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Abstract- Wind energy is a renewable energy resource that can be used to ensure energy sustainability without causing 
environmental pollution. In this content, many studies are going on to acquire more energy from the wind. One of the methods 
to increase the energy production rate of the wind turbine is increasing the mass flow rate which moves through the turbine 
working section. This can be achieved by equipping the turbine with a concentrator. The purpose of this study is to optimize 
the combinations of the concentrator with flap-wind turbine leading to maximum flow speed at the turbine zone in the 
concentrator. Results are compared with the single airfoil type concentrator and bare turbine. The 2D CFD analyses combining 
the Box–Behnken Experimental Design with the Response Surface Method (RSM) are used in the optimization analyses. The 
actuator porous disc model is used to represent wind turbine in the concentrator. Concentrator with flap increases the flow 
speed by a factor of 1.2. 

Keywords Concentrator, flap, optimization, response surface method, actuator disc.

	

Nomenclature 

β permeability 

µ dynamic viscosity 

UN normal velocity on porous disc 

U∞ free stream velocity 

U axial velocity along the axis for verification study 

S momentum source 

Pdyn∞ dynamic pressure based on the free stream 

Pdynro dynamic pressure based on the flow speed on the 
turbine  

K resistance coefficient 

ΔXm thickness of the porous media 

Cpj Porous jump coefficient 

 

Aro 

 

area of the rotor disc 

CT thrust coefficient 

CP power coefficient 

ε concentrator speed-up ratio  

γ concentrator speed-up ratio without turbine  

(CT = 0) 

a induction factor 

α concentrator angle for single airfoil type 

1. Introduction 

Wind power is proportional to the wind speed cubed. 
This means that acceleration increases the turbine energy 
enormously [1]. Also, by increasing flow speed the minimum 
start-up speed of wind or hydrokinetic turbine could be 
decrease. Therefore, many studies have carried out to find a 
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mechanism to accelerate approaching flow to the wind 
turbine. 

A concentrator, can be used to increase the flow speed 
through the rotor and consequently capturing wind energy in 
a more efficient way [2,3]. This can be obtained by using a 
diffuser with/without a flanged or an airfoil shaped structure 
which surrounds the rotor. A flanged type concentrator 
generates a large separation behind concentrator, where a 
very low-pressure region appears to draw more flow 
compared to a concentrator without flange [4]. Using airfoil 
shaped concentrator, the mass flow rate increases through the 
rotor by the lift effect of airfoil [5,6]. Also adding a flap or 
slot behind the airfoil shaped concentrator, large concentrator 
exit area can be obtained without flow separation providing 
more mass flow rate inside the concentrator. [7,8]. 

Hansen et al. [9] investigated the impact of adding a 
concentrator around a wind turbine on turbine performance 
using the Computational Fluid Dynamics (CFD) model. 
They have shown that the Betz limit (Cpmax = 16/27) could be 
exceeded. Jamieson [10] showed that the ideal maximum 
power coefficient of a wind turbine driven by a concentrator 
is 1.5 times the Betz limit (1.5x16 / 27 = 8/9). Matsushima et 
al. [11] experimentally demonstrated that a wind turbine 
enclosed by a small-capacity flanged concentrator produces 
2.4 times more energy than the turbine without flanged 
concentrator. Toshimitsu et al. [12] studied the performance 
of a wind turbine placed in a barrel with a flanged emitter 
using the Particle Image Velocity (PIV) technique and 
concluded that the wind power ratio was found to be about 
2.6 times higher. Similar studies about flanged concentrator 
were managed by different authors [13-16]. Chen et al. [17] 
compared three different concentrator models positioned 
around small-capacity wind turbines using CFD. Results 
show that larger power output is obtained when the rotor 
placed closer to the concentrator inlet. The 60% solidity 
rotor, in general, achieves better power and torque outputs 
among the rotor solidities. Also different acceleration studies 
are carried out by different authors [18,19].   

As the wind turbine affects the flow in the concentrator, 
the design of the concentrator without turbine may not be 
realistic. This effect can be represented by an actuator disc 
approach [20-23]. According to this approach the actuator 
disc creates the same pressure loss as wind turbine. The use 
of this method improves computational efficiency over a full 
rotor computational fluid dynamics (CFD) significantly.  

