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Abstract: Due to reduced manufacturing, transportation, and installation costs, the two-blade wind
turbines (Two-BWT) are a viable option for offshore wind farms. So far, there is no mature design
model for offshore Two-BWT. This paper proposes an aerodynamic design method for offshore
Two-BWT blades using the blade element momentum (BEM) theory. This method calculates the
power coefficient of the Two-BWT by analogy with the three-blade wind turbines (Three-BWT), and
then determines the wind rotor diameter. Then, the airfoil, chord length, and twist angle are taken as
the key design factors. Furthermore, the piecewise combination method (PCM) for airfoil distribution,
the three-point sine method (Three-PSM) for chord length distribution, and the two-point sine method
(Two-PSM) for torsion angle distribution are adopted, respectively. Subsequently, the minimum
rotational speed, under the rated wind speed and rated power, is taken as the optimization objective
to establish the optimization model. The global flow field of Two-BWT is constructed based on CFD
technology, and the characteristics of wind speed distribution and blade pressure distribution in the
flow field are investigated. Finally, the CFD results are compared with the results of the BEM theory,
and the consistency of the results also shows the feasibility of the design method.

Keywords: aerodynamic design; two-blade wind turbines; optimization model; CFD simulation

1. Introduction

With the decreasing number of onshore wind farms that can be developed, the devel-
opment of offshore wind farms has become an inevitable trend [1-3]. At present, offshore
wind turbines are commonly used in the form of three blades. With the development of
a single-turbine capacity of over 10 MW, the manufacturing costs, transportation costs,
and installation costs of the Three-BWT (three-blade wind turbines) are putting more and
more pressure on the operators. Two-BWT (two-blade wind turbines) is another kind of
wind turbine that has received attention. Two-BWT have one blade less than Three-BWT.
Blades are the main component of wind turbines [4]. Reducing one blade will lead to a
large reduction in manufacturing costs. At the same time, transportation costs, lifting costs,
and maintenance costs can also be reduced. From the perspective of mechanical force, wind
shear, yaw, moment of inertia, and other factors will make the Two-BWT bear the greater
dynamic load. Large load fluctuation leads to more complex dynamic behavior, which puts
forward more stringent requirements for optimized design and dynamic control [5-7]. On
the other hand, the noise of the blade operation will increase rapidly with the increase of
the blade tip speed. At the same speed, the power generated by the Two-BWT is lower
than that of the Three-BWT. To achieve the same power generation, the Two-BWT needs a
higher speed; the blade tip speed is much higher, and the noise is much higher. This is a big
disadvantage for onshore wind turbines. For offshore wind turbines, low manufacturing
costs, transportation costs, and installation costs are very attractive. Furthermore, the
disadvantage of strong noise is not so obvious in the marine service environment. So,
Two-BWT could be an alternative to future offshore wind power. The aerodynamic design
of the Two-BWT blade is the focus of this paper because they are important energy capture
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components in wind turbines, whose shape and structure are the key factors affecting wind
energy capture.

Blade optimization design is a hot topic in wind turbine design, which is widely
concerned by academic and engineering circles. For example, Z. Qin et al. carried out the
design and structural response analysis of a 38-meter-long wind turbine blade under an
extreme static load [8]. G.P. Serafeim et al. studied the blade mass reduction of a 10 MW
wind turbine using a passive control technique [9]. T. Bagherpoor et al. used MATLAB
programming to optimize the structure of a 2 MW composite wind turbine blade [10]. The
blade design mainly focuses on two aspects: one is aerodynamic design, and the other
is strength design. The aerodynamic design is mainly influenced by the distribution of
airfoil, chord length, and torsional angle, while the strength design is mainly influenced by
the material and structure [11-13]. As far as aerodynamic design is concerned, the main
calculation methods used at present are BEM (Blade Element Momentum) theory [14,15]
and CFD (Computational Fluid Dynamics) method [16,17]. Airfoil selection is an important
prophase work in blade design. Many countries and institutions in the world have carried
out continuous research on airfoil design and formed a relatively stable airfoil database,
such as NACA airfoils, RISg airfoils, FFA airfoils, and DU airfoils. Different airfoils have
different characteristics, so how to choose the airfoils depends on the specific design
objectives. M. Avvad et al. analyzed the performance of three airfoils at different pitch
angles and wind speeds [18]. To further improve the energy efficiency of wind turbines,
S. Huang et al. proposed a new wind turbine design method using bionic blades [19]. Based
on 5809 and NACA 63215 airfoils, S.-C. Yen et al. designed a new type of hybrid blade
airfoil [20]. There are also some studies on the distribution of chord length and twist
angle. A. Alkhabbaz et al. used a unique linearization method to divide the congruent
line into equal divisions, and linearized the chord and torsion distributions of a 10 kW
horizontal axis wind turbine [21]. L. Jia et al. proposed a reinforcement learning-based
approach to effectively search for optimal twist distribution for optimizing power [22].
M. Tahani et al. used a new linearization method, through the different points of chord and
twist and tangent cross, to solve the distribution of chord and twist. The optimal point
along chord and twist distribution with a higher total power coefficient is determined [23].
M. Tahani et al. introduced the distribution of chords and twists by fitting different types of
functions and chose 48 functions as possible distributions for analysis [24]. S. Rahgozar et al.
used four possible combinations of the linear /nonlinear distribution of chord length and
twist angle for small wind turbines, and the multi-objective optimization analysis of its
output power and start-up time is carried out [25]. In addition, much of the research
on blade optimization focuses on design algorithms such as genetic algorithms, artificial
neural networks, and support vector machines. A. Pourrajabian et al. investigated the
robustness and accuracy of continuous and binary techniques in genetic algorithms for
wind turbine blade design [26]. M. Sessarego et al. introduced the method of using a neural
network to optimize the blade design of the curved wind turbine blade [27].

