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SUMMARY 

This project aimed to quantify the impact of channel blockage, free surface effects, and foundations on 

turbine performance using both porous disks and an axial flow rotor to support the development of the 

IEC/TS 62600-200 standard. A combination of computer simulations (CFD) and experimental testing in 

a flume tank at the University of Victoria was used to cross-validate the work and help interpret the 

results.  

Both the experiments and CFD simulations showed that placing a turbine (represented as a porous disk) 

near the free surface has the effect of decreasing power output, provided that the physical characteristics 

of the turbine are unaltered (identical porosity setting).  If the turbine settings are modified, however, 

such that the turbine operates at the maximum power point, the power produced is nearly identical.  

In addition, CFD simulations showed that a turbine foundation could have a significant impact on 

turbine performance.  Two foundations types were considered for this project: a streamlined monopole 

installed downstream of the rotor and a heavier gravity type foundation placed in the plane of the rotor.  

The first foundation had a negligible effect on power production while the second increased power 

production substantially.  The impact of the turbine foundation was therefore shown to be directly 

coupled to the shape of the structure and it’s interaction with the turbine.   

Results from CFD simulations and experiments on an axial rotor were in good agreement in terms of 

predicting the peak power point. Overall, the CFD predicted higher performance values with the largest 

discrepancy occurring at tip speed ratios lower than the peak performance point. CFD simulations were 

subsequently used to derive performance values for a range of blockage ratios since this was not 

possible with the current experimental setup. These results showed that both thrust and power for the 

axial rotor were less affected by channel blockage compared to the porous disk or predictions made 

using actuator disk theory.  This outcome leads to the conclusion that the increase in thrust and power 

derived using actuator disk theory (and porous disks) for increasingly constrained channel are likely 

represent the upper bound for real rotors.  The actual boost in power for a physical turbine placed in a 

blocked channel will vary depending on the turbine’s design and foundation.  

The results of the work completed as part of this project supports the IEC/TS 62600-200 working 

group’s decision not to include any generic correction curves that could be used to adjust the power 

performance measurements based on the amount of channel blockage.   
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1 INTRODUCTION 

To date, turbine performance studies have shown that channel blockage can have a substantial impact 

on turbine power output. A previous TC114 study completed in 2011 demonstrated that even relatively 

small amounts of channel blockage, on the order of 5% of the channel cross section area, can lead to a 

measurable increase in turbine performance.  

Similarly, Nishino and Willden [1], [2] also completed a series of studies using 3D computational fluid 

dynamics (CFD) simulations to investigate the effect of blockage ratio on turbine power output. In their 

July 2012 paper [1], 3D CFD simulations were run where turbines were modeled as porous disks, and 

blockage ratio and aspect ratio were varied. Figure 1-1 shows the results from this study with CFD data 

compared to 1D linear momentum actuator disk theory (LMADT). The results in Figure 1-1 show good 

agreement between the CFD simulations and LMADT.  

In August 2012, Nashino and Willden published a second study [2] looking into the effect of channel 

blockage for turbine arrays. The turbine array consisted of multiple turbines positioned side by side 

along a line perpendicular to the flow direction. The parameters that were varied were overall channel 

blockage and the spacing between turbines. It was found that for low channel blockage ratios there was 

an optimal spacing between turbines. For high channel blockage ratios, however, it was found that the 

array power is maximized when the space between turbines is zero. 

 

Figure 1-1: Comparison of turbine power coefficient between 3D RANS and 1D LMADT methods [1] 

Most studies to date focused on modeling a range of turbine blockage ratios and array configurations, 

but neglected the effect of the water surface or turbine foundations. An analysis by Whelan et al [3] did 

use a modified 1D actuator disk type analysis method to predict how the presence of the surface would 

affect turbine power output. Comparison of this model to experiments showed good agreement and 

conclude that the extractable turbine power is further increased when the turbine is placed in proximity 

of the water surface.  Porous plates spanning the width of the channel were used for the experiments 

while the CFD modeling was done in 2D.  This project therefore builds on this work by working with 

round disks and performing CFD modeling in 3D.  
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Figure 1-2: Effect of blockage ratio on power with “°” and without “*” free surface obtained from [3] 

Given the results of these previous studies, further investigation of the impact of foundations and the 

free surface on turbine performance is warranted.  This work is applicable to both tidal and river turbine 

applications. The investigation into free surface effects is especially relevant to turbine deployments in 

rivers since these tend to be shallow sites. 
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2 OBJECTIVES 

This project set out to meet the following objectives: 

 Use CFD and experiments to develop series of correction curves to account for blockage as a 

function of depth with and without inclusion of free surface.  This is especially applicable to 

shallow tidal/river sites.  

 Use CFD to determine the impact of turbine foundations on blockage correction curves. 

 Determine dependence of scale/Reynolds number on thrust and wake of porous disk and 

resulting blockage correction using CFD. This is important so that we can satisfy ourselves that 

additional exp. work looking at arrays is representative of full-scale turbines.  

 Contrast the use of porous disks vs. an actual axial flow rotor for deriving blockage correction 

curves based on both experiments and CFD simulations.  

 Provide recommendations to TC114 Turbine Performance Standard.  
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3 FLUME TANK EXPERIMENTS  

The objective of the experimental work was to obtain quality performance data for both porous disks 

and an axial flow rotor. This data was subsequently compared to CFD model results. All experiments 

were completed at the University of Victoria Fluids Research Lab using the flume tank shown in Figure 

3-1.  

Experimental results were obtained for several porous disks sizes and blockage ratios.  

An existing rotor rig was used to test the performance of the axial rotor. A new set of blades, however, 

was designed for this project to minimize blade bending. This ensured a better agreement between 

experiments and CFD models (that did not account for blade bending). 

 

 

Figure 3-1: Flume tank at the University of Victoria 

3.1 DESCRIPTION OF WATER TUNNEL 

The test section of the water tunnel has a cross section of 45cm × 45cm and length of approximately 

2.5m. The top of the test section can be opened for tests involving a free surface (air-water surface), or 

can be closed off using two acrylic lids. With the lids installed, the effects of free surface deformation 

are no longer present. The walls of the test section are clear acrylic allowing visual access through the 

sides and bottom. 

The existing acrylic lids were designed to sit 45cm above the tank bottom. A false top with a variable 

vertical location setting was therefore built to enable testing at various blockage ratios.  

The flow is driven by a single-stage axial flow propeller pump delivering a maximum flow rate of 405 

L/s. The pump shaft RPM is controlled using Toshiba VT130H7U6270 frequency controller. The water 

flow speed is controlled by specifying the nominal frequency as a percentage of the maximum.  
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The time-averaged inlet velocity was calculated using a mechanical current meter with a model 2030R6 

propeller (also called low speed flowmeter). Setting a nominal frequency to obtain the desired inlet 

velocity was done for every single experimental setup since the frequency control does not guarantee a 

stable and constant velocity. This is important because small differences in mean velocities will have a 

considerable impact on the thrust and power coefficients.   

The inflow to the test section consists of a perforated plate, honeycomb section, 5 high-porosity screens 

and a 6:1 contraction.  Downstream of the test section, the flow is diverted by turning vanes in the 

return plenum into the return flow pipe located underneath the test section.  The design turbulence level 

is approximately 1.0%, however this was also assessed as part of the experimental campaign. 

3.2 EXPERIMENTAL SETUP 

3.2.1 Porous Disks 

The turbines were represented by porous disks for the first set of experiments. These disks were 

designed to provide a specific resistance to the flow such that the total disc thrust force was 

representative of the thrust of an actual spinning rotor. 

The porous disks were designed using the commercial CAD tool Solidworks and fabricated using a 

Fused Deposition Modeling (FDM) machine.  This is essentially a 3D printer that builds-up the model 

geometry in layers.  

For the purpose of these experiments, 2 different porous disks (see Figure 3-2) were printed using the 

FDM: a 150 and 219 mm diameter disk. The smaller disk was used for experiments studying the effects 

of free surface. The larger diameter disk was designed to match the axial rotor’s diameter and to obtain 

thrust coefficients over a range of velocities that will be used for CFD analysis. Both disks were built 

using 50% porosity and a regularly spaced grid of square pores.  

It is important to note that porous disks are only similes of actual turbines. Their primary similarity is 

that both turbines and discs extract energy (momentum) from the flow. The flow phenomenon, 

however, is different in both cases; for turbines, a combination of lift (pressure) and drag (viscous) 

forces are created locally by the blades, whereas the discs create the pressure drop through the disc 

through viscous losses and associated downstream small-scale turbulence only. Flow phenomenon such 

as swirl and discrete vortex sheets shed from the blades are also neglected when using porous disks. In 

sum, the overall pressure drop and momentum change experienced by the flow passing through an 

actual rotor or porous disc is similar, but the physical mechanism is different.  
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Figure 3-2: 15 cm and 21.9 cm diameter porous disks using FDM 

3.2.2 Force Measurement 

A load cell was used to measure the drag force on the disk. The load cell was housed in a watertight 

enclosure that connected the disk to the mounting sting as shown in Figure 3-3. This setup allowed the 

disk drag to be measured directly. 

The chosen load cell was the Omega LCMKD-20N, rated to a maximum load of 20N. The expected 

forces were approximately 10N. The sensor was chosen to provide a good signal-to-noise ratio, and to 

be as unobtrusive to the flow as possible.  The load cell had a diameter of 1.27cm. The housing was 

made to have the smallest diameter feasible, which ended-up being 1.905cm. While this may seem large 

compared to the disk diameter of 10cm, the cross sectional area of the sensor housing was only 3.6% of 

the disc area. This was considered acceptable. 

