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Nomenclature

o angle of attack Ps blade power (three blades)

A tip speed ratio, Rt/Uip# azimuth position Pw wind power

p air density R rotor radius

) rotor angular speed Re blade Reynolds number

A rotor frontal swept area, 2RL, (in hotwire  Tb blade torque (single blade)
anemometry, constant 1) Tg blade torque (three blades)

c blade chord U. free stream wind speed

Cq drag coefficient \Y characteristic wind velocity

Cuss static stall drag coefficient Vp blade velocity, Ro

C lift coefficient w relative velocity of wind with respect to

Ciss static stall lift coefficient blade

Cn moment coefficient XX maximum blade thickness in percent chord

CP power coefficient y" dimensionless wall distance

ACP  change in CP BEM  Blade Element/Momentum

D rotor diameter CFD  Computational Fluid Dynamics

Fq drag force HAWT Horizontal Axis Wind Turbine

F lift force RANS Reynolds Averaged Navier—Stokes

Abstract

Vertical axis wind turbine (VAWT) has been shown to be more suited to small scale power
production in the urban environment due to distinct advantages over its horizontal counterpart.
Over the last few years, continuous improvement on its aerodynamic performance, either through
experimental or numerical analysis, have been carried out by numerous researchers. VAWT
performance was investigated using Computational Fluid Dynamics modeling. The influence of
camber on steady wind performance was analyzed and the most efficient of all levels of blade
camber studied for VAWT application was determined. Various levels of camber were imposed on
to a NACA XX25 blade profile, namely: 0.5%; 1.5% (cambered close to the path of rotation); and
2%. Results revealed positive effect of incorporating a positive level of blade camber to VAWT
design. The most favorable configuration for the VAWT under study was determined to be the
camber level that causes the camber line to coincide with the path of the rotor rotation. The paper
presents an in-depth discussion of the flow physics and wake dynamics, for the two wind cases of
VAWTS, through flow visualizations and blade force analysis.
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Introduction

Due to the increasing awareness in energy security issues and climate change threats, most
of the current research and development (R&D) programs in the energy sector are driven
towards harnessing alternative energy sources. Wind energy, along with photovoltaic, solar
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thermal, hydroelectric, biomass, and other resources, was given particular attention as a
renewable and environmental-friendly energy resource. Its technological progress has been
impressive over the years and because of its steady growth in competitiveness, it has de-
veloped into a mainstream energy source in many countries worldwide. Two main tech-
nologies are considered in the wind energy domain: the horizontal axis (VAWTS) and ver-
tical axis wind turbines (VAWTS). For the past years, HAWTs have received significant
R&D work and have become a mature technology making it a common choice for large
scale wind power generation [1]. Conversely, VAWTs have not been given the same atten-
tion even though they present several advantages over HAWTS, especially for small scale
power production [2] and when operating at low Reynolds numbers (Re). It is apparent in
literature that accurate airfoil data to describe aerodynamics of VAWTS are very few.
VAWT analyses are limited to a narrow number of blade profiles, substantially some NA-
CA series symmetrical airfoils, for which low Reynolds numbers extended databases are
available in technical literature [3]. The reason behind this is that most airfoil databases
used for VAWT analysis are derived from aeronautical applications, where high angle of
attack (o)) are seldom encountered [4], and which hardly extend beyond stall, referring to
relatively high Re (>10°) [5]. With this, the current study aims to contribute to the efforts
in filling in the gaps data in the literature of VAWT performance.

Aerodynamics of a Darrieus-based VAWT

Since the success of all wind energy conversion systems is largely dependent on maximiz-
ing their energy extraction, rotor aerodynamics plays a critical role in the minimization of
the cost of energy they generate [3]. Figure 1 shows the velocities and forces driving a
Darrieus VAWT.

