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The study of wind turbine aerodynamics is crucial to get the best power output from the
available wind flow. This thesis investigate the aerodynamics effect of twist angle varia-
tion of the blade on the power output of the turbine. The various aerodynamic parameters
are also studied to understand the reasons for the changes in the power output. The well
documented NREL 5-MW wind-turbine is considered in this work. Computational Fluid
Dynamics (CFD) technique is used in this study. The turbine effects are implemented
in the CFD model by using the Actuator Line Model (ALM). All the simulations are
performed using the open-source OpenFOAM software based on the transient Reynold’s
Averaged Navier Stoke (RANS) approach. In this work, in total 11 different twist angles
are considered to study their respective impact on aerodynamics performance. The results
reveal that certain cases in which the twist angle is less than the empirical twist angle gave
better power output than the empirical power. There are 7 cases out of 11 which gave bet-
ter power than the reference power. In the cases of high power, 25%-85% of the blade



radius gave high lift coefficient than the reference case. The ratio of lift to drag coefficient
is high for the angle of attack between 2◦-10◦.
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1 Introduction

1.1 Background

Wind-turbine plays an important role in renewable energy production. Wind turbines are
used to convert the kinetic energy from the wind into electrical energy. The two key types
of wind turbine are horizontal axis and vertical axis. The Horizontal Axis Wind-Turbine
(HAWT) are the most common wind-turbine type. The name ’horizontal axis’ clearly im-
plies that the blades rotate on a horizontal axis shaft. HAWT is most efficient when there
is a steady flow of wind. The turbine is usually placed high for steady wind and hence the
size of turbine is high. The height from the ground to the hub, which is the hub height, is
50 to 140 m depending on the size of the turbine.

The advantage to use HAWT is the possibility to vary the blade pitch (as shown in fig-
ure 2 below) which helps to generate power efficiently in good or poor wind conditions.
The variability in blade pitch helps to keep the rotor speed within the desired limits [2].
The efficiency of HAWT is high because the blade are perpendicular to the direction of
wind [2]. Also, Johari et al. [3] stated that the HAWT turbines have yaw control which
helps the turbine to rotate as per the direction of wind. HAWT’s another advantage is the
ability to get maximum power output when compared with Vertical Axis Wind Turbine
(VAWT) for the same wind flow. HAWT is preferred in areas where wind flow exists most
times of the year. The towers for these turbines can be built high which helps the turbine
to reach high wind speed region and further helps in the power output. Also, HAWT has
a high starting torque compared to VAWT. It is more capable to convert the energy more
efficiently.

The limitation of HAWT is that it’s heavy. It has long blades which is expensive to buy
and difficult to transport and install. The yaw control also needs extra mechanism due to
additional yaw meter and yaw motor [3]. This type of turbine doesn’t give better power
output in turbulent wind flow, because, the turbulence can cause fatigue and structural
failure of the turbine [4].

The aerodynamics of wind-turbine is complex. The linear motion of wind is converted
to rotary motion of the turbine. Schubel et al. [5] suggests that the blade is designed in
such a way that when it is an obstacle to the fluid flow, it causes the change in local flow
velocity and direction. The changes in velocity creates net force on the blade. Especially
the lift force causes the rotation of wind-turbine. Wind turbine, when acts as an obstacle
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in the air flow, leads to the formation of the wake. This wake is strong just after the turbine
and diminishes as the flow goes away from the turbine.

The maximum energy efficiency of wind turbine which transforms kinetic energy of wind
to mechanical energy of turbine is calculated using the Betz value. This value was given
by Albert Betz in the year 1919. Betz stated that considering the law of conservation of
mass and energy, only 60 percent of the wind kinetic energy can be captured [6]. The
modern era wind-turbine design can reach 70-80 percent of this theoretical limit [6].

Computational Fluid Dynamics (CFD) is used to predict the nature of fluid flow and en-
ergy production by solving the Partial Differential Equations (PDE). CFD reduces the
efforts to achieve results as compared to actual experiments on the field or in the labora-
tory (wind-tunnel experiments) which sometimes may be expensive. CFD is also a good
technique for product development and making changes in design for better output effi-
ciency. Its a faster technique to get results.

The reference turbine used in this study is the well-documented NREL 5 MW, developed

Figure 1. The NREL 5MW Wind-Turbine [7].
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by the National Renewable Energy Laboratory in the USA. The wind-turbine specifica-
tions as used in this study are presented in Table 1

Table 1. NREL 5 MW wind-turbine specifications [8]

Rotation direction Clockwise
Number of blades 3
Rotor diameter 126m
Hub height 110m
Blade radius 62m
Cut-in, Rated, Cut-out wind speed 3m/s, 11.4m/s, 25m/s
Cut-in, Rated rotor speed 6.9rpm, 12.1rpm
Pitch angle 0 ◦

Azimuth angle 0 ◦

The table 1 consists of some wind turbine terminology which can be understood from
the figure 1 of the wind turbine. The rotor is basically the system consisting of these 3
blades. The blade radius is the total length of the blade. The distance from the ground to
the rotor of the wind turbine is called the hub height. The table 1 also consists of some
aerodynamic parameters which can be understood through airfoil. Airfoil is basically the
cross-section cut of the blade. The figure 2 shows the Pitch angle which is the angle be-
tween the chord line of the airfoil and a reference plane determined by the rotor hub or
the plane of rotation. Azimuth angle is the angle of the blade at a particular position dur-
ing its rotation with respect to the rotor co-ordinate system where the observer is looking
perpendicular to the rotor.

The angle of attack as shown in figure 3 is the angle between the chord line and relative
velocity of the airfoil. Twist angle in figure 4 is the angle between airfoil chord line and
the rotor plane. In twist, every airfoil shape varies along the blade root to the tip.

There are various parameters that affect the final power output of the wind turbine. It
could be wind speed, size of turbine, height of the hub, blade design and many more.
This study focuses on the blade design. In blade design, specifically the twist angle is
changed to check the variations in the power output. In aerodynamics, the change in twist
angle changes the angle of attack and thus increases lift. In this study, the atmospheric
boundary layer (ABL) is developed first and afterwards, the turbine is been included in the
fully developed flow where 11 cases of twist angles are considered and its corrosponding
power is obtained. The simulations for these cases are done in OpenFOAM software.
The actuator line model (ALM) is used for the turbine simulations. The turbulence model
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Figure 2. Pitch angle.

Figure 3. Angle of attack.

Figure 4. Twist angle.
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used is realizable k − ε. The aim is to investigate the power output in various cases when
compared to the reference case.

1.2 Aim and Objectives

The main aim of the thesis is to check the power output of a well documented NREL
5MW HAWT by changing the twist angle of the blade. To achieve this aim, there are
various objectives as follows that need to be achieved;

• To simulate a fully developed ABL flow. Fully developed ABL is done so that the
mean flow remains the same in space and time. It is also done as its a prerequisite
for ALM model.

• To consider various study cases for twist angle which decreases along the blade
from root to the tip.

• To utilize the ALM model to obtain the data for power and other aerodynamic
parameters.

• To compare the aerodynamic parameters for all the cases considered and evaluate
how the new blade geometries perform with respect to the reference design.

