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In the present study, the aerodynamic performance of the ducted fan is investigated using 
the surface vorticity method and the lifting line theory. In the previous researches, to investigate 
most of the duct parameters, the empirical tests and/ or the computational fluid dynamics 
simulation approaches are applied. Our goal is to present a new method for considering the 
effects of the duct on the fan enclosed in a duct. In this method, the lift and drag coefficients 
are the only input parameters. The present method requires considerably less computational 
time than the CFD methods. Also, the aerodynamic optimization of the fan blades geometry has 
been carried out using particle swarm optimization method (PSO) to achieve the optimum blade 
geometry and the maximum output power. The results of this method are in excellent agreement 
with the experimental data in references. By optimizing the geometry of the blade, the output 
power of the ducted fan is increased 10 percentages in comparison to the ducted fan with old 
blade geometry.  
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Nomenclature 

A : Cross sectional area (m2) 
B : Number of blades (-) 
c : Blade chord (m) 
𝑐  : Sectional drag coefficient (-) 
𝑐  : Sectional lift coefficient (-) 
K : Coupling Coefficient (-) 
p : Pressure (N.m-2) 
Greek letters 
 : Angle of attack (rad) 
 : Viscosity (Pa. s) 
 : Vorticity strength per unit length (m.s-1) 
ρ : Density (kg.m-3) 
 : Angle of relative wind (rad) 
 : Local Rotational Speed (rad.s-1) 
 : Rotor rotational speed (rad.s-1) 
 : Vorticity strength (m2.s-1) 
 : Source strength (m.s-1) 
Subscripts 
duct : Applied on duct 
hub : Applied on hub 

 
1. Lecturer 
 
 

ind : Induced 
m : Location m 
n : Location n  
te : Trailing edge 

       : Free stream 
Superscripts 
1- * : Dimensionless 

2- --- : Temporal average 

Introduction1234 

At the ducted or shrouded propeller, the duct 
increases the inlet velocity of wind on the blade 
and the rotor converts power into thrust by rotating 
the blades around a shaft. The blades should be 
modified by considering the flow interactions, due 
to the effect of the duct on the flow field. Besides, 
the shape of the duct is one of the important items 
which contribute to the efficiency of ducted fans. 
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It is usually axisymmetric with an airfoil cross-
section. This type of duct can provide additional 
thrust. The investigations in the propeller field, 
showed the possibility of increasing efficiency of 
wind power using the duct which surrounding the 
blades. Shrouded fans are useful technologies that 
have higher efficiency compared to conventional 
fans. Also, using a ducted fan is economical for 
small and large applications. The field of 
ducted/shrouded propeller was developed during 
the attempts of researchers to improve the 
performance of propellers [1]. 
It has been proven that using duct around 
propellers can exceed the Betz limit [2]. The 
ducted fan has more benefits in comparison with 
bare fans including enhanced air mass flow rate [2-
4], lower fluctuating blade loads [2], less noise 
[2,5], lower cut-in wind speeds [6], less sensitivity 
to turbulence [6], better resistance to fatigue [6], 
higher possible rotational speed [7], and reduction 
in tip losses [8]. 
Ludwig Kort patented the first form of ducted fan 
in 1924. He used the rotor in a long duct for marine 
applications. Later, because of the disadvantages 
of using long channel such as frictional resistance, 
nozzle shaped ducts were replaced. Stipa and Kort 
have investigated the effect of the presence of a 
nozzle on the efficiency of ducted propellers [9, 
10]. They found that ducting the fan increases the 
efficiency of the fan.  
Although, for many decades, the design and 
analysis of ducted fans were mainly investigated 
experimentally [11-15], several numerical and 
analytical methods have also been developed since 
1940 [16, 17]. Most of these works were generally 
based on the combination of the velocity field 
induced by the duct and rotor. 
Kruger investigated different ducted fan 
configurations, including fifteen different duct 
cross-sections and two types of fans [18]. He 
observed the advantages of the ducted fan 
compared to a free propeller and also illustrated 
experimentally that the wake diameter behind the 
rotor of a ducted fan is a function of the duct 
geometry and not the fan. 
Ko et al. developed a numerical code, for the 
purpose of the initial design of a ducted fan [19]. 
They concluded that the results of their code were 
in good agreement with other experimental data. 
Zhao and Bil numerically investigated ducted fan 
UAV using computational fluid dynamics to 
develop an aerodynamic model based on various 
speeds and angles of attack [20]. 

