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Abstract The purpose of the present study is to develop a
small-scale horizontal-axis wind turbine (HAWT) suit-
able for the local wind conditions of Tainan, Taiwan. The
wind energy potential was first determined through the
Weibull wind speed distribution and then was adapted to
the design of the turbine blade. Two numerical approaches
were adopted in the design and analysis of the HAWT
turbine blades. The blade element momentum theory
(BEMT) was used to lay out the shape of the turbine blades
(S822 and S823 airfoils). The geometry of the root region
of the turbine blade was then modified to facilitate inte-
gration with a pitch control system. A mathematical model
for the prediction of aerodynamic performance of the S822
and S823 airfoils, in which the lift and drag coefficients are
calculated using BEMT equations, was then developed.
Finally, computational fluid dynamics (CFD) was used to
examine the aerodynamic characteristics of the resulting
turbine blades. The resulting aerodynamic performance
curves obtained from CFD simulation are in agreement
with those obtained using BEMT. It is also observed that
separation flow occurred at the turbine blade root at the tip
speed ratios of 5 and 7.
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List of symbols

a Axial induction factor

a Angular induction factor

CP Power coefficient

c(r) Chord length (m)

Cr Thrust coefficient

C Lift coefficient

Cis Lift coefficient at stall angle of attack

Cimax  Lift coefficient associated with maximum lift—
drag ratio

Cq Drag coefficient

Cas Drag coefficient at stall angle of attack

Camax Drag coefficient depending on aspect ratio
Cisp Lift coefficient with 3D effect
Casp  Drag coefficient with 3D effect

F Tip loss factor

Fr Thrust (n)

Ny Number of blades

m Mechanical power (W)

Rated power (W)

Local radius of blade

Radius of blade (m)

oot Radius of blade at root (m)
Mechanical torque (n m)

Wind speed (m/s)

Rated wind speed (m/s)

Lift coefficient prior to flow separation
Drag coefficient prior to flow separation
Tip speed ratio

Design tip speed ratio

Angle of relative wind (°)

Air density (kg/m®)

Local solidity

Rotational speed (rpm)

Pitch angle (°)
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o Angle of attack (°)
o4 Designed angle of attack (°)
Introduction

Wind climate in Tainan (the fourth biggest city at south-
west of Taiwan) has been acting potential for inducing high
winds in many areas due to the Asia monsoon and tropical
cyclones during the summer season and the northeast trade
winds during the winter season (Hsu and Chen 2002).
Therefore, wind power is considered to be a significant
alternative for electricity in this city.

The approaches of wind energy potential for specific
areas using various probability distribution functions have
been carried out in previous studies. Weibull wind speed
distribution is one of the famous approaches for estimating
wind energy. Rosen et al. (1999) analyzed wind energy
potential of two windy sites located in the coastal region of
Eritrea using the Weibull distributions proposed by
Mulugetta and Drake (1996). The results indicated that the
generated electricity from the wind with the 10-m wind
speed of 9.5 m/s would be cheaper than the energy sup-
plied by diesel. Jamil et al. (1995) estimated wind energy
density in Iran based on the two-parameter Weibull wind
speed distribution. Similarly in Taiwan, Chang et al. (2003)
evaluated the wind energy potential by investigating the
yearly wind speed distribution and wind power density for
the entire country. The two-parameter Weibull wind speed
distribution was used to estimate the wind energy gener-
ated by an ideal turbine. The results demonstrated the wind
energy potential in Taiwan. However, for the local or
residential area of Taiwan, due to the different wind energy
potential, the wind turbine located should be re-designed or
modified.