Although some research work has been done, there are still many challenges to design
wind turbine blades more accurately and efficiently, especially for the blade optimization
design of the new large offshore Two-BWT. In comparison, the two-blade design can refer
to less empirical knowledge than the three-blade design; for example, how to determine the
diameter of the two-blade wind rotor. The flow field characteristics of the two-blade wind
rotor are also different from those of the three-blade wind rotor. To provide knowledge
support for the commercial development of offshore Two-BWT, this paper will provide
in-depth research on the design optimization of the offshore two-blade wind rotor blade.
The main challenges to be solved include: (1) the effective determination of the diameter
of the two-blade wind rotor; (2) the determination of aerodynamic design variables and
their corresponding change control modes; (3) the construction of optimization objectives
and their optimization solutions; and (4) investigation of global flow field characteristics of
two-blade wind rotor. To better understand the process of this work, the research flow is
illustrated using Figure 1.
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Figure 1. Research flow of the Two-BWT blade design.

In general, the innovative contributions of the paper can be summarized as follows:

An aerodynamic design method for novel offshore Two-BWT blades is presented.
The design variable control models (PCM, Three-PSM, and Two-PSM) are adopted.
The wind speed distribution and blade pressure distribution in the Two-BWT flow
field are investigated.

2. Determination of Two-Blade Wind Rotor Diameter
2.1. Blade Aerodynamic Modeling

Wind turbine blades are composed of sections of different airfoils. To design a blade,
aerodynamic modeling is required to obtain parameters such as thrust and power coefficient.
As the classic and most widely used method, BEM (Blade Element Theory) is the preferred
method for blade aerodynamic modeling. Figure 2 shows the wind turbine, blade, and
elemental forces. According to the BEM theory, the aerodynamic forces acting on the blade
interface can be expressed as lift and drag, that is

dL = %erzelcCldr (1)

dD = 2pV2,cCydr @
2

where dL is the lift acting on the local blade element, dD is the drag acting on the local
blade element; c is the chord length; p is the air density; C; is the lift coefficient, C; is the
drag coefficient; Vj is the wind speed; V,, is the wind velocity relative to the local blade
element; dr is the blade element length.

According to the principle of force synthesis and decomposition, the lift force and
drag force on the blade element can be further decomposed into the tangential force and
the normal force, and the expression is [28,29]

1
dT = EpcVél(Cl sing — C;cos¢)dr (3)

dN = %pchzel(Cl cos ¢ + Cysin ¢)dr (4)

where dT is the tangential force (tangential to the rotor plane), dN is the normal force
(normal to the rotor plane); ¢ is the inflow angle.
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Then, starting from the tangential force, the power expression of the wind rotor can be
further deduced as

R
P= / %cherZeI(Cl sin¢g — Cycos ¢p)rdr ®)
0

where B is the number of blades in the wind rotor; w is the rotational speed of the wind
rotor; R is the rotor radius.
The total thrust expression can be written as

R
Fr = /0 %BPcVél(Cz cos ¢ + Cysin p)dr (©)

So, the power coefficient expression can be written as

P

- - 7
0.50VZR? @)

Cp

where Cp is the power coefficient.
The thrust coefficient expression can be written as

__h
~ 0.50V}nR2

®)

Cr

where Cr is the thrust coefficient.

Figure 2. Wind turbine, blade, and elemental forces. (a) Wind turbines; (b) Wind turbine blade;
(c) Local elemental forces.

2.2. Estimation of the Two-BWT Rotor Diameter

When designing the Two-BWT blades, the wind rotor diameter needs to be determined.
The wind rotor diameter is also the basic dimension parameter for blade design, and with
this parameter, the aerodynamic shape can be further optimized. Generally, the rated
power of the wind turbines is set at the beginning of the design, and then the rated wind
speed is determined according to the wind resource characteristics of the wind farm. Based
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on these conditions, if the power coefficient can be also given, the wind rotor can be directly
estimated by the following formula
D= [P ©
mpCpV3
where D is the wind rotor diameter.

Under the premise that the rated power and wind speed are given, the key in Equation (9)
is to obtain the power coefficient. As a new type of wind turbine, the research and prior
knowledge of the power coefficient of the Two-BWT is less. How to obtain the power
coefficient of the Two-BWT has become a key point of this paper. To solve this problem,
the idea adopted is to carry out a “three-to-two” calculation for an already designed three-
blade wind turbine based on the previously established blade aerodynamic model; that is, to
artificially transform the three-blade wind turbine into a two-blade wind turbine.

Here, the NREL 5 MW offshore wind turbines are selected as the calculation objects.
Table 1 shows the blade aerodynamic parameter distribution. The total blade length is
61.5m. “RNodes” in the table are the blade node locations, oriented along the blade
pitch axis from the rotor center to the blade cross-section. This blade consists of several
airfoils; in the table, “DU” means Delft University, and “NACA” means the National
Advisory Committee for Aviation. More detailed information on the blades and wind
turbines can be found in the literature [30]. Using the NREL 5 MW blade parameters,
the three-blade wind rotor form and the two-blade wind rotor form are set in the simu-
lation software “Qblade,” which is open-source software designed based on BEM theory

(http://g-blade.org (accessed on 25 June 2022)). Then, the power coefficient and thrust
coefficient are calculated, respectively, as shown in Figure 3.

Table 1. Blade aerodynamic parameter distribution [30].

Node RNodes/m Twist Angle/° Chord/m Airfoil

1 2.8667 13.308 3.542 Cylinder

2 5.6000 13.308 3.854 Cylinder

3 8.3333 13.308 4.167 Cylinder

4 11.7500 13.308 4.557 DU40_A17

5 15.8500 11.480 4.652 DU35_A17

6 19.9500 10.162 4.458 DU35_A17

7 24.0500 9.011 4.249 DU30_A17

8 28.1500 7.795 4.007 DU25_A17

9 32.2500 6.544 3.748 DU25_A17
10 36.3500 5.361 3.502 DU21_A17
11 40.4500 4.188 3.256 DU21_A17
12 44.5500 3.125 3.010 NACA64_A17
17 61.6333 0.106 1.419 NACA64_A17

