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The performance of a wind turbine shrouded with the conventional configuration of
flanged diffusers is firstly investigated. This allows comparison to be made with the
performance of the new design proposed in this project. The bare turbine used in this
research work is a horizontal axis wind turbine with a diameter of 0.6 m, and the flange
height is 10% of the diameter. The performance of the shrouded turbine is investigated
using computational fluid dynamics; by solving the flow field using three-dimensional
Reynolds Averaged Navier-Stokes for incompressible flow. Findings indicate that the
performance of the turbine shrouded with the flange ring is superior to the bare
turbine by 33%. It also has benefits over the conventional design as this new design
concept is simpler and uses lesser material since it is not using the diffuser, which
favorably, in turn, will reduce the cost. Subsequently, the findings of this research may
have the potential to expedite the developments of green-source energy that
undoubtedly could benefit the entire growing wind turbine industry.
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1. Introduction

Countries close to the equator are characterized by low wind speeds [1-3]. Since wind power is
proportional to the cube of wind speed [4], these countries might have limited wind energy
potentials.

Shrouded wind turbines had been proven to have an enhanced performance at low wind speeds
[5]. The shrouds’ design evolved from a long length diffuser to a short diffuser with a flange attached
at its rear. The flange contribution to performance is dominant, and hence it would be interesting to
investigate the case where the shroud consists of a flange only without a diffuser.
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The main objective of this research work is to quantify the turbine torque output when a thin
flange shrouds it without a diffuser. To accomplish this, CFD was used to analyze the three following
configurations:

i. A wind turbine shrouded with a flanged diffuser
ii. A wind turbine shrouded by a diffuser only
iii. A wind turbine shrouded by a flange only

The torque output of the three configurations is also compared to the bare turbine configuration.
Figure 1 illustrates the road map of the research work.
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Fig. 1. Roadmap of the research work

1.1 A Brief Review of Shrouded Turbines
Variable area ducts; nozzles, or diffusers have been known to change the speed of a given flow
passing through them because of the continuity equation Eq. (1)., hence for any steady, subsonic,

and incompressible flow, narrowing the area of a hollow duct at a certain section will increase its
speed [6].

d(pud) = 0 - puAd = constant (1)
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where; p is the flow density, u is the velocity of the flow, and A is the cross-sectional area.

A group of researchers in Japan has shown by wind tunnel testing that a diffuser placed in a free
flow will accelerate the airspeed [7,8]. The diffuser configuration creates a pressure difference across
its length such that the inlet will have a sub-atmospheric pressure, which encourages upstream air
to flow through the diffuser.

Many researchers have proved that mating a turbine with a diffuser increases the power
significantly in a way that it may exceed the Betz limit, which is 59.3% [5,9], wind turbines shrouded
with a diffuser are known as diffuser augmented wind turbine (DAWT) or wind lens [10].

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
[6].

For a fully attached flow inside the diffuser, increasing the area ratio between the exit section
and the throat; accelerates the flow at the diffuser’s inlet. This fact had inspired the pioneer designers
of DAWT to make diffusers with large, inclined angles; some designs had an opening angle up to 60°.
However, to overcome the adverse pressure gradient that occurs inside the diffuser walls and causes
flow separation, they needed to use boundary layer control methods such as air slots or multistage
diffusers, which added complexity to their designs [11-14].

None of these designs were upgraded to a commercial phase, until a group of researchers at
Kyushu University in Japan started investigating a different design concept of shrouded turbines
intensively, numerically, and experimentally, and they called it the wind-lens. They proposed several
designs of wind lens since 2004, which are all characterized by having a very compact diffuser length,
limited opening angle, and a high flange at its rear. The flange acts as a vortex generator; it produces
a low-pressure zone at the back of the diffuser, which helps accelerate the flow. Wind-lens designs
have been proven practical and efficient, but with the price of a total drag increase [8,10,15-17].

Many other researchers have further investigated the concept of the wind lens or flanged
diffusers such as, Aranake et al., [5], who used low Re airfoils as a diffuser cross-section, Lipian et al.,
[18], who tested the concept of twin-rotor shrouded by a diffuser, Géltenbott et al., [19] who tested
the concept of grid configuration of series of single rotor wind lens system, Liu et al., [20] who tried
to reduce the drag of the wind lens by optimizing the wind lens profile using genetic algorithm, and
also Abdelwaly et al., [21] who had applied the wind lens concept to NREL Phase VI turbine and
showed 106% increase in torque. Few prototypes were also successfully built in Japan and China [16].

This research will adopt the idea of the compact shrouded turbine, which relies mainly on the
flange part; however, we would like to investigate what would be the performance of the system if
the diffuser is eliminated.

2. Model Description

The shrouded turbine system consists of two main parts, the first part is a horizontal axis wind
turbine, and the second part is a cylindrical diffuser that surrounds the turbine.