The geometry and layout of the concentrator i.e. airfoil 
type, the position of flap with respect to main part and the 
flap angle highly affect the airfoil shaped concentrator 
performance.  

Although, the effects of the design parameters on the 
flow through the concentrator are investigated separately, 
interactions between the design parameters have not been 
considered in present literature studies. The interactions 
between the design parameters are also important to reach 
the optimum values.  

This paper includes optimum layout of the concentrator 
with flap-wind turbine combination to obtain maximum flow 

speed at turbine zone in the concentrator. Results are 
compared with single airfoil type concentrator and turbine 
without concentrator (bare turbine). The geometrical models 
schedule for 2D CFD analyses is obtained with the Box-
Behnken Experimental Design method. The Response 
Surface Method (RSM) has been employed many 
aerodynamic works [24,25] to reveal the interactions 
between the design parameters. Thus, RSM is chosen to 
obtain the effects of the independent design parameters over 
the CFD results by obtaining the quadratic polynomial 
regression equations of average velocity at the turbine zone. 
Target of the paper is to use the present system to increase 
energy output of the wind turbine and to produce energy in 
the region having poor wind statistics. 

2. Methodology 

2.1 Geometry of Concentrator-Wind Turbine Combination 

The concentrator geometry with flap is given in Fig. 1. 
The non-dimensional geometric parameters are defined as 
x/c1, y/c1, c1/D, c2/c1, α, and δ.  

• c1 and c2 are the chord lengths of airfoils. 
• x/c1 and y/c1 are the ratio of the displacement of the 

flap with respect to main airfoil.  
• α and δ is the angle of main foil and flap in relation 

to the free stream. 
• c1/D is the ratio of the main foil chord length to 

turbine diameter.   
• c2/c1 is the ratio of the chord lengths of airfoils.   

In the analyses, the diameter of the turbine rotor, D is 
considered to be independent variable and all variables are 
obtained as a function of the turbine diameter D. The 
analyses show that the flow speed increases linearly with the 
length of the concentrator [4,25]. Therefore, the c1/D ratio is 
taken to be 1 and it is kept constant for a more cost-effective 
compact structure. As the airfoil, the SG 6043, has 
exclusively been used to design the small wind turbine 
blades and also has a high lift coefficient, this airfoil is 
chosen for both the main concentrator and flap [26]. The 
porous disc represented turbine is located at the narrowest 
cross-section of the concentrator with flap. 

 
Fig. 1. Geometry and parameters of the concentrator and flap 

mainfoil 

flap 
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In many researches the distance between the tip of the 
disc and the inside surface of the concentrator is usually 
chosen as is 3% of the disc radius in order to minimize tip-
losses [2]. Also, porous disc thickness is selected 1% of the 
disc diameter [21]. 

2.2 Optimization Method 

The response surface methodology (RSM) is used in 
order to reveal the effect of the parameters over the response 
variables and to find out the values which make the response 
variable among the combinations of the factor values 
maximum or minimum [27]. 

The first step in the response surface method is to 
determine parameters. After this step, experimental design, 
regression modeling, and optimization techniques are used 
one within another.  

There are two main types of response surface designs: 
Central Composite Design (CCD) and Box Behnken designs. 
Box Behnken designs generally give fewer experiment 
number than CCD. Therefore, they are less expensive to run 
with the same number of factors.  

The quadratic polynomial regression equation of velocity 
distribution on the porous disc derived from CFD results is in 
the format given by the Eq. (1) [27]. 

𝑌 = 𝛽$ + 𝛽&𝑥&

(

&)*

+ 𝛽&+𝑥&𝑥+

(

+),

(-*

&)*

+ 	 𝛽&+𝑥&,
(

&)*

+ 𝑒	 (1) 

In the equation, the Y is the objective function or the 
predicted response which is average of the velocity 
distribution on the porous disc, β0 is the offset term, βi is the 
linear effect, βij is the squared effect and βii is the interaction 
effect [27].  

In this study, as c1/D is taken to be 1, only five 
parameters are considered. Each parameter has three levels 
as low (-1), middle (0) and high (1) shown in Table 1. 
Referring works on the concentrator design [4,13] and on 
airfoil-flap design [28,29], the ranges of the parameters are 
chosen. 

