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Abstract: To properly conduct a micro-siting of an orthopter-type vertical axis wind turbine (O-VAWT)
in the built environment, this study investigated the effects of horizontal shear flow on the power
performance characteristics of an O-VAWT by performing wind tunnel experiments and computational
fluid dynamics (CFD) simulations. A uniform flow and two types of shear flow (advancing side
faster shear flow (ASF-SF) and retreating side faster shear flow (RSF-SF)) were employed as the
approaching flow to the O-VAWT. The ASF-SF had a higher velocity on the advancing side of the
rotor. The RSF-SF had a higher velocity on the retreating side of the rotor. For each type of shear flow,
three shear strengths (Γ = 0.28, 0.40 and 0.51) were set. In the ASF-SF cases, the power coefficients
(Cp) were significantly higher than the uniform flow case at all tip speed ratios (λ) and increased with
Γ. In the RSF-SF cases, CP increased with Γ. However, when Γ = 0.28, the CP was lower than the
uniform flow case at all λ. When Γ = 0.51, the CP was higher than the uniform flow case except at
low λ; however, it was lower than the ASF-SF case with Γ = 0.28. The causes of the features of CP
were discussed through the analysis of the variation of blade torque coefficient, its rotor-revolution
component and its blade-rotation component with azimuthal angle by using the CFD results for flow
fields (i.e., horizontal velocity vectors, pressure and vorticity). These results indicate that a location
where ASF-SFs with high Γ values dominantly occur is ideal for installing the O-VAWT.

Keywords: orthopter; vertical axis wind turbine; power coefficient; torque coefficient; shear flow;
wind tunnel; CFD; delayed detached-eddy simulation

1. Introduction

Since the 2000s, interest in installing small wind turbines (SWTs) in the built environment has been
growing [1–9]. Wind conditions in the built environment are complex in nature and are characterized
by lower wind speeds and higher turbulence because of the presence of obstructions [8,9]. For SWTs to
be able to make up their costs within their lifetimes, they should have high efficiency and be placed at
sites with high wind speeds, such as coastal sites or high-elevation inland sites. However, in the built
environment, keeping the rotational speed of an SWT’s rotor as low as possible is preferable from the
viewpoint of aerodynamic noise [10,11]. Therefore, the optimal tip-speed ratio of an SWT in the built
environment should be as low as possible, while the maximum power coefficient of the SWT should be
as high as possible.

Wind turbines are classified into horizontal-axis wind turbines (HAWTs) and vertical-axis wind
turbines (VAWTs), based on the orientation of their rotation axes. Generally, in the built environment,
VAWTs are preferable to HAWTs because VAWTs do not suffer, as much as HAWTs, from reduced
energy outputs from frequent wind direction changes [12]. Wind turbines are further classified into
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lift-type wind turbines and drag-type wind turbines, based on the aerodynamic force component that
acts on a blade and dominantly contributes to the rotor rotation. With regard to lift-type VAWTs, a lot
of research on Darrieus-type VAWTs, including straight-bladed and helical-bladed ones, has been
conducted [13–16]. With regard to drag-type VAWTs, a lot of research on Savonius-type VAWTs has
been conducted [17–21]. In general, the optimal tip-speed ratio of a drag-type VAWT is less than
1.0 [11], which is much smaller than that of a lift-type VAWT. Moreover, although the maximum power
coefficient of a drag-type VAWT is generally much smaller than that of a lift-type VAWT, the power
coefficient of a drag-type VAWT is generally greater than that of a lift-type VAWT at a low tip-speed
ratio, of less than 1.0. Therefore, a drag-type VAWT is favorable in the built environment and was
researched by our research group.

Our group [22,23] researched a drag-type VAWT called the orthopter-type VAWT (O-VAWT).
The O-VAWT is a variable-pitch VAWT; each of the flat-plate blades not only revolves around the main
shaft but also rotates around its own blade axis, which is rotationally supported by a pair of connecting
arms. We investigated the effects of the number and aspect ratio of the flat-plate blades on the power
performance of the O-VAWT in a uniform flow by conducting wind tunnel experiments with an open
test section and three-dimensional computational fluid dynamics (CFD) simulations. When the number
of the blades was three and the aspect ratio of the blades was 1:1, the maximum power coefficient was
0.25 and the optimal tip-speed ratio was 0.4 [22]. Here, the optimal tip-speed ratios of Savonius-type
VAWTs are in the range of 0.45 to 1.0 [21]. Except for several studies that were conducted using a wind
tunnel with a very high blocking ratio of the closed test section, the maximum power coefficient of the
Savonius-type VAWT was, at most, 0.25 [21]. That is, the O-VAWT has a lower optimal tip-speed ratio
than Savonius-type VAWTs, although the maximum power coefficient is relatively high. Therefore,
from the viewpoint of aerodynamic noise, the O-VAWT can be more favorable in the built environment
as compared to Savonius-type VAWTs. Except for our studies, studies on the power performance of
O-VAWTs are very limited. Shimizu et al. [24] investigated the effects of the aspect ratio of the blade on
the power performance of an O-VAWT with two blades whose cross-sectional shape was an ellipse
by conducting wind tunnel experiments. Bayeul-Line et al. [25] examined the effects of the blade’s
cross-sectional shape (elliptical and straight) and the initial blade stagger angle on the performance of
an O-VAWT by conducting 2-dimensional CFD simulations. Cooper and Kennedy [26] examined the
power performance of an O-VAWT with three blades whose cross-sectional shape was the upstream
half of a NACA0010-65 section reflected about the mid-chord by conducting theoretical analysis
with a multiple-stream tube model and field measurements. Our group [23] conducted wind tunnel
experiments to compare the performance of an O-VAWT with elliptic blades and one with flat-plate
blades. By considering the mechanical loss torque, we obtained the maximum power coefficient of
0.246 at a tip-speed ratio of 0.4 for the O-VAWT with elliptic blades and of 0.288 at a tip-speed ratio of
0.4 for the O-VAWT with flat-plate blades. It should be noted that these studies on O-VAWTs were
conducted in conditions where the approaching flows had uniform distribution.

