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Abstract: Enclosing of horizontal axis wind turbine m diffuser 13 among techmiques of wind power
augmentation, especially, in wrban areas. In this study, a small scale of Flanged Diffuser Augmented Wind
Turbine (FDAWT) was presented 1 a two flanges angles configurations of 0 and 5°. The models of rotor and
diffusers were fabricated and experimented in the wind tunnel. The experimental tests were conducted to
calculate the power at a different wind velocities ranged 5-9 m/sec. The performance tests were in terms of
power coefficient and torque coefficient as a function of the tip speed ratio. The results show a significant
mcrease in the power coefficient of FDAWT up to 1.58 compared to Non-Flanged Diffuser Augmented Wind
Turbine (NFDAWT) while the augmentation factor in power coefficient reached to 2.8 compared to Bare
Horizontal Axis Wind Turbine (BHAWT). On another hand, the experiments results were validated with CFD
simulation results for all cases within accepted error ratio. Moreover, CFD provided a clear visualization for the

flow across wind turbine.
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INTRODUCTION

Wind power systems, represented by a wind turbines
have been the focus of interest of scientists and
researchers n the past decades. Flowing of wind through
the turbine rotor leads to the production of mechanical
energy that can be used in many applications, especially,
to produce electricity. However, power produced by wind
turbine 1s dependent on the Betz limit an ideal type can
extract only 59.3% of incoming energy in stream-tube by
turbine blades (Libui and Drahozal, 2012; Igra, 1981)
various types of wind turbine exist in different sizes,
Horizontal Axis Wind Turbine (HAWT) 1s one of these
types. HAWT that have a rotor diameter of 1.25 m or less
called a micro wind turbine. This type of turbine can be
used to produce power in wban areas (Peacock et al.,
2008; Gipe, 1999). Several studies have been conducted to
predict and develop the performance of HAWT. Some of
these studies have been carried out by practical tests,
others have been analysed using programs such as CFD
where some of these studies were validated with
experiments results.

Improving of HAWT performance can achieved by
shrouded the turbine in a diffuser in this case its called
Diffuser Augmented Wind Turbine (DAWT). Many
studies were conducted in this field, the augmentation of
power factor was achieved of 2-5 (Ohya ef af., 2017). The
power coefficient and optimum tip speed ratio (+) for
DAWT much higher than bare turbine. The reason of tip
speed ratio increase because increase of mass flow rate
through rotor plane where this mcrease produced from the
pressure drop at diffuser outlet, so, the rotor need to
rotating with a ligher rpm (Ohya et al., 2017).

Since, DAWT performance enhancement depends on
several factors mcluding the diffuser shape and
geometries, the diffuser parameters design are most
important factors affected on the performance (Jafari and
Kosasih, 2014). The diffuser with a flange at the exit at the
proper height can increase wind velocity when augmented
by the power of DAWT. The presence of flange creates
pressure drop at diffuser outlet due to vortex formation
caused draws more wind to diffuser as shown in Fig. 1, so,
flange height 1s considered one of the important geometric
features that contribute effectively to improve the diffuser
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Fig. 1: Schematic view of flow mechamsm around a
flanged diffuser

aerodynamic performances (Ohya et al, 2008, 2017,
Kosasih and Tondelli, 2012 and Kardous ef al., 2013).
Also, in the presence of flanged diffuser for DAWT, a
significant performance benefits can be accomplished
overcoming Betz limit (Tourlidakis et al, 2013;
Soomro ef al., 2016). Where power augmentation of wind
turbine within flanged diffuser up to 4-5 times of bare
turbine at the same diameter. In other hand because of the
presence of flange at the outlet of diffuser helps DAWT
always to face the diwection of approaching wind
(Ohya et al., 2008, 2017). The effect of the flange at the
outlet of a diffuser 1s usually expressed as flange height
to rotor diameter ratio (H/D). So, in study flange effect on
performance of DAWT by Kosasth and Tondelli (2012)
with different H/D values as 0 (no flange), 0.15 and 0.2 in
DAWT with diffuser length torotor diameter (L/Dr) = 0.63,
diffuser angle » = 12° They have been observed that
mcreasing of H/D lead to an increase in C,. The power
increase is further dependent on the flange height of the
diffuser, the highest power increase was observed for
multi-rotor system with an H/D of 0.1 imntroduced by
Goltenbott ef al. (2017).