The manufacturer’s calibration for the load cell was no longer applicable due to frictional effects 

present in the housing seals, so a detailed calibration was conducted for the in-situ load cell. The sting 

was oriented vertically and known masses were loaded onto the porous disk, during which time the 

sensor output was recorded. Plotting the sensor output vs. load provided the calibration curve shown in 

Figure 3-4. The calibration tests were repeated three times to assess the repeatability. Some minor 

hysteresis was observed, but there was good consistency between the three tests. 
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Figure 3-3: Detail of the load cell housing  

 

 

Figure 3-4: Sensor Calibration Curve 

3.2.3 Axial Rotor 

An existing small scale rotor rig was used to test the axial rotor. The rig was designed to reproduce in a 

more realistic manner the flow phenomenon that exists around tidal turbines. The testing rig basically 

consists of a three-bladed rotor attached to a main horizontal shaft that drives the rotor, driven by a belt 

carried up through a vertical support tube. The horizontal and vertical tubes that compose the support-
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structure are made of aluminum tubing and are submerged in the water tunnel so that the motor and 

instruments of the system are placed outside the water, on top of the cover of the water tunnel, as shown 

in Figure 3-5. The scaled rotor has a diameter of 21.9 cm. Lártiga [4] gives a detailed description of the 

rotor rig’s manufacturing process. 

 

Figure 3-5: Schematic of the testing rig (left) and physical rig (right) 

3.2.4 Torque cell 

A torque cell was attached to the motor (see Figure 3-6) to measure the torque curve that describes the 

performance of the axial rotor for a specific set of blades. The Novatech F326-Z 1 Nm load cell was 

chosen to measure the reaction torque of the motor. This type of load cell fits between a motor and its 

mounting structure acting as a coupling.  

The load cell has the capability to measure torques ranging from -1 Nm to +1 Nm, and read values as 

small as the minimum expected torque for the experiment: 0.01 Nm. The DAQ system must therefore 

be capable of processing a signal of 60 µV.  

Plates and posts compose the structure that houses the motor and torque cell. The torque cell is attached 

to a plate, the motor is attached to the torque cell and a flexible coupler attaches the output shaft of the 

motor to the pulley shafts that drives the belt system. A schematic of the instrument assembly is shown 

in Figure 3-6. 
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Figure 3-6: Instrument structure 

3.2.5 DAQ Rio System 

The NI CompactRio package was selected as a combined control and DAQ system. This technology is 

portable, it communicates over the network, contains a real-time processor, a reconfigurable field-

programmable gate array (FPGA), and a variety of analog and digital input/output modules to meet the 

experimental requirements. Each of the NI modules of the CRio package connects directly to the 

sensors and motor. This allows the user to customize the system architecture.  

The torque cell readings, the porous disks force data and the motion control system used to drive the 

motor at a desired speed were all programmed using NI Labview software. Labview is a graphical tool 

used for designing, prototyping, and deploying embedded applications. 

The NI 9237 module was selected for reading both torque cell and porous disk output signals. This 

device is a 4-channel, 24-Bit, ±25 mV/V, full bridge analog input module. Table 3-1 shows the 

accuracy of the module under different measurement conditions. 

Table 3-1: Summary of errors in NI 9237 

Measurement Conditions* Percent of Reading** 

(Gain Error) 

Percent of Range*** 

(Offset Error) 

Calibrated typ (25 °C,±5 °C) 0.05% 0.05% 

Calibrated max (-40 to 70 °C) 0.20% 0.25% 

Uncalibrated typ (25 °C,±5 °C) 0.20% 0.10% 
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Uncalibrated max (-40 to 70 °C) 0.55% 0.35% 

*Before offset null or shunt calibration. 

** Applies at data rate of 50 kS/s. Lower data rates can have up to 0.20% of reading 

additional gain error. 

*** Range equals 25 mV/V. 

3.2.6 Blade set 

In past experiments, different blade sets were tested in the flume, going from linear chord/twist 

distribution to optimized blades using an internal excel optimization tool developed by Dr. Curran 

Crawford. While the first set had a relatively poor performance, the second one was bending around 

20% (calculated as the distance of the tip from the axial plane normalized by the total length of the 

blade) when the flow velocity was within the range of the experiments. Furthermore, there is a 

Reynolds dependency on the performance of the blades that needs to be taken into account in order to 

obtain better results. The challenge then was to obtain a blade profile that maximizes the performance 

of the axial rotor using optimization algorithms while keeping the blade stiffness within accepted 

values.  

The blade was modeled using a finite element method (FEM) to ensure that the required blade stiffness 

was achieved. A static structural analysis was carried out using ANSYS 14.0 to find the maximum 

deflections of the blade. Different alternatives to make a blade stiffer were discussed, from changing the 

material, building method, increasing chord thickness or setting a minimum chord length for the 

optimization.  

After evaluating the alternatives, the approach chosen was to set a minimum chord length. This was the 

most viable alternative in terms of building cost, complexity and ensuring acceptable rotor 

performance. Making the airfoil chords thicker would have been an easier method, but this will 

implicate increasing the drag force, affecting its performance.  

Now when designing a blade the airfoil profile selection plays a fundamental role in its future 

performance. After researching airfoil profiles from the University of Illinois at Urbana-Champaign 

(UIUC) Low-Speed Airfoil Test program [5], the SD8020 was selected showing the best behavior for 

low Reynolds number. The problem arises because ExcelBEM considers lift and drag coefficients for 

different Reynolds numbers but the available data just gives values for Reynolds numbers higher than 

the ones that describes the experiment and definitely not for the thickness that will be used for this 

project. It was necessary to test this airfoil for the desired conditions. For this purpose a 2D airfoil test 

was carried out using the selected airfoil with 15% thickness. Using the FDM, a 7 cm airfoil chord was 

printed and tested at the water tunnel for different Reynolds number, as shown in Figure 3-7. For 

further details about the testing apparatus please refer to Root (2012) [6]. The velocity field was 

obtained using Particle Image Velocimetry (PIV) and finally the employed method to find lift and drag 

coefficients was adapted using van Oudheusden et al (2007) [7] and Ragni et al (2009) [8] techniques, 

who have obtained high accuracy airfoil lift and drag coefficients. 

Once the above mentioned coefficients were obtained for different Reynolds numbers, ExcelBEM was 

implemented in order to find the optimal chord and twist distribution using a restriction on the 
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minimum chord length (found from FEM analysis) to keep the blade stiff. The resultant blade design 

can be seen in Figure 3-8. 

 

Figure 3-7: 2D Airfoil testing apparatus 

 

 

Figure 3-8: Final blade design for the axial rotor -0.06
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3.2.7 Flowmeter 

A fundamental aspect to consider for this project lies on the ability to capture a time-averaged inflow 

velocity. It is critical for the accuracy of the results to be able to obtain a reliable measurement of the 

flow, since a 1% difference in the readings leads to an approximately 2% difference on the thrust 

coefficient, thus the results could lead to misinterpretations. The instrument used for resolving the flow 

speed is a Mechanical Flowmeter Model 2030R6 that uses a high-resolution rotor for low speed 

applications. 

The Flowmeter incorporates a precision molded rotor coupled directly to a six digit counter which 

registers each revolution of the rotor and displays it as an automobile odometer does. The counter is 

located within the body of the instrument and is read through clear plastic wall. The flowmeter is 

properly balanced to maintain horizontal position when suspended from the towing bridle at speed. The 

instrument is shown in Figure 3-9. 

This technique to get an inflow speed depends greatly on the duration of the measurement. It was 

empirically shown that data gathered for less than 5 minutes led to significant differences between data 

sets. For     minutes the velocity remained fairly consistent, hence for every experiment in this 

project 10 minutes of data were acquired to determine the flow velocity at the inlet of the flume tank.  

To obtain a final time-averaged velocity the relationship between counts and time must be assessed. 10 

counts equals to 1 rotor revolution. Applying the calibration curve provided by the manufacturer, an 

expression to obtain the velocity in m/s is shown in the following equation:  

  
      

      
 

Where  

               

                        

                       

Hence 

   
 

 
 

 

Where t is the duration of the measurement in seconds. 
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Figure 3-9: Calibration curve for 2030R6 flowmeter (above) and mechanical flowmeter (below). 

3.3 POROUS DISKS EXPERIMENTS 

A series of porous disk experiments were conducted in the flume tank. It is first intended to study the 

free surface effects and the impact on both thrust coefficient and water height along the flume. This will 

be compared with the case where a non-deformable top surface is introduced. Furthermore, the 

objective of this study is focused also on capturing the effects of blockage ratio in the performance of 

tidal turbines when the mentioned conditions are present. Since the water tunnel acrylic lids have a 

fixed position when installed, they cannot be used for changing the cross section area of the flume, thus 

it was necessary to design a false bottom/top that can generate different blockage ratios in the absence 

of free surface effects. Looking at the current design of the flume, it is not possible to install a false 

bottom without machining the visualization section, thus the only option left was to come up with a 

design for installing a false top.  
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3.3.1 Closed top experiments 

The goal of this part of the experiments is to provide a characterization for the 2 porous disks that are 

being studied, i.e. determine the thrust coefficient over a range of inflow speeds and decide whether 

there is Reynolds dependency or not. In order to accomplish this, the porous disks were tested with the 

acrylic lids on, so no free surface was considered for this purpose. A schematic of the experimental 

setup is shown in Figure 3-10. 

The porous disk is located at 0.985 m from the inlet. The disk has been aligned so it is perpendicular 

with the flow direction (zero yaw) and right at the center of the cross section plane. In order to obtain a 

consistent data set from the force sensor a specific protocol was established when the calibration test 

was performed. It basically requires to preload de load cell before getting the assembly into the flume. 

This was done for every single collected measurement. 

 

Figure 3-10: Location of the porous disk in the visualization section of the flume 

The thrust coefficient was calculated as follows: 

   
    

 
    

   

 

Where      is the experimental disc force and    is the cross sectional area of the porous disc. The 

thrust coefficient uncertainty was determined using typical error propagation techniques for the force 

uncertainty. Further details are presented in section 3.5. 

3.3.2 False top experiments 

The second phase of the experiments involved measuring the drag force on the 15 cm porous disk for 3 

different blockage ratios. The blockage ratio is defined as the ratio of the model-frontal area to the test-

section area. Since the model area corresponds to the surface of the porous disk, the flume cross 
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sectional area needs to be modified in order to achieve different blockage ratios. As stated before, the 

current lids are fixed on the flume tank and cannot be used for modifying the cross sectional area, thus a 

false top was design and built in order to meet the requirements of this project.  

The false top is made out of two 114.3 x 44.8 cm High-density polyethylene (HDPE) rectangular 

pieces, coupled by two standard aluminum rectangular tubes of 220 cm length. It is intended to be able 

to adjust the height of the false top with respect to the bottom of the water tunnel. To accomplish this T-

slot aluminum extrusions were found to be an excellent choice and suitable for this assembly. The T-

slot profiles were attached to cross bars installed on the HDPE surface and an access hole for the disk’s 

sting was drilled in order to match the desired disk position from the previous experiment. Figure 3-12 

shows the final result of the design. 