When calculating, the wind speed is set to the rated wind speed of 11.4 m/s. Figure 3a
shows the relationship between the power coefficient and tip speed ratio; Figure 3b shows
the relationship between the thrust coefficient and tip speed ratio. From Figure 3a, it is
found that the power coefficient of the three-blade wind rotor is higher than that of the
two-blade wind rotor in the region with a low tip speed ratio. In the region of high tip
speed ratio, the power coefficient of the two-blade wind rotor is higher than that of the
three-blade wind rotor. The reason for this phenomenon is that the change in the number
of blades leads to a change in the solidity of the rotor, which in turn affects the change of
the induction factor during the aerodynamic analysis. However, for large wind turbines,
because the blades are very long, the tip speed ratio cannot be too large, otherwise, the
linear speed of the blade tip will exceed the design value. In this way;, it is generally
unlikely that the power coefficient of the two-blade wind rotor is greater than that of the
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three-blade wind rotor in practice. It can also be seen that for the two-blade wind rotor and
the three-blade wind rotor, the tip speed ratios corresponding to their respective maximum
power coefficients are different. The maximum power coefficient of the three-blade wind
rotor is larger than that of the two-blade wind rotor. In the figure, the power coefficient of
the three-blade wind rotor is 0.44, and that of the two-blade wind rotor is 0.39 (equivalent
to 88.6% of the three-blade wind rotor). In addition, comparing the thrust coefficient curves
of the two-blade wind rotor and the three-blade wind rotor in Figure 3b, it is found that the
thrust coefficient of the two-blade wind rotor is always lower than that of the three-blade
wind rotor. Moreover, the changing trend of the two is generally the same. The changing
trend of the thrust coefficient is different from that of the power coefficient.
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(a) Tip speed ratio A (b) Tip speed ratio A

Figure 3. Power coefficient and thrust coefficient. (a) Power coefficient; (b) Thrust coefficient.

According to the calculation result in Figure 3, the maximum power coefficient can
be preset to be 0.39. By substituting the power coefficient value into Equation (9), the
two-blade wind rotor diameter can be calculated, that is

8P 8 x 2000000
D = = — 85
7pCpV2 \/1.225 039 x 118 )

3. Determination of Aerodynamic Design Variables

To obtain the excellent aerodynamic performance of wind turbine blades, it is nec-
essary to optimize the distribution of relevant parameters that affect the aerodynamic
characteristics, such as airfoil distribution, chord length distribution, and twist angle distri-
bution. In reference [13], a quadratic function is used to control the distribution pattern
of the blade chord length and twist angle, which realizes the parameterized control of
aerodynamic variables. This method can effectively realize the aerodynamic optimization
design of the blades. Similarly, the parameterized control mode of blade aerodynamic pa-
rameter distribution is adopted in this paper, and new Three-PSM and Two-PSM methods
are proposed.

3.1. Airfoil Distribution Variables

Referring to the airfoil used by the NREL 5 MW blade, combined with the aerodynamic
characteristics of each airfoil, the DU30 airfoil, DU25 airfoil, DU21 airfoil, and NACA 64
airfoil are selected for this 2 MW blade design, distributed in the blade span, as shown in
Figure 4. Here, the airfoil distribution on the blade is called piecewise combination method
(PCM). 11 is the sum of the hub radius and cylinder length of the blade root. Usually,
the length of the cylindrical segment does not change much, so it can be determined in
advance in the design—that is, it can be regarded as a constant value. I, I3, l4, and I5 are the
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distribution lengths of the three airfoils in the spanwise direction of the blade, respectively.
During design, these length parameters can be freely changed within a certain range. In
this way, the blade airfoil distribution can be written as

Cylinder, r € [0,1]
DU30, r €[l 1 + 1]
A(r) = ¢ DU25, re[lh+h,li+1h+1) (10)
DU21, refh+h+13,1+1h+13+14
NACA64, re[lj+1+13+14R]

Although I, I3, 14, and I5 are all changed, the sum of the three is constant (the value is
R — I}); this means that it just makes three of the four variables. For example, let I, I3, and
I5 be variables, one has

Ihb+l34+Ils=R—-1—14 (11)

c)

(r,,0,) R

.- . T 7 (1”2,6;)
DU25 DU21 (7;,6;) NACA 64

I, ! I

5

Chord ¢

%:9%)  puzo (7,9,

) 11 Vl‘ 12 ) 13

Radius r
Figure 4. Blade airfoil distribution and chord length distribution.

3.2. Chord Length Distribution Variables

In Figure 4, the abscissa represents the spanwise length of the blade, and the center
of the hub is the origin of the coordinate. At the rotor radius r;, the value of the chord
length c; is equal to |6; — J7|. According to the experience of blade chord length distribution,
the chord length coordinate (g, cg) at the root of the blade, the maximum chord length
coordinate (r1, ¢1), and the chord length coordinate (;, cp) at the blade tip are set in advance.
In the reference [13], the distribution of chord length is in the form of the quadratic function,
and here, the distribution of chord length is in the form of the sinusoidal function. Here, this
chord distribution control is called the three-point sine method (Three-PSM). Its expression
can be written as

[ agsin(a;r+az) 1 € [ro, 1]
Cr) = { assin(aqr +as) € [ry, 2] (12)

where C(r) is the chord length of each airfoil section of the blade, and ay, - - - , a5 are the
equation coefficients.

From Equation (10), if the coefficients ag, - - - , a5 are determined, the chord length at
any section can be determined.

Since function C(r) passes through point (rg, ¢g), point (71, ¢1), and point (12, cz), the
coefficients a1,a7,44, and as can be represented by 4y and a3 as
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arcsin Z—l —arcsin Z—O
a1 = 0 0
1 r—ro
arcsin ;% r1—arcsin % )
a»n =
2 r—ro
(13)
arcsin 2—2 —arcsin Z—l
s = 3 3
4 ra—rg
arcsin % rp —arcsin % 1
as =
5 =
Then, the function C(r) can be rewritten as
. arcsin,% 7arcsin;—8 arcsinZ—grl 7arcsin% 0
C(r) e ) (14)
r) =
. arcsin % 7arcsin% arcsin%rz 7arcsin% 71
3 SIH( r2—=r rn=n )

In Equation (12), the equation coefficients have been reduced to two variables ag
and a3, that is, if a9 and a3 are given, the chord length on any section is known. On the
other hand, the chord length of the blade root to the maximum chord length of the blade
has an increasing trend, and the chord length from the maximum chord length to the
blade tip chord length has a decreasing trend. So, two monotonic intervals [77/6, 71/2] and
[7t/2,57/6] of the sine function, respectively, are chosen as control intervals for the design.
From this, the range of variables ay and a3 can be obtained as

01 < ap < 2¢
{ 200 < a3z < (15)

3.3. Twist Angle Distribution Variables

In a coordinate system, the abscissa represents the spanwise length of the blade, and
the ordinate represents the blade twist angle. The blade-root twist angle coordinate and
the blade-tip twist angle coordinate (r,,6;) are preset as control variables. Then, the sine
function is used to control the blade’s twist angle distribution of each airfoil section. This
twist distribution control is called the two-point sine method (Two-PSM). The expression
can be expressed as

0(r) = bolsin(b1r + b2) + o (16)

where 0(r) is the twist angle of the blade airfoil section; by, by and by are the equation
coefficients; and ¢ is the adjustment parameter (preset, for example, 1).

