EAIl Endorsed Transactions

on Energy Web Research Article EAL.LEU

A 2D numerical simulation of blade twist effect on the
aerodynamic performance of an asymmetric blade
vertical axis wind turbine in low wind speed

Hussain Mahamed Sahed Mostafa Mazarbhuiya'*, Agnimitra Biswas' and Kaushal Kumar Sharma'

"Mechanical Engineering Department, National Institute of Technology, Silchar, Assam, India-788010

Abstract

For urban areas, small-scale vertical axis wind turbine (VAWT) is a promising energy harvester due to its compact
structure. However, VAWT’s performance is inferior in low wind speed of urban environment. Selection of proper design
and operational parameters can give a desirable power output under such condition. In this paper, effect of trailing edge
blade twist on aerodynamic performance of an asymmetric blade H-Darrieus VAWT at a wind speed (6.0 m/s) is

investigated using 2D numerical simulation. Important aerodynamic parameters considering blade twists have been
analysed. Although blade twist has not increased power coefficient magnificently, the same is improved with blade twist
of 1°. However, further increase of the latter reduces the turbine performance. A maximum power coefficient of 0.171 is
obtained at tip speed ratio 2.4 for 1° blade twist configuration. Hence, the present study shows that blade twist should be
very low for low wind speed application of H-Darrieus VAWT.
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power coefficient (C,) of H-Darrieus VAWT; such as
deforming blades at leading edge [1] and trailing edge [2,3],
using gurney flap [4] and flapped airfoil . Blade twist is also
identified as a means for improving the VAWT’s
performance. Gupta and Biswas [5] investigated the effect
of twisted blade trailing edge using 2D steady-state CFD
analysis and recommended twisted blade for self-starting of
symmetric blade H-Darrieus rotor as the blade exhibited

1. Introduction

Wind is an important renewable energy source whose
effective utilization can fulfill the demand of rising energy
needs. Small-scale vertical axis wind turbine (VAWT) is a
promising energy harvester due to its various advantages

compared to the horizontal axis windmill. They have
experienced renewed importance from researchers and
manufacturers for energy generation in the urban areas.
However, there is an issue about its performance in the
urban areas that have low wind speed. VAWT’s
performance can be improved by selection of proper design
and operational perimeters. Modifications of the blade
designs itself influence the performance of VAWTs.
Different techniques have been used for boosting up the
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positive lift at zero incidence during startup. The effect of
trailing edge twist angle on steady-state performance of the
rotor was also evaluated. The optimal twist angle for higher
torque coefficient was reported to be 30°. Biswas and Gupta
[6] also investigated the unsteady low wind speed
aerodynamics of a two bladed H-Darrieus rotor having 30°
twist at blade trailing edge. The blade-fluid interaction was
studied in detail to analyze improved power performance of
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the rotor compared to without blade twist rotor. Beri et al.
[7] investigated the self-starting property of symmetric
NACA 0018 airfoil blade modified at its trailing edge.
Trailing edge modification was done by creating a flexible
portion of the airfoil, which was located at about 70% of the
blade chord length. Two dimensional unsteady flow analysis
revealed that modified airfoil blade profile had better self-
starting at low tip speed ratios (TSR) compared to prominent
cambered airfoil NACA 2415. Sobhani et al. [8] used blades
for VAWT having cavities instead of conventional blades.
They observed a 25% increase in average efficiencies of the
rotor with blade cavity. The combination of semicircular
dimple and gurney flap was also used to investigate the
turbine performance. Ismail and Vijayaraghavan used the
combination of dimple and gurney flap and obtained
maximum average tangential force for VAWT [9]. Due to
capability of maximizing the tangential force its use (gurney
flap) might be apparent at low tip speed range. Bianchini et
al. [10] recommended gurney flap at inner side of airfoil
which extracted better torque at downwind half of turbine
revolution. A parametric observation was also carried out to
select an optimized geometrical model for urban
environment [11]. Roh et al.[12] also reported that variation
of blade profile influence the turbine power. A three bladed
H-Darrieus turbine has better aerodynamic performance than
other blade configurations [13].