The optimization of turbine blades plays a crucial role in
designing wind turbine systems and improving their per-
formance. Based on the outward appearance of the turbine
blade, wind turbine systems can be classified as horizontal-
axis wind turbine (HAWT) or vertical-axis wind turbine
(VAWT). Researchers in the field of wind energy generally
prefer HAWT to VAWT because of its superior ability to
capture wind energy. The geometry of HAWT blades is
meant to create an airfoil in each section of the blade in
order to improve aerodynamic performance. Considering
the aerodynamic load on the turbine blades, five to seven
airfoils may be required along the spanwise direction
(Kima et al. 2013). Two approaches are commonly
employed to numerically analyze the aerodynamic perfor-
mance of HAWT blades. One approach is based on blade
element momentum theory (BEMT), whereas the other
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involves computational fluid dynamics (CFD). One-di-
mensional (1D) BEMT has been widely used to calculate
the optimal chord length and pitch angle in each blade
section during the design process, and then to determine
aerodynamic load through integration (Guo et al. 2015;
Sedaghat et al. 2014; Sedaghat and Mirhosseini 2012; Vaz
et al. 2011). BEMT was originally used to present the
curves for lift and drag coefficients. Lanzafame and Mes-
sina (2007, 2009, 2010a, b, 2012) built a mathematical
model with which to calculate the lift and drag values of
S809 airfoil at Reynolds number of 1 x 10° based on
experimental data and then combined this model with
BEMT equations for the prediction of aerodynamic per-
formance in NREL series turbines. The VC stall model
developed by Viterna and Corrigan (1981) for the purpose
of predicting lift and drag coefficients at the stall region has
been successfully applied to BEMT to simulate the aero-
dynamic behavior of constant-speed turbines under higher
wind speed conditions and variable-speed turbines with
low tip speed ratio (TSR) regions (Bai and Hsiao 2010; Bai
et al. 2014; Hsiao et al. 2013; Martinez et al. 2005; Vaz
et al. 2011). Three-dimensional (3D) correction factors,
such as the tip loss factor, the hub loss factor, and the stall
delay model, have also been included in the BEMT equa-
tions to further enhance accuracy (Bai et al. 2014; Martinez
et al. 2005). At present, the flow structure associated with
rotating turbine blades can be simulated using the CFD
approach in conjunction with Reynolds-averaged Navier—
Stokes (RANS) equations and appropriate turbulence
models, such as the k- SST turbulence model (Hsiao et al.
2013; Pape and Lecanu 2004). Pape and Lecanu (2004)
investigated the aerodynamic performance of an NREL
wind turbine using the k- SST turbulence model, the
results of which are in good agreement with the experiment
results at low wind speeds. Tachos et al. (2010) predicted
the aerodynamic performance of NREL PHASE II wind
turbines by solving steady-state RANS equations. A com-
bination of four turbulence models (Spalart—Allmaras, k-¢,
k-¢ renormalization group, and k- SST) with the RANS
equations and the k-o SST turbulence model has proven
the best model for simulation. Bechmann et al. 2011 sim-
ulated a MEXICO rotor using RANS equations using the k-
o SST turbulence model and managed to obtain an accu-
rate wake simulation of approximately 2.5 rotor diameters
downstream. At high TSRs, the BEMT method sometimes
over-predicts the power coefficient of wind turbines, as
verified using a fully 3D CFD simulation model in con-
junction with the k- SST turbulence model (Krogstad and
Lund 2012). In addition, Lanzafame et al. (2013) devel-
oped 3D CFD model for predicting the performance of a
micro HAWT and evaluating the capabilities of the 1D
BEM model. Two turbulence models, two-equation SST k-
o fully turbulent and four-equation transitional SST
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models, were used, compared, and validated using NREL
PHASE VI experimental data. Less than 6 % of error was
obtained between simulated and experimental results. In
our previous studies, we developed in-house simulation
code that included all correction factors required by BEMT
for the aerodynamic design and prediction of HAWT
blades (Bai and Hsiao 2010; Bai et al. 2014). However, the
code that is used to lay out the shape of the turbine blades
is based on the characteristics of an axial-flux permanent
magnet (AFPM) generator with a power output of 400 W.
The radius of the blade used in the HAWT system in this
study is 0.65 m, which is capable of producing 530 W of
mechanical power at a rated wind speed of 12 m/s, as
measured using a 5N m torque transducer through
Architecture and Building Research Institute (ABRI) wind
tunnel (Bai et al. 2014). Despite the fact that the perfor-
mance can be measured by conducting experiments in a
wind tunnel, this approach tends to be limited with regard
to the diameter of the turbine blades. For example, our aim
was to develop a 10 kW HAWT system; however, the
resulting device exceeds the specifications of the ABRI
wind tunnel, the largest wind tunnel in Taiwan. Thus, we
adopted a numerical approach to the analysis of aerody-
namic performance of the turbine blades. Unfortunately,
our in-house code remains limited with regard to predicting
aerodynamic performance, due to restrictions on the pre-
diction of lift and drag coefficients before the stall angle of
attack, which only can be obtained using the lookup
table method. Furthermore, writing code of this kind can
take a great deal of time. Finally, we identified a number of
problems with regard to the geometry of the turbine blade
designed using BEMT, such as an unrealistically high
distribution of chord length in the inboard region, which
could encumber manufacturing processes and drive up
costs. The problem of excessive twist angle distribution in
the blade root region could lead to difficulties in assembly
between the hub and generator. The fact is that most of the
mechanical torque is generated in the spanwise areas
within a 60-90 % range in the near-root region.