Two important velocities are shown, namely: V,, or the velocity of the airfoil relative to
the shaft that is always parallel to the chord c, having a magnitude equal to rotational speed
o multiplied by the radius R; and U,, or the velocity of the wind, which is approximated at
constant velocity in one direction. The resultant of these two velocities is W, which is the
velocity of wind relative to the airfoil. The angle between W and V,, is the angle of attack «

[2], [6].
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Figure 1. Forces on a darrieus-based VAWT [2]
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W fluctuates from a maximum of (A+1)U,, to a minimum of (1-1)U,, where 4 is the tip
speed ratio equal to the ratio between V, and U,. At the same time, the angle of attack «
also varies periodically between positive and negative values. From geometrical considera-
tions, the W and o can be calculated using Equation 1 and Equation 2, respectively:

W =U_V1+ 2Acos6 + A2 (1)
_ —1 Ssinf
@ = tan Atcos6 (2)

where @ is the azimuth angle or the orbital blade position.

Aerodynamic lift Fy and drag F4 are generated when an incidence of wind flow on the
turbine blades is present (i.e. o # 0). In the 0° azimuth and the 180° position where « = 0°,
F is zero and only F4 exists. F; begins to be generated as the blades rotate out of these two
positions and a changes. Both of these forces have components along the tangential (Fr)
and normal (Fy) directions. The normal components of these forces do not influence the
energy generation of the rotor but are a key factor when it comes to structural considera-
tions [2]. The tangential components are the primary driving forces that dictate the perfor-
mance of the VAWT and give rise to the instantaneous blade torque Ty (Equation 3).

T, = (F;sina — F; cos @)R (3)
The instantaneous blade power Py and rotor power Pg is computed as:

P, = wT), 4)

Py = &(Ty1 +Tpp +Tp3) ®)

The instantaneous wind power on the other hand is given by Equation 6:

R, = 3pAU’ ©)
where A is the VAWT swept area, that is equal to the rotor diameter D multiplied by the
blade length L, and p is the density of air. The instantaneous power coefficient CP can now

be computed by dividing Pg by P,,.
— P8
CP = n (7

Under steady wind conditions, the VAWT CP is normally computed by averaging the
instantaneous blade torque over one rotor rotation thus making the CP independent of azi-
muth position and giving a single—valued metric of the VAWT performance [2].

Blade Camber

The effect of airfoil asymmetry on the aerodynamics and performance of VAWT
under steady wind condition was investigated in this paper. Airfoil asymmetry was
achieved by applying various levels of camber (0.5%, 1.5% and 2%) to a four-digit NACA
airfoil pro-file.

NACA XX25 airfoil profile, cambered at four different levels, was considered in
the study. An illustration of the blade profiles evaluated is summarized in Figure 2.
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Figure 2. Symmetric and cambered NACA XX25 profiles

Each blade profile was tested with VAWT and optimum level of blade camber was de-
termined through numerical simulation—a less expensive way of analyzing and improving
the aerodynamics of wind turbines when compared to actual experimental tests [7]. Specif-
ically, this was carried out using computational fluid dynamics (CFD) modeling.

Aerodynamic Performance of Various Airfoil Profiles

The availability of aerodynamic performance data for symmetric aerofoils made them a
common choice for VAWT applications. The performance of NACA aerofoils has been
investigated as early as 1937 by Jacobs & Sherma. Their study is a systematic investiga-
tion of representative groups of NACA aerofoil profiles in a wide range of Reynolds num-
bers using static aerofoil tests of lift and drag. In 1978, Healy [9], [10] conducted studies
on the effects of airfoil thickness and camber on VAWT performance using multiple
streamtube model. Results showed that thicker profiles are more preferable at lower Rey-
nolds numbers and that higher output and smoother power curves are obtained with pro-
files closer to symmetric. The former however was contradicted by Danao et al. [11] in
their CFD study on blade thickness and camber where thinner aerofoils were found to pro-
duce higher values of lift through stronger pressure gradients. Moreover, cambered sec-
tions were found to improve the overall performance of thick aerofoils. Slight camber
along the blade path is seen to be desirable while inverted configurations are detrimental to
power extraction especially in the downwind.