1.3 Literature review

The study by Mendoza et al. [1] focuses on the performance and wake comparison of hor-
izontal and vertical axis wind turbines under varying surface roughness conditions. The
study compares the HAWT and VAWT of similar size and power rating when under the
same atmospheric flow conditions. To achieve the atmospheric flow condition, ABL is
formed, which is the lowest part of the atmosphere directly influenced by mass, momen-
tum and energy fluxes [9]. The results from the work of Mendoza et al. [1] tell that the
HAWT has better performance and shorter wake as compared with VAWT for the same
atmospheric conditions. The ALM model implemented in the paper of Mendoza et al. [1]
was validated against the wind-tunnel experiment performed by Krogstad et al. [10]. In
the wind tunnel experiment, the power coefficient and the wake of two interacting HAWT
were validated for the ALM model.
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In the ALM technique, the rotor blade is formed by various airfoil and its properties,
and the energy from the flow is extracted using an actuator device. This model was also
used by Chaudhari et al. [11] to perform the numerical study of the relation of atmosphere
and the wind-turbine. ALM is combined with DSM for turbine operations modelling as
well as to solve the equations of the blade forces [1]. From the flow solver, ALM uses the
local velocity and it computes for each of blade section, the angle of attack and relative
velocity. The lift and drag forces are computed by DSM and its transmitted back to flow
solver as body forces by ALM [1].

The study of Tabib et al. [12] shows the comparison between the ALM model, Mov-
ing Reference Frame model (MRF) and Sliding Mesh Interface (SMI) model. Among
these models, the ALM model has a disadvantage that the blade is not actually present
and its only a mathematical model. Another demerit of ALM is that the forces calculation
on the blade is divided into certain number of sections, thus, the forces are not calculated
accurately over the entire blade. As compared to ALM, MRF and SMI have a faster wake
recovery. In spite of these shortcomings of ALM model, it still estimates well the wake
effects and the power coefficients. The ALM predicts power within 4% of power pre-
diction by most renowned Blade Element Momentum (BEM) theory [13]. ALM is also
capable to capture flow structures near the blade such as root and tip vortices [13].

Fei-Bin-Hsiao et al. [14] in their paper state that the blade design has a great impact
on the efficiency of the power output. In their HAWT case, the BEM is used to design the
blade and keep a check on the performance of the blade. BEM is a mathematical approach
which uses the 2-dimensional (2d) airfoil data to form the appropriate blade shape. The
airfoil properties of chord length and twist angle is considered when designing the blade.
In their study, the Untapered and Untwisted (UUT) blade has a less power coefficient
value because the blade operated in the stall condition. Stall condition is reduction in
lift coefficient generated by an airfoil as the angle of attack increases. The other issue in
blade design is in the blade tip region where the tip loss effect happens. The performance
of turbine blade design can be done by improved BEM theory such as Viterna Corrigan
stall model, tip-loss factor and stall delay model [15]. These models help when the stall
condition occur and when accurate performance prediction is needed.

The study from Purusothaman et al. [16] also involves analysis of various sections of
the blade like the root, mid and tip section of the blade. In the study of Bai et al. [15],
the streamlines were created for the various sections of the blade. The tip section of the
blade has good flow performance. Whereas, the root of the blade has stall condition. This
proves that the torque distribution at the tip region is more than the root region of the
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blade. Also, "The large difference of pressure for these 3 blades is at around two-thirds
mark" [14].

Siddiqui et al. [17] suggested that the aerodynamic shape of airfoil is more prominent
at the tip side of the blade rather than the root side of the blade. The outer section of blade
is majorly responsible for the torque generation. To achieve a high torque, two things are
to be kept into consideration; First is to avoid stall condition due to flow separations. Sec-
ond is that the flow should not become symmetric corresponding to the blade. In order for
toque to be high, the twist angle is varied at specific Tip speed ratio (TSR) which results
in changes in the angle of attack. Therefore, the lift is increased and in-turn results in an
increase in the torque output value.

The coefficients on which performance of turbine depends are function of the angle of
attack. Thus, angle of attack is kept at its best value. This value depends on the various
airfoils used in the specific turbine. In the study by Chaudhary et al. [18], National Advi-
sory Committee for Aeronautics (NACA) 63 airfoil was used and the angle of attack was
observed to be at its best when it is between 4◦ and 6◦. The lift to drag coefficient is the
important parameter to analyze the efficiency of the turbine.

Purusothaman et al. [16] used the PROP Inverse design (PROPID) software developed
by NREL. It is a MATLAB tool box and works on an inverse iterative solver. This code is
useful to design and estimate the performance of HAWT turbine. It shows the comparison
of power output with changes in chord or twist angle of the blade.

1.4 Structure of the thesis

The detailed study, from here onwards, begins with Chapter 2 that contains the theories
of the numerical models used and its mathematical approach. Chapter 3 describes the
procedures involved in the numerical set-up of the simulations and details of the simula-
tions, while Chapter 4 presents the numerical results describing the turbine’s performance.
Chapter 5 concludes the thesis based on the analysis of the results. Chapter 6 gives infor-
mation of limitation of the methods used in this work and further suggest various other
methods to get more accurate results.
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2 Mathematical model

This chapter presents all numerical models employed in this study and their mathematical
formulations.

2.1 Navier-Stokes Equations

The fluid flow behavior is based on the Naviers-Stokes equation. The equation is of
hyperbolic nature and contains highly non-linear terms. The Navier-Stokes equations in
the conservation form in x, y and z directions are as follows;

∂(ρu)

∂t
+∇ · (pu−→u ) = −∂p

∂x
+
∂τxx
∂x

+
∂τyx
∂y

+
∂τzx
∂z

+ ρfx (1)

∂(ρv)

∂t
+∇ · (pv−→u ) = −∂p

∂y
+
∂τxy
∂x

+
∂τyy
∂y

+
∂τzy
∂z

+ ρfy (2)

∂(ρw)

∂t
+∇ · (pw−→u ) = −∂p

∂z
+
∂τxz
∂x

+
∂τyz
∂y

+
∂τzz
∂z

+ ρfz (3)

where ρ is the air density, t is the time variable, u, v and w are velocities in x, y and z
directions, −→u is the velocity of the flow, p is the pressure, τ are the various normal and
shear stresses, fx, fy and fz are the body forces per unit mass acting on the fluid element
in the x, y and z component respectively.
For the newtonian fluid, normal and shear stresses τ is given as;

τxx = λ∇ · −→u + 2µ
∂u

∂x
; τxy = τyx = µ(

∂v

∂x
+
∂u

∂y
) (4)

τyy = λ∇ · −→u + 2µ
∂v

∂y
; τxz = τzx = µ(

∂u

∂z
+
∂w

∂x
) (5)

τzz = λ∇ · −→u + 2µ
∂w

∂z
; τyz = τzy = µ(

∂w

∂y
+
∂v

∂z
) (6)
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where µ is the molecular viscosity coefficient and λ is the bulk viscosity coefficient.
According to Stokes hypothesis,

λ = −2

3
µ (7)

The Navier-Stokes can further be written as;

∂(ρ−→u )