Box-Behnken experimental design method (BBD) with 5 
parameters and 3 levels gives 46 experimental samples. 
Experimental sample schedule for CFD analyses is given in 
Table 2. 

Table 1. Concentrator geometry parameters level for RSM 

 Level 1 Level 2 Level 3 
x/c1 -3% 1% 5% 
y/c1 2% 3% 4% 
α 6o 12o 18o 

c2/c1 0.3 0.35 0.4 
δ 45o 60o 75o 

Table 2. Box-Behnken Experimental samples 

 x/c1 y/c1 α c2/c1 δ  x/c1 y/c1 α c2/c1 δ 
1 1 0 0 1 0 24 0 0 0 0 0 
2 0 1 0 1 0 25 1 1 0 0 0 
3 1 -1 0 0 0 26 0 0 0 0 0 
4 0 0 0 0 0 27 0 0 1 1 0 
5 0 1 1 0 0 28 0 1 -1 0 0 
6 -1 0 0 1 0 29 -1 0 1 0 0 
7 0 0 0 -1 -1 30 -1 0 -1 0 0 
8 -1 0 0 0 -1 31 0 0 -1 -1 0 
9 0 0 1 0 -1 32 0 -1 0 -1 0 

10 1 0 -1 0 0 33 0 0 1 -1 0 
11 0 0 0 1 -1 34 1 0 1 0 0 
12 0 1 0 -1 0 35 0 0 -1 0 -1 
13 0 1 0 0 1 36 0 0 -1 1 0 
14 0 0 0 0 0 37 0 1 0 0 -1 
15 -1 -1 0 0 0 38 0 0 1 0 1 
16 0 0 0 0 0 39 0 0 0 -1 1 
17 -1 0 0 0 1 40 1 0 0 0 -1 
18 0 -1 0 0 -1 41 0 -1 1 0 0 
19 0 -1 0 0 1 42 1 0 0 -1 0 
20 0 -1 0 1 0 43 0 0 -1 0 1 
21 0 -1 -1 0 0 44 0 0 0 1 1 
22 0 0 0 0 0 45 -1 0 0 -1 0 
23 -1 1 0 0 0 46 1 0 0 0 1 
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Fig. 2. Flowchart for optimization procedure 

The MINITAB program is used to obtain the regression 
equation.  The R2 is defined as a statistical measure of how 
close the data fitted regression line and this value can be 
determined by means of MINITAB software.  

The value of the R2 is always between 0 and 1. When 
this value is generally closer to 1, the model is fitted to data 
well [30]. Also, the effect of parameters on objective 
function is important and p-values show this effect. If the 
value of the p is close to zero, the effect of the parameter 
shows important role on object function [30]. 

The optimization procedure is explained with a flow 
chart given in Figure 2. 

 

2.3 CFD Analyses 

CFD analyses are carried out by using ANSYS-
FLUENT. The FLUENT code solves the RANS equations 
using finite volume method. In the analyses, RANS solution 
is obtained using the coupled algorithm as it offers faster 
convergence for steady state flows compared to the 
segregated solution schemes. Green-Gauss cell-based 
discretization method is chosen as a solver in the CFD 
analyses. Also, the second-order scheme is used for the 
momentum and turbulence equations discretization. The k-
omega turbulence model has been used to solve the 
incompressible Navier Stokes equations. It is chosen for its 
ability to model boundary layer separation in adverse 
pressure gradients [22]. 

The computational domain used for the computations is 
shown in Fig 3.	The flow is defined as axisymmetric with 
respect to the center axis. Different sizes of grids are used to 
obtain grid independency in CFD analyses. The results of the 
grid independence study are shown in Fig. 4. 

Fig 3. Structure of the computational domain 

Fig. 4. Grid independency test 

The quadrilateral grid structure which has better 
convergence and higher resolution is generated around the 
concentrator is shown in Fig. 5 [31]. 
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Figure 5. Mesh structure 

 
As explained before, to find a fast and reliable approach 

and to solve the flow within and around the concentrator 
with flap, porous disc model is used with porous jump 
boundary conditions. The pressure drop for a porous jump, 
ΔP and the momentum source term, S for a homogenous 
porous media can be seen in Eq. (2) and Eq. (3), respectively 
[32]. There are three coefficients used to define the actuator 
disc. β is the permeability, Cpj is the pressure jump 
coefficient and ΔXm is the thickness of the porous media. 

