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ABSTRACT

Wind energy is being used to generate electricity in many countries all over the world and still the
contribution of wind energy to electricity supply increases every day. Researchers work on innovative
solutions to increase the efficiency and decrease the cost of wind turbine components, especially those of
blades. Various blade designs for different operation conditions are presented in the literature and sweep-
twist blades are new type of blades introduced recently. This paper focuses on the numerical investigation of
a sweep-twist wind turbine blade using ANSYS-Fluent. NREL Phase VI wind turbine blade is used as the
baseline blade and the sweep-twist blade is designed by adding an offset that is 5% of the blade span to the
tip. Power output and thrust forces are calculated using the simulation results for both original and sweep
blades. In addition, results are compared to the experimental data of original NREL Phase VI blade.

OZET

Ruzgar enerjisi elektrik Gretmek amaciyla diinyada bir¢ok tlkede kullanilmaktadir ve riizgar enerjisinin
elektrik Uretimine katkisinda ginden giine yikselmektedir. Arastirmacilar riizgar tdrbini bilesenlerinin —
Ozellikle kanatlarin - verimlerinin arttirllmasi ve maliyetlerinin azaltilmasi icin yenilik¢i ¢ozimler Gzerinde
durmaktadirlar. Literatiirde cesitli calisma kosullari igin degisik tasarimlar mevcut olup, egimli kanatlar
bunlardan biridir. Bu ¢alismada ANSYS-Fluent programi ile egimli bir riizgar tiirbini kanadinin numerik analizi
Ustiinde durulmustur. NREL Faz VI riizgar tirbini kanadi baz alinmis ve egimli kanadi ise ug kismina kanat
boyunun %5’si kadar egim verilerek tasarlanmistir. Gii¢ cikislari ve itme kuvvetleri similasyon sonuclarina
gore hesaplanmistir. Buna ek olarak, sonucglar NREL Faz VI rizgar turbininin deneysel sonuglari ile
karsilastiriimistir.

INTRODUCTION

Each passing day the need for the use of clean energy sources raises since power production from
fossil fuels damage our planet continuously. Within this scope, many developed and developing countries
have set some goals to generate some part of energy consumption from renewable energy sources. For
instance, the ministry of energy of Turkey has decelerated in the strategic plan for 2015-2019 an increase in
installed renewable energy capacity by nearly twice compared to the value of 2013 (GWEC, 2016; Kaya and
Kdse, 2016; Kose and Kaya, 2013; MENS, 2014). Hence, wind energy — recognized as an efficient
renewable energy source — has taken the role of being one of the leading alternative sources. In past few
decades, huge improvements have taken place in wind power technology especially on the design of blades
which influences the efficiency directly. Within this scope, many experts who are interested in aerodynamics
contributed to the literature with some studies about various blade designs. Sweep-twist wind turbine blades
were firstly introduced by Sandia National Laboratories of U.S. Energy Department. After completing the
research, they presented a final report (2010) where they introduced analysis results of Sweep Twist
Adaptive Rotor (STAR) blades. In the report, they stated that the STAR technology provided significantly
greater energy capture — about 10-12% compared to baseline Z48 turbines - without higher operating loads
on the turbine. The results are also presented by Ashwill et al. (2010). Sing and Ahmed (2013) performed a
study about design and performance testing of a small wind turbine rotor for low wind speed applications. A
new airfoil was designed and the performance of a 2-bladed rotor for low Re application fitted to an Air-X
marine 400 W wind turbine was tested at a wind speed range of 3-6 m/s. Authors stated that the new 2-
bladed rotor produced more electrical power at the same freestream velocity in comparison with the baseline
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3-bladed rotor. Wang and Zhan (2013) investigated the performance of a micro-wind turbine using CFD and
concluded that the performance of the wind rotor with semi-circular blades is comparable to that of the semi-
cylindrical wind rotor, and is slightly lower than that of the helically twisted wind rotor. Bai et al. (2013)
designed a 10 kW horizontal axis wind turbine blade and performed aerodynamic investigation using
numerical simulation of it. It has been reported that CFD is a good method compared to the improved BEM
theory method on the aerodynamic investigation of HAWT blades. Koc et al. (2015) studied the
hydrodynamic performance of a twin-blade hydrofoil numerically and experimentally in three dimensions for
tip speed ratios ranging between 1.5 and 5.5. Authors reported that the optimum tip speed ratio of 3.5 for
twin blade turbine is too low comparing the optimum tip speed ratio of 5.0 for the slat hydrofoil or standard
hydrofoil turbine applications and added that the wind and hydrokinetic turbines with the twin blade hydrofoil
can operate in lower wind and current speeds. A detailed review of aerodynamic developments on small
horizontal axis wind turbine blades is presented by Kartikeyan (2015). In the present study, numerical
investigation of the aerodynamics around a sweep-twist wind turbine blade using ANSYS-Fluent is
performed. NREL Phase VI wind turbine blade is used as a baseline blade and the sweep-twist blade is
designed by adding an offset to the tip as that is 5% of the blade diameter. Results are compared with the
original NREL Phase VI wind turbine.