∂t
+ ρ−→u · ∇−→u +∇p+∇(

2

3
µ(∇ · −→u ))−∇ · (2µ¯̄ε) = ρ

−→
f (8)

where, ¯̄ε is the strain rate tensor defined as;

εij =
1

2
(
∂ui
∂xj

+
∂uj
∂xi

) (9)

For incompressible fluid, the fluid density ρ is constant.
Thus, the conservation law of mass gives the continuity equation as;

∇ • −→u = 0 (10)

Applying equation (10) in equation (8) and using kinematic viscosity ν = µ
ρ

∂−→u
∂t

+ (−→u · ∇)−→u +
1

ρ
∇p−∇ · (2ν¯̄ε) =

−→
f (11)

If viscosity ν is constant and with help of the continuity equation, Navier-Stokes equation
become;

∂−→u
∂t

+ (−→u · ∇)−→u +
1

ρ
∇p− ν∆−→u =

−→
f (12)

2.2 Reynolds Averaged Navier Stokes (RANS) Equations

RANS equations are time averaged equations of motion for fluid flow.
The continuity equation is;

∂ρ

∂t
+
∂(ρUi)

∂xi
= 0 i = 1, 2, 3 (13)

The momentum equation is;
Recalling the incompressible Navier-Stokes equation (x component) in conservation form
from equation (1), (4) and (5),
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∂u

∂t
+
∂(uu)

∂x
+
∂(uv)

∂y
+
∂(uw)

∂z
= −1

ρ

∂p

∂x
+ ν(

∂2u

∂x2
+
∂2u

∂y2
+
∂2u

∂z2
) (14)

Applying the Reynolds decomposition (u = U+u′) and later time averaging, the unsteady
RANS equation becomes,

∂(Ui)

∂t
+ Uj

∂(Ui)

∂xj
=

1

ρ

∂P

∂xi
+

∂

∂xj
(ν
∂Ui
∂xj
− u′iu′j) i = 1, 2, 3 (15)

ρ is the air density, xj are the cartesian co-ordinates, t is the time variable, Ui is the mean
velocity component in i-direction, P is the mean static pressure, ν is viscosity, u′i and u′j
are fluctuating components of velocity, u′iu′j is called the Reynolds stress tensor [19].

2.3 Turbulence and its modelling

Turbulence is an important phenomena to study in a fluid flow. It is a 3-dimension (3d)
phenomena. It is highly non-linear and thus its a phenomena dependent on time. Turbu-
lence causes the development of eddies. Eddies means "definite spatial (coherent) struc-
tures that develop in time" [20]. Turbulence have high diffusivity characteristics which
denotes the "rapid mixing and increased rates of momentum, heat and mass transfer" [20].
Turbulent flow are also sometimes rotational. It means that they have non-zero vorticity.
"Turbulent flows are caused by the complex interaction between the viscous terms and
the inertia (unsteady + convective) terms in the momentum equations" [20]. The lack of
energy will lead to dying of the turbulence in the flow. The energy when converted into
heat energy is called dissipation.

Turbulence is an attribute of the fluid flow. Its not a property of fluid. Thus, it depends
on the Reynolds number and not only on the density and viscosity of the fluid. Reynold
number is the ratio of inertia forces to the viscous forces. Here, the viscous forces are
responsible to provide the damping result on the flow of the fluid. When the Reynolds
number becomes high, this damping effect from viscous forces becomes less effective and
instability of flow becomes high. The fluid can be liquid or gas, the turbulence character-
istics are applicable to both. For high turbulent flow, there is difference in fluid speed and
direction.
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Wind is a turbulent flow having very high Reynolds number. Turbulence models are
used because we do not prefer to use Direct Numerical Simulation (DNS) equations for
such high Reynolds number flows. DNS method for turbulence solving is very demanding
in terms of CPU and memory because it needs a very fine mesh and very high order of
discretization schemes. Turbulence models are mathematical models to estimate the time
averaged pressure and velocity fields without calculating entire turbulent flow with respect
to time. The RANS approach is used for predicting the mean flow and mean turbulent ki-
netic energy. The RANS approach saves a lot of CPU time but one need to compromise on
the accuracy of the numerical results. Turbulence modelling is done for finding unknown
terms in the Reynolds stress tensor. Turbulence modelling is done to predict the turbulent
viscosity (νt), which will be then inputed into the momentum equations (Eq. (15)).

2.3.1 The realizable k − ε turbulence model

This model consists of two transport equations that describe and accounts for the tur-
bulence in the flow. It consist of the transport equation for the generation of turbulent
kinetic energy (TKE) and the equation which accounts for the dissipation. The equations
are given as follows;

k equation for transport of TKE is given as;

ρ
∂k

∂t
+ ρUj

∂k

∂xj
= τij

∂Ui
∂xj

+
∂

∂xj
[(µ+

µt
σk

)
∂k

∂xj
]− ρε (16)

whereτij = 2µtSij −
2

3
ρkδij and σk is the prandtl number (17)

Transport equation for the dissipation ε is;

ρ
Dε

Dt
=

∂

∂xj
[(µ+

µt
σε

)
∂ε

∂xj
] + ρc1Sε− ρc2

ε2

k +
√
vε

+ c1ε
ε

k
c3εGb (18)

Turbulent viscosity µt is given as;

µt = ρCµ
k2

ε
(19)

ρ is air density, k is the turbulent kinetic energy and ε is the dissipation.

Cµ =
1

Ao + As
U∗k

ε

(20)
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Ao, As and U∗ are function of velocity gradient. U2
i ≥ 0 ensures positivity of normal

stresses. (uiuj)
2
≤ u2iu

2
j ensures Schwarz’s inequality.

In this work, realizable k − ε turbulence model is used.

2.4 Wall-function modelling

The wind speed at the ground is zero due to the shear stress at the ground surface. The
velocity increases with height until it becomes constant at the free-stream. This velocity
variation causes the aerodynamic drag and thus a boundary layer is formed. The flow
is considered fully developed (in numerical simulations) when the flow profiles doesn’t
change anymore in space and time.

Consider a constant pressure boundary layer flow ( ∂p
∂x

= 0). The flow is governed by
the standard boundary layer equations

∂U

∂x
+
∂V

∂y
= 0 and ρU

∂U

∂x
+ ρV

∂U

∂x
=

∂

∂x
[(µL + µt)(

∂U

∂y
+
∂V

∂x
)] (21)

Mathematically, fully developed flow along the x-direction gives the flow equations to be;

∂

∂x
((µL + µt)

∂U

∂y
) = 0 (22)

The sum of viscous and total Reynolds stresses must be constant.

Thus,

((µL + µt)
∂U

∂y
) = (τw)tot = ρ(uτ )

2 (23)

(τw)tot is the total wall shear stress
where,

uτ = (
(τw)tot

ρ
)
1
2 is the frictional velocity (24)

Since on the wall , µt → 0

µL
∂U

∂y
= τw = ρ(uτ )

2 (25)

τw is (laminar) wall shear stress [20].
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Fully developed turbulent velocity profile over a smooth surface follows the law of the
wall. It is given as follows [21];

U+ = y+; if 0 < y+ < 5 (26)

U+ =
1

κ
log(y+) +B; if 30 < y+ < 500 (27)

where,

U+ =
U

uτ
and y+ =

yuτ
ν

(28)

is a non-dimensional velocity and non-dimensional wall normal distance. κ = 0.41 is
von-karman constant and B = 5− 5.5 is a constant.

