13 53 52 

10 54% 350.4 15 60 57 

11 50% 350.4 17 67 63 

12 46% 350.4 19 71 69 

13 42% 350.4 21 78 76 

14 38% 350.4 23 85 83 

15 34% 350.4 25 95 92 

16 30% 350.4 29 108 104 

 0% 2628 221 809 778 

AEP 448 MWh 1687 MWh 1644 MWh*** 

*** Due to instability, reference velocity was taken at 0.5D. The values for configuration 3 are only 

provided for future reference, as additional work is required to model multiple rows of turbines in 

Telemac with implementation of an aperture velocity method. 

7.3 CFD MODEL  

7.3.1 Methodology 

As explained in detail in Section 4, the Telemac model extends from the Seven Sister’s dam to Lac du 

Bonnet.  The CFD model, on the other hand, is much smaller in scale extending between the Seven 

Sister’s dam to the outflow of the man -made channel as shown in Figure 7-10.  CFD models are much 

more computationally expensive to run.  It would therefore not have been practical to replicate the full 
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Telemac model in CFD. Instead, the CFD focuses on the area of interest where the turbines will be 

deployed.   

 

Figure 7-10: Telemac and CFD model extents 

The CFD model was constrained by specifying the mass flow and water elevation at the channel inlet 

located at the outflow of the Seven Sister’s hydro plant.  In addition, the water elevation was specified 

at the outlet, located at the exit of the man -made channel. These three values were obtained from the 

Telemac model results.  A river discharge of 1135 m
3
/s was specified at the inlet. 

In the process of matching the 3D CFD simulation of the CHTTC site to ADCP data and Telemac2D 

simulations, channel sidewall roughness was identified as an important factor. The sidewall geometry 

used in both CFD and Telemac simulation was very smooth, primarily due to lack of bathymetric data.  

One method to account for a jagged shoreline is to impose a large wall roughness height value in the 

model.  For the case of the CHTTC site, a sidewall roughness height on the order of a few metres would 

be required to achieve the correct flow distribution across the channel. Such a high sidewall roughness 

value could not be implemented in the CFD model due to several limitations that are discussed in detail 

in Appendix C.  The maximum achievable wall roughness value of 20 cm was therefore set in the CFD 

model with the understanding that modeling a smoother shoreline would distribute the flow more 

evenly across the channel.  For future studies, a model with more accurate shoreline geometry may need 

to be built.  

The simplified turbine model was tuned to achieve an optimal effective power coefficient   
 
   

     

and the optimal effective drag coefficient   
 
   

    . 
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Initial model runs were attempted with a free-surface boundary condition imposed at the air-water 

interface.  However, the small free-surface deformation, on the order of a few centimeters, was difficult 

to resolve accurately for a model spanning a channel 1km in length thus leading to long run times and 

instabilities in the solution.  For this reason, the free surface boundary condition was replaced by a slip 

wall condition.  It is recognized that the surface deformation is an important phenomenon to resolve in 

future studies. For this study, since the free surface elevation could not be measured explicitly, the 

pressure buildup upstream of the turbines was calculated instead to estimate the rise in water elevation 

caused by the array using the following equation: 

   
                                            

   
 

where    is the rise in water elevation. 

7.3.2 Results & Discussion 

The results for all three-turbine configurations considered are summarized in Table 7-6.  For each case, 

the aperture velocity value is provided along with the effective drag and power coefficients.  The 

magnitudes of the drag and power values are also provided, along with the total power generated by the 

array.  The calculated change in water elevation at the dam outflow, based on a pressure rise, is also 

provided.  

As shown in Table 7-6, the target effective drag and power coefficients were obtained within 1% and 

5.26% respectively. When comparing to the power coefficients achieved by the 3D ETM in Table 6-4, 

power coefficients obtained were within 1% for turbines where wake interaction does not occur. 