Moreover, a 3 kW downwind type wind turbine with
a rotor diameter of 2.5 m generated 2.5 times more power
with a compact wind-Lens (flanged diffuser) than the
same turbine without a wind-Lens in the field experiment
(Ohya, 2014). For same turbine, the rotational speed of the
rotor blade of wind turbine with a flanged diffuser was
about 1.35 times compared without the flanged diffuser
(Wang ef al., 2015). On another hand, the flange angle
(+p can be considered as a minor parameter which
can effect on the diffuser performance as mention in
the simulation study which was conducted by
El-Zahaby et al. (2017) for 2D axis ymmetric diffuser model
(L/D=1.5,+ =318 and H/D = 0.25).

In a previous study, a developed flanged diffuser
design was presented in a two models of +; =0%and » ;=
5° The mlet diffuser Diameter (D) 16 cm with L/D = 0.5,
H/D of 0.2 and diffuser angle of 12°. CFD simulation

proved that presence of flange at diffuser outlet with a
suitable height mcreases the diffuser efficiency. The
results show an increasing in flow velocity at 1 cm
(0.0625 D a distance from diffuser inlet) along the
position of rotor radius (7.7 em). The simulation was
conduct at a different range 1-15 m/sec of mlet flow
velocities. The average velocity increase was 1.44 for
+ .= 5° while it reaches to 1.47 for * ;= 0°. These diffuser
was designed to enclose a small scale HAWT rotor which
presented in the previous study (Al-quraish ef al., 2019)
where an experiment and CFD simulation were carried out
to compare effect of presence the diffuser without flange
on turbine performance.

Inthe present study, an experimental test was carried
out to study the performance of a small scale DAWT with
flanged diffuser. The experiments performance was in
terms of power, power coefficient and torque coefficient
which were validated with CFD results. The study also
included a comparison the performance of Flanged
Diffuser Augmented Wind Turbine (FDAWT) with the
previous models of a Non-Flanged Diffuser Augmented
Wind Turbme (NFDAWT) and BHAWT presented in
previous study.

MATERIALS AND METHODS

Experimental set up: In this study, a small HAWT rotor
model was same that used in previous study
(Al-quraishi et al., 2019) which has three twisted blades of
NACA SDE000 with rotor diameter of 15.4 cm. While the
diffuser model used that was presented in the previous
CFD study (Balasem et al., 2018). The length and mlet
diameter of diffuser are 8 and 16 c¢m, the diffuser angle of
12°. The flange height is 2.4 cm were used in 2°
configurations of flange angles are * ;= 0° and * ;= 5°. The
prototypes of rotor {contamning three blades and hub) and
diffusers were modelled using solid worl 2017 then they
manufactured from RGD450 material using polyjet 3D
printing technology as describe in Fig. 2.

The wind tummel of FKMP, UTHM with test section
of 125=40x40 cm is used which can produced a maximum
wind velocity of 40 m/sec. The FDAWT 1s placed at a
distance of 60 ¢cm from test section inlet (Al-quraishi et al.,
2019). The turbine 18 attached to a 3-phase AC 12 watt
alternator generator which connected to a 6-diode full
wave rectifier to convert the suppling power to a 1-phase
DC (Al-quraishi et al., 2019, Lee et al., 2016) (Fig. 3).

The Fluke 922 digital auwflow meter with pitot tube
used to measure the velocity and pressure of inlet air
{Anonymous, 2006). The angular velocity of the wind
turbine was measured using non-contact type, Digital
Tachometer ‘DT-2234B° (RS 445-9557) (Anonymous,
2019). The power calculations of FDAWT were performed
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Fig. 2: Rotor and flanged diffusers models: a) Modelling models and b) Prototype models

Load control boarc Digital airflow meter Rotor Flanged diffuser ~ Generator

Laptop Digital tachometer Test section

Fig. 3: The experimental set up testing of FDAWT
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using a load control board that has been used in own
previous study (Al-quraishi ef ai., 2019). In this board, 16
of 12V, 1 W LEDs load were utilized and connected as a
series electrical circuit. Since, the power generated is
equal to multiplier voltage into the current, tow of ANEGN
ANRO02 AC/DC digital multi-meters connected directly
across the output power of the generator to record the
voltage and the current for each loadmng case.