Design and operational parameters impact the
performance of H-Darrieus VAWT. Increasing the
aerodynamic performance of VAWT with symmetrical and
asymmetrical blade at low wind speed is a great challenge as
faced by previous researchers. In this paper to design an
effective H-Darrieus VAWT for low wind speed of urban
location, a six-digit asymmetric airfoil, NACA 63-415 is
selected. Twist is made at the trailing edge of the airfoil
blade. It is anticipated that twist at the trailing edge would
accelerate the flow at the blade trailing edge, which is
otherwise slow and on the verge of separation. And which
might increase the aerodynamic performance of the blades
and the turbine as a whole. In this regard, a two dimensional
numerical simulation is done for performance optimization
of the considered H-Darrieus VAWT with trailing edge
blade twists.

2. Numerical and geometrical modelling

Numerical simulation of H-Darrieus VAWT using Fluent
CFD software is performed using finite volume method to
solve the unsteady Reynolds average Naiver Stoke
(URANS) equation. A viscous model consisting of four
equations is used to simulate the low wind speed flow across
the turbine. The four equations transition SST model has
capability to capture the underlying flow physics associated
with VAWT and has a good agreement with experimental
results [14—16]. In VAWT simulation a flow transition from
laminar to turbulent is present and hence it is suitable to use
transition SST model [17]. The four equation model is based
on the coupling of SST-kw transport equations with addition
of another two transport equations. A semi implicit method
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for pressure linked equation (SIMPLE) algorithm is used to
couple pressure-velocity terms of URANS equation.
Standard pressure and second order momentum spatial
discretization scheme is used. A first order implicit transient
formulation scheme is imposed. A convergence criterion of
107 is imposed for continuity, velocity and turbulent
properties. The time step size (At) is calculated using Eq.
(1).
T

At =
@wx180

ey

where ® denotes angular velocity of H-Darrieus VAWT.
The number of time step is 1800, which completes five
complete rotation of the turbine. Maximum iteration per
time steps is retained as 20. The boundary conditions like
velocity inlet, pressure outlet and symmetry to the sidewall
boundaries are imposed on the computational model as
shown in Fig. 1. This rectangular model consists of one
stationary and one rotating domain. The radius of rotating
domain is enlarged to double of the radius of the turbine.
Distance between inlet boundary condition and the turbine
center is 10r, and the whole length of the computational
domain is 30r. Blades are created in such a way that
aerodynamic moment center remains at 25% of chord
length.
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Figure 1. 2D H-Darrieus VAWT domain.
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The detail geometrical description of the VAWT is given in
Table 1.

Table 1. Details of the VAWT geometrical dimensions

Blade profile NACA 63-415
Number of blades (N) 3
Blade chord length (c) 0.05m
Spoke-Blade connection 25% of ¢
Turbine diameter (D) 05m
Turbine solidity (o) 0.3
Wind speed (U) 6.0 m/s

The details of computational domain and mesh is shown in
Fig. 2. The aerodynamic performance of NACA 63-415 is
better [18] and hence it is selected for the turbine blade
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creation. A sliding mesh motion technique is used to
compute the relative motion between rotating and stationary
domain, which is recommended for time accurate solution
[19]. These two domains are bounded by an interface.
Different element size is used on computational domain
(airfoil, rotating zone and stationary zone) to ensure the
mesh quality and finalize the element size by grid
independence test. An unstructured triangular mesh is used
for the rotating and stationary domain whereas structural
mesh is used near the airfoils periphery. A viscous sub-layer
is generated on the airfoil boundary, which is resolved using
inflation layers near the airfoil boundary. An inflation zone
having 25 number of layers, 0.02 mm first layer thickness
and growth rate of 1.1 is used. Governing equations namely

Figure 2. Computational domain and grid: (a) Domain and grid for VAWT, (b) grid near the rotating cell zone, (c)
grid near the airfoil, (d) airfoil leading edge, (e) airfoil trailing edge.

3. Sensitivity and validation

For unsteady simulation study, it is necessary to identify
the number of time steps, which is customarily classified
in terms of turbine revolutions. Unnecessarily excess
revolution of turbine in unsteady simulation consumes
lots of memory from the computer system, which is a very
time-consuming process and increase the project cost as
well. In the present simulation of the considered wind
turbine, five numbers of revolutions are considered. The
relative change of C, with respect to the number of
revolutions of the turbine is shown in Fig. 3. With starting
of the turbine, the change of C, is maximum which is
visible up to the 4" revolution. A significant over
estimation of turbine performance would be the reason
during data sampling. A very little deflection (0.06%) in
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continuity equation Eq. (2), x-momentum Eq. (3) and y-
momentum Eq. (4) are solved to calculate the performance
of the present turbine using ANSYS FLUENT CFD
software.

