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ABSTRACT

The vertical axis wind turbines (VAWTS) are thepdartype of wind turbines to convert wind energy
into electricity or mechanical output. Unlike harigal axis wind turbines (HAWTSs), the VAWT can be
effectively used in urban areas where wind has attaristics of unsteadiness with turbulence. Blade
aerodynamics in VAWT has significant effect oninhglefficiency. Numerical study of three-blade@dix
pitch giromill-type VAWT aerodynamic performances Haeen presented in this study. Two different
solidities (0.2 and 0.4) are considered with symimat and unsymmetrical airfoils at wind velocitie$ 3
m/s and 5 m/s. The NACA0018, NACAO0015 and S12fdilsawere selected. To predict and analyze flow
around turbine blades, an overlapping moving gtieishnique is employed. It is observed that forchses
with solidity of 0.2, the power coefficient of NAIDA8 and S1210 are close to theoretical analysithat
wind velocity of 3 m/s and 5 m/s. The maximumiefity of the modeled airfoils occurs around a fieed
ratio of 3. The highest power coefficient is abOut, given by NACA0018 at a wind velocity of 5 rA¢s.
the cases with solidity of 0.4, the NACAO0015 disbows good performance at a wind velocity of § but
failed to produce expected power output at a wietbaity of 3 m/s. The highest power coefficient by
NACAO0O015 is 0.42 at a tip speed ratio of 2. Thel®1&rfoils produce a relatively lower power outguuit
the trend between the power coefficient and tigdpatio is similar to other cases.

Keywords: vertical axis wind turbines, simulation, airfoils

195



European International Journal of Science and Tetbgy ISSN: 2304-9693 ww\stedyg.uk

NOMENCLATURE
A cross section area of turbine3jm
c blade chord (m)
Cp power coefficient
d diameter of turbine (m)
Fq tangential force (N)
F,ave average tangential force (N)

height of blade (m)
N number of turbine blades
P total power (W)
Q total torque (Nm)
R radius of turbine (m)
Vv air velocity (m/s)

angular velocity (rad/s)
azimuth angle
turbine solidity

1. INTRODUCTION

Energy plays the most important role in peopletydde today. Modern industries depend heavily
on convectional energy such as coal, natural gsamd nuclear power. However, convectional energy
resources are limited and becoming expensive beaafuthe consistent rise in energy demand. Theee is
great need to increase renewable energy usageh wihiicalso be helpful in control of emission intee
environment. Wind energy, solar energy, and geothkenergy are the example of renewable energydWin
energy is one of the renewable energy resourcésl@ast pollution.

To convert wind energy into electrical or mechahaergy, a wind turbine is the most effective
way by operating as a lift or drag device. Windbines are classified into horizontal-axis windbine
(HAWT) and vertical-axis wind turbine (VAWT). Compal to the horizontal axis wind turbines, the
vertical-axis wind turbines can be effectively usiedurban areas where wind has characteristics of
unsteadiness with turbulence. The VAWT can be diyodivided into three basic types: Savonius type,
Darrieus type, and Giromill type. Giromills are g for simple configuration and simple desigrbtaides
(Mathew 2006).

Plenty of models are available for study of theodgnamic performance of Giromill-type VAWT.
Because the flow around the Giromill rotor is quaemplicated, empirical aerodynamic models were
developed earlier based on data from wind tunneéements. These models were improved after maie da
was available. Lazauskas (1992) used the extendeddlal disk multiple streamtube model to predict
aerodynamic performance of a three-blade VAWT withlade chord length of 0.4 m and a rotor radius of
3.0 m, which yields a turbine solidity of 0.4. Th#ects of the blade offset angle and the pitch laotz
angle on power coefficient under two tip speedosatvere obtained. Staelens et al. (2003) improhed t
performance of Giromill-rotor by varying the bladgatch angle. An aerodynamic code was developeddas
on the double multiple streamtube model. Three fieadions were considered: (a) the local angletteck
was kept below the stall angle throughout the wiotation period; (b) if local angle of attack e&ds the
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stall angle the local angle of attack would repldeestall angle, and (c) a sinusoidal correctiomction was
added for the correction of local angle of attack.

