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A large-scale offshore 2 MW wind turbine designed to operate in a proposed 120-MW 
North Sea windfarm project is investigated in this study. The wind resources at the 
proposed site and the power requirements of the wind farm have been established. 
Preliminary sizing and conceptual design of a 2 MW wind turbine has been carried out 
to achieve optimum aerodynamic performance. Aerodynamic performance of the 
proposed design has been independently analysed by classical blade element-
momentum (BEM) theory and by an in-house computational fluid dynamics (CFD) 
analysis. The CFD analysis has in the past been used only for small scale 10KW class 
turbines and required a distributed computing platform. As part of the work, this 
approach has been extended to large-scale wind turbine systems, and implemented in 
a form suitable for efficient execution on modern multi-core desktop systems with the 
aid of message passing interface (MPI). The tip vortex model in earlier hybrid analyses 
has been extended to incorporate a full span wake model. In the event of unsteady 
stalled flow over the rotor at high wind speeds, the present approach also captures the 
shed wake effects. The results from both the BEM and CFD analyses agree well with 
each other in terms of performance. It is found that the proposed design is efficient in 
terms of power generation over a broad range of wind speeds, tip speed ratios, and 
blade pitch settings with a maximum coefficient of power around 0.47. An economic 
feasibility study of the proposed offshore windfarm has also been done. The cost of 
energy was found to be 9.7 cents per KW-hr in 2018 dollars, which is significantly lower 
than the prevailing cost of 18 cents per KW-hr. It is concluded that the windfarm 
project is economically viable. 
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1. Introduction 
 

Carbon dioxide and greenhouse gas emission has recently become an important environmental 
concern around the world. Numerous efforts are being made by governments worldwide, to reduce 
fossil fuel consumption and rely more on renewable energy resources. Among renewable energy 
alternatives, wind energy is one of the most prevalent and popular. The abundance of wind resources 
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worldwide, combined with rapid advancements in wind engineering technology, has made wind 
energy a very promising renewable energy option. 

Over the past several decades, extensive research has been carried in this field to model the 
physics of wind turbine operations efficiently and accurately, and on improving turbine performance 
and efficiency. Much of the early work in this area relied on field studies where the wind turbine 
performance was measured at various wind speeds. National Renewable Energy Laboratory (NREL) 
in the United States has measured and documented the performance of a number of rotor systems. 
These include field studies as well as carefully done wind tunnel studies [1-5]. Efficient computational 
methods that use blade element theory for the aerodynamics of the rotor blades, combined with 
conservation of axial and azimuthal momentum within an annulus stream tube crossing the rotor 
disk (BEM) also became available [6-8]. With the routine availability of highspeed computer systems, 
efficient computational fluid dynamics (CFD) methodologies also became available [9-21].  

Coupling of wind turbines with other disciplines such as aeroelasticity and wind drive trains have 
also been done. In Yu et al., [22]’s study, a 3-dimensional unstructured grid methodology was coupled 
to a flexible beam model. In Becker et al., [23]’s research, the NREL public domain software FAST [24] 
has been coupled to the open source software OpenFoam [25] to model the effects of blade bending 
and torsional effects, and the drive train inertia. In Popko et al., [26]’s analysis, validation and 
comparison of various aerodynamics-hydrodynamics-servo-elastics simulation codes for offshore 
wind turbines have been made. 

In the present study, these advances in computational modeling of wind turbines are used to 
conduct a feasibility study of a hypothetical windfarm. This farm consists of 60 wind turbines, each 
producing 2 MW of power for a total power production of 120 MW. The proposed farm is located in 
the North Sea region on the west side of the West Frisian Islands off the coast of the Netherlands. 
This region is rich in wind resources [27-29] as shown in Figure 1. 
 

 
Fig. 1. Wind map in North Sea region [27] 
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2. Methodology  
 

In this work, the proposed windfarm modelled using the following approach. First, the combined 
blade element-momentum theory (BEM) has been used to design a wind turbine with a rated power 
of 2 MW at a rated wind speed of 10 m/s. The aerodynamic performance of the wind turbine is 
subsequently analyzed at off design conditions using BEM theory. These numerical predictions are 
independently verified using a state-of-the-art computational fluid dynamics solver developed by the 
present authors at selected operating conditions. Finally, an economic feasibility study is done to 
assess the economic viability of the proposed windfarm. 