∆𝑃 = −
𝜇
𝛽
𝑈5 + 𝐶7+𝑝9:; ∆𝑋= 	 (2)	

𝑆 = −
𝜇
𝛽
𝑈5 + 𝐶7+𝑝9:; 	 (3)	

The first term of the right hand side of Eq. (2) and Eq. 
(3), represents the fluid flow friction through a porous media 
using Darcy’s law. The second term represents the inertial 
losses to the flow as it moves through the porous media. 
Since the pressure loss in a turbine is proportional to the 
flow’s dynamic head, and permeability (β) of porous jump is 
large enough, the viscous term is neglected [11]. Then the 
Eq. (2) and Eq. (3) are simplified as 

∆𝑃 = − 𝐶7+𝑝9:; ∆𝑋=	 (4)	

	 	

𝑆 = − 𝐶7+𝑝9:; 	 (5)	

The source terms are implemented within the momentum 
conversion equation in the CFD code within the body force 
term F as 

𝛿
𝛿𝑡

𝜌𝑈 + ∇𝜌𝑈𝑈 = −∇𝜌 + ∇. 𝜏 + 𝜌𝑔 + 𝐹	 		(6)	

which includes the other external body forces [32]. 

In order to make a representative turbine model 
implementation with porous models, the source must be 
related to the turbine thrust. The thrust coefficient of a 
turbine is given by the equation, 

 

𝐶O =
𝑇

𝑝9:;Q𝐴ST
=

∆𝑝ST
𝑝9:;Q

	 				(7)	

where 	

∆𝑝ST = 𝐾𝑝9:;ST = ∆𝑋=𝐶7+𝑝9:;ST 				(8) 

Assuming only inertial losses, the static pressure drop 
across the porous model is defined. Combining Eq. (7) with 
Eq. (8), the thrust coefficient can be expressed as  

𝐶O =
𝑈5,

𝑈Q, 𝐾 =
𝑈5,

𝑈Q, ∆𝑋=𝐶7+ 	 (9)	

As can be seen in Eq. (9), the thrust coefficient is 
proportional to the ratio of the square of the free stream and 
turbine plane velocities.  

The porous jump boundary condition is defined with 
respect to thrust coefficient as shown in Eq. (9). The one 
dimensional momentum analysis of the bare wind turbine 
and concentrator application gives the optimum value of the 
CT, 0.89 leading to the maximum efficiency of turbine [9,10]. 
Therefore, in this optimization analysis, the optimum value 
of the CT is used to be 0.89. Also, as the value of UN is 
unknown, UN

2/U∞
2 term in the Eq. (9) is initially assumed to 

be 1.  Then to achieve a thrust 0.89 the porous jump is 
specified with a thickness (ΔXm) of 0.01m, and a pressure 
jump coefficient (Cpj) 89 m-1 [32].  

To check whether the porous disc conditions defined 
properly, simple momentum theory is used [33]. In this 
theory, the rotational velocity component is neglected and 
the flow is considered to be frictionless. The control volume 
for the wind turbine with a simple concentrator is shown in 
Figure 6. 

 
Figure 6. Simplified illustration of the velocities at the rotor 

plane and in the wake [16] 

The velocities at the free stream, the rotor plane, the 
concentrator outlet and the far-wake are donated by V0=U∞ 
(5 m/s) which is the general design velocity for concentrator 
[1] V1=V2=UN, V3, and V4, respectively. There are two non-
dimensional parameters; the concentrator speed-up ratios, γ = 
UN/U∞ without turbine and ε = UN/U∞ with turbine. The 
relation between ε and γ could be expressed as 

𝜀 = 𝛾(1 − 𝑎)	 (10)	

where a is the conventional induction factor at rotor [33,34]. 
Also, the thrust coefficient is given as 

𝐶O = 4𝑎(1 − 𝑎)		 				(11)	
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2.4 CDF Verification 

To verify the CFD analyses, a reference study [35] is 
used. The computational domain for reference study is given 
in Figure 7. Same geometry is modelled. Figure 8 shows the 
mesh structure for verification analysis.  

