Cukurova Universitesi Miihendislik Mimarlik Fakiiltesi Dergisi, 32(1), ss. 147-154, Mart 2017
Cukurova University Journal of the Faculty of Engineering and Architecture, 32(1), pp.147-154, March 2017

Investigation of Diffuser Augmented Wind Turbine Technologies

Besir SAHIN™, Akin ILHAN?*, Mehmet BiLGILi?

1Cukur0va Universitesi, Miihendislik Mimarlik Fakiiltesi, Makine Miihendisligi Boliimii, Adana
2Cukurovat Universitesi, Ceyhan Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, Adana

Gelis tarihi: 09.01.2017 Kabul tarihi: 14.03.2017

Abstract

Renewable energy technologies play an important role in contribution of global energy demand as well as
conservation of the environment. Researchers have realized that wind turbines combined with a diffuser
increase efficiency and start generating electricity with a lower wind speed. It is also expected that
increasing efficiency of wind turbine results in reduction of energy generation cost. In this respects,
designing wind turbine running with high efficiency with a lower wind speed needs further research and
development. In this study, performance indicators of variety geometrically structured horizontal and
vertical axis wind turbine technologies which their output power augmented through utilization of
diffusers were investigated in detail.
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Yayici ile Giiclendirilmis Riizgar Tiirbini Teknolojilerinin incelenmesi
Oz

Kiiresel enerji ihtiyacinin temin edilmesi ve c¢evrenin korunumu iizerine katkinin saglanmasinda,
yenilenebilir enerji teknolojileri énemli rol oynamaktadir. Arastirmacilar, yayici ile birlestirilmis rizgar
tiirbinlerinin verimliligi artirdigin1 ve daha diisiik riizgar hizlarinda elektrik {iretimine basladiklarini fark
etmislerdir. ilaveten, riizgar tiirbinine ait verimin artirilmasi, enerji iiretim maliyetinin diismesine sebep
olmaktadir. Bu bakimdan, yiiksek verimde ve daha diisiik riizgar hizinda calisan riizgar tiirbinlerinin
tasarimi ilave arastirma ve gelistirmeye ihtiyac duymaktadir. Bu calismada, yayici ile giiclendirilmis
yatay ve dikey eksenli tiirbin teknolojilerinin farkli geometrilerdeki performans gostergeleri detayli bir
sekilde incelenmistir.
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1. INTRODUCTION

Wind power generation systems have been in use
more than 3000 years and several different types of
wind-mills have been invented 3000 years ago by
the appearance of the ancient Persian vertical axis
wind-mills. A starting point of wind power
generation system started to be used in electrical
power generation in late 1800s and early 1900s.
Wind turbines mainly started to spread across the
world in last three decades as reported by Serensen
[1]. A wind turbine generates power from the wind
with the cube of the wind speed, defined by
P=0.5pAV?. Namely, minor rise in wind speed can
induce a large increase in wind power generation.
For that reason, developing new technologies can
considerably accelerate the approaching wind
speed is the desired fact. In this respect,
augmenting wind turbines with diffuser (DAWT)
was first proposed by Lilley and Rainbird [2] in
1956. This work was followed by many other
studies such as Oman et al. [3], Igra [4], Foreman
et al. [5], Gilbert et al. [6], Igra [7], Gilbert and
Foreman [8], Phillips et al. [9], Hansen et al. [10],
Bet and Grassmann [11], Jafari and Kosasih [12]
and Shonhiwa and Makaka [13].

According to the Betz limit, the maximum possible
ideal conversion of wind power is Cppax = 0.593
[14]. There have been several different designs of
wind turbines which cannot generate power
beyond the Betz limit as seen in Figure 1. llhan
performed the processing of the real annual power
output data of an installed wind farm where in the
case of bare wind turbines, the average monthly
power coefficient, C, of the identical wind turbines
in farm were calculated to be lower than Betz limit
[15].

2. DEVELOPMENTS OF WIND
TURBINE CAPACITY AND
INSTALLATIONS

The capacity of wind turbines increased
significantly in last two decades and they were
classified with different categories by Tummala et
al. [17] as presented in Table 1. The leading
companies have started to manufacture wind
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turbines with the capacities of 7.5-8 MW. It is also
known that there are projects for developing wind
turbines for offshore installations with the power
capacity of 10-20 MW.

= 07
T 08—t 1ed o tromentum thecey)
§ / ical power iient {infinite number of blades, L/p=o)
< 05
- —
o / three-bladed ro!lnr :[\?q:-b!aded rokpr ]
g / / @ 154 P ‘one-blade rohr:[
03 =
% r\/ Darvleus rofor  \
oz —3EY
Dutch windmill
o1 f\m rican wind turbine
@ \Sa‘vm'us rotor
oD 2 4 6 8 x 12 * 1% 1

Tip-speed ratio A

Figure 1. Power coefficient, C, of different wind
turbine designs, Hau [16]

The global concentration of CO, increased from
277 ppm in 1950 to 398 ppm in 2014 which
corresponds to 43% [18] due to mostly fossil fuel
consumptions. Whole world is very anxious about
the impact of CO, emissions on the environment.
One of the alternatives in the reduction of CO,
generation is the wind power energy. In this
respect, technological development, progress in
energy efficiency and considerable growth of
energy generation from renewable energy sources
are the three among several factors caused this
percentage reduction in increase of CO, emissions
[19].

