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Abstract 

i 

 

Abstract  

Wind turbines have been developed for more than a century and nowadays wind turbines are still 

facing some challenges such as efficiency and maintenance problems. Load control is considered 

to be one of the most important parts for future horizontal axis wind turbine (HAWT) designs. 

Deploying effective flow control devices on the blades could either increase loads at off-design 

wind speed conditions or reduce the extreme loads, leading to either higher energy output or a 

more stable energy output from the wind turbine. This study reports a research into the 

performance of trailing edge flow control devices of HAWT by solving the Reynolds averaged 

Navier-Stokes equations. The validation case selected for this work is the NREL Phase VI blade 

with experimental data. The trailing edge flow control devices studied include microtabs and 

microjets installed near the trailing edge of the rotating blade. The divergent trailing edge is also 

included in the study as a passive flow control device due to its practical interest. These trailing 

edge devices are implemented on the fixed-pitch NREL Phase VI blade, using the original 

performance and flow characteristics as a benchmark. Both 2D and 3D simulations are carried out 

in order to investigate the suitability of the 2D blade sectional design analysis and control for the 

actual 3D rotating framework. Moreover, the study is extended to an active pitch-regulated 

offshore wind turbine, NREW 5MW wind turbine. Firstly the code to code comparison is carried 

out for validation purpose. Then the trailing edge flow control devices are also deployed on this 

wind turbine to find out their effectiveness. The results show there are significant differences 

when compared to the conclusions from the CFD study on the NREL Phase VI blade.
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Nomenclature  

A =      Swipe area of the wind turbine (m
2
) 

c =      Chord length of the 2D Cross-sectional aerofoil 

Cl =      Lift coefficient, ὅ ὒȾπȢυ”Ὗ Ὓ  

Cd =      Drag coefficient, ὅ ὈȾπȢυ”Ὗ Ὓ  

Cpower =      Power coefficient = ὖȾπȢυ”Ὗὃ 

Cp =      Pressure coefficient, ὅ ὴ ὴ ȾπȢυ”Ὗ  

D =      Drag force 

Feffective =      Target force at the rotational direction of the 2D cross-sectional aerofoil 

L =      Lift force 

MT =      Momentum of the wind turbine in rotational direction, Nm 

P =      Power output of the wind turbine (MW) 

r =      Radial spanwise position of the aerofoil, m 

R =      Wind turbine blade radius 

Re =      Reynolds number, ὙὩ  ”Ὗ ὒȾ‘ 

T =      Wind turbine Thrust (right to the rotational direction), N 

Ὗ  =      wind speed, m/s 

Ur =      Relative free stream wind speed 

x =      Chord position to the leading edge of the aerofoil 

y
+
 =      Nondimensional cell wall distance, ώ  ”όώȾ‘ 
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Greek Symbol 

Ŭ =      Angle of attack (AOA), Á 

ɓ =      Blade pitch angle, Á 

◖ =      Cross-sectional aerofoil twist angle 

ɤ =      Wind turbine rotational speed, rad/s 

‘ =      Fluid viscosity, this study uses ‘ ρȢωψσρπὖὥϽί 

” =      Air density, this study uses ” ρȢςςυὯὫȾά  

 

Acronyms 

2D =      Two dimensional 

3D =      Three dimensional 

CFD =      Computational fluid dynamics 

HAWT =      Horizontal axis wind turbine 

VAWT =      Vertical axis wind turbine 

NREL =      National Renewable Energy Laboratory  

GF =      Gurney flap 

DTE =      Divergent trailing edge 

TSR =      Tip speed ratio of the wind turbine blade: ‗  

TE =      Trailing Edge 
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Chapter 1      Introduction  

Energy has become the most important part in modern society. It exists in lots of forms such as 

electrical, chemical, heat, kinetic and so on. Nowadays fossil fuel is still the main energy source 

for human consumption but it is non-renewable and unsustainable. Therefore, in the recent years, 

scientists and engineers are devoting a lot of efforts in developing renewable energy technologies, 

such as bio-energy, solar energy, wind energy, tidal energy, geothermal energy and wave energy. 

Wind energy has some obvious advantages when compared to other renewable energies due to its 

huge reserves and it is wide spread and availability. 

1.1 Wind Energy Today  

Wind energy is holding a more and more important position in the worldôs energy consumption 

year after year. Wind turbine, which is the machine converting the wind energy to usable electric 

power, has been developed for more than a century. The first man who transferred the wind 

energy into electricity was James Blyth in 1887. In 1931 the French aeronautical engineer George 

Darrieus first used aerofoils to create rotation which pioneered the wind turbine design. Since 

then the wind turbine design has attracted the attention of engineers, who promoted the 

development of the modern wind turbines. In the past few decades wind energy has been 

developed significantly in the world because of the energy crisis and governmental policy. 

 

Figure 1. Global Cumulative Installed Wind Energy Production 1996-2014. 

(Source from Global Wind Report 2014 by GWEC) 
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Figure 1 shows the outstanding development of the wind capacity in the world from 1996 to 2014. 

However there is still huge potential to explore more wind energy all over the world. According 

to the analysis from Lu et al. (2009) a network of land-based 2.5 MW wind turbines can supply 

more than five times of the total use of energy worldwide.  

According to Table 1, China is the country with the biggest wind energy production at the 

moment. However, because of the huge electricity demand the wind-generated electricity only 

accounted for 2.78% of the countryôs total electricity output which was 153.4 billion kWh last 

year. It is significant to mention that there are six European countries in the top ten wind energy 

list. 

 

 

Table 1. Top 10 cumulative wind power production countries in the world 

(Source from Global wind report 2014 by GWEC) 

The United Kingdom has the best wind resources in Europe because of its long exposed 

coastlines and low mountain ranges. The UK installed 1,736 MW wind energy in 2014 which 

consisting of 813MW offshore and 924MW on shore wind energy. In December of 2014, the 

wind power contributed 14% of the national electricity consumption which was a new record and 

very close to the target ratio in 2020. The UKôs government set up the Renewable Obligation (RO) 

to legally require the British electricity suppliers to provide a proportion of their sales from 

renewable energy such as wind power or they will be penalized (ofgem.gov.uk). With the 
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governmental support and huge wind resources, the UK is expected to have more than 28,000 

MW in 2020 which secure 15% of the national energy consumption (Jowit, 2012).  

1.2 Modern Wind Turbines  

1.2.1 HAWTs and VAWTs 

A wind turbine is a tool that in used to transform wind energy into electricity and it can be 

divided into two categories based on different constructions: vertical axis wind turbines and 

horizontal axis wind turbines (Figures 2). Nowadays HAWTs are the main type of wind turbines 

which are commercially manufactured around the world for generating wind energy. The reasons 

for this are: 1) the power coefficient of HAWT is considered higher than that for VAWT; 2) the 

rotor of HAWT is operated in the high Atmospheric Boundary Layer which can access higher 

wind speeds; 3) the size of HAWT can be very large (the diameter can be more than 120m so far) 

and its mechanical behaviour is more stable.  

The modern HAWTôs aerodynamic driving force is mainly a force in the direction of torque 

generated from the wind turbine blades. Nowadays some specific aerofoils are used as the bladeôs 

cross section in order to get a better Cl/Cd ratio, resulting in larger force in the direction of rotation. 

The working principle of the HAWT will be introduced in Chapter 2. 

 

     

               Figure 2. On-shore HAWTs (left) and a typical VAWT (right). 

     (Picture from: http://www.windenergyplanning.com/) 
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Figure 3. Components of HAWT. (Source from: http://www.windpoweralternators.co.uk) 

A HAWT consists of some fundamental components as follows (Figure 3): 

1. The rotor. It includes blades and hub of the wind turbine which is the most important part 

because it is the determinant of the development of the wind turbineôs performance;  

2. The drive train. It includes shafts, gearbox, brake system and generator. This part of HAWT is 

mainly used for transferring the mechanical power from the low-speed shaft to a high-speed shaft 

which leading to a suitable angular velocity to drive a generator and produce electricity. 

3. Nacelle. This is the housing of the drive train and it can control the wind turbineôs yaw angle. 

4. Tower and foundation. Typically, the ratio between rotor diameter and tower height is 1 to 1.5 

and it is also dependent on the local geography and weather conditions. 

5. Control system. This part is mainly used for power control and wind turbine protection. 

 

1.2.2 The Development of HAWTs  

The technology of HAWTs, including both aerodynamically and electrically, has been developed 

for some decades. The capacity of a single HAWT has been developed significantly and the 

largest HAWT reaches a tip height of 220m (V164-8.0-MW prototype). Figure 4 shows that the 

size of HAWTs grows rapidly in recent years and from IPCCôs prediction, the tip height of 

HAWT could grow to 300m and with a 250m diameter.  
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With the much higher power output of large HAWTs, the load control of the wind turbine is 

becoming more and more significant for both electrical requirement and wind turbine 

maintenance. Smaller wind turbines were mostly stall-controlled wind turbines and these wind 

turbines do not avoid stall and are commonly with a constant rotational speed. The stall-

controlled wind turbines are small and easily controlled in their working wind speed range, 

however the power output of this type of HAWT is relatively small and the CP is quite low out of 

the rated wind speed. For example, the NREL Phase VI wind turbine studied in the present work. 

Modern large HAWTs, especially for offshore HAWTs, are mostly with variable-speed and 

variable-pitch control system. This type of HAWT normally changes its rotational speed and 

pitch angle to fit the wind speed for the optimal AOA to reach the maximum CP before the rated 

wind speed. Then if the wind speed exceeds the rated wind speed, the wind turbine would change 

its pitch angle to maintain its power output at a stable level.  Hansen and Hansen (2007) classified 

the modern HAWTs into four types: fixed speed wind turbines, variable speed wind turbine 

concept with variable rotor resistance, variable speed wind turbine concept with partial-scale 

frequency converter and variable speed concept with full-scale frequency converter.  The details 

including the differences of the gearbox among these types of HAWTs will  not be presented here 

as this PhD study is mainly about the aerodynamics and flow control of the HAWTs. 

 

 

Figure 4. Development history of the size of HAWTs. (Source from IPCC 2011 report) 
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1.3 Motivation and Objectives  

Improving the aerodynamic performance of the wind turbine blade is one of the most significant 

factors to maximize the efficiency of transforming wind energy into mechanical energy. 

Furthermore, load control is also important for the aerodynamic design and protection for 

HAWTs. Therefore flow control can play a significant role in both improving the aerodynamic 

performance and load alleviation for modern HAWTs. 

So far the research work relative to this area has gained great achievements and as a result the 

efficiency has been improved to be nearly 50% today. CFD played an important and effective role 

in researching the flow around and downstream of a wind turbine, which is relatively cheaper 

than wind tunnel testing and provides more reliable results than analytical and semi-empirical 

models (Sørensen and Shen, 2002). 

The comparison between CFD and experiments can be seen clearly in the following table. 

 

Table 2. Comparison between CFD simulations and experiments 

Experiments CFD 

1. For one quantity at a time 

2. The points and time instants are limited 

3. For a laboratory-scale mode 

4. The operating conditions and problems are in 

a limited range 

5. Error sources: measurement errors, flow 

disturbances by the probes 

1. For all desire quantities 

2. High resolution in space and time 

3. For actual flow domain 

4. Can simulate any problem and operating 

condition virtually 

5. Error sources: modelling, discretization, 

iteration, turbulence model, implementation 

 

However, the results of a CFD simulation are not fully reliable because: 1) the input data may 

involve uncertainties; 2) the mathematical model of the problem may be inadequate; 3) the 

computational resources may lead to the limitation of the accuracy of the results. Therefore the 

validation of the employed CFD methodology is necessary with comparing the CFD results with 

the actual experimental results. 
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1.3.1 Motivation  

As mentioned above, the power coefficient of some modern wind turbines can reach as high as 50% 

in a particular wind speed. However, the wind speed is changing all the time which leads to lower 

power coefficient in both lower and higher wind speeds. For instance, in the high wind speed 

condition, the wind turbine blade begins to stall which leading to immediate reduction of the 

power coefficient. Under such situation, many flow control devices including both passive and 

active devices were researched and tested for higher efficiency of the wind turbine under various 

wind speeds. According to the literature review in chapter 2, in the past few decades many flow 

control devices such as microtabs, vortex generators, synthetic jets and moving flaps at the 

trailing edge were proved to be effective to increase the performance of the wind turbine in some 

specified conditions.  

Researchers investigated into deploying different flow control devices on the wind turbine blades 

in both experimental and numerical ways. However, as compared above, the experiments are only 

with specific conditions and rotor models. Therefore if the CFD simulation can be used properly 

with reliable results it will be significantly beneficial for further design and modelling of the wind 

turbine blade.  

So far most the CFD studies on the flow control devices on wind turbine blades are limited to 2D 

cases because of the huge mesh generation work and computational time of 3D full-scale 

simulation. However the 2D simulation can just explain the performance of cross-sectional 

aerofoils. Since the 3D effects can be significant for wind turbine flow physics, 3D full-scale 

simulation is more reliable and realistic. Therefore with sufficient computational resources, the 

motivation and aim of this study is to model the 3D full-scale wind turbine blade in the rotating 

frame with flow control devices in order to further optimize the blade design and improve the 

efficiency or for load control of the wind turbines. 