Figure 5. Turbulent boundary layer [21].

Turbulent boundary-layer over rough surface is given as;

U =
uτ
κ
log

z

z0
(29)
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where U is the mean velocity, κ is the Von Karman constant which is experimentally ap-
proximated to be 0.41, uτ is the frictional velocity, z is the vertical height and z0 is the
ground roughness length that is used to model the height when the horizontal wind speed
approaches zero and z0 is 0.1 used in this work.

2.5 Actuator line model (ALM)

ALM is a 3d and transient model to simulate wind turbine wake. The model was proposed
by Shen and Sorensen to study the wind turbine wakes [22]. This model helps to numer-
ically represent blade in the computational domain. Its computationally demanding due
to the mesh resolution around and after the turbine as well as it is a transient technique.
ALM gives the results of blade rotation at every time step.

Figure 6. Blades represented by actuator lines [23].

Bachant et al. [24] suggested that in ALM, the blade is formed by actuator lines. The
forces are calculated on these actuator lines. These forces are calculated by BEM with 2d
airfoil data. The forces calculated on 2d airfoils are projected over the rotor co-ordinate
system. Its used to calculate torque and drag. The forces on actuator line is appended to
the Navier-Stokes equations as shown in equation (12).

The lift and drag forces on the blade element are computed by

L =
1

2
ρcCl|Urel|2 (30)
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Figure 7. Cross-sectional airfoil element [23].

D =
1

2
ρcCd|Urel|2 (31)

The lift force is in the direction perpendicular to Urel whereas drag force is in the same
direction as Urel. ρ is air density, c is the chord length, Cl is the lift coefficient, Cd is the
drag coefficient and Urel is the relative velocity.

The local relative velocity to the blade is calculated as;

Urel =
√
U2
z + (Ωr − Uθ)2 (32)

Uz is the axial velocity, Uθ is the tangential velocity, Ω is the angular velocity and r is the
radius to the element

The relative velocity angle is given as;

φ = tan−1
Uz

Ωr − Uθ
(33)

The angle of attack is calculated as;

α = φ− γ (34)

where, φ is angle of relative velocity and γ is local pitch angle.

The force per spanwise unit length is given as;

f = (L,D) =
1

2
ρ(Urel)

2c(Cl
−→eL + Cd

−→eD) (35)

where, Cl and Cd are the lift and drag coefficient respectively and are function of angle of
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attack (α) and Reynolds number given as tabulated data. eL is unit direction vector of L
and eD is unit direction vector of D [23].

The source term in the Equation (12) is given as curl of load. It signifies the singular
vorticity source throughout the length of the rotor blades. To avoid singularity, regular-
ization kernel function strength is adjusted using a constant ε,

ηε(d) =
1

ε3π
3
2

exp[−(
di
ε

)2] (36)

where, di is the distance between the measured point (xi, yi, zi) and initial force points
(x, y, z) on the blade, and ηε is kernel function between measured and initial force points [23].

The loading on the blade, fε on the nearby mesh is calculated as,

fε(x, y, z, t) = f ⊗ ηε =
N∑
j=1

f(xi, yi, zi, t)
1

ε3π
3
2

exp

[
−
(
di
ε

)2
]

(37)

where, N is the number of adjacent blade sections.
This implies that the distinct force on each blade section can be interpolated to mesh node
nearby smoothly [23].

The ALM calls the DSM model during its application. DSM is used to prevent the dy-
namic stall which can cause high loads and strong vibrations. The ’Aerodynamic flow
control and advanced diagnostics’ research group of Aerospace engineering [25] gives
a brief idea on dynamic stall. To explain the dynamic stall, leading-edge vortex (LEV)
forms due to shear layer on the upper surface of the leading edge of the airfoil. It leads
to high suction over the upper surface of airfoil and thus, high lift and stall delay. This
further causes detachment of LEV from the airfoil because of unstability. Thus, the lift
suddenly decreases and the pitching moment suddenly increases. In the DSM model, the
boundary layer delay method is introduced. The goal is to take into account the dynamic
vortex. This model is included in the library turbinesFoam which is used for ALM [26].
Riva et al. [27] informs that in ALM, the angle of attack is sampled from the flow field.
The acceleration of fluid causes the improvements in the lift and drag coefficients.

The ALM also consists of tip loss correction model. The tip loss correction model is
used to consider the difference between the ALM and actual turbine blade where velocity
always needs to be zero at the tip. The use of tip loss correction model affects the loading
on the blade. The glauert tip correction is used in this study and is given mathematically
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as;

Ftip =
2

π
arccos(exp

−B(R− r)
2rsin(φ)

) (38)

where, B is the number of blades, R is the radius of the blades, r is the distance between
blade element location and the root of the blade, φ is the relative velocity angle [23].
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3 CFD Modelling

This chapter presents the processes involved in the CFD modeling. The computational
domain and blade geometry, the mesh, the initial conditions and boundary conditions as
well as various simulation settings are discussed further;

3.1 Computational domain and blade geometries

The computational domain is a 3d domain as shown in Figure 8. The x axis is considered
as the streamwise direcion, the y axis represents the spanwise direction, the z axis is the
vertical direction. In this work, the domain dimensions are given as 2520 m, 756 m and
504 m in the x, y and z directions respectively. In terms of the rotor diameter (D), the tur-
bine is placed 5D upstream from the turbine plane and 15D downstream from the turbine
plane in the domain. Along the width of the domain, the turbine is placed at the center
with 3D on either side of the spanwise direction. In the vertical direction, the distance
between the upper blade tip of the wind turbine to the top of the domain is 331 m of the
total domain height of 4D.

The 3d blade design is formed mathematically using 40 equidistant sections along the
blade and specific airfoil on each section. The specific airfoil co-ordinates are present on
each section. The airfoils are chosen based on NREL 5MW airfoil data [8]. The list of
airfoils and its details of chord length, distances between airfoil sections and twist angle
is presented in Table 2. The shape of the blade is cylindrical at the root of the blade
and afterwards, different airfoils are aligned up to the tip of the blade. The twist angle
is naturally high at the root and low at the tip of blade for better aerodynamic efficiency.
The total blade radius is 62 m and maximum width of the blade is 4.7 m. The original
dimensions of the blade in full scale are taken into account.

Twist angle is the angle between airfoil chord line and rotor plane. Figure 11 shows the
twist angle variation along the blade radius of NREL 5-MW wind turbine. The twist angle
was changed based on some previous research;

• Wind blade tip affects power the most [17].

• "Large difference of pressure for these 3 blades is at 2/3 mark (r = 0.327 m)" [14].