Substituting the coordinates (rg, 6p) and (r,,6>) into Equation (16), the expressions for
the coefficient b; and b, are obtained as

.0y — b . 0y — by
b arcsin -2 B 0 — arcsin-C B 0
1 = 7 —
2 o
6y~ ig 6~ 1y (17)
arcsin %o rp — arcsin %o 1o
b2 =

2 — 1o
Then, the function 6(r) can be rewritten as

arcsin®2 o % _ arcsin® B b arcsin® o b ry — arcsin %2 o b 70
— bolsi 0 0 0 0
0(r) = bo[sin( pa— r+ pRa—

) + 60 (18)

The distribution of the blade twist angle obeys the rule that it decreases gradually
from root-to-tip. This is because the inflow angle at the blade root is the largest and the
inflow angle at the blade tip is the smallest. To make each element of the blade in the best
performance, their attack angles should not differ much, so it is necessary to have a large
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twist angle at the blade root and a small twist angle at the blade tip. Therefore, selecting
the interval [7r,471/3] as the design range, the range of variable by is

750, < by < 6 (19)

4. Optimizing Solving and Result Discussion
4.1. Design Objective and Solutions

Compared with the Three-BWT, the Two-BWT require a higher rotational speed to
achieve the same power generation, resulting in higher linear speeds and stronger noise. In
addition, although increasing the rotational speed of the wind rotor will bring about higher
power generation, it will make the wind turbine blades easily damaged. On the premise
that the rated wind speed and rated power remain unchanged, reducing the rotational
speed of the wind rotor required to capture wind energy can prolong the life of wind
turbines and obtain more reliable economic benefits.

According to Equations (11), (14), and (18), the extracted variables are as follows

x = (Ip, 13,15, a9, a3, by, 6p) (20)

The design objective is the minimum required rated speed 1,,teq, that is, min (#1,4teq)

P = Prated

c1 <ap < 2c
20p<a3 <y
7.56, < by < 6
90min < 90 < QOmax
lZmin < 12 < lZmax
l4min < 13 < l4max
lSmin < 15 < lSmax

s.t. (1)

Here, it should be noted that both ag, a3, and by are dimensionless, but their value
range is expressed by ¢y, c1, c2, 8y, and 6. The objective and variables in the optimization
model cannot form a direct functional relationship, and a program needs to be written for
iteration. The process of solving the minimum rated rotational speed to meet the rated
power is complicated, while it is relatively simple to solve the maximum power under a
certain speed condition. Therefore, according to the ideas in the reference [13], the solution
steps are changed; that is, the rotational speed of the wind rotor is first used as a variable to
obtain the maximum power at different rotational speeds. Then, the rotational speed of the
wind rotor at which the maximum power is equal to the rated power is found. At this point,
the rotational speed of the wind rotor is the minimum rotational speed required to satisfy
the rated power condition. Figure 5 shows the optimization design method and process
of the Two-BWT blades. Overall, it is divided into four stages, namely determining the
two-blade wind rotor diameter, determining the aerodynamic design variables, establishing
the optimized design model, and optimizing solving.

In the optimization solution process, the power calculation needs to be programmed
based on BEM theory. For optimization, it is necessary to set the value range of relevant
parameters and the initial conditions of calculation, such as the initial rotational speed,
wind speed, pitch angle, etc. Then, the optimization objective is modified to maximize
the power, and in this case, the first term of the optimization constraint is canceled. The
“fmincon” function, which finds the minimum of the constrained nonlinear multivariable
function, is chosen as the optimization algorithm. This “fmincon” optimization algorithm
uses the first-order derivative information of the objective function and the constraint
function to iterate from the given initial point along the descending direction of the objective
function and finally converge. The power-solving procedure is embedded in the calculation
process. Taking the power as a negative value, the result of the minimization solution is
the maximum power. In this way, the corresponding aerodynamic shape parameters can
be obtained. In the process of calculating wind rotor power using BEM theory, iterative
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calculation of velocity induction factor is an important task. The specific calculation method
can be found in references [28,29,31], and will not be repeated here.

Optimization design method and process of Two-BWT blades

Blade aerodynamic Establishing power K
modeling based on [—¥  coefficient and thrust Comparison of three-blade
Determining BEM theory coefficient rotors and two-blade rotors
two-blade
wind rotor Y \ 4
diameter Three-blade wind Determining the power Determining the two-
turbine blade P Inputing Qblade software factor of the two-blade > blade wind rotor
parameters wind turbine diameter
Airfoil distribution Chord length distribution Twist angle distribution
. variables variables variables
Determining
aerodynamic | |
design
Tl apsin(ayr +a,)  relrn,n] .
L+L+I5=R-5-1, Ciy = . 6(r) = by[sin(byr + by) + 6]
aysin(ar +as)  reln,n]
Design variable Objective Restrictions
Establishing ¢
optimized
design model P=Puu a <ay<2c 2c;<a;<¢
x=(b,k,15,a4,a5,b,6,) min (Mraged) 7.56, <b, <6, Griin < 6y < Bpax Lynin < b <l
lamin <by <lymax  Lsmin <Is < 5oy

I

Optimization
solving

Seting power calculation
conditions

A 4

Initial rotational
speed

A 4

Power calculating
based on BEM theory

), —Aw

Initial iteration value

Blade airfoil aecrodynamic
coefficients

Cubic spline interpolation

Blade section
twist angle

Section lift
coefficient

Blade chord length and
twist angle parameters

Blade section
chord length

Section drag
coefficient

—

Power calculating [

to

Integrating the section torque

get the rotor torque

Iterative solution of induction
factor

Y

N Y

Optimization results of
aerodynamic shape parameters

Figure 5. Optimization design method and process of the Two-BWT blades.
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In this optimization design example, the parameters are setas: P_ , =2 MW, hyin = 1 m,
bmax =4 m, Iimin = 2 M, l3max = 8 M, Ismin = 5 M, Ismax = 20 M, Opmin = 5°, Oomax = 20°,
0 =05°%r9g=35m,r1 =10m,rp, =425 m,cy) = 2.2 m,c; = 3.5m, c; = 0.6 m. The set
rated wind speed is 11.4m/s; The set initial speed is wy = 1.8 rad/s, Aw = 0.01 rad/s, and
e =2kW.