 

1.3.2 Objectives 

CFD simulation as an effective tool for optimizing the design of the wind turbine blade, the first 

steps of the study are as follows: 



Chapter 1      Introduction 

8 

 

1) Understanding how CFD works and its limitations. This includes the governing equations and 

turbulence models, for example why choosing Ὧ ὛὛὝ turbulence model, why the wall ώ   is 

important for computation accuracy. 

2) Mastering the methodology of how to generate a proper mesh for the specified geometry for 

the 3D simulation. ICEM CFD is selected as the mesh generation tool for all of the cases. It is 

significant to find out the criterion of good mesh and how to make the mesh capture the flow 

details of the case. 

3) Understanding the theoretical details of ANSYS FLUENT and relevant settings. This includes 

many factors such as whether the flow is steady or unsteady, the boundary conditions, solvers and 

time steps. 

4) Post processing of the results. After the computation it is necessary to process the results to get 

the figures and data. Using proper software is able to export helpful figures which showing the 

flow structure and important details of the cases. In this study most of the figures come from 

ANSYS CFD-POST and a few of them are from TECPLOT360. 

 

After understanding the common methodology, the objectives of this study are as follows: 

1) Carrying out a reasonable validation of the employed CFD method. This can be done by 

comparing the CFD results with the experimental results. So the NREL Phase VI wind turbine, 

which is a stall-regulated small wind turbine, is chosen because of its sufficient experimental data. 

Another validation case is the NREL 5MW offshore wind turbine with 126m diameter, which is 

designed from a BEM (Blade Element Momentum theory, will be introduced in chapter 2) code. 

However there is no experimental data for this wind turbine so only code to code comparison is 

carried out in the study.  

2) Investigating different turbulence models. There are many turbulence models so far and which 

one can predict the most accurate result in the specified conditions in this case should be studied. 

This part also includes the steady or unsteady flow condition study. 

3) Researching into the modern flow control devices of the wind turbine blade, for example, the 

microtabs in the trailing edge, microjets and vortex generators on the suction side and so on. 

Investigation involves what is the design process of these devices and how they work.  
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4) Carrying out 3D CFD simulations on the rotating wind turbine blade with deploying different 

kinds of flow control devices. This is the eventual objective of the study to see how to improve 

the efficiency or control the loads of the wind turbine in relatively lower or higher wind speed. A 

good effort will be needed for the mesh generation work in this part because the geometry of the 

wind turbine is complicated. 

 

1.3.3 Innovations of the study  

After reviewing the literatures, the possible innovations of the PhD study are as follows: 

1. Most of the existing CFD study on wind turbines underestimated the power coefficient when 

the stall happens under high wind speed using RANS turbulence modelling. Some researches 

using DES turbulence modelling can more accurately predict the torque of the wind turbine; 

however the utilized mesh size was huge such as Li el al. (2012). The mesh of this CFD 

simulation had more than 57 million grid points which was impossible to compute in most of the 

universities or companies. In this study a relatively coarser mesh (less than 4 million grid points) 

was employed in ANSYS FLUENT using the Ὧ ὛὛὝ turbulence model and results show that  

with a good mesh and a proper unsteady RANS solution the CFD is still able to accurately predict 

the mechanic torque of the small stall-regulated wind turbine in higher wind speed where the stall 

is dominating on the suction side of the blade. 

2. According to the literature review, so far there are still rare researches on the 3D full-scale 

wind turbine CFD modelling with different kind of flow control devices. 2D CFD studies or 

sectional span CFD studies and relevant experiments showed that (see chapter 2) some flow 

control devices including both passive and active devices such as microtabs, microjets and vortex 

generators can improve the wind turbineôs efficiency in particular wind speeds. This PhD study 

will focus on the 3D full-scale CFD simulation of wind turbine with deploying different kind of 

flow control devices in various wind speeds to see how the wind turbineôs performance change 

with the particular devices. Such simulations are more realistic than 2D CFD simulation. 

Moreover, when compared to the experimental researches, the CFD simulation can test different 

flow control devices and more flow conditions. 

3. Other than the flow control devices, some innovative aerofoil design such the divergent trailing 

edge design proposed by Henne and Gregg (1991) or flatback aerofoils. These types of aerofoils 

can actually provide higher Cl than sharp trailing edge aerofoils however due to much higher 
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induced Cd they are not suitable for aircrafts or aerospace applications. For wind turbines, the 

torque and bending moment are the most important factors to be concerned in the design process. 

Therefore investigating and comparing the performance of these aerofoil designs on the wind 

turbine in 3D rotating frame is another novel aspect in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2     Literature Review: Aerodynamics of HAWTs and Relevant Flow Control Devices 

11 

 

Chapter 2     Literature Review : Aerodynamics of 

HAWTs and Relevant Flow Control Devices  

This chapter firstly introduces the basic definition and equations of HAWTs including TSR, 

power coefficient, and sectional lift and drag forces. The numerical methodology and equations 

used for the CFD simulations are introduced in the second part. Lastly the literature reviews on 

the previous study on the flow control on HAWTs, including both numerical and experimental 

studies, are illustrated.  

2.1 Basic Definitions and Equations  

Tip speed ratio:  

In the wind turbine design the tip speed ratio (TSR) is a very important parameter. It is the 

ratio between the blade tip speed and the wind speed which can be written as:  

‗                                                       (2.1) 

where ‗ is the TSR, ʖ is the wind turbine rotational angular velocity, R is the radius of 

the wind turbine disc and Ὗ  is the absolute wind speed.  

Power coefficient: 

Theoretically the energy P0 passing through a cross-section A per second is: 

                        ὖ ʍὟ A                                                                 (2.2) 

where ” is the air density, Ὗ  is the wind speed and A is the cross-section area. Thus the 

power coefficient Cp which is the ratio between the actual power and the flow energy is:  

             ὅ                                                                         (2.3) 

According to Betzôs limit (1966), the Cp has a maximum value of 16/27 = 0.593. 

Lift and drag coefficients:  

Lift and drag coefficients are the main characteristics of an aerofoil which can be calculated as: 
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                            ὅ                ὅ                                                           (2.4) 

where c is the chord length, L is the lift force, D is the drag force and U is the relative flow speed 

around the aerofoil. In different span position of the wind turbine blade, the chord length, flow 

speed, angle of attack and Reynolds number are different, which are important to the wind turbine 

performance. 

Pressure coefficient:  

The pressure coefficient is a very important parameter to the aerofoil, and in many researches this 

parameter was used to validate the accuracy of the CFD simulation. The pressure coefficient can 

be calculated by the equation:  

ὅ                                                                         (2.5) 

where p is the surface pressure and ὴ  is the standard atmospheric pressure and U is the flow 

speed. 

 

Blade Element Momentum (BEM) Theory: 

The Blade Element Momentum (BEM) theory was developed by Betz and Glauert (1935) from 

Rankine and Froudeôs (1878) Actuator Disk theory. This theory combines blade element theory 

and momentum theory together. Practically, using BEM theory for wind turbine blade design is to 

divide the blade into finite elements along the span. In the rotational plane of the rotor, these 

elements will trace out annular regions across which the momentum balance takes place. 

Therefore with using existing 2D aerofoil data and the BEM theory it is able to predict the power 

output of the wind turbine. Nowadays many mainstream wind turbine design software are based 

on BEM theory because it can provide reasonably well results with short computing time. 

However its disadvantages are also obvious as: 1), it assumes the elements along the span work 

independently which ignoring the spanwise flow effects; 2), based on steady-state flow (non-

turbulent); 3), ignoring the yaw effects of the blade; 4), requiring specific tip loss correction 

models for higher accuracy.  
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2.2 CFD Study on Wind Turbines  

CFD enable us to solve the differential governing equations of fluid flows numerically with 

computers. As mentioned above, compared to experimental analysis CFD is much faster and 

cheaper but can also provide acceptable results if used properly.  

In an integrated CFD study there are normally three steps which are preprocessor, flow solution 

and post-processing respectively. Preprocessor includes the computational domain setting and 

mesh generation. A good mesh is significant for getting good results. The flow solver is the core 

of a CFD study and most of the commercial CFD codes are based on a finite volume 

discretization such as ANSYS FLUENT which is used in this study. The post-processing work is 

for the analysis of solution results. There is some specific software for CFD post-processing such 

as CFD-POST and TECPLOT 360. With such software we can analysis different factors such as 

pressure, surface streamlines and so on. 

The Unsteady/Reynolds-Averaged Navier-Stoke (URANS/RANS) methods is used for all the 

simulations in the present work as the LES (Large Eddy Simulation) and DNS (Direct Numerical 

Simulation) require huge computation time especially for the 3D simulations of wind turbines in 

this study. As for incompressible fluid solution, the pressure-based coupled solver is selected for 

all the simulations. Referring to the ANSYS FLUENT Theory Guide, there are some advantages 

for using the coupled approach comparing to the segregated approach as it obtains a robust and 

efficient single phase implementation for steady-state flows. In the present work, it is found that 

using the coupled approach is more robust and provides much better convergences than using the 

segregated algorithm. The research done by Chen & Przekwas (2010) can also be referred as a 

sample which showed that the coupled approach demonstrates good numerical convergence and 

computation time reduction.  

 

2.2.1 Navier -Stokes equations:  

The mathematical model of fluid dynamics is based on the fundamental mass, momentum and 

energy conservation principles. For incompressible flows the energy equation is decoupled from 

the mass and momentum conservation equations. Because the fluid properties are assumed to be 

constant (not changing with different temperature) for incompressible flow. With such condition 

means that we do not need the temperature to solve the mass and momentum conservation 
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equations for calculating the unknown velocity and pressure distribution. After solving the 

velocity and pressure field if the flow, the energy equation can be solved by itself to find the 

temperature distribution. For the simulations of wind turbines, heat transfer is not a primary 

concern as the flow around the wind turbine is assumed to be incompressible with constant 

temperature. Therefore in the present study only the mass and linear momentum equations are 

solved to obtain the velocity and pressure fields.  

If we combine the continuity and momentum equations into a compact vector-variable form we 

can get:  

             ᷿ ὡᴆὨ  Ḃ Ὂᴆ ὊᴆὨὛ π                                            (2.6) 

where the vector of the conserved variables ὡᴆ, the convection term Ὂᴆ and the diffusion term Ὂᴆ 

are as follows: 

ὡᴆ

”
”ό
”ὺ
”ύ

         Ὂᴆ

”ὠ
”όὠὴὲ
”ὺὠὴὲ

”ύὠὴὲ

               Ὂᴆ

ụ
Ụ
Ụ
ợ

π
ὲ† ὲ† ὲ†

ὲ† ὲ† ὲ†

ὲ† ὲ† ὲ† Ứ
ủ
ủ
Ủ
          (2.7) 

The contravariant velocity ὠ in equation 2.7 is introduced as: 

ὠ  ὺᴆ ὲᴆ όὲ ὺὲ ύὲ                                                (2.8) 

Where ὴ is the static pressure and for perfect gas: ὴ ”Ὑ Ὕ, here Ὑ  is the specific 

gas constant which is 287.058 J/kg*K and Ὕ is the temperature ; † is the stress term. For 

Newtonian fluid, the shear stress terms are introduced as follows: 

† ʈς                                                (2.9) 

† ʈς                                                (2.10) 

† ʈς                                                (2.11) 

† † ʈ                                                  (2.12) 

† † ʈ                                                  (2.13) 
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† † ʈ                                           (2.14) 

The equations of stress terms shown above are for general solutions. The present work uses the 

RANS solution for all cases using the finite volume method therefore the Reynolds averaged 

momentum equation is introduced below in the tensor format: 

” ”Ὗ ς‘Ὓ ”όό                                 (2.15) 

Where Ὓ is a symmetric tensor called the strain-rate tensor: Ὓ . The Boussinesq 

eddy viscosity assumptions are used to model the unknown Reynolds stress terms: 

† ”όό ς‘Ὓ ”Ὧ                                          (2.16) 

Where ‘ is calculated from turbulence models and 
ρ Ὥ Ὦ
π Ὥ Ὦ

.  

 

2.2.2 Turbulence models:  

The laminar flow only exists at a very low Reynolds number which is: 

ὙὩ                        (2.17) 

Here L is the characteristic length scale (the aerofoilôs chord length in this study), U is the flow 

velocity and ‘ is the viscosity of the fluid. When the Reynolds number is high the flow regime 

becomes turbulent and the flow situation is complex which leading to the existence of many 

turbulence model theories. Due to the non-closure condition of the RANS equations, different 

turbulence models have been developed to close the RANS equations. In the beginning of the 

present work, the Spalart-Allmaras, Realizable  Ë ʀ model and Ë ʖ 334 turbulence models 

are selected for the computation. However after comparing the results with experimental data and 

the convergence history of these three turbulence models, the Ë ʖ 334 turbulence model 

provides more accurate results comparing to the other two models especially at the wind speeds 

higher than 10m/s where stall happens. Therefore all CFD simulations in the present work are 

using the Ë ʖ 334 turbulence model.  The detail comparison and data will be found in chapter 

four. 
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The ἳ  ἡἡἢ (shear stress transport) model: 

Menter (1994) developed the shear-stress transport (SST) Ë ʖ 334 model which blends the 

robust and accurate formulation of the Ë ʖ model in the near-all region with the freestream 

independence of the Ὧ ‐ model in the far field. The form of Ë ʖ 334 is similar as the standard 

Ë ʖ model: 



ὸ
”Ὧ



ὼὭ
”ὯόὭ



ὼὮ
ῲὯ
Ὧ

ὼὮ
Ὃ ὣὯ ὛὯ                                    (2.18) 
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ὼὮ
Ὃ ὣ Ὀ Ὓ(2.19)                            

In the two equations shown above, the term Ὃ  represents the productions of turbulence kinetic 

energy and Ὃ  represents the production of The definitions of Ὃ .  and Ὃ  are as follows. 