A comprehensive experimental dataset of symmetric NACA aerofoils for VAWT ap-
plications was published by Sheldahl and Klimas [4]. The airfoil section data requirements
for application to VAWTSs are in fact broader in scope than those the aircraft industry [5].
The maximum value of angle of attack that a VAWT blade section is exposed to normally
exceeds 25° especially near the ends of the curved blades of the traditional troposkein de-
sign of the Darrieus concept. Static aerofoil tests were conducted and an extrapolation
code was developed to generate performance data at Reynolds numbers outside the expe-
rimental range most especially at the low end where much of the operating conditions exist.
Primarily the effect of blade thickness on symmetric NACA profiles was studied from 0°
to 180° angle of attack and data for both increasing and decreasing incidence was taken to
show hysteresis of airfoil performance.

Further, performance of cambered airfoils has been analyzed by Baker [12] and Kirke
[13]. It was concluded that the use of cambered or angled blade profile can maximize
power extraction. Such profiles can significantly increase the performance in the upwind
where most of the power is produced. This also improves the VAWTSs self-starting capa-
bilities since cambering pushes the performance curve to lower A. At low Reynolds num-
ber conditions, a separation bubble evolving at the leading edge is inevitable. Reattach-
ment on the trailing edge needs to be encouraged to negotiate the pressure rise and sustain
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the lift prior to full stall. A section with a more rounded nose and cambered leading edge is
argued to accomplish the job.

Mclntosh [14] carried out parametric studies in 2009 made using a free vortex model
code. Results showed that thinner aerofoils produce higher maximum CP versus thicker
sections. It was observed that NACAQ0012 CP curve had a sharp drop from the maximum
point on both sides while thicker profiles display flatter top and gentler rounded drop in CP.
Maximum CP was also observed to shift to lower A. Thicker aerofoils are desirable in
windy conditions because turbines operating at lower tip speed ratios will experience
smaller fluctuations in A during the gusts and the drop in CP is also reduced.

Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) offers the best solution in VAWT performance si-
mulation in comparison to momentum and vortex models [15]. The entirety of the flow is
calculated by this model through numerically solving the Navier-Stokes equations. Navi-
er-Stikes equations are a set of non-linear, coupled, partial differential equations for which
an exact solution still does not exist. For the simulation of a wind turbine, the equations
include the continuity equation and momentum equations. Turbulence is considered using
the Reynolds-averaged Navier-Stokes equations where the introduction of a new term
representing the turbulent stress gives rise to a number of turbulence models. Because of
its flexibility, CFD has been gaining popularity for analyzing the complex, unsteady aero-
dynamics involved in the study of wind turbines and has demonstrated an ability to gener-
ate results that compare favorably with experimental data. CFD has shown no problems
predicting the performance of either high or low solidity wind turbines or for various tip
speed ratios. However, it is important to note that predicting the performance of a wind
turbine using CFD typically requires large computational domains with sliding interfaces
and additional turbulence modelling to capture unsteady effects, therefore, CFD can be
computationally expensive [16].

Methodology

Mesh Generation

The physical model of the VAWT and the surrounding domain was represented in a two-
dimensional grid. An illustration of the 2D CFD model used in the study is shown in Fig-
ure 3. The effects of the blade-support arm and blade ends were neglected.
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Figure 3. Two-dimensional CFD model
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Moving sub-grids were considered in this study since it primarily deals with a rotating
machine. The 2D computational domain was divided into two distinct sub-grids, namely:
1) stationary sub-grid that is the rectangular outer zone, determining the overall calculation
domain, with a circular opening centered on the turbine’s rotational axis; and 2) rotor sub-
grid that is a circular inner zone, which shall rotate with rotor angular velocity. The loca-
tion of the rotor sub-grid coincides exactly with the circular opening inside the stationary
sub-grid area and centered on the turbine rotational axis.

