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Abstract
Objectives: This study is to suggest a wind power plant in urban areas where wind speed is low. Methods/Statistical 
Analysis: The wind turbine analysis and simulation using mathematical models built in MATLAB and numerically by ANSYS 
FLUENT 17.2 were utilization to study the air flow performance through the duct. Findings: The results for approaches give 
a good agreement. Angles, one of the principal geometric parameters that significantly affect the convergent performances 
a four dimensional contraction convergent duct with the same length (1 meter) but different input areas is considered. 
Numerical simulations and analyses results show that the ratio between velocities recorded in the inlet section and the 
free stream velocity increases with the increase open angle of the duct system. The power coefficient improved for the 
convergent duct with opening angle of 40° by 28.571%. Also from VAWT analysis, the influence of design parameters on 
the power factor was achieved. Blades number effect shows that when the blade number increases the power coefficient 
is high too, and it is noticed that the power coefficient is increased with the rotor radius. Application/Improvements: 
Ducted system utilization for increase the productivity of wind turbines with different configurations are facing the 
restriction of low wind speed and improved wind turbine output capacity.

1.  Introduction
The Development in technologies of renewable energy 
have been become one of the most important role due 
to the global warming because the high consumption of 
energy and the fossil fuel waste it’s effected on the envi-
ronment this lead to deal with these alternative fuels to 
get energy. 

At recent years the wind energy has developed into one 
of the highest developing sources of renewable energy1. 
Many researches tried to enhance the performance of 
wind turbines by adding a duct to the turbine the ducting 
system used to provide the desired wind velocity faced 
the turbine2 as a study in 2013 claimed that the Venturi 
effect was used to focus airflow to turbine blades. Wind 
speed increases in convergent suction and the low pres-
sure region created behind the blades by the diffuser suc-
tion. While turbines were installed in the throat section 
to study the behavior of air flow through Venturi, ANSYS 
FLUENT was used and the results were compared with 

the bare horizontal axis wind turbines. In3 studied the 
semi-empirical ducted wind turbine model. The method-
ology is predicated on certain assumptions and simplifi-
cations of the law conservation to compute the maximum 
power coefficient. This study shows that the increase in 
power coefficient is directly proportional to the mass flow 
rate. The rise of mass can only be achieved through two 
basic principles: reducing negative back pressure at exit 
and increasing area ratio4. In5 developed mathematical 
model for duct wind turbine and showed the turbine inte-
grations according to a various domain of building simu-
lation also in6 analyzed the performance of ducted wind 
turbine system and showed that the power coefficient 
enhancement because the increasing the mass flow rate 
due to increase the open angle of diffuser duct. Reduction 
in exit pressure after the exiting of a ducted axis wind tur-
bine may have a gainful influence on the power coeffi-
cient. Many research attempts to study the effect of using 
duct structure with vertical axis wind turbine. These stud-
ies examine the effects of increased energy using wind 
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tunnel experiments7-9. The convergent duct system is con-
sidered in this study. Convergent airway has the ability 
to accelerate airflow through the convergent and increase 
the energy that can be drawn from the airflow.

2.  Methodology of Analysis and 
Design of the Convergent Ducting 
System
The flow is considered steady, one dimensional and 
incompressible. The domain in convergent duct is divided 
into a series segment ∆x thus10:

∆x =L N − 1� (1)

Area at each section may be calculated as:

Ai=A1- 2(Ain -An ) ( xi/L)+ (A1 − An )(xi
2/L2)� (2)

Where xi = xi−1 + ∆x. The density is constant as the flow 
is incompressible so the velocity at both sections can be 
calculated from:

Vi=Vin Ain  Ai� (3)

The pressure found using a first order finite difference 
approximation up-wind differencing method as follows

Pi  = Pi−1 -ρiVi Vi − Vi−1� (4)

3.  The Analysis of Vertical Axis 
Wind Rotor
When analysis the performance for wind turbine of 
Darrieus vertical axis, assume that there is no difference 
in velocity of the straight vertical blade, so it is subjected 
to the same flow rate along its length. Figure 1 show the 
velocities and flow blade angles. According to11,12 the 
velocity induces reduced in the horizontal flow tube 
direction, thus the induced velocity at an upstream part 
for rotor as:

= ∗au� (5)

Since the upstream velocity is a lesser amount of free flow 
velocity, so au is less than 1. The downstream velocity at 
the downstream as:

= ∗ (2 ∗ − 1) ∗ad� (6)

