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Assessment of Flange Diffuser Structures to Improve the Power
Generation of a Diffuser Augmented Wind Turbine

Abstract. Wind energy has become the most popular renewable based power plant for the last decades due fo its environment benighted and large
natura ilabiity. Although modem wind turbine successfully installed worldwide, some areas with low speed wind characteristic might require a
Speci: vation to increase the amount of conversion of extracted wind energy into electric power. On among popular techniques for the low
speed wind turbine is Diffuser ented Wind Turbine (DAWT) which are continued to develop from til time for example by using numerical
simulation as an early sta lﬁ: manufacturing. In this paper a numerical simulations are pen‘ormed 0 investigate the effect of attached flange
on wind uefam umerical simulations were carried out for the flow field around various flange diffuser type structures to improv
erformance DA WT e present studies specifically investigate the effect of attached flange to outlet diffuser with various flange's angle

P
10°, 20°, Sw wind velocity characteristics. Numerical studies were conducted using the :@an{mﬂ Fluid Dynamics (CFD) method.

aracte

studies de that the curved diffuser with flange 10° generates the strongest incre the wind velocity compared to the ather
configurations. The maximum velocity inside the diffuser increases up to 115.14%. It is found ¢ e wind velocity at the diffuser centreline is not
capable to represent the overall velocity of each section. The curved diffuser with flange 10° shows the highest increment of the average wind
velocity along diffuser with the greatest increment of 102.4 % at x/L = 0.36, and the highest increment wind velocity at the diffuser centreline section
atx/L =0.18is 115.14%.

Streszczenie. Energia wiatrowa stafa sig najpopulamigjszg elektrownig wykorzystujgcg odnawialne zrodfa energii w ciggu ostatnich dziesigcioleci ze
wzgledu na zaciemnione Srodowisko i duzg naturalng dostepnosé. Chociaz nowoczesne turbiny wiatrowe sa z powodzeniem instalowane na cafym
Swiecie, niektdre obszary o niskief predkoscl wiatru moga wymagac specjalnej innowacji w celu zwiekszenia ilosci konwersji wydobytej energii wiatru
na energie elekiryczna. Jednag z popularnych technik dla turbin wiatrowych o niskiej predkosci jest turbina wiatrowa z dyfuzorem (DAWT), kiora jest
od czasu do czasu rozwifana, na przykfad przy uZyciu symulacji numerycznej jako wezesnych etapow przed produkcja. W artykule przeprowadzono
symulacje numeryczne w celu zbadania wplywu przymocowanego kofnierza na charakterystyke predkosci wiatru. Przeprowadzono symulacje
numeryczne pola przepfywu wokof roznych konstrukcji fypu kofnierzowego dyfuzora, aby poprawic wydajnosé DAWT. Obecne badania w
szczegolnosci badajg wplyw zamocowania kofnierza do dyfuzora wylotowego o réznym kacie kofnierza (0°, 10°, 20°, 30°) na charakferystyke
predkosci wiatru. Badania numeryczne przeprowadzono metodg obliczeniowef dynamiki pfyndéw (CFD). Z przeprowadzonych badan wynika, Ze
zakrzywiony dyfuzor z koinierzem 10° generuje najsilnigjszy przyrost predkosci wiafru w porownaniu z innymi konfiguracjami. Maksymalna predkosc
wewnatrz dyfuzora wzrasta do 115,14%. Stwierdzono, ze predkosc wiatru w osi dyfuzora nie jest w stanie przedstawic¢ catkowitei predkosci kazdej
sekcji. Zakrzywiony dyfuzor z kofnierzem 10° wykazuje najwiekszy przyrost Sredniej predkosci wiatru wzdiuz dyfuzora z naj@m przyrostem
102,4% przy xL = 0,36, a najwiekszy przyrost predkosci wiatru w Srodkowej czesci nawiewnika przy x/L = 0,18 to 115,14%. ena konstrukcji
dyfuzoréw koinierzowych w celu poprawy wytwarzania energii w turbinie wiatrowej ze wspomaganiem dyfuzorem)
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Introduction
The potential for renewablgllenergy in the world is quite
large and has the potential o be developed. One of the
potential renewable enen( that can contribute significantly
to energy needs is wind energy. Wind energy is one of the
very clean and sustainable energy sources that abundantly
available naturally. Currently, win ergy covers about 6%
of the global electricity de ms llwwindea.org/world-
wind-capacity—ai—ﬁﬁo-gwf) e potential of wind energy is
huge and study shows if 20% of the possible wind
@::umes are able to be utilized [1]. One of the problems in
the utilization of wind energy conversion techno that
the wind speed is too low for the application is well
known that wind turbines usually operate for the rated wind
of around 8-11 m/s [2], [3]. The power of the wind is
proportional to the cubic power of the wind velocity
approaching a wind turbine. This means that even a small
amount of its acceleration gives large increase on the
energy generation [4]. Therefore, wind turb nnovation is
very important to optimizing the utilization of wind energy,
especially in areas with low wind speed characteristic. One
he developments in wind turbine innovation is the DAWT
(Diffuser Augmented Wind Turbine) conce ich is
uipped with a diffuser sheath on the rotor. The use of
ser is intended to increase the effective wind speed,