In order to design a wind turbine suitable for a
specific location in Taiwan (Guiren Dist., Tainan, Tai-
wan, shown in Fig. 1), the objective was to design a
6-m-diameter turbine blade for a 10 kW variable-speed
HAWT. The designed regional HAWT blade was based
on the wind energy potential in Tainan estimated using
Weibull wind speed distribution. We employed BEMT
and CFD numerical approaches for the analysis of
aerodynamic characteristics and performance. The main
contributions of this paper are as follows: (1) estimation
of wind power density in Tainan, Taiwan; (2) formula-
tion of a design procedure for HAWT blades; (3)
development of mathematical models adapted to BEMT
for the prediction of aerodynamic performance; and (4)

application of CFD to simulate pressure distribution and
the flow characteristics across the surface of the designed
turbine blade. The analysis of wind power density in
Tainan, Taiwan, is addressed in “Analysis of the wind
data of Tainan, Taiwan” section. The procedures used in
the design of the turbine blade using BEMT are pre-
sented in “Turbine blade design™ section. In Perfor-
mance analysis” section, we describe BEMT and CFD.
In Results and discussion” section, we discuss the shape
of the blade based on BEMT, and present a comparison
of aerodynamic performance using the two numerical
approaches as well as the aerodynamic characteristics
observed using CFD.

Analysis of the wind data of Tainan, Taiwan

The wind speed data were obtained from Taiwan Central
Weather Bureau (Central Weather Bureau 2015). Figure 2
shows the monthly average wind speeds for the height of
8.1 m in the years of 2003-2008 in Tainan, Taiwan, indi-
cating that the average wind speed is 4.5 m/s. The maxi-
mum and minimum wind speeds occurred in January and
June, respectively. Weibull distribution can be character-
ized by its probability density function (f{V)). This function
is useful to quickly point out the average of annual pro-
duction for a given wind turbine. The Weibull probability
density function is written as

=5 (¥)" ke, ()

where c is the scale parameter, k is the shape parameter,
and V is the wind speed. According to analytical and
empirical methods such as the maximum likelihood
method (Seguro and Lambert 2000), the ¢ and k can be
estimated in the following equations:

n n -1
k — >y Vin(vi) _ > iz In(Vi)
X Vi n

(2)

. (lz v;«)k, ®)
i=1

where V; is the wind speed in time stage i and n is the
number of non-zero wind speed data points. Two mean
wind speeds for estimating wind energy including most
probable wind speed (Vyp), the most frequent wind speed
for a given wind probability, and wind speed carrying
maximum energy (Vyma.xg), the wind speed carrying the
maximum amount of wind energy, were obtained after the
scale and shape parameters have been calculated. These
two parameters are expressed as follows:
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1
P(V) =35 pAV Cn, (6)

where p is the air density, C,, is the power coefficient, and
mn is the electrical-mechanical efficiency. The power
coefficient has a theoretical maximum value marked by
Betz limit, Cp max = 16/27 = 0.593. Modern HAWTs have
C, between 0.4 and 0.5 (Schubel and Crossley 2012). The
wind power density indicates the amount of available
energy on-site converted to electricity by a wind turbine,
represented as the wind power per unit area (P/A) expres-
sed as follows:

if - 7f(V)P(V)dV = ;pér(" Z 3), (7)
0

where I is the Gamma function. Table 1 shows the 6-year
monthly wind characteristics for Tainan, Taiwan. Appar-
ently, Tainan has relatively good condition in this aspect.