Interference factor at downstream is less important of the 
upstream part. The local tip speed ratio (λ) can be calcu-
lated from:

λu=  ∗Vu
ω� (7)

The formula for calculating the attack angle of blade as:

α = arcsin  cos θ   cos αo −(λ−sin θ sin  (αo )� (8)

λu −sin  (θ )^2+ cos  (θ)2

The normal and tangential force coefficients may be 
determined by,

Cn = Clcos α + Cd sin α� (9)

Ct = Cl sin α − Cd cos α� (10)

The up-wind flow conditions are specified by:

F = B∗c  0.5π  secθ ∗ Cn ∗ cosθ − Ct ∗ sinθ dθ� (11)

8∗π∗R  −0.5π� (12)

up
The upstream induction factor is: π

T﻿he torque produced can be computed as follows:

T(  )=0.5∗  ∗ ∗  ∗ℎ∗   ∗V2  λ u − sin⁡(θ)2 + cos θ2� (13)

u
The average of upstream torque is calculated from averag-
ing the contribution of torque of both stream tube:

= B  0.5π T θ  d θ� (14)

2∗π −0.5π

Figure 1.  Velocities and flow blade angles11.
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The average torque coefficient Ct is then calculated from:

= Tav� (15)

0.5∗ρ∗V2
0∗A∗R

Finally, the power coefficient Cpu of the upstream half 
may be calculate from:

= ∗λu� (16)

Also, power coefficient (d) and average torque (d) in down-
stream of the vertical axis wind turbine are obtained. The 
overall power coefficient for the vertical axis in rotor of 
wind turbine rotor is a summation of the up and down 
power coefficients as:

= Cpu+Cpd� (17)

4.  Numerical Analysis of the 
Duct Wind Turbine
The flow inside the duct and over the VAWT blade is 
solved numerically using ANSYS-FLUENT 2017. Wind 
turbine blades were designed with a symmetrical airfoil 
NACA 0012. A 2D analysis for this airfoil is treated using 
analysis. The convergent duct system for different geom-
etry formed after creates the geometry of airfoil. Three 
airfoils are created for blading and separated by angle of 
120°. Solutions by using the numerical methods demand 
accurate meshing for the geometry. The quality for the 
mesh affected by accuracy for the solution of the numeri-
cal the precision of numerical solution depending on the 
mesh size. The smaller mesh size needed to produce more 
accuracy result Table 1 shows meshing characteristics.

Table 1.  Meshing characteristics
Statistics

Nodes 215895
Elements 211237
Mesh Metric Skewness
Min 5.8341e-005
Max 0.72573
Average 0.13289
Standard Deviation 0.10881

The performance inlet conditions and the design choices 
of the present study were set basing on experience. 

Boundary condition and reference values of convergent 
duct wind turbine review in Tables (2 and 3). The results 
are getting from computations by CFD and it is a grid 
independent. 

Table 2.  Boundary conduction

Viscous Model

Model K-w
K-omega SST
Model constants Default
Inlet boundary condition
Type Inlet velocity
Velocity magnitude(m/s) 10
Reference Frame Absolute
Turbulent method 
specification

Ratio of intensity and 
viscosity

Outlet boundary condition
Type Pressure outlet
Gage pressure (Pa) 101325
Back flow direction 
specification method Normal to Boundary

Turbulent specification 
method

Magnitude normal to 
boundary

Table 3.  Reference values
Chord Length 0.2m
Radius of the rotor 0.5m
Pressure 101325 pa at inlet velocity
Density 1 kg/m3

Temperature 288 K

The principle is that the results mustn’t vary with the 
number of cells inside the mesh, grid independence 
is consider as a one of the critical variables as taken in 
order to inspect the accuracy that appeared in the solu-
tion. Mesh quality such as low orthogonal quality or 
high skewness value are not preferred generally to keep 
minimum orthogonal quality > 0.1, or maximum skew-
ness< 0.95. However, these values may defer depending 
on physical consideration.

The average torque depends on moment coefficient 
is used in FLUENT to complete the cycle. The average 
torque is gotten by the equation13.