erefore, the power produced by wind turbinesieicreases.

There are many studies that focus on wind turbine
innovations in increasing wind speed, for example the
studies from Refs [5]-[8]. Studies that focusing on finding
ways to increase the wind speed are introduced by Kannan

ﬂl [5], Lipian et al [6], [7], and Khamlaj and Rumpfkeil [8]
(2018). Yadav and Kumar [9] have also reviewed related

shrouded wind turbines with low wind speeds. In the
previous study, Ohya I. [10] developed the diffuser
structures by attached flange at the exit iphery to the

diffuser body. It was confirmed in the study that the diffuser
structure with flange was effective for collecting and
accelerating the wind than diffuser without flange. In
addition, the power output coefficient increase five times
greater than conventional wind turbines. The deve nt
study related of DAWT has also been carried out in the
previous study by Yiyin et al [11] where in the stn the
diffuser type structures are modified into four types, namely
flat diffuser, curved diffuser, flat diffuser with inlet shroud,
and curved diffusereth inlet shroud. The results obtained
from the study that the curved diffuser showed the highest
improvement of the centreline and average wind velocities
alon user. The greatest observed increment was 76.99
% at with the maximum average wind velocity of 8.85 m/s.
With the development of computer technology and
engineering software lution, it is possible to model
engineering problems using Computational Fluid Dynamics
(CFD) approaches for example the CFD simulation for
Darrieus Type Wind Turbine for performance investigation
[13]. The_simulations range from the simplest 2D
eynolds-Avel Navier-Stokes (RANS) approach to the
most complex Direct Numerical Simulation (DNS) approach.
A good agreement of the CFD computations using the SST
turbulence model was obtained in se | computations, for
example Pape and Lecanu [14], orensen et al [15],
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[19]. These encourage the use of CF r predicting the
fluids engineering problems especially with the help of the
Menter SS w model. Having considered the above
background, the development of a wind power system with
high output aims at determining how to collect wind velocity
efficiently and what kind of diffuser design can_generate
energy effectively from the wind speed. In t present
studies, several numerical investigations will be carried out
for the flow field around diffuser structures aiming to identify
the optimized configuration.

Bangga et al [16] and [17], Weihing et al I18]‘ and Jost et al

Numerical Methods

The CFD studies mainly concern about the flow
development around four types of diffuser with attached
flange at the exit diffuser.

A steady two-dimensional approach was employed for
the present studies. It will be shown that this is sufficient for
predicting the main flow features, but not the wak avior
of the flow. However, the latter is not of interest as the focus
of the present studies is only for estimating the flow
acceleration inside the diffuser. The geometry was created
using the Ansys workbench 2019 R1. The curved diffuser
was generated according to the geometry specified in the
numerical studies carried out by Klistafani et al [11], where
the curved diffuser is a geometry that can provide the best
performance improvement for DAWT compared to a flat
diffuser. The diffuser has a thickness of 1.25 cm. This was
designed based on the recent studies by Hu and Wang
(2015) who employed ten layers of plate with each has a
thickness of 1.25 mm. The flange length (h) used is 0.2 m
referring to previous studies [5], [8]. Four different types of
the diffuser were introduced, namely curved diffuser with
flange 0°, 10°, 20°,_and 30°. These structures are illustrated
in Figure 1. De information about their dimension is
given in Table 1 and Figure 2.
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Fig 1. Curved diffuser with flange: (a) 0°, :E! !0’, (c) 20°, and (d)
30°.