2.1 Turbine Description
The wind turbine which is used in this study is a three-bladed horizontal axis wind turbine that

has a diameter 0.6 m as shown in Figure 2a; the cross-section of the turbine blade, as shown in Figure
2b, is the thin airfoil SD2030, which is suitable choice for low Reynolds flow applications [22].
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(a) Technical drawing of the turbine rotor (b) Wind turbine blade
Fig. 2. Three bladed horizontal axis wind turbine

2.2 Diffuser Description

The diffuser configuration to be studied in this research is following the same concept that is
adopted by Ohya et al., [16], which is a diffuser with a short length (L), extended flange height (H),
and length to diameter ratio less than 0.3, as shown in Figure 3; the diffuser’s dimensions are listed
in Table 1. The new configuration to be further studied, which just consists of a circular ring flange
without a diffuser, has the same dimension of the flange reported in Table 1, where H/D =0.1.

Table 1
Diffuser geometrical description
Inlet diameter (D) 0.6 m
Diffuser length (L) 0.14m
Flange height (H) 0.06 m
Opening angle 10°
A
i H
v
4D/2
Flow Direction
L
| 2 N—— >

Fig. 3. A schematic diagram of the wind lens
3. CFD Simulation

The performance of both the bare turbine as well as the shrouded turbine has been investigated
using 3D CFD simulation by solving the Reynolds averaged Navier-Stokes equations for
incompressible flow, using CFX Ansys software. The Turbulence model used in this work is Shear
stress transport. The upstream Inlet air velocity is fixed to 5 m/s throughout this work, while the
rotational speed of the rotor varies between 200 to 1100 rpm with step 100 rpm, which corresponds
to tip Reynolds number (Re) that ranges between 30000 to 45000. The Reynolds number of the
diffuser is 2.1 x 10° as calculated using Eq. (2). A rotational periodic boundary condition is used in
the simulation so that only one-third of the domain is solved to save computational time; other
boundary conditions are shown in Figure 4a.

Rediffuser = UD/V =21X 105 (2)
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where D, is the diffuser inlet diameter, u in the upstream velocity, and v is the kinematic velocity.
3.1 Computational Domain Description

The computational domain is 20 m long, which more than 33 times the diameter of the rotor; as
shown in Figure 4a, it has been divided into two zones, a rotational domain that includes the turbine
blade and a stationary zone that includes the diffuser wall. A C-grid zone with hexahedral structured
mesh elements has been created along the blade span from root to tip as shown in Figure 4b to
capture the flow inside the boundary layer inside the rotational domain; the height of the first layer
close the wall surface was chosen small enough to make sure the dimensionless distance from the
wall (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. The mesh elements everywhere else in the
domain are unstructured 3D tetrahedral cells, created using Ansys meshing.

@ Outlet
Rotational periodic interface (120¢) /

Rotating domain v

Diffuser wall

Grid between edge tip
and rotating domain

(b) C-Grid around the blade (c) Dense mesh and inflation layers
around the diffuser walls

Fig. 4. Computational grid for the shrouded turbine
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3.2 Grid Independence

Grid independence study has been carried out by changing the height of the first grid layer
adjacent to the diffuser wall. The first grid height is 6e-5 m. Table 2 shows that the value of the
accelerated speed at the inlet of the diffuser changed only 0.0376 % after reducing the first layer
element height to 6e-6.

Table 2

Speed value at the diffuser inlet vs. first mesh element size adjacent to the diffuser
First Layer Value Yplus Expected Speed at inlet diffuser(m/s)

6.00E-06 0.1 5.3212

1.20E-05 0.2 5.3236

6.00E-05 1 5.3186

1.20E-04 2 5.3196

3.00E-04 5 5.3149

Similarly, the first layer in the C shape grid which surrounds the blade has been changed to make
sure the grid is fine enough. Table 3 shows that the torque of the bare turbine changes only 0.28%
when the first layer changed from 5 e-6 to 2e-6.

Table 3

Torque value of the bare turbine vs. first mesh element size adjacent to the diffuser
First Layer Value Y plus Expected Torque/3 (N.m)

2e-6 0.05 0.0354

5e-6 0.1 0.0355

5e-5 1 0.0366

le-4 2 0.0375

3e-04 6 0.0384

5e-4 8 0.0385

Similarly, the domain used in the simulation is 20m; the solution sensitivity to the length of the
domain has been tested by changing the domain length to 5m,10m,15m, and 25m. The torque value
of the shrouded turbine changed only by 0.14% when the domain length extended to 25m instead of
20 m.

The number of Inflation layers used around the diffuser is 40 layers; the sensitivity of the number
of layers has been investigated by reducing the number of layers to 30,20 and 10 layers while keeping
the first layer size 5e-6 as fixed. The results have changed only 0.1% after reducing the layers to 30;
however, the results have changed 3% after reducing the layers to 10 and 1.4% after reducing the
layers to 20; hence it is concluded that 30 layers are enough to capture the flow in the boundary
layer.

