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Abstract: In recent years, the need for renewable energies keeps on increasing. Thus there is a need to improve the
methods for harnessing the renewable energy such as wind. One such improvement is Diffuser Augmented Wind
Turbine (DAWT). Our main objective of this research paper is to optimize the Diffuser design of DAWT and to
determine the maximum velocity obtained inside the diffuser for placing the blades to achieve more power output.
Diffuser designs are simulated using Computational Fluid Dynamic (CFD) software ANSYS Fluent with wind inlet
velocity of 5m/s and the values are compared to get a optimized model to achieve good power output. From the
results, that Diffuser with flanges gives higher performance with blade located at 0.13m from the entry of diffuser
which is of 1m in length. A significant increase in power is obtained which is higher than the conventional wind
turbine.
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I. INTRODUCTION

The development and application of renewable, clean energy have become an important issue in recent years due to the
serious effects of global warming and rapid depletion of fossil fuels. In order to address the current energy crisis various
means of alternative energy are being evaluated ™. Wind energy technologies have become one of the fastest growing
energy sources in the world and it symbolizes a feasible alternative, as it is a virtually endless resource. However, in
comparison with the overall demand for energy, the scale of wind power usage is still very meager. As for the reasons
various causes are possible including cost . Therefore, the introduction of a new wind power system that can produce
higher power output even in areas where lower wind speeds are expected would be cost effective. Alison in conventional
wind turbine the air flow is slowed down and widened. This effect causes a loss in the efficiency of the turbine. By
creating a field of low pressure behind the turbine, that effect reduced and the corresponding loss in efficiency can be
avoided ®+One of the most promising concepts in the wind energy field is the development of wind power augmentation
systems. By the use of diffuser in the wind turbine, wind power augmentation system is called Diffuser Augmented Wind
Turbine (DAWT).

1.1 DIFFUSER AUGMENTED WIND TURBINE

A Diffuser Augmented Wind Turbine (DAWT) is one in which the Wind Turbine Rotor Blades are mounted within the
Diffuser. This arrangement helps in increasing the efficiency of converting wind power to electrical power. This increase
in efficiency is due to the increased wind speeds that the diffuser provides. DAWT is limited by Betz's law, which states
that for a bare turbine in open wind, no more than 16/27 of the total wind kinetic energy can be converted to electrical
energy.59% is not the most efficient rate, so several designs have been made in order to get around this limitation.
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Fig 1: Diffuser Augmented Wind Turbine

A DAWT would have a duct surrounding the wind turbine blades that increase in cross sectional area in the stream wise
direction. The pressure behind the turbine will drop due to the wind turbine being enclosed by the diffuser, thus the wind
velocity approaching the wind turbines will be increased. The Vortex 7 was the first full scale DAWT constructed. The
aerodynamics of a diffuser are such that more air flows through the blade plane, and more power can be generated
compared to a conventional 'bare turbine' of the same rotor blade diameter 1,

A smaller blade diameter in DAWT produces the same power output as of a conventional bare wind turbine due to the
concentration of the wind energy density. It can work on a lower cut in wind velocity as well. It was noticed that DAWTS
can reduce the sensitivity of the yaw (the misalignment between wind and turbine pointing direction) and can significantly
reduce noise. DAWTS should capture more energy than normal conventional wind turbine when the winds are fluctuating
and it can align itself with the flow 1. With these benefits, a diffuser augmented wind turbine can lower the cost to
produce energy.

Diffuser augmentation
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Fig 2: DWAT comparision Fig 3: DAWT Parts
Advantages of DAWTS are as follows:

o Smaller rotor diameters to produce the same amount of power as conventional horizontal axis wind turbines.
e Lower cut-in wind speeds than conventional wind turbines
e Lower rotor axial loads
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e Lower turbulence levels at the rotor plane due to the contraction of the flow
e Increase rotor RPM resulting in a reduction of gearbox ratios

¢ Reduced noise levels

e Reduction in tip losses of the rotor

¢ Reduction in yaw sensitivity

All of these benefits come at a price. The construction of the duct increases the material, fabrication, transportation and
installation costs. DAWTS are also more susceptible to environmental effects such as the aggregation of ice, snow,
temperature fluctuations and windborne particulates. The diffusers also could have some aero elastic instabilities caused
by flow separation. The flow separation would also lead to fluctuating power output.