The work is aimed at simulating the operation of the VAWT in an open field condition,
hence boundaries were positioned far enough from the rotor test section to avoid solid
blockage and to allow full development of the wake. In this study, the side wall and inlet
distances were set to 5 diameters away from the rotor while outlet distance was set to 10
diameters away as suggested for testing VAWT in open field scale [2], [17]. The geometry
and mesh of the model was generated by importing the airfoil coordinates of the NACA
XX25 into the ICEM CFD 14.5 software.

One of the critical factors that dictate the overall quality of the computational domain is
the spatial resolution of the mesh near the blade. To obtain reliable results of forces on the
blade surfaces, appropriate number of airfoil nodes and cell growth rate are needed to be
considered. To determine the appropriate surface node density, initial runs were done
wherein three surface node densities were tested at A = 4, and the blade torque coefficients
in one full rotation for each case were compared.

Figure 4 shows the result of the node density study for one complete rotation. As can
be seen in the graph, while the torque curve of the mesh with 70 airfoil nodes greatly de-
viates from the other two curves, there is a very close agreement observed between the
curves of the meshes with 210 and 300 airfoil nodes, such that they are already overlap-
ping in most areas. The ACP computed between the two cases was only 0.0025 or 0.825%
difference in magnitude. Given this very minimal variation between the two, 210 airfoil
nodes was chosen since it can give accurate results at a lesser computational time.

R e o e 210 Airfoil Nodes ||
: ‘ : ‘ ‘ 300 Airfoil Nodes |

Torque, Nm
[+

0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth 6, degree

Figure 4. Node density study at A =4

Each blade of the rotor has a chord length of 0.15m and was meshed with 210
nodes, with clustering both in the leading and trailing edges where high gradients in
pressure and flow were expected. In creating the rotor sub-grid (Figure 5), an O-type
block was first created around the airfoil from which the cells were generated. The first
cell height was set ensuring a y* not exceeding 1. The cells expand from the wall to the O-
type block bounda-ries with a growth rate of 1.1, giving a minimum of 90 layers within
the said block. Cells beyond this block were set to have a maximum cell height not to
exceed 0.10c for the rotor sub-grid. A smoothing algorithm in the meshing software was
used to reduce the angle skewness of the cells.
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a. b.
Figure 5. Details of rotating mesh: (a) rotor sub-grid and (b) near-blade mesh

The outer stationary sub-grid (Figure 6) on the other hand, was meshed relatively
coarser than the rotor sub-grid. Minimum cell height was set to one chord length. Cell
growth height from the circular interface to the wall boundaries was to 1.1 giving a maxi-
mum cell height of 0.25m. Coarser meshes reduce computational time.

Figure 6. Stationary sub-grid

CFD Solver

The CFD software FLUENT v14.5, which uses the finite volume method was employed in
this study to simulate the fluid flow through the VAWT. It is understood from the
BEM theory that the whole blade can be thought to be made up of finite blade elements.
Hence, a 2D CFD model which can be considered to be an elemental section of the blade
shall be used in the simulation. Moreover, based from previous studies, 2D model has
been found to be sufficient in demonstrating various factors that influence the
performance and majority of flow physics of VAWT.

The computational domains generated were read into the CFD code FLUENT for nu-
merical iterative solution. All simulations to be done shall be carried out using this CFD
program. The rotational motion was simulated by allowing the rotor sub-grid to rotate at
constant angular velocity. The mesh movement was defined explicitly by specifying time-
varying positions for all the rotor sub-grid block cell vertices. An interface boundary
sur-rounding the rotating sub-grid within the model was allowed to slide at specified
velocity to represent its relative motion to the stationary sub-grid.

The coupled pressure—based solver was selected with a second order implicit transient
formulation for improved accuracy. All solution variables were solved using second order
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upwind discretization scheme since most of the flow can be assumed to be not in line with
the mesh.