3.3 Validation

For validation purposes, the velocity at the diffuser center-line across its length resulted from this
CFD model, and wind tunnel [7] are compared. It is found that the two results are agreeable with
each other, thus validating this simulation work

The performance of the bare wind turbine using CFD (using steady-state moving reference frame
simulation) is also compared with results from Qblade software, which uses Blade Element
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Momentum Theory [23], to verify that the CFD results are in reasonable values. Figure 5 shows the
Torque-RPM curve of the turbine using CFD vs. Qblade.
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Fig. 5. Bare turbine performance at upstream speed 5 m/s

4. Results and Discussions
4.1 Performance of Diffuser Alone

The upstream velocity approaches the hollow diffuser, which was illustrated in subsection 3.2 is
5 m/s, the airspeed accelerated up to 6.3 m/s inside the diffuser, which means the flow accelerates
about 26%. Figure 6 shows the axial air velocity of the center-line axis of the hollow diffuser relative
to the upstream airspeed with respect to the dimensionless axial position.
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Fig. 6. Performance New diffuser configuration performance
4.2 Performance of a Turbine With a Diffuser With a Flange

The increase in the torque occurred when the flanged-diffuser shrouds the turbine is clearly
shown in Figure 7; there is an increase in torque that range between 4 % and 107% compared to the
bare turbine; this result agrees with results from previous researches conducted by Ohya et al., [16].
Figure 7 also emphasizes the role of the flange because the torque’s increase is negligible when the
flange is removed from the shroud part, which agrees with the experimental work results from Ohya
et al.,, [7,16] that also emphasize the importance of the flange.
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Fig. 7. Bare turbine vs. wind lens performance at upstream speed 5 m/s.
4.3 Performance of a Turbine With a Diffuser With Flange Only

The main objective of this research is to investigate whether removing the diffuser from the
shroud and keeping only the flange would increase the system performance or not. Reapplied the
same numerical model to the system after removing the diffuser, the maximum turbine torque has
reduced by 20%. The pressure contours across the turbine have been plotted as shown in Figure 8
for the following cases, respectively, a bare turbine, a turbine with a diffuser only, a turbine with a
flanged diffuser, and a turbine with a flange only. The following points could be observed.

In Figure 8a and Figure 8b, the pressure contours of both bare turbine case and turbine with
diffuser only case is similar, which might explain the negligible effect of the diffuser only case.

In Figure 8c, which shows the pressure contours of the flanged diffuser, three things could be
observed: First, a high-pressure zone is formed upstream of the turbine plane, which is a favorable
thing for wind energy extraction. Second, the low-pressure zone behind the diffuser as well as the
turbine, has been extended, which is also a favorable condition for a wind turbine. Thirdly: The flange
has formed a high-pressure zone in front of it. The first two points might explain why this
configuration has a superior performance to the bare turbine.

Figure 8d, which shows the flange only cases, the ring flange has also formed a high-pressure
zone, like the flange in Figure 8c. However, differently, in Figure 8c, the diffuser walls act as a
separator between the high-pressure zone and the turbine, and in the case of the flange only cases (
Figure 8d ), there is no separator, which resulted in a high-pressure zone behind the turbine which is
not a favorable condition, and that might explain why quantitatively, the turbine torque has reduced.

By further examined the velocity vector of the final case where the torque reduction happened,
it is noticed, as shown in Figure 9a, that because the flange act as an obstacle, the airflow trying to
avoid the obstacle had accelerated in regions close to the flange’s edge. Hence replacing the turbine
behind the flange instead of its front would be reasonable to take advantage of this flow acceleration.

The results for this new configuration, as shown in Figure 9b, depicts an improvement in the
performance. The torque of the turbine with the flange in the front has increased 33% compared to
the bare turbine.
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Fig. 8. Pressure contours of the flow across the turbine plane
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Fig. 9. Velocity vectors of the flow (flange only cases)
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The ringed flange behaves as an obstacle which formed a high-pressure zone in front of it since
the upstream flow avoids this high-pressure zone and deflects inside and outside the ring. It explains
why a turbine placed inside the ring might have an improvement in the performance. Figure 10 shows
the results of the bare turbine compared to the new configuration. The new system has lesser power
compared to the traditional wind lens; however, it is less complicated and uses lesser materials,
which favorably, in turn, may reduce the cost.

0 200 400 600 800 1000 1200
RPM

O Bare Turbine Wind Ring

Fig. 10. The torque of bare turbine vs. shrouded turbine (flange at the front)

5. Conclusion

This research has successfully concluded that a turbine shrouded with a diffuser and flange has a
superior performance compared to the bare turbine.

A new simpler configuration that could accelerate the flow and is superior to the bare turbine's
performance has been proposed in this research work. The configuration consists of a ringed flange
placed at the front of the turbine instead of its rear.

The new configuration introduced in this research work has shown a better performance of about
33% over a bare turbine. Even though the increase in the performance is still inferior to the
conventional diffuser-flange shroud, which is superior to the bare turbine by 54.7%, this new design
is much simpler and uses lesser materials, which favorably, may reduce the cost.

For future work, it is proposed to conduct a wind tunnel test. Experimental works have been
recognized as well-testified instrumentation to conduct the research [24-26]. An exergy study is also
required to know whether the system is economically worthy or not.
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