DAWTSs also suffer from increased tower structure from the weight of the whole system as well as increase tower top
loads due to the drag of the duct. The visual impact of the DAWT system could potentially limit the number of available
installation sites. All of these drawbacks may cause the only potential commercially viable large-scale DAWT sites to be
off shore. However, small scale DAWTS could be commercially viable in urban environments, depending on the sitting of
the wind turbine.

1.2 PRINCIPLE OF DIFFUSER AUGMENTATION

The concept of diffuser is to increase the power output of a wind turbine by accelerating the wind velocity that
approaches the wind turbine. To increase the wind velocity, a lower pressure would appear at the back of the wind turbine
to act as a vacuum to suck the wind and accelerate it towards the blades. The region of areas surround or near the vortex
would have typically lower pressure where the suction force will be formed by the vortex. Therefore, it will act as an
accelerator to accelerate the wind velocity approaching the wind turbine .It was stated that vortex core will collapse the
pressure field flow reversal and therefore no augmentation occurs Y. This statement showed the alternative approach,
where the vortex is used to generate a low pressure region in the wake of the turbine. “Vortex should appear at the wake
of the diffuser but as little as possible inside the diffuser

Flange

Rotor plane

Cylinder —
Flanged diffuser

Fig 4: Principle of DAWT

If the vortices formed inside the diffuser, the pressure inside the diffuser might be lower than the pressure at the back of
the wind turbine. In this circumstance, the wind speed exiting the diffuser augmented wind turbine will be decelerated and
this only provides very low power coefficients. To get optimum increased acceleration on the wind speed, the pressure
inside the wind turbine should not be lower than the pressure at the wake of the diffuser. This can be achieved by reducing
or avoiding separation of fluid flow on the inner diffuser wall and cause vortices while creating as much vortices as
possible at the back.

Wind power generation in wind turbine is directly proportional to the wind speed served. Therefore, a large increase in
output is brought about if it is possible to create even a slight increase in the velocity of the impending wind to a wind
turbine. If we can increase the wind speed by exploiting the fluid dynamic nature around a structure or topography, the
power output of a wind turbine can be increased substantially. In conventional wind turbine the wind speed served from
the location is directly used to generate power. But in DAWT, the available wind speed is increased by the diffuser to
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generate high power output. Also the smaller diameter blade in DAWT produces the same power output as of a
conventional ‘bare wind turbine’ due to the concentration of the wind energy density [5]. Currently very few studies have
been reported the effect of diffuser shape in wind speed using computational simulations.

2. ACTUATOR DISC MODEL AND BETZ LIMIT

The simplest one-dimensional wind turbine model is so-called as actuator disc model where the turbine is replaced by a
circular disc through which the flow streamlines passes with a velocity, U, The following equations presented in this
section were based from Wilson &Lissaman(1974), Jonkman (2003), Manwell et al. (2002), Kulunk (2011). The analysis
assumes a control volume and are need to consider some assumptions:

e Wind is steady, homogeneous and have a fixed direction; air is incompressible, in viscid ; an infinite number of blades
need to be considered; a non rotating wake is considered; uniform thrust over the rotor needs to be assumed and the static
pressure far upstream and far downstream of the rotor is equal to the undisturbed ambient.

In order to study this control volume, four regions (Figure 7) need to be considered as: 1: free-stream region; 2: before
rotor; 3: after rotor and 4: far wake region. In free-stream region is assumed that U= U,

A simple schematic of this control volume is shown in Figure

Streamtube Actuator Disk e
Boundary [ A— -1

Fig 5: Actuator Disc Model of A Wind Turbine

Applying the conservation of linear momentum to the control volume, and considering a steady-state flow, the thrust is
equal to:

T =sin(l), =) 2.1

where, m is the mass flow rate, and is equal to m= (rAU); = (rAU),, representing, r, air density, A the cross sectional area
and, U, the air velocity.

The thrust is positive so the velocity behind the rotor, U,, is lower than the U;.Since the flow is frictionless and there is no
work or energy transfer is done, Bernoulli equation can be applied on both sides of the rotor.

1, 1,
P14+ 5pU = pa+ 5pls (22)

| I | 2
p3t+sply = pa+ sply (2.3)

where it’s assumed that the far upstream and far downstream static pressures are equal(p; = p,) and the velocity across the
rotor stays equal (U, = Us).