The drag force on the disk was measured for blockage ratios of 0.087, 0.117 and 0.175, i.e. the false top 

was placed inside the water tunnel at 3 different heights, measured from the bottom of the flume tank, at 

45, 33.8 and 22.5 cm respectively. Figure 3-11 shows a simple sketch of the cross section plane. For 

each case the water tunnel was filled 7 cm above the false top, making sure that when the experiments 

were conducted there were no free surface effects happening in the wake region.   

 

Figure 3-11: Schematic of the different Blockage ratios 

The inflow speed for every case is intended to be ideally 0.77 m/s, in order to match the open flume 

conditions (Refer to section 3.3.3 for further details about this option). To accomplish this the controller 

of the pump was set at different frequencies and velocity data was gathered in order to find a frequency 

value that gives an inflow velocity as close as possible to the desired value. The CT values obtained 

with this method are shown in Figure 3-17. 
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Figure 3-12: False top design (above) and experimental setup (below) 

3.3.3 Open flume (free surface) experiments 

The effects of free surface are visible when air-water interaction is allowed. By taking the lids from the 

flume tank, it is possible to observe this behavior and to capture the required parameters when the 

porous disk sits perpendicular to the flow direction. For this part of the experiment it is intended to 

measure two variables, the drag force of the disk for the same blockage ratios used in the previous setup 

and the water height along the centerline of the flume. 

There is a specific requirement for this part of the experimental process. The inflow speed of the flume 

tank must be set up as close as possible to 0.77 m/s. This value was determined to be the minimum 

value for which it is possible to obtain clean force readings (Noise in the signal has a negligible impact 
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on the measurements). Higher velocity values will also have an impact on Froude number, which is also 

necessary to be kept within the typical values where tidal turbines can be deployed. Since the motor that 

controls the pump can only be adjusted for nominal frequencies, this flow speed has to be determined 

empirically. Hence a range of frequencies were used and the corresponding time-averaged flow velocity 

was calculated using the flowmeter.  

3.3.3.1 Thrust coefficient in open flume 

The same concept as the previous test was implemented for this part of the experiment. The 15 cm 

porous disk was tested for different blockage ratios, keeping the disk position relative to the flume tank 

constant and centered in the cross sectional plane (See Figure 3-11). Once again, data was collected at 

different time frames, ensuring repeatability of the measurements. 

It is fundamental to mention that the initial water height was measured right at the inlet of the 

visualization section of the flume (Refer to Figure 3-14) and when it was running at the desired 

frequency of the pump. This is important since the height decreases as the inflow speed increases. For 

further details about how the height was measured please refer to the next section.   

3.3.3.2 Water height 

The second parameter used to characterize the air-water interaction of a porous disk under a constant 

flow rate is the water height. This dimension was obtained using a 1/4-20’’ threaded rod screwed to an 

aluminum bar. The rectangular bar has a threaded hole that allows the rod to pass through the bar. This 

bar lies on top of the water tunnel perpendicular to the flow direction. Once the flow reaches the desired 

velocity, the rod is positioned until it gently touches the water surface, hence the water height is 

obtained with high accuracy, since the rod advances 1.27 mm per turn, allowing to get a sufficient 

precision. A nut was used to fix the rod when the desired position is reached. Figure 3-13 shows the 

assembly of the height measurement device. 

The centerline of the flume was discretized into 16 different points, 7 before the disk and 9 after it. A 

schematic of this setup is presented in Figure 3-14. The position of the disk remained undisturbed at 

0.985 m from the inlet. 
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Figure 3-13: Threaded rod for height measurements (left) and free surface effect for 17.5% BR (right)   

During the experiment it was noticed that the flow rate was not constant over small periods of time, 

resulting in a small variation in the water height, behaving cyclically. Therefore 2 measures were taken 

at each sample point, indicating the lowest and highest height of the water.  

 

Figure 3-14: Height measurement points along the flume. Frontal view (above) and top view (below) 

3.4 AXIAL ROTOR EXPERIMENTS 

The rotor rig with the new optimized set of blades is now ready to be tested in the flume tank. It is 

intended to obtain a characteristic curve that describes the performance of the new blades. To 

accomplish this, 2 variables were considered, the Tip Speed Ratio and the power coefficient. 
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The TSR (λ) is a dimensionless ratio between the tangential speed of the tip of a blade and the actual 

velocity of the flow.  

  
  

  
 

Where  

                                 

                    

                      

The power coefficient (CP) is a quantity that expresses what fraction of the available power is being 

extracted by the turbine. This parameter can be considered as a function of both TSR and the pitch 

angle of the blades. The optimization routine applied for finding the optimal design gave also an 

optimal pitch angle. Thus for this power curve a fixed pitch angle was set at 4.1° at the tip of the blade 

with respect to the rotor plane. A range of TSR were covered in order to obtain the power curve. There 

are three variables that can be modified in order to change the TSR. For this experiments the rotational 

speed of the rotor rig was controlled with the CompactRio (3.2.5), i.e. the same blade set was used and 

at the same inflow speed.  

For setting   , experiences from previous experiments involving the axial rotor were considered, where 

it was concluded that the best performance happens at higher Reynolds numbers. The optimization 

algorithm to find an optimal chord and twist distribution was then limited to inflow speeds between 1.2-

1.4 m/s. As mentioned, the decision of fixing an inflow speed was based on previous experiments, 

where the nominal frequency of the pump was fixed at 35 Hz. That being said, the pump controller was 

set at 35 Hz for the entire data acquisition. The corresponding inflow speed value was calculated using 

the Flowmeter. 

It is also desired to identify for which   the performance gets maximized. The selected operational 

points are going to be considered to run CFD simulations. (For further details refer section 5). 

3.5 EXPERIMENTAL ERROR 

Errors in experiments [9] generally fall into two categories: systematic (bias) error and random 

(precision) error. Systematic errors are consistent, repeatable errors that have multiple sources, such as 

zero-offset, sensitivity, nonlinearity or hysteresis, among others. The random errors are those caused by 

lack of repeatability in the output of the measuring system. Throughout this project there will be an 

assumption based on the size of the error. When an error from a particular source is found to be 

significantly smaller than other existing errors, it will be neglected.  

For all of the experiments the data acquisition system was employed using the NI 9237, as mentioned in 

section 3.2.5. Considering a 10 V excitation and a noise due to excitation of 100µVrms, the total 

uncertainty of this module is 0.0101 V, which is around 0.1% of the signal measured. Since this value is 

much smaller than the uncertainty due to repeatability, it will be neglected. 

For estimating the random error, a statistical analysis was performed. The t-student distribution was 

used to estimate the confidence interval of a mean value of a sample. This distribution is used for 
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sample sizes smaller than 30. Table 3-2 and Table 3-3 show the uncertainty for both experiments using 

a 90% confidence interval. 

Table 3-2: Load cell uncertainty for α=90% 

Sensor output  
  

 
  Uncertainty  

  

 
  

0.0759 0.0056 

0.2030 0.0134 

0.3340 0.0182 

0.6010 0.0201 

1.6000 0.0201 

 

Table 3-3: Torque cell uncertainty for α=90% 

Sensor output  
  

 
  Uncertainty  

  

 
  

0.1382 

 

0.0093 

0.1691 0.0131 

0.1729 0.0058 

0.1969 0.0056 

0.2142 0.0056 

3.6 EXPERIMENTAL RESULTS 

Regarding to the closed top experiments, Table 3-4 and Table 3-5 summarize the results for each 

porous disk. It is important to notice that the uncertainty of the force is inversely proportional to the 

velocity squared, therefore if greater accuracy is desired the water tunnel should be operated at higher 

speeds. 

 Table 3-4: Summary of Thrust coefficients for 15 cm Disl 

Blockage Ratio    

(m/s) 

Disk force 

(N) 

   

0.087 0.5596 

 

2.521 ± 

0.225 

 

0.912 ± 

0.038 

 

0.087 0.7746 

 

4.870 ± 

0.293 

0.920 ± 

0.026 

 

0.087 0.9886 

 

7.731 ± 

0.314 

0.896 ± 

0.017 

 

0.087 1.2479 

 

12.336 ± 

0.332 

0.897 ± 

0.010 

 

 

 Table 3-5: Summary of Thrust coefficients for 21.9 cm disk 

 

 

 

 

Figure 3-15 and Figure 3-16 show the CT obtained for a range of    for both porous disks.  

Blockage Ratio    

(m/s) 

Disk force 

(N) 

   

0.186 0.5294 

 

5.765 ± 0.529 

 

1.093 ± 

0.038 

 

0.186 0.7838 

 

12.776 ± 

0.783 

1.105 ± 

0.026 

 

0.186 0.9503 

 

18.767 ± 

0.950 

1.104 ± 

0.010 
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Figure 3-15: CT for 15 cm disk over range of inflow speeds 

 

Figure 3-16: CT for 21.9 cm disk under different inflow speed 

The results show for both porous disks that there is a slight difference on the CT values when the inflow 

speed increases but they can be considered within the experimental error due to repeatability, hence it 

was assumed that the CT is invariant with Reynolds number.  
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In Figure 3-17 the CT tendency with increasing blockage ratio can be observed for both open flume and 

false top cases.  Results for this series of experiments are tabulated in Table 3-6 and Table 3-7.  

 

Figure 3-17: Thrust coefficient for different Blockage ratios using an open flume and false top. 

Table 3-6: Ct for different BR using False Top 

BR   
     (m/s) Disk force (N)    

0.087 0.7845 

 

5.038 ± 0.362 

 

0.927 ± 0.031 

 

0.117 0.7658 

 

4.849 ± 0.324 0.936 ± 0.029 

 

0.175 0.7701 

 

5.153 ± 0.330 0.984 ± 0.029 

 

 

Table 3-7: Ct for different BR Open Flume 

BR   
     (m/s) Disk force (N)    

0.087 0.7889 

 

4.995 ± 0.401 

 

0.909 ± 0.034 

 

0.117 0.7857 

 

5.017 ± 0.373 0.921 ± 0.032 

 

0.175 0.8261 

 

5.777 ± 0.303 0.959 ± 0.023 

 

 

As expected, for both configurations the CT tends to increase with higher blockage ratios and a slight 

difference between this 2 curves can be appreciated. The results show higher thrust coefficients when 

no free surface effects are being considered, although they can still be considered within the 

experimental uncertainty. 
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Finally it is of interest to observe the water height profile along the center line of the flume. The results 

for the three blockage ratios are shown in Figure 3-18, Figure 3-19 and Figure 3-20. 

