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Abstract. The wind energy is becoming more relevant in the Brazilian energy matrix;, however, the traditional
geometry of wind turbines has a power coefficient limited to approximately 59.3 %. In spite of this, there are evidences
that the use of a diffuser encapsulating the turbine allows to the surpassing of said limit by causing an acceleration
profile, which actuates in the flow through the turbine. Therefore, it is relevant the use of Computational Fluid
Dynamics, notorious tool for reducing research costs in this field, to study the impact of different geometry
characteristic in said profile. In order to achieve this, it was studied the influence of the height of the flange and the
diffuser angle in a flanged diffuser in order to determine the optimal characteristics for the increase in efficiency in the
wind turbine. Thus, the more effective design was found to be the one with the height of the flange equal to 0.25 D and
the with a 5° diffuser angle, in accordance to what was expected from literature.
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1. INTRODUCTION

The wind energy in Brazil had a significant growth between 2019 and 2020, reaching 14.98% increase in the
capacity, going from 15.45 GW in 2019 to 17.75 GW of installed capacity in 2020. This data puts Brazil as the seventh
biggest installed capacity of wind energy in the world and third in growth of said capacity (ABEEOLICA, 2021).
However, the classic momentum theory of Betz states that, for the conventional, not encapsulated, wind turbine design,
the power coefficient is limited to 16/27 (approximately 59.3%). Burton et al. (2001) has shown that for a real
conventional turbine, this value is usually below 50%, showing the restrictions of this design.

In this context, the use of a diffuser, encapsulating the wind turbine allows for, according to Dick (1984), surpassing
the Betz limit, by generating an acceleration of the airflow before the passage in the turbine. Hansen et al. (2000) added
that said acceleration is intimately dependent to the geometry of said encapsulation, while the results gathered by Abe
and Ohya (2004) indicates that the velocity profile depends only on the variation in the radius (distance to the center of
the rotor).

Among the various designs, the flanged diffusers stand out as it, according to Agha et al. (2018), allows for a
smaller equipment, reducing loads, as well as, reducing the time needed for the vortices generated deteriorate, being one
of the more studied types of diffusers. As such, according to Lipian et al. (2015) the maximum acceleration occurs
when the height of the flange is around 0.3D and the angle of the diffuser is around 4° to 6°.

In light of this, the present study becomes relevant; having the general objective of analyzing two different
parameters, that influence the geometry of flanged diffusers (flange height and diffuser angle) through Computational
Fluid Dynamics (CFD), in order to determine the optimal diffuser geometry for enhancing the efficiency of the wind
turbine.
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2. METHODOLOGY
2.1 Computational modeling
In this study, a numerical approach was used in order to solve the continuity and Navier-Stokes equations, Eq. (1)

through Eq. (4), by the finite volume method, using the ANSYS CFX™ software, in order to describe the airflow,
enabling the analysis of said flow.
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where p stands for specific mass; p stands for pressure; t stands for time; x, y and z are the three Cartesians coordinates;
u, v and w are, respectively, the velocities in the X, y and z directions; u stands for the three-dimensional velocity
vector, p is the fluid viscosity and Smx, Smy, and Sy, are the momentum sources terms in the directions expressed in the
subscripts.

2.2 Mathematical and physical validation

In order to validate the initial conditions of the simulation and so guarantee the correspondence to the natural
phenomenon, it was necessary compare the results produced by the simulation to one produced by Abe and Ohya
(2004). Therefore, it was compared three different turbulence models, two different meshes and two different values of
the Reynolds numbers, in order to determine the most precise conditions to be used in the subsequent analysis of the
diffusers.

The parsing of said conditions was based on the comparison of the behavior of velocity and pressure in during the
flow through the diffuser. The velocity was compared by the graph between the relative position along the x-axis,
turned dimensionless by dividing by the diameter of the diffuser inlet, and the velocity, turned dimensionless by
dividing by the initial velocity (5 m/s). Moreover, pressure behavior was compared, by the graph between said position
variable and the dimensionless pressure, obtained from the pressure coefficient (Cp).

At this point, the models of turbulence used, were the k-g, RNG k-¢ and SST (Shear Stress Transport). The first two
are very similar to the one use by Abe and Ohya (2004), whereas the last one was considered the most adequate to an
evaluation of the regions nearest to the walls of the experiment.