           Ὃ ”όὭ
ȟόὮ
ȟόὮ

ὼὭ
          Ƞ         Ὃ



ὺὸ
Ὃ                                          (2.20) 

The coefficient  is given by: 

 ᶻ

Ⱦ

Ⱦ
 Ƞ ᶻ ᶻ

ᶻ Ⱦ

Ⱦ
                                       (2.21) 

Where ὙὩ . For the Ë ʖ 334 model the term   is defined as equation (2.23). The 

other model constants can be found below.  

 Ὂ ȟ ρ Ὂ  ȟ                                                          (2.22) 

 ȟ
ȟ
ᶻ

ȟ
ᶻ   ;     ȟ

ȟ
ᶻ

ȟ
ᶻ                                      (2.23) 

ῲὯ and ῲ:which are given by  are the effective diffusivities of Ë and  

ῲ ‘                    Ƞ                ῲ ‘                                       (2.24) 

In equation (2.25) „ and „  are the turbulent Prandtl numbers for Ë and which is given by  

equation (2.26). ‘ is the turbulent viscosity which is computed by equation (2.27), Ὓ is the 

magnitude of the strain rate tensor. 
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Ѝ

Ȣ
ȟ                               (2.31) 

Where ώ is the distance closest to the wall surface. Ὀ  is the cross-diffusion term which is 

defined in equation (2.31) and Ὀ  is the positive portion of the cross-diffusion term. This term is 

introduced because the  Ë ʖ 334 turbulence model blends the standard Ë ʖ and standard  

Ë ʀ model together which requiring transformation for the  Ë ʀ model into equations based on 

k and .  

Ὀ ςρ Ὂρ”
ρ

„ȟς

ρ



Ὧ

ὼὮ

ύ

ὼὮ
                                                (2.32) 

The term ὣ is the dissipation of k. Unlike the standard Ë ʖ model, in the Ë ʖ 334 model 

the Ὢ  zis a constant equal to 1, thus, 

ὣ ”ᶻὯ(2.33)                                                                         

ᶻ ᶻ
Ⱦ Ⱦ

Ⱦ
     Ƞ     ὙὩ                                         (2.34) 

The term ὣ represents the dissipation of for the Ë  ʖ 334 model it is defined as: 

ὣ ”Ƞ           Ὂȟ ρ Ὂ ȟ                                 (2.35) 

The model constants are as follows: 

ᶻ ρȟ πȢυςȟ πȢυςȟᶻ πȢπωȟὙ ψȟὙ φȟὙ ςȢωυȟ 

‖ πȢτρȟ„ȟ ρȢρχφ, „ȟ ρȢπȟ„ȟ ςȢπȟ„ȟ ρȢρφψȟ πȢσρ 



Chapter 2     Literature Review: Aerodynamics of HAWTs and Relevant Flow Control Devices 

18 

 

ȟ πȢπχυȟȟ πȢπψςψ 

 

The Spalart-Allmaras turbulence model: 

The Spalart-Allmaras one-equation turbulence model solves a modelled transport equation for 

turbulent viscosity which was designed for aerospace application involving wall-bounded flows 

and was proved to be able to give good results for boundary layers subjected to adverse pressure 

gradients. The transport equation for the S-A model is introduced as follows: 

”ὺ ”ὺό ‘ ”ὺ ὅ ” Ὃ ὣ          (2.36) 

where Ὃ  and ὣ denote the turbulent viscosity and the destruction of turbulent viscosity that 

occurs in the near-wall region respectively. „ and ὅ  are constants and ὺ is the molecular 

kinematic viscosity. In the S-A model the turbulence kinetic energy, k, is not calculated. 

For the turbulent viscosity ‘, it is computed from: 

‘  ”ὺὪὺρ                                                          (2.37) 

where the viscous damping function Ὢ  is given by: 

Ὢ       and   …ḳ                                             (2.38) 

The production term Ὃ is modelled as:  

Ὃ ὅ ”Ὓὺ                                                       (2.39) 

where 

ὛḳὛ Ὢ        and           Ὢ ρ                            (2.40) 

ὅ  and ‖ are constants and d is the distance from the wall. S is a scalar measure of the 

deformation tensor and in ANSYS Fluent, it is defined as: 

Ὓḳ   ὅ άὭὲ πȟὛ   )                                        (2.41) 

where 
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ὅ ςȢπȟ  ḳ ς     , Ὓ ḳ ςὛὛ  

The mean strain rate Ὓ  is defined as: 

Ὓ                                                        (2.42) 

The destruction term of the S-A turbulence model is introduced as: 

ὣ ὅ ”Ὢ                                                  (2.43) 

where: 

Ὢ Ὣ  ,    Ὣ ὶ ὅ ὶ ὶȟὶḳ                            (2.44) 

The model constants are as follows: 

ὅ πȢρσυυȟὅ πȢφςςȟ„
ς

σ
ȟὅ χȢρȟὅ σȢςπυω  

ὅ πȢσȟὅ ςȢπȟ‖ πȢτρψχ 

 

The Realizable ἳ  turbulence model 

ANSYS Fluent supports three kinds of Ë ʀ turbulence model which are STD (standard), RNG 

(renormalization group theory) and Realizable Ë ʀ models. The forms for three models are 

similar with transport equations for turbulent kinetic energy k and turbulent dissipation ʀ. They 

are different because of: 1) the method of calculating turbulent viscosity; 2) the turbulent Prandtl 

numbers governing the turbulent diffusion of k and ʀ; 3) the generation and destruction terms in 

the ʀ equation.  

The Realizable Ë ʀ model is developed from the Standard Ë ʀ model as it has a new 

formulation for the turbulent viscosity and a new transport equation for the dissipation rate ʀ 

(Shih, et al.). It is called óRealizableô because it satisfies certain mathematical constrains on the 

Reynolds stress and consistent with the physics of turbulent flows, which the other two Ë ʀ 

model are not able to meet this requirement.  
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In ANSYS Fluent, for the incompressible flow, the modelled transport equations for k and ʀ are 

introduced as: 

”Ὧ ”Ὧό ‘ Ὃ Ὃ ”‐Ὓ                 (2.45) 
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where: 

ὅ άὥὼπȢτσȟ
–

– υ
 ȟ – Ὓ
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‐
 ȟ Ὓ ςὛὛ  

In equation 2.45 and 2.46, Ὃ  represents the production of turbulence kinetic energy which is 

calculated as: 

Ὃ ”όό                                                 (2.47) 

And Ὃ  is the generation of turbulence kinetic energy due to buoyancy. For ideal gases, it is 

calculated as: 

Ὃ Ὣ                                                   (2.48) 

where ὖὶ is the turbulent Prandtl number for energy which is 0.85 for the Realizable Ë ʀ 

turbulence model and Ὣ is the component of the gravitational vector in the Ὥth direction. Ὓ and 

Ὓ are user-defined source terms and in the present studies these terms are ignored.   

The eddy viscosity is calculated as: 

‘ ”ὅ                                                             (2.49) 

where:                                                     ὅ  z                                               (2.50) 

Ὗᶻḳ ὛὛ ɱ ɱ        and    ɱ ɱ ‐                                      (2.51) 
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In equation 2.51 ɱ  is the mean rate-of rotation tensor viewed in a moving reference frame with 

the angular velocity  . The constants ὃ  and ὃ are given by: 

 ὃ τȢπτȟὃ Ѝφὧέί‰                                                  (2.52) 

where:        

‰ ὧέίЍφὡ ȟὡ ȟὛ ὛὛȟὛ               (2.53) 

The model constants are: 

ὅ ρȢττȟὅ ρȢωȟ„ ρȢπȟ„ ρȢς 

 

2.2.3 The Moving Reference Frame Function  

By default, ANSYS FLUENT solves the governing equations and turbulence models of flows in a 

stationary reference frame. However for some cases such as the rotating blade case in the present 

work, there are some significant advantages to solve the equations in a moving reference frame. 

In the stationary reference frame the rotating blade will render the problem unsteady. However 

with deploying the moving reference frame function and a rotationally periodic boundary 

condition, the flow of an assigned volume is assumed to be with a constant rotational speed and 

the non-wall boundaries are surfaces of revolution (for example velocity inlet). Therefore in this 

situation the blade can be simulated as stationary wall and as a steady-state problem. Such 

function in ANSYS Fluent can effectively save computational time and resources. In the present 

work for all 3D CFD study on the rotating blade, the moving reference frame is activated with 

proper settings for the right rotational speed.  

 

2.3 Literature review: Flow Controls for HAWTs 

Researching and optimizing the design of HAWT in the aerodynamic aspect is the most effective 

way to further improve the HAWTsô performance. So far many scholars have gained some 

profound achievement in both the numerical and experimental fields. Hansen and Madsen (2011) 

summarized more than 100 researches on the aerodynamics of wind turbine. The passive and 
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active flow control devices of wind turbine were comprehensively introduced which including 

flaps/deformable TE, microtabs, morphing, active twist, suction/blowing, synthetic jets, active 

VGs and plasma actuators. 

2.3.1 Previous Stud ies on Micro tab 

The concept of microtab for wind turbine load control which was derived from the Gurney flaps 

concept for aircraft wings. The conception of Gurney flap was first proposed by an automobile 

racer Dan Gurney and then his idea was further confirmed by Liebeck (1978, Figure 5) in AIAA 

journal. Theoretically the Gurney flap increases the lift coefficient (Cl), including the maximum 

Cl, at almost all AOA of the aerofoil when it is deployed on the pressure side. However it will 

also induced higher drag coefficient (Cd) therefore the lift to drag ration should be considered 

carefully when such conception is applied in the aircraft design.  

 

 

Figure 5. The hypothesis of GF. (Liebeck, 1978) 

Unlike aircrafts, the main driving force of HAWTs is the lift force and the drag force is much less 

important in the design process. Therefore the GF concept is significant for load improvement or 

control of HAWTs. As an active flow control device some space is required inside the aerofoil for 

control purpose therefore Van Dam et al. (2001) first proposed the concept of microtab which 

was deployed from 0% to 10% chord position toward the trailing edge of the aerofoil. The 

general proposed concept and destination performance estimation for the study can be seen from 

Figure 6. This study carried out both 2D computational research and experiments on the GU-25-

5(11)-8 aerofoil and the detailed working principle of microtab can be seen from Figure 7. 

Normally for the sharp trailing edge aerofoil, referring to the Kutta condition which is shown on 

the left of Figure 5(A body with a sharp trailing edge which is moving through a fluid will create 

about itself a circulation of sufficient strength to hold the rear stagnation point at the trailing 

edge), a small separation happens around the trailing edge. However deploying microtabs can 

https://en.wikipedia.org/wiki/Circulation_(fluid_dynamics)
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shift this separation to the lower edge of the tab, which significantly changes the camber and 

increases the lift of the aerofoil. In the right of Figure 7, it can be seen that the microtab changes 

the pressure coefficient of the entire aerofoil with keeping the original aerofoil shape. The CFD 

results showed predicted the Cl very close to the experimental results especially in lower AOA 

situations. The results showed that a 1% chord height (3mm) solid microtab at 95% x/C position 

increased the Cl by up to 50% at 0 degree AOA. Another important conclusion from this study is 

that for the aerofoil the closer the microtab deployed to the trailing edge the more Cl increases.  

 

 

Figure 6. The microtab concept proposed by Van Dam et al. and performance predictions (2001). 

 

Figure 7. Computed streamlines around the microtab (left) and pressure coefficient comparison (right) 

which finished by Van Dam et al. (2001). 

Nakafuji et al. (2005) investigated the effects of the solidity ratio on the performance of the 

microtab using a 3D RANS CFD method. In their study the solidity ratio is defined based on 
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constant height finite microtabs which is: ʎ
 

  
. The results showed that the CL 

increment is linearly related to the solidity ratio of the microtab and the microtabs with gaps 

between each other improved the L/D ratio compared to the solid tab. However whether the gaps 

could increase or decrease the torque of an integral wind turbine still required to be studied. 

Zayas et al. (2006) researched into employing the active microtabs at the trailing edge of the 

cross-section of the wind turbine both experimentally and numerically. The Micon 65 ADAMS 

model HAWT was both tested experimentally and simulated in CFD method. The CFD results 

were reasonable but in high AOA it underpredicted the lif t coefficient. It was shown that microtab 

as an active device can not only beneficial for load alleviation but also can improve the energy 

generation with the microtab in the pressure surface. 