 
Figure 7. Computational domain of reference study [35] 

  
Figure 8. Mesh structure for verification analysis 

 

 
Figure 9. Velocity distribution along the center line  

It is seen that disc model with porous jump being used in 
the present study defines properly the system and can be used 
for the present study. 

3. Results and Discussions 

After the verification, the CFD analyses are carried out 
for 46 samples outlined in Table 2 and the average velocities 
on the actuator disc are calculated. Results are given in Table 
3. The regression equation given by Eq. (12), is obtained by 
using RSM optimization method, with respect to the CFD 
results.  

Table 3. The results of CFD analyses. 

Exp. 
run 

Avg. 
Velocity(UN) 

m/s 

Exp. 
run 

Avg. 
Velocity(UN) 

m/s 
1 5.91 24 5.85 
2 5.89 25 5.87 
3 5.89 26 5.85 
4 5.85 27 5.86 
5 5.80 28 5.73 
6 5.64 29 5.83 
7 5.88 30 5.24 
8 5.74 31 5.72 
9 5.80 32 5.78 

10 5.84 33 5.79 
11 5.92 34 5.84 
12 5.84 35 5.69 
13 5.89 36 5.76 
14 5.85 37 5.90 
15 5.62 38 5.83 
16 5.85 39 5.88 
17 5.63 40 5.90 
18 5.88 41 5.84 
19 5.93 42 5.85 
20 5.94 43 5.68 
21 5.77 44 5.92 
22 5.85 45 5.69 
23 5.72 46 5.91 

Y(Velocity on the porous disc) = 5.8482 + 0.1181 A – 
0.0024 B + 0.0738 C + 0.0279 D – 0.0011 E – 0.0818 A*A + 
0.0158 B*B – 0.0919 C*C + 0.0144 D*D + 0.0228 E*E – 
0.0308 A*B – 0.1485 A*C + 0.0269 A*D + 0.0293 A*E + 
0.0008 B*C – 0.0298 B*D – 0.0161 B*E + 0.0079 C*D + 
0.0152 C*E + 0.0066 D*E          (12) 

The empirical Eq. (12), between the response and 
independent variables is determined in the coded units. A, B, 
C, D, E and F representing dimensionless parameters and 
present levels of the design parameters. The RSM method 
could give any value between low and high level, not the 
only given parameter levels value such as -1, 0, 1.  

The R2 is determined to be 0.91. As the R2 is close to 1, 
regression line values are considered to be sufficient 
agreement with actual data. The p-values are given in Table 
4.  
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Table 4. P-value 

Parameters P-Value 
A (x/c1) 0 
B (y/c1) 0.852 
C (α) 0 
D (c2/c1) 0.035 
E δ 0.932 

As shown in table x/c1, α, c2/c1 are more effective than 
the other parameters. The RSM with Response Optimizer 
tool suggests the optimum parameter levels leading to 
maximum velocity distribution on porous disc obtained from 
the regression equation (Eq. 12). These parameters are 
determined to be A = 1, B = -1, C = -0.2929, D = 1 and E = 
1. Using linear interpolation, the real parameters can be 
calculated as 5% (x/c1), 2% (y/c1), 10.2o (α), 0.4 (c2/c1) and 
75o (δ). Then, the optimum average velocity on porous disc is 
obtained to be 6.11 m/s. 

Using these optimum parameters of the concentrator 
with wind turbine, the CFD analysis gives the maximum 
average wind velocity on the porous disc to be 5.95 m/s with 
respect to free wind velocity of 5 m/s.  That means that the 
velocity at the turbine zone in the concentrator can be 
increased by 1.2 times. On the other hand, the value of the 
speed up ratio, γ is obtained to be 1.87 (without disc, CT = 0). 
Also, the value of CT (initially taken as, 0.89) is calculated 
and found to be as 0.92. It means that porous disc parameters 
are selected properly to represent the wind turbine in the 
concentrator. 

To see the effect of the flap arrangement on the 
concentrator, the 2D CFD calculations are conducted on a 
single airfoil type concentrator without flap and wind turbine 
without concentrator. For single airfoil type concentrator, 6 
different concentrator angles (α)   0o, 6o, 9o, 12o, 15o, 18o and 
21o are chosen respectively to observe the effect of flap. The 
results are given in Table 5. 