Velocity contour plots generated at the mid-span of the turbine (3.25m below the water surface) are 

provided for all three configurations to help interpret the results (see Figure 7-11, Figure 7-12, Figure 

7-13) 

The following observations are made based on the results presented in Table 7-6: 

 Deploying a row of turbines across the river (config. 2) results in increased power production 

for each turbine (on average by a factor of 1.4) compared to the deployment of a single turbine.  

This result was expected given that the turbines block a greater portion of the channel.  

 Deploying the second row of turbines upstream (config. 3) decreases the power production of 

the downstream turbines.  The turbine at the center of the downstream row is most strongly 

affected.   

 The change in water elevation increases as more turbines are placed in the channel. 

All three observations were expected outcomes of the study.  The most important objective was to 

quantify these effects and begin to develop guidelines for laying out turbine arrays.  For example, the 

second observation suggests that a greater spacing between turbine rows is required to ensure that the 

downstream turbines are outside of the wake created by the upstream turbines.   

Before moving onto studying all of the variables that govern the performance of a turbine array by 

running a matrix of simulations, it is important to step back and evaluate the limitations of the modeling 

approaches used.  The simplified turbine models have been shown to correctly emulate the drag and 

performance of a real turbine.  The wake generation and dissipation, however, is only an approximation 
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of that of a real turbine.  It was shown in Section 5 and Section 6 that the wake behind a 3D model of a 

cross-flow turbine recovers quicker than behind a 2D model or behind the simplified turbine model.   

In addition, the level of turbulence in the river will further increase wake dissipation through mixing.  

The level of turbulence specified at the inlet of the model was set at 1% to match the simulations 

completed to characterize the cross flow turbine used for this study. A value in the 10% range would be 

more appropriate.  The effect of turbulence therefore needs further study.   

The modeling of the turbine wake and turbulence in the river flow therefore need to be improved before 

the modeling approach presented in this section can be used with high confidence to predict the power 

generated by individual turbines in an array, especially those that are placed in the wake of another 

turbine.  Also, as another modeling refinement, it is believed that the free surface of the river flow may 

need to be considered. 

Table 7-6:  Summary of results for turbine array simulations 

Config. Turbine Aperture 

velocity 

[m/s] 

CD* CP* Drag 

[kN] 

Power 

[kW] 

Total Array 

Power [kW] 
h [m] 

1 T1 1.26 2.87 2.26 61.6 61.4 61 0.021 

2 

T1 1.38 2.87 2.26 73.9 80.7 253.2 

0.065 T2 1.43 2.87 2.27 78.6 88.5 (84 kW 

avg/turbine) T3 1.40 2.86 2.26 75.8 84.0 

3 

T1 1.22 2.87 2.22 57.8 54.5 434.1 

0.106 

T2 1.32 2.88 2.27 67.8 70.6 

(72 kW 

avg/turbine) 

T3 1.39 2.87 2.35 74.5 85.0 

T4 1.34 2.86 2.27 69.4 73.7 

T5 1.39 2.86 2.27 75.0 82.7 

T6 1.30 2.86 2.27 65.5 67.5 
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Figure 7-11: Single Turbine simulation velocity magnitude at blade mid-span 

 

Figure 7-12: Velocity magnitudes at blade mid-span for single row of turbines 

 

Figure 7-13: Velocity magnitude at mid-span for two rows of turbines 

7.4 COMPARISON OF TELEMAC TO CFD POWER PREDICTIONS 
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Results from the Telemac-2D river model and the CFD model are compared in Table 7-7 for all 

configurations.  The table shows the power at each turbine, along with the total power generated by the 

array. The table also shows the difference between the two models. 

In general, the Telemac model predicts higher power production compared to the CFD model with the 

exception of configuration 3, which, as mentioned earlier was not able to run properly in Telemac-2D. 