Van Dam et al. (2007) numerically investigated the microtab and active microflap around the 

trailing edge which were used to reduce the aerodynamic fatigue loads on wind turbine blades. 

The active microflap concept can be seen from Figure 8 which can be rotated towards the 

pressure side (increasing the camber) for increasing the lift force or the suction side (decreasing 

the camber) for reducing the lift force of the aerofoil. Similar as the microtab, microflap also 

change the Kutta condition around the trailing edge.  The fatigue loads of wind turbine are caused 

by the cyclic loading of the structure which could cause failure if some critical level of damage is 

exceeded. The relevant forces include the gravitational force, the centrifugal force, the wind 

thrust which is perpendicular to the plane of the wind turbine and other rapidly changing forces 

because of the stall conditions. The wind thrust forces primarily contribute to fatigue damage 

therefore for large wind turbines the wind thrust is also important to be investigated. The 

OVERFLOW2 CFD code was used for the unsteady cases. The results showed that deploying the 

microtab in around 1% chord length to the trailing edge or moving trailing-edge flaps with around 

10% chord length can effectively mitigate high frequency loads of the blade. The high frequency 

loads means the wind turbine loads are changing in because of the turbulent wind with a 

frequently changing wind speed.  The results of this study showed that this kind of loads can be 

effectively mitigated with deploying the trailing edge microflap. However, this study is only on 

the 2D profile. 

Holst et al. (2013) investigated into the effects of microtab and Gurney flap on the FX 63-137 

aerofoil profile experimentally. The Reynolds number of the tests was Re = 135000, which was 

relatively low and the number was close to the root side of most modern HAWTs. They further 

researched into the effects of the gap between microtabs. Their results showed the finite 

microtabs not only changed the pressure distributions in the area where they were deployed but 
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also changed the CP globally. However they only tested one size (1% chord) of the microtabs 

which ignored the effects of the microtabs when the height exceeded the boundary layer thickness. 

 

 

Figure 8. The microflap concept and mesh used in the study of Van Dam et al. (2007). 

Bach et al. (2014) researched into both full-span microtab and finite microtab on a span section 

with AH93W174 aerofoil experimentally. The results showed that the lift force of the span 

section can be varied by either changing the tab height or the aspect ratio of the finite tabs. Higher 

tabs led to larger differences on the lift force however they also induced much higher drag force. 

Moreover they also investigated into the microtab effects on the NREL 5MW reference blade 

using the BEM code, Qblade, which showed that with 2% chord microtabs deployed on the outer 

30% of the blade the bending moment of the blade can be reduced by 13% by suction side tabs 

and increased by 25% by pressure side tabs.  

There were some more previous studies on microtabs using either experimental methods or 

numerical methods, for example Bæk & Gaunaa (2011) using FLEX5 CFD code for comparing 

the differences of the effects of the microtabs and trailing edge flaps in 2D condition. Their 

results showed that the load reduction potential of trailing edge flap was more than twice bigger 

than that of the microtab. The load reduction for horizontal wind turbine is important at upper 

rated wind speed to keep the turbine components within torque limits. Because the power of the 

wind increases proportional to the cube of the wind speed therefore wind turbines needs to be 

controlled for reducing torque in high winds. The flow controls introduced here control and 

reduce the torque of the wind turbine in aerodynamic ways. However, because of the limitation of 

the wind tunnel tests and the computational resources, there is still neither experiment nor 

numerical study of the microtabs on wind turbine in a real rotating frame.  
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2.3.2 Previous Study on Microjets  

One concept of microjets for flow control on aerofoils is deploying the microjets near the leading 

edge on the suction side of the aerofoil. The purpose is to reduce the dynamic stall on the suction 

side of the aerofoil for better performance. The suction side separation is caused by insufficient 

momentum in the boundary layer to counteract and adverse pressure gradient. Therefore deplying 

microjet near the leading edge on the suction side can effective increase the momentum of the 

fluid in the boundary layer, whereby delaying separation (Figure 9). Such concept has been 

studied for improving the performance of turbine blades. For example Beahan et al. (2014) 

experimentally studied the microjet effects on NACA0015 aerofoil. They deployed multiple 

microjets in the first 12% chord of the aerofoil on the suction side. The results showed that 

microjets effectively suppressed the dynamic stall and separation on the suction side at all AOAs. 

Koopman & Hoeijmakers (2014) applied tangentially directed synthetic jets on the suction side 

30.9% chord away from the leading edge for flow separation control. Their results showed that 

the synthetic jets could effectively increase the CL (11%) at higher AOAs and delayed the stall 

(stall AOA from 13.8 degrees to 16.8 degrees). Such microjet concept is also suitable for stall-

regulated HAWTs to improve their aerodynamic performance at higher wind speeds where the 

induced incidence of the cross-sectional aerofoil is very high.  

 

 

Figure 9. Estimated performance of aerofoil with leading edge synthetic jet (Maldonado et al., 2010) 

Maldonado et al. (2010) tested a wind turbine with a cross-section shape of NACA 4415 aerofoil 

and synthetic jet actuators at proper positions using the PIV technique. This study provided a lot 

of experimental results and it showed that using synthetic jets can make the flow over the blade 

fully or partially re-attached depending on the AOA and Reynolds number, and can additionally 

reduce the blade vibration. Several years later, Taylor et al. (2014) investigated into the leading 

edge microjets on a finite span S809 blade experimentally. They applied Stereoscopic Particle 
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Image Velocimetry (SPIV) measurements for capturing the streamlines and vorticity of the blade 

and relevant results can be seen in Figure 10. The results showed that the deployment of synthetic 

jets on the suction side near the leading edge effectively delay and relief stall of the S809 finite 

span blade at higher AOAs.  

 

 

Figure 10. Normalized velocity contour, streamlines and normalized vorticity with jets off and on (Taylor 

et al., 2014). 

Another microjet concept is to deploy the microjets near the trailing edge of the wind turbine 

blade for load control. This microjet concept is similar to microtab, which is predicted to increase 

the lift force when deployed near the trailing edge on the pressure side or reduce the lift force 

when deployed on the suction side. Braylock et al. (2013) numerically researched into the 

microjets and microtabs on the NACA0012 aerofoil using the CFD solver OVERFLOW-2. Their 

validation on the microjet compared to the experimental data was quite successful. Their results 

showed that both the response time and changes to the CL of the NACA0012 aerofoil from these 

two types of flow control devices are quite similar except for that the microjet had around 30% 

lower drag compared to that from the microtab. Their further continuous study (Cooperman et al. 
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2014) also showed that using microtab and microjet can reduce the lift force variation when wind 

speed changes, which can effectively protect the HAWT in gust situation.   

With the larger and larger size of modern HAWTs, the flapwise root bending moment of the 

blade should be considered carefully for maintenance issues for wind turbines. Hurley et al. (2016) 

used a CFD code written by MATLAB and coped with the 2D aerofoil data to simulate the 

trailing edge microjet effects on the 5MW NREL reference blade. Results showed that deploying 

a 14 meters microjet from 30-meter span to 44-meter span position of the blade can effectively 

reduce the flapwise root bending moment of the blade by 3.5%-28% at different wind speeds. 

2.3.3 Previous Study on Vortex Generators  

Vortex generators are normally applied right to the external surface of aircraft wings or wind 

turbine blades. They are deployed obliquely for a particular angle of attach with respect to the 

local flow therefore they can generate relatively stronger tip vortex because they have very small 

aspect ratio (AR). After the mixture of this kind of high energetic tip vortex and the slow-moving 

boundary layer, the energy of the boundary layer flow in the adverse pressure gradient can be 

reinforced. This situation can keep the boundary flow to be attached with the surface for delaying 

the separation and improving the aerodynamic lift of the aerofoil. This concept has been proved 

for effective flow separation control around the leading edge on the suction side of the aerofoil 

(Lin, 2002). As for HAWTs, because the incidence of the cross-sectional aerofoil near the root 

side is relatively higher than the outer side, flow separation normally happens (Figure 11). Here 

with the deployment of VGs the stalling can be delayed, whereby improving the aerodynamic 

performance of the wind turbine.  

Vronsky (2000) investigated into the wind turbine performances with air-jets or traditional vane 

vortex generators. His results of this experimental research showed that the air-jet control was 

particular significant for the thick airfoils with higher lift coefficient. When compared to the vane 

VGs, air-jets are easier to control. This study provides a lot of experimental data which are very 

helpful for CFD study. 

Rajendran and Madhu (2011) numerically researched a full wind turbine including the tower 

using a fully unstructured mesh and Ansys FLUENT CFD code. The chosen turbulence model is 

the Ë ʖ 334 model. The validation work was also done, however in relatively lower wind speed 

the results show large differences when compared to experimental data. The reasons were given 

as some mechanical losses but not shown very clearly. This study involved the CFD analysis of 
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some passive flow control tools such as winglet on the tip, gurney flap in the trailing edge and 

vortex generators. Vain VGs were simulated in the study. The results showed that installing VGs 

at proper positions can improve the power production by 4% and the gurney flap would be very 

effective in lower wind speeds. 

 

 

Figure 11. Application sample for VGs on wind turbine blade. (Source from: http://smart-

blade.com/products-services/vortex-generators.html 

Xue et al. (2010) simulated numerically the VGs on wind turbine blades and introduced the 

theory and potential performance of the VG. The designing processes were also discussed. 

However the simulation was just at a cross-section of the wind turbine but not full-scale and the 

results need to be validated. 

Godard and Stanislas (2006) tested three different kinds of vortex generators on the wind turbine 

which including passive VGs, synthetic jets and round jets with continuous blowing. The 

comparison among their three types of VGs was performed in both co- and counter-rotating 

configurations. The results showed that the skin friction increase of the optimized round jet 

devices and standard passive VGs is similar while the slotted jets are less effective than 

equivalent passive VGs. Considering the induced drag of the passive VGs, the round steady jets 

are quite efficient because they will not produce drag when they are turned off. 
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2.3.4 Overall Reviews of Wind Turbine Flow Control  

Barlas and Van Kuik (2010) reviewed over a hundred of current existing researches on the smart 

rotor control devices for wind turbines including their traditional application in aircrafts and 

helicopters, design issues and resulting performances. Figure 12 shows the comparison of the lift 

coefficient differences of different control devices. It can be seen that trailing edge flaps, 

microtabs and camber control can increase the lift coefficient of the aerofoil largely. However 

this finding is just for a cross-section of the wind turbine and to what extent the lift coefficient 

can improve the induced torque is not able to be shown clearly. In addition the CFD method was 

also discussed and the relevant challenges such as how to model the separated flow conditions, 

how to accurate model the changed wake environment causing by control devices and so on. 

Therefore the full scale wind turbine experimental testing and numerical modeling with these 

flow control devices is necessary. 

Saravanan et al. (2012) tested four different winglets at the tip of a small wind turbine and 

compared their performances. The pressure distribution at three x/C positions were compared and 

the results showed that the winglet with 2% height of blade radius and 25% curvature ratio can 

improve the wind turbine performance more significantly. However because in each cross section 

of the blade there were only three monitors and this condition might lead to less accurate result. 

 

 

Figure 12. Comparison of control devices in terms of lift control capability (Balas & Kuik, 2010). 
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The divergent trailing edge is a concept by Henne and Gregg (1991) for aircraft wings, which is 

proved to be beneficial for high Cl/Cd of aerofoils (Li & Wang 2007). This concept was applied 

with a large scale divergent trailing edge at 3% chord length for its performance on the wind 

turbine field. Baker et al. (2006) investigated into the blunt trailing-edge wind turbine aerofoils 

both experimentally and numerically at a 2D condition. The experimental results showed that by 

increasing the thickness of the trailing-edge (8.75% and 17.5% chord length thickness were tested 

in their research), the maximum L/D can be increased from 35.5 to 44 at the Re = 666,000 flow 

condition and the maximum Cl can be increased from 1.5 to 2.16 for the 17.5% chord length 

thickness trailing-edge redesigned aerofoil. This study also showed that increasing the thickness 

of trailing-edge is able to effectively improve the lift force of the aerofoil at the 2D condition. 

 

2.4 Literature Review:  CFD Study on HAWTs 

As introduced above, CFD has some advantages when compared to experimental research. In 

recent years since the early 21
st
 century a lot of researchers have done some significant and 

studies on the aerodynamics of HAWTs numerically due to the fast developing computing 

resources and the appearance of supercomputers.  

Sørensen (2011) reviewed lots of the traditional design models and theories of the HAWT. CFD 

method has been concerned mostly in recent years however in high wind speed conditions the 

CFD method still cannot predict very accurate results because of the separated boundary layer. 

Sezer-Uzol and Long. (2006) did 3-D time-accurate simulations for analysing the flow fields 

around the rotor. This research simulated three flow cases: 7m/s with 0
0
 yaw, 7m/s with 30

0
 yaw 

and 15m/s with 0
0
 yaw with using the PUMA2 solver. A fully unstructured mesh was used in this 

study with 3.6 million tetrahedral cells. The simulation was run in an inviscid condition and its 

results were with good agreement with the experimental data except in the 15m/s 0
o
 situation. 