• Graph of "ratio of lift and drag coefficient vs angle of attack", for angle of attack
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Figure 8. Computational domain with dimensions
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Figure 9. Computational domain (in terms of rotor diameter - D) with boundary names
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Table 2. Airfoil specifications for NREL 5-MW wind-turbine [8]

Node Rnodes(m) Aerotwist(◦) DRnodes(m) Chord(m) Airfoil table
1 2.8667 13.308 2.7333 3.542 Cylinder 1
2 5.6 13.308 2.7333 3.854 Cylinder 1
3 8.3333 13.308 2.7333 4.167 Cylinder 2
4 11.75 13.308 4.1 4.557 DU40 A17
5 15.85 11.48 4.1 4.652 DU35 A17
6 19.95 10.162 4.1 4.458 DU35 A17
7 24.05 9.011 4.1 4.249 DU30 A17
8 28.15 7.795 4.1 4.007 DU25 A17
9 32.25 6.544 4.1 3.748 DU25 A17
10 36.35 5.361 4.1 3.502 DU21 A17
11 40.45 4.188 4.1 3.256 DU21 A17
12 44.55 3.125 4.1 3.010 NACA64 A17
13 48.65 2.319 4.1 2.764 NACA64 A17
14 52.75 1.526 4.1 2.518 NACA64 A17
15 56.1667 0.863 2.7333 2.313 NACA64 A17
16 58.9 0.370 2.7333 2.086 NACA64 A17
17 61.6333 0.106 2.7333 1.419 NACA64 A17

between 0 to 10 , the lift to drag coefficient ratio is very good [14].

• Angle of attack equal to 15 ◦ results in maximum lift and further leads to maximum
torque contributed by that section [17]

• Twist angle at the tip if changed produces more noise and tip vortex [5].

Figure 12 shows the twist angle (β) versus the blade radius ( r
R

) for all the cases. Here,
the section distance of the blade ’r’ is normalized by the total blade length ’R’. There
is a reference case "O1" and 11 study cases namely "P1 to P11" taken into account. The
first five study cases (P1 to P5) are considered as speculation as to which case gives a
better power. According to the results based on this speculation, the twist angle for the
rest of the study cases (P6 to P10) are considered as shown in Figure 12. Here, one case
of negative twist that is case P11 is also considered.
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r1

R

Figure 10. 3D view of the blade

Figure 11. Front view of the blade

3.2 Meshing

Mesh generation is the process whereby the computational domain is discretized into a
number of cells. The mesh information is given in Table 3. The mesh size in the x, y
and z directions is 5 m before mesh refinement. The cell size is good enough to capture
all the flow characteristics as it has been prooved in the study of Mendoza et al. [1] and
Chaudhari et al. [11]. The skewness is small and therefore the orthogonality of the mesh
is quite good as the angle between adjacent cell faces or adjacent cell edges is close to
90◦. The type of mesh is a combination of structured and unstructured mesh. The cell
shape are Hexahedra and Polyhedra. The aspect ratio which signifies the deviation of all
the sides of the cell from equal length is good as it does not exceed 1000. The various cell
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Figure 12. Twist angle (β) vs radius (r) for all cases.

shapes also help to reduce the aspect ratio.

Figure 13 and 14 shows the mesh refinement region. The OpenFOAM utility called

Table 3. Mesh information

Mesh size (in x,y and z directions) 5 m
Skewness 0.33
Number of Hexahedra cells 10585344
Number of Polyhedra cells 57631
Total number of cells 10642975
Aspect ratio 1.008

refineMesh is used for mesh refinement. The utility will split a single cell into 8 more
cells. It splits the hex cell through the middle of the edge. The cell size becomes (2.5 x
2.5 x 2.5) m after refinement. The mesh is refined in some part of the whole domain. Its
refined 1D before the turbine to the end of the domain in the streamwise direction. Its
also refined from 20 m above the ground to 0.5D above the wind turbine in the vertical
direction. In the spanwise direction, the mesh is refined 1D to cover the entire turbine.
This mesh refinement is done to capture the effects of the turbine as well as to capture the
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wake effects. The cell size is reduced but it is okay as the mesh smoothness is preserved.

X

Y
Z

16D

1DMesh refinement region

Turbine plane

Inflow plane

Figure 13. Computational domain showing mesh refinement region

20m

216m

126m

Figure 14. Mesh - back view of domain.
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3.3 Initial condition

Initial condition is must to solve a transient problem. The initial condition for velocity of
the wind (U ) is given as 10 m

s
. The initial condition for pressure (P ) is uniformly 0 m2

s2
,

initial condition for turbulent kinetic energy (k) is uniformly 1.3 m2

s2
, the initial condition

for dissipation rate (ε) is uniformly 0.171 m2

s3
, the initial condition for turbulent viscosity

(νt) is uniformly 0 m2

s
.

3.4 Boundary conditions (BCs)

The BCs are necessary input conditions for solving PDE’s. The face zone are assigned
the boundary data of velocity, pressure, turbulent viscosity, turbulent kinetic energy and
dissipation [28]. The cell zone are assigned the source term such as turbine body forces
as given in (Eq (12)) [28]. Neumann BC are used when using derivate of the variable and
Dirchlet BC are used when using direct variables. The BC that says the type of BC is ze-
roGradient, the boundary-normal derivative of the variable is assumed to be zero. When
the type of BC is fixedValue, the value entry is needed to be specified by the user. The
term Patch boundary type is used at inlet and outlet types of boundary. Table 4 presents
the boundary conditions used in the numerical simulations.

fixedValue - This BC needs user defined input value. Its used for outflow Pressure with
value of 0. It is used when Static pressure is zero which occurs when fluid is in contact
with air.

Wall – It is a patch type used for solid wall boundaries. It requires for some physical
modelling. Example is wall function in turbulence modelling. The turbulence parameters
like k, ε and νt can use wallfunction as BC at the wall (Terrain boundary condition). The
turbulence parameters of Cmu, κ and E are specified for solving the turbulence equations.

slip BC - In the slip BC, the velocity perpendicular to the surface is zero. The tangential
component of velocity is untouched (i.e. their derivative are zero). In this BC, the shear
stress is also zero. The slip BC is used for the top face of the domain for parameters of
velocity, pressure and viscosity.

cyclic BC - It enables two patches to be treated as if they were physically connected.
It is used for repeated geometry. One cyclic patch is linked to another through a neighbor
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Table 4. Boundary Conditions

Inflow Outflow Top Bottom Left Right
P zeroGradient fixedValue

Uniform 0
slip zeroGradient cyclic cyclic

U timeVarying
Mapped
FixedValue
Uniform
(11.75 0 0)

inletOutlet
Uniform (0
0 0)

slip uniformFixed
Value Uni-
form (0 0
0)

cyclic cyclic

ε timeVarying
Mapped
FixedValue
uniform
0.01

zeroGradient zeroGradient epsilonWall
Function
uniform 0.01

cyclic cyclic

k timeVarying
Mapped
FixedValue
uniform 1.3

zeroGradient zeroGradient KqRWall
Function
uniform 1.3

cyclic cyclic

µt zeroGradient zeroGradient slip nutkAtm
RoughWall-
Function
uniform
1e−5

cyclic cyclic

patch. Each pair of connecting faces must have similar area within a tolerance given by
the match tolerance specified in the boundary file. The Left and Right faces of the domain
are given the cyclic boundary condition for all the parameters.