VAWT performance simulations were done under steady wind conditions, at a con-
stant free stream of U,, = 5m/s, over a range of tip speed ratios from 1 to 5 in increments of
0.5, both for the symmetrically and asymmetrically bladed VAWTs. The VAWT was al-
lowed to run for 10 rotations in each simulation and T, of one blade was monitored all
throughout. The maximum iteration per time step was set to 50 to make each physical time
step converge. Time step convergence was monitored for all conserved variables and it was
observed that acceptable levels of residuals (less than 1x10%) were attained after 8 rotor
rotations, also achieving periodic convergence. For illustration, the T, curve of the
symmetric bladed VAWT at A = 4 for 10 rotations is plotted in Figure 7. The peaks of the
upwind torque for cycles 9 and 10 are level and the downwind ripple match closely. The
difference in average torque between cycle 9 and cycle 10 for all 1 cases averages to about
1.5% with highest percentage difference at the maximum A = 5 (~8%) and lowest at the
minimum 4 =1 (~0.1%).

Unconverged
—— Converged

Torque, Nm

P S S |
N — =

W e e = ]
S

5
Cycle

Figure 7. Ty ripple over 10 full rotor rotations at 1 = 4

Model validation was carried out by comparing the current CFD model to the QR5
wind tunnel test results as cited by Scheurich [16] and to the results of the DMS model by
Wahl [18]. As seen in Figure 8, the current model compares well with the two other mod-
els in terms of the general trend of CP curve with optimum CP occurring at A = 3.5-4.
Close results are observed between the current and Wahl’s models, with minimal variation
which can be attributed to the difference in numerical model used — DMS vs. CFD. On the
other hand, though very similar trend was also observed from the results of the wind tunnel
experiment of QR5, its relatively high CP magnitudes may be due to its optimized blade
configuration, which is helically twisted.
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Figure 8. CP curves vs. 4 of various NACA 0025-bladed VAWTS
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Results and Discussion

Power Coefficient

Four variations of blade camber level of VAWT were tested in this study, namely: 0%
(symmetric); 0.5%; 1.5% (camber along the blade path); and 2%. The results of the simu-
lations for all these VAWT profiles is summarized in Figure 9, showing the corresponding
power coefficient (CP) curve of each case. Generally, a region of negative trough is
present in all CP curves, specifically in regions within 1 > 2 > 2, giving negative CP values
within this low range of 1. After this portion, the CP tends to increase until it reaches a
peak at A = 4 that is also common for all the blade profiles evaluated. CP gradually de-
creases afterwards.

L0 e s e
0.35 -
0.30 -
0.25 -
0.20 -
0.15 -
0.10 -
0.05 -
0.00 +--m
-0.05

CP

Symmetric

0.5% Camber |
—B—1.5% Camber |
2% Camber

1.0 15 2.0 25 3.0 35 4.0 4.5 5.0
Tip Speed Ratio, A

Figure 9. CP curves

Results show that incorporating a positive level of camber to the design of VAWT
blades can improve its overall performance. All camber-bladed VAWTS gave higher val-
ues of CP as compared to the symmetrically-bladed VAWT. The blade with 1.5% level of
camber performed best, gaining the highest CP for almost all the range of 1 evaluated.
Maximum CP is predicted at 0.3410 for the said blade profile which is relatively higher
than the predicted maximum CP of the other blade profiles (CP = 0.3409 for 2% camber,
CP = 0.333 for 0.5% camber and CP = 0.308 for the symmetric blade). A 10% difference
in efficiency is observed between the best and the least blade profiles. In the succeeding
discussion, the best performing blade profile (blade with 1.5% camber level) is analyzed
further, comparing its performance to the symmetric blade that was chosen as baseline
model.

