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Executive Summary 

In this research project, a numerical model and study, using fully transient simulations, of the turbulent 

flow over a generic 3-blade horizontal axis tidal turbine (HATT) subjected to real tidal flow inlet velocities, 

as captured in the lower Bay of Fundy (Digby area), was performed in order to determine the actual 

turbine behaviour under real turbulent tidal flow conditions.  This numerical study shed more light on the 

findings from the Queen’s University group as to the lowering of the turbine Cp and power production in 

a real tidal flow.  The results of the simulations also provide additional insight into the wake dynamics 

and led to a comparison between steady flow wakes as studied previously and unsteady flow wakes 

encountered in real tidal flow environments. 

The three objectives of this work were: 1)Develop a numerical model, using ANSYS CFX, enabling reliable 

study of unsteady turbulent flow over a horizontal axis turbine using real-life tidal flow data from the 

lower Bay of Fundy (Digby area), 2) Characterize the nature of the turbulent flow in the wake (length, 

zone of impact, strength of turbulence), and 3) Compare the unsteady results to the steady results 

obtained using the previously developed methodology in order to determine the impact on the turbine 

power and thrust values, and the wake behaviour. 

A numerical model of a three bladed horizontal axis tidal turbine under realistic turbulent tidal flow was 

created. The results of this investigation have been compared with steady flow numerical model results 

with good agreement in trends.  Prediction of both Cp and Ct are very similar in both cases.  These similar 

trends observed in both Cp and Ct curve are important as they indicate that the appropriate flow physics 

are being accounted for. Only TSR values related to maximum Cp and Ct changed.  For maximum Cp, tip 

speed ratio is approximately equal to 3.9 in steady flow and 4.1 for transient conditions.  In transient 

flows, this results however in an approximate 4% reduction in performance (for TSR = 3.5), though there 

is increased uncertainty due to the levels of scatter in the numerical data points.  

Velocity deficit plots show the wake is wider in transient simulations than steady ones.  The velocity deficit 

disappears also faster in the constant velocity simulations. Turbulent effects in the wake seem to increase 

after a distance of 10D downstream of the turbine in this setup. These turbulence effects are higher in 

the transient simulations. 

This comparative analysis of numerical steady and transient simulations shows the impact of the 

unsteadiness of realistic tidal flows on the performance of tidal turbines. Based on these results, the 

current use of steady state testing (numerical or experimental) for design stage can be questioned. The 

observed changes in the wake’s characteristics and the high variations of the loads on the blades 

(reference to Ct-curve as a function of time) must also be better assessed.  
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1 Introduction 

The information contained hereof has been prepared by the Laboratory of Applied Multiphase Thermal 

Engineering (LAMTE) to report on work done between January 2016 and July 2016 as part of an OERA 

grant funded research. This research involves the investigation of turbine and wake behaviour under real 

turbulent tidal-flow over a horizontal axis tidal turbine (HATT).   

 

To fully understand the importance of performing this research project, some background must be given 

to put it into a broader context.  Today, still, the vast majority of experimental tests and numerical models 

of tidal turbine are done in constant velocity towing tank or flume tank (experimental) or using constant 

inlet velocity conditions with randomly generated turbulence intensity (numerical).  Both tools have been, 

and continue to be, used for tidal turbine design, optimization and characterization; providing easy to 

obtain and repeatable data.  However, recent results presented by Dr. Bjorn Elsaesser’s group from 

Queen’s University Belfast showed that the turbine maximum operating Cp is reduced by 24%, with a 

consequential reduction in power production of 30%, when comparing turbine operation in a real 

unsteady tidal flow to steady tests performed by pushing the turbine in still water [1].  This initial result 

has been found experimentally and now requires further studies both in real tidal flow and in numerical 

models.  

 

The aforementioned results from the Queen’s University group point to the fact that most turbine 

developers, relying on steady tests, might be overestimating their turbine power rating by tens of 

percent; which will have an important impact on the overall financial assessment and economic viability 

of tidal projects.  Real tidal flow tests are expensive to run and very few tidal turbine companies have 

reached this testing stage.  Furthermore, numerical models for the most part cannot be built using “real 

tidal flow” data since such small scale, high-frequency data has not been available in the past.   

 

The researchers at Dalhousie University found themselves in an interesting position to start studying this 

problem since in the last 3 years, through projects funded in part by OERA, a methodology for numerical 

modeling using CFD of turbulent flow over tidal turbine was established [2, 3] (OERA Unsolicited Grant – 

2013), and real tidal flow data from Grand Passage, Digby Neck was captured in-situ experimentally [4, 5] 

(OERA Grant 2011; NSERC ENGAGE Grant 2013). 

1.1 Purpose 

In this research project, a numerical model and study, using fully transient simulations, of the turbulent 

flow over a generic 3-blade horizontal axis tidal turbine (HATT) subjected to real tidal flow inlet velocities, 

as captured in the lower Bay of Fundy (Digby area), was performed in order to determine the actual 

turbine behaviour under real turbulent tidal flow conditions.  This numerical study shed more light on the 

findings from the Queen’s University group as to the lowering of the turbine Cp and power production in 

a real tidal flow.  The results of the simulations also provide additional insight into the wake dynamics 

and led to a comparison between steady flow wakes as studied previously [3] and unsteady flow wakes 
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encountered in real tidal flow environments.  This investigation addresses OERA’s Marine Renewables 

Energy Research Targeted Research Priorities 4 and 5: 

 

4. Monitoring and Optimizing Operational and Life-Cycle Performance of Turbines and Related 

Equipment: As will be shown in the literature review and innovation section, it is now starting to be 

understood that the unsteadiness in real tidal flow, compared to steadier experimental tank test, 

leads to different energy capture and production from tidal devices (with energy production 

reduction of up to 30%), as well as different turbine/blade load and wake physics.  With each tidal 

site being different in the nature of the flow and the bathymetry, specific transient simulations 

directly coupled with real data from the site of interest provide a more accurate modeling tool for 

design and turbine characterization.  Very few of those numerical studies have been performed 

worldwide, and none in North America so far as we are aware.   