After the optimized design, the aerodynamic parameters of the blade are: ap = 3.966,
az = 3.5, by = 7.820, 0p = 11.06°, [, = 2 m, I3 = 4 m, and I5 = 19.95 m. The specific
aerodynamic data are shown in Table 2, and the minimum rotational speed of the wind
rotor required to meet the rated power is 1.67 rad/s.

Table 2. Designed blade chord, twist angle, and airfoil distribution.

Spanwise Length/m Twist Angle/° Chord Length/m Airfoil
3.500 11.06 2.200 DU30
5.500 10.45 2.674 DU25
7.500 9.82 3.086 DU25
9.500 9.18 3.427 DU21
11.500 8.53 3.493 DU21
13.500 7.87 3.460 DU21
15.500 7.22 3.402 DU21
17.500 6.56 3.319 DU21
19.500 592 3.212 DU21

21.500 529 3.080 DU21

23.500 4.68 2.926 NACA64
25.500 4.09 2.750 NACA64
27.500 3.53 2.554 NACA64
29.500 2.99 2.338 NACA64
31.500 2.49 2.106 NACA64
33.500 2.03 1.858 NACA64
35.500 1.61 1.596 NACA64
37.500 1.23 1.322 NACA64
39.500 0.90 1.039 NACA64
41.500 0.62 0.748 NACA64
42.500 0.50 0.600 NACA64

The performance of the newly designed 2 MW Two-BWT is shown in Figure 6.
Figure 6a,b show the power coefficient and thrust coefficient under different tip speed
ratios, respectively. Taking the tip speed ratio 6 as an example, the comparison between
Figures 3a and 6a shows that the power coefficient of the new Two-BWT is 0.36, which is
83.7% of that of the Three-BWT (which is 0.43). Figure 3a also shows the results of directly
using two blades of the Three-BWT to calculate the power coefficient. When the tip speed
ratio is 6, its value is 0.33. The power coefficient is increased by 9% by using the method
proposed in this paper. Figure 6c,d show the power coefficient and thrust coefficient under
different pitch angles, respectively. Here, the calculation condition is that the wind speed is
11.4 m/s and the rotational speed is 1.67 rad/s. This is the rated rotational speed and rated
wind speed determined during design. With the increase of the pitch angle, the power
coefficient will decrease. Moreover, the intensity of descent in two areas is different. When
the pitch angle is small, the descent is slow, and when the pitch angle is large, the descent
speed is fast. The trend of the thrust coefficient curve changing with the pitch angle is
different from that of the power coefficient. In the area with the small pitch angle (less than
8°), the thrust coefficient increases with the increase of the pitch angle. In the area with the
large pitch angle (greater than 8°), the thrust coefficient decreases with the increase of the
pitch angle.
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Figure 6. Performance curve of Two—TWB. (a) Power coefficient under different tip speed ratios;
(b) Thrust coefficient under different tip speed ratios; (c) Power coefficient under different pitch
angles; (d) Thrust coefficient under different pitch angles.

4.2. Result Discussion

The above design process and results are carried out according to the maximum chord
length of 3.5 m and the maximum chord length of 10 m from the center of the hub. In
other words, the maximum chord length and its location are set to constant. To further
study the influence of the maximum chord length change and its location change on the
design results, the maximum chord length is set to 3.2 m and 3.8 m (the location of the
maximum chord length remains unchanged at ; = 10 m) for redesign, and the following
results are obtained: when c; is equal to 3.2 m, ap = 3.8, a3 = 3.2, by = 7, 6p = 11.04°,
and the rotational speed of the wind rotor w is equal to 1.75 rad/s; when c; is equal to
3.8m, ay =4, a3 = 3.8, by = 8.6, 6y = 12.36°, and the rotational speed of the wind rotor w
is equal to 1.61 rad/s. Then, the location of the maximum chord length is set to 8 m and
12 m, respectively (the maximum chord length remains unchanged at ¢; = 3.5 m), and the
following results are obtained: when r; is equal to 8 m, a9 = 3.966, a3 = 3.5, by = 7.787,
6 = 11.01°, and the rotational speed of the wind rotor w is equal to 1.70 rad/s; when rq
is equal to 12 m,ay = 3.966, a3 = 3.5, by = 7.872, §y = 11.13°, and the rotational speed
of the wind rotor w is equal to 1.64 rad/s. The results are summarized in Table 3. The
airfoil distribution does not change in the design results. The reason for this phenomenon
is that the airfoil distribution is only related to the spanwise length, not the chord length.
Therefore, when only changing the value and location of the maximum chord length, the
airfoil distribution will not be affected. When changing the maximum chord length, the
distributions of chord length and torsion angle change; the smaller the maximum chord
length is, the smaller the maximum torsion angle is, but the rotational speed of the wind
rotor increases. When changing the location of the maximum chord length, the chord
length distribution function does not change (the coefficients ay and a3 do not change).
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The main reason for this phenomenon is that the variation of the location of the maximum
chord length is small compared to the spanwise length of the blade, which does not affect
the expression of the distribution function. The designed blade shape is shown in Figure 7.
Figure 7a—c show the blade shape when the maximum chord length is 3.2 m, 3.5 m, and
3.8 m, respectively. Figure 7d—f show the blade shape when the location of the maximum
chord length is 8 m, 10 m, and 12 m, respectively.