 
2.1 Wind Turbine Blade Design 
 

As previously described, the wind turbine is designed for the following operating conditions 
 

i. Rated power: 2 MW 
ii. Rated wind speed: 10 m/s 
iii. Site elevation: 0 m  
iv. Air density 1.225 kg/m3 

 
2.1.1 Preliminary sizing 
 

The design process begins with the selection of the number of blades. For large-scale wind 
turbines, a 3-bladed configuration is common [30]. Assuming a rated wind speed of 12 m/s at the 
hub of the rotor disk (120% of the prevailing wind speed at sea level), and a nominal power coefficient 
CP of 0.5, we obtain a preliminary estimate of the blade radius R from 
 

𝑃 =
1

2
𝜌𝐶𝑃𝜋𝑅2𝑉ℎ𝑢𝑏

3               (1) 

 
The hub height is next determined to be twice the blade radius R, based on NREL Wind Pact Trade 

Studies [23]. 
 
ℎℎ𝑢𝑏  =  2𝑅              (2) 
 

We next use the rated wind speed at a specified anemometer height to project the wind speed 
at the center of the rotor hub using the 1/7 power law for turbulent boundary layers: 
 

𝑉ℎ𝑢𝑏 = 𝑉𝑎𝑛𝑒𝑚𝑜𝑚𝑒𝑡𝑒𝑟 (
ℎℎ𝑢𝑏

ℎ𝑎𝑛𝑒𝑚𝑜𝑚𝑒𝑡𝑒𝑟
)

1

7
= 𝑉𝑎𝑛𝑒𝑚𝑜𝑚𝑒𝑡𝑒𝑟 (

2𝑅

ℎ𝑎𝑛𝑒𝑚𝑜𝑚𝑒𝑡𝑒𝑟
)

1

7
        (3) 

 
Eq. 1 - 3 are iteratively solved until the bade radius R converges to a user specified tolerance. For 

the proposed wind turbine, the rotor radius is found to be 46.34 m.  
The next design parameter to be considered is the rotor revolutions per minute (RPM). Based on 

historical data and previous analyses [30], the optimum value of tip speed ratio (TSR), defined as the 
ratio of the tip speed to the velocity at the hub, generally varies between 10 and 12. A nominal TSR 
of 11, corresponding to an RPM of 22.5, has been selected. 
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2.1.2 Airfoil selection 
 

Following the guidelines from Tangler et al., [31]’s study, NREL airfoil families of S818, S825, and 
S826 are used at the blade root, mid-span, and tip section, respectively as shown in Table 1 below. 
These airfoils are well known for their high values of maximum lift coefficient, gradual progressive 
stall, and laminar flow with low viscous drag over a broad range of angles of attack. These air-foils 
are also insensitive to roughness due to grid, ice, or erosion of the blade surface.  

 
Table 1 
Airfoil Families used in the Proposed Design 
r/R Airfoil Thickness 

0.05  r/R  0.45 S818 24% 

0.45 < r/R  0.85 S825 17% 

0.85 < r/R  1.00 S826 14% 

 
2.1.3 Blade twist 
 

The radial distribution of blade twist is next found as follows in Figure 2. 
 

 
Fig. 2. Schematic diagram of local blade section and 
the corresponding flow angles 

 

Here, the quantity V is the induced velocity. According to Betz theory for actuator disks, V 
should be Vhub/3 for maximum efficiency. 