Another disadvantage is that the research did not have a comparison with the experimental data 

on the torque which is one of the most important factors of the wind turbine. Moreover, the 

research used a full cylinder model without symmetry for simulating the two blades NREL 

turbine which increased the computation time and cost.  

Monier (2011) researched into the winglet and twist aerodynamic design of wind turbine based on 

the NREL Phase VI wind turbine. He used the Ὧ ‐ Launder-Sharma (LS) turbulence model for 
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simulation and the results showed good quality which may be referred in this study. The Ὧ ‐ LS 

model was developed by Launder and Sharma (1974) which is a classical Low-Re (low Reynolds 

number) model with benefit of predicting bypass transition.  

Esfahanian el al. (2013) combined the 2D CFD aerofoil computational results with a modified 

blade element momentum method in order to reduce the computation time of the full 3D 

simulation of wind turbines. Its accuracy was validated with the experimental data of NREL 

PHASE II wind turbine and showed sufficient accuracy of the power curve. However, the 

selected NREL phase ii wind turbine is a constant chord wind turbine without local twist angel, 

which can be rarely seen in recent years. 

Sagol et al. (2011) investigated into the turbulence model which can show best performance 

based on the NREL Phase VI turbine. This research has comprehensive comparisons among 

different scales of meshes and various turbulence models (RNG Ὧ ‐, STD Ὧ ‐, Ë ʖ 334, 

realizable Ὧ ‐) in the wind speed = 7m/s situation. A 1.9 million unstructured mesh and the 

Ë ʖ 334 turbulence model was selected to be with the best performance for simulating the wind 

turbine. The comparison of moments on the blades was simulated in different wind speeds and 

the results showed that the shaft torque was underestimated by the simulation but the root flap 

bending moment comparison showed good agreement with the experimental data. This research 

used fully unstructured mesh and the y+ setting seems to be not small enough for a much more 

accurate result. Its comparison of the pressure coefficient between its results and the experimental 

data showed that the results were considerably away from the experimental data.  

Carcangir (2008) investigated into the wake, rotational effect and the tip shapes of the HAWT 

numerically. The NREL Phase VI turbine was also selected as a validation case using the CFD 

code FLUENT and a fully structured mesh. However the maximum wind speed simulated in this 

study was 11m/s which showed that the CFD method can predict accurate results in relatively 

lower wind speeds but cannot show whether such CFD method can still predict accurate result in 

the stall condition of the wind turbine. 

Li el al. (2012) compared the RANS and DES computations of NREL Phase VI experimental 

wind turbine with using an extremely fine mesh of 57 million grid points. Many cases are 

simulated including different wind speeds and pitch angels. The computational shaft torques of 

RANS and DES were both accurately predicted even at 15 m/s condition but DES showed much 

better transient response. However the mesh used in this research is quite refined and is not 

affordable by many other researchers. 
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In conclusion, using CFD method for simulation the flow conditions and performance of wind 

turbines has been proved to be with reasonable accuracy and effective. Some of these previous 

studies have shown very good results with simulating the full-length wind turbine blade in a 

rotating frame. However because of the complexity of the meshing progress and the large mesh 

size, there is still no research on 3D CFD study on the wind turbine blade with flow control 

devices (microtabs and microjets) in the rotating frame to study the spanwise flow effects. The 

present study aims to fill this gap and show extensive CFD computational results of the effects of 

these two typical flow controls on the rotating wind turbine blade. 
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Chapter 3      CFD Validation on NREL Phase VI Blade 

3.1 Introduction  

The NREL Phase VI wind turbine is an experimental wind turbine of NREL which was fully 

tested in the NASA-Ames wind tunnel in 2001. Because of the comprehensive published 

information and results, including shaft torque, pressure coefficient, code to experiment 

comparison and so on. This NREL case was selected by many researchers for their CFD 

validation and further studies. The present study also selects this famous stall-regulated wind 

turbine as the validation case. Because of the large separation flow on the suction side of the 

blade in higher wind speed situations, a big challenge is whether the CFD method can accurately 

predict the aerodynamic performance (shaft torque, pressure coefficient, etc.) compared to the 

experimental data. 

3.2 Methodology  

Basically a full CFD simulation includes four steps: model geometry setup, mesh generation, 

CFD solver set up and computing, and post processing of the results. In this study a full 3D single 

wind turbine blade is built and fully structured mesh is used for all cases for good resolution of 

the viscous boundary layers.  

3.2.1 Geometry Model  

The geometry model of NREL Phase VI two blade wind turbine is generated in ICEM CFD and 

SOLIDWORKS. The aerofoils of the turbine blade are generated by inputting coordinates in 

ICEM CFD and the blade surfaces are generated in SOLIDWORKS. The geometry coordinates 

and detailed data of the blade are from the official website of the NREL Amestest. Table 3 shows 

the basic description and parameters of the simulated blade. The present work selects 13 cross-

sectional aerofoils for generating the blade geometry and the detailed twist angles of the sections 

can be found in Appendix 1. Because the NREL Phase VI wind turbine consists of two 

symmetrical blades, the computational domain is also symmetrical. Therefore just one blade and 

a semicircle domain are generated for the simulation (Figure 13 & 14). Because there is no 

detailed explanation for the blade tip of NREL Phase VI turbine, a flat tip shape is used in this 

project.  
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Table 3. Basic description of NREL Phase VI blade 

Number of blades 2 Tip pitch angle 3 degrees 

Rotor diameter 10.06m Blade profile S809 

Angular velocity 7.54rad/s Blade chord length 0.358m-0.728m 

(Linearly tapered) 

Cone degree 0 Twist angle Non-liner twist along 

the span 

Rotor location Upwind Blade thickness t/c = 20.95% 

Power regulation Stall regulated   

 

   

Figure 13. Cross section of the aerofoils of the blade (left) and overview of NREL Phase VI wind turbine 

(right). 

Figure 14 shows the computational domain for the CFD study which is a half cylinder. The hub is 

not simulated in this study because the effects from the hub to the aerodynamic performance of 

the blade are very small. Even for the experiment set up for this wind turbine, the hub was also 

Wind speed 

Wind speed 
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not included because of the installed monitor in front of the wind turbine. Because of the present 

study uses fully-structured mesh type therefore considering the mesh topology of the domain, 

ignoring the hub can effectively reduce the number of computational grids which is quite 

significant for further complicated study on the blade with flow control devices. Moreover, 

according to those studies which simulated the full NREL Phase Vi wind turbine with the hub, for 

example studies as Hsu et al. (2014) and Li et al. (2012), the effects from the hub on the wind 

turbine blade is extremely small. Therefore because the hub effects on the flow around wind 

turbine is assumed to be ignorable, many CFD studies, especially those using structured meshing 

methods, just simulating the blade without the hub (Sezer-Uzol et al., 2006 and Martinez et al., 

2015). 

The experiment was done in wind tunnel of NASA Ames Research Centre with ςτȢτά σφȢφά 

dimensions. The NREL Phase VI wind turbine was tested on a tower with ρςȢςά height therefore 

the outside domain is designed to be a haft cylinder with ρςȢςά radius in order to replicate the 

distance between the wind turbine tip and the outer wall. The front surface of the domain 

(velocity-inlet) is set to be 3R (ρυά) from the blade and the rear surface (pressure-outlet) is set to 

be 5R (ςυά) away from the blade. 

 

 

Figure 14.The whole computational domain. 

12.2m 

3R 

5R 
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3.2.2 Mesh Generation   

Here a fully structured mesh is used for this study using ICEM CFD. As can be seen from Figure 

16, an O-type mesh is used around the sectional S809 aerofoil. This is because the NREL Phase 

VI wind turbine is a flat tip wind turbine therefore for fully structured mesh it is very difficult to 

generate H-type mesh or C-type mesh around the aerofoil. When using Ὧ ὛὛὝ for simulating  

CFD problems, the wall ώ  needs to be around 1 for accuracy, therefore the mesh needs to be 

very fine near the blade surface. The first boundary layer height of the blade tip is set to be 

0.01mm which lead to the ώ  is around 1 in Fluent. The total elements of the medium mesh for 

Ὧ ὛὛὝ are around 2 million (Figure 15 and 16). After a good effort the mesh quality is  

controlled as the Determinant 3*3*3 and the Eriksson skewness are above 0.3. 

The Determinant can be defined as the relative determinant, which is the ratio of the smallest 

determinant of the Jacobian matrix divided by the largest determinant of the Jacobian matrix. In 

this option, the determinant at each corner of the hexahedron is found. The default range is 0ï1 

with a Determinant value of 1 indicating a perfectly regular mesh element and 0 indicating an 

element degenerate in one or more edges. Negative values indicate inverted elements. 

The Eriksson skewness is an empirical criterion, obtained for a hexahedral element by dividing 

the volume of the closest parallelepiped by the product of its edges. It measures the shear of the 

parallelepiped closest to the current element using least squares approximation. The default range 

of values is 0ï1. 

 

 

Figure 15. Mesh and boundary conditions of the whole domain 
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Figure 16.Blade surface mesh (top) and blade cross-sectional mesh (bottom). 

 

3.2.3 Twist angle and AOA (angle of attack) of the blade  

The local twist angle plus the blade tip pitch angle is the total twist angle of the cross-section 

which can be presented as ɓ + ,ɲ where ɓ is the blade tip pitch angle and  ɲis the cross-sectional 

twist angle. This parameter is very important for the blade design because it influences the AOA 

of the aerofoil in each cross-section, whereby influencing the Cl/Cd. Figure 17 shows the change 

of ɓ +  ɲfrom the root to tip of the blade. 

Figure 18 shows how the wind turbine generates power from wind.  is the angle of attack which 

can be determined by the wind speed and the local twist angle of the cross-section. The Feffective 

which is the drive force of the wind turbine in the rotational direction is also introduced here. For 

the later part of the present work the Feffective is used for estimating the aerodynamic performance 

of 2D cross-sectional aerofoils.  
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Figure 17. ɓ +  ɲfrom root to tip of NREL Phase VI wind turbine blade 

 

Figure 18. HAWTôs cross-sectional aerofoil aerodynamic angles and forces. 

In Figure 18,  is the blade tip pitch angle and  ɲis the local twist angle of the sectional aerofoil. 

Therefore the total pitch angle of the aerofoil chord line to the rotation plane is  .ɲ L and D 

represent the lift force and drag force of the aerofoil respectively. Fr represents the resultant force 

Ὂ 
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from L and D. FT represents the induced thrust force from Fr. Ur is the resultant velocity and  is 

the angle of attack. From the wind turbine vortex system theory (Hansen, 2000), the incoming 

wind flow is affected by the rotating wind turbine. So the induction factor ὥ and ὥ are introduced 

and the resultant flow velocity can be decomposed into axial and tangential component which are 

Ὗ ρ ὥ and ὶρ ὥ  respectively. This theory is used for studying the 2D aerodynamics of 

the cross-sectional aerofoil of the wind turbine and it is necessary for the BEM method. In the 

present work all cases are run with CFD method and proper outer boundary condition settings 

therefore the induction factors are not input factors.  

Figure 19 shows the angle of attack along the blade in different wind speeds. It can be seen that 

the AOA increases significantly when wind speed is getting high and the AOA will reach an 

average of about 27 degree along the blade when wind speed is 15m/s. This is a very large AOA 

and the aerodynamic performance of the aerofoil will keep lowering which leading to very low 

power coefficient of the wind turbine. 

 

Figure 19. AOA from root to tip of the blade in different wind speeds. 

 

3.2.4 Reynolds number of the blade  

As introduced in Chapter 2, Reynolds number is used to help predict whether the flow is laminar 

flow or turbulent flow. It can be calculated by the equation: ὙὩ , where L is the chord 

length of the aerofoil in the cross-section. When the Reynolds number is low, viscous forces are 
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dominant and the laminar flow occurs while high Reynolds number means the inertial forces 

dominate and the turbulent flow occurs. Table 4 shows the Reynolds numbers for the root and tip 

of the NREL Phase VI blade in different wind speeds respectively. 

Table 4. Reynolds number at the root and tip of NREL Phase VI blade 

Wind speed (m/s) Reynolds number (root) Reynolds number (tip) 

5 552767 920331 

7 602535 927855 

10 696585 943642 

13 806558 964591 

15 885831 981264 

 

According to the results for Reynolds number in table 4, the flow is assumed to be turbulent in all 

wind speeds and all cross-sections from root to tip. 

 

3.2.5 Fluent setup  

The Ansys Fluent 14.0 is selected to be the flow solver for this study. 

Boundary conditions 

After generating the meshes, the meshes can be imported to Fluent for simulating. The boundary 

condition setting is one of the most important steps for CFD simulation. The detailed boundary 

conditions of this study are shown in table 5 and Figure 15. 

 

Table 5. Boundary conditions setting. 