Table 3. The effect of the maximum chord length and its location change.

ry (m) c1 (m) ag as by 0y (°) w (rad/s) I, (m) I3 (m) I5 (m)
3.2 3.800 3.2 7.000 11.04 1.75
10 3.5 3.966 3.5 7.820 11.06 1.67
3.8 4.000 3.8 8.600 12.36 1.61 ’ 4 19.95
8 3.966 3.5 7.787 11.01 1.70
10 35 3.966 3.5 7.820 11.04 1.67
12 3.966 35 7.872 11.13 1.64
@ Clma) = 3.2m

)

ri(max) = 12m

> - >

Figure 7. Blades with different maximum chord length values and locations. (a) Blade shape with a
maximum chord length of 3.2 m; (b) Blade shape with maximum chord length of 3.5 m; (c) Blade
shape with a maximum chord length of 3.8 m; (d) Blade shape with maximum chord length position
of 8 m; (e) Blade shape with maximum chord length position of 10 m; (f) Blade shape with maximum
chord length position of 12 m.

Figure 8 shows the effect of the value and location of the maximum chord length.
Figure 8a shows the effect of changing the maximum chord length value on the chord
length distribution. Under the condition of different maximum chord lengths, the law of
chord length distribution is the same. When the maximum chord lengths are 3.2 m and
3.5 m, respectively, the torsion angle distributions in Figure 8b are coincident; but, when
the maximum chord length is 3.8 m, the torsion angle distribution deviates significantly
from the other two cases. Each power curve in Figure 8c has a maximum point, which is
monotonically increasing on the left of the maximum point and monotonically decreasing
on the right. The larger the maximum chord length, the greater the power coefficient
corresponding to the same tip speed ratio on the left of the maximum point of the power
curve, and the smaller the power coefficient corresponding to the same tip speed ratio on
the right side of the maximum point of the power curve. Since the location change of the
maximum chord length does not change the chord length distribution function, the three
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chord length distribution curves in Figure 8e have the same trend of change. However, a
cross occurs because the maximum point moves horizontally. Under the condition that
the location of the maximum chord length changes to a certain extent, the torsion angle
distribution curves coincide (Figure 8e), and the change of the power coefficient is also very
small (Figure 8f). This shows that if the location of the maximum chord length changes
within a certain range, it has little effect on the aerodynamic design, and more attention
can be linked to the strength analysis of the structural design.
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Figure 8. Effect of the value and location of the maximum chord length. (Note: MCL is the abbrevia-
tion for maximum chord length and MCLL is the abbreviation for maximum chord length location.).
(a) chord length of MCL; (b) Twist angle of MCL; (c) Power coefficient of MCL; (d) chord length of
MCLL; (e) Twist angle of MCLL; (f) Power coefficient of MCLL.

5. Flow Field Modeling and Simulation
5.1. Modeling and Flow Field Setup

Using the airfoil distribution, chord length distribution, and twist angle distribution
obtained from the optimal design of the blade shown in Table 2, a three-dimensional solid
model is established. After that, two blades are assembled on the simplified hub to form a
two-blade wind rotor model. The wind rotor model is then imported into ANSYS Fluent
(CFD) software, and the different surfaces are stitched together into a single geometry using
the geometry stitching function.

In many references, the location of the velocity inlet and pressure outlet has been stud-
ied. For example, L. Wang et al. [32] selected 3R and 10R as the distance from the velocity
inlet and pressure outlet to the blade (R is the radius of the wind rotor). B. Ji et al. [33] and
A. Eltayesh et al. [34] used 7R as the distance from the pressure outlet to the blade. In this
papet, the diameter of the velocity inlet is set as 8R, and the distance from the wind rotor is
3R. The diameter of the pressure outlet is 12R, which is 7R away from the wind rotor. In
this way, a conical calculation domain is formed, as shown in Figure 9a. The outer surface
of the computational domain is also considered as the velocity inlet, which has the same
velocity as the main inlet.

In Figure 9b—d, the unstructured mesh is adopted for mesh division in the computing
domain. To obtain a better boundary-layer solution effect, the surface of the wind rotor is
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treated with an inflation layer. Ten inflation layers are used, with an inflation rate of 1.5,
surface is close to 1, as shown in Figure 10.
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The SST k-omega viscous model is selected for the turbulence model, the motion mode
of the flow field is set to the reference frame motion, the rotation axis is set to the z-axis,
and the rotation speed is set to —1.67 rad/s. In the boundary condition setting, the blade is
set as a static wall, the wind speed at the inflow port is 11.4 m/s, and a mesh interface is
created to ensure the information exchange of periodic surfaces. The SIMPIE algorithm is
selected as the simulation calculation method to make the convergence speed faster, and
the convergence residual is set to 1x 10~°. Finally, the number of iterations is set to 1500.

5.2. Mesh Sensitivity Analysis

To determine the appropriate mesh size of the wind rotor surface and blade surface,
mesh sensitivity is studied. The wind speed and the rotational speed of the wind rotor are
set to 11.4 m/s and 1.67 rad /s, respectively. In the process of analysis, five mesh sizes of
the wind rotor surface are studied, namely 0.055 m, 0.06 m, 0.07 m, 0.08 m, and 0.09 m. In
another scenario, the simulation of a single blade can be used to replace the simulation
of the whole wind rotor. This is because the wind rotor is symmetrical about its rotation
center. By using single-blade simulation, the mesh can be divided more finely to obtain a
better aerodynamic performance calculation effect. By using wind rotor simulation, better
flow field distribution characteristics can be observed. Different simulation modes can
be selected according to different situations. Therefore, it is also necessary to analyze the
mesh sensitivity of single-blade simulation. Five mesh sizes of the blade surface, namely
0.035m, 0.04 m, 0.05 m, 0.06 m, and 0.07 m, are also studied. The number of meshes and
the calculated rotor torque are shown in Table 4 and Figure 11. The rotor torque has a good
convergence effect when the mesh size of the rotor surface is 0.06 m, and the mesh size
of the blade surface is 0.04 m. When the mesh size of the wind rotor surface and blade
surface is further refined to 0.055 m and 0.035 m, the difference with the former is 0.8%
and 1.6%, respectively, but the number of meshes will increase from more than 7 million to
more than 9 million, which increases the time cost. In this paper, the mesh size of 0.06 m
and 0.04 m is selected as the appropriate element surface size of the model surface. It can
also be seen from Table 4 that under the same mesh size, the calculated rotor torque is very
close, which also shows that both modes can be used. However, with the same mesh size,
the mesh number of single-blade simulation is much less. With the same computing power,
it is possible to further refine the mesh.