1.2 Literature Review 

As stated by tidal turbine manufacturers (Alstom), measuring the performance of a tidal turbine presents 

two key challenges to the tidal energy industry: 1) Prediction in the design stage; 2) Verification of the 

performance once operational [6].  Prediction in the design stage is currently done through small-scale 

steady state experimental testing, which uses constant velocity towing tank [7, 8] or flume tank [9] to 

determine power produced and thrust acting on the designed turbine; or a numerical model of the 

turbine over which the turbulent flow is simulated using either a simpler blade element/momentum 

(BEM) [10, 11] method, actuator disks representations [12] or the more powerful and accurate 

computational fluid dynamics (CFD) methods [13].  Large emphasis is given to this first stage since stage 

2 (verification of the performance once operational) has only been undertaken by a select few turbine 

developers (Alstom through 4 years of careful measurement and testing [6], OpenHydro through years at 

EMEC and MCT with their operational Strangford Lough turbines); however, OpenHydro still performs 

their stage 1 numerical study using steady, constant velocity conditions [14]. 

The heavy  reliance of today’s turbine developers on steady-flow testing (either experimental or 

numerical) combined with the findings of the Queen’s University group that testing of a turbine in steady-

flow could lead to an energy generated over prediction of up to 30% [1] is a direct indication of the need 

for a movement towards the study of unsteady effects and unsteady testing; the nature of the flow 

encountered between a steady-flow test and a real-tidal unsteady flow also clearly illustrate the need for 

stronger unsteady study as seen in Fig. 1 [15].  
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Of the various numerical methods that are employed today for studying turbulent flow over turbines, 

very few can be employed to study unsteady flow with high enough accuracy.  Blade element/momentum 

(BEM) [10, 11] methods have been shown to be insufficient for unsteady loading [16].  The actuator disc 

method still lacks the solution quality that would result from a standalone CFD model.  A CFD approach 

has been shown to have the capability of resolving turbulence in the near and far field regions at fine 

resolutions for a three dimensional horizontal axis tidal turbine [17].  The most commonly used 

turbulence model in the field of tidal turbine simulation today is the Shear Stress Transport (SST) model.  

The SST model utilizes k-ω in the inner boundary regions and k-ε in the free stream regions, and is capable 

of resolving turbulence within an acceptable margin of error [18, 19].  

This shift into unsteady studies has started recently with numerous papers in the last two years looking 

at various engineering aspects, for example: CFD study of the load on turbine blades stemming from 

unsteady tidal flow [20], experimental study in a circulating tank of unsteady turbulence (generated 

artificially using static grids) effect on a small-scale tidal turbine [9, 21, 22]; these studies however used 

randomly generated flow field and turbulence level.  Only one recent conference paper from a team at 

the University of Manchester (UK) shows the integration of “real tidal” velocity data as the inlet condition 

of a CFD simulation to properly study the impact of unsteadiness in the flow, in this case using data from 

the EMEC test site in the Orkney Isles [19]. 

In Canada, work on characterizing the unsteadiness of tidal flows in the Bay of Fundy has been underway 

for some years [4]. On the numerical side, high-fidelity simulations of the unsteady flow in Minas Passage 

have been performed by the team at UNB [23].  On the observation side, direct measurements of 

turbulence in Minas Passage are so far lacking. Reliance instead is on the available measurements using 

commercially available acoustic Doppler current profilers (ADCPs) [22]. These measurements are now 

somewhat dated, as the Doppler technology used was not the most accurate even at the time. 

Nevertheless, the results in [5] indicate that data from standard commercially-available ADCPs can be 

used to obtain representative estimates of second-order turbulence statistics, including the turbulent 

kinetic energy and the rate of energy dissipation [24].     

This research project aims to incorporate real tidal flow data to numerical turbulent CFD simulations of 

HATT in order to determine the actual turbine behaviour under real turbulent tidal flow conditions, 

shedding more light on the findings from the Queen’s University group as to the lowering of the turbine 

Figure 1 Time series (4 minutes) 

of velocity seen by a turbine in a 

steady-flow test (pushing in this 

case) and unsteady tidal flow 

test. 
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Cp and power production in a real tidal flow.  Towards the accomplishment of this project, a numerical 

methodology as already been developed and tested in a previous OERA funded project.  The methodology 

was validated against experimental results [7] and used to study turbine wake characteristics [3].  Using 

this methodology as the starting point for this project, the tidal flow data collected by Dr. Hay’s group as 

reported in the previous paragraph will be used to create the first ever numerical study of turbulent flow 

over tidal turbine representative of Bay of Fundy unsteady conditions. 

 

2 Scientific Objectives 

As defined in the original grant application, the three objectives of this work were: 

1. Develop a numerical model, using ANSYS CFX, enabling reliable study of unsteady turbulent flow 

over a horizontal axis turbine using real-life tidal flow data from the lower Bay of Fundy (Digby 

area); 

2. Characterize the nature of the turbulent flow in the wake (length, zone of impact, strength of 

turbulence); 

3. Compare the unsteady results to the steady results obtained using the previously developed 

methodology [2] in order to determine the impact on the turbine power and thrust values, and the 

wake behaviour. 

The success of this project will allow for improved understanding of the unsteadiness effect on turbine 

operation and energy production; both factors greatly contributing to the economics of and risks to the 

tidal energy industry. 
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3 Methodology 

3.1 Turbine Geometry Validation 

The validation of this geometry is presented in [25] and was performed in the summer of 2015 by Grant 

Curie, an undergraduate researcher working at the LAMTE under the supervision of Nicholas Osbourne.  