 Table 7-7 Summary of results for turbine array simulations using the Telemac river model 

  Telemac CFD Difference 

Config. Turbine 
Power 

(kW) 

Total 

Array 

Power 

(kW) 

Power 

(kW) 

Total 

Array 

Power 

(kW) 

Power 

(kW) 

Total 

Array 

Power 

(kW) 

% Total 

Array 

Power 

1 T1 89.0 89.0 61.4 61.4 27.6 27.6 +37% 

2 

T1 114.8 

306.4 

80.7 

253.2 

34.1 

53.2 +19% T2 84.8 88.5 -3.7 

T3 106.8 84.0 22.8 

3*** 

T1 51.2 

319.1 

54.5 

434.1 

-3.3 

-115 -31% 

T2 45.8 70.6 -24.8 

T3 59.1 85.0 -25.9 

T4 54.5 73.7 -19.2 

T5 55.3 82.7 -27.4 

T6 53.2 67.5 -14.3 

*** Due to instability, reference velocity was taken at 0.5D. The values for configuration 3 are only 

provided for future reference, as additional work is required to model multiple rows of turbines in 

Telemac with implementation of an aperture velocity method. 
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8 CONCLUSIONS  

Over the course of this project, the team successfully laid the foundation for modeling an array of 

Marine HydroKinetic (MHK) River Turbines.   

The first major outcome of this project was proving that it is possible to develop a single drag and 

power curve unique to a turbine by normalizing based on aperture velocity. The curves are independent 

of channel geometry and blockage ratio, and require no knowledge of upstream flow conditions.  This is 

a critical first step to modeling turbine arrays as the impacts of complex channels, variable blockage 

ratio and turbine wake interactions can all be accounted for.  

The second major outcome is the development of a simplified turbine model, the Effective Turbine 

Model ETM, that can be used to represent multiple turbines in a channel. The ETM model was 

compared to both 2D and 3D simulations of the cross flow turbine. The model was shown to be capable 

of matching the drag and performance characteristics of an actual turbine within 5% irrespective of 

blockage ratio.  The wake generated by the STM, however, needs additional tuning to better represent 

wake generation and dissipation behind an actual turbine.  

The man made channel downstream of the Seven Sister’s Dam on the Winnipeg River in Manitoba, was 

selected as a test case for array modeling using the STM model.  This is the location of the Canadian 

Hydrokinetic Turbine Test Centre (CHTTC).  A cross-flow type MHK turbine having a 6m diameter 

with 4.5m blades was selected for this study as the team had previous experience modeling and testing 

cross-flow turbines.  The turbine size was specified by considering the physical constraints of the 

channel. 

A river model of the CHTTC site was created in Telemac 2D extending from the Seven Sister’s dam all 

the way to Lac du Bonnet.  The model was tuned to match physical data obtained from the Seven 

Sister’s dam, flow measurements taken using an ADCP at the CHTTC site and to elevation gauges 

located at Lac du Bonnet.  A high wall roughness setting was used in the man -made portion of the 

channel to tune the model to better match ADCP measurements.  This was necessary as detailed 

geometry for the channel walls was not available – smooth vertical channel walls were therefore 

assumed.  The drawbacks of this approach are discussed in Appendix C. 

The water elevations and discharge calculated by the Telemac model were used as inputs to drive a 

more detailed model of the CHTTC site created in both Telemac and Star CCM+ (CFD software). 

Turbines represented using the ETM approach were placed in the model.  Three configurations were 

simulated:  

1. Single turbine deployed in the center of the channel,  

2. Single row of three turbines staggered across the channel and  

3. Two rows of three turbines, separated by a distance of 20 effective diameters.   

Both the Telemac and CFD simulations demonstrated that a significant boost in power is achieved by 

placing multiple turbines across the channel.  The accuracy of the power prediction for the CFD or 

