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diffuser to obtain the initial optimum form of flanged diffuser. Then, the Simplex
algorithm is used to obtain the optimal diffuser shape starting from the obtained initial
shape. Finally, the obtained optimum diffuser shape is used with conventional wind
turbine blade. The diffuser shape is defined by four variables: open angle, flange
height, centerbody length, and flange angle. The numerical simulation of flanged
diffuser is carried out using the “CFDRC package”. The results indicated that, the
optimum diffuser shape can be obtained using simplex algorithm which maximizes the
Keywords: entrance average velocity to reach 1.77 times wind speed. The power augmented by a
Wind turbine; diffuser; CFD; parametric factor about 2.76:5.26 of a selected small wind turbine using the obtained diffuser
study; simplex algorithm; optimal shape shape compared to that without diffuser.

1. Introduction

Wind power generation is proportional to the wind speed cubed. Therefore, a large enhancement
in output power is brought about if it is possible to create even a slight increase in the velocity of the
approaching wind to a wind turbine. The wind speed can be increased by utilizing the fluid dynamic
nature around a structure or topography, namely if the wind energy locally can be concentrated, the
output power of a wind turbine can be increased substantially.

The importance of the airfoil in diffuser design is significant. The lift achieved when using an airfoil
increases the air mass flow through a diffuser for a given length-diameter ratio compared to a
straight-wall diffuser. Aranake et al., [1] conducted a 3D CFD analysis to compare Diffuser geometries
with airfoil cross sections. Four cross sections were computed; the Eppler E423, Selig S1223,
NACA0006 (baseline design) and the FX 74-CL5-140. From a two-dimensional analysis of the flow
fields, it was found that the Selig $1223 exhibited the best performance.

A multi-slotted diffuser is used to prevent separation within the diffuser. Bet and Grassmann [2]
developed a shrouded wind turbine with a wing-profiled ring structure. It was reported that their
DAWT showed an enhancement in power output by the wing system by a factor of 2, compared to
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the bare wind turbine. Nagai and Irabu [3] investigated a convergent diveregent-type structure (i.e.,
the front part is a nozzle and the rear part is a diffuser) as a structure concentrating the wind energy,
especially paying attention to the effect of the diffuser part.

Jafari and Kosasih [4] modeled a simple diffuser for a small turbine, 300 AMPAIR, in a virtual wind
tunnel for a range of rotor rpm's at a constant wind speed to obtain tip speed ratios. Kosasih and
Hudin [5] investigated the effect of different turbulence intensities on a DAWT and an equivalent
bare wind turbine (NACA 63-210, 190 mm diameter) so as to measure their relative performance in
terms of coefficient of performance and tip speed ratio. Mansour and Meskinkhoda [6] used the k-¢
RNG and Spalart-Allmaras turbulence models to study the flow fields around flanged diffusers using
equal dimension flanged DAWT's, one with an inlet and the other without and the third with just a
diffuser.

Abe and Ohya [7] carried out experimental and numerical investigations for flow fields of a small
wind turbine with a flanged diffuser. To study the flow mechanism, mean velocity profiles behind a
wind turbine were measured using a hot-wire technique. The results gave useful information about
the flow mechanism behind a wind turbine with a flanged diffuser. In particular, a considerable
difference was seen in the destruction process of the tip vortex between the bare wind turbine and
the wind turbine with a flanged diffuser.

Matsushima et al., [8] studied the effect of diffuser’s shape on the wind speed by simulation and
showed that the wind speed in the diffuser was greatly influenced by the length (at certain expansion
angle) and expansion angle (at certain length) of the diffuser, and maximum wind speed increased
1.7 times with the selection of the appropriate diffuser shape.

Unique research that was carried out intensively in the past is the examination of a diffuser-
augmented wind turbine (DAWT) by Gilbert et al., [9], Gilbert and Foreman [10], and Igra [11]. In
their studies, there was a focus on concentrating wind energy in a diffuser with a large open angle; a
boundary layer controlled with several flow slots was employed to realize a flow that goes along the
inside surface of the diffuser.

Recently, many investigations by different works highlighted the benefits augmented wind
turbines [12-17]. Kosasih and Hudin [5] studied the performance of a small wind turbine without
diffuser and diffuser-augmented micro wind turbine models subjected to different levels of
turbulence. Based on their research, the diffuser increases the power coefficient by a factor of almost
two [18].

More recent works are carried out on diffuser wind turbine. Ali and Kim [19] presented a study
on an airborne lifted rotor blade modeled by imposing the elevated wind dataset while the outer
shape is comprised of multi thick airfoils, the results showed that power gained by 21.3% using
diffuser.