TimeVaryingMappedFixedValue BC - It uses the set of points in space and time and
interpolates the values on a pre-defined boundary. It is used for inlet boundary condition
for all parameters except for P and νt. The turbulence parameters of kinetic energy "k"
and dissipation "ε" are;

k =
3

2
(IturbUinlet)

2 (39)

ε =
(Cµ)

3
4 (k)

3
2

Lturb
(40)

where,
Turbulence intensity, Iturb = 10% (High turbulence intensity)
Turbulence model coefficient, Cµ = 0.09

Turbulence length scale, Lturb = 0.1hinlet
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Inlet velocity, Uinlet = 11.75 m/s

ZeroGradient BC - The zeroGradient condition is applied to patch faces from patch
internal field. The values are extrapolated to the patch from the nearest cell value. At the
perpendicular direction to patch, the gradient is zero.

inletOutlet BC - It is boundary condition used for outflow with consideration of return
flow. It is similar to zeroGradient BC but it applies a fixed value when velocity vector
shows reverse flow at the boundary.

3.5 Solver settings

The various OpenFOAM settings used are;

3.5.1 FvScheme

fvScheme is an OpenFOAM file that contains information about the numerical schemes
used to solve the derivative terms of the Navier-Stokes equations. The user can select the
preferred scheme from the list of schemes [29] in the OpenFOAM user guide to solve the
problem. The purpose of the fvScheme file is to define the discretisation by the numerical
schemes to be used in simulations. The schemes used in this work is shown in table 5.

3.5.2 FvSolution

FvSolution contains solver settings of each linear solver that is used for each discretised
equation. The solver settings are chosen from OpenFOAM’s available settings [30]. The
solver settings used in this work are given in table 6.

The pimpleFoam (PIMPLE) solver of OpenFOAM is used and its a combination of
pressure-implicit split-operator (PISO) and semi-implicit method for pressure-linked equa-
tions (SIMPLE). It is used for transient problems. PIMPLE solves the same governing
equations (albeit in different forms) like PISO and SIMPLE, it principally differs in how
they loop over the equations. The looping is controlled by input parameters that are listed
below;
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Table 5. fvSchemes

Time
scheme

Gradient
scheme

Divergence
scheme

Laplacian
scheme

Interpolation
scheme

Surface
normal
gradient
scheme

default =
backward
(second
order
implicit)

default
= gauss
linear
(central
differenc-
ing)

default =
none

default = none default = lin-
ear

default =
corrected
(explicit
non-
orthogonal
correction)

P=gauss
linear
(central
differenc-
ing)

U=bounded
gauss linear
upwind
gradient
(second
order)

P=gauss lin-
ear corrected
(second
order)

U=linear

U=gauss
linear
(central
differenc-
ing)

k=bounded
gauss up-
wind (first
order)

U=gauss lin-
ear corrected
(second
order)

ε=bounded
gauss up-
wind (first
order)

k=gauss lin-
ear corrected
(second
order)
ε=gauss linear
corrected
(second
order)

• nCorrectors: It sets the number of times the algorithm solves the pressure equation
and momentum corrector in each step. In this work, the nCorrectors are 2.

• nNonOrthogonalCorrectors: It specifies repeated solutions of the pressure equation,
used to update the explicit non-orthogonal correction, described in surface normal
gradient scheme, of the Laplacian term. In this work, nNonOrthogonalCorrectors
are 0.
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Table 6. fvSolution

Solver Smoother Tolerance Relative
toler-
ance

P Generalised
geometric-
algebraic
multi-grid

DIC
gauss
seidel

1e−7 0.01

U Smooth
solver

Sym
gauss
seidel

1e−5 0.1

ε Smooth
solver

Sym
gauss
seidel

1e−5 0.1

k Smooth
solver

Sym
gauss
seidel

1e−5 0.1

3.6 Simulation details

OpenFOAM’s version 2.4.X is used to run the simulations. OpenFOAM stands for Open
source Field Operation And Manipulation. Its an open source software and was developed
by Henry Weller at the Imperial college in United kingdom [31].

Simulation solves the fluid governing equations given in Equations (13) and (15). The
solver used is incompressible pressure based solver. In the flow properties, air with den-
sity 1.225 kg/m3 and dynamic viscosity 1.82 x 10−5 kg/m-s is considered. The simulation
is a transient one. The time step need to be small enough to resolve all the features that are
time dependent. Most importantly, the feature of unsteady flow which is the fluctuations
of flow for a particular time period. This was also done keeping in mind that the solution
reaches convergence with the maximum iterations per time step. The order of magnitude
of an appropriate time step size is;

δt =
typical cell size

characteristic flow velocity
. (41)

The fixed time step of 0.1 was used in this study.



38

The RANS approach with realizable k-ε turbulence turbulence model is employed in this
study. The RANS approach is preferred over Large Eddy Simulation (LES) in general
CFD simulations because of its less CPU demands. LES is used when high CPU re-
sources, such as supercomputer, are freely available. It also has high capability to resolve
the unsteady behavior typical in turbine wake flows. RANS models give an approximate
behavior of flow. Its not highly accurate but good enough to come to a conclusion.

Due to large number of cells, the simulations are carried out in parallel mode. The number
of parallel processor used were 216 on the Finnish supercomputer platform called Sisu.
The ABL flow is fully developed in a separate domain without the wind-turbine. The
clock time to obtain a fully developed ABL is 6603 s. The ABL flow was found fully
developed after 900 s of flow physical time. The turbine is afterwards introduced in the
domain and run for another 600 s of flow time. In this way, the simulations were run for
total of 1500 s of flow physical time. The various tests for twist angle are done for the last
600 seconds of flow time. It takes clock time of 8108 s to 9661 s depending on the study
case.

Paraview, an open source post-processor [32], is used for result visualization especially
for the wake. The results obtained and analyzed from the simulations include the power
output, lift forces, drag forces, angle of attack (α), lift coefficient (Cl), drag coefficient
(Cd), azimuth angle.
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4 Results and Discussion

This Chapter presents the simulation results and the corresponding discussions.

4.1 Validation of the numerical modelling for ABL and wake profiles

The numerical results are validated with the LES results from Mendoza et al. [1]. The re-
search paper was particularly used because it consists of ABL formation as well as wake
study of NREL 5-MW HAWT as also previously discussed in Section 1.3. Figure 15
shows the velocity profile of the reference case and the logarithmic profile in comparison
with the LES result from a study carried out by Mendoza et al. [1]. Height is normalized
by the turbine hub height, H is 110 m, while the velocity is normalized by the velocity,
Uh is 10 m/s at the turbine height. The LES result is digitally extracted from Mendoza et
al. [1]. The Log-law profile is based on the logarithmic law given in equation (29). The
present RANS result gives good agreement with the LES data for the mean velocity ABL
profile.
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Figure 15. Vertical profile of the mean velocity (blue line) compared with the log-law (green) and
the LES results (red circles) by Mendoza et al. [1].
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Figure 16 shows the horizontal wake profiles taken at 2D, 5D, 7D, 10D and 13D down-
stream of turbine, where D is 126 m, is the turbine diameter. The spanwise distance is
normalized by D and the velocity is normalized by the velocity at the hub, Uh. The be-
havior of the wake is that its very strong just after the turbine and its effect reduces as it
moves away from the turbine. The figure shows the simulation result for the reference
case in comparison with the LES result by Mendoza et al. [1]. There is a good fit between
the wake velocity profile of the present results and the LES result except at 2D position.
At 2D, the difference in velocity wake profiles occurs because LES approach gives in-
stantaneous wake velocity profile whereas RANS approach used in this study gives time
averaged wake velocity profile. The flow attributes are given by the wake location and the
shape. The turbulent mixing is higher immediately after the turbine, meanwhile, the flow
recovers to a fully developed ABL far away from the turbine (no turbine effect dominating
the flow again)
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Figure 16. Horizontal profiles of the velocity wake at few downstream locations from the turbine