Abrego and Bulaga carried out an experimental 
test to study the flow characteristics and to 
investigate the influence of the flap chord length 
on the performance of ducted fans [21].  
Ahn and Lee, based on their numerical 
investigations, identified the effective parameters 
which influence the design process and 
performance analysis of the ducted fan [22]. They 
used stream surface axisymmetric analysis to 
consider physical characteristics and to propose 
the design method of the ducted fan. 
Besides these studies, various inviscid methods 
have been used to analyze different types of ducted 
fans. Kerwin et al. introduced a new method to 
evaluate the performance of the ducted propeller 
by combining a panel method with a vortex lattice 
method [23]. In this study, the influence of the 
panel arrangement and tip clearance was 
investigated. Following this work, Hughes also 
applied a panel method to a ducted propeller to 
assess the effect of tip clearance on the efficiency 
of a propeller enclosed in a duct [24]. 
By comparing the results of a panel method with 
the experimental works and also RANS 
simulations, it can be concluded that by 
considering the viscous effects, this method has 
acceptable accuracy in analyzing the ducted fans 
[25, 26]. 
Lind et al. [27] numerically investigated a ducted 
fan using a panel method, and their results were in 
good agreement with the experimental 
investigation of Martin and Tung [28]. Graf et al. 
[29] improved the ducted fan performance with a 
new design of leading-edge geometry. They 
considered the effects of the adverse aerodynamic 
characteristics in the design procedure. He and Xin 
[30] developed ducted fan models using an 
unsteady ring-vortex method and the blade 
element theory for the duct and the fan, 
respectively. 
Both linearized and non-linear actuator disk 
methods are the oldest methods used in the field of 
bare and ducted fans [31-33]. There are some 
examples of using the actuator disk method to 
analyze ducted propellers [34-37]. 
Although many analytical models have been 
developed to describe the performance of the 
ducted fan, all of these models require some 
parameters which arise from experimental tests or 
computational fluid dynamic (CFD) simulations to 
consider the effects of the duct on the fan [36-39]. 
The present method with a considerable reduction 
in computational costs requires only lift and drag 
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coefficient as an input of the proposed method. In 
addition, this method is combined with the Particle 
Swarm Optimization (PSO) method to improve the 
output performance of the ducted fan. In other 
words, the presented method designs the best 
shape of blades for any considered duct and in any 
conditions. Reducing the computational costs and 
also considering the effects of the duct on the rotor 
and its performance using the vorticity method are 
the innovations of this work. 

Methodology 

Potential flow around simple two-dimensional 
objects, such as a "Rankine" body, an ellipse, 
Joukowski airfoils, etc., can be obtained by 
superposition of uniform flow, sources, sinks, and 
doublets, or through the conformal mapping. 
However, in practical applications, it is often 
necessary to simulate the flow around the bodies 
which have complicated configurations. 
In the present study, the surface vorticity 
distribution technique has been used to represent 
both the duct and the hub. This portion of the 
theory has been developed from similar two-
dimensional theories which have been proved to be 
successful for other applications. The present 
method makes use of the established lifting line 
theory for the rotor. Furthermore, some 
modifications have been made to allow for its 
combination with the duct theory. 
In this method, vortex sheets are used to define the 
duct shape and to consider the flow changes across 
the fan disk. A potential flow method can be used 
to describe the flow of a ducted fan. According to 
the Betz model, by assuming the uniform changes 
in pressure across the fan disk, both regions of the 
flow have a potential function [40]. Lewis used 
vortex methods to analyze lifting airfoils problems 
[41]. 

Surface vorticity method 

The surface vorticity method is the most direct 
model  for the numerical investigation of the 
potential flow about bodies. This method, is 
initially proposed by Martensen [42] and then 
extensively used by Lewis [41, 43]. According to 
this method, the surface of the body is replaced by 
a finite number of vorticity sheets. 
The axisymmetric induced velocity at a point 𝑚 
due to a small vorticity element of vortex filament 

𝐿  of strength Г  at a point 𝑛 with a radial distance 

mnr is obtained from the Biot-Savart law . 