Watanabe and Ohya [20] presented a simple theory that only two coefficients are needed to
predict the performance of wind lens turbine. The coefficients are the back pressure coefficient of
the flange and the pressure recovery coefficient of the diffuser.

Bontempo et al., [21] investigated the performance of ducted wind turbines through a fully
automated analysis procedure based on a CFD-Actuator-Disk approach. The method takes into
account the effects of the design parameters, the rotor-duct coupling, the wake rotation and
expansion, and the spanwise variability of the rotor load. The results showed that the chord and
stagger angle of the duct contribute more than 85% to the improvements of the turbine
performance, while the thickness has no effect.

Avallone et al., [22] described the flow and acoustic fields and how they are affected by the tip-
gap size. This is carried out by using lattice-Boltzmann Very-Large Eddy Simulation. Bontempo and
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Manna [23] presented a critical-analysis and review of the most important theoretical models
conceived for the performance analysis and design of this wind enhancement system.

Dighe et al., [24] performed an aerodynamic and aeroacoustic analysis of diffuser wind turbine in
yawed inflow condition for two duct geometries: a baseline commercial DWT model, DonQi®, and
one with a duct having a higher cross-section camber with respect to the baseline. The results showed
placing the DWT at a yaw angle of 7.5°, the aerodynamic performances of the DonQi D5 DWT model
are less affected by the yaw angle and increases of broadband noise.

Bontempo and Manna [25] presented a new momentum theory model with two-dimensional
effects, the tip gap presence and a new free-wake ring-vortex method for the uniformly loaded
ducted actuator disk. The results showed that ducted turbines can extract more power than a Betz
disk with the same frontal area.

Vaz et al., [26] performed a new model for the finite number of blades in diffuser-augmented
wind turbines. Optimization of chord and twist angle of shrouded blades was carried out using finite
blade function. The results showed that the change in the finite blade function for the axial velocity
has a large impact on the power-producing region near the tip and the change appears to make
diffuser-augmented turbine power output less sensitive to tip speed ratio than for a bare turbine.

Rivarolo and Traverso [27] investigated the design of a ducted horizontal-axis wind turbine and
to compare its produced energy with a traditional free turbine for energy harvesting, both at
laboratory and on relevant environment scales. The model was designed considering a convergent-
divergent duct, with the rotor in the throat section. The analysis with a yaw angle of 20°, it was
founded a further increase in performance.

Al-Quraishi et al., [28] presented a small scale of flanged diffuser wind turbine with flange angle
of 0°. The rotor was designed based on a modified blade element momentum theory, which adopts
on developing the preliminary rotor blade geometry in terms of pitch angle. The power at a different
wind velocity ranged 5-9 m/s was calculated experimentally.

Base on the above literature survey, it is clear that few researchers concerned with the
optimization of diffuser shape and effect of diffuser flange angle. The objective of current study can
be listed as:

i.  Validation with previous experimental and grid independent study of numerical model.

ii.  Anumerical parametric study was conducted on the diffuser to obtain the initial optimum
form of flanged diffuser.

iii. The simplex algorithm is used to obtain the optimal diffuser shape starting from the
obtained initial shape.

iv.  Studding the effect of forward and backward flange angles on diffuser optimum shape.

v. Comparison between the power of a selected small wind turbine with and without the
obtained diffuser shape.

2. Diffuser Numerical Model and Boundary Conditions

The diffuser has an inlet diameter, D, of 0.4 m and the geometry of diffuser is defined by four
variables; open angle, a, flange height, h, centerbody length, L, and flange angle, B. The control
volume of diffuser is the upper zone only bounded by the center line as the problem is two-dimension
axisymmetric, as shown in Figure 1. The range of these dimensionless variables is tabulated in Table
1.
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Fig. 1. Diffuser geometry and control volume

Table 1
The ranges of variables defined the diffuser
Variable Minimum step Maximum
L/D 1 1 4
h/D 0.1 0.1 0.4
a [deg] 4 2 16
B [deg] -30 15 30

The computational domain has inlet and outlet farfield boundary with horizontal velocity, u-, of
4 m/sec (Mach number = 0.012). The centerline is symmetry boundary, as shown in Figure 2. The
problem solved at sea-level condition (Reynolds number = 1.1x10°) using standard k-€¢ RNG
turbulence model according the recommendations of previous studies by Mansour and Meskinkhoda
[6], Aziz and Elsayed [29], Yusuf [30], Kamsah et al., [31], and Johnson et al., [32].
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Fig. 2. Control volume boundary conditions