The vertical profiles of the wake velocity are presented at 2D, 5D, 7D, 10D, 13D lo-
cations downstream from the turbine as shown in Figure 17. The vertical distance is
normalized by the hub height, H and the velocity is normalized by the velociy at the hub,
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Uh. For vertical wake profiles, like the horizontal wake, the simulation result from the
reference case is compared with the LES results. A good agreement is again observed
between the LES and the present results except at the location x=2D.
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Figure 17. Vertical profiles of the velocity wake at few downstream locations from the turbine

4.2 Formation of upstream ABL profile

In this section, the ABL formation study is done at five positions inside the domain as
shown in table 7. Figure 18 and 19 show the fully developed ABL profiles. Figure 18
presents the vertical mean velocity, while Figure 19 shows the vertical TKE profiles at
those five different locations along the stream-wise. The same profile is observed at all
positions in the domain. It shows that ABL is fully developed in the entire domain, as the
profiles do not change with different stream-wise locations.
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Table 7. Positions considered inside the domain for ABL figures 18 and 19

Position number Coordinates (x, y and z directions)
1 630 m (upstream from the turbine), 0 m, 0 m-504 m
2 300 m (upstream from the turbine), 0 m, 0 m-504 m
3 0 m (at turbine), 0 m, 0 m-504 m
4 1000 m (downstream from the turbine), 0 m, 0 m-504 m
5 1800 m (downstream from the turbine), 0 m, 0 m-504 m
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Figure 18. Plot of mean velocity along the height of the domain at few locations.

Figure 20 shows the time series plot of velocity. The various positions considered for the
plot is shown in table 8. The fluctuations of velocity is observed till 600 seconds. The
velocity at all positions become constant after 600 seconds. It implies that the mean flow
has reached a statistically stationary flow.

Table 8. Positions considered inside the domain for time series figures 20 and 21

Position number Coordinates (x, y and z directions)
1 625 m (upstream from the turbine), 0 m, 110 m
2 400 m (upstream from the turbine), 0 m, 110 m
3 0 m (at turbine), 0 m, 110 m
4 1000 m (downstream from the turbine), 0 m, 110 m
5 1890 m (downstream from the turbine), 0 m, 110 m
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Figure 19. Plot of turbulent kinetic energy along the height of the domain at few locations.
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Figure 20. Time series plot of velocity (U ).

Figure 21 shows the plot of TKE time series. The various positions considered for the
plot is shown in table 8. The turbulent kinetic energy magnitude becomes constant after
400 seconds time steps for all the positions of the domain.
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Figure 21. Time series plot of TKE (k).

4.3 Power output

The figure 22, adapted from Galvani et al. [33], presents the power curve of the NREL 5
MW as a function of the velocity. The figure shows that the expected power at a velocity
of 10 m/s is 3.653 MW which is an accurate match with the power output from O1 (the
reference case), 3.6521 MW, as shown in Table 9. The power from a wind turbine is cal-
culated by

P = 0.5CpρAv
3 (42)

Cp is the power coefficient, ρ is the air density, A is the rotor swept area, v is the air
velocity.

In the time series of power output, the power output for the last 100 seconds are aver-
aged in each case to get the mean power. The power output for all cases are presented in
Table 9, where P

Po
is the ratio of power obtained in respective cases to the power output

from the reference case (O1) and Cp is the power coefficient, defined as the ratio of ac-
tual electric power produced to potential wind power into turbine. Cp is rearranged from
equation (42) and written as,

Cp =
P

0.5ρv3A
(43)
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Figure 22. Power curve for NREL 5MW wind-turbine [33].

Table 9. Power output for all cases (bold text for cases which resulted in power more than the
reference case power).

Cases Power(MW) P
Po

Cp
O1 3.6521 1 0.4791
P1 3.7012 1.0134 0.4855
P2 3.5599 0.9747 0.4670
P3 3.3586 0.9196 0.4406
P4 3.1416 0.8602 0.4121
P5 3.7728 1.0330 0.4949
P6 3.7767 1.0341 0.4955
P7 3.7808 1.0352 0.4960
P8 3.7730 1.0331 0.4950
P9 3.7422 1.0246 0.4909
P10 3.7617 1.0300 0.4935
P11 2.7373 0.7495 0.3591

It is observed that the cases with the twist angle higher than the empirical (reference case)
twist angle gave less power, while the cases with twist angle smaller than the empirical
value produces higher power. The negative twist case (P11) as seen in the figure 12 gave
least power output among all the cases considered in this work. The profiles which gave
the best power had twist angle decreasing with the blade radius in a curve form which is
similar to an inverse curve. The profiles which give more power than the empirical one
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are P1, P5, P6, P7, P8, P9, P10. The profiles which give lesser power than the empirical
one are P2, P3, P4, P11.

4.4 Aerodynamic parameters study

The aerodynamic study is done by plotting data of various aerodynamic parameters. The
90 ◦ azimuth angle was considered for all the cases. All the other aerodynamic parameters
data were extracted for the time step showing the azimuth angle 90◦.

Figure 23 shows the plot of angle of attack (α) with respect to the blade radius ( r
R

). All
the cases along with the reference case is taken into account. The plot suggests that up to
a blade radius of 0.65, the angle of attack decreases from 25◦ to 3◦ along the blade from
the tip to the root. It then increases slightly but never decreases below 2◦ in all the cases.
The optimized angle of attack is between 4◦ and 6◦ at the root of blade as also pointed out
by Chaudhary et al. [18].
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Figure 23. Distribution of angle of attack (α) along the blade ( rR ).

Figure 24 shows the plot of lift coefficient (Cl) as a function of angle of attack (α). It
is observed that, the lift coefficient increases with angle of attack. The lift coefficient
reaches a maximum of 1.6 at 13◦ and it remains constant till 18◦. The trend is similar
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for all the cases. The cases which gave high power output had the same lift coefficient
for angle of attack of 5◦ and more. The cases with less power output gave the same lift
coefficient for angle of attack of less than 5◦. The case of negative twist varies when
compared to the rest of the cases. It gave a bit high lift coefficient but the angle of attack
is also too high.
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Figure 24. Lift coefficient (Cl) as a function of angle of attack (α).

Figure 25 shows the plot of drag coefficient (Cd) as a function of angle of attack (α).
It explains that the drag coefficient increases linearly with angle of attack. The linear
increase is very small at the root of the blade. The drag coefficient increases from 0-0.02
for angle of attack of 2◦-10◦. The linear increase is large at the tip of blade. The drag
coefficient goes from 0.02-0.3 with angle of attack from 10◦-22◦. The trend is similar for
most of the cases. The overall drag coefficient is still small compared to the lift coefficient.