From Figure 2 above, the twist angle  for zero pitch operation is given by 
 

𝛽 = 𝜙 − 𝛼               (4) 
 

The local flow angle  is given by 
 

𝜙 = 𝑡𝑎𝑛−1 (
𝑉𝑁

𝑉𝑇
) ≈ 𝑡𝑎𝑛−1 (

2

3

𝑉ℎ𝑢𝑏

𝛺𝑟
)            (5) 

 

The angle of attack  in Eq. 4 above corresponds to an angle of attack that yields the maximum 
lift-to-drag ratio for a given airfoil shape. The factor 2/3 in Eq. 5 is based on Betz actuator disk model, 
which states that the optimum performance is realized when the wind speed slows down to 2/3 of 
its value far upstream of the rotor disk. Eq. 4 and 5 result in a nonlinear twist distribution in the radial 
direction along the blade. In the present study, a linear regression of the blade twist distribution was 
done to arrive at a configuration that is easily manufactured. 
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2.1.4 Blade chord selection 
 

The next step is to determine radial distribution of chord length. According to BEM theory, air 

particles that cross an annular ring of radius r and width r experience a rate of change of momentum 
caused by the aerodynamic forces exerted by the blade sections on the particles: 

 
𝜌(2𝜋𝑟𝛥𝑟)(𝑉ℎ𝑢𝑏 − 𝛥𝑉)(2𝛥𝑉) = 𝐵(𝐿′ 𝑐𝑜𝑠 𝜙 + 𝐷′ 𝑠𝑖𝑛 𝜙)𝛥𝑟         (6) 
 

Again, V is Vhub/3 based on the Betz actuator model for optimum performance. The air particles 
continue to decelerate behind the rotor disk and far field downstream, so that the total change in 

the velocity between a station far upstream and a station far downstream is 2V. 
Here L’ and D’ are the lift and drag forces on the blade section per unit span. Using the definition 

of these aerodynamic forces in Eq. 6, we obtain 
 
16

9
𝜋𝑟𝑉ℎ𝑢𝑏

2 = [
𝐵

2
(

4

9
𝑉ℎ𝑢𝑏

2 + (𝛺𝑟)2) 𝑐] (𝑐𝑙 𝑐𝑜𝑠 𝜙 + 𝑐𝑑 𝑠𝑖𝑛 𝜙)        (7) 

 
The blade chord c(r) may be found from Eq. 7. A linear regression of the chord variation is next 

done, in order to arrive at a trapezoidal blade planform as shown in Figure 3. 
 

 
Fig. 3. Geometry of rotor blade planform 

 

2.1.5 Rotor design summary 
 

From the design procedure discussed earlier, the final design of the proposed wind turbine is 
summarized in Table 2 below 

 
Table 2 
Summary of Rotor Design 
Design Parameter Value 

Number of Blades, B 3 
Rated Power (MW) 2 
Rated Wind Speed (m/s) 10 
Rotor Radius (m) 46.34 
Hub Height (m) 92.68 
Design RPM 22.5 

Rated Tip Speed (m/s) 109.2 
Rated Tip Speed Ratio (TSR) 10.92 
Root Cut-out 5% Radius 
Airfoil Families Root: S818 

Mid Span: S825 
Tip: S826 
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2.2 Preliminary Performance Analysis by BEM 
 

Primary investigation of wind turbine performance under design and off-design conditions is 
conducted using classical combined blade element momentum (BEM) theory. The reference rotor 
blade is divided radially into a number of blade elements. Each of the blade elements is then 
aerodynamically analysed as a two-dimensional flow problem. Referring to a schematic diagram of 
the problem described by Figure 4, BEM theory computes aerodynamic loads using the following 
procedure. 

 

 
Fig. 4. Schematic diagram of velocity and 
force components of a blade element 
located at a radial distance r from the center 
of rotation 

 
For each element, an initial guess is made for axial induction factor, and rotational factor, using 

Eq. 8 and 9 given below. 
 

