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a b s t r a c t

A fluctuating inflow around the surface of rotor blade in the spanwise direction presents a more sig-
nificant challenge in the performance of wind turbine. In this paper, three-dimensional (3D) experi-
mental and computational investigations of a straight-bladed VAWT (Vertical Axis Wind Turbine) are
proposed and analyzed with two straight blades. In wind tunnel experiments, LDV (Laser Doppler
Velocimeter) system is presented to investigate the influence of spanwise direction on the straight-
bladed of NACA0021 symmetric airfoil in unsteady wind condition. In numerical analysis, 3D transient
CFD (Computational Fluid Dynamics) models have been performed to simulate the flow field charac-
teristics of VAWT at the same experimental conditions as wind tunnel experiments. From comparing the
results of wind tunnel experiments and numerical analysis, it is found that momentum amount is the
largest at the blade center height and the smallest at the blade tip. Furthermore, it is well able to predict
the experimental results using CFD model based on ke ε Shear Stress Transport turbulence model.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the increasing focus on off-grid energy generation, the
application of small wind turbines in the urban and remote areas
has been increasingly contributing to the energy needs because of
its independent power generation system [1e3]. Compared with
the horizontal axis wind turbines, the VAWTs can be effectively
used in these areas where the wind has high turbulence intensity
[4e8]. The most important reason is mainly due to the VAWTs'
ability to function in unsteady flow of wind that can continuously
change in these turbulence environment [2,3,6,8e10].

It is well known that the VAWTs have an inherently non-sta-
tionary aerodynamic behavior during the rotation, because of the
large fluctuation of the blade angle of attack. With the increase of
angle of attack, an increased adverse pressure is developed, thus
causing the flow separation and reattachment from the rotor
surface [2,4,7,9,11e14]. This peculiarity involves the continuous
variation both of the relative velocity with respect to the blade

profile and complex vortex shedding from the blade surface
[3,11,12,15e20]. Thence, it is a serious challenge to investigate
VAWT (Vertical Axis Wind Turbine) aerodynamic flow fields
which are notoriously difficult to predict, especially the airflow
around the blade surface.

Up to now, there has been a substantial increase to depict
directly the flow around a single blade of the VAWTs with CFD
(computational fluid dynamics) and wind tunnel experiments. The
flow around single blade at low tip speed ratios has been exten-
sively studied bymany researchers, and the general features of flow
field have been investigated.

In the analysis of CFD, the first attempt to capture the compli-
cated wake structures of a VAWT with a vortex method was per-
formed by Iida et al. [21]. In their study, aerodynamic noise and
power coefficient from VAWT were also numerically investigated.
In order to improve the efficiency of a VAWT, Vassberget [22]
attempted to estimate the simulation of the dynamic motion of
rotor blade and subjected to a far-field uniform free-streamvelocity
flow field through applying the emerging CFD capabilities. In 2007,
the effect of dynamic stall in a 2D single-bladed VAWT was
investigated by Ferreira et al. [23,24], reporting the influence of the* Corresponding author. Tel.: þ81 59 231 9658; fax: þ81 59 231 1572.
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turbulencemodel in the simulation of the vortical structures spread
from the blade itself. This work was also performed in Howell et al.
[2], Almohammadi et al. [12], as well as Hamada et al. [25]. Then, in
2009, Ferreira [26,27] once presented that the high frequency (in
comparison to the rotational frequency) oscillations of the forces on
the aerofoil were caused by the shedding of strong vortices
resulting from the large separation of the flow during dynamic stall.
In order to determine the influence of blade thickness on the
operation of a straight-bladed VAWT, Castelli et al. [28], Danao et al.
[29] and Beri et al. [30] focused on the parallel CFD simulations of
the flow field around rotor. Furthermore, Danao et al. [31] investi-
gated on the effects of steady and unsteady wind on the perfor-
mance of a wind tunnel scale VAWT using RANS-based CFD. From
their research, it was discussed in detail the importance of stall and
flow re-attachment on the performance of the turbine with un-
steady winds. Only recently have some researchers carried out 3D
CFD simulations. Howell et al. [2] provided a 3D CFD model based
on the Re-Normalisation Group keε turbulence model, and the
effects of roughness, turbine solidity and tip vortices were pre-
sented. With the aim of an accurate determination of the differ-
ences in the complex aerodynamic flow associated with the
straight-bladed VAWT, 3D simulations were also carried out by
Alaimo et al. [32]. As shown in this research, static and dynamic
results were reported for different tip speed ratios.