The experimental setup are shown in Fig. 3. The
generator of the turbine i1s connected to load, the
voltmeters were used to measure the voltage and current
across the load. By maintaming air velocity is constant,
the load can be varied by operating more load (LEDs), the
voltage and current were recorded at each load. At the
same time, the angular velocity is recorded at each load.
The experiment was repeated several times based on
cases of the models. The experiments for the two models
of FDAWT (+ ;= 0° and * ;= 5%) were conducted at wind
speeds 7 and 8 m/sec.

Since, wind power 1s source the mechanical power of
wind turbine which is the product of rotor torque and
angular velocity of rotor. So, the wind turbine
performance is represented by the power Coefficient (Cp)
which 1s defined as:

SRS (1)
P, 05pAV]

The most common method used to preview the power
coefficient by graphing its values as function with tip
speed ratio (*) which 1s defined as:

_OR (2
Voo

A

Moreover, torque Coefficient (Cy) can be considered
as parameters for study turbine performance, especially,
for DAWT (Meri et al., 2019; Kosasih and Hudin, 2016).
Thus, Cy, as a function of C; defined as:

Actual torque

- Q5% g
% Theoretical torque 0.5 pAV: A

Where:

Q = Actual rotor torque
+ = Angular velocity

+ = Air density

A = Rotor swept Area

Ve = Upstream wind Velocity
Rotor radius

b
I

Simulation description: Computational Fluid Dynamics
(CFD) approach also is employed to simulate of FDAWT

Stationary domain Flow outlet

Flow inlet

Rotating domain

Fig. 4: The 3D sumulation domain of FDAWT

for performance calculations in terms of power, C; and C,,
3D CFD Model was used which is a virtual copy of actual
test section of wind tumel. ANSYS CFX 19.1 solver was
used to investigate the flow over full geometry of
FDAWT, in the two configurations of flange angles, 0 and
5°. The models of rotor and diffuser were modeled in sold
work then mmported to the design modeller in ANSYS
while the domain of virtual test section was constructed
around FDAWT. The simulation was carried out in a
steady-state. The flow was treated as isothermal The
working fluid is air as 1deal gas and the reference pressure
islatm at default turbulence intensity (Al-quraishi et al.,
2019). The computational field consists of two regions, a
stationary and a rotating domam as shown in Fig. 4. The
stationary domain 1s the virtual wind turmel and flanged
diffuser. The rotating domain consist of HAWT rotor
enclosed in the rotating frame (disc). The support system
of the rotor inside the diffuser was not included. The
interface model between the stationary and rotating
frames that adopted is frozen rotor with automatic pitch
change (Tourlidakis et al, 2013; Kosasih and Hudin,
2016). The wall of tunnel, surfaces of the diffuser’s walls,
the rotor blades and the hub of the rotor are considered as
no slip walls. At the inlet of the computational field the
wind velocity was fixed and at the outlet a relative static
pressure equal to O Pa was set. The rotating domain set to
the selected rotational velocity.

The turbulence model which adopted 13 (SST k-w)
which give a very good prediction for the results (Menter,
1994) as well as it has been used by Towlidakis et al.
(2013), Kosasih and Hudin (2016), Elbakry ef al. (2016) and
Michal et al. (2016). The residual target of convergence
criterion is set at 10**. The mesh type was Tetrahedron
with (522891 2) elements and (1197246) nodes for FDAWT
with *; = 0° model while numbers of elements and nodes
for model of FDAWT with ;= 5° were (52891 18) and
(1217244), respectively. The skewness was 0.79 and
orthogonal quality (0.997). The mesh for the models of
FDAWT are show m Fig. 5.
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Fig. 5:Mesh of: a) Full domain and b) Rotating domain
and FDAWT (rotor and flanged diffuser)

RESULTS AND DISCUSSION

The results of experimental and CFD simulation of
FDAWT are mention in this study. The results are
exhibited in terms of P,,, C; and C, which is comparing
with the test results for BHAWT and NFDAWT at own
previous study (Al-quraishi et al., 2019).