The global wind power capacity has been growing
rapidly for last 10 years as shown in Figure 2. It
seems that wind energy generation is one of the
most crucial alternatives of reducing fossil fuel
consumption which is the main source of CO,
emissions [20]. In last decade, the cost of initial
investment of wind turbines has been declined
considerably due to the progress of manufacturing
technologies and a high rate of demand on wind
turbines resulted of this reduction. In connection
with these reasons, global wind power cumulative
capacity has grown up significantly. In the near
future, the rate of wind power installations is going
to be substantially increased worldwide.
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2.1. Wind Turbines with Diffuser

Shrouding of wind turbines is one of the most
important ways of increasing the output power and
reducing the cost of power generation. That is to
say, an important way of enhancing the wind
turbine output power under low wind speed can be
achieved through concentrating of air by shrouding
geometry. This involves the rotor with diverging
and converging ducts to convey the air mass flow
rate through the wind turbine at a higher rate.
Studies demonstrated that better performance
under low free-stream wind speed, U was observed
with concentrating shroud utilization compared to
a conventional horizontal or vertical axis wind
turbine [13].

In performance of diffuser augmented wind
turbines, most effective design parameters are
mainly diffuser cone angle, 26, diffuser length, L
and inlet dimeter, D; and outlet diameter, D..
Three different geometric configurations of
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diffusers as shown in Figure 3a were selected by
Disterfano et al. [21] measured the axial velocity
distributions along the diffuser under variations of
diffuser cone angles, 26 and lengths, L. As
reported in Figure 3b, the highest wvelocity,
u/U= 1.48 takes place at a location very close to
the diffuser entry for the smallest cone angle, 26=
10° and the longest diffuser length ratio, L/D=
2.32 symbolized as diffuser 2. However, Ohya and
Karasudani [22] also obtained maximum speed
ratio, u/U = 1.75 experimentally, at a location very
close to the diffuser entry with opening angle
20= 8° and diffuser length ratio, L/D= 7.7 as seen
in Figure 3c.

Innovative and original aspects of ongoing
research works focus on ensuring the optimization
of a casing system around the turbine consisting of
nozzle-diffuser-flange combination or lens is used
in order to enhance the performance of small
scaled conventional wind turbines having
moderate capacity.

Table 1. Classification of horizontal axis wind turbines with rotor diameters and power rating, Tummala

etal [17]
Type of wind turbine Rotor diameter (m) Swept area (mz) Standard power rating (kW)

Micro 0.5 1.25 0.2 1.2 0.004 0.25
Small scale  |Mini 1.25 3 1.2 7.1 0.25 1.4

Household 3 10 7.1 79 1.4 16
Small commercial 10 20 79 314 25 100
Medium commercial 20 50 314 1963 100 1000
Large commercial 50 100 1963 7854 1000 3000
Largest commercial 100 160 7854 20106 3000 8000
Under development [16] 160 220 20106 38013 8000 20000
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Figure 2. Global wind power cumulative capacity [19]
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In the case of nozzle-diffuser-flange casing
system, instead of having a straight diffuser wall, it
is better to have a curved wall like an airfoil
geometry as seen in Figure 4. Illustration of the
axial velocity profile along the central axis of
diffuser without wind turbine given by Rio Vaz et
al. [23] demonstrates that axial wvelocity is
maximum close to the inlet section of the curved
wall diffuser. This presents the importance of
curved shrouding on the velocity enhancement.

Conical diffusers as seen in Figure 5a have main
parameters of dimensionless length, L/D and
dimensionless flange height, H/D which effect
power coefficient, C, significantly. For example,
having a small value of dimensionless length based
on diffuser exit diameter, L/D, causes high cone
angle, 26 resulting in flow separation in the
diffuser which can cause considerable reduction in
the overall power coefficient, C, as reported by

Shives and Crawford [24], numerically. The
diffuser inlet-outlet area ratio, D,/D, or cone
angles, 26 significantly influence the degree of
boundary layer separations from the surface of
diffusers to deteriorate the performance of wind
turbine which is characterized by a reduction in the
diffuser efficiency. In summary, turbine rotor
blades initially placed in a diffuser, later a flange
was combined with the diffuser, presently, a casing
system consisted of a nozzle, diffuser and a flange
are used to further upgrade the wind turbine
performance by obtaining an increase of air mass
flow rate and wind speed passing through turbine
blades. Diffuser augmented wind turbine improves
the power coefficient, Cp significantly as seen in
Figure 6. Since the conical diffuser of Disterfano
et al. [21] is very lengthily, thus, it may not be
practical to use for high rate of wind loading due to
receiving high wind loading. Considering these
reasons, optimized diffuser length, L is to become

Jafari and Kosasih [12]. Several diffuser geometry  shorter in commercially manufactured wind
performances in terms of wind speed enhancement  turbines.
as presented in Figure 5b were examined by
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Figure 3. a) Diffusers with different dimensions, b) Velocity distributions along the axis of diffusers [21],
and c) Velocity distributions along the axis of diffuser [22]
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V@) 2.2. Wind Turbine with Nozzle-Diffuser-Flange

Ohya and Karasudani [22] constructed a diffuser
geometry with dimensions of L/D= 1.47 and
h/D= 0.5 as shown in Figure 7. Here, L is the
length of the diffuser and D is the diffuser
diameter where turbine is located and h indicates
the height of the flange.