To properly conduct a micro-sitting of an O-VAWT in the built environment, it is important to
understand the effects of the strong shear approach flow with on the performance of the O-VAWT.
Figure 1 illustrates the approaching wind flow to a building. As the wind flow approaches the building,
the wind speed decreases, and the pressure increases. Then, the wind flow proceeds along the upwind
face of the building and separates at the corners on the roof and the side walls. As the separated wind
flow is not obstructed by the building, the pressure decreases, and the wind speed increases. Near the
upwind corners, the wind speed increases more than that of the approaching wind. In addition,
reverse flow regions are formed between the separated shear layer and the building’s walls. As a
result, strong shear flows are formed vertically over the roof surface and horizontally over the side
walls. Due to the mixing of momentum, the shear becomes weaker as the flow proceeds downstream.
To utilize the increased wind speed over the roof of a building, the effects of building shapes and
wind directions on the wind conditions have been investigated (e.g., [27]). Furthermore, the effects of
wind conditions, such as wind speed, turbulent intensity, and skew angles, on the potential energy
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yield and the power performance of a wind turbine have been studied (e.g., [28,29]). In this study, we
investigated the effects of horizontal shear flow on the performance of the O-VAWT by conducting
wind tunnel experiments and three-dimensional CFD simulations. A uniform flow and two types of
shear flow were employed as the approaching flow to the O-VAWT. One type had a higher velocity on
the advancing side of the rotor. The other type had a higher velocity on the retreating side of the rotor.
For each type of shear flow, we set three different shear strengths.
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Figure 1. Illustration of the approaching wind flow to the wind turbine near upwind corners of a
building. (a) Bird view; (b) enlarged top view.

2. Experimental Approach

2.1. Wind Turbine Model

In this paper, we employed a right-handed Cartesian coordinate system (x1, x2, x3) = (x, y, z), in
which the z-direction was aligned in the vertical direction. The wind turbine used in this study was an
O-VAWT with three flat-plate blades as shown in Figure 2. The blade had a height of h = 4.00 × 10−1 m,
chord length of c = 4.00 × 10−1 m and thickness of 4.0 × 10−3 m. Each of the blades not only revolved
around the main shaft but also rotated around its own blade axis, which was rotationally supported
by a pair of connecting arms. The distance between the main shaft and one of the blade axes was
R = 2.55 × 10−1 m. In addition, each of the blade axes was connected with the main shaft by a chain
via sprockets. Since the ratio of the number of teeth on the sprocket of the main shaft to that of the
blade axis was 1:2, each of the blades rotated around the own blade axis a half time while the rotor
revolved around the main shaft one time. When seen from the top, the rotor revolved around the
main shaft counterclockwise and each of the blades rotated around the own blade axis clockwise as
shown in Figure 2c. Therefore, by using the angular velocity of the rotor revolution (ω), the angular
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velocity of the blade rotation is expressed as −ω/2. Furthermore, as shown in Figure 2c, according to
the azimuthal angle of a blade (ϕ), we call the range of 90◦ < ϕ < 270◦ the “upwind region” of the rotor,
0◦ < ϕ < 90◦ and 270◦ < ϕ < 360◦ the “downwind region” of the rotor, 180◦ < ϕ < 360◦ the “advancing
side of the rotor” and 0◦ < ϕ < 180◦ the “retreating side” of the rotor. The O-VAWT is designed so that
the drag force on a blade is large on the advancing side of the rotor while being small on the retreating
side of the rotor.

Appl. Sci. 2020, 10, 1778 4 of 25 

 

velocity of the blade rotation is expressed as −ω/2. Furthermore, as shown in Figure 2c, according to 

the azimuthal angle of a blade (φ), we call the range of 90° < φ < 270° the “upwind region” of the 

rotor, 0° < φ < 90° and 270° < φ < 360° the “downwind region” of the rotor, 180° < φ < 360° the 

“advancing side of the rotor” and 0° < φ < 180° the “retreating side” of the rotor. The O-VAWT is 

designed so that the drag force on a blade is large on the advancing side of the rotor while being 

small on the retreating side of the rotor. 

  

(a) (b) 

 

 

(c) (d) 

Figure 2. Orthopter-type vertical-axis wind turbine (O-VAWT). (a) A photograph of O-VAWT with 

three flat blades, main shaft, arm, the chains and sprockets; (b) an isometric view of O-VAWT with 

three flat blades; (c) motion of rotor and blades viewed from the top; (d) a projected swept area of the 

rotor viewed from the upwind side. 

Figure 2d shows a projected swept area of the rotor (A), which is defined as: 

A = (2R + 0.5 c) h. (1) 

We define the diameter of the rotor as: 

D = 2R. (2) 

Main 

shaft

     

Sprocket
Chain

        

          
              

 
 
 
  
 
 
 
 
 
 
m

Blade holder

        m

     

          

    

Retreating side

              

ω
 
 

 

 

    

     

      

  18  

 
 
 

  
 

D
o

w
n

w
in

d

 

 
  

    2R

R c 

z

y
 

  0.5c

Figure 2. Orthopter-type vertical-axis wind turbine (O-VAWT). (a) A photograph of O-VAWT with
three flat blades, main shaft, arm, the chains and sprockets; (b) an isometric view of O-VAWT with
three flat blades; (c) motion of rotor and blades viewed from the top; (d) a projected swept area of the
rotor viewed from the upwind side.

Figure 2d shows a projected swept area of the rotor (A), which is defined as:

A = (2R + 0.5 c) h. (1)

We define the diameter of the rotor as:

D = 2R. (2)
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The O-VAWT had a rotor’s diameter of D = 5.1 × 10−1 m and a projected rotor′s swept area of
A = 2.84 × 10−1 m2 can be considered as a micro wind turbine. A small scale wind turbine that has a
diameter up to 1.25 m and the swept area up to 1.2 m2 is categorized as a micro wind turbine [4].