The turbine geometry was developed to match as closely as possible the experimental turbine used by 

Doman et al. [8]. Table 1 presents the experimental geometry of the NREL S814 airfoil shape blades. The 

blade twist axis of rotation is located at 25% of the chord length from the leading edge for each cross 

section. The blade profiles were exported and lofted in SolidWorks to create the three dimensional 

geometry shown in Fig. 2. The hub pitch angle for the experimental turbine was measured to be 28 ± 

0.875°, and 28.875° was used in the numerical model. The nacelle and support structure geometries were 

estimated from reviews of the publications, dimensions of which are provided in Table 2. The blade roots 

and rotor hub were greatly simplified from the experimental setup to facilitate meshing. 

 

Table 1 Blade Parameters [8] 

Radius (m) Twist (°) Chord (m) 

0.089 0 0.0643 

0.114 -4.38 0.0629 

0.149 -10.74 0.0598 

0.183 -14.80 0.0560 

0.216 -17.33 0.0516 

0.251 -18.91 0.0473 

0.286 -19.75 0.0426 

0.321 -20.39 0.0381 

0.355 -20.87 0.0337 

0.381 -21.11 0.0249 

 

Table 2 Nacelle Geometry Dimensions 

Parameter Dimension 

Nacelle Length 

(tip to tip) 

Rotor Diameter 

1700 mm 

 

150 mm 

Rotor Depth 700 mm 

 

Tow tank tests were completed at the Kelvin Hydrodynamics Laboratory tow tank at Strathclyde 

University [8].  Table 3 presents the dimensions of the facility. These parameters are represented in the 

numerical fluid domain with the exception of the domain length. The domain length was shortened to 

22D, with inlet and outlet lengths of 2D and 20D respectively, where D = 0.762 mm denotes the turbine 

diameter.  Figure 3 illustrates the fluid domain shortened up to 7D to show more of the turbine area. It 

has been shown that this length is sufficient as the near wake physics and performance of the turbine is 

not significantly affected by the outlet domain length [2]. 
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Figure 2 Turbine rendering 

Table 3 Tow Tank Parameters [8] 

Parameter Magnitude 

Length 76 m 

Breadth 4.6 m 

Height 2.5 m 

Maximum Flow 

Speed 

5 m/s 

 
Figure 3 Fluid domain 
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The Shear Stress Transport (SST) turbulence model was chosen for this investigation as it has been proven 

to have an acceptable balance between accuracy and computational effort [26].  SST is a two equation 

eddy viscosity model comprised of the k-ε and k-ω models.  An inherent transitional regime is used that 

applies k-ω in the inner boundary layer and k-ε when further in the free-stream.  This approach negates 

the shortcomings of the individual models.  A final comparative study, as part of the remaining work, will 

show the difference in results from these three models (k-ε, k-ω, SST). 

A complete mesh convergence study was completed as presented in [25]; a detailed view of the mesh 

around each turbine blade, including the inflation layer around the blade, is presented in Fig. 4.  Using 

the final mesh, frozen rotor, steady-state simulations are four different inlet velocities (0.5, 0.8, 0.9 and 

1 m/s) over a range of tip speed ration (TSR) were performed in order to determine both the power (Cp) 

and thrust (Ct) coefficients for the turbine.  The mathematical definition of all three terms are presented 

in Eqs. (1) to (3). 

 

𝑇𝑆𝑅 =
𝜔𝑅

𝑉
                     (1) 

where 𝜔 is the rotational rate in rad/s, R is the turbine radius (381 mm), and 𝑉̅ is the reference velocity 

(constant during the experiment).  

𝑪𝒑 =
𝑷𝒎

𝟏

𝟐
𝝆𝑨𝑽𝟑

=
𝝎𝑸

𝟏

𝟐
𝝆𝑨𝑽𝟑

      (2) 

𝑪𝒕 =
𝑻

𝟏

𝟐
𝝆𝑨𝑽𝟐

       (3) 

where T and Pm are the thrust and mechanical power produced, respectively, 𝜌 is the fluid density, 𝐴 is 

the rotor swept area, and 𝑄 is the rotor torque. 

 

 
Figure 4 Detailed view of the blade inflation layer 
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Finally, the results of those simulations were compared to the experimental results that were obtained 

during two tank testing [8].  Both numerical and experimental results are plotted in Figs. 5 and 6. 

 
Figure 5 Numerical Cp as a function of TSR for four inlet velocities compared to the experimental 

measurements [8]. 

 
Figure 6 Numerical Ct as a function of TSR for four inlet velocities compared to the experimental 

measurements [8]. 



Lab of Applied Multiphase Thermal Engineering 
 14 

 

As can be seen from Figs. 5 and 6, experiments where performed starting at TSR as low as 2.6 where very 

poor performance was obtained. Since the fluid dynamics causing this poor performance was not 

included and model in the CFD simulations, numerical results starting at a TSR of 3.5, at which point the 

turbine performed as expected, are included.   

The numerical results for Cp are generally in good agreement with the experimental results, especially for 

the fastest flow velocities and in the rage of TSRs from 3.5 to 5 during peak performance of the turbine.  

At higher TSRs, a clear over prediction is observed.  Again, additional flow physics are in play at higher 

rotational rates (separation, potential cavitation) which are not accounted for at this time in the 

simulations.  

The correlation of Ct is in better agreement compared to the experimental results and over a wider range 

of TSRs.  However, there is a slight under prediction at high TSRs for reasons similar as those listed at the 

end of the previous paragraph; the occurrence of cavitation at high TSRs has been shown to greatly 

reduce power capture [27].  

