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Abstract: In this research work, we investigated a diffuser augmented wind turbine's performance
or better known as a wind lens. The wind lens consists of a circular flanged diffuser and a horizontal
axis wind turbine with a diameter of 0.6 m. The diffuser length to the diameter ratio is 0.226, and the
flange height to diameter ratio is 0.1. The performance of the wind Lens is investigated numerically
by solving the flow field using Reynolds Averaged Navier-Stokes for incompressible flow. The
finding of this work shows that the flange's role is significant to the performance; also, it shows that
the opening angle of the diffuser is essential if the rotation speed of the turbine is set wisely. The
wind lens's output torque at an inlet speed of 5 m/s is superior to the bare turbine by 30-60%, which

shows the wind lens's usefulness at low wind speed.

Keywords: Wind lens, Wind turbine aerodynamics, Flanged diffuser, DAWT.

1 Introduction

Wind energy is currently is one of the cheapest ways to
add new power generating capacity in many countries.
The production capacity of wind energy has increased
more than 30 times in the last two decades. Many
Countries had achieved producing 20% of their electricity
from wind energy in 2018, such as Denmark, Ireland,
Uruguay, and Portugal. 12,

The world produced 591 GW of electricity from Wind
Energy by the end of 2018, representing 5.5% of the
world's electricity production and 50% of the renewable
energy production if hydropower is excluded. Figure 1
shows the share of Renewable Energy in the world's
electricity production. The top three countries, China, the
USA, and Germany produced approximately 60% of the
world's production from wind energy?.

Wind power is directly proportional to the cube of the
wind speed ¥, and countries with average low wind speed
such as Malaysia might not find it worthy of producing
energy from wind +9.

A diffuser duct placed in a free flow has been proved to
accelerate the airflow at its inlet ”®. Many researchers
have proved that mating a turbine with a diffuser increases
the power significantly to exceed the Betz limit, which is
59.3% %19: wind turbines shrouded with a diffuser are
known as diffuser augmented wind turbine (DAWT) or
Wind Lens 'V,
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Fig. 1: Global Electricity Production End-2018 2

For a subsonic flow, two main parameters influence the
flow behavior inside a diffuser: Firstly, the area ratio
between the exit and the throat, and secondly, the back
pressure at the diffuser rear '?

DAWT's early designs had a long length diffuser with a
large opening angle to make sure the area ratio between
the diffuser inlet and output is high. However, the large
opening angle causes adverse pressure gradient inside the
diffuser walls and hence flow separation, which urged the
need of using boundary layer control methods such as air
slots or multistage diffusers, which added complexity to
their designs. 13719,

1.1 Difference between DAWT and Wind lens
The early designs of DAWT have never been upgraded
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to become a commercial product due to the complexity
added by the boundary layer controllers and the cost added
by the long diffuser. To solve this problem, a group of
researchers at Kyushu University had introduced the
concept of Wind lens %!11:17:1%),

Wind lens is a compact ducted wind turbine
characterized by the following: it has a small length to
diameter ratio of less than 0.4, and it has a high vertical
flange at its rear. The flange holds an essential role in the
wind lens concept because it acts as a vortex generator,
which produces a low-pressure zone at the back of the
wind-lens, which finally helps the flow accelerate 19,

The wind lens: unlike the traditional early designs of
DAWT, does not rely on increasing the area ratio between
the inlet and output diameter; however, it depends on
reducing the backpressure by the mean of the flange.

Wind-lens designs have been proven practical and
efficient; it might increase the turbine torque by 100% as
reported by Ohya et al. '"'® but with the price of a total
drag increase. Many other researchers have further
investigated the concept of the wind lens or flanged
diffuser'*2?,

Wind lens has some advantages over bare turbines such
as having fewer wake noises, better performance with yaw
direction, in addition to being more friendly to birds, and
safer in case of blade fractures; however, the main
advantage of wind lens over bare turbines is that wind lens
accelerates the axial velocity which allows the turbine
rotor to have low start-up speed and cut-in speed”, while
keeping good efficiency which might allow building wind
farms in areas with a lower average speed such as
Malaysia; few prototypes are already built at locations in
Japan and China '¥.