Telemac model cannot be validated at this time due to lack of data.  The main drawback of both 

modeling approaches at the moment is that the wake is not yet accurately represented.  Furthermore, it 

was not possible to implement the aperture velocity method into the Telemac model leading to 

unreliable results, especially for the third configuration modeled.  The CFD model, on the other hand, 

lacked the implementation of a free surface that might have an impact on power production.   
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Before moving onto studying all of the variables that govern the performance of a turbine array by 

running a matrix of simulations, it is therefore important to step back and evaluate the limitations of the 

modeling approaches used.  The Effective Turbine Model (ETM) has been shown to correctly emulate 

the drag and performance of a real turbine.  The wake generation and dissipation, however, is only an 

approximation of that of a real turbine.  It was shown in Section 5 and Section 6 that the wake behind a 

3D model of a cross-flow turbine recovers quicker than behind a 2D model or the simplified model.  In 

addition, the level of turbulence in the river will further increase wake dissipation through mixing.   

The modeling of the turbine wake and turbulence in the river flow therefore need to be improved before 

the modeling approach presented in this report can be used with high confidence to predict the power 

generated by individual turbines in an array.   

Notwithstanding, the methods of modeling arrays in rivers presented in this report represent the most 

advanced tools available to the MHK industry at present.  While the models are still not developed to 

the point of calculating bankable power generation values for individual turbines, they still offer 

extremely valuable insight into array layout design.   
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9 NEXT STEPS  

This project laid the foundation for studying MHK turbine river arrays. The team developed baseline 

modeling methods and identified the limitations of each modeling approach.  A series of improvements 

need to be implemented to improve the robustness of the models and increase their accuracy.  This 

needs to be followed by a series of studies aimed at optimizing arrays.  The final objective of this effort 

is to develop a methodology comprised of numerical tools and guidelines that can be used to generate 

bankable performance predictions for individual turbines placed in arrays.   

The following is a list of improvements that need to be made to each model developed as part of this 

project: 

Effective Turbine Model (ETM): 

 To verify more thoroughly the hypothesis behind the effective turbine model, namely the 

existence of effective performance curves independent of blockage conditions, with a different 

cross-flow turbine geometry and other types of turbines. 

 To test the robustness of the ETM in perturbed (sheared flow) flow conditions and different 

deployment cases such as asymmetrical or periodical blockage. 

 To extend the effective turbine model formulation to other types of turbines, notably the 

horizontal-axis turbine. 

 To provide a general framework of polynomial shape functions for the ETM that can reproduce 

both the desired drag and power coefficients for any given turbine. 

 To improve the wake prediction of the ETM (flow structures et recovery length) by the addition 

at the turbine location of asymmetric shape functions, transverse momentum sources and 

turbulence sources. 

 To characterize and validate the performance and robustness of the ETM against full CFD for 

turbines operating in the wakes of other turbines. 

Telemac River and Turbine Model 

 Implement the aperture velocity method in the Telemac system. 

 No modification was done in the turbulence closure scheme in the Telemac river model. Due to 

the lack of information on the parametric turbulence values, the wake behind the turbine is 

questionable and probably not accurate. To increase accuracy, it is recommended to model in 

detail each component of the turbine and calibrate the parametric turbulence values that yield 

results with a sufficiently close match to the wake characteristics of a single turbine device. To 

achieve this, here is a list of recommendations: 

o Develop a methodology for determining the parametric turbulence values; 

o Create a Technical Specification document that describes the methodology; and, 

o Apply the Technical Specification on different turbine devices to develop a list of 

parametric turbulence values. 

 Improve the accuracy of the bathymetry in the CHTTC model 

Improvements to CFD River Model of CHTTC site  

 Modify the side wall geometry to better represent the actual CHTTC site  - this will ensure the 

flow is more concentrated in the center of the channel  
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 Implement a free-surface condition and determine if modeling the free surface has an important 

impact on power generation.  Not modeling a free-surface in the CFD model is desirable as it 

leads to much faster run times. 