In addition, the boundary conditions set were based on symmetries, walls, inlet velocity, and relative pressures at the
outlet. In the front and back planes, symmetry was admitted, whereas at the top, it was admitted a free slip wall and, in
the diffuser, a no slip wall. For the inlet, it was set an entry speed of 5 m/s and in the outlet; it was defined by the use of
a relative pressure of 0 Pa with the inlet.

To complete this part of the study it was analyzed the influence of the Reynolds number in the results by comparing
two different values for such measure of the turbulence of the flow. The value of 64,718.7 which came from the data
defined and the value of 20,000, set by adopting an entry speed of 1.54 m/s, in order to get an identical value to which
adopted by Abe and Ohya (2004).

The geometry chosen for this study was of a flanged diffuser, with the same characteristics adopted by Abe and
Ohya (2004), as shown in Fig. 1.
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Figure 1. Geometry used in the mathematical and physical validation

The geometry was constructed in the SolidWorks™ software, using the diameter of the diffuser inlet (D), set as 0.2
m, as the basis for the construction of the part. In addition, h, was defined as the height of the diffuser flange, measured
by its ratio with the cited diameter (h/d), set at this point as 0.5, and the angle between the diffuser and the x-axis was
defined as theta (0) and set at this point as 4°. The geometry was made three-dimensional by the revolution around the
bottom edge with an angle of 0.5° along the middle plane.

Based on this geometry, two different meshes were constructed, by dividing the model previously constructed in
finite control volumes through the definitions of a set of conditions of points around which the volumes would be
created. To enhance the precision of the study, the limit of one element in width was adopted, as well as an increase in
the refinement of the meshes around the diffuser and the bottom edge, responsible for the representation of the radial
symmetry of the system. This resulted in two different meshes, the first (mesh 1) with 17,987 elements and the second
(mesh 2), more refined, with 176,386 elements, in order to progressively enhance the precision of the study as well as
analyze the impact of the mesh in the experiment. The second mesh, therefore, had an increase in refinement in the
diffuser and bottom edges using elements of 2 mm in size, as well as an inflation in the diffuser edges with the smaller
element having a size of 0.63 mm as shown in Fig. 2.

Figure 2. Mesh 2 in the vicinities of the diffuser

2.3 Diffuser evalutaion

Using the conditions for the simulations defined in the validation as well as the same style of geometry and mesh,
some parameters that affect the geometry of the diffuser, and consequently the characteristics of the airflow inside it,
were evaluated. Therefore, it was chosen four different flange heights and four different angles to be simulated and
compared in order to define the best combination of said factors between them.
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For the flange height, once again defined by the ratio with the diameter of the diffuser inlet (h/d), it was chosen the
values of 0, 0.125, 0.25 and 0.5 to be analyzed. As for the angles, it was picked four equally spaced angles in the
interval between 0° and 15°, which resulted in the analysis of the angles of 0°, 5°, 10° and 15°.

These diffusers were compared using the profiles and contours of velocity and pressure, both turned dimensionless
in the same way as in the validation, the maximum velocity ratio, along with its position in the x-axis, and the variation
of said velocity ratio increase in the vertical plane at this point.

3. RESULTS AND DISCUSSION
3.1 Mathematical and physical validation

At this point, only the velocity ratio and pressure coefficient profiles were analyzed, shown in Fig.3, comparing to
the results of Abe and Ohya (2004) in which the closest behavior was chosen as the more appropriated one.
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Figure 3. Velocity ratios (a) and pressure coefficient (b) profiles from the mathematical and physical validation simulations

Through the graphs, it is noticeable that all the simulations were relatively close to the desired behavior, the closest
behavior to the one observed by Abe and Ohya (2004) being the one with SST as its turbulence model and the mesh 2,
more refined, as its mesh. That indicates that this condition is the most adequate to be used in the next stages of this
research as it is the one closest to the real behavior of the phenomenon.

In addition, it is clear that the value of the Reynolds number does not influence the airflow inside the diffuser, as
predicted by Abe and Ohya (2004), shown in the graphs by the superposition of the profiles in which this was studied.
The greatest difference was due to the turbulence model, in which the SST was shown to be the most precise, and the
refinement of the mesh was shown to have little influence at the analysis, but still the closest were mesh 2.