Table 5. Average velocity on the disc for single airfoil type 
concentrator 

α (UN) m/s 
0o 4.47 
6o 5.05 
9o 5.23 

12o 5.38 
15o 5.49 
18o 5.56 
21o 5.53 

As seen, the maximum wind speed increase is obtained 
to be 5.56 m/s at the concentrator angle of  α = 18o. This 
gives the wind speed increase by a factor of 1.1. Thus, the 
flap type and single airfoil type concentrators gives the 
velocity increase by a factor of 1.2 and 1.1 respectively. 

The pressure, velocity distributions and streamline at the 
optimum geometric parameters for concentrator with flap-
wind turbine combination and single airfoil type concentrator 
for 18 ̊ are shown in Fig. 10. and Fig. 11.  

As shown in Figure 10, for the flap type concentrator the 
average pressure drop through disc is about 19.2 Pa creating 
average speed of 5.95 m/s on the disc, while the single airfoil 
type concentrator, the pressure drop is 16.8 Pa that creates 
flow speed of 5.56 m/s on the disc, as shown in Figure 11. 
The flap type concentrator has lower pressure zone behind 
the disc as shown in pressure contours.  

Considering flow fields, it is seen that concentrator 
increases the flow velocity on the disc zone in both cases. 
Although there is no flow separation in the flap structure 
concentrator, there is a flow separation back side of the 
concentrator in the single airfoil type as shown in streamline 
contours. The flap accelerates the flow speed in the gap 
between main concentrator and flap and prevents the flow 
separation.	 

   

 
Figure 10. Pressure distribution, velocity distribution and pressure streamlines for flap type concentrator 
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Figure 11. Pressure distribution, velocity distribution and pressure streamlines for single airfoil type concentrator 

The velocity distributions along the porous disc for flap 
type, single airfoil type and turbine without concentrator are 
given in Fig.12. The location, r/R = 1 presents the edge of the 
porous disc (or rotor of the wind turbine). For bare turbine, 
the average value of the UN/U∞ value is obtained as 0.82. The 
average value of the UN/U∞ for concentrator with flap and 
single airfoil type is 1.2 and 1.1 respectively.  As seen, the 

flap type concentrator is more effective to increase the flow 
speed at the turbine zone in the concentrator. In both flap and 
single airfoil type cases as coming closer to the diffuser wall 
in the radial direction, the velocity increases because of the 
narrowness between disc and concentrator surface and the 
flow at the inside surface of the concentrator is energized the 
boundary layer delaying the separation. 

Figure 12. Velocity distributions along the porous disc for flap type, single airfoil type concentrators and turbine without 
concentrator

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Ra
di
al
	P
os
iti
on

	r/
R

UN/U∞

Concentrator	with	flap

Single	airfoil	type	
concentrator

Turbine	without	
concentrator



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
E. Koc and T. Yavuz, Vol.9, No.2, June, 2019 
	

	 559	

4. Conclusions 

In this study, the optimum layout of the concentrator 
with flap-wind turbine combinations to obtain maximum 
flow speed increase at turbine zone is considered. Results are 
compared with single airfoil type concentrator and turbine 
without concentrator. The 2D CFD analyses combining the 
the Box–Behnken Experimental Design with the Response 
Surface Method (RSM) are used in the optimization 
analyses. 

Conclusions drawn from the study are; 

• The RSM represents a good relationship between 
the objective function and design parameters.   

• Flap type concentrator ensures more pressure 
decrease behind the concentrator and consequently 
increases the flow speed in the concentrator leading 
to more energy output. 

• The optimum values of the geometric parameters  
leading maximum flow speed at the turbine zone in 
the combinations of  the concentrator with flap and 
wind turbine are 5% (x/c1), 2% (y/c1), 10.2o (α), 0.4 
(c2/c1) and 75o (δ). 

• The flap type concentrator is more effective to 
increase the flow speed at the turbine zone in the 
concentrator. It gives the velocity increase by a 
factor of 1.2. Also, single airfoil type concentrator 
gives the velocity increase by a 1.1.  

• Concentrator with flap-wind turbine combination 
can be used to increase energy output of the wind 
turbine and to produce energy in the region having 
poor wind statistics. 
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