Deviations of both Cp and Ct at high TSRs from experimental results could also be attributed to the 

inaccuracies in the modelled turbine geometry. The simplifications made to the blade roots and rotor hub 

are thought to result in an increase of power capture. Also the chosen hub pitch angle of 28.875° 

compared to 28 ± 0.875° of the experimental turbine would also increase the angle of attack and thus 

power capture. The quality of the manufactured blade and the trailing edge treatment is unknown, and 

would have a significant effect on the results. The uncertainty in experimental Cp, particularly at high 

TSRs, could account for some of the over-prediction.  

With all these factors taken into consideration, the numerical results are deemed acceptable.  

3.2 Additional Wake Results from the Steady-State Validation 

Additional results from the simulations are worth looking at, noting that in order to get a better sense of 

the wake, those results were obtained running the steady-state simulations to 2500 iterations.  Figure 7 

presents a side view of the wake, specifically looking at the normalized velocity for three simulations at a 

TSR of 4.5 with inlet velocities of 0.5, 0.8 and 1 m/s. It is interesting to note that the wake takes a very 

similar shape irrespective of the inlet velocities, with velocity reduction to 75% of the inlet velocity still 

observed at the end of the simulation domain (20D). 

Similar wake as a function of inlet velocity can also be observed in Fig. 8 showing three wakes seen from 

the side for TSR = 6.  In this case, it appears the wake disappears before reaching the 20D end of the 

simulation domain.  It is important however to note that for higher TSRs, it appears an even larger number 

of iterations is required to obtain a fully steady-state solution; therefore, this disappearance of the wake 

is more than likely a result of the limited 2500 iterations used, a problem that should be solved when 

running transient simulations, as done through this research project. 

Figure 9 shows a view of the wake seen from the top.  Results were all similar irrespective of the TSR or 

inlet velocity used.  It is still interesting to observe that the velocity wake never extends larger than the 

diameter of the turbine rotor in the horizontal direction.   
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Figure 7 Normalized velocity V/Vin in the wake seen from the side on a plane crossing the middle of the 

turbine for TSR = 4.5: a) Vin = 0.5 m/s,b) Vin = 0.8 m/s and a) Vin = 1 m/s 

 

 

 
Figure 8 Normalized velocity V/Vin in the wake seen from the side on a plane crossing the middle of the 

turbine for TSR = 6: a) Vin = 0.5 m/s,b) Vin = 0.8 m/s and a) Vin = 1 m/s  

 
Figure 9 Normalized velocity V/Vin in the wake seen from above on a plane crossing the middle of the 

turbine for TSR = 4.5 at Vin = 1 m/s 

3.3 Transient Turbulent Modelling 

In order to perform the transient turbulent studies required for this project, transient both in the nature 

of the flow equations (so time-dependent equations) and in the nature of the inlet velocity who was made 

to vary in time in a manner representative to the Bay of Fundy flows, the same validated turbine geometry 

presented in Section 3.1 was used, applying the same turbulence model physics (SST) and using a similar 

mesh. 

 

 

a) 

b) 

c) 

a) 

b) 

c) 
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3.3.1 Boundary Conditions 

The domain boundary conditions are provided in Table 4. At the inlet (z = -2D), a time- and depth-

dependent velocity was imposed where the synthetic data was based on ADCP velocity measurements 

that were obtained in 2013 at the northern end of Grand Passage, Nova Scotia [28]. The conditions 

represent a typical flood tide when the mid-depth velocity ranged from 1.8 to 2 m/s.   

The total velocity at the inlet was expressed as: 

                  𝑉(𝑌, 𝑡) = 𝑉̅(𝑌) + 𝑣′(𝑡)       (4) 

where 𝑉̅(𝑌) is the mean velocity profile and 𝑣′(𝑡) is the turbulent component.   

Table 4 Boundary Conditions 

Boundary Condition 

Inlet Unsteady Flow with an Averaged 

Normal Velocity 𝑉̅= 2.05 m/s 

Outlet Prel = 0 Pa 

Tank Walls No-Slip, 

Side Wall Velocity = 2.05 m/s 

Top Surface as a Free Surface 

Turbine Walls No-Slip  

Domain 

Interfaces 

Transient Rotor 

 

The mean velocity profile was generated from the law-of-the wall which is given by: 

𝑉̅(𝑌) =
𝑣∗

𝜅
ln (

𝑌

𝑌0
)                                     (5) 

where 𝜅 = 0.4 is the von Karman constant, 𝑣∗ is the friction velocity and 𝑌0 is the bottom roughness 

lengthscale.  The 𝑣∗ and 𝑌0 parameters are based on the best fit to the ADCP data and are given by                 

𝑣∗ = 0.0939 m/s and 𝑌0 = 0.0037 m. The resulting velocity profile is shown in Fig. 10. 

Because an ADCP cannot measure 𝑣′ directly, the measured dissipation rate of 𝜀 = 8.6 × 10-5 W/kg was 

used to obtain a realistic turbulent velocity [28].  A synthetic time series was generated by superimposing 

waves of random phase at wavenumbers below the Kolmogorov microscale, where the amplitude of each 

Fourier component was such that the theoretical form of the spectral density, S, was ensured, i.e. 

𝑆 ~ 𝑘−5/3. In reality, 𝜀 and hence 𝑣′ varies with depth; however, for this study, 𝑣′ is taken independent 

of Y. The 20 second synthetic time series of 𝑣′ is plotted in Fig. 11 a). 

No-slip conditions were applied to every surface in the model, except the top water surface which was 

simulated as a free surface. The side walls of the simulation domain were given the same average velocity 

as the inlet flow to limit the impact of the wall on flow dynamics.  The rotational rate of the cylindrical 

domain was set to achieve the desired tip speed ratio (TSR) 
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Figure 10 Mean velocity profile 𝑽̅ as a function of Y. 

In addition, steady state simulations were performed in order to enable the comparison of the wake 

behaviour. These simulations used only the constant mean velocity profile 𝑉̅(𝑌) as inlet velocity. Two 

thousand iterations were necessary to reach convergence in the wake. 