𝑎𝑔𝑢𝑒𝑠𝑠 =
1

4
[2 + 𝜋𝜆𝑒𝑙𝑒𝑚𝜎𝑒𝑙𝑒𝑚 − √4 − 4𝜋𝜆𝑒𝑙𝑒𝑚𝜎𝑒𝑙𝑒𝑚 + 𝜋𝜆𝑒𝑙𝑒𝑚

2 𝜎𝑒𝑙𝑒𝑚(8𝛽𝑒𝑙𝑒𝑚 + 𝜋𝜎𝑒𝑙𝑒𝑚)]     (8) 

 

𝑎𝑔𝑢𝑒𝑠𝑠
′ = 0               (9) 

 
where 
 
𝛽𝑒𝑙𝑒𝑚 = 𝑡𝑤𝑖𝑠𝑡𝑒𝑙𝑒𝑚 + 𝑝𝑖𝑡𝑐ℎ 
 

𝜆𝑒𝑙𝑒𝑚 =
𝜔𝑟𝑒𝑙𝑒𝑚

𝑉∞
 𝑎𝑛𝑑 𝜎𝑒𝑙𝑒𝑚 =

𝐵𝑐𝑒𝑙𝑒𝑚

2𝜋𝑟𝑒𝑙𝑒𝑚
 

 
𝑉𝑁,𝑒𝑙𝑒𝑚 = 𝑉∞(1 − 𝑎𝑒𝑙𝑒𝑚) 

 
𝑉𝑇,𝑒𝑙𝑒𝑚 = 𝛺𝑟𝑒𝑙𝑒𝑚(1 + 𝑎′𝑒𝑙𝑒𝑚) 

 

𝜙𝑒𝑙𝑒𝑚 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑉𝑁

𝑉𝑇
)

𝑒𝑙𝑒𝑚

 

 
𝛼𝑒𝑙𝑒𝑚 = 𝜙𝑒𝑙𝑒𝑚 − 𝛽𝑒𝑙𝑒𝑚 
 

𝐿′𝑒𝑙𝑒𝑚 =
1

2
𝜌∞(𝑉𝑁

2 + 𝑉𝑇
2)𝑒𝑙𝑒𝑚𝑐𝑒𝑙𝑒𝑚𝐶𝑙,𝑒𝑙𝑒𝑚 
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𝐷′𝑒𝑙𝑒𝑚 =
1

2
𝜌∞(𝑉𝑁

2 + 𝑉𝑇
2)𝑒𝑙𝑒𝑚𝑐𝑒𝑙𝑒𝑚𝐶𝑑,𝑒𝑙𝑒𝑚 

 
Once the lift and drag forces per unit span of an element are obtained, thrust force acting on the 

element and power produced by the element can be found using Eq. 10 and 11, respectively. 
 

𝑇𝑒𝑙𝑒𝑚
′ = 𝐿𝑒𝑙𝑒𝑚

′ 𝑠𝑖𝑛 𝜙𝑒𝑙𝑒𝑚 − 𝐷𝑒𝑙𝑒𝑚
′ 𝑐𝑜𝑠 𝜙𝑒𝑙𝑒𝑚                    (10) 

 

𝑃𝑒𝑙𝑒𝑚 = 𝑇𝑒𝑙𝑒𝑚
′ (𝛥𝑟)𝛺𝑟𝑒𝑙𝑒𝑚                       (11) 

 
Total thrust and power produced by the entire rotor can there-fore be obtained by summing 

thrust and power contributions of each blade element determined by Eq. 10 and 11 over all elements, 
and multiplying the thrust and power per blade the number of blades, i.e., 
 

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝐵 ∑ 𝑇𝑒𝑙𝑒𝑚
′

𝑁                         (12) 
 
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝐵 ∑ 𝑃𝑒𝑙𝑒𝑚𝑁                          (13) 
 

The earlier estimated values of axial induction factor and the swirl induction factor are updated 
using Eq. 14 and 15 below. 
 

𝑎𝑛𝑒𝑤 = [1 +
4𝐹 𝑠𝑖𝑛2 𝜙𝑒𝑙𝑒𝑚

𝜎𝑒𝑙𝑒𝑚(𝐶𝑙,𝑒𝑙𝑒𝑚 𝑐𝑜𝑠 𝜙𝑒𝑙𝑒𝑚+𝐶𝑑,𝑒𝑙𝑒𝑚 𝑠𝑖𝑛 𝜙𝑒𝑙𝑒𝑚)
]

−1

                   (14) 

 