 Study the effect of flow turbulence on the river flow and turbine wake dissipation.  This can be 

done by first comparing the turbulence in the river to that in the CFD model based on ADV 

measurements taken by the University of Manitoba.  The correct turbulence level can then be 

introduced into the CFD model. 
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10 GUIDELINES FOR ARRAY DESIGN  

Only limited quantitative guidelines can be provided for array design upon completion of this project.   

The 3D CFD simulations of the cross-flow turbines indicate that full wake recovery can be achieved 

within 15 diameters.  The impact of flow turbulence intensity, and blockage ratio has not been studied 

in detail, however, and will certainly impact flow mixing as will different types of turbines (axial, drag 

driven, etc.). Furthermore, the CFD simulations have not yet been validated against field data or 

experimental data. The present 3D CFD results suggest nonetheless that the 10-diameter spacing 

recommendation in the 62600-301 River Energy and Resource Assessment Standard appears as 

adequate (95% recuperation on the momentum flux, and 93% on the kinetic energy flux). 

Qualitatively, the results from the array simulations suggest that staggering the turbines in the rows, as 

opposed to placing turbines directly downstream of one another will be advantageous as the 

downstream turbines can take advantage of the higher speed flow bypassing the upstream turbine. This 

approach may allow for tighter row spacing than in the aligned configuration.  If the river is deep 

enough, the same staggering approach should be considered vertically, namely by varying the distance 

from the water surface between turbine rows.  

Finally, the amount of the river’s cross-sectional area occupied by the turbines should be maximized 

given the increase turbine power resulting from increased channel blockage – provided that 

environmental impact and marine traffic requirements are met.  
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Appendix A1: 2D vs 3D wake – Mean streamwise velocity  

2D CFD 3D CFD 

  

 

- The maximum streamwise bypass flow velocity is 1.22 the upstream velocity 

- The minimum streamwise velocity ratio along a line at Y=0 is 0.23 at 2.3D 

downstream of the turbine center 

 

- The maximum streamwise bypass flow velocity is 1.18 the upstream 

velocity 

- The minimum streamwise velocity ratio along a line at Y=0 is 0.28 at 

1.8D downstream of the turbine center 

- The spanwise bypass flow in 3D leads to more wake mixing thus a 

faster wake recovery. 
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Appendix A2: 2D vs 3D Wake – X Momentum Flux 

2D CFD 3D CFD 

 
 

 

 



Quantifying extractable power in a stretch of river using an array of MHK turbines       March 31st, 2016 

Prepared for: Marine Renewables Canada  Mavi Innovations Inc. et al                 86 

 

Appendix A3: 2D vs 3D Wake – Kinetic Energy Flux 

2D CFD 3D CFD 
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Appendix A4: Recuperation Length – Mean Streamwise Velocity 

2D CFD 3D CFD 

 

 

 

- In 2D, the mean streamwise velocity (averaged on a section equivalent to the 

turbine frontal area) in the turbine wake drops until x/D=5 where it is only 36% of 

the upstream available velocity. In contrast, the faster re-energization of the 3D 

wake leads to a recuperation of 83% of the upstream velocity at x/D=5. 

- At x/D=10, that mean streamwise velocity has recovered to 80% in 2D and 97% 

in 3D. 

- At x/D=15, corresponding to the limit of the refined wake in this study, the mean 

streamwise velocity in 2D has recovered to 87% while it has completely 

recovered in 3D.  
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Appendix A5: Recuperation Length – Available Dynamic Pressure 

2D CFD 3D CFD 

 

 

- In 2D, the X-momentum flux (or dynamic pressure available) in the turbine wake 

drops until x/D=5 where it is only 14% of the upstream available dynamic 

pressure. In contrast, the faster re-energization of the 3D wake leads to a 

recuperation of 72% of the upstream available dynamic pressure at x/D=5. 

- At x/D=10, the dynamic pressure available on a section equivalent to the turbine 

frontal area has recovered to 69% in 2D and 95% in 3D. 