 

Figure 3-18: Water height along the flume for BR=0.087 

 

Figure 3-19: Water height along the flume for BR=0.117 
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Figure 3-20: Water height along the flume for BR=0.175 

Finally Table 3-8 contains a summary of the axial rotor results. It is important to notice that the 

uncertainty gets considerably smaller than for the porous disk cases, since the power coefficient is 

inversely proportional to the speed cubed, plus the test were conducted at a higher inflow speed.  

Table 3-8: Summary of axial rotor experiments 

BR v (m/s) ω (rad/s) TSR (λ) Torque (Nm)    

0.186 1.261 28.804 2.501 0.315 ± 0.021 

 

0.205 ± 0.0026 

 

0.186 1.261 34.547 2.999 0.385 ± 0.029 0.310 ± 0.0044 

 

0.186 1.261 40.305 3.500 0.449 ± 0.012 0.430 ± 0.0022 

 

0.186 1.261 46.064 4.000 0.394 ± 0.013 0.424 ± 0.0026 

 

0.186 1.261 51.825 4.501 0.337 ± 0.014 0.400 ± 0.0031 

0.186 1.261 56.478 4.904 0.285 ± 0.014 0.358 ± 0.0034 
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Figure 3-21: Power coefficient over a range of TSR 
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4 CFD SIMULATIONS USING POROUS DISK MODEL  

As explained in the introduction, this work builds on a previous study completed in 2010/2011 by the 

same research team (Clean Current Power Systems, University of Victoria and Mavi Innovations) 

looking into the effects of channel blockage on turbine performance. It was shown that a turbine 

operating in a constricted channel can produce significantly more power compared to a turbine placed 

in a very large unobstructed channel. This work now focuses on quantifying the effect of incorporating 

a free surface and foundations into the analysis.   

4.1 METHODOLOGY 

A simplified numerical model of the turbine is used for this study to enable running many simulations 

in a short period of time. This simplified turbine model allows for an idealized representation of the 

turbine using a thin cylindrical disk in place of modeling an actual rotor with distinct blades.  The same 

approach is commonly used in experimental testing whereby a porous disk is used to represent a rotor.   

This is an approach rooted in actuator disk theory. Actuator disk theory, (also referred to as momentum 

theory) provides a mathematical model to describe an “ideal actuator disk” such as a wind/tidal turbine, 

ship propeller or helicopter rotor.  

4.1.1 Momentum Source vs. Porous Disk Model 

The most common method of implementing an actuator disk in CFD is to use a momentum source 

model based on actuator disk theory. This model was used for the previous study.   

An alternate approach, when modeling rotors that extract energy from the flow (i.e. tidal/wind turbines 

as opposed to ship propellers), is to use a porous disc model. The porous disc model has several 

advantages: 

 It is a closer representation of the physical porous disks used for experiments; 

 The settings used to specify the porous disk properties are not a function of incoming water 

speed. Once the disk properties are tuned to represent a specific turbine, the disk can be placed 

in a channel with complex bathymetry (sea/river bottom), complex shoreline and varying flow 

speeds.  The forces on the disk can then be used to calculate the power produced.  The disk can 

also be placed in the wake of another disk or in various array configurations.  The calculated 

forces on each disk can then be used to derive the power produced by each turbine in the array.  

Given the above-mentioned advantages, the porous disk model was selected for this study.  The use of 

the porous disk model also better complements research recently completed by Mavi, the University of 

Victoria, Acadia University and Cascadia Coast Research of utilizing simplified turbine models for 

predicting power output at the FORCE test berths and in Petit Passage, NS. [10] 

4.1.2 Operating Conditions 

When comparing results to experiments and published data, it is important to distinguish between two 

operating conditions: 

1. Turbine (porous disk) settings are kept constant irrespective of blockage ratios;  

2. Turbine (porous disk) is tuned to operate at the maximum power point (MPP).  
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The first operating condition represents a baseline case that facilitates comparison to experimental 

results (i.e. the same disk is used for all experiments). 

The second operating condition represents a turbine equipped with a controller capable of seeking the 

maximum power point.  For porous disk simulations, the maximum power point is determined by 

increasing the disk resistance, which in turn increases the disk thrust and power increase. Eventually the 

disk power reaches a maximum and begins to drop again whereas the disk thrust continues to increase. 

Therefore, to obtain the maximum extractable power at each blockage ratio, the porous disk resistance 

coefficients were increased in increments until extractible power reached a maximum.   

All of the theoretical work discussed in the introduction is presented for the second operating condition. 

4.2 SIMULATION MATRIX 

An initial set of simulations were run ahead of experimental testing to validate the use of the porous 

disk model and determine whether varying disk size or water speed had an effect on calculated thrust 

values.  Table 4-1 provides a summary of simulations run using the porous disk model for this initial 

investigation. 

Table 4-1: List of porous disk simulations  

Blockage 

[%] 

Disk Dia. 

[m] 

Water Speed Top Surface 

Representation 

Foundation 

Validation of Porous Disk Model and Scale Effects 

0.5 0.1 1.50 Slip-Wall No 

2.5 0.1 1.50 Slip-Wall No 

5.0 0.1 1.50 Slip-Wall No 

10.0 0.1 1.50 Slip-Wall No 

20.0 0.1 1.50 Slip-Wall No 

0.5 1.0 3.00 Slip-Wall No 

5.0 1.0 3.00 Slip-Wall No 

10.0 1.0 3.00 Slip-Wall No 

20.0 1.0 3.00 Slip-Wall No 

0.5 10.0 3.00 Slip-Wall No 

5.0 10.0 3.00 Slip-Wall No 

10.0 10.0 3.00 Slip-Wall No 

20.0 10.0 3.00 Slip-Wall No 

Investigation of Reynolds Effect by increasing velocity 

17.5 0.15 0.77 Slip-Wall No 

17.5 0.15 2.00 Slip-Wall No 

17.5 0.15 5.00 Slip-Wall No 

17.5 0.15 10.00 Slip-Wall No 

 

Then next set of simulations, summarized in Table 4-2, were run to investigate the effect of a free 

surface on thrust and power production.  The CFD and experiments were first run with a lid placed over 

the top surface of the flume tank.  The lid was subsequently removed.  
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Table 4-2: Investigation into free surface effects 

Blockage 

[%] 

Disk Dia. 

[m] 

Water Speed Top Surface 

Representation 

Foundation 

For comparison to closed-lid experiments 

8.7 0.15 0.785 Slip-Wall No 

11.6 0.15 0.766 Slip-Wall No 

17.5 0.15 0.770 Slip-Wall No 

For comparison to open-lid experiments 

8.7 0.15 0.789 Free-Surface No 

11.6 0.15 0.786 Free-Surface No 

17.5 0.15 0.826 Free-Surface No 

 

A simulation was also run for a 21.9 cm disk that was tested in the flume tank.  This larger disk size 

was built to match the diameter of the axial rotor.  Table 4-3 summarizes the parameters used for this 

simulation.  

Table 4-3: For comparison to axial rotor experiments and simulations 

Blockage 

[%] 

Disk Dia. 

[m] 

Water Speed Top Surface 

Representation 

Foundation 

18.6 0.219 1.261 Slip-Wall No 

 

Finally, a set of simulations were run to determine if foundations need to be considered when 

developing power correction curves in blocked channels.  Table 4-4 summarizes the parameters used 

for this set of simulations.  

Table 4-4: Investigation into influence of foundations 

Blockage 

[%] 

Disk Dia. 

[m] 

Water Speed Top Surface 

Representation 

Foundation 

8.7 10 3.0 Slip-Wall Yes 

11.6 10 3.0 Slip-Wall Yes 

17.5 10 3.0 Slip-Wall Yes 

8.7 10 3.0 Free-Surface Yes 

11.6 10 3.0 Free-Surface Yes 

17.5 10 3.0 Free-Surface Yes 

 

4.3 MODEL VALIDATION 

The porous disk model was first validated against results obtained by the University of Victoria for an 

actuator disk and Clean Current for a ducted axial flow rotor back in 2010. All comparisons are done on 

a percent change in thrust and power coefficient values.  The thrust and power values are reported at the 

maximum power point. 

For reference, the thrust, T, on the disk is calculated according to the following equation: 
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where    is the pressure difference between the upstream and downstream disk faces,   is the disk 

surface and v is the velocity through the disk.  

The power, P, is then calculated by multiplying the thrust by the x-direction velocity averaged over the 

volume of the disk,                , as follows.  

                   

The thrust and power were subsequently non-dimensionalized using thrust and power coefficients to 

facilitate comparison between experiments and simulations run for different disk sizes, rotor sizes and 

water speeds.  

The thrust coefficient is defined as: 

   
 

 
 
   

   

 

The power coefficient is defined as: 

   
 

 
 
   

   

 

Finally, the following ratios were used to calculate the percent change is thrust and power compared to 

an infinitely wide channel: 

      
             

                   
 

      
             

                   
 

It is important to note, that for all results presented in this section, the percent change values 

were calculated based on the theoretical thrust coefficient of 8/9 and power coefficient of 16/27 for 

an infinitely large channel.  The theoretical values were used as a baseline to allow for a more direct 

comparison between all simulation and future experimental results.  

Results obtained at the University of Victoria in 2010 using a momentum source model are summarized 

in Table 4-5.  For the zero blockage case, the simulations showed that the predicted change in power is 

about 3% higher than the theoretical value. 
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Table 4-5: UVic Results from 2010, Momentum source model, 1.0m dia. disk 

 1.0 m Dia Disk 10 m Dia Disk Theoretical 

% Blockage CT
*
 CP

*
 CT

*
  CP

*
 CT  CP

0.0 0.1 3.1 0.0 2.9 0.0 0.0 

5.0 - - 18.1 13.2 20.8 10.5 

5.5 23.8 15.0 - - 22.9 11.5 

9.0 35.0 22.8 - - 38.0 20.3 

10.0 - - 40.6 26.2 42.8 23.0 

20.0 80.0 56.8 85.6 58.0 100.4 55.4 

* With respect to theoretical value of 8/9 for CT and 16/27 for CP   

In 2010, Clean Current ran simulations of a ducted axial rotor to determine the impact on performance 

of channel blockage for a turbine.  The results of this work are summarized in Table 4-6.  

