MAGHINE DESIGN, UOL.11(2019) N0.4, ISSN 1821-1259 PP. 139-144

DOI: 10.24867/MD.11.2019.4.139-144
Research paper

COMPUTER-AIDED DESIGN OF 30 KW HORIZONTAL AXIS WIND TURBINE BLADES

Davor JOVANOVIC'’ - Vanja SUSTERSIC!
1 University of Kragujevac, Faculty of Engineering, Kragujevac, Serbia

Received (05.09.2019); Revised (09.12.2019); Accepted (11.12.2019)

Abstract: Blade geometry optimization for 30 kW wind turbine with 6.5 tip speed ratio is applied via Betz and Schmitz
Sformulas, using “QBlade” sofiware. These formulas were applied to modify chord distribution and twist angle of airfoil
SD7062. Using the same sofiware, 3D model of blades and rotors for both cases are generated. Afterwards, BEM
simulation is conducted in the “QBlade” for both cases and values of power coefficient depending on tip speed ratio, as
well as power output depending on wind speed for both optimised wind turbines is obtained. These values for both
cases are used to determine annual energy production, while using Weibull distribution to determine probability for
certain wind speeds to occur. Shape (k) and scale (c) parameters were identical in both simulations. After conducted
simulations, it is noted that Betz optimised rotor has higher peek for power production, compared to the Schmitz
optimised rotor. Also, both rotors have slightly different power coefficients depending on tip speed ratio. Using Weibull
equations, it is estimated that Betz optimised rotor has 2.79% higher annual energy production, compared to the

Schmitz optimised rotor.
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1. INTRODUCTION

Constant population growth leads to increased energy
consumption, therefore, there is growing necessity for
energy source that cannot be depleted (coal, oil, natural
gas, etc.) before its regeneration. According to [1]
preliminary data, by the end of 2018 there is around 600
GW of wind turbine installed capacity, which presents
near 10% of growth in energy production, compared to
2017, when there was around 546 GW of installed wind
turbine capacities. According to [2] it is estimated that
global wind turbine market will reach $47.86 billion in
2022. According to [3], installed wind capacity in R.
Serbia ranges from 10 MW to 25 MW throughout years
2015 to 2017, respectively. These data show that Serbia is
in steady increase of wind energy production capacity.

Software “QBlade” is an open source program, which
generates and optimizes 3D geometry of rotors based on
input parameters, which is convenient for preliminary
analysis and is relatively simple to use (compared to other
software like CFD, SOLIDWORKS, FlowVision, etc.,
where preliminary analysis can be quite complicated).
Many researches were conducted using simple Blade
Element Momentum (BEM) theory for horizontal three-
bladed wind turbines. In [4] experimental and numerical
methods were used to test three different horizontal axis
wind turbine blade shapes, whereas it is concluded that
BEM theory is not only useful for designing the optimal
blade shape, but also to predict blade performance. In [5]
aerodynamic investigation using numerical simulation of
10 kW horizontal wind turbine was conducted, where it
was concluded that there is a good comparison of torque
and thrust between numerical simulation and improved
BEM theory. In [6] a unique approach was developed
using BEM method to obtain the optimal twist angle and

chord length for small wind turbine design. Also, in [7]
and [8] comparison of CFD and “QBlade” results for
small-scaled wind turbines is conducted for torque vs tip
speed ratio (TSR) and velocities at 15 m/s, respectively.
There are other computer-aided designs that were
conducted for horizontal three bladed wind turbines, like
[9] where blade is divided into structural and dynamic
surfaces with a continuity imposed on their connecting
regions, or [10] where blades were modelled using B-
spline surfaces.

2. MATERIALS AND METHODS

2.1. Chord distribution, twist angle optimization

Basic parameters for analyzed wind turbine are following:

Rated power: 30 kW,
Number of blades: 3,
Blade length: 5.8 m,

Rotor radius: 6.25 m,
Rated wind speed: 9.8 m/s,
Stalled power regulation.

Chord and twist angle will be calculated according to the
following Betz formulas [11-14]:

e(r) = 93}6C7T(01;)l . r 12 4.1 M
. [(4 'E) +§]
p) =2 tan” () @

Where R and r are radius and local radius of the rotor,
respectively (see figure 1). B stands for number of blades
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for analysed wind turbine while A stands for tip speed
ratio (TSR), which is calculated based on equation (3).
Lift coefficient Ci (o) is determined based on chosen
(calculated) foil from the foil database [15] and relative
angle of attack o which value fits minimum value of
CL/Cp ratio. Where Cp, stands for drag coefficient. This is
due to BEM analysis assumption that Cp = 0. Therefore,
from figure 3 o will be determined from maximum C;/Cp
ratio and afterwards value for Cp (for determined angle)
from figure 4, which will be used in calculations [12-14].