2.2. Experimental Setup for Uniform Flow Case

Figure 3a shows the experimental setup for the uniform flow case. The experiments were conducted
using a closed circuit wind tunnel with an open test section. The size of the cross section of the wind
tunnel outlet was 1.25 m × 1.25 m. The blockage ratio which is defined as the ratio of the projected
rotor′s swept area to the wind tunnel outlet area was approximately 18%. The O-VAWT was set in
the test section so that the rotor center was at the center of the cross-section of the wind tunnel outlet
and 0.850 m downwind of the wind tunnel outlet. Here, we defined the rotor center as the point on
the rotational axis of the rotor and at the mid-height of the blades. In addition, we set the origin of
the coordinate system at the rotor center, as shown in Figure 2c,d. The rotor was driven by a motor
(Mitsubishi Electric, GM-S) and its rotational speed (ω) was monitored by using a digital tachometer
(Ono Sokki, HT-5500) and controlled by using an inverter (Hitachi, SJ200). The rotor torque was
measured by using a torque meter (TEAC, TQ-AR), which was connected to the motor and shaft via
couplings. The output signal of the torque meter was converted by a 16-bit analog-to-digital converter
with a sampling interval of 0.5◦, and 36,000 items (50 revolutions) of data were stored. To measure the
reference wind speed U∞, an ultrasonic anemometer (Kaijo Sonic, DA-650-3TH and TR-90 AH) was set
approximately 2 m upwind of the wind tunnel outlet. The value of U∞ was kept at 8 m/s. The value of
tip speed ratio λ, which is defined as:

λ = Rω/U∞, (3)

was varied from 0.1 to 0.8 with an increment of 0.1.

2.3. Experimental Setup for Shear Flow Cases

To generate a horizontal shear flow, a perforated panel and a splitter plate were installed at the
outlet of the wind tunnel as shown in Figure 3b,c and Figure 4. The perforated panel had a width
of 1.0 m, a height of 1.5 m and a thickness of 2 × 10−3 m, and was set so that it covered half of the
wind tunnel outlet in the horizontal wind direction. Due to the existence of the perforated panel, the
pressure upwind of the panel increased and the wind flow rate through the wind-tunnel-outlet area
covered by the panel decreased while that through the uncovered wind-tunnel-outlet area increased.
When the perforated panel covered the wind-tunnel-outlet area upwind of the retreating side of the
rotor, the wind speed of the generated shear flow was higher on the advancing side of the rotor.
Hereafter, this type of shear flow is referred to as “advancing side faster shear flow” (ASF-SF). On the
other hand, when the perforated panel covered the wind-tunnel-outlet area upwind of the advancing
side of the rotor, the wind speed of the generated shear flow was higher on the retreating side of the
rotor. Hereafter, this type of shear flow is referred to as “retreating side faster shear flow” (RSF-SF).
The splitter plate was set vertically, parallel to the wind tunnel wall and at the center of the wind tunnel
outlet to avoid the horizontal component of the wind velocity in the generated shear flow becoming
significant. The splitter plate had a width of 0.88 m, a height of 1.25 m and a thickness of 4 × 10−3 m.
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To investigate the effects of the strength of the shear flow on the performance of the O-VAWT, we
generated three kinds of shear flows by using three perforated panels shown in Table 1. With regard
to a staggered round-hole perforated panel, the shielding ratio Φ, which is the ratio of the area that
shields the airflow to the whole area of the perforated panel, can be computed by:
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where d is a diameter of a hole and L is the distance between the centers of adjacent holes.

Table 1. Perforated panels. Here, d is the diameter of a hole, L is the distance between the centers of
adjacent holes and Φ is the shielding ratio.
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Perforated panel A 3 × 10−3 4 × 10−3 0.49
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Except for the installation of the perforated panels and the splitter plate, the experimental setup
for the measurement of the performance of the O-VAWT was the same as the uniform flow case. Prior
to the measurement of the performance of the O-VAWT, we measured the horizontal profiles of the
generated shear flows at 0.10 m downwind of and at the center height of the wind tunnel outlet by
using an x-type hot-wire probe (Kanomax, 0252R-T5).

2.4. Torque and Power Coefficients

Due to the difficulty of evaluating the mechanical losses of the bearings, the sprockets and the
chains, this study considers only the aerodynamic torque generated by the blades as the rotor torque of
the O-VAWT. The aerodynamic torque generated by the blades was computed by:

TB = TwB − TwoB, (5)

where TwB was the measured aerodynamic torque generated by the rotor when the blades were not
removed; and TwoB was the measured aerodynamic torque generated by the rotor when the blades
were removed. It is worth noting that, generally, when the blades were not removed from the rotor,
the rotor generated positive torque while the motor acted as a load to keep the value of ω constant.
Conversely, at all tip speed ratios, when the blades were removed from the rotor, the rotor generated
negative torque while the motor acted as the driving force of the rotor revolution. Therefore, at all tip
speed ratios, TB was higher than TwB.

The power coefficient describes that fraction of the power in the wind that may be converted by
the turbine into mechanical work [30] and is defined in this study as:

CP =
TBω

0.5ρAU3
0

, (6)

and the torque coefficient is defined as:

CT =
TB

0. 5ρAU2
0R

. (7)

Here, the U0 is the time-mean stream-wise velocity, u(x, y, z), averaged over the projected rotor’s
swept area at x = 0 and is computed by:

U0 =

∫ R
−(R+0.5c) u(0, y, 0)dy

2R+0.5c
. (8)

3. Numerical Approach

The CFD software utilized to simulate the wind flow field was ANSYS Fluent 17.2 [31,32]. The
numerical approach was based on our previous paper [22,33], in which the CFD simulations with
the delayed detached eddy simulation (DDES) turbulence model of flow around the O-VAWT were
conducted and the validities of the grid resolution and the time-step size were confirmed.

3.1. Governing Equations and Discretization Method

The flow field around the wind turbine was assumed to be incompressible and isothermal. The
DDES turbulence mode treats near-wall region in a manner like a Reynolds-averaged Navier–Stokes
(RANS) turbulence model and treats the rest of the flow field in a manner like a large-eddy simulation
(LES) turbulence model [34]. This model has the potential to achieve higher accuracy than RANS models
and save a large number of computing resources compared with pure LES models. The governing
equations for the CFD simulation with the DDES turbulence model based on the Spalart–Allmaras
(SA) model are the continuity equation:
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∂ui
∂xi

= 0, (9)

the Navier–Stokes equation:

∂ui
∂t

+
∂uiu j

∂x j
= −

1
ρ

∂p
∂xi

+ ν
∂
∂x j

(
∂ui
∂x j

+
∂u j

∂xi
−

2
3
δi j
∂ui
∂x j

)
−

∂
∂x j

[
∼
ν

(
∂ui
∂x j

+
∂u j

∂xi

)
−

2
3

kδi j

]
, (10)

and the transport equation for the kinematic eddy viscosity
∼
ν:

