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Abstract—Increasing tidal turbine performance through 

innovation is crucial if the cost of tidal energy is to become 

competitive compared to other sources of energy. The 

present investigation deals with the application of Vortex 

Generators (VGs) on tidal turbines in view of increasing 

their performance. Tidal turbine blades experience flow 

separation and here we examine whether passive vane VGs 

can be used to reduce or suppress that separated flow. VGs 

generate streamwise vortices that energise the boundary 

layer on the surface they are attached to, by bringing high 

momentum fluid closer to the surface. In the present 

investigation, a VG configuration is selected following a 

thorough wind tunnel campaign. It is found that sizing 

parameters for the tidal turbine profile are very similar to 

the wind turbine relevant literature. The best performing 

vane VG configuration had a height of 0.007c, which 

corresponded to half the local boundary layer height (0.5δ) 

for operational Reynolds numbers. A Reynolds Averaged 

Navier Stokes (RANS) VG modelling approach is validated 

against towing tank experiments and is used to simulate the 

flow past a tidal turbine in both model size (1:8) and full 

scale. The results show that VGs do suppress flow 

separation in both cases. However, and more importantly, it 

is revealed that the significance of rotational effects is such 

that when deciding VG placement locations, only the full-

size blade should be considered. Three different VG 

placements are considered and the best performing one 

provides a power coefficient improvement of 2% is 

predicted at λ=3.  

 

Keywords — Flow Control, Tidal Turbine, Vortex 

Generators.  

I. INTRODUCTION 

IDAL energy can become a valuable complementary 

renewable energy source, increasing the stability and 

reducing the total Levelized Cost of Energy[1]. However, 

for tidal turbines to become more attractive to investors an 

increase in power efficiency is required.  To accelerate this 

process concepts developed in similar technologies, such 
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as wind turbined, must be exploited. The more mature 

wind energy industry is already using Vortex Generators 

(VGs) either as a retrofit or in the design phase of new 

blades[2,3].  

VGs are passive flow control devices that generate 

streamwise vortices that energize the boundary layer thus 

delaying separation[4]. They are relatively small in size (at 

the order of the local boundary layer height) and are 

attractive due to their simplicity, effectiveness and 

robustness.  

It is currently expected that a retrofit VG installation 

would lead to an increase in AEP between 2% and 5% for 

a pitch controlled wind turbine [2,5,6]. One key point to 

note is the interaction between the VG induced flow and 

the rotational effects in the root region [7–9]. VGs are used 

on wind turbines too also counteract leading edge erosion 

effects and to suppress separation on the pressure side of 

blades [6,10–12], however these points are not considered 

here.  

It was recently shown that vane VGs for tidal turbine foil 

profiles follow the same design rules as for wind turbine 

airfoils [13,14] and that VGs can be beneficial when applied 

on a tidal turbine blade [15,16]. For a detailed review on 

tidal turbine vortex generator flows, the interested reader 

is directed to the literature [13–16],.  

The present investigation aims at exploring VG 

placement on the blades of a three bladed tidal stream 

turbine and identifying the differences between model 

scale and full-size flows, when applied to the design of 

VGs. To this end, a numerical investigation was performed 

for a full size and a model scale blade.  

The paper is organized as follows. First the numerical 

methodology is described followed by the description of 

the tidal turbine blade and the VGs considered. Then the 

results are given in section III and a discussion of rotational 

augmentation effects is given in section IV.The paper end 

with a discussion of the findings and concluding remarks 
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in section V. 

II. METHODOLOGY 

A. Computational Fluid Dynamics Solver 

The present numerical investigation utilises and in-

house Reynolds Averaged Navier Stokes (RANS) solver, 

MaPFlow [17], developed at the National Technical 

University of Athens. MaPFlow is a multi-block Message 

Passing Interface (MPI) enabled compressible 

unstructured finite volume, unsteady Reynolds averaged 

Navier Stokes (URANS) solver. For space and time 

discretisation, the solver is second order accurate and can 

use both structured and unstructured grids. Furthermore, 

the discretisation technique is cell centred and for the  

 

 

 
convective fluxes, uses the Roe approximate Reimann 

solver for the estimation of inter cell fluxes. The solver has 

an in-built low Mach preconditioning to accelerate 

convergence in the low Mach regime, as well as an artificial 

compressibility (AC) option for incompressible flows. In 

the present study, the AC counterpart was used combined 

with the k-ω shear stress transport (SST) model for 

turbulence. Steady state simulations were performed 

unless otherwise stated. The specific turbulence model has 

been extensively used in similar flows with satisfying results 

[18–20].  