V.(p\7)=0 (2)
o(pu) N__op ot 07,
o +V.(puV)=—a+E+E (3)
G(pv) op Or, Or,
- +V.(va)——5+E” @

(e)

C, is obtained between the 4" and 5™ turbine revolution.
Similar trend of variation in C, is also reported by
Rezaeiha et al. [20]. The angular velocity () for the
corresponding A is calculated using the Eq. 5.

1= ®)

2U

Table 2. Details of grids used in VAWT

Grid size No of elements
Coarse 22230
Medium 130512
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Fine 233154

The average C, of 5" revolution of turbine is considered
for further calculations. In order to ensure the quality of
grid for VAWT, grid sensitivity analysis is conducted for
three types of grids as described in Table 2.

0.282

0.279

0 0.276 -

0.273

0.270 r . - .
2 3 4 5

Number of turbine revolutions

-

Figure 3. Relative change of Cp with respect to
turbine revolutions

The resolution of grids is systematically increased near
the airfoils and the rotating zone. This process of grid
sensitivity test is used widely in CFD studies. In this
study, instantaneous moment coefficient (Cp), lift
coefficient (C;) and drag coefficient (C4) are monitored.
The power coefficient (C,) of the turbine can be
calculated using Eq. 6.

Cp=Cm></l (6)

The variation of C, with azimuthal position for last
revolution of turbine for a single blade is plotted in Fig. 4
for different grid sizes.
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Figure 4. Variation of Cm with azimuthal position for
three grid resolution.

Due to increase in resolution of grids near airfoils
boundary, there would be less overestimation of
performance in viscous sub-layer zone of the airfoil and
hence a notable increase in Cy, is recorded. The change in
Cn is negligible for further refinement in grid resolution
from medium to fine. Based on this grid sensitivity test a
medium grid is selected for further simulation. In order to
investigate the sensitivity of different time step size,
simulations are performed for azimuthal increments in the
range 0.5° to 2°. When the azimuthal increment is refined
from 2° to 1.5°, it results in 0.9% variation in Cy,. Further
refinement of azimuthal increment to 1° and 0.5° results in
0.5% and 0.3% variation in Cy, respectively. The change
in C, with azimuthal position for different azimuthal
increment is shown in Fig.5.
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Figure 5. Variation of Cm with azimuthal angle for
various azimuthal increment.

A major change in C, is observed towards upwind
position. Although the peak C, is achieved at upwind
position for 0.5° azimuthal increment but the average C
is less due to negative Cp achieved at 150° and 220°
azimuthal position. From this investigation, it is observed
that if azimuthal increment is reduced then simulation
takes more time and computational memory. Hence, for
present study an azimuthal increment of 1° is preferred
due to an economical computational time. Moreover, the
variation in Cp is very less (0.3%) compared to 0.5°
azimuthal increment. In order to ensure the accuracy of
numerical results, a validation study is performed. The C,
value calculated from numerical simulation is compared
with experimental results of Mazarbhuiya et al. [21] as
shown in Fig. 6. The trend of the CFD results is matched
with  the experimental results. However, the
overestimation in CFD results is due to neglecting the
combined effect of the tip loss, struts’ drag on the blades
and due to the 2D simulation model, which is also
reported in literature [22]. Also the maximum over-
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estimation in the present validation is less compared to the
validation performed by previous researchers [19,22-24].
It is found from these literatures that the root mean square
error (RMSE) are 25%, 6.8%, 7% and 8.5% in their
validations, whereas in the present validation the RMSE is
only 4.22%, which is less compared to the published
results of [19,22-24], and therefore it shows the accuracy
of the present CFD results. The RMSE is obtained using
Eq.7 [25].

RMSE = \/2{-\’:1(Predict:,di—Actuali)2 %
0.27
0.24
a 0.214
8]

0.18 1

——Exp

St ——CFD

T T T T T
1.5 1.8 21 2.4 2.7 3.0
A

Figure 6. Validation of CFD results with established
experimental results [21].

4. Results and discussion

A thorough numerical investigation has been carried out
to determine the performance of asymmetric NACA 63-
415 blade VAWT with different trailing edge blade twist
angle shown in Fig. 7.