∂
∼
ν
∂t

+
∂
∼
νui
∂xi

= Cb1
∼
ν

S +

∼
ν

κ2dDDES
2

(
1−

χ
1 + χ fν1

)+ 1

σ
∼
ν

 ∂∂x j

(ν+ ∼ν) ∂
∼
ν

∂x j

+ Cb2

 ∂∼ν∂x j

2−Cw1 fw

 ∼
ν

dDDES

2

(11)

where ui is the wind-velocity component in the xi direction; p is the pressure; ν is the kinematic viscosity;
t is the time; ρ is the air density; k is the turbulence kinetic energy; δij is the Kronecker delta; dDDES

is the DDES length scale; χ is (
∼
ν/ν); S is a scalar measure of the deformation tensor; fν1 and fw are

damping functions; and Cb1, Cb2, Cw1, σ∼
ν

and κ are constants.
The DDES length scale is computed by:

dDDES= d− f dmax (0, d− c des∆max
)

(12)

where d is the distance to the closest wall; cdes is the empirical constant; and ∆max is the maximum edge
length of the local computational cell, i.e., ∆max = max (∆x, ∆y, ∆z). The switching between the RANS
and the LES mode depends on the following shielding function;

fd= 1− tanh
(
(8rd)

3
)

(13)

and

rd =

∼
ν√

ui, jui, jκ2d2
(14)

where ui,j is the velocity gradient. The damping functions and closure coefficients are as follows:

fν1 =
χ3

c3
ν1 + χ3

, fw = g

 1 + c6
w3

g6 + c6
w3

1/6

, g = r + cw2(r6
− r), cw1 =

cb1

κ2 +
(1 + cb2)

σ∼
ν

, (15)

cb1 = 0.1355, cb2 =0.622, cν1 =7.1, cw2 = 0.3, cw3 = 2.0, σ∼
ν
=

2
3

, cdes = 0.65, κ = 0.4187. (16)

The governing equations are discretized by the finite-volume method. The advection terms of the
Navier–Stokes equations are discretized by the bounded central-difference scheme. The advection
term of the transportation equations for

∼
ν is discretized by a second-order upwind scheme. Other

spatial derivatives are discretized by the central-difference scheme. The time integration is performed
using the second-order implicit method.

3.2. Numerical Setup

The computational domain, the computational meshes and the boundary conditions are shown in
Figure 5. As the same as the experimental setup, the origin of the coordinate system is defined at the
center of the O-VAWT. The modeled O-VAWT was comprised of three blades, one main shaft and two
sets of connecting arms. To reduce the computational cost, other components, such as the chains and
sprockets are omitted. The sizes of these components are the same as those used in the experiment.
The computational domain consists of three blade domains, one rotor domain and one far-field domain.
The blade domain included one of the blades and rotates around each blade axis. The rotor domain
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included these three blade domains, the main shaft and the connecting arms and rotates around the
main shaft. The far-field domain was a stationary domain and its size was 23.5D × 17D × 5D. Except
for uniform flow cases, a splitter plate with the same thickness as the experiment was set at y = 0 and
x = −11.37D to −1.67D. In all domains, only unstructured meshes were used. Based on our previous
mesh-resolution dependency tests [33], the number of computational cells in each domain were set as
shown in Table 2. The total number of computational cells was approximately 10 million. All surfaces
of the solid components were covered with boundary-layer meshes. The first grid nodes over the
surface of the blades were y+ < 1 in all run cases.
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Figure 5. Computational domain, computational mesh and boundary conditions. (a) Top view of the
computational domain; (b) bird’s eye view of the computational domain with computational mesh and
boundary conditions; (c) modeled rotor; (d) blade domains and (e) rotor domain.

Table 2. Numbers of grid sizes.

Domain Mesh on This Research Regular Mesh Used by ElCheikh [33]

Blade 1 2,300,530 1,610,660
Blade 2 2,303,725 1,614,903
Blade 3 2,304,607 1,588,363
Blade 4 - 1,614,661
Rotor 1,756,635 2,127,497

Far end 1,770,583 441,196
TOTAL 10,436,080 8,997,280
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At the inlet boundary, the distributions of the stream-wise wind velocity shown in Table 3 were
implemented. These distributions were set so that when the O-VAWT is absent, the distributions of
the time-mean values of u at x ≈ −0.147 D, which corresponds to 0.1 m downwind of the wind tunnel
outlet, matched well with those of the wind tunnel experiment, which were generated by using the
three kinds of perforated panels with different shielding ratios Φ, as shown in Figure 6a,b. Here, UH
and UL are the maximum and minimum streamwise velocities in the profile of a shear flow measured
in the wind tunnel experiment; Γ is the velocity ratio defined as:

Γ =
UH −UL

UH+UL
(17)

Table 3. Distribution of u at the inlet boundary. Here, Γ is the velocity ratio; Φ is the shielding ratio of a
perforated panel; UH and UL are the maximum and minimum velocities in a shear flow.

Flow
Type Γ Φ

UH
[m/s]

Range of
UH

Region
[m]

Velocity
Distribution in

Transition
Region

Range of
Transition Region

[m]

UL
[m/s]

Range of
UL

Region
[m]

Uniform 0 - 8 8 8
ASF-SF 0.51 0.67 13.2 y ≤ −0.24 UH ·(−y/0.24)0.3 −0.24 ≤ y ≤ −0.01 4.3 y ≥ −0.01
ASF-SF 0.40 0.60 12.1 y ≤ −0.22 UH ·(−y/0.22)0.35 −0.22 ≤ y ≤ 0.02 5.2 y ≥ −0.02
ASF-SF 0.28 0.49 10.8 y ≤ −0.18 UH ·(−y/0.18)0.2 −0.18 ≤ y ≤ −0.01 6.1 y ≥ −0.01
RSF-SF 0.51 0.67 13.2 y ≥ 0.24 UH ·(y/0.24)0.3 0.01 ≤ y ≤ 0.24 4.3 y ≤ 0.01
RSF-SF 0.40 0.60 12.1 y ≥ 0.22 UH ·(y/0.24)0.35 0.02 ≤ y ≤ 0.22 5.2 y ≤ 0.02
RSF-SF 0.28 0.49 10.8 y ≥ 0.18 UH ·(y/0.24)0.2 0.01 ≤ y ≤ 0.18 6.1 y ≤ 0.01
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Figure 6. Horizontal distribution of the time-mean values of streamwise velocity at the mid-height
of the wind tunnel outlet at x ≈ −0.147D, which corresponds to 0.1 m downwind of the wind tunnel
outlet, and x = 0, which corresponds to the position of the rotational axis of the O-VAWT, when the
O-VAWT is absent. (a) ASF-SF cases at x ≈ −0.147D, (b) RSF-SF cases at x ≈ −0.147D, (c) ASF-SF cases
at x = 0 and (d) RSF-SF cases x = 0.