𝑎𝑛𝑒𝑤
′ = [−1 +

4𝐹 𝑠𝑖𝑛 𝜙𝑒𝑙𝑒𝑚 𝑐𝑜𝑠 𝜙𝑒𝑙𝑒𝑚

𝜎𝑒𝑙𝑒𝑚(𝐶𝑙,𝑒𝑙𝑒𝑚 𝑠𝑖𝑛 𝜙𝑒𝑙𝑒𝑚−𝐶𝑑,𝑒𝑙𝑒𝑚 𝑐𝑜𝑠 𝜙𝑒𝑙𝑒𝑚)
]

−1

                   (15) 

 
Where 
 
𝐹 = 𝐹𝑡𝑖𝑝𝐹ℎ𝑢𝑏 

 

𝐹𝑡𝑖𝑝 =
2

𝜋
𝑎𝑟𝑐𝑐𝑜𝑠 𝑒

−(
𝐵(𝑅−𝑟𝑒𝑙𝑒𝑚)

2𝑟𝑒𝑙𝑒𝑚 𝑠𝑖𝑛 𝜙𝑒𝑙𝑒𝑚
)
 

 
Hub losses were neglected. Thus, Fhub equals 1. Eq. 8-15 are iteratively updated until a and a’ 

converge to user specified tolerance for all the blade elements. 
In the present study, a MATLAB solver based on the above theory has been developed. A root cut 

out of 5% is assumed. The remaining blade area between 5% R and 100%R is divided equally into 19 
blade elements. The BEM code also corrects for azimuthal variation in wind speeds due to ground 
boundary layer effects. 
 
2.3 Aerodynamic Modelling and Analysis by CFD 
 

In addition to preliminary performance calculations by BEM as previously discussed in 2.2, CFD 
analysis of the wind turbine rotor has also been conducted to complement BEM results, and visualize 
important flow features. 
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2.3.1 CFD methodology: the hybrid method 
 

An in-house CFD solver called GT-Hybrid is used for all cases in this study. GT-Hybrid employs a 
hybrid approach [10, 20]. It combines a Navier-Stokes solver (RANS) that simulates the viscous flow 
over the blade in the near field, with a Lagrangian wake representation of the trailing and shed wake 
structure. Because only a small region surrounding the blades is solved using the costly Navier-Stokes 
equations, the present hybrid method is computationally very efficient. 

A free wake model, which allows for wake distortion, is used to compute wake geometry. Biot-
Savart law is used to compute self-induced velocity of the wake, as well as the induced velocity 
caused by the blade on the computational fluid dynamics region boundaries. 

The tip vortex model in our earlier hybrid analyses has been generalized to incorporate a full span 
wake model to capture the tip vortex as well as the inner wake. In the event of unsteady stalled flow 
over the rotor at high wind speeds or under cross wind conditions, the present approach also 
captures the shed wake effects. 

The present numerical scheme is first order accurate in time and third order accurate in space. 
The Spalart-Allmaras Detached Eddy Simulation (SA-DES) is used for modelling the effects of eddy 
viscosity. This model was chosen from an extensive study of available turbulence models within the 

flow solver. These include the Baldwin-Lomax algebraic model, SA-DES model, and the classical k--
SST two-equation model. In Benjanirat [11]’s research, it was found that the SA-DES model 
wasadequate for modelling attached and separated flow regimes, both. 

As part of the work, the approach in our earlier work [10, 20] has been extended to large scale 
wind turbine systems and implemented in a form suitable for efficient execution on multi-core 
desktop systems. The earlier version of the solver required 26 hours on a Pentium IV desktop system 
for four revolutions. The present analysis takes advantage of improved clock speeds and multiple 
cores available on modern desktop system and uses the MPI (message passing interface) for a more 
efficient simulation, requiring less than 2 hours of wall clock system for four revolutions. 