3. Computational Model Grid Sensitivity Analysis and Model Validation

A grid sensitivity analysis is conducted for a case study of diffuser having L/D of 2.5, h/D of 0.25,
and open angle of 12°. The results of changing the number of cells from 6200 cells up to 487000 on
the average velocity, uay, at the diffuser inlet are plotted in Figure 3. The results indicate that the inlet
average velocity slightly changes for a grid size greater than 366000 cells. In addition, Figure 3
presents the effect of varying the number of cells on the velocity profiles (variation of local velocity
magnitude, u, versus local diffuser inlet radius, r). The velocity profiles do not change much for grid
size greater than 366000.
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Fig. 3. Effect of the number of cells on the diffuser inlet average velocity and inlet velocity profile

Figure 4 presents the nondimensional quantity (y*) which expresses the density of grid on the
diffuser wall surface of different numbers of control volume cells. The figure indicates that the value
of y* not exceed two on the diffuser wall with cell number 366000.

No. of cells=6200 No. of cells=32000 4

1
No. of cells=116000 No. of cells=366000 0]
Fig. 4. Contours of y* at the diffuser inlet with different number of cells

The unstructured grid obtained from previous simulation of the diffuser is presented in Figure 5.
The minimum cell size is 0.02 mm at the diffuser wall where the maximum cell size is 0.8 m at farefield
boundary with transition factor 1.1.
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Fig. 5. Diffuser control volume unstructured grid of 366000 cells

The current results are numerically validated with another numerical study by Mansour and
Meskinkhoda [6] and experimental testing by Abe and Ohya [7] of similar geometry. The diffuser has
length, L/D=1.5, height, h/D=0.5, and open angle 4°. Figure 6 presents a comparison between the
velocity contours of current study and pervious work by Mansour and Meskinkhoda [6] in additions
a stream wise velocity distribution on x-axis of current and previous works. The results showed
acceptable level of agreement.
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Fig. 6. Comparison between the velocity of current numerical work and previous numerical and
experimental works
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4. Optimum Diffuser Shape using Parametric Study
4.1 Effect of Diffuser Length

Figure 7 presents the effect of diffuser geometry (open angle, flange height, and centerbody
length) with zero flange angles on the diffuser average entrance velocity. It is clear from different
Figure 7(a) to Figure 7(d) that by increasing the diffuser length, the diffuser entrance velocity is
enhanced for different flange heights and open angles. The increase of diffuser length increases the
pressure drop between the diffuser entrance and exit sections therefore increases diffuser entrance
velocity. The entrance velocity slightly changes for diffuser length greater than L/D=3 Figure 7(c) and
Figure 7(d) or remains constant with a diffuser has a flange height of h/D=0.4, where no significant
pressure difference.

4.2 Effect of Diffuser Flange Height

The wind speed increases near the diffuser entrance when a large flange is attached to the outer
periphery of a diffuser exit. The flow is from left to right, and the vortex formation like the Karman
vortex street is seen downstream of the flange. The static back pressure in the exit area of the diffuser
equipped with a flange falls to a fairly low pressure compared to that of the upstream flow which
enhances the entrance velocity. The effect of flange height on the velocity magnitude is presented in
Figure 8. The entrance velocity is enhanced by increasing the flange height up to height h=0.4D where
no significant change in exit velocity or exit pressure. Figure 7 indicates also the best flange height
differs with different diffuser lengths. At short diffuser (L/D = 1.5 or 2), the best flange height is h/D
= 0.3, at intermediate diffuser (L/D = 3), the best flange height is h/D = 0.4. The best flange height
decreases with long diffuser to reach h/D = 0.2 at diffuser length L/D = 4.

4.3 Effect of Diffuser Open Angle

As shown in Figure 7, the entrance velocity of different diffuser lengths and flange heights
increased more steeply in angles of more than 4° up to a certain angle according the diffuser length.
The best diffuser open angle was 8° for short diffuser and 6° for short diffuser (L/D=2) with long flange
height (h/D=0.3 & 0.4), intermediate and long diffusers where the flow separation inside the diffuser
increases after these best open angles.

Based on the previous parametric study the optimum diffuser shape which maximize the average
entrance velocity to 1.73u.. has length (L/D=4), flange height (h/D=0.2), and open angle 6°. Although,
the optimum diffuser has long length (4D) is suitable practically with small wind turbine.

5. Optimum Diffuser Shape Using Simplex Algorithm

The details of optimization process using simplex algorithm was presented by Elsayed et al., [33]
and Elsayed et al., [34] in previous works. A simplex is a polygon defined by N+1 vertices in N-
dimensional space. For example, in 2D, a simplex is a triangle, as shown in Figure 9. Each vertex of
the polygon represents a single design configuration, with design variable values x1, x2, ..., Xn with a
corresponding objective function value. To progress towards an optimum solution, the simplex
algorithm reflects the vertex associated with the worst design through the centroid of the polygon.
New design variable values and the associated objective function value define the new point.