Table 1. Diffuser type structure (2D) dimensions

Specification Dimension
Inlet diameter (D) 0.4 m
Diffuser Length (L) 3.08 m
Diffuser thickness (f) 0.0125m
Diverging angle (a) 4°
Circle radius of arch (r) 10 m
Throat diameter (d) 0.339m
Flange length (h) 0.2m

Angle of flange (8) 0°, 10°, 20°, 30°

The domain of t imulation is illustrated in Figure 3.
The inlet of the flow is located at 5 times the inlet diameter

of the diffuser (D). The velocity inlet%ndary condition was
applied at this location. The flow leaves the computational
domain at 8.5D distance from the outlet plane of the diffuser
with the outflow boundary condition. The side walls were set
as a non-slip wall that are sufficiently far away from the area
of interest to ensure the minimal effect on the flow

racleristics near the diffuser. The computations were

carried ou ing the commercial software Ansys Fluent
2019 R1. The flow was assumed to be steady and the
incompressibility effect was neglected. This is reasonable
because wind turbines usually operate at a much smaller

city than the speed of sound. An initial undisturbed wind
velocity of 5 m/s was ribed at the velocity inlet plane.
The same v@ity was employed by Ohya et al [10] in their
experiment. The turbulence closure was modelled using the
two-equation SST k-w model accordifs] to Menter [20]. This
model combines the the standard k-¢ model [21] in the
freestream and the Wilcox k-w model [22] #he wall
bounded flow. The model is good for predicting flows with a
strong adverse pressure g nt as demonstrated already
in [11], [15]-[19], [23]-[25]. pressure velocity coupling
uses the SIMPLE method. the variables were solved
using the second order discretization. The computations
were carried out for 10,000 iterations, otherwise
convergence was achieved if the residual of the momentum
reaches 1e-6.

| , i
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Fig 2. Detailed dimensions of the curved diffuser with flange 30°.
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Fig 3. Computational domain and its associated boundary
conditions of the curved diffuser with flange 0°.

The mesh was generated using ANSYS Workbench
2019 R1 software. Mesh parameters and controls are
shown in Table 2. An enlarged view of the mesh near the
curved diffuser wall is shown in figure 4. independence
studies were carried out in advance ensure that the
results are independent of the mesh resolution. The results
are shown in table 3 where the streamwise velocity ratios
(UlU=) of the five meshes are compared. It can be seen
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that Grid 3 has an optimal grid size with a number of cells is
50,310. Adding the number of cells as in Grid 4, it doesn't
give too much computational results, with a prediction
difference value of 3.7%.
Table 2. Mesh parameters and contrals
Mesh Parameters Mesh Controls

Size function Curvature Quadrilater
Relevance center | Fine Method | 4| dominant
Free face

Max skewness 0.9 mesh type All quad
Smoothing High Bias factor | 5.0
Inflation Option Smcp?h

transition
Growth Rate 1.2
Maximum layers | 2
Nodes 51461
Elements 50310

Fig 4. Zoom of the mesh near the curved diffuser with flange 0°
wvelocity for curved diffuser with flange 0°.

Table 3. Grid Independence — Diﬁg;me value of streamwise flow

Grid Number . Diference ufl. Diference wl. Diference Average
Type of Cell (%L =0) (%) (%L =0.5) (%) (L =1) (%) Difference(%)
Grid 1 37,792 1.617 2.33 1.881 2.41 1.286 12.18 5.64
Grid 2 44,062 1.640 0.01 1.857 2.57 1.164 12.00 4.86
Grid 3 50,310 1.641 3.44 1.832 1.46 1.044 6.22 3.70
Grid 4 61,910 1.606 2.81 1.817 2.70 0.982 7.85 4.46
Grid 5 66,988 1.634 - 1.844 - 1.060 - -