In these steady simulations, the frozen-rotor quasi-steady approach was used to model the dynamics of 

the flow.  Whereas fully transient-rotor simulations were used for the transient runs.  With the exception 

of the inlet velocity and the frozen- or transient-rotor approach, all the simulations were performed with 

the same mesh and boundary conditions. All simulations are performed at constant TSRs.  

Finally, all simulations were performed using between 26 and 30 cores on a Dell Precision T7810, 16 cores 

(2.4 GHz) hyper threaded with 128 GB of RAM. The computation time varied between 1 hour and 48hours 

(transient simulations) per simulation. 
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4 Results 

4.1 Performance Calculations 

Power and thrust coefficients are used for comparison was presented in Section 3.1.  Because a velocity 

profile is used at the inflow, velocity varies with depth. Depending on the choice of reference velocity 

made (mean velocity profile 𝑉̅ averaged on a swept area, velocity 𝑉̅(𝑌) at a specific location Y1, etc.), 

power and thrust coefficients values can differ substantially.  As shown by Fleming et al., the power curve 

may be misrepresented if an incorrect reference velocity is taken [29].  They showed that the correct 

reference velocity is the one equal to the integral of the velocity over the rotor swept area.  Thus, for all 

thrust and power coefficients computed in this paper, 𝑉𝐴(𝑡) is defined as the integral of the velocity over 

the rotor swept area. 

For the unsteady simulations, total velocity 𝑉𝐴(𝑡) is defined by: 

 𝑉𝐴(𝑡) = 𝑣’(𝑡) +   𝑉𝐴
̅̅ ̅          (6) 

Therefore 𝑉𝐴(𝑡) is given at time t1.  Due to the advection time of the fluid from the inlet to the turbine, 

the inflow velocity at t1 does not correspond to the fluid’s velocity going through the turbine at t1.  To 

determine the actual velocity at the turbine, a time offset has been added.  This offset is equal to the 

advection time of the fluid from the inlet to the turbine equal to 0.75 s. 

Figures 11 a), b) and c) show, respectively, the evolution of V, Cp and Ct with time. In these figures, TSR is 

equal to 4 and the average velocity is set to 2.05 m/s. Twenty seconds of ‘real data’ were used to perform 

these simulations.  

The magnitude of the fluctuations in the Ct is far higher than for Cp: Cp values varying from 0.24 to 0.4 

whereas Ct values from 0.08 to 0.95.  This large variation in the Ct values (consequently, also in blade 

loading) could lead to an increase of the turbine/blade fatigue and stress, possibly 

reducing the life expectancy of the device. 
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Figure 11 a) Inlet Velocity as a function of time for 3 different depths: Y/D = 0.5, Y/D = 0 and Y/D = -0.5 
(Y/D = 0 corresponds to the hub height) b) Cp, as a function of time and c) Ct as a function of time (blue: 

coefficient from the steady simulation, red from the transient one). 
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4.2 Power and Thrust Coefficients 

With the inlet velocity being time-dependent in the transient simulations, the instantaneous velocity 

varies from 1.75 to 2.2 m/s (when the average velocity is 2.05 m/s).  Therefore, for comparison, it was 

decided to perform the steady simulations with the same range of input speeds.  Results in Fig. 12 include 

the results of steady simulations covering a range of tip speed ratios (TSR = 3 – 4.5) and velocities (1.75- 

2.2 m/s).  Transient simulations cover a range of TSR (3 - 4.5) obtained for one transient inlet velocity 

having an average of 2.05 m/s. Figure 12 shows the comparative Cp-TSR and Ct-TSR curves for steady and 

unsteady flow. 

 
Figure 12 Cp and Ct as a function of TSR. 
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Both Cp and Ct follow a similar trend for steady and unsteady simulations.  However, in the transient 

results, the fluctuation amplitude in the Cp and Ct values is much higher than for steady flow results.  

The turbine’s overall performance for an unsteady flow is comparable to the one obtained for a steady 

flow. The steady flow Cp curve has an average relative difference of 0.83% and average absolute 

difference of 0.003 below unsteady simulations values. Likewise, the predicted Ct curve has an average 

relative difference of 0.07% below unsteady simulations values. As can be seen, the relative difference 

grows with TSR to reach 0.5% for TSR=4.5. 

4.3 Mechanical Performance 

Following the presentation of results from Dr. Bjorn Elsaesser’s group experiments [1], the mechanical 

performance of the turbine was assessed. To do so, new simulations were run with changed inlet 

conditions. Steady simulations covering a wider range of velocities (1.45 to 2.3 m/s) were performed at 

constant TSRs (3, 3.5 or 4), whereas in the transient simulations, three different velocities (integral of the 

velocity on the rotor swept area) were used: 1.6, 1.8 and 2.05 m/s. TSR remained constant for the 

duration of a simulation. The comparison of the mechanical power against inflow velocity for these three 

TSR-values is shown in Fig. 13.  
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Figure 13 8 Steady and transient mechanical power against inflow velocity for: a) TSR = 3, b) TSR = 3.5 and 
c) TSR = 4.  
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In each case, the relationship between the mechanical power Pm and the velocity follows the power law 

expected from Eq. (3). The mechanical power is proportional to the power in the flow and thus the cube 

of the inflow velocity. The relationship is very consistent for the steady and unsteady flow even if the 

amount of scatter in the instantaneous Pm values is important for transient results.   

Taking a closer look at the curves for each TSR, for TSR = 3.5, the unsteady tests mechanical performance 

is always lower than the steady one: approximately 7 W (3.3%) less than the steady tests at 1.45 m/s and 

27.7 W (3.3%) less than the steady tests at 2.3 m/s.  For TSR = 3 or 4, the difference between the steady 

and the transient mechanical performance depends on the velocity-value. For TSR = 3, the difference is 

close to 0 at 1.45 m/s and equal to 50 W (6.3%) and the opposite trend is seen for TSR = 4. 