Regarding the tidal turbine blade simulations, the 

computational domain is shown in Fig.  1. The domain 

extends 10 rotor diameters (D) in the radial direction and 

30 D in the streamwise direction. Only one blade is 

considered with 1200 periodic conditions. In addition to 

the rotor blade, the rotor hub and a cylindrical nacelle is 

also modelled. The nacelle is extended up to 0.85 blade 

radii to ensure that any separation at the end of the nacelle 

will not significantly affect the flow on the blade. Further 

details on mesh dependence and VG modelling approach 

are provided in [15]. 

The presence of the VGs in the flow was modelled using 

the Bender Anderson and Yagle (BAY) model [21] in its 

Jirasek variation (jBAY [22]). MaPFlow and the jBAY 

model implementation have been thoroughly validated in 

[13,15,18,19,23–30]. According to the model, a source term 

is added to the momentum equations at the cells engulfing 

the VG. An example of the cells engulfing VGs on the blade 

is shown in Fig.  2. The force is aligning the flow to the VG 

direction in which case it is almost equal to zero. A detailed 

discussion of the model assumptions and performance is 

given in[26]. Approximately 15 million cells with 30 

thousand cells on the blade surface were sufficient to get 

grid independend results regading power and torque.  

 

B. Tidal Turbine Blade 

The turbine considered is SCHOTTEL’s SIT250 instream 

turbine in its 4m-diameter rotor version. The SIT 250 is a 

85 kW horizontal axis instream turbine, designed as a 

 

 
Fig.  1. (Top) The computational domain used for the CFD 
simulations of the tidal turbine. (b) A closer view of the tidal 
turbine blade surface mesh. A finer mesh is applied in the 
region of the Vortex Generators 

 

 
 

Fig.  2. Detail of the cells where the BAY model was applied. 

 

 
Fig.  3. Delta-shaped Vortex Generator parameters. (Top) Side 

view, flow coming from the right. (Bottom) Top view, flow 

coming from the bottom. 
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modular turbine system utilizing one drivetrain for two 

rotor diameters, 4 m and 6.3 m, which can be selected 

based upon the varying velocity frequency distributions of 

different deployment sites. The larger rotor diameter is 

suited to lower flow speed sites, whereas the smaller rotor 

dimeter is suited for higher resource sites. The turbine is 

considered both in model scale (1:8, maximum radius 

𝑅𝑚𝑜𝑑𝑒𝑙 = 0.25 𝑚)  and full size (maximum radius 𝑅𝐹𝑆 =

4.0 𝑚) in order to analyse the scale and rotational effects 

on the flow over the blade and consequently on VG 

positioning. Results from towing tests have been used to 

benchmark the numerical simulations [31]. All simulations 

consider a 2 𝑚/𝑠  inflow velocity and a tip speed ratio 

range 2 < 𝜆 < 10. 

C. Vortex Generators 

The vortex generator set up used in this application was 

developed in previous studies [13–15] and only the 

positioning on the blade is considered here. We considered 

vane type VGs and the basic sizing parameters are given 

in Fig.  3 and Table I. 

 
 

III. RESULTS 

A. Model Scale Blade 

First the model scale turbine blade (𝑅𝑚𝑜𝑑𝑒𝑙 = 0.25 𝑚) is 

considered and the simulations are compared against 

experiments from the literature [31]. The agreement 

between measurements and simulations in terms of thrust 

and power coefficient is considered good, especially for 

2 ≤ 𝜆 ≤ 8, see Fig.  4. 

 
The surface streamlines indicate 3-dimensional 

separated flow in the inboard part of the blade for a tip 

speed ratio of 𝜆 = 4 , see Fig.  5. Based on this a VG 

positioning is designed, as shown in the lower part of Fig.  

5. The VGs are located as close to the streamwise location 

indicated by previous wind tunnel experiments [15] but 

also always upstream of the separated flow line, as 

indicated by the simulations shown in Fig.  5, top.  

The VGs successfully limit the separated flow at this tip 

speed ratio. The increase in skin friction in their wake 

reveals they increase the velocity close to the blade surface. 

However, they offer timid performance improvements in 

terms of power increase, as shown in Fig.  4. Indeed, the 

pressure coefficient along the blade chord at 𝑦 = 0.31𝑅 

barely changes by the presence of the VGs, see Fig.  6. This 

is due to the rotational effects present in the flow as 

discussed in a following section.   