Parts Boundary condition 

Blade No-slip wall 

Outer Boundary Slip wall 

Inlet Velocity inlet 

Periodic Faces Periodic 

Outlet Pressure-outlet 

Inner Boundary Slip wall 
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The velocity inlet boundary conditions set in the present study is to define the wind velocity on 

the front surface of the computational domain. Using this boundary condition the total (or 

stagnation) pressure is not fixed but will rise, in response to the computed static pressure, to 

whatever value is necessary to provide the prescribed velocity distribution (ANSYS Fluent user 

guide). Because the present study assumes the flow around the wind turbine blade is 

incompressible therefore no temperature will be added in the settings. It is noted that because the 

moving frame motion is activated therefore the velocity must set to be Absolute reference frame 

in the present study. 

As for the wall boundary conditions, which are used to bound fluid and solid regions, the present 

study uses two types of this boundary condition which are no-slip wall and slip wall. In viscous 

flows, the no-slip wall boundary condition is applied for the wind turbine blade as stationary 

because of the activated moving frame motion. The wall roughness effects are not considered in 

the present study therefore these settings are kept as default. The outer and inner boundaries are 

set to be slip wall because the wall shear effects at these boundaries are not considered and 

therefore the wall boundary layer can be ignored. This situation means that there is no wall y
+
 

requirement for these boundaries which effectively reducing the mesh size of the whole domain.  

The pressure outlet boundary condition requires the user to define a specified static (gauge) 

pressure at the outlet boundary which is the rear surface of the domain in the present study. This 

value is only used when the flow is subsonic. The static pressure value is relative to the operating 

pressure (101325 pa as the standard atmosphere pressure) and is set to be 0 in the present study. 

The periodic boundary condition is normally applied when the physical feature and expected flow 

structure have a periodically repeating nature. As for a wind turbine blade, the rotational periodic 

condition is applied for the two corresponding surfaces of the domain which means all the flow 

information and solution is the same at these two surfaces.  

In this case the moving frame motion of FLUENT is used and the rotating speed of the blade is 

constantly 7.54 rad/s. According to the experimental setup from the official report, the turbulence 

intensity and length are set to be 0.1% and 0.02 respectively. 

Here even though in realistic the wind turbine is operating in a changing wind speed condition, 

but it is very hard to simulate such condition in the CFD case. Therefore in this study several 

wind speeds from 5m/s to 15m/s were simulated respectively and to see the wind turbineôs 
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performances in there conditions. So the velocity-inlet boundary condition was employed with 

constant wind speed in each case. 

As for the symmetry boundary condition, in FLUENT it can be summarized as: 1) zero normal 

velocity at a symmetry plane; 2) zero normal gradients of all variables at a symmetry plane. Such 

conditions determine a zero flux across the symmetry plane, which is required by the definition of 

symmetry. Since the shear stress is zero at a symmetry boundary, it can also be interpreted as a 

óslip wallô when used in viscous flow calculations (FLUENT user guide). The present work 

follows the parameters of the NASA Ames wind tunnel therefore the outer wall is set to be 

ρςȢςά from the blade tip and is set to be ósymmetryô here for the óslip wallô boundary condition. 

Using such boundary condition ignores the boundary layer at the outer wall which leading to 

smaller mesh size and less computation time. 

 

Solution method 

In this project the coupled algorithm and the Green-Gauss Node based discretization scheme are 

applied. The second order upwind criterion is set for the momentum, turbulent kinetic energy and 

specific dissipation rate. The simulations were set to be steady flow condition when wind speed is 

below 10m/s. However when the wind speed is higher than 13m/s, the blade exhibits large scale 

separation and the flow is no longer steady. Therefore unsteady simulations were carried out for 

13m/s and 15m/s wind speed. In these cases, the time-step size was set to be 0.0006s with 20 sub-

iterations per time-step. Simulations were run on the university HPC system ICEBERG. In the 

numerical study, the wind speed U is set varying from 5m/s to 15m/s. The rotational speed of the 

wind turbine is 7.54 rad/s, leading to the tip speed ratios (TSR) from 2.78 to 7.6 for the different 

wind speeds. 

3.3 Results 

In this part, the aerodynamic forces are analysed in the context for wind turbine energy extraction. 

This is achieved by integrating the pressure and skin friction forces and correspondingly the 

moment on the blade and projecting them in the direction of rotation. Pressure distributions and 

streamlines near the blade are also analysed. The comparison of the pressure coefficient 

distribution with the experimental data is presented. In this study five radial positions are selected 

for analysis at r/R= 0.3, 0.47, 0.63, 0.8 and 0.95, respectively.  
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3.3.1 Wall ◐ Study 

The turbulence model selected for this study is the k-SST which requires a wall ώ  to be  

around one for accuracy. As shown in Figure 20, the wall ώ under wind speed = 10m/s is around 

one on most area of the blade. Moreover, Figure 21 shows y
+
 at r/R = 0.8 span section where the 

value is controlled in the range from 0.2 to 1.8.Because all meshes are with the same first layer 

height, and the Reynolds number of the blade near root side is relatively lower than the tip side, 

the wall y
+
 varies from 0.1 to 2 along the blade. This range of y

+
 is good enough for the 

turbulence model used to capture the boundary layer near the blade and for computational 

accuracy. 

 

Figure 20. Wall ώ contour under wind speed = 10m/s. 

 

Figure 21. Wall y
+
 at r/R = 0.8 span section. 
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3.3.2 Mesh Sensitivity Study  

The mesh sensitivity study is a very important part in numerical simulations. In this study, three 

mesh sizes are tested, at 1 million, 2 million and 4 million, respectively, at the wind speed of 7m/s. 

The computed torques of the blade is shown in Table 6. The torque from the experimental result 

is 780Nm at 7m/s wind speed. According to the table it can be seen that the computed torque 

shows some small variation with the changes in all three cases. The computational torque at 4 

million cells gives a closer comparison with the experimental value, and the comparison is 

reasonably good. Considering the computational time and resources, the 4 million cell mesh is 

used in the following study without further refinement. The reason is that the following CFD 

study on the wind turbine blade with flow control devices will keep increasing the mesh size, for 

example with the same meshing methodology the mesh size will be as large as 8 million for the 

turbine blade with microtabs, and the current 4 million mesh has been already proved to be able 

to predict highly accurate results. Figure 22 and 23 show that the pressure coefficients at r/R = 

0.47 and 0.8 are quite similar for the three mesh sizes. 

 

Table 6.Simulated torques of different meshes. 

Mesh sizes Torque (N*m) 

1 million 814 

2 million 809 

4 million 796 

 

 

Figure 22. Pressure distribution comparison of 3 meshes at r/R = 0.47 section. 
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Figure 23. Pressure distribution comparison of 3 meshes at r/R = 0.8 section. 
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In the initial study of the present work the Ὧ ὛὛὝ turbulence model, Realizable Ὧ  ‐ model 

and S-A turbulence model are selected to be compared in order to find out which model can 

predict more accurate results. The equations and details of these three models were introduced in 

chapter 2. All  these three models are tested under RANS solution with the Coupled scheme in 

ANSYS Fluent. All cases were converged within 7,000 iterations according to the moment 

coefficient history. The comparison between the computed results and the experimental data is 

presented in Figure 24. It can be seen that the torque from the Realizable Ὧ ‐ turbulence model 

shows the biggest difference when compared to the experimental torque by over predicting the 

torque of the blade in all wind speed cases. Both S-A and Ὧ ὛὛὝ models show accurate  

results for 5m/s and 7m/s wind speed cases however the Ὧ ὛὛὝ model show much better  

results at 10m/s and 13m/s wind speeds. For the 15m/s wind speed case, because of the unsteady 

flow conditions around the blade, both S-A and Ὧ .ὛὛὝ models are showing some errors  

Therefore considering the convergence history and torque predictions from these three models, 

the k-SST turbulence model shows higher and stable accuracy at all speed cases. Therefore  

considering the further study on the flow control devices, this study chooses the k-SST  

turbulence model for all of the CFD cases. 

This part includes results and graphs of the CFD study on the NREL wind turbine blade with 

comparison to the experimental data in different wind speeds. 

-6

-5

-4

-3

-2

-1

0

1

0 0.2 0.4 0.6 0.8 1

EXP

1 million

2 million

4 million

Wind speed = 7m/s, TSR = 5.42 
 



Chapter 3      CFD Validation on NREL Phase VI Blade 

48 

 

 

Figure 24. Torque comparison between different turbulence models. 

 

Wind speed = 7m/s, TSR = 5.42 

The cut-in wind speed of NREL Phase VI wind turbine is 6m/s so the 7m/s wind speed is a 

relatively low speed. In this situation, the flow is attached around the blade. 

Surface Static Pressure 

 

Figure 25. Surface static pressure under wind speed = 7m/s (pascal) 
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It is noted that here the operating air pressure for the wind turbine is set to the atmospheric 

pressure which is 101,325 pa. Therefore here the absolute pressure (actual pressure on the surface) 

is the static pressure plus the atmospheric pressure. This means that the positive value of static 

pressure means the pressure on the surface is higher than the atmospheric pressure and the 

negative value means the actual pressure on the surface is lower than the atmospheric pressure. 

As for the U=7m/s situation which can be seen from Figure 25, the maximum pressure on the 

upwind surface of the blade is around 900 pascal near the tip on the pressure side. On the suction 

side the negative static pressure value means that at this area the pressure on the surface is lower 

than the atmospheric pressure. 

               

               

 

Figure 26. Pressure coefficient comparison at wind speed = 7m/s at different r/R sections 

r/R = 0.3 r/R = 0.47 

r/R = 0.63 r/R = 0.8 

r/R = 0.95 
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Pressure coefficient (compared with experimental data) 

According to Figure 26, the pressure coefficients in different span positions from the 

computational results are very close to the experimental results. The CFD results predict a 

relatively higher negative pressure coefficient in the leading edge area around the whole blade. 

Moreover from the details of pressure distribution, it can be seen that the flow on the suction side 

of the blade is attached even at r/R = 0.3 span section from the tip. 

Velocity streamlines at different r/R positions 

Figure 27 shows that when wind speed = 7m/s the streamlines around the whole blade are well 

attached along the blade. Therefore the lift coefficient and power coefficient could be relatively 

higher at this wind speed.  

 

      

       

 

Figure 27. Velocity streamlines around the blade at different span position 

r/R = 0.3 r/R = 0.47 
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Wind speed = 10m/s, TSR = 3.79 

When the wind speed reaches 10m/s, stall begins to happen around the bottom area of the blade. 

The aerodynamic stall leads to wind turbine vibration and lowering the power coefficient of the 

wind turbine and therefore it is significant to analysis the wind turbineôs aerodynamic 

performance under such situation. 

Surface static pressure 

Figure 28 shows that when the wind speed reaches 10m/s, the pressure on the suction side near 

root is not as uniform as that that from the 7m/s case. This condition is mainly due to the flow 

separation at that area. 

 

 

Figure 28. Surface static pressure under wind speed = 10m/s (pascal) 

 

Pressure coefficient (compared with experimental data) 

According to Figure 29, when the wind turbine begins to stall, the CFD results predict relatively 

less accurate results in the stall areas. At r/R = 0.47 span position the pressure in the first half 

suction side is over predicted and in r/R = 0.63 span position the pressure coefficients are also 

Suction 

side 

Pressure 

side 



Chapter 3      CFD Validation on NREL Phase VI Blade 

52 

 

underestimated by the CFD results on the suction side. Such situation should probably because of 

the separation on the suctions side of the blade. Using the current Ë ʖ SST turbulence model 

with the steady RANS solution may not able to accurately capture the transition point as that from 

the experiments. However for the other area of the blade where no large separation happens, the 

current CFD methodology still predicts very accurate results when compared to the experimental 

data. 

 

        

       

 

Figure 29. Pressure coefficient comparison at wind speed = 10m/s 

r/R = 0.3 r/R = 0.47 

r/R = 0.63 r/R = 0.8 

r/R = 0.95 
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Velocity streamlines at different r/R positions 

As can be seen from Figure 30, stall happens in the area below the 0.8 r/R span position of the 

blade. Some obvious detached flows can be seen from the graphs. Stall affects the wind turbineôs 

performance and will decrease its power coefficient and therefore it is significant to reduce stall 

of the blade. 

 

 

  

  

 

Figure 30. Velocity streamlines at different span positions (U = 10 m/s) 
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Wind speed = 13m/s, TSR = 2.92 

In the 13m/s wind speed situation, the AOAs of most cross-sectional aerofoils of the blade are 

very large and therefore large separations happens on the suction side from the root to near the tip 

of the blade. Due to the unsteady conditions from these large separations, the URANS solution is 

carried out for the 13m/s and 15m/s wind speed cases. The time step is set to be 0.0006s for the 

time accurate simulations with an auto-save setting for every 400 time steps. Therefore the 

figures and data below are from an actual time = 2.04s when the shaft torque of the wind turbine 

is very close to the average value of the torque. In the present study the flow condition of such 

actual time is assumed to be the average flow condition around the wind turbine. The details of 

the selection of this instantaneous time can be found in later torque calculation part. 

Surface static pressure at time = 2.04s 

When wind speed is as high as 13m/s, the flow around the blade separates on most area on the 

suction side which means the blade is in full-stall situation. From the computed data at the 

instantaneous time 2.04s, it can be seen that the pressure on the suction side is very irregular 

because of the large separations (Figure 31). 