 
2.3.2 Computational grid topology 
 

GT-Hybrid solver package includes a grid generator. For all computational cases, a C-H grid 
topology is used due to its flexibility in near-surface grid refinement, together with orthogonality and 
smoothness of grid lines. In the current study, all computational grids are clustered near the leading 
edge, the trailing edge, and the blade tip, and are created with the following settings (Table 3) 

 
Table 3 
Computational grid settings 
Parameter Value 

Number of wrap-around-chord grid lines 131 
Number of grid lines above/below blade surface 45 
Number of grid lines in spanwise direction 70 
Associated y+ value 5 

 
Grid sensitivity studies have been done in prior work [10] where three progressively refined 

meshes ranging from 600,000 cells to 2.4 Million cells per blade were studied, and the sectional thrust 
coefficient and the power coefficient both varied within 5%. For engineering analyses, the grid 
density shown in Table 3 has been found to be adequate. 

An illustration of computational grid used in this study is given below in Figure 5. 
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Fig. 5. Computational grid used in the current study 

 
2.4 Cost of Energy 
 

An economic analysis has been carried out for the proposed wind form, using a cost model 
proposed in Wijnent [27]’s analysis as follows.  

First, a Weibull probability distribution PWeibull(V) of the wind speed at the proposed site is 
assumed. Nest, the power production at a given wind speed is computed as P(V) from Eq. 1. The 
product of P(V) times PWeibull(V) is numerically integrated between the cut-in speed and cut-out 
speeds. This integral yields the estimated power per wind turbine. Multiplying this value by the 
number days (365) and hours per day (24), the total annual energy production in KW-hours is 
computed. 

For the proposed wind turbine configuration, this approach indicates that the offshore windfarm 
will have a capacity factor of 52.87%, with an annual energy production of 9262 MW-hr. 

 Next, the total cost of the wind turbine was estimated using the cost model given in previous 
study [32]. In this model, regression curve fit data is used for the estimated cost of the various 
components – rotor blades, gears, tower, nacelle, support systems, etc. The costs associated with 
offshore systems were also included. This approach projects that the initial cost of a 2 MW offshore 
system is3.6 Million in 2002 US dollars. 

Once the capital cost is known, the annual cost of servicing this debt may be estimated as follows. 
The cost is met using a combination of equity (with an anticipated 15% return on equity) and 
commercial bank loans (at 8.7%) for an average rate of 11.85%. The financing cost per year divided 
by the total annual energy production (9.3 GW-hr for this site) yields a value of 5.1 US cents per KW-
hr as the cost of energy in 2002 dollars, after the annual cost of maintenance, repair, and overhaul 
(MRO) are considered. 

This value, adjusted for inflation of 2%, is 9.7 US cents per Kilowatt-hour in 2018 dollars. This 
amount is substantially lower than the utility rate of 18 cents per KW-hr in Netherlands, indicating 
that the proposed wind form is financially viable. 
 
3. Results and Discussion 
 

For both BEM and CFD investigations, aerodynamic performance of the wind turbine design is 
assessed for the following cases 
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i. Wind speed: 6-25 m/s 
ii. Pitch angle: 0 deg, 2 deg, and 4 deg 
 

In these studies, the Reynolds number at the blade tip, based on the tip chord and tip speed R, 
is 3.9x106. 
 
3.1 Power Generation at Zero Pitch 
 

Figure 6 given below shows a comparison of generated power versus wind speed curves at zero-
pitch condition using the BEM and CFD analysis both. A reasonable agreement is found both for the 
power production as a function of wind speed, and the coefficient of power as a function of tip speed 
ratio. It is also seen that the rated power of 2 MW is realized at the rated wind speed of 10 m/s. The 
variation of the coefficient of power with wind speed is also shown. The maximum value of the 
coefficient of power was 0.47 at the rated wind speed. This is slightly lower than the assumed value 
of 0.5 in the preliminary design, largely because the preliminary design process ignores a number of 
losses in the system including tip loses, non-uniform inflow effects, and swirl losses. At higher wind 
speeds above the rated wind speed of 10 m/s, the rotor stalls leading to a loss in the generated 
power. The blade element method does not account for the stall delay caused by centrifugal pumping 
effects, and gives rise to a somewhat steeper drop in power at high wind speeds. 