4.4 Wake Characteristics 

Velocity deficit and turbulence intensity were computed in order to visualize what is happening in the 

wake, and are defined as: 

𝑉𝑑𝑒𝑓𝑖𝑐𝑖𝑡 = 1 −
𝑉𝑊

𝑉̅𝐴
       (7) 

                             𝑇𝐼 =
100

𝑉̅𝐴
√

2

3
𝑘                                (8) 

where 𝑉𝑊 is the local wake velocity and 𝑘 is the turbulent kinetic energy.  𝑉̅𝐴 is the time average of the 

integral of the velocity over the rotor swept area and therefore remains constant for the duration of the 

simulation (so no time offset was added to consider the advection time from the inlet to the turbine even 

for transient simulations). 

 To visualize clearly what is happening in the wake, dimensionless velocity (𝑉/𝑉0) are plotted in Fig. 14 at 

different locations along the wake, both for steady and transient simulations. Because in transient 

simulations, the wake is constantly evolving, results only for a single specific time value are presented. 

This was chosen to be 20 s because it is a good compromise between the time needed to obtain a fully 

developed wake which can be observed to take approximately 10 s, and a simulation which lasts for too 

long.  

The shape of velocity profile through the wake is different: a cylindrical-shaped wake for transient flow 

whereas there is a “turbine-shaped” wake for steady simulations. Moreover, the velocity deficit seems to 

disappear faster in the constant velocity simulations. Figure 14 a), b), c) and d) also illustrates the effects, 

of the fixed rotor blades in the steady simulation. In contrast, in transient simulations, with the Transient 

Rotor approach, the blades are always moving.  That is why a large circle profile can observe in the 

transient simulation.  
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Figure 14 Normalized velocity 𝑽/𝑽𝟎 for steady simulations at a) 3D, b) 5D, c) 7D and d) 9D and 

transient simulations at e) 3D, f) 5D, g) 7D and h) 9D. 

Figure 15 represents the normalized velocity on mid-vertical plane.  It shows that the velocity deficit is 

more important for transient simulations in the far field wake (7D and 9D) but it is the opposite in the 

near field.  As mentioned earlier, depending on the type of inflow velocity used, the shape of the wake is 

different.  The wake is wider for the transient simulation and disappears more slowly. At a distance of 

10D, velocity is approaching the inflow velocity for steady state whereas the velocity deficit is still 

important in the second case. Even at a distance of 20D, the flow is still affected by the turbine in the 

transient case. 

 

 

Figure 15 Normalized Velocity 𝑽/𝑽𝟎 on mid-vertical plane for a) steady flow, b) transient flow                
at t = 20 s. 



Lab of Applied Multiphase Thermal Engineering 
 25 

 

 

Figure 16 Turbulence intensity on mid-vertical plane for a) steady flow, b) transient flow at t = 20 s. 

Figure 16 presents the turbulence intensity along the centre plane of the wake. Unlike velocity profiles, 

turbulence intensity profiles are much the same in both cases: turbulence is still significant at a distance 

of 20D and increases as moving away from the turbine.  When turbulence intensity is lower than 4% in 

the near wake, it is approximately 6% at a distance of 20D. As above, turbulence is higher in the transient 

case, especially in the far wake: at a distance of 20D, maximum turbulence intensity is 3.6% for constant 

flow simulations and 5.7% for the unsteady simulation. This may due to the large fluctuation of the inlet 

velocity during the simulation. 

Figures 17 and 18 present the values of turbulence intensity and velocity deficit over horizontal lines and 

vertical lines at 5D, 10D, 15D and 20D.  First, both for velocity deficit and turbulence intensity, there is no 

symmetry along Z.  In steady simulation, this is due to the Frozen Rotor approach which forces the fluid 

to twist around the blades.  That twist is always generated in the same side of the blade and thus it creates 

a deflection at X/D= -0.5 as seen in Figs. 17 and 18 b)-c)-d).  At 5D, irregularities in the turbulence intensity 

can be observed at x/D = 0 and ± 0.5 (especially in the transient simulations).  These irregularities 

correspond to the turbulence due to root and tip losses, and nacelle structure interaction.   

Regarding the velocity deficit, the wake seems to become wider from 5D to 20D, both in the horizontal 

and vertical directions. The velocity deficit is not confined anymore between -0.5 and 0.5 m (in both 

directions at 5D) but between -0.75 and 0.9 m (vertical direction at 20D). The results demonstrate also 

that average velocity deficit is higher in the transient simulations than steady simulations and so the 

velocity deficit disappears faster in the constant velocity simulations.  For example, the average velocity 

deficit is approximately 0.09 at a horizontal distance of 10D for a constant velocity inflow and 0.15 for 

transient simulations. However, velocity deficit in constant velocity simulations seems to be over-

predicted outside of the wake. 

Regarding turbulent intensity, results may be difficult to interpret: for turbulence intensity as a function 

of vertical distance, turbulence is higher for transient results than steady one. For instance, at a distance 

of 15D, average turbulence intensity is approximately 3% for steady state simulations and 4% for 

transient.  However, it is not so obvious when looking to turbulence as a function of horizontal distance 

e.g. at a distance of 20D, average turbulence intensity is equal to 1.7% for transient flow and 1.9% for 

steady flow simulations. It can also be seen that turbulence increases from 5D to 20D in both directions. 
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Figure 17 Turbulence intensity: a) Horizontal - 5D, b) Horizontal - 10D, c) Horizontal - 15D,                       
d) Horizontal -  20D, e) Vertical - 5D, f) Vertical - 10D, g) Vertical - 15D, h) Vertical -  20D. 
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Figure 18 Velocity deficit: a) Horizontal - 5D, b) Horizontal - 10D, c) Horizontal - 15D, d) Horizontal - 20D,    
e) Vertical - 5D, f) Vertical - 10D,     g) Vertical - 15D, h) Vertical -  20D. 
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4.5 Conclusions 

A numerical model of a three bladed horizontal axis tidal turbine under realistic turbulent tidal flow has 

been created. The preliminary results of this investigation have been compared with steady flow 

numerical model results with good agreement in trends.  Prediction of both Cp and Ct are very similar in 

both cases.  These similar trends observed in both Cp and Ct curve are important as they indicate that the 

appropriate flow physics are being accounted for. Only TSR values related to maximum Cp and Ct changed.  