In this research, we have applied the wind lens concept
to a rotor that was explicitly designed for low wind speeds
and investigated its performance at wind speed 5 m/s at
various opening angles.

2 Model description

The wind lens systems consist of two main parts; the
first part is a 3-bladed horizontal axis wind turbine
(HAWT), and the second part is a cylindrical diffuser that
surrounds the turbine. The description of the two parts is
described in the following subsection.

2.1 Bare turbine description:

The turbine is a 3-blade horizontal axis wind turbine
with a diameter of 0.6 m, and twist and chord distribution
shown in Tablel. The blade's cross-section is the thin
airfoil SD2030, which is a suitable choice for low
Reynolds flow applications, as illustrated in 2¥. The
turbine blade is shown in Figure 2.

Table 1 Geometrical Description of the Bare Turbine

Position (m) Chord (m) Twist (°)
0.06 0.09 20
0.09 0.0825 12.2
0.12 0.075 8
0.15 0.0675 5.3
0.18 0.06 3.6
0.21 0.0525 2.3
0.24 0.045 1.3
0.27 0.0375 0.6
0.3 0.03 0

Fig. 2: Wind Turbine Blade

2.2 Diffuser description

The diffuser configuration to be studied here follows
the same concept adopted by Ohya et al. '¥, a diffuser with
a short length and extended flange height L/D, as shown
in Figure 3; the diffuser's dimensions are listed in Table 2.

Table 2 Diffuser Geometrical Description

Inlet diameter (D) 0.6m
Diffuser length (L)/D 0.2
Flange height (H)/D 0.1

Opening angle 7, 10, 20, and 30°

Flow Direction A

a) A Schematic Diagram of the Wind lens
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b) A Technical Drawing of the Wind lens

Fig. 3: Description of the Wind lens and its dimensions.

3 CFD Simulation

The turbine performance and the wind lens have been
investigated using 3D CFD simulation by solving the
Reynolds averaged Navier-Stokes equations for
incompressible flow, using CFX Ansys software. The
continuity and momentum equation resulting from
Reynolds averaged Navier-stokes equations are as
follows:

o)

6xi - 0 (1)
0@) | 9 (po\_ 19, oW 0

at + ax (ulu]) T pox + Vaxiax,- ax; @

3.1 Computational domain description

As shown in Figure 4a, the computational domain has
been divided into two zones, a rotational domain that
includes the turbine blade and a stationary zone that
includes the diffuser wall. To capture the flow inside the
boundary layer inside the rotational domain, a C-grid zone
was created with hexahedral structured mesh elements
along the blade span from root to tip as shown in Figure
4b; the height of the first layer close to the wall surface
was chosen small enough to make sure Y™ is less than 1.
A zone of dense mesh elements is created around the
diffuser to capture the pressure gradient that occurs across
it. Figure 4c shows inflation layers, which were also
created around the diffuser walls to capture the boundary
layer; a similar way was followed by Halawa et al.?» and
Ibrahim et al.>>. The mesh elements everywhere else in
the domain are unstructured 3D tetrahedral cells, created
using Ansys meshing.

/ Outlet

Periodic

Diffuser

b) C-Grid Around the Blade

c) Dense Mesh and Inflation Layers around the
Diffuser Walls
Fig. 4 Computational Grid for the shrouded turbine

3.2 Validation of the numerical model

The validation process was conducted in two steps; the
first step is to use CFD to solve the flow around a hollow
cylindrical flanged diffuser, which was tested in a wind
tunnel by Ohya et al. 7. In this experiment, the airspeed at
the diffuser's centreline was measured using hot-wire;
Figure 5a shows the comparison between CFD results and
Experiment results.

The second step is to use CFD to calculate the
performance of a scaled version of the NREL phase VI
wind turbine, which was tested in a wind tunnel by Cho e
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al 2. The experiment was conducted by fixing the
rotational speed at 700 rpm and varying the inlet speed.
Figure 5b shows the non-dimensional curve of both CFD
and Experiment for the same rotor.