Table 4. Wind velocity at midline for all curved diffuser type structures compare with curved diffuser without flange [11]

Value Curved diffuser without Curved Diffuser with flange
flange [11] 0° 10° 20° 30°
mps velocity at entrance, 1L =0 7.0 8.20 3.58 8.52 788
Maximum wind velocity (m/s) 9.21 10.19 10.76 10.71 9.90
Increment 84.18% 103.76% 115.14% 114.29% 97.94

Results and Discussion

The dimensionless streamwise velocity U/U. at midline
diffuser plots for five diffuser type structures are presented
in figure 5 case of the diffuser type structures, the
distribution of the axial velocity reveals that the maximum
velocity occurs for curved diff with flange 10°. All of the
diffuser structures by attached flange at the exit periphery to
the diffuser body give a positive impact on increasing wind
speed. The difference in increased velocity generated by
the curved diffuser flange 10° compared to diffuser without
flange [11] is 30.96%. The curved diffuser with flange 10°
shows a better performance, although curved diffuser with
flange 20° also give great increment of wind speed. The
difference of its increment is very small (0.85%). Maximum
wind speed of curved diffuser with flange 10° is not occurs
at entrance position, but at x/L = 0.18. Detailed information
regarding the comparison of the wind velocity at midline of
all diffuser type structures is shown in table 4.

Further comparison of the dimensionless streamwise
velocity U/U. for four diffuser type structures and curve
diffuser without flange [11] are presented in figure 6, in
which the average velocity data are taken at each section of
diffuser. As shown in figure 6, diffusers equipped with the
flange have the bigger average wind velocity through inside
diffuser than curved diffuser without flange. At the inlet
diffuser section (x/L = 0), the highest value of the averaged
wind speed occur in curved diffuser with flange 10° and 20°.
However the curved diffuser with flange 10° has the highest
maximum average wind speed than others in the inside
diffuser (xA. = 0.36). The difference increment value of
maximum averaged wind speed generated by curved
diffuser 10° compare with curved diffugst without flange is
25.47%. the highest maximum average wind speed is 10.12
m/s with the increment value is 102.45%.

Comparison of welocity contour on curved diffuser
without flanges and with flanges 10° can be seen in Figure
7. Vortices flow at downstream diffuser with flanges 10°
larger (indicated by blue area) than flow through curved
diffuser without flange. The large vortexes in the
downstream area have suction effect in the upstream areas;
as a result the wind that crosses the upstream diffuser
increases the wind velocity (indicated by orange contour).
The velocity contour strengthen the previous discussion
(Figures 5 and 6), namely curved diffuser with a flange 10°
giving better performance than curved diffuser without
flange. As informed in table 4, the difference wind increment
of both geometries is 30.96%.

In line with the discussion result of the velocity contour,
the pressure contour also shows that the curved diffuser
with flange10® provides the best performance. This is
indicated by the high pressure in the downstream region
and at area around the diffuser wall, thereby strengthening
the evidence that the suction effect caused by the curved
diffuser with the flange 10° is very strong compared to the
diffuser without the flange. Pressure contour regarding the
comparison of curved diffuser without and with flange 10° is
shown in figure 8.

In line with the discussion result of the velocity contour,
the pressure contour also shows that the curved diffuser
with flange10° provides the best performance. This is
indicated by the high pressure in the downstream region
and at area around the diffuser wall, thereby strengthening
the evidence that the suction effect caused by the curved
diffuser with the flange 10° is very strong compared to the
diffuser without the flange. Pressure contour regarding the
comparison of curved diffuser without and with flange 10° is
shown in figure 8.
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Fig 5. Wind velocity distributions at the midline axis along the axial
positions com pare with diffusser without flange (Klistafani et al,
2018)
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Fig 6. Average wind velocity distributions along the axial positions

compare with diffuser without flange [11].