Turbine blade design

The HAWT turbine blade was designed based on the wind
data and wind power density from the previous sec-
tion. Figure 3 presents a flowchart of the procedure
implemented in this study: (1) design of the blade, (2)
prediction of aerodynamic performance, and (3) calculation
of forces acting on the blade. We selected the S822 airfoil
for BEMT calculation in laying out the shape of the turbine
blade. This required the definition of initial design
parameters, such as (1) rated power, P,, (2) rated wind
speed, V,, (3) design tip speed ratio, A4, (4) the number of

Table 1 Monthly wind characteristics in Tainan, Taiwan

blades, Ny, (5) blade radius, R, (6) blade radius at root,
Rioor, and (7) designed angle of attack, oy, as shown in
Table 2. Here, we selected oq of 6° for the S822 airfoil to
maximize the lift-drag ratio with a Reynolds number of
3 x 10’ (Selig et al. 1995). We adopt the rated wind speed
of 11 m/s and the radius of blade of 3.0 m to the blade
design according to the statistical analysis of wind data in
Tainan, Taiwan. It is noted that the radius of blade can be
calculated as

2P,

R=,|—=L 8
e (8)

where Cp, (=0.48) and 5, (=0.90) are the assumptions of
power coefficient and generator efficiency, respectively.

Equations (9) and (10) are used to calculate the distri-
bution of the chord length of the airfoil as well as the pitch
angles for each section of the blades as follows:

8nr 2 1
=—"" J1—cos|Ztan!(—
« Nbcl,max { €08 |:3 an (/Lr>:| } (9)

2 1
gtan’1 (A_r> — o, (10)

where r is the local radius of the blade, Cj .« is the lift
coefficient associated with the maximum lift-drag ratio,
and A, is the local tip speed ratio. The chord length
calculation for each section was derived from the overall
rotor power coefficient equation, which is obtained by
Wilson and Lissaman (Wilson and Lissaman 1974). It is
noted that Eq. (9) includes the effects of wake rotation,
but ignores the effects of drag coefficient and tip loss
correction.

0, =

Month Mean wind speed Shape parameter Scale parameter Most probable Wind speed carrying Mean wind power
wind speed maximum energy density
V (m/s) ¢ (m/s) k Vmp (m/s) VMaxg (0/8) PIA (W/m?)
January 6.42 7.23 1.57 3.79 12.20 427.21
February 5.48 6.17 1.58 3.27 10.35 262.27
March 5.13 5.78 1.52 2.85 10.04 232.99
April 4.03 454 1.55 2.33 7.75 108.18
May 3.52 397 1.51 1.93 6.93 75.48
June 3.23 3.64 1.63 2.03 5.95 51.27
July 3.40 3.83 1.53 1.91 6.61 66.30
August 3.32 3.74 1.45 1.67 6.80 68.39
September 3.58 4.03 1.37 1.55 7.77 96.06
October 4.83 5.44 1.61 2.98 8.99 174.69
November 5.17 5.82 1.73 3.53 9.07 191.42
December 5.89 6.63 1.67 3.84 10.62 298.40
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Fig. 3 Flowchart used in |
aerodynamic design and
analysis of HAWT blade
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Table 2 Initial design Parameter  Value Unit pitch angle. The prediction results depend on the accuracy of
parameters axial (a) and angular (a’) induction factors and are obtained
Py 1,00,000  Watt using an iterative process. The initial values of @ and @’ are 0
Ve 11 m/s in calculating the angle of relative wind (¢) and angle of
ha 7 - attack (o), which can be written as follows:
Nb 3 - _
R 3 m p=tant| =2 (11)
(1+d)2,
Rieoor 0.15 m
oy 6 degree = ¢ — bp. (12)

Performance analysis
Blade element momentum theory (BEMT)
BEMT is used to characterize aerodynamic performance,

such as torque (7},,), mechanical power (P,,), thrust (F7), and
power coefficient (Cp), using the values of chord length and
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When o is less than the stall angle of attack (us), the lift
(C) and drag (Cy) coefficients are calculated as follows:

(13)
(14)

C = Ci20* + Crjo+ Cip
Cq = Cy30° + Cy20® + Cq10 + Cayp,

where the coefficients of C\ g, Cy 1, Ci2, Caq, Ca.1> Ca2, and
Cq43 are as listed in Table 3. When o > oy, the VC stall
model can be used to calculate C) and Cj.
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Table 3 Parameters used in the .
calculation of lift and drag Airfoil G Ca
coefficients Cio Ci, Cio Cao Ca Ca2 Cas
S822 0.3052 0.1032 —0.0028 0.0126 0.00003 0.00009 0.000006
S823 0.2207 0.0992 —0.0027 0.0202 —0.0002 0.00001 0.00003
ZR
1 . Kyicos?(a) 111606 x— (o
C = = Cymaxsin2(a) + —————= (15  f=— (r) % ] (25)
2 sin(o) ' 27 |0.1267 ¢\zer
y+(;
Cy= Cdﬁmaxsinz(o&) + Kpcos(a), (16) R
T=— 26
where K; and Kp are written as V2 (wR)Z’ (26)
: sin(o) . iy .
K = [Cl,s - Cd,maxSIH(OCs)COS(OCs)] W (17)  where x, y, z are determined by empirical correction
) factors.
K Cas — Cdmax sinz(ocs) (18) The tip loss factor described by Prandtl can be written as
D — )