 

 

Figure 31. Surface static pressure under wind speed = 13m/s (pascal, time = 2.04s) 
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Velocity streamlines at different r/R positions (Wind speed = 13m/s, time = 2.04s) 

As can be seen from Figure 32, at 13m/s speed, most area of the blade is in the stall situation. At 

this wind speed the flow is quite unsteady along the suction side of the blade and therefore the 

Figure is just for an instantaneous time (2.04s). 

 

 

                        r/R = 0.3                                          r/R = 0.47                                            r/R = 0.63 

 

r/R = 0.8                              r/R = 0.95 

Figure 32. Velocity streamlines at different span positions (U = 13 m/s, time = 2.04s) 

 

Wind speed = 15m/s, TSR = 2.52 

Similar as the 13m/s wind speed case, the suction side of the blade has even larger separation. At 

this situation the unsteady simulation is also applied and some of the detail of the frequency and 

torque calculation method can be found in later part of this chapter. The instantaneous case at 

time = 3.12 is selected for presenting the flow condition and pressure coefficient because at this 

time the wind turbine is generating the mean torque. 
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Surface static pressure at time = 3.12s 

From Figure 33 it can be seen that because of the full span separation on the suction side of the 

blade, the pressure on the suction side is fully irregular at the instantaneous time = 3.12s.  

 

 

Figure 33. Surface static pressure under wind speed = 15m/s (pascal), time = 3.12s 

 

Pressure coefficient (compared with experimental data, wind speed = 15m/s) 

As shown in Figure 34, the CFD simulation predicts a fully stalled situation on the whole blade 

when wind speed reaches 15m/s. The result is very close to the experimental data except in the 

near root area of the blade, which is fully stalled in the experimental data.  
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r/R = 0.3                                                       r/R = 0.47 

  

r/R = 0.63                                                                   r/R = 0.8 

 

r/R = 0.95 

Figure 34. Pressure coefficient comparison at wind speed = 15m/s, time = 3.12s 
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Velocity streamlines at different r/R positions (Wind speed = 15m/s, time = 3.12s) 

Figure 35 shows that the blade is in a completely stalled situation. Even at r/R = 0.95 span section 

the flow on the suction side is separated. In such situation the wind turbine is not able to perform 

very well and with a relatively low power coefficient. For the 15m/s wind speed case, the suction 

side of the blade is full with spanwise flow and Figure 35 only shows the streamlines projected on 

the 2D cut plane which cannot show the real 3D flow conditions. However it is still worth 

showing these figures for clear views of the large separation structure on the suction side of the 

sectional aerofoil. 

 

   

  

Figure 35. Velocity streamlines at different span positions (U = 15 m/s, time = 3.12s) 

In summary, referring to the whole comparison of the pressure distribution between the 

computational result and experimental data it can be seen that the CFD method is able to predict 

reasonably the pressure and flow condition along the blade, especially at lower wind speed range 

where the blade is not stalled. When the blade is fully stalled, using the Ë ʖ 334 turbulence 

model with the URANS solution show some increasing errors when compared to experimental 

data in an instantaneous flow condition, but the errors are still in an acceptable range. 
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3.3.4 Surface Friction lines  of Different Wind Sp eeds 

          

Wind speed = 7m/s                                Wind speed = 10m/s 

             

Wind speed = 13m/s (t = 2.04s)           Wind speed = 15m/s (t = 3.12s) 

Figure 36. Surface streamlines of the wind turbine from U=7m/s to 15m/s. 
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Figure 36 shows the surface streamlines of the wind turbine from the wind speed 7m/s to 15m/s. 

It can be seen that even in the wind speed = 7m/s situation there is some radial flow around the 

suction side of the blade. When the wind speed is higher than 13m/s, almost the whole blade is 

stalled.  It is noted that when separation happens on the suction side of the blade, the flow 

becomes spanwise other than streamwise. This condition is because when the separation happens, 

the energy of the boundary layer is not enough to maintain the flow to be attached to the surface 

and centrifugal force will draw the flow from root to tip on the suction side area of the blade. 

According to the figure, for this stall regulated wind turbine, even at its designed wind speed 

10m/s the spanwise flow dominates more than half area of the suction side of the blade. This 

phenomenon also shows that it is significant to simulate the full-length blade in a rotating frame 

other than just study the wind turbine in aerofoil section because of the spanwise flow 

interactions.  

3.3.5 Torque and Power Coefficient  

The CFD solver is able to generate the torque after the computation which has been introduced 

above. Therefore by using equations (1) Power = angular velocity * torque and (2) ὅ  ὖȾπȢυz

”z Ὗσz ὃ we can draw a power coefficient curve. 

 

Table 7. Torque and error 

Wind 

speed 

Experimental 

torque (Nm) 

CFD torque Nm 

(Steady cases) 

%difference CFD torque Nm 

(Unsteady cases) 

%difference 

5 m/s 310 315 1.6% 317 2.26% 

7 m/s 780 796 2.1% 801 2.69% 

10 m/s 1366 1448 6% 1455 6.52% 

13 m/s 1215 1096 9.8% 1221 0.49% 

15 m/s 1183 902 23.8% 1174 0.76% 

 

The torque of the single simulated wind turbine blade can be extracted from the CFD solver 

directly. Both steady simulations and unsteady simulations are carried out to see the differences 

compared to the experimental data. Figure 38 shows that in all wind speeds the unsteady flow 

computation predict the wind turbine performance reasonably well using the k-w SST model. The 

biggest discrepancy here is at the 10m/s wind speed condition, which is with a 6.52% over-

prediction of the torque.  
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Table 7 shows the results from both steady and unsteady computations. It can be seen that for 

cases at 5m/s, 7m/s and 10m/s wind speeds both the steady unsteady simulations can accurately 

predict the aerodynamic torque of the wind turbine within less than 7% error differences. 

However for 13m/s and 15m/s wind speeds the steady simulations show much larger errors than 

that from the unsteady cases which are as high as 23.8% differences at the 15m/s wind speed case. 

The comparison of both the torque and ὅ between the computational and experimental data can 

be seen in Figure 38 and 39. 

 

 

 

Figure 37. Cm convergence history for the original wind turbine at 13m/s (top) and 15m/s (bottom, the 

graph is enlarged on the right) wind speed and the mean torque is calculated as shown in the graph. 

From the CFD results of the RANS solution at 13m/s and 15m/s wind speeds, the Cm is 
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is applied for 13m/s and 15m/s wind speed cases. Therefore for the unsteady simulations at the 

13m/s and 15m/s wind speed cases, which are shown in Figure 37, the flow became periodic due 

to vortex shedding captured in the computational simulation. The torques for the unsteady cases 

are obtained by averaging the last cycle of the momentum coefficient from the convergence 

history. In the later part the instantaneous case which is closest to the mean torque is selected for 

flow condition and pressure coefficient analysis. Therefore considering the computational 

accuracy and time, the 5m/s, 7m/s and 10m/s wind speed cases will be run in steady flow 

condition and the 13m/s and 15m/s wind speed cases will be run in the unsteady flow condition in 

further study on the flow control devices. 

 

 

Figure 38. Torque comparison between experimental and computational data. 

Figure 40 shows the comparison of the current predicted wind turbine performance with other 

existing researches which were using different CFD codes. This includes the studies of Sørensen 

et al. (2002) using EllipSys3D(Ë ʖ 334 turbulence model), Pape and Lecanu (2004) using 

ELSA (Ë ʖ 334 model), Huang el al. (2011) using P-WENO (S-A model), Mo and Lee (2012) 

using Ansys FLUENT (Ë ʖ 334 model), Mahu el al. (2011) using Fluent (Ë ʖ 334 model), 

and Potsdam and Mavriplis (2009) using OVERFLOW and NSU3D (S-A model). Most of these 

studies did the cases from 7m/s wind speed to 15m/s wind speed. Therefore here the torque 

comparison from 7m/s wind speed to 15m/s wind speed is shown. 
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Figure 39. Power coefficient comparison between computational and experimental results. 

 

Figure 40. Wind turbine performance comparison with existing studies. 
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using different CFD codes and turbulence models, there will be large disagreements among the 

results. In this study the results is considerably accurate in the non-stall and pre-stall situation. 

However, as can be seen from Figure 40, for the steady-state simulations, similar as many other 

studies, when the stall begins to happen, the predicted performances by FLUENT are lower than 

the experimental data. However for the unsteady-state results, the CFD simulations can accurately 

predict the torque of the blade at stalled wind speeds. The results from present study accurately 

meet the experimental results in the torque comparison which is a big challenge in the stalling 

wind speed range. According to the code to code comparison, it can be seen that using the 

Ë ʖ 334 turbulence model with the ANSYS FLUENT CFD solver can normally predict 

reasonably accurate results for this stall regulated wind turbine especially at wind speed from 

5m/s to 10m/s range when the blade is not fully stalled. Moreover from the pressure coefficient 

comparison between the present CFD results and experimental data (Figure 26, 29 and 34), in 

most cases the CFD results can predict highly consistent results. Therefore the validation case 

carried out in this chapter show that with using proper turbulence model and boundary condition 

settings, the CFD method can give accurate predictions for the wind turbine torque and flow 

structures.  
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Chapter 4      CFD Study of Trailing Edge Flow 

Control Devices  on NREL Phase VI Wind Turbine  

4.1 Introduction  

Improving the aerodynamic performance of the wind turbine blade is one of the most significant 

factors to maximize the efficiency of transforming wind energy into mechanical energy. Great 

progress has been made in the recent years in blade aerodynamic design and modern HAWT can 

reach a relatively high power coefficient. However most of present HAWTs are designed with a 

rated power at a specified wind speed range. Beyond this wind speed range the efficiency of the 

wind turbine can drop significantly. Considering the manufacturing difficulties of a morphing 

turbine blade to suit different wind conditions, flow control can offer improved wind turbinesô 

performance for a wider range of wind speed around the rated condition. The present study on 

this small stall regulated wind turbine is mainly about whether the trailing-edge flow control 

devices can further increase the performance of the HAWTs in rotating situation. This chapter 

mainly investigates into the impact of two typical trailing edge flow control devices (microtabs 

and microjets) along with the concept of the divergent trailing edge for HAWTs.  

In this chapter firstly a 2D study on the S809 aerofoil, which is the aerofoil used for the NREL 

Phase VI wind turbine, is carried out with deploying microtabs, microjets and DTE. This is 

because most existing studies are in 2D for a span section of the wind turbine and 2D simulations 

are fast to compute. Then full 3D simulations on the effects of trailing edge flow control devices 

are carried out in the rotating frame to study the 3D effects. Studies are carried out on the effects 

of the height and spanwise range of microtabs. The microtab is assumed as an active flow control 

device deployed near the trailing edge. Therefore considering the thickness of the trailing edge of 

S809 aerofoil, the height of the microtab tested here is only 1% - 2.3% chord. 
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4.2 2D Numerical  Study  of Trailing Edge Flow  Control 

Devices on S809 Aerofoil  

4.2.1 Methodology  

Before studying the performance of the flow control devices on a 3D rotating turbine blade, 2D 

simulations of the flow control devices on a blade cross-sectional aerofoil were conducted. Here 

the selected aerofoil is S809 located at the 80% span of the NREL PHASE VI wind turbine. The 

details are shown in Table 8. The microtab and the microjet are deployed at the 90% chord length 

position of the aerofoil section, while a 3% chord length height divergent trailing edge (DTE) is 

deployed for comparison. The detailed geometries and the 2D meshes are shown in Figure 41. As 

noted, structured meshes were used to give high accuracy/resolution near the boundary layers and 

the flow control devices for computational accuracy. 

 

Table 8. 2D study of flow control devices on S809 aerofoil 

Chosen wind turbine NREL PHASE VI 

Span location r/R = 0.8 

Rotational speed 7.54 rad/s 

Sectional twist angle 2.619 degrees 

Wind speed 5m/s ï14m/s 

Aerofoil chord length 0.457m 

Reynolds number Around 10
6 

Microtab size 2% chord length 

Microjet speed 60m/s 

Divergent trailing edge thickness 3% chord length 

 

 

For the 2D simulations, the turbulence model is also Ὧ ὛὛὝ and all cases are run as steady  

flow condition. All  cases are finished within 10,000 iterations and all the Cl values converge well. 
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Figure 41. 2D mesh of S809 aerofoil and the aerofoil with 2% chord length microtab (top right), 3% chord 

length DTE (bottom left) and microjet (bottom right) 

 

4.2.2 Results 

As mentioned above, the cross-section S809 aerofoil at the r/R = 0.8 span position of the NREL 

PHASE VI wind turbine is selected for the 2D flow control devices and DTE study. Considering 

implementation requirements for the microtab and microjet as active flow control devices, the 

3mm width microtab and microjet are deployed at 90% C positions on the pressure side of the 

aerofoil.  