Power of FDAWT: The mechanical Power (P,,) of
FDAWT was calculated experimentally from the voltage
and current recorded at each load with considering values
for the mechanical and conversion efficiencies for the
generator. The angular velocity can be measured
experimentally using tachometer in rpm, so, the actual
torque can be calculated. In CFD, to calculate the power
extracted by the turbine, must be know a two components
are torque and angular velocity of the rotor. The rpm that
measured experimentally was adopted while an expression
15 used to calculate the rotor torque which available in
CFD-post.

The experimental tests and CFD simulation for
FDAWT were conducted at two velocities 7 and 8 m/sec
for both configurations of flange, * ;= 0° and * ;= 5°. The
results showed a significant increase of power for the two
configurations as compared with NFDAWT and BHAWT.
Figure 6 and 7, respectively, show the experimental data
of a comparison FDAWT power curves with NFDAWT
and BHAWT (presented in previous study) at up stream
wind velocity of 7 and 8 m/sec. From Fig. 6, and 7, it can
see the power 1s increase with rpm ncreased until reached
to maximum power values. At V, = 7 m/sec, the maximum

55 r - - - + - + - > T - - - .
50 - —4— Bare HAWT -
45 - —¥— DAWT-(noflange) !
40 - ™= DAWT-(g=0) ]
35 L —#— DAWT-(qi=5) 1

30 ¢ e,
25
-
20 [ -
15 | T
1.0 I .-"EJ":' iy

| W g
05 =

R
oo b %

P (W)

0 1000 2000 3000 4000 5000 6000 7000

rpn

Fig. 6: The experiments data of FDAWT power as
function of rpm compared to NFDAWT and
BHAWT at wind velocity of 7 m/sec
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Fig. 7. The experiments data of FDAWT power as
function of rpm compared to NFDAWT and
BHAWT at wind velocity of 8 m/sec

power value recorded for FDAWT with ¢ ;= 0° and » .= 5°
were 3.129 and 3.074 W respectively. The meaximum power
of FDAWT at'V, = 8 m/sec were 4.85 and 4.8 W for «; of
0° and 5°, respectively. The results show great affinity in
performance for the two flange configurations of
FDAWT. For the both values of wind speeds, the power
of FDAWT increases by 1.24-1.3 over NFDAWT with +;
of 5° while reach to 1.326 with » ; of 0%

The performance of FDAWT: Since, power coefficient
indicate to the wind turbine performance, so, the results
of experiments and CFD for FDAWT focused to measure
C; at various ranges of rotational speed. The measured C;
values of the both FDAWT configurations, * ;= 0 and
* . = 5% were plotted as a function of *+ in Fig. 8 and 9,
respectively. The results were recorded at wind velocity
of 7 m/sec and compared to previous design (NFDAWT).
As can be seen from these plots, the FDAWT has much
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Fig. 8: The power coefficient, C,vs. tip speed ratio, * for
FDAWT with ¢ ;= 0° compare to NFDAWT
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Fig. 9: The power coefficient, C; vs. tip speed ratio, * for
FDAWT with ¢ ;= 5° compare to NFDAWT

higher C. than NFDAWT. This 1s because presence of
flange at diffuser outlet which is causes to generate a
vortices m wind flow near of flange wall. The vortices
generated caused a suction for the flow through the
diffuser, hence, more flow at rotor plane. Increasing of
wind velocity at rotor plane led to make the rotor rotate
faster, hence, the torque of FDAWT increase to some
extent as compared of NFDAWTT rotor torque.