34

dl rn n mndq
rmn

 
  (1) 

The velocity of the flow on and parallel to the 
surface is zero at m (Dirichlet boundary). By 
considering this boundary condition: 
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Decomposing the induced velocity  q into its 

components yields the following: 

 
Fig. 1. Vortex Ring in axisymmetric surface vorticity 

method [41] 
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Boundary layer 

The concept of the boundary layer developed by 
Prandtl in 1904 provides an essential link between 
the ideal and the real fluid flow [44]. 
According to the fluid viscosity, in all real flows, 
a boundary layer is created adjacent to the surface 
of the body. In this procedure, in order to consider 
the effects of the boundary layer, the surface of the 
body is covered with numerous vortices. In this 
layer, sufficient number of vortices are applied to 
reduce the fluid velocity from a certain value 
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outside the shear layer to zero at the surface of the 
body. 
If Reynolds number approaches infinity and 
viscosity approaches zero, the viscous diffusion of 
normal on the body surface would also reduce and 
as a consequence, the boundary layer would 
become infinitely thin. In practice, the boundary 
layer can thus be represented by an infinitely thin 
vorticity sheet with a velocity discontinuity across 
it. The velocity distribution can be obtained, using 
the body surface vorticity (Fig. 2). 
The total circulation of the vorticity element 
around abcd can be defined as, 

𝑣 − 𝑣 𝑑𝑠 = 𝛾(𝑠)𝑑𝑠  
Where 𝑣  and 𝑣  are the fluid velocities parallel 
to the surface just outside and inside the vortex 
sheet, respectively. Because of the viscous forces 
in the boundary layer, the no-slip condition is 
applied to satisfy the zero velocity on the body 
surface (𝑣 = 0). If the turbulence of the boundary 
layer and the flow separation, which may occur at 
high Reynolds numbers, were neglected, it can be 
considered in the proposed theory as an irrotational 
potential flow. Therefore, it can be concluded that 
the vorticity model could effectively simulate the 
physics of a real fully attached high Reynolds 
number flow. 

 

Fig. 2. Boundary layer and vortex equivalent [45] 

The coupling coefficient linking elements m and n 
then becomes: 

 , cos sinvmn mnK s s um n m m   (4) 

In this equation, m is the body profile slope. 

 arctan dr dxm   (5) 
By representing the body with M vortex rings, the 
potential flow is obtained by: 

   
1

, cos
M
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Where  

   , ,m n m n nK s s K s s s   (7) 

And  n ns s   is the surface vorticity element. 

The self-induced coupling coefficient is also 
obtained from: 
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Where mR and mr are the two radius of curvatures 

possessed by a ring vorticity element in the  x,r

and  r,θ plane, respectively. Then the induced 

velocities can be calculated as follows: 
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In these equations,  K k and  E k are the first 

and the second kind elliptic integrals and: 
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For computational analysis, Eq. (6) becomes a set 
of linear equations: 
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To obtain a non-singular matrix and the correct 
answer, the following corrections should be 
applied to the above set of equations:  
To determine the magnitude of the circulation 
around the body, the Kutta condition should be 
applied on the sharp edge. This condition states 
that the velocity is finite because the trailing-edge 

angle is finite (    1s ste te    ) [46].  

The self-induction for airfoil curvature 

(  , 0m nk s s  ). 

A back diagonal correction is another important 
correction which needs to be applied on Eq. (11) to 

obtain a non-singular matrix (   0s sm m   ). 
From the vorticity distribution around the diffuser, 
the pressure coefficient is obtained by: 

  2

1
1 2
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Lifting line theory  

The Lifting line theory is used to model the rotor 
and wake of a fan. In other words, the fan blades 
are replaced by lifting lines and trailing edge 
vortices that shed along the blade span. Helmholtz 
was the first to make use of the vortex filament 
concept in the analysis of inviscid incompressible 
flow. Helmholtz's vortex theorem state that the 
vortex filament cannot end in a fluid; it must 
extend to the boundaries of the fluid or form a 
closed path (Fig. 4). According to this theory, the 
wake is assumed to extend 8 rotor diameters 
downstream of the rotor. After this, it is assumed 
that the wake influence is negligible. This is to 
approximate the rotor wake extending to infinity 
downstream of the rotor.  