It is important to note, that despite these were the closest conditions, the results did not end up being equal to the
literature. This is more relevant when comparing the peak of the velocity graph, as this was the focus of the analysis of
the subsequent simulations. Said difference was measured by the relative discrepancy at this point, both in the value of
x/d and u/uo, being 8.4% and 5.8% respectively when comparing with the experimental results of Abe and Ohya
(2004). Those values are considered acceptable to validate said simulations conditions, once there are known sources
for them, such as the process of acquiring the data from Abe and Ohya (2004) as well as the difficulty of establishing
some dimensions of the model used in their experiment.

3.2 Diffuser evaluation

The first item of comparison between the geometries studied were the profiles of the velocity ratio and pressure
coefficient taken in the centerline of the diffuser, shown in Fig. 4, in the same way as studied in the validation. Each
graph constructed was the comparison between the different angles for the same flange height value, being used to
determine the optimal angle for each case.



h/d =

0.0

h/d =

0.125

h/d =

0.25

h/d =

0.5

u/uo

u/uo

u/uo

2.00
1.80
1.60

140

120 J
1.00 ,A -
0.80
0.60
0.40
020

0.00
-2.00 -1.00 0.00 1.00 2.00 3.00 4.00

x/d

()

2.00
1.80
1.60
1.40
S
1.00

0.80
0.60
0.40
0.20

0.00
-2.00

-1.00 0.00 1.00 2.00 3.00 4.00
x/d

(b)
2.00
1.80
1.60

1.40
1.00

0.80
0.60
0.40

0.20

0.00
-2.00

-1.00 0.00 1.00 2.00 3.00 4.00
x/d

(o)

2.00

1.80
160
140
1.20 \
1.00

0.80
0.60
0.40
0.20

0.00
-2.00

-1.00 0.00 1.00 2.00 3.00 4.00

x/d

(@

Angle of 0°

Angle of 5°

19" Brazilian Congress of Thermal Sciences and Engineering
November 06th-10th, 2022, Bento Gongalves, RS, Brazil

cp

Cp

Cp

cp

<

-2.00 -1.00 0.00 1.00 2.00 3.00 4.00

0.5

-0.5

-15

-25

0.5

-0.5

-15

-2.5

x/d

(e)

<

-2.00 -1.00 0.00 1.00 2.00 3.00 4.00
x/d
V
-2.00 -1.00 0.00 1.00 2.00 3.00 4.00
x/d
(8

0.5

0.5

<

-2.00 -1.00 0.00 1.00 2.00 3.00 4.00

x/d
(h)

- Angle of 10° Angle of 15°

Figure 4. Profiles of velocity ratios (a - d) and pressure coefficient (e — h) along the x-axis



R. Leite, T. Oliveira, L. Tofaneli and A. Santos
Diffuser Study for Enhancing the Efficiency of Wind Turbines

Analyzing the profiles shown in the Fig. 4 above, it is clear that the acceleration generated in each point is
dependent of the position along the x-axis as well as the parameters initially studied. From those, it is evident that the
profiles generated by using the angle of 5° are better, since the peaks are higher in every case, showing that the pressure
reduction generated by the diffuser was greater, which in turn, generated a greater acceleration in the airflow through
the diffuser. Between those, the variation between different flange height ratios appeared to have a smaller influence in
the airflow, as the peaks appear to have similar height when comparing the results.

In addition to these graphs, the contours of velocity ratio for each diffuser was collected, as shown in Fig. 5 through
Fig.8. These provided another way to visualize and so compare the influence of each diffuser on the airflow.
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Figure 5. Contours of velocity ratio (a-d) for h/d ratio of 0
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Figure 7. Contours of velocity ratio (a-d) for h/d ratio of 0.25
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Figure 8. Contours of velocity ratio (a-d) for h/d ratio of 0.5

From the analysis of the contours, presented in Fig. 5 through Fig. 8, it is possible to further confirm what was
shown in the velocity profiles shown in Fig. 4, as in the contours where the diffuser angle was 5° (images b in every
Figure) the red area, which indicates the higher velocity ratio, is bigger in every case. Between those, it is noticeable
that for the flange height ratio of 0.125, the region appears to be slightly bigger, suggesting that this ratio is slightly
better than the other ratios.