MATERIAL AND METHOD
NREL Phase VI and Sweep-Twist Blade

NREL Phase VI wind turbine blade is selected as a baseline blade. It has S809 airfoil sections from
root to tip and a pitch angle of 3 degrees. The description of the NREL Phase VI blade is given in Table 1
(Hand et al., 2001). In this study, some sections including the ones which have radial distance between
0.660 and 1.257 and the one with 3.185 radial distance are excluded since the sections are very close to the
previous section.

Tablel
Description of NREL Phase VI (Hand et al., 2001)
Number of blades 2
Rotor diameter 10.06 m
Cone angle 0 degrees
RPM 71.6
Blade tip pitch angle 3 degrees (down)
Blade profile S809
Blade chord length 0.358 m — 0.728 m (linearly tapered)
Twist angle Non-linear twist along the span

The 3-D drawings of the blades are given in Fig. 1. To draw the sweep-twist blade, all the same
properties as NREL Phase VI blade are used except a root axis tip offset which is 5% of the blade diameter
(0.25 m). Offsets of each sectionfrom the beginning of the sweep — located at the 2.562 m radial distance-
until the tip of the blade are calculated interpolation method. Dimensions of the original and sweep-twisted
blades are given in Fig. 2.

Fig. 1 — 3D drawings of the NREL PHASE VI (left) and sweep-twisted blade (right)
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Fig. 2 — Dimensions of the original and sweep-twisted blade

Numerical simulation

In this study, 3-D air flow around the wind turbine blade is simulated using ANSYS Fluent 16. The
dimensions of the flow field are 12 R in the stream-wise direction extruded from a circle having 3 R
dimension where R is the radius of the blade. The domain of flow field including boundary conditions is
given in Fig. 3.

veloicty inlet

moving frame

Fig. 3 - Domain of the flow field and boundary conditions

Meshing of the fluid domain is performed using ANSYS meshing. The thickness of the first cell to the
wall was kept at 2 x 10° m to obtain proper y+ value for the used turbulence models. In order to increase the
mesh quality, sharp trailing edge of the blades is rounded. Mesh construction and a sliced section of the
mesh around the blade and rotor hub can be seen in Fig. 4. Mesh independence study is performed for
various models containing different number of elements and a model containing 9.8 million elements is used.