 
Fig. 3. Lifting line theory 

The vortex in Fig.4 is in the shape of horseshoe, 
and is also called a horseshoe vortex. 
 

 
Fig. 4. Vortex distribution 

The current method tries to calculate the effect of 
the duct on the flow field as well as the effect of 
the rotor on the flow.  The method is programmed 
in MATLAB software, and the pseudo-code of the 
implemented method is shown in Fig. 5. In this 
method, the duct, the hub and rotor geometry, and 
the operating conditions, including the free stream 
velocity, the rotor RPM, the global pitch angle, and 

the air density are the inputs. The chord and pitch 
angle of the blade  and also the lift and drag 
coefficients are the other input parameters. Using 
the XFOIL program, the sectional lift and drag 
coefficients are obtained. 

 
Fig. 5. Pseudo code of proposed method 

Effects of duct, hub and rotor on the incoming 
flow are the most important part in analyzing 
a ducted fan. The duct and hub influence on 
the flow is calculated using the axisymmetric 
surface vorticity method. The rotor is then 
modeled using a blade lifting line theory. 
The geometry is approximated by linear panel 
elements to calculate the body influence 
coefficients. The length of these panels is 
calculated by: 

   2 2
1 1s x x y yn n nn n       (13) 

Where, the profile slope is: 
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Using Eq. (7), the coupling coefficients are 
then calculated. The wake is approximated to 
the duct and hub geometry with the initial 
vortex strength of zero. Then the wake 
influence is assumed neglected to approximate 
the rotor wake extending to the infinity 
downstream of the rotor. The velocity 
distribution at the rotor plane is obtained using 
the coupling coefficients of the duct, the hub, 
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and the wake. These induced velocities are 
then used to determine the circulation for each 
blade segment. After this, the strengths of the 
sectional blade shed vortices can be calculated 
using the circulation of the blade sections. The 
wake and rotor effects are then updated and 
the velocity at the rotor plane can also be 
updated using newly updated surface vorticity 
strengths. This iterative process continues 
until the surface vorticity strengths converge 
within a reasonable tolerance. 
The effect of the blade drag can also be taken 
into account by considering the blade as a 
source sheet. Finally, the potential flow system 
of equations about the axisymmetric geometry 
is given as follows: 

 

 

      

   1 1
     .     .

      .     .

     .     .

s rhs
K KHubHub HubDuct

K Kwake wake blade blade

K K DuctDuctDuctHub rhss MM



 



                                  

(15) 

Where blade is the strength of the blade 

source sheet. The total axial velocity at the 
rotor plane which consists of free stream 
velocity and the induced velocities is then 
calculated by: 

, ,rotor ind DuctHub ind vortexU U U U    (16) 

The elemental axial force of a rotor with B 
blades is then given by: 

 1 2 cos sin
2

dF B U c c cdrrel l d     (17) 

The elemental torque is also given by: 

 1 2 sin cos
2

dQ B U c c crdrrel l d     (18) 

The output power of the system is then 
calculated as follows: 

Duct

Hub

R

R

P dQ   (19) 

Where  is the rotor angular velocity. 

 

 

Optimazation 

 
An Optimization is the decision processes which 
choose the best decision between various 
alternatives. An optimum fan is one of the main 
goals of the fan design. The power output of a fan 
is directly influenced by its aerodynamic 
performance. The aerodynamic optimization of the 
blade depends on geometric optimization since the 
various shapes of the blade section have different 
aerodynamic forces, and consequently, its 
performance is affected by these different 
geometries. 
Global optimum design can be achieved through 
those methodologies, where each blade analysis 
requires a CFD computation, which can make this 
process computationally expensive, and thus time-
consuming. The high computational costs for these 
approaches have motivated proposals for modified 
algorithms or other alternatives for faster 
methodologies. 
Kennedy and Eberhart developed the Particle 
Swarm Optimization based on swarm intelligence, 
such as population movements of birds in nature 
[47]. This nature-inspired algorithm has the 
random searching ability and has been widely used 
for geometrical optimization. In PSO, each particle 
can be shown by its velocity and position; the 
particles fly through the problem space according 
to the current global best and their own best 
location in history (Fig. 6) [48].  