It is worth noting that amplification factors of Γ = 0.28 and Γ = 0.51 are considered as 1.35 and
1.65, respectively, by computing UH/U∞. The amplification factor is defined as the ratio of wind speed
in the case where there are buildings to wind speed in the case where these buildings are removed.
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The separated shear flow from a building with an aspect ratio of 1:1:2 reaches an amplification factor of
1.2 [35]. In addition, the separated shear flow from a building with an aspect ratio of 1:1:6 reaches
an amplification factor of 1.7 [36]. At x = 0, the values of Γ do no change, as shown in Figure 6c,d.
However, due to the momentum diffusion, the horizontal gradients of the time-mean streamwise
velocity become weaker. One of the reasons for the relatively large discrepancies between the profiles
obtained by the experiment and the CFDs can be that the turbulence intensities of the CFDs are
significantly small compared to those of the experiments, as shown in Figure 7. Even though very
high values of turbulence intensity were set at the inlet boundary, the turbulence intensities dissipated
rapidly and became very small at x = 0 as compared to those of the experiments. As the setting of high
turbulence intensity at the inlet boundary leads to computational instability, we set no perturbation
condition at the inlet boundary. Table 4 shows the values of U0 computed by Equation (8) and the
Reynolds number which is defined as:

Re =
U0D
ν

(18)
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Figure 7. Horizontal distribution of the turbulence intensity of ASF-SF cases at the mid-height of the
wind tunnel outlet at x = 0, which corresponds to the position of the rotational axis of the O-VAWT,
when the O-VAWT was absent. (a) Linear scale on the horizontal axis and (b) logarithmic scale in the
horizontal axis.

Table 4. Experimental and computational fluid dynamics (CFD) results for the values of U0 and Re for
the uniform flow, ASF-SF and RSF-SF cases.

Flow Type Γ
U0 [m/s] Re

Experiment CFD Experiment CFD

Uniform 0 8 8 2.79 × 105 2.79 × 105

ASF-SF 0.51 10.08 9.78 3.52 × 105 3.41 × 105

ASF-SF 0.40 9.38 9.22 3.28 × 105 3.22 × 105

ASF-SF 0.28 8.73 8.72 3.05 × 105 3.05 × 105

RSF-SF 0.51 7.76 7.48 2.71 × 105 2.61 × 105

RSF-SF 0.40 7.72 7.36 2.70 × 105 2.57 × 105

RSF-SF 0.28 7.52 7.33 2.62 × 105 2.56 × 105

At the outlet boundary, the pressure outlet condition with p = 0 was imposed. On the surface
of the O-VAWT and the splitter plate, the no-slip boundary conditions were set. The sliding mesh
technique was used to couple the rotational domains and the stationary domain. The direction of the
rotor and the blade rotations are counterclockwise and clockwise, respectively, when viewed from the
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top (Figure 5a). By changing the rotational speed of the rotorω, the tip speed ratio λ was set at 0.2, 0.4,
0.5, 0.6, or 0.8. The time step sizes were set as dt = 0.5◦/ω.

3.3. Torque and Power Coefficients

As mentioned in sub-Section 2.4, this study considers only the aerodynamic torque generated
by the blades as the rotor torque of the O-VAWT. Since each of the blade axes was connected with
the main shaft by a chain via sprockets, the aerodynamic torque on each of the blades about each of
the blade axes was transmitted through the chain and contributed to the torque about the main shaft.
Therefore, the rotor torque generated by a blade at an azimuthal angle ϕ is expressed as:

TB
(
ϕ) =TB_rev(ϕ) + TB_rot(ϕ), (19)

where TB_rev(ϕ) is the conventional blade torque that is calculated by multiplying the rotor radius
and the component of the aerodynamic force on the blade at ϕ in the rotor-revolution direction; and
TB_rot(ϕ) is the torque generated by the component of the aerodynamic force on the blade at ϕ in the
blade-rotation direction about the blade axis. Hereafter, we call TB (ϕ) the “blade torque,” TB_rev(ϕ) the
“rotor-revolution torque” and TB_rot(ϕ) the “blade-rotation torque.” The blade torque coefficient (CTB),
the rotor-revolution component (CTB_rev) and the blade-rotation component (CTB_rot) are defined as:

CTB(ϕ) =
TB (ϕ)

0.5ρAU2
0R

, (20)

CTB_rev(ϕ) =
TB_rev (ϕ)

0.5ρAU2
0R

, (21)

and

CTB_rot(ϕ) =
TB_rot (ϕ)

0.5ρAU2
0R

. (22)

It should be noted that CTB, CTB_rev and CTB_rot are coefficients of one blade.
The CFD simulations were conducted for eight revolutions of the rotor. Using the data of the last

two rotor revolutions, the torque coefficient CT was computed by the following formula:

CT =
n

Ne −Ns

Ne∑
N=Ns+1

2π∫
0

CTB dϕ. (23)

Here, n (= 3) is the number of the blades; Ns (= 6) is the number of the rotor revolutions before
starting the computation of CT; Ne (= 8) is the number of the rotor revolutions before finishing the
computation of CT. The power coefficient of CP was computed by Equation (6).

4. Results and Discussion

In this section, the results of the wind tunnel experiments and the CFD simulations for the power
performance of the O-VAWT, such as the dependency of the power and torque coefficients on the
tip speed ratio, the variations of the torque coefficients with azimuthal angle, are presented for the
uniform flow case and the shear flow cases. Subsequently, the causes of the features of the power
performance of the O-VAWT are discussed based on the CFD results of the flow fields.