 

 
Fig. 6. Power and power coefficient versus wind speed curves at zero pitch 

 
3.2 Power: Tip Speed Ratio and Pitch Angle Effects 
 

The performance of the rotor at other conditions have also been modelled using the CFD analysis. 
Figure 7 shows the variation of the power coefficient versus tip speed ratio (TSR) for zero pitch, +2 
degree pitch, and +4 degree pitch settings. It is seen that the proposed design has an optimum Cp 
value around 0.45 over a broad range of tip speed ratios and pitch settings, indicating that the rotor 
performs reasonably well even under off-design conditions. 
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Fig. 7. Power coefficient versus wind speed at 0 
deg, 2 deg, and 4 deg pitch 

 

The rotor being analyzed was designed for zero pitch angle, and a tip speed ratio of 11. As seen 
in Figure 7, under this condition the maximum Cp is realized. It is also seen that a slightly higher rotor 
pitch value of 2 degrees further benefits the rotor performance in terms of maximum Cp value and 
power generation over a broad range of tip speed ratios between 10 and 15. The peak value of 0.45 
is comparable to the power coefficient of existing 2 MW class wind turbines [30]. As the pitch setting 
increases to 4 degrees, the sectional angles of attack decrease, leading to a reduction in the 
propulsive sectional thrust forces in the plan of rotation. This leads to a reduction in torque and 
power production over much of the TSR range, except at very low TSR values (high wind conditions) 
when the rotor stalls. 
 

3.3 Flow Visualization by CFD 
 

CFD analysis is also an effective way of visualizing important flow phenomena and identifying key 
features of the flow. 
 
3.3.1 Computed streamlines 
 

Figure 8 below shows streamlines computed by GT-Hybrid at the rotor blade midspan and near 
the tip at rated wind speed and zero pitch. 
 

 
Fig. 8. Computed streamlines and pressure contour at rated wind speed and 
zero pitch 
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Figure 8 confirms that the proposed design, operating at the rated wind speed, has a fully 
attached flow over the entire span. At higher wind speeds, e.g. 25 m/s, there is extensive flow 
separation in the mid-span region as shown in Figure 9. Because of the blade twist, the tip region 
maintains attached flow over much of the airfoil section even at this extreme wind condition. 

 

 
Fig. 9. Computed streamlines and pressure contour at wind speed of 25 m/s 
and zero pitch 

 
The effects of blade pitch on the flow field, and consequently on the power coefficient may be 

analyzed. Figure 10 shows the computed streamlines and pressure contours of the rotor blade at 2 
deg pitch in 9 m/s wind (TSR=12.13). 

 

 
Fig. 10. Computed streamlines and pressure contour at wind speed of 9 m/s 
and 2 deg pitch 

 
Comparing the pressure contours in Figure 10 to corresponding contours in Figure 8, it is clear 

that the region of suction pressure, i.e. the region where the gauge pressure is negative, on the upper 
surface of the rotor for the 2-degree pitch case is significantly larger than for its zero-pitch 
counterpart. This translates into higher lift force, and an increased thrust force along the plane of 
rotation. Consequently, an improvement in power coefficient is realized as seen in Figure 7. 
 
4. Concluding Remarks 
 

A wind turbine with a rated power of 2 MW at a rated wind speed of 10 m/s has been designed 
for a hypothetical offshore windfarm in the North Sea region. The design was based on aerodynamic 
considerations to meet design requirements. The performance of the turbine rotor under design 
conditions and off-design conditions has been analysed using the BEM theory and an in-house CFD 
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analysis. Results from the two techniques agree very well with each other for the power production 
and coefficient of power over a broad range of wind speeds, tip speed ratios, and blade pitch settings. 
The agreement is particularly good when flow field over the rotor is fully attached, as confirmed by 
flow visualization. At higher wind speed where flow separation is significant, a larger discrepancy 
between BEM and CFD results is observed. Although designed for zero pitch conditions at a tip speed 
ratio of 11, the rotor also per-formed well under off-design conditions. 

In addition to aerodynamic performance studies, an industry standard model for rotor system 
cost and power production has been used to model he proposed windfarm, and this preliminary 
analysis indicates that the proposed system is economically viable. 
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