cos(o)

where C)5 and Cq; are the lift and drag coefficients at o,
respectively, and Cgmax depends on the aspect ratio (AR)
as follows:

{ 1.11 + 0.0184R, AR <50
Cd,max =

3.01, AR > 50° (19)

It should be noted that Eqgs. (15) and (16) are empirical
equations (Selig et al. 1995).

Due to the effects of centrifugal pumping, stalling of the
rotating turbine blade first occurs at an angle of attack
higher than that obtained in the experiment based on the 2D
airfoil (Lee and Wu 2013; Yu et al. 2011), which is also
referred to as the stall delay model, represented as

Ciap = C +3 (i:)YACI (20)
Casp = Ca+3 (C(:)) 2Acd, (21)

where AC) and AC, are, respectively, the differences
between the lift and drag coefficients obtained when the
flow did not separate, and c(r)/r is the local chord nor-
malized by the radial direction. Based on the basic airfoil
theory and the stall delay characteristics, the AC} and ACq4
are written as

AC = fi(Cip — Cy) (22)
ACq = fa(Cq — Cayp), (23)
where Cy, = 2n(o — ap), Cqo = Cq for a = 0.
The functions of f; and fy are expressed as
1| 16(6) x— (9
e - o

2% 0.1267ij (g)i—’f

follows:

(27)

2 No(1 —r/R
F :ncosl{exp—b(r/)}

2(r/R)sin @

a and d' are obtained using momentum theory and blade
element theory following algebraic manipulation. They can
be rewritten as

Cx
a=—" (28)
4Fsin“ @ + Cxo
» Cy(1 —
_Gll - .f)a, (29)
4F Jsin“ ¢

where C, and C, are functions of the lift and drag coeffi-
cients and o is the local solidity, written as

Cy = Cicos ¢ + Cqsin ¢ (30)

Cy, = Cysing — Cycos ¢ (31)
Nbcr

T 2 (32)

A correction from Spera (Manwell et al. 2002) is applied
to large values of the axial induction factor for use in the
calculation of the thrust coefficient (Ct) as follows:

a(1 —a)’C,

C =
! sin?¢

(33)

If Cr > 0.96, then the axial induction factor can be
rewritten as

1
a=4 {0.143 + [0.0203 — 0.6427(0.889 — CT)]Ols}.
(34)

Likewise, if Ct < 0.96, then the axial induction factor is
solved using Eq. (28).

Finally, the mechanical torque, thrust, and power coef-
ficient of the turbine blade can be calculated as follows:

@ Springer
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Table 4 Parametric

information for all the cases Wind Speed (m/s)

Range of TSR Range of corresponding

rotational speed (rpm)

O 0 N AN W A

10

12
13
14
15
16

5-10 63.7-127.3
5-10 79.6-159.2
5-10 95.5-191.0
5-10 114.4-222.8
5-10 127.3-254.6
5-10 143.2-286.5
5-10 159.2-318.3
5-10 175.1-350.1
5-10 191.0-382.0
5-10 206.9-413.8
5-10 222.8-445.6
5-10 238.7-471.5
5-10 254.6-509.3

1.00e+00
9.50e-01
9.00e-01
8.50e-01
8.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01
- 4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02
0.00e+00

Fig. 4 Typical y+ values for
3D computational results at a
wind speed of 12 m/s with

A=1

AT = pFVéd (1 — a)nr odr (35)
dF = pFV?4a(1 — a)nrdr (36)

P LpnR2V3’

where P, is the product of T}, and m.

Computational fluid dynamics (CFD)

An incompressible Navier—Stokes solver was applied to
predict the aerodynamic characteristics of the turbine

@ Springer

blade. Simulations were performed using the commercial
CFD software FLUENT™ with second-order upwind
spatial discretization. The resulting system of equations
was solved using a simple coupled solution. Despite the
availability of various turbulence models in FLUENT TM,
including one-equation and two-equation models, we lim-
ited our investigation to Menter’s two-equation shear stress
transport (SST) k-® model, which is widely used for heli-
copter rotors (Menter 1994).