15
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.9 ——1° twist
—— 2° twist
—— 3° twist

Blade thickness (mm)
o

T T

-30 -20 -10 0 10 20 30
Chord length (mm)

Figure 7. Airfoil twist angles used for present 2D
numerical simulation.
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In the present investigation 0°-3° blade twist has been
considered and the thickness of the airfoil is considered to
be 30% as being the optimum [21]. The variation of C,
against different tip speed ratio (TSR) is shown in Fig. 8
for different twist angles and also validated the trend of
the curve with [25]. The variations in TSR range occur
due to different solidities of the turbines. Generally,
turbines with symmetric airfoils show better performance
in higher wind speed (U > 6.0 m/s). But, in the present
paper investigation has been performed considering built
environment, which has less wind speed (U < 6.0 m/s)
and in this situation self-starting problem of turbine is
raised, which can be overcome by using asymmetric
airfoils [28,29]. Also in real city condition i.e. in urban
area, the average wind speed can be lower than 6.0 m/s.
However, asymmetric H-Darrieus turbine can still
function in suitable locations having higher wind speed
like those which have accelerated shear layers, for e.g.
rooftops of high rise buildings and also the developed
passage that links the areas of positive and negative
pressure [30]. Although, the wind speed in real city
condition is less, which also depends upon its
geographical location, in well planned cities there are
certain locations where the magnitude of wind speed can
be brought to a higher value than the average wind speed
of the city. Some of such locations where it would be
possible are: (a) on rooftops [31], (b) in between two
buildings [32], (c) inside through building opening[33],
(d) on building’s skin [34]. The increased wind speeds in
such locations are found to be 5.85 m/s [35], 5.5 m/s [36],
5.25 m/s [37], which are close to the wind speed
investigated in the present work.
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Figure 8. Variations of Cp with TSR for different
degree of blade twist turbine and also compared with
existing results [27].

A minor improvement in performance in terms of
maximum C, is visible at 1° twist at TSR 2.4 and this
improvement is more visible with further increase in TSR.
Further increase in blade twist decrease C, of the turbine.
Although the difference in C, is comparatively less, for a
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bigger configuration of turbine with same aspect ratio the
same will proportionately have a sizable difference in
performance. Gupta et al[27] investigated the
performance of H-Darrieus VAWT  considering
symmetrical airfoil with trailing edge blade twist. Their
results are compared with present results. The power
coefficient of the present turbine having asymmetric
airfoil with trailing edge blade twist is found better
compared to the turbine having symmetrical airfoil with
trailing edge blade twist as seen in Fig. 8.
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Figure 9. Variations of Cm with 8 for different degree

of blade twist turbine.
The variation of Cy, with azimuthal angle (0) for different
trailing edge blade twist angle is shown in Fig. 9. A
marginal increase in Cp, is visible for azimuthal angle 75°
at 0° twist but at azimuthal position 124° the value of Cy, is
lower compared to 1° twist turbine and the average Cp, is
higher for 1° twist turbine, which results in increase in (O
for this turbine at TSR 2.4 (Fig.8). The 0° blade twist has
positive maximum and negative maximum C,, at 75° and
124° azimuthal position shown in Fig. 9. The values of
average Cy, for all turbine configuration is given in Table
3.

Table 3. Details of average moment coefficient (Cm)
for different turbine configurations.

Turbine configuration Average Cm
No blade twist turbine (0°) 0.023442722
1° blade twist turbine 0.02366121

0.022786319
0.022387913

2° blade twist turbine

3° blade twist turbine

At 252° azimuthal position there is a negligible increase in
Cp, for 0° twist turbine. Hence, at downwind position
effect of blade twist is negligible at low wind speed. The
results at the other two twist angles lie in between the 0° &
1° blade pitch results.
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5. Conclusions

An aerodynamic performance is carried out using 2D
numerical simulation for different trailing edge blade
twists (1°-3°). Detailed insights of blade twist effect are
obtained by analyzing important aerodynamic parameters
at low operating wind speed 6.0 m/s. The major
conclusions are summarized as below-

(a) A maximum power coefficient of 0.171 is
obtained at TSR 2.4 for 1° blade twist turbine and
with further increase in TSR, power coefficient
of 1° blade twist turbine is still greater than other
blade twist turbines. Thus, the asymmetric blade
H-Darrieus turbine with 1° blade twist has
overall higher aerodynamic performance.

(b) Although, a minor increment is achieved with 1°
blade twist but, further increase in blade twist
drastically reduces the turbine performance.

(¢) A minor difference in moment coefficient is
noticed between 0° and 1° blade twist turbine,
although the average moment coefficient is
higher for 1° blade twist turbine in many
azimuthal ranges.

(d) The present study shows that blade twist should
be very low for low wind speed application of H-
Darrieus VAWT.
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