Figure 5a & Figure 5b shows that the CFD model
solved by RANS SST turbulent model can reasonably
predict the flow around the diffuser walls and the turbine.

1.7
1.6
1.5
14
U/UYi
1.3
1.2
11

1
0 0.5 1 1.5
X/L
CFD Exp

a) The velocity of the flow at the centerline of a
hollow diffuser relative to the inlet speed calculated
by CFD and wind tunnel testing by Ohya et al.
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ol :
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b) Power coefficient of a scaled NREL Phase VI wind
turbine calculated by CFD and wind tunnel testing
by Cho et al. %),

Fig. 5: Comparison between CFD results and Wind tunnel
results from the literature.

3.3 Grid Sensitivity:

Grid sensitivity has been carried out by testing the
change in the rotor torque at TSR 5.65 by changing the
number of elements in the radial direction of the blade, the
number of the layers inside the C-grid, the size of the C-
grid around the rotor blade, the number of elements in the
radial direction of the blade and the length of the rotating
domain. As seen in Table 3, the results show that
increasing the number of elements more than 200 has a

negligible effect on the torque; the change remains less
than 0.9%. Increasing the number of layers inside the C-
Grid while keeping the C-Grid size constant at 3 cm shows
no significant difference in the torque as well; the changes
remain below 0.9%, however, doubling the size of the C-
Grid from 3cm to 6 cm while keeping the number of layers
constant as 70 increases the torque by 1.35%; further
increase in the C-Grid size shows an insignificant change.
Similarly, by testing the torque value's sensitivity to the
rotating domain length, it is found, as shown in Table 3,
that increasing the rotating domain size from 26cm to 40
cm improves the solution by 10%; however, a further
increase shows an insignificant change.

Table 3 Torque value of the scaled NREL rotor at TSR 5.65
results from different mesh settings.

C-grid C-Grid Radial | Rotating | Torque

layers size points domain (N.m)
25 3cm 200 26 cm 14.78
25 3cm 300 26 cm 14.8
25 3cm 400 26 cm 14.825
25 3cm 500 26 cm 14.815
25 3ecm 600 26 cm 14.828
35 3cm 200 26 cm 14.86
50 3cm 200 26 cm 14.878
70 3cm 200 26 cm 14.9
90 3ecm 200 26 cm 14.912
70 6cm 200 26 cm 14.98
70 9cm 200 26 cm 15.01
70 12cm 200 26 cm 15.04
25 3cm 200 40 cm 16.34
25 3cm 200 50 cm 16.45
25 3cm 200 60 cm 16.62

4 CFD Results and Discussions

4.1 Performance of the diffuser alone

The same numerical model just validated in the
previous section is used to solve the new diffuser
configuration that was illustrated in section 2.2. Figure 6
shows the flow velocity across the length of the new
diffuser configuration. The wupstream velocity is
accelerated from 5 m/s to 6.3 m/s inside the diffuser,
which means the flow accelerated 1.2 times. A grid
independence study was done for the diffuser by changing
the height of the first grid layer adjacent to the diffuser
wall.
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0 0.2 04 06 08 1
L(m)

Fig. 6: New Diffuser Configuration Performance

4.2 Performance of the bare turbine using CFD.

The bare turbine's performance is also investigated
using CFD using a steady-state moving reference frame
simulation; the CFD results are then compared with
results from Qblade software, which uses blade element
momentum theory (BEM) 25) to make sure the CFD
results are in the reasonable range. Figure 7 shows the bare
turbine performance at an inlet speed of 5 m/s. The
turbine's performance is also tested at different Inlet
speeds; as shown in Figure 8, an insignificant increase in
the power coefficient occurs at 10 m/s inlet speed.

0.14
0.12
0.1
€
Z0.08
()]
=]
50.06
L
0.04
0.02

0
0 500 1000 1500
RPM
BEM CFD

Fig. 7: Bare Turbine Performance at Upstream Speed 5 m/s.
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Fig. 8: Bare Turbine Performance at Different Reynolds
Number.