51



CFD Letters Penerbit

Volume 13, Issue 8 (2021) 45-59 Akademia Baru
1.75 1.75
1.7 A 1.7
165 | (a) Les | (b)
L=15D ' L=2D =4—h=0.1D
16 - —4—h=0.1D 16 - —B—h=02D
g 1.55 ~@-h=0.2D
2 15 | ~#—h=0.3D
5 «>é=h=0.4 D
= 145
1.4
1.35
1.3
1.25
a (deg) a (deg)
1.75 1.75 —
1.7 1.7
1.65 1.65
1.6 1.6
1.55 8 1.55
8 =
5 15 S 15
F 145 {==h=0.1D S 1.45 —4—h=0.1D
1.4 |=8=h=0.2D 1.4 4| =#=h=0.2D
=>=h=0.4 D 13 || =<h=04D
1.3 1 =0=h=0.5 D ’ ¢ optimum
1.25 T T T T T 1-25 T T T T
4 6 8 10 12 14 16 4 6 8 10 12 14 16
a (deg) o (deg)

Fig. 7. Effect of diffuser geometry on the average entrance velocity with zero flange angle
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Fig. 9. A new design point is obtained by reflecting the worst design through

the centroid of the remaining points

The objective function which optimized in the current study is the diffuser average entrance
velocity. The search area of the variables defines the diffuser shape (the constraints) is tabulated in
Table 1. By defining the maximum number of iterations (100 iterations) and precision (the difference
between the current iteration and previous one = 10°), the optimization process is started with the
obtained shape from the parametric study. After 53 iterations the optimizer reached the optimum
diffuser shape as shown in Figure 10. The obtained shape can maximize the diffuser entrance average
velocity to 1.763u-. The variables define the optimum diffuser shape are compared with starting

variables in Table 2, and the two shapes are plotted in Figure 11.
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Fig. 10. Optimization history using simplex algorithm

Table 2
Comparison between the variables define the two diffuser shapes
Iteration L/D h/D o Uav/Us
Parametric study = ----- 4 0.2 6° 1.73
Simplex algorithm 53 3.94 0.29 5.47° 1.763

Optimum diffuser using parametric ||

Optimum diffuser using Simplex algorithm

Fig. 11. Comparison between the two
diffuser shapes
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6. Effect of Flange Angle on The Diffuser Optimum Shape

In this section, the effect of flange angle in forward and backward directions is presented. As
mentioned before the existence of vortex behind the flange of diffuser exit plays an important role
in suction extra flow inside the diffuser. The strength of the vortex changes by varying the flange
angle. Figure 12 presents the streamline contours of different flange angles; the forward flange
angles (+ve) enhance the vortices after the diffuser exit (=15 & 30°). But, the increase of forward
flange angle than 30° changes the flow direction which touches the flange in forward direction hence
eliminate the vortex or increase the diffuser exit pressure. The backward flange angle (-ve) enhances
the vortices in the other side of flange without any positive effect on the diffuser exit flow.

B =30° B =15°
Fig. 12. Streamlines contours of optimum diffuser shape at different flange angles

Figure 13 presents the effect of the diffuser flange angle on the diffuser average entrance
velocity. It is clear that the forward flange angle can increase the average entrance velocity than the
obtained value with zero flange angle to reach 1.77u- at the diffuser with 15° forward flange angle.
But the backward flange angle decreases the diffuser entrance average velocity by decreasing the
vortices at the diffuser exit plane.

W b 1 =l
ETx oy

- 1.77

8 L
. 1.76
\
5 | 1755
. .
- 1.75
30 20 10 0 -10 -20 -30

Flange angle () deg
Fig. 13. The effect of the diffuser flange angle on
the diffuser average entrance velocity
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7. Performance of Obtained Diffuser Shape with Wind Turbine

The obtained diffuser without rotor is used with selected small wind turbine, since the diffuser
changes the velocity field at the rotor inlet, the velocity triangles of the rotor also change, so that the
rotor cannot still work in an optimum condition. But, the aim of this section to examine the effect of
obtained diffuser on wind turbine.

The selected small wind turbine was designed using Blade Element Momentum theory [35]. The
blade has NACA-4412 airfoil section with a hub radius, r,, of 0.02 m, tip radius, r;, of 0.2 m and three
blades, as shown in Figure 14(a).