4.1. Performance in Uniform Flow

Figure 8a shows the power and torque coefficients (CP and CT) of the O-VAWT in the uniform
flow. The CFD results are in good agreement with the experimental ones. The optimal tip speed
ratio at which CP becomes the maximum is less than unity; 0.4 in the experiments and 0.5 in the
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CFD simulations. As mentioned in the introduction, this low optimal tip speed ratio is a favorable
feature for the built environment from the viewpoint of aerodynamic noise. With increasing λ, CT
decreases monotonically from a small tip speed ratio (λ = 0.2). These tendencies are commonly found
among drag-type wind turbines. The wind-tunnel experimental results by Shimizu et al. [24] for CP
and CT of an O-VAWT with two elliptical cross-sectional blades show the same tendencies as our
results. The value of the maximum CP is 0.32 in our experiments and CFD simulations, while the
value is 0.176 in Shimizu et al.’s experiments. The main factors for the better performance of our
O-VAWT as compared to Shimizu et al.’s O-VAWT can be the number of blades and the cross-sectional
shape of the blades. In our previous studies, the maximum Cp improved from 0.189 to 0.244 by
changing the number of blades from two to three [33] and improved from 0.246 to 0.288 by changing
the cross-sectional shape of blades from ellipse to rectangle [23].
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Figure 8. Performance of the O-VAWT in the uniform flow; (a) the variation of power coefficient (CP)
and torque coefficient (CT) with tip speed ratios (λ) by the experiments and CFD simulations, (b)
rotor-revolution (CT_rev) and blade-rotation (CT_rot) components of torque coefficients (CT) computed
by the CFD simulations. The wind-tunnel experimental results by Shimizu et al. [24] for CP and CT of
an O-VAWT with two elliptical cross-sectional blades are added for reference.

Figure 8b shows CT_rev and CT_rot computed by the CFD results. The sum of CT_rev and CT_rot is
CT. As well as CT, the value of CT_rev decreases monotonically with an increase in λ. Conversely, the
value of CT_rot increases with an increase in λ. The values of CT_rev are positive and larger than those of
CT_rot except for λ = 0.8. At λ = 0.8, CT_rev is negative; however, CT_rot is positive and its absolute value
is larger than that of CT_rev. As a result, CT is positive at λ = 0.8.

Figure 9 shows the variations of blade torque coefficient (CTB), its rotor-revolution component
(CTB_rev) and blade-rotation component (CTB_rot) with respect to azimuthal angle (ϕ) at λ = 0.4 and 0.6.
The value of CTB is significantly large in the upwind region of the advancing side (ϕ ≈ 180◦ to 270◦)
of the rotor, being the maximum at ϕ ≈ 210◦. In the range of ϕ where CTB is significantly large, the
contribution of CTB_rev is dominant. Except for this range, CTB_rev does not always positively contribute
to CTB. At ϕ where the value of CTB_rev is negative, the value of CTB_rot is generally positive and the
rotation of the blade positively contributes to CTB. Due to this positive contribution of CTB_rot to CTB,
the value of CTB is positive at almost all ϕ and the variation of CTB of the O-VAWT with respect to ϕ is
smaller as compared to that of a Savonius-type VAWT. The variation of CTB of a Savonius-type VAWT
with respect to ϕ in Figure 9 is a result of CFD simulation by Tian et al. [37]. The maximum CP and the
optimal λ of the Savonius-type VAWT were 0.258 and 1.0, respectively.
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Figure 9. The variation of blade torque coefficients (CTB), its rotor-revolution component (CTB_rev) and
its blade-rotation component (CTB_rot) with azimuthal angle (ϕ) at; (a) λ = 0.4 and (b) λ = 0.6. Note that
CTB, CTB_rev and CTB_rot are coefficients of one blade. The CFD simulation result by Tian et al. [37] for
the variation of CTB of a Savonius-type VAWT with ϕ is added for comparison.

4.2. Performance in Shear Flows

Figure 10 compares the experimental results for CP of the O-VAWT in the cases of the advancing
side faster shear flow (ASF-SF), the retreating side faster shear flow (RSF-SF) and the uniform flow.
In the cases of the ASF-SF, CP is higher than in the case of the uniform flow at all λ and increases with
an increase in Γ. In the cases of the RSF-SF, similar to the cases of the ASF-SF, CP increases with an
increase in Γ. However, when Γ = 0.28, the values of CP are lower than those of the uniform flow
case. Concerning the optimal λ, there is a trend that it shifts to higher λ in both cases of shear flows as
compared to the uniform flow case, except for the RSF-SF with Γ = 0.28.Appl. Sci. 2020, 10, 1778 16 of 25 
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Figure 10. Power coefficient (CP) of O-VAWT in shear flows by the experiments.

Both in the cases of the ASF-SF (Figure 11a) and the RSF-SF (Figure 11b), the CFD results for Cp–λ
curves are in good agreement with the experimental ones. In the following discussion, we use the CFD
results for the torque of the O-VAWT and the flow field to explain the effects of shear flows on the
characteristics of the power performance.
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Figure 11. Power coefficient (CP) of O-VAWT in shear flows by the experiments and the CFD simulations
in the cases of; (a) the ASF-SF and (b) the RSF-SF.

Figure 12 shows the variations of blade torque coefficient (CTB), its rotor-revolution component
(CTB_rev) and its blade-rotation component (CTB_rot) with azimuthal angle (ϕ) in the cases of the ASF-SF.
It is confirmed that these profiles are qualitatively the same between the cases of λ = 0.4 and λ = 0.6.
Therefore, it is considered that the effects of the shear flow on the characteristics of the blade torque
variations with ϕ do not significantly change around the optimal λ. As compared to the case of the
uniform flow, CTB is higher on most of the advancing side of the rotor (ϕ ≈ 210◦ to 330◦) and lower
in the upwind region of the retreating side of the rotor, specifically at ϕ ≈ 120◦ to 150◦. In particular,
with an increase in Γ, CTB increases on most of the advancing side of the rotor (ϕ ≈ 210◦ to 330◦).
The optimal ϕ at which CTB is the maximum shifts to the downwind direction on the advancing side of
the rotor (ϕ ≈ 240◦) as compared to the case of the uniform flow. The effects of the shear flow on the
variations of CTB_rev with ϕ is almost the same as CTB. As compared to the case of the uniform flow,
CTB_rev is higher on most of the advancing side of the rotor (ϕ ≈ 210◦ to 330◦). In contrast, CTB_rot is
lower in most of the upwind region of the advancing side (ϕ ≈ 180◦ to 240◦) and slightly higher in the
upwind region of the retreating side of the rotor, specifically at 120◦ to 150◦ as compared to the case of
the uniform flow. With an increase in Γ, CTB_rot decreases in the upwind region of the advancing side
of the rotor (ϕ ≈ 180◦ to 240◦). Due to its negative values of CTB_rot, the optimal ϕ at which CTB is the
maximum slightly shifts to the downwind direction as compared to CTB_rev.