 
Fig. 6. Schematic of the motion of a particle in PSO 

algorithm 
The movement of a particle in the PSO algorithm 
depends on a stochastic component and a 
deterministic component. In other words, a 
pattern-search-type mutation defines the new 

position of a particle. 
The velocity and the position of each particle are 
obtained from equations (20) and (21), 
respectively [48]. 

 

𝑣 = 𝑤𝑣 + 𝛼𝜀 𝑔∗ − 𝑥

+ 𝛽𝜀 𝑥∗ − 𝑥  
(22) 

𝑥 = 𝑥 + 𝑣  (23) 

𝑥∗ 

𝑔∗ 

𝑥
𝑥  
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Where 𝜀  and 𝜀  are two random vectors and these 
values are also between 0 and 1. The parameters α 
and β are the learning parameters, which are 
approximately equal to two, 𝛼 ≈ 𝛽 ≈ 2. 
Table 1 illustrates the definition of parameters in 
the PSO algorithm. 

Table 1. Definition of parameters in the PSO 
algorithm 

Parameter Definition Parameter Definition 

𝑥  
Previous 
position of 
particle 𝑖 

𝑥  
Current 
position of 
particle 𝑖 

𝑣  
Previous 
velocity of 
particle 𝑖 

𝑣  
Current 
velocity of 
particle 𝑖 

𝑥∗ 
Own best 
location in 
history 

𝑔∗ 
Current 
global best 

𝛼 & 𝛽 
Learning 
parameters 

𝜀  & 𝜀  
Random 
vectors  

𝑤 
Inertia 
weight 

 
 

 
The right-hand side of equation 22 consists of 
three terms: inertia, personal influence, and social 
influence, respectively. Each term has a specific 
influence on the swarm movement of a particle. 
Inertia: Particle moves in the same direction and 
with the same velocity. 
Personal Influence: If the current position is not 
better than the previous one, particle returns to a 
previous position. 
Social Influence: Particle searches to find the best 
neighbor's direction and then tries to follow it. 

𝑤 =
2

2 − 𝜑 − 𝜑 − 4𝜑
 (24) 

In PSO method, many variables can improve this 
optimization algorithm. One of these variables is 
the inertia weight (w) in equation (22), which 
enhances the capacity of exploring solution space 
[49]. The value of this parameter indicates the 
influence rate of the particle velocity of their speed 
in the previous repetition. Bansal et al. have 
collected and examined various functions of some 
references for inertia weight [50]. The reference 
[51] also describes selection of this parameter and 
its effect on the speed of optimization. The low 
value of inertia weight increases local search, and 
its large value increases the search for the entire 
range of solutions. In fact, by choosing the value 
of this quantity, we specify that the focus of the 
search is on local search or global search within 

the defined range. Usually, the massive inertia 
weight is initially used and its value is gradually 
decreased. The value of this parameter is initially 
considered to be between 0.8 and 1.2 [51]. 
The PSO algorithm is combined with the potential 
flow method to achieve the optimum blade 
geometry and the maximum output power (Fig. 8). 
The magnitude of the chord and the twist angle are 
selected as a variable parameter. We can 
geometrically optimize the cross-sections of the 
blade. 

 
Fig. 7. The selected sections to optimization 

The position of the selected sections is the same as 
the position of the primary blade (13 sections). 

Start 
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best location 
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Therefore, each particle in the PSO algorithm is a 
matrix with 13 rows and 2 columns, including the 
magnitude of the chord and the twist angle of the 
blade in different sections (Fig. 8).  

 

Fig. 8. The selected sections to optimization 

This matrix is generated randomly in code, and 
then the output power of generated geometry is 
obtained from the potential flow algorithm (Fig. 
5). At each iteration, the newly obtained output 
power is compared with the old value. This 
procedure continues until the best geometry of 
blade, which has the maximum output power, is 
obtained. 
The upper and lower bonds of the chord and twist 

distributions are presented in Table 2. 
Table 2. Upper and lower bonds of optimization 

process 
Variables Upper bond Lower bond 

Chord 0.1 0.25 

Twist 0 30 

Validation 

The Donqi Urban Ducted Fan is selected to 
validate the current method. As it shows in Fig. 9, 
the DONQI is a diffuser augmented  fan with an 
annular wing as a diffuser. Several experimental 
studies are done in the past with this kind of 
shrouded propeller [5].   