Although the empirical models are still useful,icagevelopment in computers and algorithms made
computational fluid dynamics more feasible for sesté of Giromill rotor. Detailed blade aerodynamids
the VAWT shall affect the turbine efficiency. El48anoudy et al. (2010) studied the effect of diffeere
design parameters on the performance of Giromit#rby wind tunnel experimental and CFD simulations
on NACAO0024, NACA4420 and NACA4520. The pitch angfewind turbine varies from -£Go 6C, and
as the pitch angle increases the performance a wirbine increased. In addition, there was a Bt
increase in turbine performance when the blade eunmoreases from two to three but not much in@eas
the number becomes four. The interaction of bld@eE®mes stronger as the turbine radius decreabed) w
also leads to lower performance. Howell (2010) aisalied the performance of a small scale VAWT with
both wind tunnel and CFD modeling.The experimerdwedd that the rotor performance was affected by
surface roughness of blades. Under a critical Riegnaumber the rougher blade doesn’t affect much.
However, good performance can also be achievedghehReynolds number, where the smoother blade
surface would benefit. It was found that the poweefficient was slightly higher for rotor with Hig
solidity. The 3D model showed more reasonable teswhile the 2D model showed a higher power
coefficient because 2D simulations did not presiemtexistence of tip vortices.

Carrigan (2010) demonstrated a fully automatedgssdor optimizing the airfoil cross-section of a
VAWT by coupling the differential evolution algdnin subjected to tip speed ratio, solidity, and élad
profile design constraints with generation of NAGfoil geometries, hybrid mesh generation, and
unsteady CFD. The efficiency of the optimized ceae be 2% higher than the baseline case. To shaly t
effect of camber airfoil on self-starting of VAWBeri and Yao (2011) conducted a CFD simulation on
NACA2415. A 2D unsteady flow with three fixed-pitdilades was analyzed, and it shows that camber
airfoils have potential to self-start but the poweedicted by simulation indicates a reduction ealp
efficiency when compared to conventional non-sidftig airfoils. Gupta and Biswas (2010) carriedla
analysis to evaluate the performance of twistedetiriade Giromill-rotor. Unlike the symmetric aitfa
positive lift at zero azimuth angle was observed tfe twisted blade, which means the twisted bladed
Giromill-rotor has a self- starting capability.

The primary goal of the present research is tostigate the aerodynamic characteristics of three-
bladed fixed pitch giromill-type wind turbines. Wirturbine of two different solidities (0.2 and 0with
symmetrical and unsymmetrical airfoils at wind &g of 3 m/s and 5 m/s is investigated numerically
Flow field around the model airfoils is analyzetheTtorque coefficient and power coefficient areakted
and compared with the literature.

2. PROBLEM SETUP

In this study, the proper airfoils are first seégkttogether with the cord length and the solidifger
that, the computational domain is determined amdkbundary conditions are applied accordingly. The
domain is created and meshed with Gambit, andritiglgm is then solved in Fluent.
2.1 Blade Profiles and Computational Domain

Traditionally, symmetrical airfoils, such as NACA®) 0015 and 0018, are considered the best for
fixed pitch VAWT. It is also known that increase airfoil thickness results in improved performarafe
VAWT (Claessens 2006). So NACA0015 and NACA0018 sekected over NACA0012 in this study. In
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addition, unsymmetrical airfoils are also adoptedxamine the aerodynamic behavior when applietheo
VAWTSs. For unsymmetrical airfoil, S1210 is selectadhich is the best for Darrieus type VAWT for #sif-
starting capability without help of variable pit¢kirke 1998). This kind of unsymmetrical airfoils also
called as “cambered airfoil”. Figure 1 shows thefifgs of NACA0015 and S1210. The profile of NACAGD
is similar to NACAO0015 except that the latter igttde bit thinner.

As discussed earlier, the performance of wind hebiis affected by the number of blades together
with the cord length. Given a rotor diameter, moledes can apparently generate more power if ilsare
interaction between blades. However, the upstreigmila will obviously impact those in downstrea.
combined non-dimensional parameter, the soliddy, loe used in design, and its definition can bergas

(1)

where c is the chord length, N is the number aflbk, and d is the diameter of the rotor. In thislys
three-bladed fixed-pitch Giromill-type VAWTs witlwb different solidities (0.2 and 0.4) are considere
Figure 2(a) shows the layout of the wind turbinéwea solidity of 0.2. The blade has a chord lergjt@.4 m,
and the rotor has a diameter of 0. 6 m. Also shiowthe figure, the small cycle with a diameteOdf m is
for meshing purpose and the big cycle with a di@met 1.2 m is for sliding mesh. Figure 2(b) prdésehe
computational domain for the 3-bladed wind turbiff@ allow a full development of the wake, the
computational domain is divided into two zones, chhare (a) a rectangular outer zone (fixed) anda(b)
circular inner zone (rotating). The rotation oé tbircular inner zone is implemented by unsteadiing
mesh technique. The inlet and outlet were placd@and 30 rotor diameters in upwind and downwiritth w
respect to the rotor section. The huge domain widthich is around 40 rotor diameters, is necessary
avoid solid blockage (Castelli 2012). Only a 2D rabd considered since the fundamental mechanism of
Giromill-type VAWTSs helps to accomplish a two-dinsgonal geometry.