Table 4-6: Clean Current results from 2010, Ducted Axial Flow turbine 

 Clean Current Ducted Rotor Theoretical 

% Blockage CT CP CT CP

0.0 0 0 0.0 0.0 

2.0 5.2 0.8 9.5 4.0 

3.0 5.5 2.8 13.1 6.0 

5.0 9.3 8.2 20.8 10.5 

10.0 20.3 23.2 42.8 23.0 

20.0 48.9 61.3 100.4 55.4 

 

Finally, for validation purposes, Mavi ran a series of simulations at three different turbine diameters 

(0.1m, 1.0m, 10m) using the porous disk model.  

The CFD model geometry, shown in Figure 4-1 is a replica of the test section of the flume tank at the 

University of Victoria. The flume tank was modeled as a simple rectangular channel with cross-section 

dimensions of 45cm by 45cm and a length of 2.5m. The porous disk is modeled as a thin cylindrical 

region. The disk support stings were not modeled.  To reduce the required simulation time, only half of 

the domain was actually modeled. A vertical symmetry plane along the tank centerline was used to split 

the domain. To match previous simulation work completed by UVic, the tank walls were modeled as 

slip walls (i.e. zero shear).  
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Figure 4-1: CFD model of flume tank 

Four blockage ratios were considered for this study.  For each ratio, the cross-sectional area of the 

channel was decreased by narrowing the width and depth of the channel as shown in Figure 4-2.  

 

Figure 4-2: Cross sectional area of channel showing blockage ratios considered for 0.10m disk (all dimensions 

shown in mm). All dimensions were scaled by 10x for the 1.0m disk and 100x for the 10m disk.  

The results from the simulations are summarized in Table 4-7. 

Table 4-7: Mavi results from 2013 Porous Disk Simulations 

 0.1 m Dia. Disk 1.0 m Dia. Disk 10.0 m Dia. Disk Theoretical 

% Blockage CT
*
 CP

*
 CT

* CP
*
 CT

* CP
*
 CT

*
 CP

*


0.5 13.3 10.1 8.9 7.2 10.5 6.5   

5.0 23.5 17.4 20.5 15.1 22.2 14.6 20.8 10.5 

10.0 35.1 27.3 37.7 28.8 43.3 26.1 42.8 23.0 

20.0 84.5 58.4 89.2 57.6 95.4 57.1 100.4 55.4 
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* With respect to theoretical value of 8/9 for CT and 16/27 for CP 

 

For comparison, all of the results are presented in Figure 4-3 and Figure 4-4. As shown, there is some 

variation in thrust coefficient (CT) and power coefficient (CP) between the different RANS methods and 

disk scales.  

Figure 4-3 shows that percent change in CT varies significantly more than the percent change in CP. As 

the disk settings are incrementally increased to find the maximum power point, disk CP become more 

and more insensitive to disk resistance. This means that large changes in disk resistance, and thus CT, 

resulted in only minor changes in CP.  The variation in %CT values between the different data sets in 

Figure 4-3 could therefore be reduced if all of the simulations were further fine tuned to find the 

absolute peak in CP within a fraction of a percent.   

The discrepancy is results  is also in part attributed to differences in RANS solvers used (CD-Adpco vs. 

CFX), mesh structure and density settings and the method of calculating the reference velocity used for 

deriving the power coefficient. In general, the percent change in power coefficient for all methods is 

within 5%-10% of the theoretical percent change in CP.   

 

Figure 4-3: Validation of Porous Disk Model – Change in Ct 
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Figure 4-4: Validation of Porous Disk Model – Change in Cp 

As shown Figure 4-4, the results follow the theoretical line but, for the most part predicted a slightly 

higher change in performance due to blockage. Figure 4-4 also includes the results from the analytical 

method called the Linear Momentum Actuator Disk Theory (LMADT) which is discussed in [1].  It is 

important to bear in mind that these results rely on using the theoretical thrust and power coefficients.  

As an alternative, if the change in performance is calculated using numerically derived values for a zero 

blockage condition, then the percent change curves calculated using CFD may fall marginally below the 

theoretical value.  This is a subtlety that needs to be recognized and addressed in future work. 

4.4 INFLUENCE OF ROTOR SCALE 

The University of Victoria’s flume tank was used to obtain experimental results to confirm predictions 

made by CFD models.  Because the flume tank is only 0.45m wide, the size of porous disks and rotors 

tested in the tank in much smaller compared to the turbines being deployed in rivers or tidal passages.  

For this reason, CFD models validated against experimental results at flume tank scale are subsequently 

run for larger rotor and channel sizes. Thus, the impact of rotor scale on the predicted turbine 

performance change due to channel blockage can be quantified. 

Simulations were therefore run for three different rotor sizes (0.10m, 1.0m and 10m) for a range of 

blockage ratios.  As shown in Figure 4-5, the predicted change in performance for the 1.0m and 10m 

turbines is nearly identical at each blockage ratio.  The smaller 0.10m disk follows the same trend 

closely at blockage ratios above 10%, but over predicts the change in performance for a lightly blocked 

channel.  The reason for this is still under investigation.  

Based on simulations work to date for a porous disk, it can be concluded that an increase in scale from a 

1.0m to a 10m rotor results in minimal change in performance as the percentage of channel blockage is 

increased.   
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Figure 4-5: Dependence on Reynolds Number 

4.5 IMPACT OF MODELING THE FREE-SURFACE ON CHANNEL BLOCKAGE 

Three blockage ratios were considered for this study as shown in Error! Reference source not found..  

he free surface was modeled as both a fixed slip wall, and an actual air-water interface.  

Because the submerged disks in the CFD simulations are located close to the free surface, surface 

waves will form. For this study to be applicable to real world turbine installations, simulation 

parameters that create realistic surface wave characteristics were selected. The characteristics of surface 

waves can be determined with a non-dimensional number called the Froude number. The Froude 

number is defined as:  

                                                                               
 

   
                                                                      

where v is upstream flow velocity,   is gravitational acceleration, and   is water depth.  

Table 4-8 shows the maximum Froude number at several Canadian turbine deployment sites of interest. 

A Froude number in the 0.15 to 0.50 range was determined to be appropriate for CFD simulations based 

on the results in Table 4-8. To obtain Froude numbers within this range for the UVic flume tank, the 

flow velocity was set to 0.77m/s, which corresponds to a full scale free stream velocity of 3.0m/s. A 

disk diameter of 0.15m was used to improve the signal-to-noise ratio on the disk force measurement.  
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Table 4-8: Froude numbers of potential turbine sites 

Location 
Water Depth 

[m] 

Maximum 

Flow Velocity 

[m/s] 

Froude 

Number 

Seven Sisters Dam 8.5 2.0 0.22 

Point Du Bois 4.0 3.0 0.48 

Butze Rapids 15.0 4.7 0.39 

Digby Gut 67.0 3.9 0.15 

Petite Passage 35.0 5.9 0.32 

Grand Passage 37.0 4.3 0.23 

 

Figure 3-11 shows cross-section views of the tank scale CFD domains used. Table 4-9 shows the flow 

velocity and Froude numbers for the CFD simulations performed.  

Table 4-9: Froude numbers of free surface CFD simulations 

Disk 

Diameter 

(m) 

Blockage 

Ratio 

Free Stream 

Velocity (m/s) 

Froude 

Number 

0.15 

0.087 0.77 0.37 

0.116 0.77 0.42 

0.175 0.77 0.52 

 

A new CFD domain geometry, shown in Figure 4-6, was created model the air-water interface. 

For these free surface simulations, the water level was fixed at the outlet and was allowed to rise at the 

inlet. A hydrostatic pressure condition was applied at the outlet.   

The inlet was split at the air-water interface using a wedge to help stabilize the simulation by creating a 

physical division between the air and water.  As the channel becomes increasingly blocked with 

turbines, the water level at the inlet begins to rise along the wedge.  If this wedge was not in place, the 

water would attempt to spill out through the air inlet causing instability in the simulation. The air and 

water inlets are defined as mass flow inlets instead of velocity inlets. Using mass flow inlets was found 

to significantly improve convergence. 

Figure 4-6:  CFD model with inclusion of Free Surface 



Impact of channel blockage, free surface proximity and foundations on the performance of tidal and river energy converters April 29th, 2014 

Prepared for: TC-114 Final Report  46 

 

The results from this batch of simulations with inclusion of free-surface are plotted in Figure 4-7 

through Figure 4-10. For comparison, results from simulations run with the free-surface modeled as a 

rigid slip wall are also provided.  The comparison is made based on both thrust and power coefficient. 

Two operating conditions were considered for this analysis: 

1. Turbine (porous disk) settings are kept constant for all blockage ratios to enable comparison to 

experiments (Figure 4-7 and Figure 4-8) 

2. Turbine (porous disk) is tuned to operate at the maximum power point (MPP) (Figure 4-9 and 

Figure 4-10)  

The results obtained for the first operating case indicate that the thrust force on the disk decreases in the 

presence of a free surface.  Conversely, when the disk is tuned to operate at the maximum power point, 

the thrust and power coefficients are nearly identical irrespective of whether a free surface is modeled 

or replaced by a slip wall.  This result is consistent with research published by Whelan et al [3] that 

shows the influence of the free surface to have a very negligible effect on power for blockage ratios 

below 0.2.   

 

Figure 4-7:  Comparison of thrust coefficient between free-surface and closed lid simulations 
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Figure 4-8: Comparison of power coefficient between free-surface and closed lid simulations 

 

 

Figure 4-9: Comparison of thrust coefficient between free-surface and closed lid simulation at MPP 
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Figure 4-10: Comparison of power coefficient between free-surface and closed lid simulations at MPP 

Figure 4-11 and Figure 4-12 depict how the free surface deforms in the presence of the disk. The 

contour plots show that upstream of the disk, the water elevation is higher than downstream of the disk 

where a clear wave trough is observed.  