Torque, Lift and Drag Coefficients

The variation of torque versus the azimuthal position of blade at steady wind U,, = 5 m/s
for one full rotor rotation are shown in Figure 10 and Figure 11. The following discussion
is true for both the symmetric and 1.5 % camber-bladed VAWT. As observed from the
graphs, blade torque tends to increase from A = 1 to A = 4 and drops afterwards, giving
lower values of blade torque at 4 = 4.5 and 4 = 5. Stalling in the upwind was also observed
to be gradually delayed as 4 increases. Downwind performance is seen to improve as 4 in-
creases resulting in the steady increase in CP (from 4 = 1 to 4 = 4). Torque in the down-
wind can be observed to be highest at A = 3.5 followed only by torque magnitudes at 4 = 4.
However, torque in the upwind is higher at higher 1 (i.e. A = 4, 4.5 and 5) than the other 1
as compared to that of 1 = 3.5, which results in a higher CP at 4 = 4. Upwind performance
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is very similar forA = 4,1 = 4.5 and 2 = 5. The main factor for the lowerCP at 1 = 4.5 and
A =5 is the poorer performance in the downwind side.

By analyzing the torque and the aerodynamic lift and drag forces acting on the blades,
the behaviour and performance of VAWT at various A can be better understood and ex-
plained [2]. In the purpose of clearly presenting the significant differences among the
range of 1 tested in terms of overall performance, two extreme conditions were considered
for analysis. At 2 =2 and 1 = 4, the curves of Ty against 6 and the curves of C, and Cq4
against « were plotted and compared.
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Figure 10. Ty ripple of the symmetric-bladed VAWT at U,, =5 m/s
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Figure 11. Ty ripple of the 1.5% camber-bladed VAWT at U,, =5 m/s
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Figure 12. Ty, ripple of VAWT for two / cases at U,, =5 m/s

Figure 12 shows the blade torque curves of VAWT for the two 4 cases at U,, = 5m/s. It
can be seen from the figure that the performance of both the symmetric and camber-bladed
VAWTSs at A = 4 is significantly better than at 4 = 2 giving a maximum T, that is approx-
imately 50% higher than the maximum T, of the latter. Maximum Ty, recorded at 4 = 2 and
A = 4 for the symmetrically bladed VAWT were 1.13 Nm and 1.72 Nm, respectively. For
the 1.5% camber-bladed VAWT, higher maximum T, was recorded for 2 = 2 at 1.23 Nm
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and a slightly lower T, for 2 = 4 at 1.70 Nm. Stalling, as mentioned earlier, is much de-
layed for higher A while shedding of vortices is indicated by the ripple of T, at the lower A.
The very low calculated CP at 2 = 2 can be attributed to the range of T, for this lower 4,
which are mostly negative in value. These negative values of Ty are observable in regions
70° < ¢ < 180° and 220° < ¢ < 360°. In contrast, the opposite is observed at A = 4 with pre-
dominantly positive T,. Moreover, it is noticeable in the graph that at A = 2, the symmetri-
cally bladed VAWT performs better than the camber-bladed VAWT in the upwind side,
especially within the azimuthal range 70° < 8 < 165°. However, higher values of T, were
recorded on the downwind side (250° < 8 < 365°) of the camber-bladed VAWT that offset
the effect of the lower T, values on the upwind side, thus giving higher CP for the said
VAWT profile. At 4 = 4, the performance of the camber-bladed VAWT is obviously much
better than the other VAWT profile giving higher values of T, that commenced from 6 =
90° to 4 = 360°.