Fig 7. Velocity contour of curved diffuser (a) without flange and (b)
with flange 10°
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Fig 8. Pressure contour of curved diffuser (a) without flange
and (b) with flange 10°

Figure 9 presents the velocity profiles for different flange
angle of diffuser compared with curved diffuser without
flange and without diffuser at all. It's to clarify t te of
wind flow within various configuration of diffuser. It can be
seen that the wind velocity at the upstream zone is same for
all the configurations of curved diffuser. The wind velocity at
section xAL = -0.54 (far away from inlet diffuser) not
influenced by the presence of the curved diffuser. It
becomes evident that the wind velocity slightly increases at
the near inlet diffuser (x/L = -0.18), although the difference
of wind velocity increases forfall the curved diffuser within
and without diffuser is small. The increase in wind velocity
is clearly visible when entering the diffuser (x/L = 0), where
the curved diffuser equipped with the flange 10° and 20°
have the good performance than the others. However, the
greatest increase in wind velocity along the diffuser (xL =
0.36 until L = 1) is actually generated by the curved
diffuser with flange 10°. Overall, it can be clearly seen that
Curved diffuser equipped with flange have wind velocity
increment bigger than curved diffuser without flange (x/L = -
0.18 until /L = 1).

The research vertical axis wind turbine (VAWT)
investigated by i et al [26] is considered to estimate
the generated power production of th rbine equipped
with the curved diffuser with flange. The turbine has a
radius of 2 m and a height of 1.38 m. The estimated power
curves of the turbine for various wind speeds and curved
diffusers with flange can be seen on figure 10. In these
plots the turbine is assumed to be located at x/L = 0.36
where the maximum average wind speed takes place.
Flange that equipped at outlet diffuser can rove
generated power of turbine significantly than diffuser
without flange. Curved diffuser with flange 10° has the
greatest estimated generated power production than others.
A diffuser with a flange angle 0° has 12% lower power
(2.9369 kW) than the power generated by a flange diffuser
10° (3.3395 kW). However, the addition of the flange angle
is not in line with the increase in power generated, when the
flange angle is enlarged to 20°, the resulting power
decreases by 2.6% to 3.2519 kW. A diffuser with a flange
angle 30° produces less power than a diffuser with another
flange, which is 2.64ERIKW.

The research vertical axis wind turbine (VAWT)
investigated by i et al [26] is considered to estimate
the generated power production of th rbine equipped
with the curved diffuser with flange. The turbine has a
radius of 2 m and a height of 1.38 m. The estimated power
curves of the turbine for various wind speeds and curved
diffusers with flange can be seen on figure 10. In these
plots the turbine is assumed to be located at /L = 0.36
where the maximum average wind speed takes_place.
Flange that equipped at outlet diffuser can rove
generated power of turbine significantly than diffuser
without flange. Curved diffuser with flange 10° has the
greatest estimated generated power production than others.

A diffuser with a flange angle 0° has 12% lower
power (2.9369 kW) than the power generated by a flange
diffuser 10° (3.3395 kW). However, the addition of the
flange angle is not in line with the increase in power
generated, when the flange angle is enlarged to 20°, the
resulting power decreases by 2.6% to 3.2519 kW. A diffuser
with a flange angle 30° produces less power than a diffuser
with another flange, which is 2.6421 kW.
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Fig. 10. Power curve of the considered wind turbine for various angle flange at /1 = 0.36.
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Conclusion 15

Numerical simulations have been carried out for fl Ids
around curved diffuser with various angle of flange. The
main conclusions derived from the study are aﬁows:
1. Al of the diffuser structures by attached flange at the
exit periphery to the curved diffuser body give a positive
impact on increasing wind velocity.

2. Curved diffuser flange 10° shows the highest
improvement of wind velocities, not only the ce line wind
velocity but also the average wind velocity. The highest

increment of the wind velocity at the diffuser centerline
section is 115.14% with the maximal velocity is 10.76 m/s.
3. The curved diffuser with flange 10° has the greatest
maximum average wind speed than others in the i ]
diffuser (x/L = 0.36). the highest maximum average wind
speed is 10.12 m/s with the increment value is 102.45%.

4. Curved diffuser with flange 10° has the greatest
estimated generated power production around 3.3395 kW.
5. The curved diffuser with flange 10° very suitable to be
used as a wind turbine shroud to improved wind turbine
performance.
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