2.2 Mesh Generation and Grid Independence Study

Figure 3 presents the general structure of the rasshell as the grid details near the blade. The
mesh was generated with GAMBIT. Unstructured mashised to compromise the complex geometry. The
grids close to the wind turbine, especially arotimel airfoil, are much denser than those far awasfthe
wind turbine. To ensure the mesh quality, the sle=ssris kept under 0.5 for all the zones. In additibe y
plus, which is non-dimensional distance from thel wathe first grid point that quantifies to whdégree
the boundary layer is resolved, is monitored ingppropriate range.

To obtain a reliable result, grid independence\sigdone of the essential procedures in numerical
simulation. In general, the grid independency id sabe achieved if the results of key relevantaldes do
not change considerably when the grid is furth&nee. Rather than doing grid independence studylio
the cases, the grid independence study is onlyedaaut on (1) NACA0015-bladed wind turbine with a
solidity of 0.4 at a tip speed ratio)(of 1.0 and a wind velocity of 5 m/s and (2) NACHA®-bladed wind
turbine with a solidity of 0.2 at a tip speed ratip of 4.0 and a wind velocity of 3 m/s. The tip sgeatio
(TSR) is defined as

)
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where R is the rotor radius, is the angular rotation speed, andi¥ the incoming wind velocity. The finer
mesh is achieved by increasing node density ofrinimeular zone from a coarse mesh. Table 1 shbes t
power coefficient under different number of cells the two blades. It can be observed that the powe
coefficient only changes marginally when the mesanges from medium to fine. Therefore, the numlber o
cells for the fine mesh is used in simulation.

The power coefficient is one of the key variablesvind turbines. Its definition can be given as

- ®3)

where is the mechanical power extracted from the winds air density, and is the area of turbine
( ). His the length of the airfoils, and it is takas 1 in this study. It's convenient to correltte
turbine output with available power in term of poweefficient ( ). The power coefficient is subject to the
Bentz limit of 0.593, which is derived from linearomentum theory. This limit provides the theordtica
maximum power extracted for a wind turbine.

2.3 Numerical Scheme

The simulation is done with the commercial CFD @ayk Fluent 13.0, in this study. The RNG k-
turbulence model with standard wall function waplegal to the simulation. The SIMPLE scheme is used
for the coupling between pressure and velocity.co8d order upwind algorithm is adopted for spatial
discretization of the momentum and turbulence agqust An overlapping moving grids technique is
employed to explore unsteady interaction betweenstiationary and rotating components. As explained
earlier, the entire computational domain is divid&d two fluid zones. The circular inner zone lassified
as a moving mesh by specifying a certain anguléocity determined by the tip speed ratig.(All the
interior boundaries in circular inner zone are wedi as interfaces. The turbine blades were idedtdis no
slip walls and set as stationary relative to thatieg grids. All cases were run till the torquemhn does not
change any more for each revolution of turbine. &&ach time step, the convergence criteria of atisolu
have been insured when the residual of all varslideless than a specific value €)Cfor continuity,
momentum, and turbulence. Simulations start witimgatation of the steady flow around a fixed positod
turbine blades. From this initial condition, a s@mnt simulation begins. The time step is set dhffi¢ for
different cases, ranging from 0.5 to 7.0 millised®n

3. RESULTS AND DISCUSSION

In this section, the result of a baseline is presfirst, followed by parametric studies on tipsg
ratio, wind velocity, blade profiles, and bladeigdity. The performance of wind turbine is presentsdthe
power coefficient (¢) as defined in Eqg. (3) and the torque (Q). Theueris generated by the tangential

force on all the airfoils. As discussed earlieg ttownstream airfoils will be affected by the wéllogv from
upstream blades. The total torque can be given be

(4)
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where N is the number of airfoils and it is 3 imstetudy. The tangential force (as well as the mbriorce)
is a function of azimuth angle . Therefore, an average force is needed to ckehe total torque. The
average tangential forceqk.9 on one blade can be given below (Carrigan, 2010).