Table 4. Results of mesh sensitivity analysis.

Mesh Size

Blade Simulation Wind Rotor Simulation

0.035 m 0.04 m 0.05m 0.06 m 0.07 m 0.055 m 0.06 m 0.07 m 0.08 m 0.09 m
Rotor torque (Nm) 1,150,238 1,132,342 1,087,524 1,044,600 1,000,030 1,071,540 1,063,252 992,447 926,710 846,790
Number of meshes 9,246,797 7,349,406 4,944,918 3,611,421 2,677,254 9,069,465 7,974,692 6,090,860 4,991,385 4,243,162
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Figure 11. Rotor torque calculation results under different mesh numbers. (a) Single-blade simulation;
(b) Wind rotor simulation.
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5.3. Model Feasibility Verification

To verify the effectiveness of the model, the same CFD solution scheme is used to
calculate the NREL 5 MW wind turbine rotor under different working conditions, and the
power and thrust are compared with those in the literature [30]. The comparison results are
shown in Figure 12. Below the rated wind speed, the two are very close. Above the rated
wind speed, the power calculated by the CFD model has a certain deviation from the data
in the literature. The thrust is consistent at all wind speeds. Below the rated wind speed,
the relative error of the power calculated by the CFD and the power in the literature is less
than 4%. Above the rated wind speed, the relative error of the power calculated by the
CFD and the power in the literature is more than 4%. For example, when the wind speed
reaches 20 m/s, the error between the two is about 9%—Iless than 10%. Here, the relative
error is defined as the percentage of the difference between the two and the corresponding
value in the literature. For thrust comparison, the maximum relative error is about 5%. This
shows that the modeling method adopted in this paper is feasible.
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Figure 12. CFD model verification results. (a) Power curve; (b) Thrust curve.

5.4. Simulation Results and Discussion

Figure 13 shows the cloud map of the wind speed distribution of the two-blade wind
rotor flow field. Figure 13a,b are the cloud maps of the wind speed distribution at 6 m and
4 m away from the front of the wind rotor, respectively. In the area facing the plane of the
wind rotor, the wind speed is greatly affected, and the wind speed distribution is complex.
There is a concentrated area of low wind speed near the projection of the two blades, and
the lowest wind speeds in the two figures are 8.79 m/s and 8.17 m/s, respectively.

Figure 13c is the cloud map of the wind speed distribution 2 m away from the front
of the wind rotor. The low wind speed area near the projection of the wind rotor blades
is more obvious, and the minimum wind speed is 7.12 m/s. In addition, it is also found
that in the periphery of the low wind speed concentrated area, there is a local high wind
speed area with a divergent trend, and the highest wind speed is 12.26 m/s. Figure 13d is
the wind speed cloud map at the plane of the wind rotor. On the two sides of the blade,
high wind speed areas and low wind speed areas appear, respectively. The highest wind
speed appears at the tip of the blade, reaching 68.71 m/s; the lowest wind speed appears
at the middle of the blade, and its value was 0.71 m/s. In this way, the pressure on one
side of the blade is large, and the pressure on the other side is small, thus forming lift and
drag. Another interesting phenomenon is that there are two local high wind speed point
domains near the blade root. Figure 13e is the wind speed cloud map at 2 m behind the
plane of the wind rotor. The highest wind speed is behind the blade root, and its value
is 19.02 m/s. The low wind speed area and the high wind speed area show a relatively
obvious alternating phenomenon. Figure 13fi are the wind speed cloud maps at4 m, 6 m,
8 m, and 10 m behind the wind rotor, respectively. It can be found that the area with the
highest wind speed is concentrated behind the center of the hub, and the second highest
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wind speed area appears on the edge of the projection plane of the wind rotor. The reason
for this phenomenon is that the tip rotation has a perturbing effect on the wind speed. In
addition, the low wind speed area is gradually dispersed to the entire rotor area.
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Figure 13. Wind speed cloud map at different locations. (a) 6 m away from the front of the wind
rotor; (b) 4 m away from the front of the wind rotor; (c) 2 m away from the front of the wind rotor;
(d) Wind.rotor plane; (e) 2 m behind the wind rotor; (f) 4 m behind the wind rotor; (g) 6 m behind the
wind rotor; (h) 8 m behind the wind rotor; (i) 10 m behind the wind rotor.

Figure 14 shows the wind speed cloud map of the whole flow field of the two-blade
wind rotor and the distribution map of the front and rear streamlines of the wind rotor.
Figure 14a is the 3D wind speed cloud map of the whole flow field. From a macro perspec-
tive, the influence of the wind rotor on the flow field is mainly reflected in the rear area of
the wind rotor.

Figure 14b is the wind speed cloud map of the axial section of the whole flow field.
In front of the wind rotor, the wind speed is significantly lower near the wind rotor. A
concentrated high wind speed dot-area appeared on the periphery of the blade tip. After
passing through the wind rotor, the flow field appeared as a diffusion phenomenon. At the
back of the wind rotor, there is a high wind speed concentration in the peripheral local area
of the hub and blades. A little further away, there is an obvious horizontal V-shaped low
wind speed area in the flow field, which is the unique wake phenomenon of the two-blade
wind rotor. Figure 14c,d are the streamline distribution maps of the whole flow field. The
velocity streamline distribution from the inlet to the front of the wind rotor is uniform,
and the streamline distribution becomes complicated after passing through the wind rotor.
Farther from the front of the wind rotor, the color of the streamline is the same, indicating
that the wind speed has not changed. Approaching the front of the wind rotor, the color of
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the streamline becomes lighter, indicating that the wind speed gradually decreases. Behind
the wind rotor, there is a phenomenon of coexistence of multiple colors of streamlines, and
the colors of the streamlines gradually tend to be consistent in the distance.
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Figure 14. Flow field and streamline of the Two—BWT. (a) 3D wind speed cloud map of the whole
flow field; (b) Wind speed cloud map of the axial section of the whole flow field; (c) Streamline
distribution maps of the whole flow field; (d) Streamline distribution maps of the axial section of the
whole flow field.