Figure 13 shows the variation of blade torque coefficient (CTB), its rotor-revolution component
(CTB_rev) and its blade-rotation component (CTB_rot) with azimuthal angle (ϕ) in the cases of the RSF-SF.
Since these profiles are qualitatively the same between the cases of λ = 0.4 and λ = 0.6, it is considered
that the effects of the shear flow on the characteristics of the blade torque variations with ϕ do not
significantly change around the optimal λ. As compared to the case of the uniform flow, CTB is
significantly higher in most of the upwind region of the retreating side (ϕ ≈ 120◦ to 180◦) and lower on
most of the advancing side of the rotor (ϕ ≈ 210◦ to 330◦). In particular, with an increase in Γ, CTB
increases in the upwind region of the retreating side of the rotor. The optimal ϕ at which CTB is the
maximum shifts to the upwind region of the retreating side of the rotor (ϕ ≈ 150◦) as compared to the
case of the uniform flow. The effects of the shear flow on the variation of CTB_rev with ϕ is almost the
same as CTB. As compared to the case of the uniform flow, CTB_rev is higher in most of the upwind
region of the retreating side (ϕ ≈ 100◦ to 160◦) and lower on most of the advancing side of the rotor
(ϕ ≈ 210◦ to 330◦). In contrast, CTB_rot is slightly lower in most of the upwind region of the retreating
side (ϕ ≈ 90◦ to 150◦) and slightly higher in most of the upwind region of the advancing side of the
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rotor (ϕ ≈ 180◦ to 240◦) as compared to the case of the uniform flow. Furthermore, with an increase in
Γ, CTB_rot decreases in most of the upwind region of the retreating side (ϕ ≈ 100◦ to 160◦) and increases
in most of the upwind region of the advancing side of the rotor (ϕ ≈ 180◦ to 240◦).
Appl. Sci. 2020, 10, 1778 17 of 25 
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Figure 12. The variation of blade torque coefficient (CTB), its rotor-revolution component (CTB_rev) and
its blade-rotation component (CTB_rot) in the cases of the ASF-SF computed by the CFD simulations;
(a) for λ = 0.4 and (b) for λ = 0.6. Note that CTB, CTB_rev and CTB_rot are coefficients of one blade.
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Figure 13. The variation of blade torque coefficient (CTB), its rotor-revolution component (CTB_rev) and
its blade-rotation component (CTB_rot) in the cases of the RSF-SF computed by the CFD simulations;
(a) for λ = 0.4 and (b) for λ = 0.6. Noted that CTB, CTB_rev and CTB_rot are coefficients of one blade.

4.3. Flow Characteristics

Figures 14a, 15a and 16a show the temporal sequence of the horizontal distributions of normalized
horizontal velocity vectors, normalized pressure and normalized vorticity, respectively, at the
mid-height of the O-VAWT at λ = 0.4 in the case of the uniform flow. At ϕ = 180◦ to 270◦, the
approaching flow to the blade has a large velocity component perpendicular to the blade, and the
pressure on the upwind side of the blade is high. Due to this high pressure, CTB_rev is significantly high
in the range of ϕ = 180◦ to 270◦ in Figure 9. In addition, at ϕ = 210◦ to 270◦, due to the strong large
vortex formed near the outer edge of the downwind side of the blade, the pressure is low near the
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vortex. This low pressure positively contributes to CTB_rev (see Figure 9 at ϕ = 210◦ to 270◦). By contrast,
this low pressure negatively contributes to CTB_rot (see Figure 9 at ϕ = 210◦ to 270◦). At ϕ = 300◦ and
330◦, the approaching flow to the blade has a small velocity component perpendicular to the blade and
the pressure on the upwind side of the blade is not high. Therefore, CTB_rev is lower as compared to the
upwind region of the advancing side of the rotor (see Figure 9 at ϕ = 180◦ to 270◦). At ϕ = 0◦ to 120◦,
the attack angle of the blade is positive (here, the counterclockwise direction is defined as positive)
and the flow separates over the outer side of the blade. Therefore, on the upwind edge of the blade
and on the inner side of the blade near its upwind edge, the pressure is relatively high. In contrast,
on the outer side of the blade near its upwind edge, the pressure is relatively lower. This pressure
distribution contributes negatively to CTB_rev and positively to CTB_rot.
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Figure 14. The temporal sequence of the horizontal distributions of normalized horizontal velocity
vectors of the O-VAWT for λ = 0.4 in the case of; (a) the uniform flow, (b) the ASF-SF with Γ = 0.51 and
(c) the RSF-SF with Γ = 0.51.
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Figure 15. The temporal sequence of normalized pressure at the mid-height of the O-VAWT for λ = 0.4
in the case of; (a) the uniform flow, (b) the ASF-SF with Γ = 0.51 and (c) the RSF-SF with Γ = 0.51.

Figures 14b and 15b and Figure 16b show the temporal sequence of the horizontal distributions of
normalized horizontal velocity vectors, normalized pressure and normalized vorticity, respectively, at
the mid-height of the O-VAWT at λ = 0.4 in the case of the ASF-SF with Γ = 0.51. At ϕ = 210◦ to 330◦,
the approaching flow to the blade has a larger velocity component perpendicular to the blade, and
the pressure on the upwind side of the blade is higher as compared to the uniform flow case. Due to
this higher pressure, CTB_rev is higher than the uniform flow case (see Figure 12 at ϕ = 210◦ to 330◦).
In addition, at ϕ = 210◦ to 240◦, wind speed is significantly increased at the outer edge of the blade and
a significantly stronger and larger vortex is formed near the outer edge on the downwind side of the
blade. Near the vortex, the pressure is lower as compared to the uniform flow case. This low pressure
contributes to higher CTB_rev and lower CTB_rot as compared to the uniform flow case (see Figure 12 at
ϕ = 210◦ to 240◦). At ϕ = 120◦ and 150◦, the pressure on the outer side of the blade is lower due to
the lower speed approaching flow to the blade. Furthermore, the pressure on the inner side of the
blade near its upwind edge is higher due to the existence of the blade at ϕ = 240◦ or 270◦, respectively.
This pressure distribution contributes to lower CTB_rev and higher CTB_rot as compared to the uniform
flow case (see Figure 12 at ϕ = 120◦ to 150◦).
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Figure 16. The temporal sequence of normalized vorticity at the mid-height of the O-VAWT for λ = 0.4
in the case of; (a) the uniform flow, (b) the ASF-SF with Γ = 0.51 and (c) the RSF-SF with Γ = 0.51.