The control volumes of one blade with and without the obtained diffuser shape are shown in
Figure 14(b) and Figure 14(c). The upstream and the upper stream boundaries located at fifth times
the blade length; the downstream boundary located at 15 times the blade length. Due to complex
geometry of problem unstructured grid are used with two different zones; the first zone is the blade
or blade with diffuser zone had refined grid near the turbine blade profile and diffuser wall to obtain
the effect of boundary layer and accurate results, the second zone is the external zone with course
grid at the farefield boundaries.

Figure 14(d) presents the control volume unstructured grid based on the obtained minimum cell
size, maximum cell size and transition factor of two dimensional study to adjust the value of y* around
two. For the control volume with blade only the number of cells reached one million cells while the
number of cells reached 1.46 million cells for blade with diffuser.

Figure 14(e) presents the boundary conditions of problem. The single rotating frame of reference
technique in the ACE solver is used to simulate the problem. The upstream inlet is specified to be a
free stream velocity inlet with speed range 3:10 m/sec (cut in: cut out speed) and sea level properties
while the upper stream and downstream are outlet farefield boundaries with sea level properties.
The blade and shaft are rotating walls and the other walls (diffuser surface) are kept stationary. A
periodic (cyclic) boundary condition is specified for both sides of two zones. The blade-tip-speed ratio
is 4 and the blade rotational speed, w, can be calculated at different wind speeds.

The goal of this study was to find the torque, generated due to the flow, driving the wind turbine
blade inside the obtained diffuser shape and compare this torque and obtained power with these of
wind turbine without diffuser. The variation of turbine performance characteristics are investigated
numerically at different wind speeds, such as turbine output power, P, using Eq. (1):

P=Tw (1)

Where, T is the torque generated on the three blades (N.m) and the turbine power coefficient is given
by Eq. (2) and Eq. (3):

C, = P/{L/2pu3s,) (2)
C,y = P/(L/2p03S,) 3)

where S, is the area of wind turbine rotor (S, =7 rtz) and S, is the optimum diffuser largest
projected area are investigated numerically at different wind speeds.
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(b) Wind turbine control volume

(a) Wind turbine 3D views (c) Wind turbine with obtained diffuser control volume
pe" > ~

(e) Control volume Boundary conditions
Fig. 14. The wind turbine with and without diffuser geometry, grid and boundary conditions

Figure 15 presents the output power generation and power coefficient variation with different
air speeds of a small wind turbine without and with obtained diffuser shape. As shown in figure the
power of turbine increases by increasing the airspeed and this power is augmented by a factor of
2.76:5.26 using the obtained diffuser shape. The design point of obtained diffuser at wind speed of 4
m/s, the power of the small turbine is 2.42 Watt and by using the diffuser the power of turbine
reached 6.75 Watt (i.e., the power augmented approximately by 2.8 the obtained power without
diffuser). The output power of turbine is augmented due to increase the torque of blade in addition
increase the rotational speed of turbine.
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Fig. 15. The power and power coefficient variations of wind turbine without and with obtained diffuser
shape at different wind speeds

8. Conclusion

The diffuser wind turbine has an important affect in enhancement the velocity at the entrance of
diffuser therefore increases the wind turbine power. The increase in the diffuser entrance velocity
can be maximized by obtaining the optimum shape of diffuser, which defined in this research by
diffuser open angle, flange height, centerbody length and flange angle. Concluding points of this work
are summarized as:

The results of parametric study indicate that the increase in diffuser length increases the
pressure drop between the diffuser entrance and exit sections therefore increases
diffuser entrance velocity with slightly changes for diffuser length greater than L/D=3. The
flange at the diffuser end forms a vortex like the Karman vortex which decreases the
pressure at this region. The strength of this vortex is increased by increasing the flange
height up certain length according to the diffuser length.

The best flange height, at short diffuser (L/D = 1.5 or 2) is h/D = 0.3, at intermediate
diffuser (L/D = 3), the best flange height is h/D = 0.4. The best flange height decreases to
reach h/D = 0.2 with long diffuser (L/D = 4). The best diffuser open angle is in range
between 6° (for intermediate and long diffusers) and 8° for short diffuser.
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iii.  The optimum diffuser shape is obtained using simplex algorithm with length (L/D=3.94),
flange height (h/D=0.29), and open angle 5.47°. The obtained shape can maximize the
diffuser entrance average velocity to 1.763U.

iv.  The effect of flange angle on average entrance velocity is studded. Using the optimum
diffuser with 15° forward flange angle can increase the average velocity to 1.77Uc.

v.  The output power of a selected small wind turbine with obtained diffuser is augmented
by a factor about 2.76:5.26 compared to that without diffuser.
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