When conducting a flow field investigation, the fineness of mesh division is related
to the object’s structural characteristics and size, the computer’s computing power, and
other factors. The full flow field investigation is beneficial to grasp the overall aerodynamic
characteristics of the designed wind rotor, and a more detailed analysis requires further
observation of the pressure clouds at different sections of the blade. For more accurate
observation, it is necessary to further refine the mesh of the blade and the flow field in
which it is located. Combined with the research of mesh sensitivity, the single-blade flow
field simulation with higher calculation accuracy is selected, the mesh size of the blade
surface is 0.04 m, and the total number of meshes are 7.35 million.

Figure 15 contains the pressure cloud map of the blade-spanned section from 8%R to
90%R, covering the root, middle, and tip of the blade, involving 4 airfoils. Figure 15a—c
are the cross-sectional pressure cloud maps at 87%R, 9%R, and 10%R, and the cross-section
airfoil is DU30 airfoil; Figure 15d—f are the cross-sectional pressure cloud maps at 13%R,
15%R, and 17%R, and the cross-section airfoil is DU25 airfoil; Figure 15g—i are the cross-
sectional pressure cloud maps at 25%R, 35%R, and 45%R, and the cross-section airfoil is
DU21 airfoil; Figure 15j-1 are the cross-sectional pressure cloud maps at 60%R, 75%R, and
90%R, and the cross-sectional airfoil is NACA 64 airfoil.
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Figure 15. Pressure cloud maps at different sections of the Two—BWT blade. (a) At 8% R section;
(b) At 9%R section; (c) At 10%R section; (d) At 13%R section; (e) At 15%R section; (f) At 17%R section;
(g) At 25%R section; (h) At 35%R section; (i) At 45%R section; (j) At 60%R section; (k) At 75%R
section; (1) At 90%R section.

Opverall, the high-pressure area is distributed on the lower surface of the airfoil section,
and the low-pressure area is distributed on the upper surface of the airfoil section as
illustrated in Figure 15. The pressure in the high-pressure area near the blade root is lower
than that in the high-pressure area near the blade tip, and the pressure in the low-pressure
area near the blade tip is lower than that in the low-pressure area near the blade root.
Therefore, the pressure difference between the upper and lower surfaces of the section
near the blade tip is the largest. The main reason for this phenomenon is that the closer
to the blade tip, the greater the linear velocity of the blade section. Furthermore, this
is also related to the airfoil characteristics at different sections. There is a low-pressure
concentration area on the leading edge of the airfoil section, from the blade root to the blade
tip; this low-pressure concentration area gradually spreads along the upper surface of the
airfoil section. At 90%R, almost the entire upper surface of the airfoil section is covered.
At the root of the blade, the pressure is highest on the lower surface of the airfoil section
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near the leading edge, forming a high-pressure concentration area that gradually decreases
along both sides. The further to the middle and tip of the blade, the greater the pressure
in the high-pressure area. Moreover, in the middle region of the blade, high-pressure
concentration areas appear near the leading edge and trailing edge of the lower surface of
the airfoil section, respectively. At the tip of the blade, the high-pressure concentration area
on the lower surface of the airfoil section has covered the entire surface.

Table 5 shows the power calculation results based on the CFD method and the BEM
theory, respectively. During the calculation, the rotational speed of the wind rotor is
set to 1.67 rad/s, and the wind speed variation range is set to 10.2 m/s-12.6 m/s. The
calculated deviation is defined as the ratio of the difference between the two to the BEM
result. Through comparison, it is found that the maximum power deviation obtained by the
two methods is 5.5%, and the minimum is 3.2%. This also proves that the method adopted
in this paper for the design of 2 MW two-blade wind turbine blades is feasible.

Table 5. Comparison of power calculation results.

Power (kW)
Wind Rotational Speed of -
Speed the Wind Rotor Theoretically Values Based on Deviation (%)
(m/s) (rad/s) Calculated Value CFD
Based on BEM Simulations
10.2 1.67 1565 1515 3.2
10.6 1.67 1710 1633 4.5
11.0 1.67 1855 1762 5.0
114 1.67 2000 1891 5.5
11.8 1.67 2120 2012 5.1
12.2 1.67 2235 2129 4.7
12.6 1.67 2336 2256 34

6. Conclusions

In this paper, an optimal design method for two-blade wind turbine blades is proposed.
The power coefficient of the Two-BWT is calculated by analogy with the Three-BWT, and
the diameter of the two-blade wind rotor for a 2 MW wind turbine case is determined
based on this power coefficient. Then, the airfoil distribution, chord length distribution,
and twist angle distribution are used as the influencing factors of blade aerodynamic op-
timization, and their design invariants and variables are set, respectively. According to
the characteristics of the variables in the airfoil distribution, chord length distribution, and
twist angle distribution, the respective variation ranges and variation methods are set. To
obtain better aerodynamic performance, a variety of airfoils are used in the blade span,
and the distribution optimization of multiple airfoils is realized through the optimization
solution. By comparing the characteristics of various functions, the sine function is used as
the control function of the chord variable and the twist angle variable, and the influence of
the maximum chord value and the location of the maximum chord on the aerodynamic
performance of the blade is discussed. The optimization model takes the minimum rota-
tional speed of the wind rotor under the conditions of rated power and rated wind speed
as the objective and transforms the problem of solving the minimum rotational speed of the
wind rotor into the problem of solving the maximum power, thereby reducing the difficulty
of solving. The power coefficient of the new Two-BWT can reach 0.36, which is 83.7% of
that of the Three-BWT. Furthermore, the power coefficient is increased by 9% by using
the proposed method. The CFD method is used to analyze the wind speed distribution
characteristics of the whole flow field and the pressure distribution characteristics of the
blade section. The unique flow field phenomenon of the large two-blade wind rotor is
obtained. In addition, the CFD method and the BEM theory are used to calculate the rotor
power and the deviation between the two under multiple working conditions, and it is
found that the maximum deviation is 5.5%. This proves the feasibility of the blade design
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optimization method for the 2 MW Two-BWT. The design method of wind rotor and its
blades presented in this paper can provide a basis for the design of offshore Two-BWT.
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