 
Fig. 9: DONQI Ducted Fan [52] 

The pressure difference between the two sides of 
the blade causes the circulation around the wing, 
which leads to the lift force. According to the Biot-
Savart law, this circulation is a reason for an 
increase of the velocity at the throat section of the 
duct. Also, it will be the main reason for increasing 
the efficiency of ducted fans. The main 
characteristics of the DONQI fan are shown in 
table3 [52]. 

Table 3. Specification of the DONQI fan [52] 

Parameter Value 

Maximum power [kW] 2.25 

Cut-in wind speed [m/s] 2.5 
Cut-out wind speed [m/s] 30 
Number of Blades 3 
Airfoils NACA 2207 
Rotor diameter [m] 1.5 
Diffuser diameter [m] 2 

 
The wake mesh dependency test is investigated at 
a wind speed of 7 m/s and 400 RPM (Fig. 10). As 
it is illustrated, the solution converges when the 
number of wake segments is greater than 300. 
Increasing the wake segment past this only 
increases the calculation time without any effects 
on accuracy. Therefore, it is not recommended to 

use more than 300 wake segments in the analysis. 

 
Fig. 10. Wake mesh dependency test 

The surface vorticity method using 64 
elements is applied on NACA 662-015 annular 
airfoil to obtain the surface pressure 
distribution. Fig. 11 shows the numerical 
results of this method in comparison with the 
experimental data given in reference [45]. As 
can be seen, both the numerical and the 
experimental pressure distribution have the 
same trend. Also, solutions are in excellent 
agreement for both lower and upper surfaces. 
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However, for a streamlined body like an 
airfoil, at a small  angle of attack, the flow will 
not separate. Potential flow theory can predict 
such flow field significantly well. 

 

Fig. 11. Numerical and experimental surface pressure 
distribution on NACA 662-015 

Fig. 12 shows the numerical and the 
experimental pressure distributions over the 
suction side and the pressure side of the 
diffuser. The pressure distributions are for a 
case without a rotor. It indicates that both 
graphs have the same trend except for the 
position where the experimental result has a 
sharp peak. The experimental data is obtained 
by Ten Hoopen [53]. In this reference, it is 
mentioned that the installation of a noise 
damper rim which is not fully aligned with the 
surface of the duct caused a peak at 0.3 chords 
in the experimental result. Because of this 
bump, the flow will separate resulting in a 
sudden pressure increase. 

 
Fig. 12. The pressure distributions over the surface of 

the diffuser for a duct without a rotor 

Results and discussions 

One of the main advantages of enclosing fan in the 
duct is increment of velocity at rotor plane. The 
normalized velocities at rotor plane are shown at 
Fig. 13 according to the radial position. There is a 

direct link between the inlet velocity and the 
velocity at rotor plane. The normalized velocity is 
increased along the blade due to the effect of 
angular velocity which has maximum value at the 
tip of blade. The reason to changing the slope of 
the curves for different velocities is the effect of 
annular velocity on the total velocity of rotor. 

 
 
Fig. 13. Normalized velocity at rotor plane of ducted 

fan 
The power curve is created by obtaining the 
maximum power at each velocity for various 
RPMs. Comparison of the calculated and the 
experimental power curve is shown in Fig. 14.  
Results show that this method has more 
accuracy for higher velocity and as it 
is expected, overpredicts the calculated 
power. 
The red graph in Fig. 14 is the aerodynamic 
power of the rotor and not the output electrical 
power by the generator. It does not consist of 
the mechanical and the electrical efficiencies 
of the gearbox and the generator of the fan. 
The mechanical and the electrical efficiencies 
were not explicitly defined for the 
experimental data provided in the related 
reference. 