 

Figure 4-11: Water elevation contour plot along free surface of free surface simulation 
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Figure 4-12: Water elevation contour plots at three different blockage ratios 

4.6 IMPACT OF FOUNDATIONS ON CHANNEL BLOCKAGE WITH INCLUSION OF 

FREE-SURFACE 

To date, all of the simulation work was focused on modeling facsimiles of turbine rotors, without the 

inclusion of any non-power generating structures such as the nacelles that house the power take-off and 

conversion equipment, or the foundations that keep the turbine in place.  It is presumed, that if a 

foundation is significant enough in size and occupies a large enough portion of the channel, its presence 

will block a portion of the channel and thereby influence the turbine’s power output. 

Tidal and in-stream river turbines, and their associated foundations, have not converged on a single 

design as is the case with their cousins in the wind industry. There are gravity based ducted turbines 

(see Figure 4-13), open rotor turbines mounted on piles (see Figure 4-14), multi-rotor designs with 

unique foundations (see Figure 4-15), and various types of floating turbines (see Figure 4-16).  Some of 

these turbine designs are merely concepts, but most have been tested at pre-commercial scale.   

BR=0.087

BR=0.117

BR=0.175
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Figure 4-13: Examples of ducted turbines with gravity foundations, Alstom/Clean Current tidal turbine (left), 

Clean Current river/tidal turbine (middle), Open Hydro tidal turbine (right) 

 

Figure 4-14: Examples of open rotor monopole turbines, Atlantis Power (left), Rolls-Royce/Alstom (middle), 

Verdant Power (right) 

 

 

Figure 4-15: Examples of foundations for multi-rotor designs, Marine Current Turbines (left and right), Concept 

by University of Stuttgart (centre) 
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Figure 4-16: Examples of floating turbine designs, Evopod by Ocean Flow Energy (left), Neptune Renewable 

Energy (centre), Bluewater deployment platform (right) 

The large variability in foundation designs means that several types of foundations will need to be 

considered before any generalized conclusions can be drawn.   

A monopole type foundation, shown in Figure 4-17, was selected as the first case to consider, primarily 

because this is the foundation that will be used for experimental testing in the flume tank. As was the 

case with previous simulations, a symmetry condition was used along the flume tank longitudinal axis.   

 

Figure 4-17: Porous Disk model with monopole foundation 

A second foundation type with the support pile in the place of the rotor was also analyzed. A pile with a 

3m diameter was placed alongside the rotor as shown in Figure 4-18.  This foundation is comparable 

that used by Open Hydro (see Figure 4-13). 
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Figure 4-18: Porous Disk model with foundation structure in the plane of the rotor 

Figure 4-19 and Figure 4-20 compare the percent change in CT and CP between the two different 

foundations as channel blockage is increased. The analysis for the second foundation was only run for 

the highest blockage ratio of 0.175 due to project time constraints.     

The results show that the monopole type foundation has a negligible effect on power coefficient. The 

lack of impact on CP due to the foundation is likely due to the fact that the foundation structure is 

located entirely downstream of the disk.  

Conversely, a significant increase in power is observed for the second foundation type.  This result 

therefore confirms that a structure placed in plane with the rotor will impact turbine power production.  

The foundations impact on performance is therefore directly coupled to the shape of the structure and 

it’s interaction with the turbine.  A highly streamlined structure (extreme case being a duct) will greatly 

increase the power produced by a turbine when compared to a truss type structure for example, even 

though both foundations may occupy a similar cross-sectional flow area.  Developing a general 

correction factor to account for foundations is therefore likely not possible given the present variability 

in foundation types and geometries. 

 

Figure 4-19: Impact of foundations on blockage effects – change in CT 

0% 

20% 

40% 

60% 

80% 

100% 

120% 

140% 

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 

%
 

 C
T 

BR 

2D AD Theory 

Open Tank: No Foundation 

Open Tank: Foundation 1 

Open Tank: Foundation 2 



Impact of channel blockage, free surface proximity and foundations on the performance of tidal and river energy converters April 29th, 2014 

Prepared for: TC-114 Final Report  53 

 

 

Figure 4-20: Impact of foundations on blockage effects – change in Cp 
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5 CFD SIMULATIONS OF AN AXIAL FLOW ROTOR  

5.1 BACKGROUND AND PREPARATION 

All of the work to date focused on modeling and testing porous disks that are idealized facsimiles of 

real turbines.  The use of simplified turbine models has many benefits including simpler experimental 

setup and faster simulation run times. There are important differences, however, between real rotors and 

porous disks that need to be well understood and documented to ensure that the corrections derived in 

Section 4 for channel blockage effects are valid. For this reason, researchers at the University of 

Victoria designed a 3 bladed axial rotor.  

Clean Current ran a series of CFD simulations of the actual rotor that was tested in the University of 

Victoria’s flume tank. The 21.9cm diameter rotor was mounted on the same foundation that was used 

for the porous disk tests. To be consistent with the flume tank tests, the same foundation geometry was 

replicated in the CFD environment (Figure 5-1). The CFD simulations of the rotor were performed 

without a free surface. Instead, a non-slip wall boundary condition was applied to account for a false 

top that was used in the flume tank test set-up. 

 

 

Figure 5-1: CFD model of the axial rotor and the foundation 

The flume tank allowed for a rotor of this size to be tested only at the blockage ratio (BR) of 0.186 due 

to test set-up limitations. The flume tank had a cross-section of 45cm x 45cm, and the turbine was 

situated at the centre such that the rotation axis of the turbine coincided with the centroid of the tank’s 

cross-section. Due to this limitation, the CFD simulations for other blockages, namely 0.117 and 0.087, 

were set-up such that the reduced blockage was achieved by widening the virtual flume tank while 

keeping the 45cm depth the same so that the foundation geometry remained unaltered (Figure 5-2). 
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For each blockage ratio, simulations were run at three tip speed ratios (TSR) to capture the turbine’s 

peak performance point. At BR = 0.186, the flume tank tests indicated that the TSR for peak 

performance point was about 3.5. Therefore, to capture the turbine’s peak performance point accurately, 

TSR = 3.0 and TSR = 4.0 were added to the CFD test matrix for BR = 0.186. 

The TSRs for the CFD simulations of BR = 0.117 and BR = 0.087 were calculated using the porous 

disk flume tank test results (Figure 5-3). Using the correlation shown in Figure 5-3, the relative values 

of CT and TSR with respect to those at BR = 0.186 were calculated (Figure 5-4). Here, CT is 

proportional to the square of TSR due to the fact that TSR and CT are linearly and quadratically 

proportional to the effective velocity – driven by the change in BR – through the blade plane, 

respectively. In all cases, a tank flume velocity of 1.261 m/s was replicated in the CFD simulations. 

Hence, the test matrix given in Table 5-1 was set-up for the CFD simulations. 

 

Figure 5-2: Top: Side view of the turbine in the virtual flume tank. Flow is from left to right. Bottom from left to 

right: Frontal view for BR = 0.186, 0.117 and 0.087. Cylindrical region around the blade is rotational. 

5.2 CFD SET-UP 

The 2500mm length of the virtual flume tank was matched to the actual flume tank at the University of 

Victoria. To replicate the test set-up, the blade plane was situated 755mm from the tank’s inlet. It was 

vertically centered at 225mm from the bottom of the tank. In all blockage cases investigated, the rotor 

was kept horizontally centered as well (Figure 5-2). 

The near field region, including the rotational domain, was meshed with tetrahedral elements to 

preserve geometric conformity, whereas hexahedral elements were used in the far field regions to 

reduce computational load (Figure 5-5). In the rotational domain, inflation layers of prismatic elements 

were utilized to capture y+ values below 2 for the low Reynolds number turbulence models to work 

(Figure 5-6). The total number of elements and their distributions to the domains are provided in Table 

5-2. 
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Figure 5-3: Flume tank tests on the porous disk show the relationship between the BR and CT. 

 

Figure 5-4: Relative values of CT and TSR with respect to those at BR = 0.186 based on the correlation in Figure 

5-3. 
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Table 5-1: CFD test matrix. 

BR Velocity Tank Depth Tank Width TSR ω 

[ - ] [ m/s ] [ m ] [ m ] [ - ] [ rad/s ] 

0.186 1.261 0.450 0.450 3.000 34.548 

0.186 1.261 0.450 0.450 3.500 40.306 

0.186 1.261 0.450 0.450 4.000 46.064 

0.117 1.261 0.450 0.715 2.910 33.512 

0.117 1.261 0.450 0.715 3.390 39.039 

0.117 1.261 0.450 0.715 3.880 44.682 

0.087 1.261 0.450 0.962 2.890 33.281 

0.087 1.261 0.450 0.962 3.370 38.809 

0.087 1.261 0.450 0.962 3.860 44.452 

 

 

 

 

Figure 5-5: Near and far field mesh topologies are shown in a side view cross-section of the virtual flume tank. 

The Shear Stress Transport (SST) model was used as the low Reynolds number turbulence model. 

Normal inlet velocity of 1.261 m/s was applied as the inlet boundary condition. The outlet was 

modelled with the opening boundary condition with the entrainment option of zero relative pressure and 

turbulence gradient. Side walls as well as the top and bottom bounds were set-up to have non-slip wall 

conditions. The fluid medium was chosen to be fresh water with properties of 997 kg/m
3
 of density and 

0.0008899 kg/(ms) of dynamic viscosity. 

The simulations were run for 1000 iterations in steady state, after which they were run for 300 time 

steps in transient mode each with 10 coefficient loops. The rotor completed a full rotation in 60 time 

steps making each time step corresponding to a 6° rotational increment. 
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Figure 5-6: Inflation layers about the blade cross-section is shown. 

Table 5-2: Number of elements used in the domains for CFD simulations. 

Blockage Ratio Rotational Domain Stationary Domain Total 

0.186 4,680,297 1,173,780 5,854,077 

0.117 4,677,546 1,589,590 6,267,136 

0.087 4,679,091 1,965,652 6,644,743 

 

 

Figure 5-7: CFD model is shown with applied boundary conditions: Single arrows indicate the normal inlet 

velocity, whereas double arrows show the opening boundary condition at the outlet of the domain. 