T ®)
Once the total toque is calculated, the total pavuput can be obtained by

(6)

Note that the azimuth angle)(can start at any position because of the cydature of a wind
turbine. For convenience in this study, the azinautble is specified in Figure 4.

3.1 Baseline Case

To explore the fundamentals of the VAWT performaraedaseline is examined first. In this case,
NACAO0018 is considered with a solidity of 0.2. TWend velocity is 3 m/s. Figure 5 shows the totabte
as a function of azimuth angle when the tip spe#id s 2.5. It can be observed that at a zero @hirangle,
NACAO0018 produces a negative total torque at TSR.5ffor the wind velocity of 3 m/s. From %dzimuth
angle in this case, the torque begins to increasause the lift direction is preferable to make anor
contribution to the positive torque and the lifs@lincreases with the angle of attack. The toteju®
reaches to the maximum at an azimuth angle of ar@@h The dynamic stall then happens as a result of the
increasing angle of attack, and the torque startdetrease until to the lowest point. For eaclolgion,
there are three peaks, which are correspondingrée tairfoils. The maximum total torque in thiseas
about 0.1 Nm and the lowest value is about -0.05 Nm

Figure 6 shows the vorticity contours and velowiégtors at two different azimuth angles: one i$ 45
and the other is 180The vortices in both the leading and trailing ezlgre generated, develop, separate
from the surface, and then regenerated within laréublution. From the vectors, the vortexes arewshas
a low velocity zone. Based on the details of thgure, plus the results at other azimuth angles, th
preferable location can be identified. It is alés@rved that this pattern is the same when the speed or
turbine solidity change.

3.2 Effect of Tip Speed Ratio

The wind turbine can be designed to operate unifiereht tip speed ratio. Given the same blade
solidity and wind speed, the effect of the tip shbeatio on the VAWT performance with NACA0018 is
illustrated in Figure 7. When the TSR increasemftb5 to 3.0, the maximum total torque become$tiig
bigger, which means a better turbine performanaevéver, when the TSR goes beyond 3.0, the overall
distribution of total toque moves lower, indicatitite total power output becomes less. Althougls ot
shown in the figure, the turbine performance doessmow any good when the TSR is lower than 2.5.
Therefore, there is a highest total torque forttadl tip speed ratios. In this case, the highest totque is
0.1137 Nm and the power is 3.47 W, which givesagracoefficient of 0.35, which occurs at the tippsg
ratio of 3. The low power output is due to the tehe turbine as well as the wind speed. Sinchéory
the turbine power is proportional to the cube afidvspeed, a higher wind speed will produce muchédrig
power output.

200



European International Journal of Science and Tetbgy Vol. 2 No. 8 October 2013

3.4 Effect of Wind Velocity

Note that although in theory the turbine powerrisportional to the cube of wind speed, the actual
effect of wind speed on turbine performance migatablittle bit different from the theory due to the
interaction between different blades, i.e., the eviem the upstream blade will affect the perforocenf
the blades in the downstream. Figure 8 shows thiccgistribution of total torque for NACA0018 with
solidity of 0.2 at a wind speed of 5 m/s. Compatedrig. 7, the shapes of these curves are in getiera
same. The main difference is apparently the madeitnf the torque. When the wind speed is 5 m#s, th
most favorable tip speed ratio is still 3.0. Thghaist torque in this case is 0.3638 Nm, which gavgswer
of 18.37 W and a power coefficient of 0.39.

3.3 Effect of Blade Profiles

As discussed earlier, the airfoils NACA0015 and Blldre also examined in this study in addition to
the airfoil NACA 0018. The unsymmetrical airfoil1&10, is considered the best for Darrieus type VAMMT
its self-starting capability without help of varlakpitch. It is therefore of interest to examiteperformance
for the Giromill type of VAWTSs. Figure 9 shows ti@tal torque as a function of the azimuth angléhwi
different tip speed ratios. There is a positivegjter when the TSR is 2.5, 3.0 and 3.5 for S121GhEtmore,
the magnitude of the fluctuation for TSR of 2.5 & is smaller than those in the case of NACAO@48een
in Fig. 7. The highest torque produced by S1210af@m/s wind velocity is 0.1114 Nm, which is very
similar to the case with NACAQ0018. Therefore, ibshl be said that S1210 can perform slightly betian
NACAO0018 under the specified conditions.