As it is known, CFD resolves the fluid dynamic equations and it is
certainly more realistic but it can not completely reactive physical
phenomena of VAWT during rotation. Therefore, some researchers
also reported experimental investigations of the flow field char-
acteristics of the straight-bladed VAWT. To make the prediction
more efficient, flow behavior of single blade of VAWT was analyzed
with PIV (Particle Image Velocimetry) by Ferreira et al. [33,34],
focusing on the development of dynamic stall around blade for
different tip speed ratios. These analyses described the evolution of
the flow around the airfoil and in the rotor area, with a special
discussion in great detail of the leading edge separation vortex and
trailing edge shed vorticity development. Hofemann et al. [6] and
Tescione et al. [35] aimed at understanding the development of the
near wake of a VAWT rotor, with experimentally measuring by PIV
the evolution of the tip vortices and immediately adjacent flow. It
was known that the inboard movement of tip vortices was due to
the curvature of the wake, and the deformation of the near wake as
a function of azimuth angle. Li et al. [36] and Maeda et al. [37]

discussed the effects of tip speed ratio on the velocity field
around a straight-bladed VAWT experimentally measured by LDV
(Laser Doppler Velocimeter) technology in wind tunnel. The au-
thors found that a wide low wind velocity field appeared from the
wind turbine internal region to downstream region, and the ve-
locity deficit became greater from upstream to downstream region
in the mainstream direction. After that, Li et al. [38] further studied
the effect of number of blades on flow field around straight-bladed
VAWT and found the reverse flow was generated at some locations
of downstream region for the wind turbine with 4 and 5 blades. In
order to analyze the interaction between the turbine and the
boundary layer flow and to understand how it influences the
structure of the wake, Rolin et al. [39] examined the wake behind a
VAWT with PIV in a turbulent boundary layer at low Reynolds
numbers and low tip speed ratios in wind tunnel experiments.
From their research, it is indicated that the boundary layer effects
may be responsible for the lower velocity deficit in the core of the
wake.

In part I, the aerodynamic loads and power performance of
straight-bladed VAWT have been investigated in 3D using CFD
simulations andwind tunnel experimental measurements [40]. The
objective of this paper is to illustrate the 3D influence on the near-
wake of characteristic VAWT and thrust coefficient through wind
tunnel experiments and computational simulations. As shown in
this study, the results acquired from accurate and complete mea-
surement in wind tunnel experiments and simulations using CFD
can be suitable for analyzing the development of the simple design
for straight-bladed VAWT.

2. Experimental apparatus and methods

For evaluating flow around the rotor blade, in wind tunnel ex-
periments, a test wind turbine is presented to clear the effects of 3D
on the VAWT aerodynamic performance. The schematic diagram of
the whole experimental apparatus is shown in Fig. 1 (a). As shown
in this figure, Pitot tubewhich is mounted in thewind tunnel outlet
can measure the freestream wind velocity. And then, the rotor
rotational speed and rotor torque can be measured by torque meter
which is installed in rotor shaft of wind turbine. In order to
investigate the flow characteristic around blade surface, LDV probe
is mounted on a 3D positioning device in the upper part of the test
section to determine the local wind velocity at any positions in the

Nomenclature

A Swept area of wind turbine [m2]
c Blade chord length (¼0.265) [m]
Cp Power coefficient (¼Qu/(0.5rDH U3

0))
CN Normal force coefficient (¼FN/(0.5rc U2

0))
Ct Thrust coefficient (¼Fx/(0.5rDH U2

0))
D Rotor diameter (¼2.0) [m]
Fx Thrust force per unit length [N]
H Span length (¼1.2) [m]
N Number of blade (2)
Power Power output [W]
Q Rotor torque [N m]
Qrotor Rotor torque with the rotor blade during the rotation

[N m]
Qloss Rotor torque without the rotor blade during the

rotation [N m]
R Rotor radius (¼1.0) [m]
r Distance in the radial position [m]

U0 Free stream wind velocity [m/s]
u Local wind velocity in the freestream direction [m/s]
u1 Induced velocity at the measurement point of 1 [m/s]
u2 Induced velocity at the measurement point of 2 [m/s]
V Tip speed of blade (¼Ru) [m/s]
v Local wind velocity in the lateral direction [m/s]
W Resultant flow velocity to blade [m/s]
x Longitudinal coordinate [m]
y Lateral coordinate [m]
z Vertical coordinate [m]
G Circulation amount [m/s]
a Angle of attack [deg]
b Blade pitch angle [deg]
q Azimuth angle [deg]
l Tip speed ratio (¼Ru/U0)
n Kinematic viscosity [m2/s]
r Air density [kg/m3]
u Angular velocity of rotor [rad/s]
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