 

TABLE I 

VORTEX GENERATOR CONFIGURATION 

VG 

angle,  

β 

VG 

height, 

h/c 

VG pair 

distance,  

D/h 

VG 

distance, 

d/h 

VG 

Aspect 

Ratio,  

L/h 

15° 0.7 % 7 3.5 3 

 

 

 
Fig.  4. Model scale blade. (Top) Thrust and (Bottom) power 

coefficient variation with tip speed ratio. Comparison between 

towing tank experiments and CFD results for an inflow velocity 

of 𝑉∞ = 2.0 𝑚/𝑠. 
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B. Full-Size Blade 

Next the full-size blade is considered. The thrust load on 

the blade and the power coefficient variation with tip 

speed ratio is given in Fig.  7. The comparison with the 

model scale results reveal that the full-size blade performs 

significantly better at high tip speed ratios, as it operates at 

significantly higher Reynolds number. There is a 

difference at low tip speed ratio values as well, with the 

flow now fully attached at 𝜆 = 4 and only separating at 

𝜆 = 3, see Figure 11, top.  

A total of three new VG positions are considered for the 

full-size blade, as shown in Fig.  11 and detailed in Table 

II, where the basic VG parameters are given. The VG 

height is given with respect to the blade radius, as the 

chord changes along the blade radius and is not suitable as 

a reference quantity. In Option 1, the VGs are located on a 

straight line, just upstream of the separated flow, similar 

to the design for the model scale blade. Option 2 is as 

Option 1 but almost 50% higher VGs are considered. In 

Option 3 VGs are positioned in a 2D angled line, engulfing 

the separated flow region, with the height remaining as in 

Option 1.  

 

 
When Option 1 VGs are used, the region of separated 

flow is reduced in size, but not completely eliminated. Still, 

a power coefficient improvement of 1.05% is predicted at 

λ=3. This suggests that for this blade, in this case, the VG 

effect is not strong enough, so higher VGs (Option 2) were 

considered. Indeed, for Option 2, the separated flow is 

further reduced and the Cp gains are at the order of 2%. 

Option 3, where the VG lines are around the baseline 

separated flow region, does not provide improvements, as 

it appears to disturb the flow rather than aid it. Thrust 

increases for all VG options, across the range of tip speed 

ranges. Fig.  8 shows the effect of the different VG options 

on the turbine performance for the VG options considered 

here.  

 
 

Fig.  5. Model scale blade. Chordwise skin friction (TZ) contour 

and skin friction lines  on the blade suction side without (top) and 

with vortex generators (bottom) for 𝜆 = 4 and an inflow velocity 

of 𝑉∞ = 2.0 𝑚/𝑠. TZ units are 𝑁/𝑚2. The white vertical line and 

the dashed black line indicate the 𝑦 = 0.31𝑅  and the Vortex 

Generators’ location, respectively. The blade rotates clockwise. 

Model scale Baseline 

With VGs

 
 

Fig.  6. Pressure coefficient distribution along the blade chord 

at y = 0.31R for λ = 4 and an inflow velocity of V∞ = 2.0 m/s. 

TABLE II 

VORTEX GENERATOR CONFIGURATION 

Full-

size 

VG 

option 

VG 

height, 

h/R 

VG pair 

distance,  

D/h 

VG 

distance, 

d/h 

VG 

Aspect 

Ratio,  

L/h 

1 0.0084% 7 3.5 3 
2 0.0125% 7 3.5 3 

3 0.0084% 7 3.5 3 

 

 

 
Fig.  7. Power coefficient (Top) and Thrust (Bottom) variation 

with tip speed ratio. Simulation results for model scale and full-

size blades. 
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IV. ROTATIONAL AUGMENTATION 

Results in the previous section highlighted how 

different the performance and flow over the blade differs 

between the full size and the scale blade. Beyond the 

obvious difference in Re number (O(105) and O(106) for 

the model scale and full-size blade, respectively), there is a 

significant difference in the significance of the rotational 

effects.  

The present discussion follows the analysis presented in 

[8,9,32], where it has been shown that the phenomena 

referred to under the umbrella term ‘rotational 

augmentation’ are mainly due to the Coriolis and 

Centrifugal Forces acting on the flow.  

The impact of rotation on the boundary layer, known as 

rotational augmentation, was initially explored by 

Himmelskamp [33]. It was observed that a propeller blade 

profile experienced increased lift and delayed separation 

compared to a non-rotating 2D airfoil. This phenomenon, 

referred to as the "Himmelskamp effect", was attributed to 

rotational forces acting on the blade's boundary layer. Fig.  

9 illustrates the various mechanisms involved in this effect.  

The centrifugal force, which grows stronger with 

increasing distance from the centre of rotation, accelerates 

the flow in the spanwise direction (insert frame 2 in Fig.  9) 

and enhances momentum within the boundary layer. As 

the centrifugal force intensifies towards the blade tip, more 

mass flow is lost from each blade section towards the tip 

than is received from the inner sections. This establishes a 

suction effect known as centrifugal pumping towards the 

blade tip.  