Figure 10 gives the power coefficient for two diffat cases of NACA0018 and S1210 with different
tip speed ratios varying from 0.5 to 4.5 and a canspn to the theoretical analysis. It can be shahthe
maximum efficiency of the modeled airfoils is apmzharound a tip speed ratio of 3. Moving away from
this tip speed ratio, the aerodynamic performarmedp coefficient shows a decreasing trend. At adwin
velocity of 3 m/s, the highest power coefficientaisout 0.34. The turbine is usually operated ardinsl
TSR to transform the wind power as much as posdibban also be observed that the results of NATKD
and S1210 are close to each other, and they arealsistent with the literature. Not shown in thigire,
the highest power coefficient becomes 0.4 for thees with wind velocity 5 m/s, and the resultsase
consistent with the literature. Notice that the enomportant to numerical simulation is to predte trend
of the performance envelope. Although the modehis study is two dimensional only, the same traad
those reported in the literature can partially daté the numerical method.

3.5 Effect of Blade Solidity

To study the effect of blade solidity on the tugbiperformance, the cases with solidity of 0.4 are
examined. The higher solidity means the small&ati@n diameter, which is 0.3 m in this case. Fegil
shows the vorticity contour of the three NACAOO1&des at different azimuth angles. The vorticelsath
the leading and trailing edges can be seen. Hawdvis figure fails to show the effect of the upsim
blade on the downstream blade.

201



European International Journal of Science and Tetbgy ISSN: 2304-9693 ww\stedyg.uk

More results are presented in Table 2 for the castésa solidity of 0.4. Compared to the casedwit
solidity of 0.2, the power output is much lower,ighis mainly due to the smaller area that theineb
sweeps. Furthermore, it can be observed that fotwlo wind speeds considered, the performanceeof th
cases with S1210 blades is lower than those wit@N@015.

The power coefficient for solidity of 0.4 is plottén Figure 12. It can be seen that the TSR wiéh th
highest power coefficient becomes 2.0. On the rottend, the NACAO0015 blades produce a power
coefficient as high as 0.42, while the S1210 bladas only give a power coefficient of about 0.28.
However, the trend remains the same.

4. CONCLUSIONS
Based on the numerical results in this study orla8dd Giromill type VAWTs under different

operational conditions, the following conclusioms de drawn.

I Numerical simulation can predict in a reasonablg @ vortexes at both the blade leading and
trailing edges for different azimuth angles. Thegass of vortex generation, development and
separation from the surface can be clearly seen.

il. Both the symmetrical airfoils (NACA 0015 and 00Kdow good aerodynamic performance for
solidity of 0.2 and 0.4. For solidity of 0.2, theghest power output is at a tip speed ratio of 3,
while for solidity of 0.4, the highest power outpsitat a tip speed ratio of 2. In another word, as
the solidity of turbine increases a higher powdpatican be achieved at lower tip speed ratio.

iii. The unsymmetrical airfoil (S1210) shows good pemiance when the solidity is 0.2 but fails to
produce desired power output for solidity of 0.aawéver, the trend of power coefficient versus
azimuth angle is the same for all the cases ansistent with literature.

iv. Wind turbines are generally operated around apged ratio to transform the maximum wind
power by starting from a low or zero speed. Extepmaver support is needed when the turbine
fails to produce enough positive torque at low spea this study, both symmetrical and
unsymmetrical airfoils are failed to produce th#isient positive starting torque.
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Figure 7 Effect of TSR on Total Torque of NACAOO@®lidity = 0.2 and Wind Speed = 3 m/s)
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Figure 11 Vorticity Contour of Bladed VAWT with NACA0015 Airfoils with aSolidity of 0.4 (Speed
Ratio:1.5, and TSR: 1.5)

Figure 12 Power Coefficient versus Speed Ratio for Giromill type VAWTSs with Solidity of 0.4 and
Wind Speed of 5 m/s

Table 1 Results for Grid Independer Stud

Airfoil Number of Cells Power
NACAOO1 Coar_se 73,982 0.1446
5 Mediu 98,748 0.1339
Fine 1,10,570 0.1306
NACAO001 Coar_se 52,190 0.0728
8 Mediu 58,746 0.0526
Fine 67,548 0.0520
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Table 2 Performance of VAWT with a Solidity of 0.4

Airfoils NACAO015 S1210
Wind Velocity 3 m/s 5m/s 3 m/s 5 m/g
(m/s)
Maximum Torque| 5309 | 01438 0.0186 0.094
(Nm)
Angular Velocity | -, 66.67 40 66.67
(rad/s)
Power (W) 1.24 9.64| 0.744 6.2¢
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