Fig. 4 - Mesh construction and a sliced section of the mesh around the blade and rotor hub
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k- € Turbulence Model

One of the turbulence models used for tests is k —€ Realizable turbulence model. The k- € model is a
two-equation turbulence model consists of turbulence kinetic energy and turbulence dissipation rate
equations given below (Kody et al., 2014).
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k- w SST turbulence model

This turbulence model combines both k-¢ and k—w models. The original k-¢ turbulence model has the
problem of over predicting the shear stress that might delay or prevent the separation where inverse
pressure gradients are possessed, and the original k — «w model is very sensitive to free stream values that
are specified outside the shear layer (Kody et. al., 2014). The original k—w model is defined by the Equations
5 and 6 (Kody et. al., 2014; Wilcox, 2008).
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Validation of the solver

The solver is validated against experimental data of NREL Phase VI. The mechanical power of
numerical and experimental tests is presented in Fig.5. The mechanical power is simply calculated by
multiplying rotation speed, Q (rad/s) by torque, T (Nm) obtained from FLUENT as given in Eq.7.

1s —&— Experimental k - € Realizable —f—k — w SST

12

Power (kW)

5 7 10 13 15 20
Wind speed (m/s)

Fig. 5 — Comparison of measured and CFD predicted power
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As seen from the Fig. 5, experimental and numerical power outputs are in general agreement.
However, after 10 m/s CFD predictions cannot predict the stall very accurately. Thrust force measurements
and CFD predictions are in very good agreement as it can be seen from the Fig.6. Also, pressure
distributions for 5 m/s case at 47% and 80% span are according to experimental data as shown in Fig.7.

—&— Experimental k - € Realizable —@—k — w SST
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Fig. 6 — Comparison of measured and CFD predicted thrust force
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Fig. 7 — Pressure distribution for 5 m/s case at 47% (left) and 80% (right) span

RESULTS

This study compared the original NREL Phase VI blade with a sweep-twisted model of it. Power
results are compared in Fig.8 for the sweep-twist and original blade. It is observed that wind turbine blades
sweep-twisted to the leading edge side of the blade generate lower power than the original blade. In
addition, it is obtained that the k—w SST turbulence model predicts lower power output than the k-¢
realizable. In Fig. 9, the thrust force for sweep-twist and original blade are compared and results show that
the sweep-twisted blade has lower thrust force (more than 10%) at each wind speed except 20 and 25 m/s.
The pressure distributions for 5 m/s case at 47% and 80% span are compared in Fig.10. It is clear that the
pressure distribution on the original blade is able to generate more power than the sweep-twist blade.

115



\ i 3 H Sorenp. hwind blade
4 | i i (FLUENT, b Rpalizabiy)

Vol.50, No.3 /2016 INMATEH — i inceti,

—&— NREL Phase VI (experimental) —#— NREL Phase VI (FLUENT, k - € Realizable)

—— Sweep-twist blade (FLUENT, k - € Realizable) —&— Sweep-twist blade (FLUENT, k — w SST)
15

12

Power (kW)

5 7 10 13 15 20
Wind speed (m/s)

Fig. 8 — Comparison of power outputs for the original and sweep-twist blade
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Fig 9 — Comparison of thrust forces for the original and sweep-twist blade
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Fig. 10 — Comparison of pressure distribution for 5 m/s case at 47% (up) and 80% (down) span
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CONCLUSION

In this paper, mechanical power outputs and thrust forces of original NREL VI and a sweep-twist
wind turbine blade are compared. Both k—w SST and k-¢ realizable turbulence models predicted the thrust
force very close to experimental measurements. In addition, CFD predictions of mechanical power output
are found to be overall in agreement with experimental data, however, after the wind speed of 10 m/s
when the stall occurs, CFD predictions were not very successful. Generally, the k-w SST turbulence
model predicted lower power output than k-¢ Realizable for both original NREL Phase VI and sweep-
twisted blade. Results of comparison of original and sweep-twist blades show that sweep-twisting the
blade against the direction of rotation causes to decrease in both power output and thrust force. So, the
load on the wind turbine tower will be lower if sweep-twist wind turbine blades that are twisted in the
leading edge direction and that have same rotor diameters are used. This means that sweep-twist wind
turbines blades with larger rotor diameters may be used on same towers that carry original wind turbine
rotors. The direction of sweep-twisting is crucial because twisting in opposite direction may show adverse
effects.
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