Figures 14c, 15c and 16c show the temporal sequence of normalized horizontal distributions of
horizontal velocity vectors, pressure and vorticity, respectively, at the mid-height of the O-VAWT at
λ = 0.4 in the case of the RSF-SF with Γ = 0.51. At ϕ = 120◦ and 150◦, the approaching flow to the
blade has a larger velocity component perpendicular to the blade and the pressure on the outer side
of the blade is higher as compared to the uniform flow case. Due to this higher pressure, CTB_rev is
higher than the uniform flow case (see Figure 13 at ϕ = 120◦ and 150◦). Furthermore, wind speed is
increased at the upwind edge of the blade and a stronger vortex is formed near the upwind edge of the
blade on its inner side. Near the vortex, the pressure is lower as compared to the uniform flow case.
This low pressure contributes to higher CTB_rev and lower CTB_rot as compared to the uniform flow case
(see Figure 13 at ϕ = 120◦ and 150◦). At ϕ = 210◦ to 300◦, except in the vicinity of the upwind side
of the inner edge of the blade at ϕ = 210◦, the approaching flow to the blade has a smaller velocity
component perpendicular to the blade and the pressure on the upwind side of the blade is lower as
compared to the uniform flow case. Due to this lower pressure, CTB_rev is lower than the uniform flow
case (see Figure 13 at ϕ = 210◦ and 300◦). In addition, at ϕ = 210◦ and 240◦, the vortex formed near the
outer edge of the downwind side of the blade is weaker and the pressure drop becomes smaller as
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compared to the uniform flow case. This smaller pressure drop contributes to lower CTB_rev and higher
CTB_rot as compared to the uniform flow (see Figure 13 at ϕ = 210◦ and 240◦).

5. Conclusions

We investigated the effects of horizontal shear flow on the performance characteristics of an
orthopter-type vertical axis wind turbine (O-VAWT) by conducting wind tunnel experiments and
computational fluid dynamics (CFD) simulations. In addition to a uniform flow, two types of shear
flow were used as the approaching flow to the O-VAWT. One type was an advancing side faster shear
flow (ASF-SF), which had a higher velocity on the advancing side of the rotor. The other type was a
retreating side faster shear flow (RSF-SF), which had a higher velocity on the retreating side of the
rotor. For each type of shear flow, we set three different velocity ratios (Γ = 0.28, 0.40 and 0.51), which
were the ratios of the difference between the highest velocity and the lowest velocity in a shear flow to
the sum of the highest and lowest velocities. The main findings are summarized as follows:

1. In the ASF-SF cases, the power coefficients (CP) were significantly higher than the uniform flow
case at all tip speed ratios (λ) and increased with Γ. The experimental results for the maximum CP
of the ASF-SF case with Γ= 0.51 and the uniform flow case were 0.43 when λ= 0.6 and 0.32 when λ
= 0.4, respectively. Around the optimal λ, the blade torque coefficient (CTB) on the advancing side
of the rotor was, in general, significantly higher than the uniform flow case and increased with Γ,
predominantly contributing to the increase in CP. The CFD results for the maximum discrepancies
of CTB on the advancing side of the rotor between the ASF-SF case with Γ= 0.51 and the uniform
flow case were 0.38 when λ= 0.4 and 0.44 when λ= 0.6. The high values of CTB of the ASF-SF cases
on the advancing side of the rotor were mainly caused by the higher pressure on the upwind side
of the blade due to the higher speed of the approaching flow and by the lower pressure near the
outer edge of the downwind side of the blade due to the formation of a larger vortex.

2. In the RSF-SF cases, CP increased with Γ. However, when Γ = 0.28, CP was lower than the uniform
flow case at all λ. When Γ = 0.51, CP was higher than the uniform flow case except at low λ;
however, it was lower than the ASF-SF case with Γ = 0.28. The experimental results for the
maximum CP of the RSF-SF case with Γ = 0.28, the RSF-SF case with Γ = 0.51 and the ASF-SF
case with Γ = 0.28 were 0.29 when λ = 0.4, 0.33 when λ = 0.5 and 0.35 when λ = 0.5, respectively.
Around the optimal λ, the blade torque coefficient (CTB) on the retreating side of the rotor was, in
general, higher than the uniform flow case and increased with Γ, predominantly contributing to
the increase in CP. The CFD results for the maximum discrepancies of CTB on the retreating side
of the rotor between the RSF-SF case with Γ = 0.51 and the uniform flow case were 0.60 when
λ = 0.4 and 0.36 when λ = 0.6. The high values of CTB of the RSF-SF cases on the retreating side
of the rotor were mainly caused by the higher pressure on the outer side of the blade on the
upwind side of the rotor, due to the higher speed of the approaching flow. By contrast, CTB on the
advancing side of the rotor was, in general, lower than the uniform flow case, due to the lower
pressure on the upwind side of the blade.

3. CTB consists of the rotor-revolution component (CTB_rev) and the blade-rotation component
(CTB_rot). In all the shear flow cases, as well as the uniform flow case, the contributions of CTB_rev
to CTB were dominant. The dependencies of CTB_rev and CTB_rot on Γ had the opposite tendencies.

These findings are useful for micro-siting of an O-VAWT in the area where shear flows occur.
A location where ASF-SFs with high Γ values dominantly occur is ideal for installing the O-VAWT.
At a location where not only ASF-SFs but also RSF-SFs occur at high frequencies, higher Γ values
are preferable. However, the shear flows utilized in this study are limited in their profiles and the
relative positions to the rotor. To properly conduct the micro-siting of an O-VAWT in the area where
various kinds of shear flows occur, such as the vicinity of a building, it is essential to understand the
performance characteristics of the O-VAWT in the various kinds of shear flows. Therefore, in future
research, we plan to investigate the effects of the broadness of the shear layer and the relative position
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of the shear flow to the rotor on the O-VAWT’s performance characteristics. In addition, we plan
to investigate the effects of the turbulence intensity of the approaching flow on the CFD results for
the O-VAWT’s performance characteristics by setting obstacles, which emit eddies, upwind of the
O-VAWT to avoid the rapid dissipation of high turbulence intensity.
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