0

dr

Fig.1. Schematic representation of blade elements, where
Q stands for angular velocity, c stands for chord and dr
for radial element dimension

TSR is determined from the following equation [12], [16],
[17]:

_R-Q D-m-N
v 60-v

Where D is rotor diameter in m (12.5 m), v is rated wind
speed (9.8 m/s) and N is number of rotor turns per minute.
Since three-bladed wind turbines have high Cp (power
coefficient) within the range of TSR from 6 to 8, a value
of 6.5 is chosen for the analysis. If we substitute value of
6.5 in equation (3), rotor would have 97.3 rpm, which will
be used when conducting BEM analysis for wind turbine
power curve [13, 14].

Blade optimization after Schmitz will also be conducted,
according to the equation [11], [18]:

A

3)

16-7-R . ,(1 o, R
= R —. - 4
c(r) B-CL(a)-/lsm (3 tan (/”t-r)j @)

Note that during the analysis chord length distribution for
designed airfoil will be optimized, thus, twist angle will
be identical for both cases (optimized to yield highest
angle of attack ratio for each section after preliminary
calculation, according to [13]).

2.2. Airfoil selection

Airfoil SD7062 will be used in this analysis, according to
recommendation for small wind turbines [19].
Experimental data for lift and drag coefficients depending
on the relative angle of attack are obtained from National
Advisory Committee for Aeronautics NACA) [15].

By examining figure 2 it can be noticed that C;/Cp, ratio
has a highest value of 121.5468, which fits relative angle
of attack o = 6°. By looking at figure 3, for determined
relative angle of 6° fits value of 1.1158 for C.. These

values will be used in equations (1) and (2) when
determining chord distribution and twist angle for the
foils.
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Fig.2. Values for C;/Cp ratio depending on the relative
angle o
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Fig.3. Values for C; depending on the relative angle o

2.3. BEM Theory

BEM theory consists of two basic models that a blade is
created from large number of elements which are
infinitely small and that those elements are
aerodynamically independent, thus, what happens to any
element of a blade, doesn’t affect the adjacent ones. This
theory combines blade element theory and momentum
theory, thus the thrust and torque of each element is
determined, which is then added thrust and torque of other
elements to define the final thrust and torque generated
from a blade. Therefore, it is possible to determine power
output using this theory, via following equation [12-14]:

A
€= 02 -0 1 -Lunalds, )
2 L

Where a and a’ are axial and radial induction factors
which are calculated using following equations (for angle
and induction factors see figure 4), respectively, these
values are calculated via iteration [12-14]:
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Where A, is local TSR, which is defined and calculated
via equation (8), while Q represents tip loss corrections

and is calculated via equation (9). Also, o’ is solidity of
the turbine rotor and it is expressed in equation (10) [12-
14], [16], [20]:

%
A =21-L 8
: R (®)
B r r -1
Q 22.00571(62 a R)(R ) (9)
T
B-c
o' = 10
2-7-r (10

Note that A, used in equation (5) stands for TSR at the
hub radius, thus, local TSR at the beginning of blade root
which is exposed to wind.

dL

Fig.5. Foil distribution along the blade with N number
sections

In order to complete the BEM simulation, it is necessary
to divide blades into N elements (see figure 5), in the
conducted simulations the blades are divided into 100
elements. Note that in figure 4 there are forces dD and dZ,
which stand for elementary drag and lift force, obtained as
a result of transformed kinetic energy of the wind,
respectively. Finally, the power that is generated on wind
turbine is determined based on Cp definition [14]:

p__ P :p:%-cp-p.A-f (1)

Where P,i,q stands for power generation without any
losses, thus, ideal wind power generation, p stands for
wind density (1.222 kg/m’® in this analysis) and A for
rotor surface.

2.4. Weibull Distribution

In order to determine annual energy production for each
wind turbine, Weibull distribution equations are applied.
According to those equations, probability for certain wind
speed to occur between any given values is determined.
Therefore, given the probability, annual energy
production can be specified. Equation for certain wind
speed to occur is [13], [16], [21]:

Yy
c

O L S (12)
C C

Where k and c are shape and scale parameter, which
determine the shape and interval of wind speed where the
curve stretches (see figure 6), respectively. Probability for
a certain wind speed to occur between v; and v;.; is
described via the following formula [13], [16], [21]:

Gy
fv,<v<v, )=e °©

Visl \k
-(=5)
c

(13)

—e

Taking into consideration equations (12) and (13) annual
energy production can be computed via equation [13],
[16], [21]:

N-1
AEP:Z%'(P(% +1)+P(v))- f(v,<v<v,,)-8760 (14)

Where N stands for highest number of velocities that are
taken into account for determination of probability and
constant 8760 stands for number of hours during one year.
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Fig.6. Weibull distribution depending on the wind speed
(v) which is the same for both cases

For the analysis value for k = 2.38 and ¢ = 8.5 ms™ will
be assumed [22]. These parameters will be the same in
both cases, so annual power generation difference could
be precisely determined.
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3. RESULTS AND DISCUSSION

According to defined parameters and equations in
previous sections, twist angle and chord is calculated.