Moreover, from these contours, it is made clear that the velocity ratio also varies in the vertical plane, which is in the
direction of the radios of the diffuser, as stated by Abe and Ohya (2004). This is shown as for each position on the x-
axis, there is a color variation present which indicates a variation in velocity between the lower limit of the geometry
and the diffuser itself. From the analysis of said variation, it is noticeable that it consists in a reduction in the velocity of
the airflow, thus reducing the effectiveness of the diffuser, mainly due to the boundary layer formed along the diffuser
walls, but also due to an increase of the turbulence generated by a recirculation of the flow in these areas. Furthermore,
it is shown that the region of smaller velocity (represented by the colors closer to blue in the contours), increases with
the diffuser angle, suggesting an explanation for the better performance of the diffusers with this angle in the profiles, as
discussed previously. Beyond that, these regions tend to extend after the diffuser with the increase in the flange height
ratio, showing a much smaller influence in the flow inside the equipment.

In addition, in order to provide a more direct comparison between the sixteen cases studied, it was constructed two
three-dimensional graphs. The first one, shown in Fig. 9, compiled the position in relation to the origin located at the
diffuser inlet, along the x-axis of the maximum value of the velocity ratio, used to determine the optimal position for the
rotor, in order to be able to extract the most amount of power. The second graph, shown in Fig.9, compiled the values of
such highest values, in order to facilitate the optimal value.
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Figure 9. Position along the x-axis of the highest value of the
velocity ratio as function of diffuser angle and flange height

The position of the rotor is most dependent of the angle of the diffuser than the height of the flange. This is easily
noticeable in the Fig.9, by the equality in most values for the same angle, whereas having an amplitude of almost 50%
between the lowest and highest angle value.
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Figure 10. Highest value of the velocity ratio as function of diffuser angle and flange height.

Figure 10, therefore, shows clearly, that the angle of diffuser that provided the highest acceleration was 5°, and as
for the flange height, the values for its ratio with the diameter of 0.125, 0.25 and 0.5 had very similar results, with the
highest value being 1.47 for the ratio of 0.25.

In order to develop the study of the variation of the velocity ratio along the y-axis noted when analyzing the
contours above, the profile of said ratio along the y-axis where compiled in the Fig. 11 presented below.
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Figure 11. Velocity ratio profiles along the y — axis

Through the analysis of these profiles, it is clear that with the increase in the angle, the variation in the velocity
profiles also increase. All the profiles present the expected constant reduction due to the boundary layer, however, by
the end of the profiles, located near the diffuser wall, the velocity suddenly increased again, and soon decreased,
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showing the existence of a recirculation in the airflow. This recirculation is prejudicial to the efficiency of the diffuser,
as it is a form of turbulence, which consumes a portion of the wind’s kinetic energy, which would otherwise be
transformed into electric power. Said recirculation, while nonexistent for the angle of 0°, increases with the increase in
the angle, shown by the increase of the height of the variation. Besides this, it is noticeable that the increase in velocity
is similar between all the diffusers, except by those that have the angle of 5°, in which, such profiles have a higher
value, shown by the distance of its curve from the rest.

From all this data it is possible to conclude that the most effective diffuser was the one with flange height of 0.25D
and angle of 5°. This is made clear as it has the highest value for velocity ratio, demonstrating that the air was more
accelerated when passing through, allowing more power to be extracted, shown by the highest peak in the profiles and
the highest value in the three-dimensional graph, further confirmed by the profiles along the y-axis, while having the
smallest recirculation. This confirms what Lipian et al. (2015) proposed in terms of flange height and the optimal angle.

4. FINAL CONSIDERATIONS

To sum up, it is possible to conclude that the present study was able to analyze the influence of the flange height
and diffuser angle on the airflow in a wind turbine. It is important to note, however, that those are not the only
parameters that affect such geometry, nor are the values analyzed the only ones possible. Therefore, in future studies it
is sought to analyze some other values of the parameters studied near the optimal values defined at this point in order to
refine the optimal values found. In parallel, it is sought to study other concepts of diffusers, such as the ones with an
airfoil profile, in order to determine if the flanged diffuser is indeed the best diffuser to enhance the performance of
wind turbines.
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