Q‘EIE_ As presented in Figure 7, Ohya and Karasudani
[22] reported that flange inclusion to the diffuser
increases the output power around 4-5 times that
of a conventional wind turbine. The experimental
results of Ohya et al. [25] presented that the power
coefficient, C, of the wind turbine combined with

. . . . . flanged diffuser is C, = 1.4, whereas, the power
Figure 4. lllustration of the aX|a_I velocity proflle coefficient, C, for bare wind turbines is only C, =
on the symmetry axis of a diffuser (35

without wind turbine [23]

-a |

5 6
(@) (b)
Figure 5. a) Diffuser geometry with straight wall [12] and b) Blade profiled diffusers for wind turbines
[24]
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Figure 6. Computed power coefficient, Cp for a  Figure 7. Flow around a wind turbine with
rotor in a diffuser given as a function of brimmed diffuser (nozzle—diffuser-
the thrust coefficient, Cy, [21] flange), [22]
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Ohya and Karasudani [22] combined a shorter
curved diffuser with a flange to the outlet
periphery of the diffuser and formed a curved
nozzle as inlet shrouding attached to the entrance
of the diffuser as seen in Figure 8. This flange
named as brim develops vortices and shedding of
these vortices causes a low-pressure region
downstream of the diffuser and curved nozzle at
the entrance results in higher mass flow rate of air
through the wind turbine rotor blades [26].

Flange
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Figure 8. lllustration of curved nozzle-diffuser
casing structure including brim [26]

Because of high rate of drag force, Fp, the axial
length of the nozzle—diffuser—flange type casing
was constrained.

Figure 9. Propeller placed inside the shrouding
form of double airfoil structures [11]

Bet and Grassmann [11] concluded that one can
increase power generation by a factor of 2
comparing to the bare wind turbine when an
optimum length of diffuser consisted of a couple
of wind profiles as shown in Figure 9 that has an
area equal to the swept area of the rotor. Similar
numerical work was also conducted by Kannan et
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al. [27] using two diffusers with straight walls as a
casing for wind turbine.

2.3. Vertical Axis Wind Turbine

Presently, reviewed turbines are capable of
producing electricity generation in lower wind
speeds; they attain to their maximum power values
with lower wind speeds as well and also result of
generating higher efficiencies. On the other hand, a
few samples of vertical axis wind turbines are
shown in Figure 10a. However, it is worth to
mention that the earliest known vertical axis
windmills built by Persians in Nashtifan which is
in the east of Khorasan of Iran approximately
2500-3000 years ago for the purpose of grinding
grains and those had a concentrator as shown in
Figure 10b. The diffuser shaped shroud as seen in
Figure 11, along with a few other changes, are able
to significantly improve the power generated by
the vertical axis turbine which corresponds to a
rise of about 2.5 times the power coefficient, C,.

In recent years; numerical, analytical and all
experimental works are also performed by several
other researchers to optimize design parameters of
vertical axis wind turbines.

(b)

Figure 10. a) Samples of vertical axis wind

turbines, b) The earliest known
vertical axis windmills built by
Persians in Nashtifan located in the
east of Khorasan of Iran
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The studies of Altan et al. [28] introduce a new
concentrator arrangement to improve the
performance of Savonius type vertical axis wind
turbines. The diffuser type concentrator was placed
in front of the rotor preventing the negative torque
opposite the rotor rotation. The geometrical
parameters of guide vanes conveying the air into
VAWT rotor were optimized to generate an
optimum performance. They found that maximum
power coefficient, Cp of the Savonius type vertical
axis wind turbine is increased to about 38.5%.

| %

Figurell. Geometrical parameters optimized for
the entrance arrangement of vertical
axis wind turbine (L;= 45 cm,
L,= 52 cm, a= 45°, p= 15 [25]
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3. CONCLUSIONS

In this regards, renewable energy technologies
play an important role in contributing global
energy demand and conservation of the
environment. Researchers have realized that wind
turbines that are combined with a diffuser structure
result increase of the efficiency and those start
generating of electricity at lower wind speed
values. Thus, usage of lens around a wind turbine
can also serve in exceeding of the Betz limit. Also,
system components manufactured with lighter
materials such as carbon fiber cause reduction of
the overall weight of the system. Prevailing with
these new types and utilization from the moderate
capacity wind turbines globally increase the total
installed wind capacity of the world. Namely, total
area of the constructed wind farms expands with
these new technologies. Eventually, wind turbines
combined with diffuser increase efficiency and

C.U. Miih. Mim. Fak. Dergisi, 32(1), Mart 2017
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those start generating electricity at lower wind
speed values.
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