Afterwards,

optimization in

“QBlade” software is

conducted, whereas, the twist angle and blade chord
distribution are shown in figures 7 and 8, respectively.
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Fig.7. Twist angle distribution which is applied for Betz
and Schmitz blades
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Fig.8. Chord distribution for Betz optimal blade

According to the values shown in figures 7 and 8, blade
and rotor 3D model in software “QBlade” is generated,
with presented local radius of each foil and hub taken into
account in terms of rotor radius increase, as shown in

figures 9 and 10.
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Fig.10. Generated 3D model of turbine rotor, according
to Betz optimisation equations

Chord distribution and generated 3D model of blade,

according to Schmitz optimization equations are shown in

figures 11 and 12, respectively. Note that there is slightly
different chord distribution between Betz and Schmitz
blades (see figures 8 and 11), whereas, Betz maximum
foil chord is 0.969 m at 1 m local radius, while Schmitz
maximum foil chord is 0.816 m at the same local radius.
This pattern in chord difference is followed throughout

each sections of blades.
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Fig.11. Chord distribution for Schmitz optimal blade
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Fig.12. Blade 3D model, according to Schmitz

Fig.9. Generated 3D model of blade, according to Betz
optimisation equations

optimisation equations
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After both blades are calculated and 3D models are
created, BEM analysis is conducted for both blades. In
figures 13 and 14 is shown power curve for both cases,
which are generated after BEM theory is applied on 100
aerodynamically independent elements. Note that cut-in
wind speed is 3 ms™ and cut-out is 30 ms™.
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Fig.13. Power curve generated for Betz optimized rotor
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Fig.14. Power curve generated for Schmitz optimized
rotor

From figures 13 and 14 can be seen a clear difference
between highest power capacity for both rotors. Betz
optimised rotor has a highest power generation at 13.1 ms’
" with 31.55 kW, while Schmitz optimized rotor has
highest power generation at 12.9 ms"' with 29.56 kW.
This gap close to 2 kW will have some effect in annual
energy production. Note that power curves for both cases
are slightly different, whereas, power curve for Schmitz
optimized rotor has a bit lower value for corresponding
wind speeds than the Betz optimized rotor.

After conducted BEM analysis, power coefficient (C,)
depending on TSR can be graphically presented (see
figures 15 and 16). This coefficient has a direct effect at
power curve for analysed rotors, according to equation
(11).

By analysing figures 15 and 16, small C, difference can
be noticed. Highest C, ratio for Betz optimised rotor is
0.458 at 5.23 TSR, while for Schimtz optimised rotor C,
ratio is 0.46 at 5.3 TSR. While these are highest values of
C, ratio, at rated TSR (6.5) according to which both rotors
are calculated these values are 0.416 and 0.418 for Betz

and Schmitz optimised rotor, respectively. This difference
has slight impact at power output for both wind turbines.
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Fig.15. Power coefficient for Betz optimized rotor
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Fig.16. Power curve for Schmitz optimized rotor

By using data from figure 6, AEP from equation (14) can
be determined for both rotors. Therefore, AEP for Betz
optimised rotor is 124142 kWh, while for Schmitz
optimised rotor AEP is 120775 kWh. Considering these
two values, it can be noticed that Betz optimised rotor has
2.79% higher AEP. Therefore, for preliminary wind
turbine analysis using “QBlade” software, it is
recommended to use Betz blade optimisation, as it
produces more annual energy than Schmitz optimised
rotor for the same parameters and conditions.

4. RESULTS AND DISCUSSION

By using software “QBlade”, power curve of wind turbine
with rated power of 30kW, TSR of 6.5 and rated wind
speed of 9.8 ms” is analysed using Betz and Schmitz
formulas for blade geometry optimisation. Chord
distribution is optimised, while twist angles are same for
both cases when calculated and optimised so angle of
attack has maximum value. 3D models of blades and
rotors are generated and BEM analysis is conducted (for
100 elements blade discretization), thus, calculating
power curves and power coefficients. Weibull distribution
is used to calculate probability for certain wind speeds to
occur (parameters k and c are the same for both cases
with values of 2.38 and 8.5 ms™). It is noted that,
observing wind turbine of 30kW differences in power
curves and power coefficients cause 2.79% higher energy
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production annually for Betz optimised blades, compared
to Schmitz optimisation.
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