For Cp curves, tip speed ratio is approximately equal to 3.9 in steady flow and 4.1 for transient conditions.  

In transient flows, this results however in an approximate 4% reduction in performance (for TSR = 3.5), 

though there is increased uncertainty due to the levels of scatter in the numerical data points.  

 Velocity deficit plots show the wake is wider in transient simulations than steady ones.  The velocity 

deficit disappears also faster in the constant velocity simulations. Turbulent effects in the wake seem to 

increase after a distance of 10D downstream of the turbine in this setup, as shown in Fig. 13. These 

turbulence effects are higher in the transient simulations. 

This comparative analysis of numerical steady and transient simulations shows the impact of the 

unsteadiness of realistic tidal flows on the performance of tidal turbines. In view of the above, the current 

use of steady state testing (numerical or experimental) for design stage can be questioned. The observed 

changes in the wake’s characteristics and the high variations of the loads on the blades (reference to Ct-

curve as a function of time) must also be better assessed.  
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5 Dissemination and Technology Transfer 

For this project, performed over a 6-month period, one conference paper was submitted to the 3rd Asian 

Wave and Tidal Energy Conference (AWTEC), provided in Appendix A.  From discussion between Drs. Hay 

and Groulx, the quality and quantity of work performed through this project is of a very high level that a 

full length journal paper based on the work and presenting additional results beyond the AWTEC paper 

will be prepared and submitted to the International Journal of Marine Energy; this paper will be provided 

to OERA when published.   

Additionally, during the ramp up period of the work, while Mr. Leroux was learning to apply the CFX 

methodology created previously at the LAMTE, the numerical studies that were performed at that point, 

simulating, and validating, turbine performance based on a geometry and data from IFREMER in France, 

proved to be very accurate and interesting.  Therefore, the results of this early work will be presented at 

the Australian Ocean Renewable Energy Symposium (AORES) in Melbourne next October.  The abstract 

for that work is presented in Appendix B.  The symposium will be inviting full papers to be submitted to 

the International Journal of Marine Energy after the meeting; we hope to submit such a paper at this 

point.  

The capability and demonstration of using real tidal flow turbulent data, taken directly from the Bay of 

Fundy, in order to study the turbine and wake behaviour in a real environment represents an important 

advance in numerical capability for the researchers at Dalhousie University.  This also greatly enhance the 

track record of the researchers (abstracts, posters and papers) in the specific Tidal power area. 

         

6 Publications 

One conference paper was directly prepared and submitted out of this work: 

LEROUX, T., OSBOURNE, N., McMILLAN, J.M., GROULX, D., HAY, A.E. (2016) Numerical Modelling of a Tidal 

Turbine Behaviour under Realistic Unsteady Tidal Flow, Asian Wave and Tidal Energy Conference Series 

(AWTEC), Singapore, 10 p. – accepter and to be presented in October 2016 

One journal paper expending on this work will also be written and submitted to the International Journal 

of Marine Energy. 

As mentioned in the previous section, an abstract was also submitted and work will be presented in 

Melbourne, Australia, also in October 2016: 

LEROUX, T., OSBOURNE, N., GROULX, D. (2016) Numerical Study into an Horizontal Tidal Turbine Wake 

Velocity Deficit – IFREMER-LOMC Turbine, Australian Ocean Renewable Symposium, Melbourne 

(Australia) – to be presented in October 2016 

Out of this symposium, journal papers will be invited for publication in International Journal of Marine 

Energy. 
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7 Expenditure of OERA Funds 

Removed, this copy   

 

 

 

 

 

 

 

 

 

 

 

8 Employment Summary 

Five researchers have been involved on this project as shown on Table 6. 

Table 5 Employment Summary 

Name Position Student  Scientific Contribution Duration 
on Project 

Tanguy Leroux  

(Full Time) 

Undergraduate 

Research 

Engineer 

Yes (UG) 

- Performs numerical 

modeling and research 

- Result analysis and 

presentation 

- Abstract and paper 

writing 

Jan. 2016 

to July 

2016 
Nicholas Osbourne  

(Part Time) 

Research 

Engineer 
No 

- Assist in numerical 

modeling and research 

- Result analysis 

- Abstract and paper 

review 

Justine McMillan  

(Part Time) 
PhD Student Yes (PhD) 

- Provided Bay of Fundy 

turbulent velocity data 

- Abstract and paper 

review 
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Dr. Alex E. Hay  

(Part time – no salary from 

grant)  

Professor No 

- Supervision of real-tidal 

turbulent velocity data 

work 

- Abstract and paper 

review 

Dr. Dominic Groulx  

(Full time – no salary from 

grant)  

Associate 

Professor 
No 

- Principal investigator and 

research surpervisor 

- Abstract and paper 

writing 
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9  Conclusions and Recommendations 

9.1 Conclusions 

Three dimensional transient simulations where perform to study the flow around, and the tidal turbine, 

behaviour under fully transient, turbulent conditions, including inlet conditions to the simulations that 

were transient and based on real Bay of Fundy turbulent velocity measurements.  The turbine geometry 

used was a simple three-bladed horizontal axis tidal turbine (HATT) using blade designed by Dalhousie 

Engineering researchers based on NREL S814 wing profiles.   