The maximum T, for the rotation is represented in Figure 12 by point 1s for the sym-
metrically bladed VAWT and point 1c for the 1.5% camber-bladed VAWT. Point 1s is lo-
cated on the upwind side at 6 = 88° with « = 13.9° and T, = 1.72 Nm. The lift at this loca-
tion is C; = 0.85 (Figure 13). This value is among the highest values of lift generated for
the rotation. For the 1.5% camber-bladed VAWT on the other hand (Figure 14), the maxi-
mum torque was predicted to be T, = 1.70 Nm at § = 91° and a = 13.9°. At this location,
lift C, = 0.81. As discussed from the previous section, the maximum torque for the camber-
bladed VAWT is slightly lower than the symmetric VAWT but better performance of the
former on the downwind side resulted to its higher values of CP. Lift coefficients at points
1s and 1c are both lower in magnitude compared to the XFoil derived static data for the
two NACA XX25 airfoils. The NACA 0025 predicted static stall lift coefficient is C; ¢ =
1.13 at an angle of attack a = 10.75°. This value is 25% higher in magnitude than the cor-
responding lift coefficient of the NACA 0025 airfoil in the dynamic case. This is also true
with the 1.5% cambered blade (NACA 1425) with higher static stall lift of C;ss = 1.14 at o
= 9°, an 80% difference in magnitude compared to the same blade profile subjected under
pitching motion (Figure 14). According to Lee et al. [16] as cited by Danao [2], the lift
force on an airfoil under pitching motion is increased as an effect of dynamic stalling.
However, the opposite was observed from the plotted data, showing higher static stall lift
coefficients, which can be attributed to the overestimation of the software XFoil that was
used to predict the static data of the airfoils. Moreover, these static data were acquired at
Re = 200,000 that is slightly higher than the actual Reynold’s number for the same blade
profile at 2 = 4 which is Re = 160,000. What is still evident from the lift curves is that even
after static stall angle, lift in the dynamic curves continues to increase as an effect of vor-
tex separation from the airfoils due to dynamic stalling [17]. This effect is more obvious
under low values of 1 as can be seen from Figure 13 and Figure 14 where the curve of 1 =
2 has higher maximum lift than that of A = 4 at even higher value of a for both blade pro-
files. Despite the high lift, T, is negative at this point in the case of 4 = 2 for both blade
profiles because of the overpowering effect of drag (see Figure 15 and Figure 16). The
predicted static stall drag coefficients for the symmetric and cambered airfoil are Cyss =
0.03 and Cys = 0.02, respectively. These are comparatively lower than the drag coefficient
of the symmetric (Point 1s in Figure 15) and cambered (Point 1c in Figure 16) airfoils un-
der dynamic condition, which is C4= 0.10 for both blade profiles.

The values of T, at 4 = 4 then gradually decrease down to the negative region after
point 1 with minimum at Point 2s (8 = 174.5°, o = 1.83°) for symmetric blade and point 2¢c
(0=174°, a = 1.99°) for cambered blade. At this point, the XFoil predicted static C, for the
symmetric blade is roughly 0.18. Though this static lift is relatively high, dynamic lift
drastically dropped from point 1 to a negligible value of -0.04 at point 2, an outstanding
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decrease in magnitude of about 0.89. The corresponding drag, on the other hand, was mi-
nimally lowered by only 0.08. T, at this point is -0.161 Nm as reflected by this
compara-tively high drag and insignificant lift. Similarly, for the blade with camber, Ty, is
negative but is slightly higher than the former at -0.157 Nm. Lift is also negligible at C, =
-0.06 with a corresponding drag of C4 = 0.02.

Points 3s (¢ = 228°, a = -12.58°) and 3c (¢ = 246°, a = -14.26°), on the other hand,
represent the maximum values of T, on the downwind side for the symmetric and cam-
bered blades, which are 0.49 Nm and 0.54 Nm, respectively. These are both located in the
third quadrant just before 8 = 270°, the location where the blades interact with the center
hub wake. The « for both blade profiles at this point should bring them into dynamic stall
but lift and drag are lower at C; = -0.587 and C4 = 0.053 for symmetric blade and C, =
-0.590 and C4= 0.072 for cambered blade. Lift and drag are generally lower in this region
since most of the power from the wind was already extracted on the upwind side of the ro-
tation.
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Flow Visualizations

Under steady wind conditions, monitoring of flow was done over one blade only. Similar
results are expected of all three blades of the rotor due to its symmetry hence, monitoring
one blade will be sufficient enough to visualize the effect of wake and vorticity on its per-
formance. Z-vorticity was calculated for cases of camber level (0% and 1.5%) and vortici-
ty contours are presented at 1 = 2.