Additionally, in the rotating coordinate system, the 

radial velocity component generates a Coriolis force that 

points towards the blade's trailing edge. This force reduces 

the extent of separated areas and energizes the chordwise 

boundary layer (insert frame 3 in Fig.  9), enabling it to 

withstand higher adverse pressure gradients [9]. 

To quantify this effect the Himmelskamp force, 𝐹𝐻 , is 

considered, defined as the vector sum of the Coriolis and 

Centrifugal forces: 

 𝐹𝐻 = 𝐹𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 + 𝐹𝐶𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙  (1) 

 

 𝐹𝐻 = −2Ω × 𝑉 + Ω × (Ω × 𝑟)  (2) 

where Ω is the angular velocity in rad/s, 𝑉 is the velocity 

of the fluid on the rotating frame in m/s and r is the radial 

distance in m. It is noted that the Coriolis and Centrifugal 

forces have a linear and a quadratic relationship with the 

rotational velocity of the blade, respectively.  

For the same tip speed ratio and inflow velocity (𝑈∞ =

2 𝑚/𝑠), as considered here, the Centrifugal force will be 

greater for the model scale case by a factor equal to the 

inverse of the scaling factor. In the present case, the scaling 

factor is 1/8 so the Centrifugal force is 8 times greater in 

for the model blade.  

The variation of the Coriolis force ratio between the 

model and full-size blade for λ=3 is given in Fig.  10. A 

single radial location is considered for clarity (𝑟/𝑅 = 0.31, 

see also Fig.  5 and Fig.  6). As with the Centrifugal force, 

the Coriolis force is much larger for the model scale blade.  

It is noted at this point that although the flow conditions 

are the same (𝜆 = 3 and 𝑈∞ = 2 𝑚/𝑠) between the model 

scale and full-size blades, the flow is not directly 

comparable. In the former case the flow is partly separated 

while in the latter it is fully attached. In this respect, the 

comparison in Fig.  10 only serves as an order of 

magnitude reference.  

V. DISCUSSION AND CONCLUSIONS 

The present numerical investigation considers the flow 

past a tidal turbine blade in full-size and model scale (1/8) 

conditions. The flow differs significantly between the two 

cases as a result of differences in Reynolds number (one 

order of magnitude) and in the significance of rotational 

effects.  

VGs were designed for both cases and were found to 

successfully suppress or limit separation in both cases. 

However, the effect in performance is very small in the 

model scale blade. This is because despite eliminating 

separation, the pressure on the blade does not change 

significantly when VGs are used. This is in contrast to what 

is expected from non-rotating airfoil flows. What happens 

is that in the uncontrolled case, the pressure distribution 

shows no plateau in the separated flow region (see Fig.  6). 

This is a direct outcome of the Coriolis and Centrifugal 

forces, which are very significant in the fast-rotating model 

scale blade. As such the effect of VGs is very limited. 

In the full-size blade, the rotational effects are or 

relatively reduced importance. In this case the VGs can 

suppress separation and depending on the VG location can 

lead to a performance increase of up to 2% for 𝜆 = 3.  

Regarding the VG positioning, it is found that it plays a 

crucial role, and a blade specific investigation should be 

 
 

Fig.  8. Full-size blade. Change in power coefficient (𝐶𝑝) due to 

the presence of Vortex Generators for different tip speed ratios. 
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followed. Utilising the fixed chordwise location and VG 

height suggested by 2D airfoil studies does not guarantee 

optimal performance. 

 

 
   

 
Fig.  11. Chordwise skin friction (TZ) contour and skin friction lines  on the full-size blade suction side without and with vortex generators 

for 𝜆 = 3 and an inflow velocity of 𝑉∞ = 2.0 𝑚/𝑠. TZ units are 𝑁/𝑚2. The dashed black lines indicate the Vortex Generators’ location for each of 

the Vortex generator Options. 

Full-size Baseline 

Option 1

Option 2

Option 3

 
 

Fig.  9. Schematic description of rotational augmentation 

effects. The chordwise and radial boundary layer profiles are 

shown at different locations along a streamline: 1. Upstream of 

the 3D separation line; 2. Inside the 3D separated flow region 

where the main flow component is still in the chordwise 

direction, 3. Inside the 3D separated flow region where radial 

flow dominates; 4. Outside the 3D separated flow region, close to 

the trailing edge. Figure from [25]. 

 
Fig.  10. Variation of the Coriolis force along the chordwise 

direction. The ratio 𝐹𝑚𝑜𝑑𝑒𝑙 𝑠𝑐𝑎𝑙𝑒/𝐹𝐹𝑢𝑙𝑙−𝑠𝑖𝑧𝑒  is plotted at r/R = 0.31 

and for λ = 3.  
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