The Cartesian coordinate system was selected as the
computational domain, in which the positive x-axis is in the
streamwise direction, the positive y-axis is in the vertically
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Fig. 5 Mesh domain used in CFD simulation

upwind direction, and the z-axis is aligned toward the right-
hand side. The original coordinate system was set to be the
hub center; therefore, the rotational axis is clockwise.

Table 5 Grid-sensitivity
analysis for a wind speed of
12m/sand 1 =7

Case Grid size T, Cp

In terms of boundary conditions, only one of the turbine
blades was explicitly modeled during computation, which
accounts for 120° of the three-bladed turbine. The other
turbine blades were dealt with using periodic boundary
conditions. We used the moving reference frame (MRF)
function for the area of simulation around the turbine blade

! 699,514 3125029 4 order to simplify the assumptions of incompressible and
2 765,482 3513 033 steady-state flow conditions. Tests were conducted at the
3 975,321 4168 039 yoational speeds of between 153 and 382 rpm (TSRs of
4 1,308,361 4284 0.40 5-10, as shown in Table 4). We specified the values of
5 1532852 4279 040 yinqg speed between 4 and 16 m/s for the inlet boundary
6 1,804,268 428.6 040  4pq pressure of O Pa was selected for the outlet boundary.
Elzzleig e];:g‘;‘;‘cg(f);‘gggfe g Local radius (m) Airfoil Chord length (m) Pitch angle (°)
after modification Before After Before After Before After
0.150 5822 Circle 0.484 0.075 41.1 0
0.300 Circle 0.075 0
0.467 5822 S$823-like 0.566 0.250 22.4 17.4
0.783 S$822 5823 0.436 0.376 13.1 11.1
1.100 S$822 5822 0.339 0.319 8.2 8.2
1.417 S$822 5822 0.273 0.273 5.2 5.2
1.733 S$822 5822 0.228 0.228 33 33
2.050 S822 5822 0.195 0.195 1.9 1.9
2.367 S822 5822 0.170 0.170 0.8 0.8
2.683 5822 5822 0.150 0.150 0 0
3.000 5822 5822 0.135 0.135 -0.6 -0.6
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Fig. 6 Layout of turbine blade designed in this study

(a)

5823 ’ 5823-like

circle circle

\oe

(b)

Fig. 7 a 10 kW turbine blade and b operational system located in Tainan, Taiwan

Symmetric condition was applied to the top boundary and
no-slip conditions were applied to the hub and surface of
the turbine blade.

Because the MRF function is used to simulate the
rotational flow field, the computational domain is selected
as a cylinder shape and has been set equal to 8R and
25R (R is the radius of turbine blade) in the upstream and
downstream directions, respectively, and the SR is selected
for the radial direction.

A grid system was implemented using POINTWISE™,
which is divided into three steps. First, we developed the
boundary layer flow region around the turbine blade using
416,160 structured cells in order to resolve the turbulent
boundary layer. The wall distance (y+) of the first point
from the wall surface was approximately 1. Figure 4 pre-
sents the y+ distribution on V = 12 m/s with 4 = 7. It can
be seen that the y+ values are around 1. The MRF asso-
ciated with the inner flow region was composed of

@ Springer

unstructured triangular grids with 630,174 cells. Finally,
the outer flow region extending to the three sides of the
inner flow region was constructed using 262,027 unstruc-
tured tetrahedron cells. The geometry and mesh domain of
the turbine blade in CFD simulation is presented in Fig. 5.
Table 5 presents grid-sensitivity analysis at a wind speed
of 12 m/s and A = 7. The mechanical torque in Case 4,
Case 5, and Case 6 varies less than 0.12 % and the power
coefficient is around 0.40 for Case 4, Case 5, and Case 6.
Based on these tests, we choose the grid with 1,308,361
cells for all computations reported next.