As the presence of flange at diffuser outlet increase
the power coefficient of FDAWT, its also causes a jump
mn the tip speed ratio. The trends of the both flanges
configurations are a same in behaviour but still there 1s a
little difference. FDAWT with » ; of 0° has the maximum C,
of 0.851 at ¢ of 6.35 which is pretty close to value of ¢ for
FDAWT with «; of 5° at which there the maximum C; of
0.836. Despite the slight differences between the values of
C; for the two configurations of FDAWT they seem to be
convergent. On another hand, the torque Coefficient (Cy)
can be one of the performance parameters of wind turbine.
The torque coefficient of FDAWT 1s greater compared to
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Fig. 10: The torque coifficient, C vs. tip speed ratio, ¢ for
NEFDAWT compare to FDAWT with (¢ .= 0°) and
(*;=5" atV,="7m/'sec
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Fig. 11: The maximum Power of FDAWT compare to
NFDAWT and BHAWT at different wind
velocities

NFDAWT. The maximum C, for FDAWT at » ; of G and 5°
were 0.14 and 0.138, respectively while it was 0.077 for
NFDAWT as shown i Fig. 10 where the data recorded at
wind velocity of 7 m/sec. In addition, it can be noted from
the graphs there are a well pretty agree for the CFD
simulations with the experiments data (Fig. 11-13).

The maximum mechanical power for FDAWT as a
function of wind velocity for a range from 5-9 m/sec is
shown in Fig. 11. This range of velocities have been
considered due to the generator limits, unable to convert
all of the generated torque on the rotor to mechanical
power. On other hand, the velocities that below of 5 m/sec
unable to rotate rotor in case of connect a load to the
generator. It i1s interesting to note that even though the
maximum power out increases with increase of wind
velocity but it 1s always look same increase for all wind
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(b)

Fig. 13: Velocity streamline m: a) NFDAWT; b) FDAWT (¢ .= 0%)and ¢) FDAWT (.= 5%)
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velocities for the two configurations of FDAWT. In
another hand, Fig. 11 also show a comparison of maximum
power for FDAWT to NFDAWT and BHAWT. This
comparison give a clear vision for augmentation of the
wind turbine power by using FDAWT.

CFD simulation visualizations: The CFD simulation
provide a good wvision for visualize the velocity
distribution for FDAWT in the two flanges angles (0 and
5%) and compared to NFDAWT. All of the visualization
contours were captured at inlet flow velocity of 7 m/sec
and * around 5 in same boundary conditions mentioned
in simulation description section.

Figure 12 and 13 show the velocity contour and
velocity streamline, respectively, easy to observed effect
of exist the flange at diffuser outlet. The flow through
NFDAWT appears a little increase for wind velocity at
rotor plane while the velocity increase reached to a high
levels in FDAWT for both flange configurations.

Presence of flange causes a separation of flow behind
the flange due to the significant drop in pressure. Since,
the wind tend to flowing from high to low pressure area,
a group of vortices are generated nears of flanges wall
causes flow suction speedily there 1s a bit different in flow
behaviour for the flangeconfigurations. This is due to the
small vortices near of flange wall were generated in case
of * .= 0° at a distance less of the case of *+ = 5°. Hence,
the FDAWT with +; = 0° have produce greater power
compare to other configurations.

CONCLUSION

In this study, a small scale model of Flanged Diffuser
Augmented Wind Turbine (FDAWT) has been presented
in a two flanges configurations with *; of 0° and * ; of 5°.
The models were fabricated and tested m the wind tunnel.
The experimental performance tests were conducted using
a method based on a load board control to calculate
voltage and current produced from the generator at each
round (load add). The power of FDAWT was investigated
at a two wind velocities 7 and 8 m/sec as a function to
rpm.

The performance FDAWT was investigate and CFD
validate at 7 m/sec of flow velocity in terms of C; and C,
as a function to tip speed ratio, *. The results show that
a significant increase in the C; of FDAWT for the two
configurations compare to NFDAWT. This increase due
to presence of flange at outlet diffuser where a vortices
are generate near the flange wall causes flow suction
which led to augmented the flow velocity at rotor plane.
As increase of wind velocity at rotor plane, the rotor rpm
increase, hence, more power generated. Moreover, the

maximum power of FDAWT with + ;of 0° and » ;of 5” were
calculated for a different wind velocities ranged of
5-9 m/sec. The results show an increasing mn power with
increased of wind velocity but this increase look in same
behaviour at all velocities range for the two
configurations of FDAWT. On another hand, the results
show a power augmentation of FDAWT in range of 1.24
to 1.58 times over NFDAWT and 2.3-2.8 tumes over
BHAWT for same rotor. The experiments results for all
cases were validated with CFD simulation within accepted
error ratio. Also the CFD provided a visualization for the
flow across wind turbine.
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