- At x/D=15, corresponding to the limit of the refined wake in this study, the 

dynamic pressure available in 2D has recovered to 77% while it has completely 

recovered in 3D. 
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Appendix A6: Recuperation Length – Available Power 

2D CFD 3D CFD 

 

 

 

 

 

 

 

 

 

 

 

 

 

- In 2D, the kinetic energy flux (or power available) in the turbine wake drops until 

x/D=5 where it is only 6% of the upstream available power. In contrast, the faster 

re-energization of the 3D wake leads to a recuperation of 65% of the upstream 

power at x/D=5. 

- At x/D=10, the power available on a section equivalent to the turbine frontal area 

has recovered to 69% in 2D and 93% in 3D. 

- At x/D=15, corresponding to the limit of the refined wake in this study, the power 

available in 2D has recovered to 74% while it has completely recovered in 3D. 
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Appendix A7: 2D vs 3D Wake – Turbulent Kinetic Energy 

2D CFD 3D CFD 

 

 

 

 

 

- In the 2D wake, the maximum turbulent kinetic energy ratio is about 

0.005 and is located in the shear layers at the outer limits of the wake. 

- At around x/D =8, the wake loses its stability leading to additional 

mixing. 

 

- In the 3D case, the maximum turbulent kinetic energy ratio is 0.015, 

thus three times greater than the 2D case.  

- Maximal values are found at around x/D=2 where the spanwise bypass 

flow reconnects at the wake centerline in the X-Z plane. The highest 

values of turbulent kinetic energy are thus associated to the blade tip 

vortices (apparent from the X-Z view). 
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Appendix A8: 2D vs 3D Wake – Turbulent Viscosity Ratio 

2D CFD 3D CFD 

 

 

 

 

 

 In 2D, maximum values of turbulent viscosity ratio reach about 

10,000 and are located near x/D=8 where the wake loses its stability. 

 

 

 

 

 

 

 In 3D, maximum values of turbulent viscosity ratio reach 28,000 near 

x/D=7 in the upper part of the wake, in the direction of the deflected wake. 
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APPENDIX B1 : DETAILS OF THE NUMERICAL METHODOLOGY OF THE 

ETM AND PRM SIMULATIONS 

In this section, details concerning the numerical methodology of the ETM simulations are presented. 

The aim is therefore to complement section 2.3 with more detailed information. 

The meshes used in the ETM and PRM simulations conducted in 2D (Figure B-1) and 3D (Figure B-2) 

space are generated using an automated mesh approach using the StarCCM+ software. A conformal 

interface separates the turbine region and the fluid domain region. 

In both 2D and 3D cases, the turbine region is composed of aligned cells having a characteristic length 

of 1% turbine diameter. In the 2D case, the mesh slowly expands in the near wake of the turbine (up to 

2.5 turbine diameters) but rapidly expands afterwards. In the 3D case, the mesh is refined in order to 

predict accurate results regarding the wake evolution up to 15 diameters downstream of the turbine. The 

cell size in the finest portion of the mesh closer to the turbine (up to 5 diameters downstream) is 1% of 

the turbine diameter and increases to 2% of the turbine diameter in the second refined portion of the 

mesh (up to 15 diameters downstream). 

Also, it is to be noted that one doesn’t necessarily have to use a mesh with that level of refinement in 

the wake of the 3D mesh if only rough predictions regarding the turbine performance is desired. But, if 

the wake evolution, namely the impact of the turbine on the resource, needs to be analyzed, it is 

suggested to use a finer cell size similar to the one presented here in order to limit excessive numerical 

diffusion that could alter the results significantly. 

Regarding the turbulence modelling, the simplified turbine model simulations have been run using the 

one-equation Spalart-Allmaras RANS model. All spatial discretization schemes (pressure, momentum 

and modified turbulent viscosity) have been set to second order and a segregated flow solver have been 

chosen. The second order implicit transient formulation has been used in every simulation. 