The numerical method used, using a steady-state frozen rotor physics, had already been validated by 

comparing the numerical results to experimental tow-tank tests that had been performed by Dalhousie 

Engineering researchers collaborating with colleagues at the University of Strathclyde. 

Using the fully transient approach, the results of this project shows that on average the turbine behaved 

the same way when it comes to average power production and thrust loading (average Cp and Ct).  

However, under true transient inlet conditions, the amount of power produces and thrust on the turbine 

blades was greatly time-dependent, with the thrust sometime being completely absent, while doubling 

from the average value at other times.  Directly related to the problematic identified by the Queen’s 

University group, it appears, that even through power production is constantly varying under real 

transient conditions, the overall amount of power produce by the turbine would average out to the same 

value predicted using constant velocity and steady-state studies.  This result is interesting, comforting, 

but should be taken with a grain of salt until more experimental tests are carried out in real-tidal 

environment. 

When it comes to the wake, it is clear that the wake calculated using the fully transient method provides 

a more accurate representation of a real wake compared to the steady-state studies.  The transient 

simulations predict a wake that is more physical, that endures on a longer distance and that is wider than 

the steady-state prediction.  This point to the fact that transient studies should be used for true wake 

numerical characterization.   

Looking specifically at the three objectives defined in section 2, the following has been done so far: 

1. The numerical method was adapted and the first simulations using representative Bay of Fundy 

velocity data were performed; 

2. A proper study of the wake was done, where it was found that transient wake are larger and longer 

than those predicted before using other methods;  

3. Comparison between transient and steady-state turbine performance, and wake behaviour, has 

been done. 
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9.2 Recommendations 

From this work, the following recommendations can be made: 

 Analysis of the large amount of data will be continued by Dr. Groulx in the future, with interesting and 

meaningful additional conclusions to be communicated through conference and journal publications; 

 

 In the future, longer and larger simulations should be performed.  Longer in the sense that 20 s 

simulations were extremely useful for this shorter term project; however, simulations for a few 

minutes of flow (which will take a week or two of simulation) would provide greater perspective in 

the overall turbine and wake dynamics.  Larger when it comes to the length of the wake for this 

system; currently the wake persists beyond the 20D downstream length in the simulation.   It is not 

clear yet how long a turbine wake would be, so pushing the size of the simulated volume would be 

something enlightening; 

 

 Various inlet conditions, at different level of turbulence (also taken from the Bay of Fundy) should now 

be used in order to determine their impact on wake and turbine behaviour; 

 

 Now that a better wake is resolved, the next step in this overall wake study could be taken, now 

looking at the impact of the wake from a first turbine impacting the performance and behaviour of a 

second turbine downstream, while varying the distance between the turbines.  This next series of work 

will start to put this entire framework in the context of tidal turbine arrays. 

 

 Finally, with developers about to start installing their device in the Bay of Fundy, it would be time to 

have a concerted effort between the developers, FORCE, experimental wake characterization 

researchers (oceanographers) and tidal fluid engineering researchers to look, measure, characterize 

and simulate (validate) the wake from the various devices, interacting with the Bay of Fundy, and 

amongst themselves.  Studies should be performed experimentally in the near- and far-field, 

numerically at large Bay of Fundy (or fraction of Bay) scales using the best available tools to simulate 

oceanic flows and turbines (actuator disks or other) and at smaller turbine scales using fully transient 

and turbulent to fully resolve the near-field and provide information about the far-field wake from a 

truly rotating turbine similar to the various developers’ turbines. 
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Numerical Modeling of Tidal Turbine Behaviour 

under Real Turbulent Tidal Flow Conditions 

Tanguy Leroux, Nicholas Osbourne, Dominic Groulx* 

 

Department of Mechanical Engineering, Dalhousie University, Halifax, Canada 

 

Keywords:  Tidal Turbine Wake Recovery, CFD Study, Frozen Rotor Approach, Transient 
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A numerical study looking into the simulated wake behind a three-bladed horizontal axis tidal 

turbine (HATT) is currently underway; results of that study will be presented during AORES.  For 

the purpose of this study, the experimental results from the HATT used by the French research 

groups at l’Institut Français de Recherche pour l’Exploitation de la MER (IFREMER) and the 

Laboratoire Ondes et Milieux Complexes (LOMC) at the Université du Havre are used.  The 

IFREMER-LOMC turbine uses NACA 63418 profile blades having a radius of 350 mm and the 

experiments were performed in the IFREMER flume tank situated in Boulogne-Sur-Mer (usable 

section being 18 m long, 4 m wide and 2 m deep).  Both Cp and CT were obtained for the turbine, 

as well as velocity deficit at numerous section downstream of the turbine; results provide in Paul 

Mycek PhD thesis titled “Étude numérique et expérimentale du comportement d’hydroliennes”.  

 

The wake from the turbine is studied numerically in this work, and compared to the experimental 

results.  The impact of various parameters in geometry build and numerical setup is discussed. All 

results provided incorporate the Reynolds Averaged Navier Stokes (RANS) Shear Stress Transport 

(SST) turbulence model. Simulations cover a range of tip speed ratios and a constant inflow 

velocity of 1 m/s. The resulting power and thrust coefficients, Cp and CT, are compared to 

experimental results for validation purposes. The results show a good level of agreement. Results 

of a wake mesh convergence study are also provided when it comes to the turbine wake velocity 

deficit.   

 

Two families of simulations are performed in ANSYS CFX, using either the frozen-rotor quasi-

steady approach, or the fully transient one.  This study will look at differences in wake resolution 

and behaviour obtained from both approaches in order to garner meaningful information on which 

numerical methods should be used in wake studies.  This work is sponsored in part by the Offshore 

Energy Research Association (OERA) of Nova Scotia.     

 