Since the 2D aerofoil is for a wind turbine blade rather than an aircraft wing, focusing just on the 

lift drag ratio as in many previous literatures can be misleading. Therefore in the present study we 

investigate directly the effective force in the rotational direction of the blade, which drives the 

turbine blade around. This effective force is the final resultant force of the cross-section aerofoil 

contributing to the torque of the wind turbine. Figure 42 shows the effective force comparison 

between the S809 aerofoil with microtab, microjet and the redesigned 3% chord length DTE 

aerofoil. The results show that all three flow control devices have positive effects on the effective 

force from the aerofoil from 7m/s to 10m/s wind speed range. However at 13m/s and 15m/s 

conditions both DTE and microtab cases show reduction in the force while the microjet case still 

shows some improvement.   
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Figure 42. Effective force comparison among different trailing edge flow control devices. 

 

 

 

Figure 43. 2D pressure coefficient comparison between different flow control devices. (top left: U = 7m/s; 

top right: U = 10m/s; bottom: U = 15m/s) 
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The pressure coefficient comparison between different flow control devices at 7m/s, 10m/s and 

15m/s wind speeds can be seen from Figure 43. The results show that the flow control devices 

increase significantly the differences of the pressure coefficient between pressure side and suction 

side near the leading edge area of the aerofoil, especially for the lower wind speed case. 

Streamlines and pressure contours 

Figure 44 to 46 show the streamlines around the aerofoil at 7m/s, 10m/s and 15m/s wind speeds 

respectively. 

 

 

     

         

                                   

Figure 44. Streamlines overview at 7m/s wind speed. Top left: S809 aerofoil; top right: S809 with 2% 

chord length microtab; bottom left: S809 with 3%c DTE; bottom right: S809 with 60m/s microjet. 



Chapter 4      CFD Study of Trailing Edge Flow Control Devices on NREL Phase VI Wind 

Turbine 

70 

 

Overall, the 2D computational results show that all flow control devices have local improvement 

at non-stall wind speeds (5m/s-10m/s) for the S809 aerofoil. However in a real 3D rotating 

situation as shown in the last section, the flow is much more complicated with strong spanwise 

flows. For the higher wind speed cases, the 2D flow control results are less relevant.  

In Figure 44 it can be seen that there is a very small separation on the suction side of the original 

S809 aerofoil near the trailing edge which is now happened at the same span section in the 3D 

validation case.  This condition is a sign that the 2D simulation on the sectional aerofoil might not 

be able to fully transfer to the real situation in the 3D rotating frame situation. Moreover, it is 

interesting to see that the deployments of the microtab and DTE design on the S809 aerofoil 

effectively eliminate this small separation at 7m/s wind speed, while the 60m/s microjet makes it 

even larger. 

 

      

                

                         

Figure 45. Streamlines overview at 10m/s wind speed. Top left: S809 aerofoil; top right: S809 with 2% 

chord length microtab; bottom left: S809 with 3%c DTE; bottom right: S809 with 60m/s microjet. 
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As shown in Figure 45, because of the high incidence of the aerofoil at 10m/s wind speed, the 

flow controls are not able to cause big changes for the separations on the suction side. However at 

this incidence because of the changing camber of the aerofoil, these three flow control concepts 

still show some improvement on the effective force. 

 

     

    

        

Figure 46. Streamlines overview at 15m/s wind speed. Top left: S809 aerofoil; top right: S809 with 2% 

chord length microtab; bottom left: S809 with 3%c DTE; bottom right: S809 with 60m/s microjet. 

When the wind speed is as high as 15m/s, the flow on the whole suction side of the aerofoil is 

separated (Figure 46) which leading to fast drop of CL and Feffective. Therefore in this situation all 

the trailing edge flow control concepts are not able to improve the aerodynamic performance of 

the aerofoil. However because of the large separation which starting from the leading edge on the 

suction side, the leading edge microjets will be required as the separation control devices for 

improving the aerofoil performance, which would be studied later. 
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In conclusion, from the 2D flow control devices study on the S809 aerofoil it can be seen that in 

the non-stall situation all flow control devices can effectively improve the performance of the 

aerofoil which contributing to the final torque of the blade. At lower wind speeds such as 5m/s 

and 7m/s, some of the flow control devices can increase as high as 50%-100% of the performance. 

However from the validation study it is known that the spanwise flow is also strong for this wind 

turbine, which is totally ignored in the 2D study. Therefore it is necessary to carry out 3D study 

on the flow control devices in an actual rotating situation. 

 

4.3 3D Numerical  Study  of Microjets , Microt abs and DTE 

4.3.1 Methodology  

The methodology for the 3D simulation of the NREL Phase VI wind turbine with different flow 

control devices and the 3% chord length height DTE is the same as presented for the validation 

case. The boundary conditions and turbulence model are the same. In order to meet the wall y
+
 

requirement the mesh size of the blade with microtab is increased to an 8.2 million grid and a 6.3 

million grid for the blade with microjet and a 4.5 million grid for the blade with 3% chord length 

DTE. Figure 47, 48 and 49 show the mesh overview for the blade with 2%c microtab, microjet 

and 3%c DTE respectively. 

 

  

Figure 47. Mesh overview of the blade with 2%c microtab from 70%-97% span of the blade. 
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Figure 48. Mesh overview of the blade with microjet from 70%-97% span of the blade. 

 

Figure 49. Mesh overview of the blade with 3%c DTE from 70% to tip. 

The microtab and the microjet are installed/activated along the blade from 70%-97% along the 

blade span. The width of both the microtab and microjet is 3mm. The reason for this choice of 

span location is due to the fact that this is the most energy/torque generating part of the blade, 

which also the most highly loaded part. For the same reason the DTE is implemented between 

70%-100% span. 

As mention above, the flow of NREL Phase VI wind turbine blade becomes fully unsteady when 

wind speed is higher than 10m/s. Therefore here the unsteady simulations are also carried out for 

13m/s and 15m/s wind speed cases with a 0.0006s physical time-step size. Other wind speed 

cases are simulated as steady flows. 

4.3.2 Results 

For the higher wind speed cases, the flow became periodic due to vortex shedding captured in the 

computational simulation. The torques for the unsteady cases is obtained by averaging the last 

cycle of the momentum coefficient from the convergence history. The detailed results of the 

torque and power coefficient are shown in Figure 51. The 3D results show correspondence with 
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the 2D results. However for the 5m/s case, the improvement due to flow control from the 3D 

results is much less than that shown in the 2D case. Moreover, the 3% DTE shows best 

performance in the 2D aerofoil study while in the 3D rotating blade study it shows the worst 

performance. All the cases for 13m/s and 15m/s wind speeds are run in unsteady flow simulations 

and a sample of the momentum coefficient convergence history and the torque calculation can be 

found in Figure 51.  

 

Figure 50. Cm convergence history for the wind turbine with 2%c microtab at 13m/s wind speed, the final 

mean torque is calculated at one cycle as shown in the graph. 

 

Figure 51. Torque comparison between the original blade and the blade with different flow control devices. 
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Figure 52. Power coefficient comparison.  

In summary, referring to the power coefficient comparison (Figure 52) it can be seen that in the 

3D rotating situation, the trailling-edge flow control devices improve a maximum of 29% higer 

Cp than the original blade (60m/s microjet at 7m/s wind speed). Moreover, even at 10m/s, which 

is the design speed of the blade, the 2%c height microtab and the 60m/s microjet increase the Cp 

by 22.2%. However, similar as the 2D results, in the stall wind speed range (higher than 10m/s) 

the flow control devices decrease the power output of the blade. 

 

Surface pressure comparison  

Figure 53, 54 and 55 show the surface pressure of the original blade and the blade with different 

flow control devices at 7m/s, 10m/s and 15m/s wind speed situations respectively. In order to 

show clearly the pressre around the flow control devices, only the blade above 0.65 span is shown 

in the figures. All the pressure contour level settings are the same from -1800 pa to 750 pa (the 

figure legend can be seen from Figure 53). For all figures, the suction side is on the left while the 

pressure side of the blade is on the right.  

Figure 53 shows that at the relatively lower wind speed, 7m/s, the DTE concept increases the 

pressure near the trailing edge on the pressure side mostly. The suction side effects of all three 

kinds of flow control devices are quite similar as the original blade.  
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       Original                        2%c microtab                    3%c DTE                    60m/s microjet 

Figure 53. Surface pressure comparison at wind speed = 7m/s.  

Figure 54 shows that the DTE shows the biggest effects on increasing the pressure near the 

trailing edge on the pressure side at 10m/s wind speed. Both the DTE and microjet can to some 

extent reduce the separation area on the suction side of the blade when compared to the original 

one. 

 

       

               Original                       2%c microtab                   3%c DTE                  60m/s microjet 

Figure 54. Surface pressure comparison at wind speed = 10m/s. 
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Figure 55 shows that when the blade is fully stalled at 15m/s wind speed, the flow situation is 

unsteady in all cases. The pressure contour on the suction side of the blade is fully irregular. At 

this time even though the flow control devices can still increase the pressure near the trailing edge 

on the pressure side, the lift force cannot be improved.  

 

       

               Original                    2%c microtab                  3%c DTE                 60m/s microjet 

Figure 55. Surface pressure comparison at wind speed = 15m/s. 

Cross-sectional pressure coefficient (Cp) comparison 

Figures 56, 57 and 58 show the cross-sectional aerofoil pressure coefficient Cp at two different 

span positions, r/R =0.47 and r/R = 0.8 respectively. From the figures it can be seen that the 

trailing edge flow control devices not only change the Cp at where they are deployed but also 

affect the Cp at the lower part of the blade.  

 

  

Figure 56. Sectional aerofoil pressure coefficient comparison at wind speed = 7m/s.  



Chapter 4      CFD Study of Trailing Edge Flow Control Devices on NREL Phase VI Wind 

Turbine 

78 

 

  

Figure 57. Sectional aerofoil pressure coefficient comparison at wind speed = 10m/s.  

 

Figure 58. Sectional aerofoil pressure coefficient comparison at wind speed = 15m/s.  

 

The left graph of Figure 56 shows that at 7m/s wind speed, the aerofoil suction side Cp at r/R = 

0.47 section is silghtly changed by deploying flow control. The changes from all three kinds of 

concepts are quite similar which leading to small improment of the lift force of the sectional 

aerofoil. The right graph of Figure 56 shows that at r/R = 0.8 section, where the flow control 

devices are deployed, all flow control concepts improve the aerodynamic lift force of the 

sectional aerofoil while the 60m/s outlet speed microjet shows the largest improvement.  

At 10m/s wind speed, as can be seen from the left graph of Figure 57, the r/R = 0.47 aerofoil 

section of the blade begins to stall. The 3% chord DTE and microjet delay the stall slightly while 

the microtab enhances the sectional stall.  At r/R = 0.8 section, the Cp of the sectional aerofoil 

with the microtab is quite similar as the original blade while DTE and microjet show 

improvement of the aerodynamic lift force.  

Figure 58 shows that at 15m/s wind speed, most area of the blade is in stall even for the r/R = 0.8 

section. The left graph of Figure 58 shows that at r/R = 0.47, where no flow control are deployed, 
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all three kinds of flow controls improve the sectional aerodynamic lift force slightly. At r/R = 0.8, 

which is shown in the right graph, the CP of the original blade and with flow controls is quite 

similar where just some minor improvements due to flow controls. 

The Cp investigation shows that the flow controls also lead to aerodynamic changes at lower span 

of the blade where no flow control is deployed. The results to some extent explain the reason for 

the torque improvement shown above. 

 

Surface wall shear streamlines overview (Suction side on the left, pressure side on the right) 

Figure 59-61 show the skin friction lines on the blade surface. It is quite interesting to observe 

that at the 10m/s wind speed, which is the design speed of the blade, the flow control devices 

delay stall of the blade on the suction side. The flow on the suction side seperates from 0 to 

around 0.9 span of the original blade however for the blade with the 60m/s microjet, the 

seperation on the suction side just happens from 0 to 0.75 span. When the wind speed is as high 

as 15m/s, because of the high incidence large seperation happens on the suction side along the 

whole blade and the flow control devices seems to have very little effects (see Figure 61).  

In summary, from the surface friction streamlines it can be seen that at lower wind speed range 

where the blade is not fully stalled and the spanwise flow is not dominanting on the suctionside, 

the flow control devices can effevtively improve the aerodynamic performance of the blade. 

However, when the wind turbine is fully stalled and all the suction side of the blade is dominated 

with spanwise flow, all three kinds of flow control devices are not able to further increase the 

power output of the blade because the aerodynamic performance of the sectional aerofoils are no 

longer valid at this situation. 
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                                  Original blade                                                      With 2%c microtab 

                                       

                                    With 3%c DTE                                                   With 60m/s speed microjet 

Figure 59. Surface wall shear streamlines comparison at wind speed = 7m/s. 
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                                       Original blade                                            With 2%c microtab 

                                 

                                     With 3%c DTE                                         With 60m/s speed microjet 

Figure 60. Surface wall shear streamlines comparison at wind speed = 10m/s. 
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                            Original blade (t =  2.64s)                                          With 2%c microtab (t = 3.48s)          

                                     

                             With 3%c DTE (t = 1.8s)                               With 60m/s speed microjet (t = 2.16s) 

   Figure 61. Surface wall shear streamlines comparison at wind speed = 15m/s. 


















































































































