Figure 17 shows the z-vorticity profiles of one blade for each of the two VAWT confi-
gurations on the upwind side of rotation. At 4 = 2, no visible separation of flow on the
blade surface is observed in the azimuthal position 8 = 30° for both blade profiles as torque
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Ty continuous to gain in magnitude that has started from 6 = 20° (Figure 12), peaking just
before & = 60°. Flow separation partially develops on the pressure side of the blades as
they cross € = 60° where Ty values started to drop, causing stalled flow. At = 90°, the
flow is fully separated from the blade surface and vortices are shed both at the leading and
trailing edges. This separation can be associated with the rapid drop in the magnitude of Ty
from 0 = 60° to & = 80° (Figure 12). Detached flow continued to 8 = 120° resulting in the
observed vortex shedding until mid-rotation at # = 180° that can be related to the negative
torque within this range. The flow is seen to briefly reattach in the downwind side (see
Figure 18) of rotation at & = 210° where torque is high in value, but continued to shed vor-
tices afterwards until @ = 330° where the flow reattached to blade once more which is re-
flected by the significant negative T, fluctuations within this region. The relatively large
angles of attack under 1 = 2 caused the poor performance of the VAWTS since it generates
large scale of vortex shedding. Moreover, z-vorticity images are very similar for both
blade profiles for almost all the 8. Only a minor difference can be observed such that fluid
flow is slightly more attached to the camber blade that are more obvious in the regions
with vortex shedding, especially between 120° < 6 < 300°. This can be the reason for a
better performance of the VAWT with camber blades.
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Figure 17. Z-vorticity profiles in the upwind side for the two cases

Z-vorticity images generated for the same VAWT profiles subjected under A = 4 are not
shown for brevity. However, it is observed that the flow are more attached to the blades all
throughout the rotation. This can be associated with mostly positive values of Ty for this 4
(between 40° < 0 < 150° and 200° < # < 330°) that are remarkably high at # = 60° to 6 =
120° (Figure 12). The high values of Ty, on the upwind side of rotation are due to the un-
perturbed wind and near static stall a that the blade sees. T, became considerably low only
after = 150° up to € = 190° where Ty, values are negative. This can be explained by the
wake that is seen by the blade in this azimuthal position, which was generated by the other
foregoing blade. On the other hand, the relatively low flat positive values of Ty, in the
downwind region, specifically between 200° < 8 < 330° are due to the reduced wind flow
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velocity as a result of wind power extraction on the upwind side. No observable difference
can be perceived between the set of generated z-vorticity profiles of the camber and sym-
metric blades.
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Figure 18. Z-vorticity profiles in the downwind side for the two cases
Conclusions

The study was aimed at evaluating the effects of introducing camber to the design of
blades of a VAWT. This was carried out by comparing the performance of VAWT with
NACA XX25 blades, cambered at 0.5%, 1.5% (cambered following path curvature) and
2%, to the performance of their symmetric-bladed VAWT counterpart. The RANS-based
CFD modeling was used in the process, through the commercial software ANSYS FLU-
ENT v14.5. Investigation was carried out by simulating VAWT performance under steady
wind. Simulations were done over a range of /1 (1 through 5, at increments of 0.5) at a
constant U,, = 5m/s. Results showed that for all the evaluated configurations of VAWT,
the maximum CP occur when A = 4. Moreover, all camber-bladed VAWTSs have been
found to perform better than the symmetric-bladed VAWT, having higher CP for all the
range of A evaluated. The blade with 1.5% level of camber, on the other hand, performed
best with the highest predicted CP for almost all the range of A. For said blade profiles, the
maximum CP was predicted to be higher at 0.3410, versus the predicted maximum CP for
the other three VAWT profiles (CP = 0.3409 for 2% camber, CP = 0.333 for 0.5% camber
and CP = 0.308 for the symmetric). A 10% difference in efficiency was recorded between

the best and the worst blade profiles.
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