5.3 CFD SIMULATION RESULTS 

Important rotor parameters were monitored during the computation of simulations to ensure 

convergence in physical values of importance (Figure 5-8). Once the simulations were finalized, the y+ 
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values on the blades were also checked to make sure that the targeted values were reached (Figure 5-9). 

The root of the blade lacked the inflation layers, therefore the values are outside the target range. The 

root area has little effect on the performance of the rotor. In this region, the flow is highly separated and 

mostly pressure based, therefore having no inflation layers in this area is a small compromise to 

increase the calculation accuracies and to ease the meshing about the rotor.  

 

 

Figure 5-8: Example of monitoring point convergence. 

The results of the steady state and transient analyses are tabulated in Table 5-3 and  

Table 5-4, respectively. The ‘Axial Velocity’ in the tables corresponds to the area averaged axial 

velocity through the rotor. As the results indicate, the peak performance point, where maximum power 

is observed, is close to the TSRs 3.5, 3.39 and 3.37 for the BRs 0.186, 0.117 and 0.087, respectively. 

The velocity contours of these simulations are provided in Figure 5-10, Figure 5-11 and Figure 5-12. 

The contour plots clearly indicate an increase in the velocity surrounding the rotor’s wake as the BR is 

increased. Figure 5-13, Figure 5-14 and Figure 5-15 show the effect of blockage in the streamlines 

through the rotor. The streamlines show a tendency of being packed together more tightly for higher 

BRs indicating an increase in axial velocity. 

Using the values in Table 5-3 and  

Table 5-4 for steady state and transient simulations respectively, coefficients of thrust (CT), torque 

(CQ) and power (CP) were calculated. The velocity ratio (VR) defined by the ratio of the axial velocity 

through the rotor to the inlet flume tank velocity (1.261 m/s) was also calculated for each blockage and 

TSR. 
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To assess the actual peak performance points of the rotor, polynomials were fitted to CT, CQ, CP and VR. (see 

Figure 5-16 to Figure 5-19 for steady state and Figure 5-20 to Figure 5-23 for the transient simulation results). 

The maximum CP and the corresponding TSR were calculated for each BR based on the relationships given in 

Figure 5-18 and Figure 5-22 to determine the peak performance point of the rotor at different BRs. CT, CQ and 

VR values at the peak performance points were determined using polynomial relationships and the TSR at the 

peak CPs and tabulated in  

 

Table 5-5 and Table 5-6 for steady state and transient simulations respectively. Figure 5-24 to Figure 

5-29 show the relative values of these peak performance values with respect to those at BR = 0.186 for 

steady state and transient simulations. 

 

 

Figure 5-9: y+ values on the blades. Left: Upstream (high pressure) side. Right: Downstream (low pressure) side. 

5.4 DISCUSSION 

It is clear from the analyses that there is a slight difference in the steady state and transient results. This 

is partially due to the fact that the wake structure in reality is not steady with respect to a stationary 

coordinate system particularly with a foundation structure behind it. 

The results clearly show that CT, CQ, CP and VR are all increased by the increase in BR. Figure 5-24 

and Figure 5-27 show the change in relative TSR and VR with BR. By definition, it is expected that the 

TSR and VR are affected similarly by the BR, if BR does indeed affect the effective velocity through 

the blade plane. The transient results show a very good correlation between the TSR and VR in terms of 

their relative change with BR. The steady state results, interestingly, lack this correlation. This may be 

due to some numerical error in the calculation of the peak performance values of interest. Similarly, 

relative CQ, CT and VR
2
 were plotted in Figure 5-25 and Figure 5-28 for the steady state and transient 
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cases, respectively. The results show a significant correlation between these values, particularly for the 

transient case. Finally, the relative CP and VR
3
 were compared against the BR in Figure 5-26 and 

Figure 5-29. Both steady state and transient results show a good correlation between CP and VR
3
. The 

results, therefore, clearly indicate that the BR impacts the effective velocity through the rotor such that 

the turbines in constricted channels would behave as if they were subjected to higher velocities in a free 

stream environment. 

Table 5-3: Steady state CFD simulation results. 

BR Velocity TSR ω Thrust Torque Power Axial Velocity 

[ - ] [ m/s ] [ - ] [ rad/s ] [ N ] [ Nm ] [ W ] [ m/s ] 

0.186 1.261 3.000 34.548 23.383 0.468 16.162 0.943 

0.186 1.261 3.500 40.306 24.380 0.422 17.026 0.928 

0.186 1.261 4.000 46.064 24.742 0.366 16.859 0.920 

0.117 1.261 2.910 33.512 22.229 0.448 15.027 0.922 

0.117 1.261 3.390 39.039 23.129 0.404 15.785 0.906 

0.117 1.261 3.880 44.682 23.465 0.349 15.605 0.898 

0.087 1.261 2.890 33.281 21.843 0.440 14.636 0.910 

0.087 1.261 3.370 38.809 22.681 0.396 15.366 0.894 

0.087 1.261 3.860 44.452 23.011 0.342 15.201 0.886 

 

Table 5-4: Transient CFD simulation results. 

BR Velocity TSR ω Thrust Torque Power Axial Velocity 

[ - ] [ m/s ] [ - ] [ rad/s ] [ N ] [ Nm ] [ W ] [ m/s ] 

0.186 1.261 3.000 34.548 24.298 0.491 16.961 0.935 

0.186 1.261 3.500 40.306 25.195 0.441 17.781 0.921 

0.186 1.261 4.000 46.064 25.454 0.380 17.511 0.915 

0.117 1.261 2.910 33.512 23.157 0.471 15.782 0.912 

0.117 1.261 3.390 39.039 23.995 0.424 16.551 0.897 

0.117 1.261 3.880 44.682 24.254 0.365 16.316 0.890 

0.087 1.261 2.890 33.281 22.735 0.461 15.331 0.901 

0.087 1.261 3.370 38.809 23.516 0.413 16.018 0.885 

0.087 1.261 3.860 44.452 23.744 0.354 15.754 0.878 
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Figure 5-10: Velocity contours in the virtual flume tank at TSR = 3.5 and BR = 0.186. 

 

Figure 5-11: Velocity contours in the virtual flume tank at TSR = 3.39 and BR = 0.117. 
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Figure 5-12: Velocity contours in the virtual flume tank at TSR = 3.37 and BR = 0.087. 

 

Figure 5-13: Streamlines in the virtual flume tank at TSR = 3.5 and BR = 0.186. 
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Figure 5-14: Streamlines about in the virtual flume tank at TSR = 3.39 and BR = 0.117. 

 

Figure 5-15: Streamlines in the virtual flume tank at TSR = 3.37 and BR = 0.087. 
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Figure 5-16: Steady state simulation results showing the effect of BR on CT vs TSR. 

 

 

Figure 5-17: Steady state simulation results showing the effect of BR on CQ vs TSR. 
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Figure 5-18: Steady state simulation results showing the effect of BR on CP vs TSR. 

 

 

Figure 5-19: Steady state simulation results showing the effect of BR on VR vs TSR. 
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Figure 5-20: Transient simulation results showing the effect of BR on CT vs TSR. 

 

Figure 5-21: Transient simulation results showing the effect of BR on CQ vs TSR. 
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Figure 5-22: Transient simulation results showing the effect of BR on CP vs TSR. 

 

Figure 5-23: Transient simulation results showing the effect of BR on VR vs TSR. 
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Table 5-5: Peak performance values based on steady state simulation results. 

BR TSR CT CQ CP VR 

0.186 3.669 0.823 0.124 0.454 0.733 

0.117 3.543 0.780 0.119 0.420 0.716 

0.087 3.527 0.765 0.116 0.409 0.706 

 

Table 5-6: Peak performance values based on transient simulation results. 

BR TSR CP CQ CT VR 

0.186 3.626 0.473 0.131 0.848 0.728 

0.117 3.523 0.441 0.125 0.808 0.709 

0.087 3.483 0.426 0.122 0.791 0.700 

 

 

Figure 5-24: Effect of BR on relative TSR and VR at peak performance point based on steady state simulation 

results. 
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Figure 5-25: Effect of BR on relative CQ, CT and VR
2
 at peak performance point based on steady state simulation 

results. 

 

Figure 5-26: Effect of BR on relative CP and VR
3
 at peak performance point based on steady state simulation 

results. 
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Figure 5-27: Effect of BR on relative TSR and VR at peak performance point based on transient simulation 

results. 

 

Figure 5-28: Effect of BR on relative CQ, CT and VR
2
 at peak performance point based on transient simulation 

results. 
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Figure 5-29: Effect of BR on relative CP and VR
3
 at peak performance point based on transient simulation 

results. 
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6 COMPARISON OF EXPERIMENTS TO CFD SIMULATIONS 

6.1 POROUS DISK EXPERIMENTS VS. CFD 

Once the experiments were complete, a batch of CFD simulations was run for direct comparison.   

The experimental and CFD results for both the closed and open flume tank condition are compared in 

Figure 6-1.  The comparison is done on a thrust force basis since the disk drag was the actual value 

directly measured (as opposed to power).  

The porous disk settings specified for the CFD based analysis were tuned to match the experimental 

thrust measurement obtained in the closed flume for the 15cm disk at a blockage ratio of 8.7.  For this 

reason, the CT value shown in Figure 6-1 is identical at the lowest blockage case for the closed flume. 

The porous disk CFD settings were kept constant for all subsequent simulations. 

The experiments and CFD both predict that the thrust (and resulting power production) increase as the 

channel becomes increasingly blocked.  Furthermore, both analysis methods confirm that the thrust on 

the disk decreases as the flume tank lid is removed.  These same results are presented in Figure 6-2 to 

emphasize the comparison between closed tank and free surface (open tank) performance.    

 

Figure 6-1: Comparison of closed tank (left) vs. open tank (right) results using both experiments and CFD 

 

Figure 6-2: Comparison of results obtained using experiments vs. CFD 
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The fact that both CFD and experiments predicted a decrease in thrust for the open tank case surprised 

the team as the results initially appeared to contradict the work published by Whelan et al [3].  In 

addition, when an object is place in proximity of a free surface, the drag increases due to the creation of 

surface waves (ex. for submarines operating near the water surface.)   