Convergence criteria were reached when all globally scaled residuals dropped below a value of 10
-5

 

(continuity, momentum and modified turbulent viscosity). 

 

Figure B-2: Mesh used in 2D simulations involving the ETM and PRM. Blockage ratio is 20% in this case. 
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Figure B-2: Mesh used in 3D simulations involving the ETM and PRM. Blockage ratio is 20% in this case. 
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APPENDIX B2 : DETAILED FORMULATION AND DEVELOPMENT OF    

The formulation of    starts by imposing that the turbine always produces the right effective drag 

coefficient   
 . This coefficient is defined as : 

  
  

 

 
       

 

where 

   is the turbine’s frontal area, 

  is the fluid density and 

   is the mean velocity passing through the turbine. 

The latter is given by 

   
 

  
           

where 

  is the mean local velocity at the turbine and 

   is a unit vector normal to the turbine’s frontal area. 

   will always produce the right   
  if the following requirement is respected 

    
  

 
    

           

where  

  is the volume of the turbine region. 

We then have to consider that the power extracted   by the action of the modelled turbine    is given 

by the integral over the whole turbine region of the scalar product of the local velocity   and the local 

value of   . 

      
 
 

 
    

             

where the effective power coefficient   
  is defined as 

  
  

 

 
     

  

 

So, in order to impose the right effective power coefficient   
 , as   and    both have the potential of 

being a function of space, one may need to distribute spatially    in a non-uniform way. 

In this work, it was chosen to impose the spatial shape of    in the  ,   and   directions following 

different shape functions  . The shapes studied are given below. 

 -direction shape function 

Uniform : 

      
 

 
 

where 
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  is the turbine thickness. 

 -direction shape functions 

Uniform : 

      
 

 
 

n
th
 order polynomial : 

      
   

 
   

 
 

   

   
 

   
 

 

where 

  is the turbine diameter 

  is the  -direction shape function’s order. 

 -direction shape functions 

Uniform : 

      
 

 
 

m
th
 order polynomial : 

      
   

 
   

 
 

   

   
 

    
 

where 

  is the turbine span 

  is the  -direction shape function’s order. 

These functions results in mostly uniform distributions when the order of the polynomials (  and  ) 

increases and steeper distributions when the latter decreases. Another characteristic of these functions is 

that they always return to zero at the turbine edges, meaning that no spatial discontinuity is observed at 

these locations as opposed to the uniform shape functions. 

Having these shape functions defined, if we consider    to be a function of space applied solely in the 

 -direction, the modelling requirement for the imposition of the effective drag coefficient leads to 

             
 
 

 
    

                      

At this point, one has only to use the desired value for   
  and to use the right combination of shape 

functions to obtain the desired   
 . 

   is included in the integral form of the Navier-Stokes equations (with gravity neglected) in the 

following way: 

 

  
                                   

where   is the turbulent stress tensor. 
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APPENDIX C: WALL ROUGHNESS LIMITATIONS IN CFD MODEL 

Overview 

In the process of matching a 3D CFD simulation of the CHTTC site to ADCP data and Telemac2D 

simulations, channel sidewall roughness has been identified as an important factor. Since the sidewall 

geometry used in both simulation software is relatively smooth.  A large wall roughness, on the order of 

metres is therefore required to achieve a realistic flow distribution.  

Figure C-1(Figure C-1(a) shows a satellite picture of the CHTTC channel with irregular shoreline 

highlighted. Figure C-1(Figure C-1(b) shows an image of the Telemac2D and CFD CHTTC geometry, 

with comparatively smoother shoreline geometry. 