It is noted that the testing wind speeds were selected
from 4 to 16 m/s, and the tip speed ratios were chosen
between 5 and 10 for each testing wind speed. In other
words, there are 96 cases being simulated in this study
(Table 4). Because the unstructured grids were meshed in
the MRF zone, the total cells for each case are not the same
as the example of V=12 m/s with A =7 (1,308,361
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Fig. 9 Comparison of thrust force, as determined using the two
numerical approaches

cells). At any rate, all cases were performed with grid-
sensitivity analysis, as seen in Table 5. After grid-sensi-
tivity analysis, the grid numbers for each case were chosen
between 1,300,000 and 1,450,000 cells.

Results and discussion

Table 6 presents the chord lengths and pitch angles for
each section of the blade, which were obtained using
Egs. (8) and (9). It can be clearly seen that the maximum
chord is 0.566 m at r = 0.467 (m) and the maximum pitch
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Fig. 10 Comparison of mechanical power at designed tip speed ratio,
as calculated using the two numerical approaches
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Fig. 11 Comparison of the power coefficient at a wind speed of
12 m/s, as calculated using the two numerical approaches

angle is 41.1° at = 0.150 m. This configuration, which is
obtained when BEMT is applied directly to the design of
the turbine blade shape, can cause considerable difficulties
in the manufacture and assembly of the rotor and generator.
Thus, we modified the chord lengths from » = 1.100 m to
r = 0.150 m, as shown in Table 6. This necessitated a
slight adjustment to the sectional pitch angles from
r=0.783 m to r = 0.150 m. The criterion used in the
modification of chord length and pitch angle was mainte-
nance of continuity. To facilitate the connection of a pitch
control system, we modified the turbine blade root as a
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Fig. 12 Pressure contours

Pressure (Pa)
across the upper and lower

surfaces at the designed tip
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cylindrical shape for connection to the hub. At
r=0.467 m and r = 0.783 m, we used S823 and S823-
like airfoils instead of the S822 airfoil to allow a contin-
uous connection with the cylinder. The values of the chord
and pitch angle before and after modification are presented
in Table 6. Figure 6 illustrates the layout of the airfoils in
each section of the blade. Figure 7a presents the 10 kW
turbine blade with the radius of 3 m, made using composite
material. Figure 7b presents the 10 kW HAWT system
currently installed on the Guiren campus of National
Cheng Kung University, Tainan, Taiwan.

Figure 8 plots the mechanical torque values of the
HAWT, as determined using the two numerical approa-
ches. These results are in perfect agreement with the
BEMT at rotational speeds between 191 and 382 rpm. The
maximum deviation between the BEMT and CFD results is
17 % at a rotational speed of 382 rpm. It should be noted
that CFD simulation was conducted only within the steady-
state flow region, in which the angle of attack along the
turbine blade is within 15°. At rotational speeds below
191 rpm, flow may separate and become unpredictable.

Distribution in the angle of attack can be examined
using Eqgs. (11)—(34). The maximum mechanical torques,
as calculated using BEMT and CFD, were observed at
rotational speeds of 229 rpm, with values of 535.1 and
513.3 n m, respectively. This region is also associated with
the maximum lift-to-drag ratio.

Figure 9 illustrates the results of thrust force obtained by
the two numerical approaches. The results obtained from
BEMT and CFD are in perfect agreement (within 2 %
error) at wind speeds between 4 and 16 m/s. The thrust
force was also shown to grow rapidly with an increase in
wind speed, reaching 4000 n at a wind speed of 16 m/s.

As shown in Fig. 10, we compared the mechanical
power of the CFD results with those of BEMT at a tip
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speed ratio (TSR) of 7. Compared to the study performed
by Lanzafame et al. (2013), the CFD results are in good
agreement with the BEMT results (within 3 % error) at
wind speeds between 4 and 16 m/s. Both numerical
approaches indicate that the HAWT produces 12,000 W at
a wind speed of 12 m/s.

As shown in Fig. 11, at a TSR of 6, the highest power
coefficient values calculated by BEMT and CFD are 0.430
and 0.411, respectively. Modifications to the blade geom-
etry in the root region shifted the TSR associated with the
maximum power coefficient from 7 to 6. This represents a
reduction in the power coefficient of approximately 7 %,
which remains in an acceptable range. The power coeffi-
cient begins decreasing with TSR values higher or lower
than 6, due to a decrease in the lift-to-drag ratio. A sepa-
ration of flow may occur at a TSR of less than 5.