4.3 Performance of the turbine with the diffuser
(wind lens)

This research's main objective is to investigate the wind
lens performance, which is illustrated in this section.
Figure 9 shows the torque output of the bare turbine and
the wind lens; it is demonstrated that the wind lens has a
superior performance. The torque increase happens
between 4% up to 107%, which agrees with results from
previous research conducted by Ohya et al. '¥. Ohya et al.
reported an increase in power of more than 100% based
on the configuration.

Figure 9 also emphasizes the flange's role because the
torque's increase is negligible when the flange is removed
from the shroud part.

The wind lens's performance at four different angles
7,10,20, and 30° is shown in Figure 10; it is noticed that
the turbine torque increases directly with the increase of
the opening angle until a certain degree, and then the
torque reduces again. However, at high rotational speed as
shown in Figure 11; for example, RPM 800, the peak
occurs at angle 20°, and then the torque starts to reduce at
30°; at a lower RPM 700, the toque peak occurs at 10°,
and at RPM lower than 600, a further increase in the
opening angle beyond 7° does not result in improvement
in the performance.
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Fig. 9:
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Bare Turbine Vs. Wind Lens Performance.
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Fig. 10: Wind Lens at Different Opening Angles.
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Fig. 11: Torque Sensitivity to the Opening Angle at

Different RPM

By taking a cross-sectional plane across the wind lens
as shown in Figure 12, it can be noticed through the
velocity vectors passing through it that the flow is almost
fully attached to the inner walls at an opening angle of 7°
at 600 rpm, as shown in Figure 12a.

Figures 12a and 12b show the velocity vector at
rotational speed 600 at an opening angle of 7° and 10°,
respectively. The boundary layer has separated at an angle
of 10° while it is still attached to the diffuser walls at 7°
das shown in Figure 12a.

Figure 12b and Figure 12¢ shows the velocity vector at
the same opening angle of 10°. However, at different
rotational speeds, 600 and 700, respectively. The
boundary layer is separated when the rotational speed is
600. However, it is reattached again at rpm 700, as shown
in Figure 12 c.

Figure 12c and Figure 12d show the velocity vectors at
rotational speed 700 at an opening angle of 10° and 20°,
respectively. The flow is fully attached to the diffuser
walls at an opening angle of 10°. However, it can be
shown that at a high opening angle of 20°, the flow has
separated from the diffuser walls, and part of the flow has
reversed its direction.

The yellow color background in Figure 12d represents
the area where the flow is still in the upstream direction.
The grey spots are the areas where the flow direction is
inversed or separated; it can be noticed that the effective
shape of the diffuser changed and became narrower.

Figure 12e and Figure 12f show the velocity vector at
rotational speed 800 at opening angle 20° and 30°,
respectively; it can be seen that the diffuser's effective
shape is different in the two cases. The effective diffuser
shape in Figure 12f is narrower than in Figure 12e, which
means effectively it has a lower opening angle than 20
degrees, and this might explain the loss in toque that
occurs. It is shown in Figure 10 that the Wind lens at 30°
has lower performance than the Wind lens at 20° at
rotational speed 800, 900, 1000, and 1100.

It could be concluded that increasing the opening angle
increases the torque of the wind lens if the flow is still
attached to the diffuser walls, and increasing the rotational
speed might help the BL reattach to the diffuser walls for
the same opening angle; and finally, the BL separation
changes the effective opening angle to the wind lens.
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Fig. 12 Velocity Vector across the Wind Lens at Different
RPM and Opening Angles

5 Conclusion:

The wind lens system has successfully increased the
performance of the turbine by up to 60%. The flange is the
most significant element in the wind lens because a
diffuser without a flange will have a minimal effect on the
performance. The turbine's torque increases directly with
the increase of the opening angle if the flow is still
attached. The augmentation of the torque is higher at high
rotational speeds than it is at lower rotational speeds.
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Nomenclature
P Wind power available
p Air Density
%4 Air Velocity
A Rotor Area
u Velocity vector
x Displacement vector
t time
D Pressure
v Kinematic viscosity
Tjj Reynolds stress tensor

Cp Power Coefficient
TSR  Tip speed ratio
CFD Computational fluid dynamics

*The overbar indicates a time-averaged quantity.
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