Cm = Cm1 + Cm2 + Cm3� (18)
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Tmean =0.5 Cm ρAV3R number of values recorded� (19)

Where Cm1,Cm2 ,C m3 are the moment coefficients for three 
airfoils sequentially. The power coefficient can be deter-
mined by:

C P = w ∗ T 0.5ρAV3� (20)

5.  Result and Discussion
The performance of the VAWT was noticed to be higher 
depending on λ. At high λ, the maximum angle attack value 
of the attained is low. Thus on the higher stream element the 
angle attack decreases with increase λ. While in the down-
stream, this variation is reversed because of the tendency 
of the blade relative to the wind direction shown in Figure 
2. Angles of attack determines the drag and lift coefficients. 
High lift/drag ratio means high performance of the VAWT 
attained from minimum drag with higher lift Figure 3 illus-
trated the difference of coefficient drag and lift with attack 
angle changes from 35° to -35. It is establish that’s attack 
angle of 10° is an optimum. The power coefficient increased 
swept area of rotor Figure 4 shows the change in the power 
coefficient at different rotor radii. It is mean the power coef-
ficient increase with rotor radius. Figure 5 illustrated the 
increase of power coefficient with number of blades and 
reduces the impact of wind magnitude and direction. The 
wind turbine performance is dependable of increase in the 
speed of the air because of the cubic dependency on it. Also 
the duct leads to increasing the wind speed due to the reduc-
tion area, with the law of continuity for designed convergent 
duct to attain the desired wind velocity at face turbine. The 
convergent angles of duct is from 10° to 40° causing an incre-
ment in wind velocity at inlet suction with increase inlet duct 
angle as shown in Figure 6. 

Figure 2.  Blade position with angle attack.

Figure 3.  Drag and lift coefficient changing with angle 
attack.

Figure 4.  Effect rotor radius on power coefficient.

Figure 5.  Blade number (B) influence on the power 
coefficient.
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Figure 6.   Velocity distribution along the converging 
duct.

The decrease in pressure is considered a loss of energy, 
but from the distribution of pressure through the duct we 
conclude that the decrease in pressure is very little com-
pared with the increase in speed shown in Figure 7.

Figures 8-11 show that, in all cases of convergent 
duct the wind speed increases with decreasing the seg-
ment area of the duct, and it reaches a maximum value 
at the wind turbine inlet. Therefore the convergent duct 

system is a good idea used to increase the power coef-
ficient. Vertical axis of wind turbine kind with the adap-
tive ducting system is modeled, simulated and valuated 
numerically. Figure 12 and 13 show velocity variation and 
the corresponding changing in pressure contour for the 
non-ducted wind rotor is presented. The velocity con-
tours show that velocity in the inlet duct equal 10 m/s, 
it increases gradually until the turbine entry as shown 
in Figure 14. This speed increase with rotation speed of 

Figure 9.  Flow velocity in the convergent model of inlet angle 20°.

Figure 7.  Pressure drop along the convergent duct.
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Figure 10.  Flow velocity in the convergent model of inlet angle 30°.

Figure 11.  Flow velocity in the convergent model of inlet angle 40°.
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Figure 12.  Velocity distribution in the non-ducted vertical axis wind turbine.

Figure 13.  Variation of pressure in non-ducted vertical axis wind turbine.
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Figure 14.  Flow velocity in the convergent model of inlet angle 40°.

Figure 15.  Pressure contour across the convergent duct of inlet angle of 40.
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the turbine Figure 15 shows the pressure in the duct is 
gradually decreased toward the throttle. Figure 16 shows 
CP curves against TSR while the angle is open of the 
convergent duct (φ) are change at (10° - 40°). The results 
obtained that the higher φ generates higher output power 
coefficient over a wider range of TSR. Figures 17 and 18 
show the variation of power coefficients of tip speed ratio 
of non-ducted and ducted wind turbine this show a little 
difference in the power coefficient value between analyti-
cal and numerical solution.

Figure 16.  Power coefficient with TSR.

Figure 17.  Power coefficient with TSR.

6.  Conclusions
Developments of this study are carried out to increase the 
wind power productivity. In this paper, a convergent duct 
with different converging angles is considered. It was con-
cluded that, increasing the angle of convergence lead to 
enhance the productivity and efficiency of wind turbine 

Figure 18.  Power coefficient with TSR.
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for the reason that of the dependency of power on the 
cubic wind speed Ducting system guide to power aug-
mentation. The power coefficient enhanced for the con-
vergent duct with opening angle of 40° by 28.571%. This 
privilege assist installing wind turbine system in converg-
ing gates of buildings and in manufactured adapted ducts 
and consequently alleviating the use of ducted axis wind 
turbine systems in low wind speed regimes like Iraq. Also 
from VAWT analysis, the influence of design parameters 
on the power factor was achieved. Blades number effect 
shows that when the blade number increases with power 
coefficient, and it is noticed that the power coefficient is 
increased with rotor radius.
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