 

(a)                                                                       (b)            

Figure C-1. Comparison of satellite image of CHTTC sidewall geometry, and geometry used for simulations 

In order to achieve a realistic flow using the smooth wall Telemac2D geometry, a large wall roughness 

coefficient was applied to the Telemac2D simulations. Initial attempts were made to apply an 

equivalent wall roughness to the 3D CFD simulations. However, Star-CCM+ CFD software 

automatically limits wall roughness height based on mesh prism layer height at the wall boundary. The 

following sections describe the wall roughness limitations in Star-CCM+, and the strategies that have 

been attempted to increase wall roughness in CFD simulations. 

Wall Roughness Limitations in Star-CCM+ 

In Star-CCM+, wall roughness is defined by the user in terms of roughness height. The NRC 

Telemac2D simulations used a Strickler roughness coefficient of 10 in their simulations. The Strickler 

roughness coefficient can be related to the Manning roughness coefficient by the equation 

   
 

 
 

where Ks is the Strickler coefficient, and n is the Manning roughness coefficient. A Ks of 10 

corresponds to a Manning roughness coefficient of 0.10. A Manning roughness coefficient of 0.10 

corresponds to a roughness height of over 5m [White, Fluid Dynamics].  

Irregular 

shoreline 

Smooth 

shoreline 
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Within Star-CCM+, wall roughness height is limited such that the roughness parameter R
+
 is less than 

y
+
. 

The Star-CCM+ documentation recommends that '... the distance from each wall-adjacent cell centroid 

to the wall is larger than the wall roughness height r.' Therefore, to achieve the desired roughness height 

of 5m, the first prism layer height would need to be approximately 10m. The width of the CHTTC 

channel in the areas of interest is approximately 45m wide. Using a 10m cell height along the walls for 

a 45m wide channel would severely limit the grid resolution.  

Using a large first prism layer height also presents problems for CFD simulations when resolving 

boundary layers along walls. A large first prism layer height results in large y+ values at the domain 

walls. Star-CCM+ uses wall treatments to define the near wall modeling assumptions for each 

turbulence model. Selection of the appropriate wall treatment is dependent on the y+ value at the wall. 

For good convergence, it is recommended that y+ does not exceed 100.  

Constraining the y+ value to 100 and below requires a first prism layer height of approximately 1mm. A 

prism layer of 1mm would restrict the wall roughness height to approximately 1mm. This wall 

roughness corresponds to a Manning coefficient of about 0.012.  

Increasing Wall Roughness in Star-CCM+ 

To summarize, the limitations in the wall roughness settings are: 

- Roughness height to 1st prism layer height ratio: We want to model a large wall roughness 

height. When using standard turbulence models, setting a large wall roughness height relative 

to the first wall prism layer height results in solution divergence. 

- y+ ≤ 100:  If we set a large first prism layer height in order to use a large wall roughness height, 

then the y+ value at the wall will become quite large. We initially wanted to keep y+ ≤ 100 

Through consultation with CD-Adapco staff, the following changes have been made to increase wall 

roughness while still obtaining good convergence and accuracy.  

1. Switched from SST turbulence model to the Elliptic Blending k-epsilon turbulence model. 

a. This model is recommended for low-y+ meshes with high wall roughness due the 

modified wall treatment it uses. It uses a method called "displacement of origin"  

b. CD-Adapco staff have suggested that this model can safely model a situation where the 

roughness height is 10x the 1st prism layer height.  

c. This change addresses the roughness height to 1st prism layer height ratio constraint 

2. Allow y+ ~ 3000 

a. CD-Adapco staff states that for high Reynolds number flows, the log-layer extends up 

to higher y+ values, so using a y+ value of a few thousand is acceptable.  

With this information, the first prism layer height was increased to 20mm, and a wall roughness of 

200mm was set. 
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Results 

Figure C-2Figure C-2 below shows the depth-averaged velocity using these wall roughness settings.  

 

 

Figure C-2. Depth averaged velocity in CHTTC. Mavi 3D CFD sims, wall roughness = 200mm 

The wall y+ values maxed out at about 3000, but most of the bathymetry surface appears to be at y+ 

=2000.  

 