The thrust on the rotor disk, T , is also the differential pressure between stations 2 and 3 multiplied by the disc area:
T:.‘i:[pg—p]j (2.4)
Using Equations 2.2 and 2.3 and substitutes that into Equation 2.4 is obtained:
T = pay(U —-U3) (2.5)
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Recognizing now that m= A,U, and equating the thrust Equations 2.1 and 2.5, are obtained:
v, =ttt

= ]

(2.6)

Thus, the wind velocity at rotor plane, is the average of the upstream and downstream wind speeds.

An axial induction (or interference) factor, a, measures the influence of the wind beings lowed down as result of power
extraction by the rotor. It’s defined as the fractional decrease in wind velocity between the free stream and the rotor plane:

Uy =
a= JU| z (2.7
Uz =1 =a) (2.8)
Uy =041 =2a) (2.9)

The power extracted from the wind by the rotor, P, is the product of the thrust, T, and the wind velocity at the rotor plane,
U,.

P=TL" (2,100

1 , 1
P=SpAs(Uf — U = —pAyUs (U + Us)(Uy = Uy) 211

T2
Substituting for U, and U, from Equations 2.8 and 2.9 gives:
1 3 2
P = —pAU*4a(l —a) (2.12)

where the control volume, A,, is replaced with A, the rotor area, and the free stream velocity U, is replaced by U.

Wind turbine rotor performance is usually characterized by it’s power coefficient, Cp, 2representing the fraction of
available power in wind that is extracted by the turbine, is defined as:

Cp= |L (2.13)
spAL’
Substituting the extracted power form Equation 2.12 into Equation 2.13:
Cp=4a(l =a)® (2.14)

The theoretical maximum power coefficient from an idealized rotor, Cp nax, known as Betz limit, can be found by setting
the following derivative with respect to a equal to zero ,and solving for a:

ac; 1
_":4[]_30—’}:0#;;:_ (2.15)
dit 3

Substituting into Equation 2.14, yielding:

16
CPaax = ] = 0.59259 (2.16)

For an idealized wind turbine, the maximum efficiency is equal to 59.3 %. In practice, some considerations can be listed
for real wind turbines do not present this efficiency: Rotation of the wake caused by the rotor; finite numbers of blades;
viscid flow causes nonzero aerodynamics drag.

3. DAWT POWER EQUATION

The following data shows the meaning of variables used in this model:

E = Kinetic Energy inJ p = Density in kg/m® m = Mass in kg

A = Swept Area m? v = Wind Speed in m/s C,= Power Coefficient

P = Power in W r = Radius in m dm/dt = Mass flow rate in kg/s
x = distance inm dE/dt = Energy Flow Rate inJ/s  t=timeins
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At constant acceleration, the kinetic energy of an object having velocity (v) and mass (m) is equal to the work done (W).
E =W = Force x Displacement= Fxs

According to Newton’s Law, we have:

F=mxa

Hence,

From the third equation of motion:

VA= U’ + 2as

We get:

a = (v>-u?)/2as

Since the initial speed of the object is zero, i.e. u = 0,we get:

_v2

a=
2s

Substituting value of ‘a’ in equation (1), we get the kinetic energy

The power in the wind is equal to the rate of change of energy:

_ dE _ v2dm
P= DL Zdr eeeeeeeeeseesseess 3

As mass flow rate is given by:

dm dx
dt ~ e

and the velocity is given by:

v=%&
dt
We get:
dm _
E = pAV
Hence, from equation (3), the power can be defined as:
P:%pAv3

A German physicist Albert Betz concluded that any wind turbine cannot convert more than 59.3% of the kinetic energy of
the wind into rotary mechanical energy. Nowadays, this is known as the Betz Limit or Betz's Law. The maximum
theoretical efficiency of any wind turbine is 0.59. This is called as the power coefficient and is defined as:

C, max=0.59

Also, at this higher limit wind turbines cannot operate. The Cp value is same to each turbine type and it is a function of
wind velocity that the turbine is operating in. Once we deals with various engineering requirements of a wind turbine —
durability and strength in particular — the real world limit is below the Betz Limit with values of 0.35-0.45. By taking all
other parts into account in a whole wind turbine system - e.g. the generator, gearbox, bearings etc., only 10-30% of the
power of the wind converted into usable electricity. The available power from the wind is given by:

1
Pavaitapie = 5 P A ViC,
The turbine swept area is given by:
A =nr’
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where the radius is acts as the blade length as shown by figure below

Swept area
A=’