Running CFD simulations at the maximum power point partially explained the perceived discrepancies.  

As discusses in section 4.5, when the disk is tuned to operate at the maximum power point, the thrust 

and power coefficients are nearly identical irrespective of whether a free surface is modeled or replaced 

by a slip wall.  This result is therefore consistent with research published by Whelan et al. that shows 

the influence of the free surface to have a very negligible effect on power for blockage ratios below 0.2.   

The reason why the thrust on the physically identical disk decreased when placed in close proximity of 

the free surface may be due to the fact that allowing the water surface to deform had the effect of 

decreasing the blockage ratio.  More specifically, when the tank lid is removed, the water level in front 

of the disk builds up and flows overtop of the disk instead of being forced through the disk had the lid 

not been removed.   This hypothesis could be tested by running simulations for a very deep tank (zero 

blockage) with and without a free surface to isolate the added wavemaking drag on the disk from the 

effects of a varying blockage ratio. 

The water depth along the length of the channel was also compared between CFD and experiments to 

further validate the work.  Figure 6-3, Figure 6-4 and Figure 6-5 plot the water elevation at 8.7, 11.7 

and 17.5 blockage ratios.  In general, good agreement is shown between the CFD and experimental 

results given the error band in measuring the water elevation during the experiments.   

 

Figure 6-3:Comparison of free surface elevation along the length of the tank at BR=0.087 
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Figure 6-4: Comparison of free surface elevation along the length of the tank at BR=0.117 

 

Figure 6-5: Comparison of free surface elevation along the length of the tank at BR=0.175 
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information may be partially transferred and cause an artificially smoother wake behind the turbine. 

This will cause the performance of the turbine at such low TSRs to be predicted higher than actually is. 

The other possible explanation for this large discrepancy between the CFD and experimental results at 

TSR = 3.0 may be due to hysteretic behaviour of the blade, which may not be captured accurately in the 

current CFD simulations. In the stall regime, the current performance of the blades is very much 

dependent on the previous state they were in. If the blades were in favourable flow conditions prior to 

reaching their current state of flow, their performance would be better compared to having prior flow 

conditions which were inferior, i.e. increasing the angle of attack from a lower angle of attack would 

yield better performance values than decreasing the angle of attack to the current one. This hysteretic 

behaviour may be another cause of the difference between the measured and calculated values of power 

in low TSRs. 

The third possibility may be due to a measurement error in the experiments. The horizontal axis 

turbines become inherently unstable when they are operated at TSRs lower than that of their peak 

torque point. This instability makes it very difficult to sustain the rotational speed of the rotor. If the 

characteristic of the torque curve shown in Figure 6-7 is correct for the experimental values, the CQ 

values measured at TSRs 2.5 and 3.0 may have larger errors simply because the rotor speeds are 

difficult to sustain due to possible unstable rotor behaviour. 

At TSRs 3.5 and 4.0, the steady state and transient results show about 5% and 9.5% higher performance 

values than measured (Table 6-1). This difference may be due to the efficiency of the mechanical set-up 

during the experiments. Another possibility could be that the actual rotor may have a higher roughness 

on the blade surfaces than the simulated one. 

 

Figure 6-6: CP values compared: CFD vs. Experiment. 

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0.450

0.500

2.00 2.50 3.00 3.50 4.00 4.50 5.00

C
o

e
ff

ic
ie

n
t 

o
f 

P
o

w
e

r 
( 

C
P

 )

TSR

CFD vs Experiment: BR = 0.186

Experiment

CFD: Steady State

CFD: Transient

Spline (Experiment)

Spline (CFD: SS)

Spline (CFD: TR)



Impact of channel blockage, free surface proximity and foundations on the performance of tidal and river energy converters April 29th, 2014 

Prepared for: TC-114 Final Report  77 

 

Table 6-1: CFD calculated CP values compared to experimental results at TSRs of interest. 

TSR CP: Exp. CP: CFD SS CP: CFD TR CFD SS/Exp. CFD TR/Exp. 

3.00 0.311 0.429 0.450 1.379 1.447 

3.50 0.431 0.452 0.472 1.049 1.095 

4.00 0.425 0.448 0.465 1.054 1.094 

 

 

Figure 6-7: CQ values compares: CFD vs. Experiment. 

6.3 POROUS DISK VS. AXIAL ROTOR 

One of the objectives of this work was to compare the use of porous disks to an actual turbine rotor for 
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Table 6-2: Comparison of thrust and power coefficients for a 22 cm rotor and disk 

BR Axial Rotor (CFD) Porous Disk (CFD) 2D AD Theory 

CT CP CT CP CT CP 

0.087 0.791 0.426 1.180 0.730 1.215 0.708 

0.117 0.808 0.441 1.260 0.780 1.343 0.757 

0.186 0.848 0.473 1.624 0.948 1.697 0.890 

 

What is more important for this study is to compare how the performance changes as the amount of 

channel blockage is varied.  Table 6-3 therefore provides a comparison between the rotor, porous disk 

simulations and AD theory on a percent change basis.  These results show that both thrust and power 

for the axial rotor are much less affected by channel blockage compared to the porous disk or 

predictions made using AD theory.  This outcome leads to the conclusion that the thrust and power 

corrections derived using actuator disk theory (and porous disk) are likely the upper bound for real 

rotors.  The actual boost in power for a physical turbine placed in a blocked channel will vary 

depending on the turbine’s design and foundation.  

Table 6-3: Comparison of thrust and power coefficients for a 22 cm rotor and disk on a percent change basis 

% Change Axial Rotor (CFD) Porous Disk (CFD) 2D AD Theory 

 % Δ CT % Δ CP % Δ CT % Δ CP % Δ CT % Δ CP 

From 0.087 to 0.117 2 4 7 7 11 7 

From 0.117 to 0.186 5 7 29 22 26 18 
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7 CONCLUSIONS 

This project aimed to quantify the impact of channel blockage, free surface effects, and foundations on 

turbine performance using both porous disks and an axial flow rotor.  A combination of computer 

simulations and experimental testing in a flume tank was used to cross-validate the work and help 

interpret the results.  This work is important to turbine and project developers who are looking to 

maximize turbine power output for a given site. Understanding the impact of channel blockage on 

turbine performance is also important to the development of the IEC/TS 62600-200 standard to ensure 

the performance assessment is complete and consistent. 

The key outcomes of this project are summarized as follows: 

1. Experiments and CFD simulations both showed that placing a turbine (represented as a porous 

disk) near the free surface has the effect of decreasing power output, provided that the physical 

characteristics of the turbine are unaltered (identical porosity setting).  If the turbine settings are 

modified, however, such that the turbine operates at the maximum power point, the power 

produced is nearly identical.  In fact, research by Whelan et al.[3] found that the extractable 

power will actually increase in the presence of a free surface but blockage ratios above 0.25 are 

needed to show an appreciable difference. This work could be extended by studying the effect 

of free surface proximity in isolation from blockage by running simulations for a turbine in a 

very deep and wide channel but close to the water surface.    

2. CFD simulations showed that a turbine foundation could have a significant impact on turbine 

performance.  Two foundations types were considered for this project: a streamlined monopole 

installed downstream of the rotor and a heavier gravity type foundation placed in the plane of 

the rotor.  The first foundation had a negligible effect on power production while the second 

increased power production substantially.  The impact of the turbine foundation was therefore 

shown to be directly coupled to the shape of the structure and it’s interaction with the turbine.  

A streamlined structure placed in the plane of the rotor (extreme case being a duct) would be 

more effective at increasing the power produced by a turbine when compared to a truss type 

structure for example, even though both foundations may occupy a similar cross-sectional flow 

area.  Developing a general correction factor to account for foundations is therefore likely not 

possible given the present variability in foundation types and geometries. 

3. Results from CFD simulations and experiments on an axial rotor were in good agreement in 

terms of predicting the peak power point. Overall, the CFD predicted higher overall 

performance values with the largest discrepancy occurring at tip speed ratios lower than the 

peak performance point. CFD simulations were subsequently used to derive performance values 

for a range of blockage ratios since this was not possible with the current experimental setup. 

4. The impact of channel blockage on an axial rotor was compared to that of a porous disk as well 

as theoretical values.  These results showed that both thrust and power for the axial rotor were 

less affected by channel blockage compared to the porous disk or predictions made using 

actuator disk theory.  This outcome leads to the conclusion that the increase in thrust and power 

derived using actuator disk theory (and porous disks) for increasingly constrained channel are 

likely the upper bound for ideal rotors.  The actual boost in power for a physical turbine placed 

in a blocked channel will vary depending on the turbine’s design.  Additional work is therefore 
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required to study the impact of channel blockage on actual turbines and it is unlikely that a 

single correction curve can be derived that encompasses all turbine designs.  

5. In addition to addressing the key project objectives, it was shown through this work that using 

porous disk in place of momentum sinks for simulating idealized turbines is a valid and more 

straight forward to implement.  In addition, since the momentum loss through a porous region 

is a function of the velocity, this modeling method is better suited to cases where an actuator 

disk may encounter non-uniform flows such as for array modeling.  
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8 RECOMMENDATIONS TO IEC-TC-114  

The IEC/TS 62600-200 standard Edition 1.0 “Marine energy – Wave, tidal and other water current 

converters – Part 200: Electricity producing tidal energy converters – Power performance assessment” 

makes several references to reporting requirements related to documenting the level of channel 

blockage at the specific test site.  Sections 5.4, 10.2 and 10.4 of the standard give specific instructions 

on how to document the test site as well as the turbine and foundation parameters.  The standard also 

requires that a diagram be provided similar to that shown in Figure 8-1.  

At the time of drafting the standard, however, the working group decided not to include any correction 

curves that could be used to adjust the power performance measurements based on the amount of 

channel blockage.   

The results of the work completed as part of this project support the working groups decision.  It has 

been shown that the boost in power a turbine may experience as a result of operating in a constricted 

channel is turbine design specific.  The same holds true for the impact of foundations.   The increase in 

power experienced for a specific turbine when placed in a blocked channel can therefore only be 

quantified by comparing to test results obtained at other sites, through CFD or experimental testing.  

 

Figure 8-1: IEC/TS 62600-200 Figure 9: Example plot of the channel cross-sectional area consume by the TEC 

on plane 
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