Figure 12 presents surface pressure contours on the
upper and lower surfaces of the turbine blade at the
designed TSR with a wind speed of 12 m/s. The highest
pressure distribution was observed along the leading edge
of the lower surface from r=13m to r=3.0m.
Meanwhile on the upper surface, the lowest pressure dis-
tribution on the upper surface was observed in the area of
the leading edge between r = 1.8 m and r = 3.0 m. Tor-
que is generated in the wind turbine via the pressure dif-
ference between upper and lower surfaces. Clearly, most of
the power is produced near the blade tip region (r = 1.8 m
and r = 3.0 m), due to the large pressure difference,
whereas no power is generated in the region of the blade
root (r = 0.15 m to r = 1.0 m).

Figure 13 illustrates a sectional pressure field at a wind
speed of 12 m/s. Between 4 = 5 and A = 7, the pressure
difference at the tip of the turbine blade is higher than that
at the root. No pressure difference was observed at the
blade root (r = 0.467 m). Additionally, the pressure
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Fig. 13 Sectional pressure field
atV=12m/s: a1 =5 and
bi=7
”(-
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K
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Fig. 14 Comparison of power
coefficient at a wind speed of
12 m/s, as determined using the
two numerical approaches
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Fig. 15 Limiting streamlines
on the upper surface of the
turbine blade at a wind speed of
12 m/s
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differences at r = 2.683 m, r = 2.05 m, and r = 1.417 m
are higher in the case of A = 7 than in the case of 1 = 5.
This means that the former produces more power than does
the latter.

Figure 14 presents the velocity contours and streamlines
for r=2683m, r=205m, r=1417m, and
r = 0.467 m at a wind speed of 12 m/s. The flow is fully
attached at a TSR of 7 at r = 2.683 m, r = 2.05 m, and
r = 1.417 m. In this case, the angle of attack is close to 6°,
which is the angle of attack designed to maximize the lift-
to-drag ratio of the S822 airfoil at a Reynolds number of
3 x 10°. In the case of 1 =7 at r = 0.467 m (S823-like
airfoil), a separation in flow can be clearly observed along
the trailing edge, where the angle of attack is close to 14°.
At a TSR of 5, we also observed the separation of flow.
Note that the separation bubble grows by 16 % between the
tip of the blade (r = 2.683 m) and the root (r = 0.467 m).

Figure 15 presents the limiting streamlines on the upper
surface of the turbine blade at a wind speed of 12 m/s. At
the designed TSR of 7, most of the flow field remains
attached to the surface of the blade with only a slight
separation occurring at the root of the blade (r = 0.15 m to
r = 1.35 m). When the TSR was decreased from 7 to 5, the
separation of flow near the root of the turbine blade appears
to spread across most of the blade span except the tip
region, which is affected by blade tip loss. The area
affected by flow separation was shown to increase with a
decrease in TSR.

Conclusions

In this study, the BEMT approach was used to design the
regional turbine blade for a 10 kW HAWT suitable for the
area of Tainan, Taiwan. The wind energy potential in this
area was first analyzed through the Weibull wind speed
distribution. The resulting monthly mean wind power
density was then adapted to the BEMT design of the blade.
The geometry of the turbine blades, including the sectional
chord and pitch angle, were laid out in accordance with the

T L— L ! Tt L p— y y y T

1.5 2 2.5 3

initial design parameters (P,, V,, Ag, Np, R, Rioor 0q). In the
region of the turbine blade root, three geometries (S823,
S823-like, and a cylinder) were adopted to facilitate the
connection of a pitch control system to the turbine blade.
Mathematical models were developed to enable the cal-
culation of lift and drag coefficients for S822 and S823
airfoils. These models were then combined with BEMT
equations to predict the aerodynamic performance of the
resulting turbine blade. The CFD approach was addition-
ally applied for the simulation of aerodynamic performance
and compared the results with those obtained using BEMT.
The results of the two methods, including mechanical
torque, thrust force, mechanical power, and power coeffi-
cient, are in perfect agreement at wind speeds of 4 to 16 m/
s with a TSR between 5 and 10. At rated wind speeds and
the designed TSR, the average values obtained for
mechanical power and the power coefficient are approxi-
mately 12 kW and 0.42, respectively. The pressure distri-
bution and flow fields observed through CFD simulation
indicate that flow separation would occur at a TSR of 5 and
that the separation bubble increases by 16 % between the
tip of the turbine blade (r = 2.683 m) and the root
(r = 0.467 m). To improve the power coefficient outside
the designed TSR, future studies might focus on adjusting
the pitch angle of the turbine blade.
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