Figure 26 shows the plot of comparison of lift coefficient (Cl) and drag coefficient (Cd).
The trend is that the lift coefficient increases significantly with little increase in the drag
coefficient in the beginning. After the lift coefficient reaches to 1.7, it remains constant
even with increase in the drag coefficient. The lift coefficient has a maximum of 1.7 and
the drag coefficient has a maximum of 0.6. The cases are mostly following the same trend
except for the case of negative twist angle, which shows a high drag coefficient.
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Figure 25. Drag coefficient (Cd) as a function of angle of attack (α).
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Figure 26. Comparison of lift coefficient (Cl) and drag coefficient (Cd).

Figure 27 depicts the ratio of lift to drag coefficient ( Cl
Cd

) as a function of angle of attack
(α). The trend is very obvious. For the cases giving lesser power output, it is observed that
the ratio of lift to drag coefficient slightly decreases and then increases with increment in
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the angle of attack. For the cases giving higher power output, there is a trend that the ratio
of lift to drag coefficient shows drastic decrease and then slight increase with increment
in the angle of attack. All the study cases reaches to a point of lift to drag coefficient ratio
of 90-110 and angle of attack between 5◦-10◦ . Later, it decreases linearly with increase
in angle of attack. The lift to drag coefficient ratio is high for the cases with higher power
output than cases with lower power output for angle of attack particularly between 2◦-10◦.
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Figure 27. Ratio of lift to drag coefficient ( ClCd ) as a function of angle of attack (α).

Figure 28 depicts the distribution of Lift coefficient (Cl) in each section ( r
R

). The profiles
shows a downward trend of the lift coefficient along the blade from the tip to the root.
The profiles which show high power are compared to the reference case (O1) profile and
are observed to have higher lift coefficient along 25%-85% of the blade radius. These
profiles also show a linear decreasing trend into lift coefficient for 0.7-0.9 of the blade.
In the reference case, this trend is steady and has a constant lift coefficient for 0.7 to
0.9 of blade section. These profiles are also linearly decreasing for 0.2-0.35 of the blade
section whereas the reference profile has a sudden dip of lift coefficient. The trend of lift
coefficient from 0.9 to 1 of blade section is same for all the profiles.

Figure 29 depicts the distribution of Drag coefficient (Cd) in each section ( r
R

). The profiles
shows a downward trend at the tip of blade. They all become constant after 0.23 of the
blade section except P11. The trend remains constant at 0.02 drag coefficient till the root
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Figure 28. Distribution of lift coefficient (Cl) in each blade section ( rR )

of the blade. P11 remains the odd one and it has a high drag coefficient till 0.6 of the
blade section after which its reconnected with rest of the profiles.
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Figure 29. Distribution of drag coefficient (Cd) in each blade section ( rR )
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Figure 30 depicts the distribution of ratio of lift to drag coefficient ( Cl
Cd

) in each section
( r
R

). The profiles shows an upward trend from the tip to the root of the blade. The study
cases which gave high power, the ratio of lift to drag coefficient is consistently high along
0.25-0.85 of the blade radius. The case P11 has the ratio of lift to drag coefficient very
low up to 0.6 of the blade radius and after that its trend gets similiar to rest of the study
cases.
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Figure 30. Distribution of ratio of lift to drag coefficient ( ClCd ) in each blade section ( rR )
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4.5 Wind turbine wake

Figure 31 shows the contours of velocity on various stream-wise location downstream of
the turbine. The distances along the stream-wise direction after the turbine are 2D, 5D,
7D, 10D, 13D (Figure 31 Left to Right). At the location x = 2D, it is prominent that
the wake is very strong as it shows the effect of the full rotation of the blade. The wake
effects become gradually weaker toward the downstream locations.

(a) 2D (b) 5D (c) 7D

(d) 10D (e) 13D

Figure 31. Contour of wake velocity at various positions after the turbine: (a) 2D; (b) 5D; (c)
7D; (d) 10D; (e) 13D

Figure 32 shows the contours of turbulent kinetic energy on various stream-wise location
downstream of the turbine. The distances along the stream-wise direction after the turbine
again are 2D, 5D, 7D, 10D, 13D (Figure 32 Left to Right). At the location x = 2D,
the wake shows that the turbulent kinetic energy is strong in the turbine region of the
domain especially at the blade tips. The wake effects become gradually weaker toward
the downstream locations. The turbulent kinetic energy shows a trend of strong at the
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center of turbine to weak away from the turbine for various downstream positions.

(a) 2D (b) 5D (c) 7D

(d) 10D (e) 13D

Figure 32. Wake of turbulent kinetic energy at various positions after the turbine: (a) 2D; (b)
5D; (c) 7D; (d) 10D; (e) 13D
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5 Conclusion

The NREL 5-MW wind-turbine is investigated from aerodynamic prespective. The wind-
turbine blade is studied with the aim to achieve better power output. The twist angle for
the turbine blade is tested by considering number of study cases. The study also involves
the comparison of various aerodynamic parameters and its analysis. The results have
shown a trend and some study cases prooved to perform better than the reference case.
The following conclusions can be made from the analysis of the results.

• The study cases P1 and P5 to P10 give high power than the reference case. The best
power is achieved by case P7, which gives a power of 3.7808 MW. The power of
P7 is 3.52 % higher than the reference case power.

• The cases with twist angle lesser than the empirical (reference case) value give
higher power magnitude. The profiles which give the best power production has
twist angle decreasing with the blade radius in a curve similar to the inverse curve.

• The angle of attack decreases along the blade from tip to root. It is mainly affected
by changes in the twist angle. The optimized angle of attack is between 13-18 ◦ at
the tip of the blade and 4-6 ◦ at the root of the blade. In general, the angle of attack
between 2-10 ◦ gives high ratio of lift to drag coefficient.

• The profiles which showed high power are having higher lift coefficient along 25%-
85% of the blade radius from tip to root.
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6 Limitation and future scope of work

The thesis has its own share of shortcomings. The models and methods used have some
limitations. They are discussed below.

• The disadvantage of ALM is that the blade is represented numerically in the do-
main. As the blade is divided into certain number of sections, the forces calculation
are done through mathematical interpolation. The blade geometry is not resolved
to get accurate results.

• In the RANS simulation technique, turbulence model is needed to calculate the
turbulent behaviour of the flow. The RANS approach gives an average of the turbu-
lence and not the exact information of turbulence in the flow. Therefore, the angle
of attack and forces calculation may vary and further the power output.

The future scope of work to overcome these limitations are discussed below.

• MRF model can be used in place of ALM model, since it is possible to resolve the
blade with fine mesh resolution around the blade. Resolving the blade will help to
gather information considering the unsteadiness as well as the exact shape of airfoil.

• Sliding mesh interface (SMI) model can be used in place of ALM model. In SMI,
there is mesh movement during the transient simulation. Hence, if the compu-
tational resources and time is available, the SMI model will yield more reliable
results.

• LES can be used rather than RANS technique for turbulence calculation. Its capable
to accurately calculate the turbulent behavior in the fluid flow.

• Structural load on the turbine can also be studied. This will help to discover if the
changes in the twist angle increases the load.
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