Fig 6: Swept area of blade
4. DESIGN CONCEPTS

Matsushima et al. [10] studied the effect of diffuser’s shape on wind speed. Results showed that the wind speed in diffuser
was greatly influenced by the length and expansion angle of the diffuser, and maximum wind speed increases 1.7 times
with appropriate diffuser shape. As per the study, the wind speed in the diffuser was simulated by varying the external
dimensions of the diffuser. Solid works simulation software is used for modelling [11]. Wind speed in the diffuser is
simulated for varying dimensions of the diffuser. The diffuser was set in the 20 m x 10 m analysis apace and after the
uniform amount of wind was sent from the inflow inlet toward the outlet. The following diffuser parameters were taken
for simulating the wind speed: The diffuser’s main body length (L), entrance diameter (D), its expansion or diffuser open
angle (a) flange length (h) and splitter open angle (o). Simulations were conducted on the diffuser without a wind turbine
init.

Concept 1The dimension of the diffuser L, D, h will be fixed as 1 m, 0.4 m and 0.2 m respectively. The diffuser is
provided with flanges

DIFFUSER WITH FLANGE

L=1Im
D=04m
H=0.2m

Fig 7: Diffuser with flange

Concept 2 is shown in Fig. 9. The splitter is a smaller diffuser within the main diffuser. In this concept, the vortex would
collapse the pressure field. Therefore, another smaller diffuser is placed inside with splitter angle o, and splitter length
L;of 0.5 m and splitter diameter D,of 0.2 m with in main diffuser to direct and avoid separation and cause vortex inside
the diffuser wall.
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DIFFUSER WITH SPLITTER

L=1m
D =0.4m
| =0.5m

Fig 8: Diffuser with splitter

Concept 3 is shown in Fig. 10. The separator or splitter is not provided. The dimensions L and D are fixed as 1 m, and 0.4
m respectively. The flanges are also not included in this design to compare the characteristics of those structures.

DIFFUSER WITHOUT FLANGES
L=1Im
D=04m

Fig 9: Diffuser without flanges
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Fig 10: Boundary Conditions Used In Gambit
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5. ANALYSIS
5.1 DIFFUSER WITH FLANGES
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Fig 11: VELOCITY CONTOUR OF CONCEPT 1
5.2 DIFFUSER WITH SPLITTER
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Fig 12: VELOCITY CONTOUR OF CONCEPT 2
5.3 DIFFUSER WITHOUT SPLITTER AND FLANGES
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Fig 13: VELOCITY CONTOUR OF CONCEPT 3
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Table 1: Analysis Results of the specified concepts

Concepts Inlet  Velocity | Maximum velocity | Percent increase in | Increment in

simulated(m/s) | obtained(m/s) velocity Power
Diffuser with Flanges 5 7.62 52.4 3.53 times
Diffuser with splitter 5 6.69 33.8 2.39 times
Diffuser without splitter and 5 797 45.4 3.07 times
flanges

6. POST PROCESSING RESULTS& DISCUSSION

6.1 WITH FLANGES
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Fig 14: Method for Finding Linear Velocity Region in Concept 1
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6.2 WITH SPLITTER
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Fig 16: Method for Finding Linear Velocity Region in Concept 2
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6.3 WITHOUT SPLITTER & FLANGES
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Fig 18: Method for Finding Linear Velocity Region in Concept 3
Velodity Variation of Diffuser with splitter
7.5
7 /
4 _-...../
b _-____.---'-'-—-.-.—_
6.5 o
A
. %\
< 6
w 4
£
s
3 4
.
E
055
o
2 \\\
5 \\
45 \
4
— .
0 0.05 0.1 0.15 0.2
Y[m]
— ydiffi —— ydiff2 — ydif3 —— ydff5 — ydfffe ydiff7 —— ydif4

Fig 19: Velocity Variation of Concept 3 along Y Axis

Page | 12
Research Publish Journals




International Journal of Mechanical and Industrial Technology  ISSN 2348-7593 (Online)
Vol. 7, Issue 1, pp: (1-13), Month: April 2019 - September 2019, Available at: www.researchpublish.com

7. CONCLUSION

e From the above figures and graphs, we can come to an understanding that CONCEPT 1 encounters a higher velocity
of 7.62 m/s .

CONCEPT 1 only has a linear velocity region with a value of 7.62m/s(T®'¢

CONCEPT 2 does not have a linear velocity region & CONCEPT 3 does not have a higher velocity than CONCEPT

[

e Thus the CONCEPT 1 will serve as a good choice for DAWT and the Blade of 0.15 m radius at a distance of 0.13 m
from the entry of Diffuser.

e Therefore increase in power of 3.53 times can be obtained.
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