 
Fig. 14. The power curve of ducted fan 

 However, in the other references, it is 
reported that the typical gearbox efficiencies 
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are on the order of 95 to 98 percent and also 
the efficiency of the generator is typically on 
the order of 90 to 95 percent.  Finally, to 
consider the effect of them in the results, we 
consider a mechanical and electrical 
efficiency of 0.9 [54]. By considering this 
efficiency, the numerical results (blue graph) 
are closer to the experimental data. These 
slight differences between the obtained power 
and the experimental results show the 
accuracy of the model. The accuracy of the 
model in higher velocities is more than lower 
velocities. 
It is mentioned that the global blade pitch is 
possible to vary by +/- 1 degree [52]. To see 
the effect of these sources of error, the power 
curve of a ducted fan for the different global 
pitch angle is indicated in Fig. 15. This figure 
shows that by changing 1 degree in global 
blade pitch, the power can be changed 
considerably. 
Fig. 15 shows that an increase in the blade 
angle will reduce the power output, especially 
at a higher RPM and a reduction in the global 
blade angle will increase the power output. 

 
Fig. 15. The Power curve of the ducted fan for the 
different global pitch angle (9, 10 and 11 degrees) 

To illustrate the effect of placing a duct around 
the fan on the output power, its power curve s 
plotted in Fig. 16. The duct radius is assumed 
to be very large to simulate a bare fan with the 
proposed method. In other words, by 
considering the duct radius to be very large, 
the effect of the duct is ignored. The 
performance of the bare fan is increased by 
approximately 27 percentages with the 
addition of fan. 

 
Fig. 16. The power curve of the ducted fan compared 

to the bare fan 
In addition, the thrust curves which contain the 
maximum thrust at each velocity inlet are 
shown in Fig.17.  

 
Fig. 17. The Thrust of the ducted fan at different inlet 

velocity 
Fig.18 indicates the torque that is produced by 
the ducted fan at different velocities. The 
effect of inlet velocity on the angular velocity 
at the rotor plane could be observed in this 
graph. The torque curve is also reported in this 
figure. 

 
Fig. 18. The Torque of the ducted fan at different inlet 

velocity 
Fig. 19 indicates the chord length distribution 
of the old and the optimized blade. There is a 
noticeable increase in the chord length at the 
root. The optimal blade has a very wide root 
section compared to the old blade. The 
increased root section can cause some 
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limitations for manufacturing the blade, to 
reduce these limitations the design should be 
linearized. 

 
Fig. 19. The chord length of the optimized blade 

compared to the old blade 

The effect of optimization on the chord length 
is obtained as bellow: 

𝑐 ,  

𝑐 ,  
= 1.79 

A bigger chord at the root of the optimal blade 
is the reason of a lower cut-in speed. The lower 
cut-in speed depicts that the wind speed at the 
rotor plane is greater than the free stream wind 
speed.  
Another point is that the axial velocities for the 
old blade in a higher tip speed ratio are lower 
for the optimal blade. This can lead to a lower 
thrust in a lower power coefficient.  
The twisted angle of the old blade and the 
redesigned blade are compared in the Fig .20. 
The magnitude of twist angle for the optimized 
blade is less than the magnitude of twist angle 
for the old blade. Decreasing twisted angle 
causes a change in angle of attack in each 
section of the blade and leads to an increase in 
output power. 

 
Fig. 20. The twisted angle of the optimized blade 

compared to the old blade 

As can be seen in Fig. 21, the output power of 
the ducted fan with the optimal blade is higher 
than the old blade. According to the relation 
between power and velocity, the increase in 
the output power at higher velocities is more 
than the increase in the power in the lower 
velocities. The reported results indicate a ten 
percentages increase in the duct fan output. 

 
Fig. 21. The power curve of the ducted fan with the 

optimal blade and the old blade 

Finally, it should be noted that an important 
key that could be considered is the structural 
analysis in design and optimization of a ducted 
fan. In this study, structural aspects have not 
been considered and only aerodynamic 
optimizations are conducted. 

Conclusion 

In this study, the surface vorticity method 
provides a powerful technique in modeling the 
potential flow around bodies with arbitrary 
shape. Viscous effects are not taken into 
account with the proposed model while having 
a significant role in the analysis of a ducted 
fan. These effects could cause separation from 
the duct and decrease the low-pressure region 
behind the rotor. Thereby, the present method 
is a handy tool for calculating the effects of 
shroud/duct on the performance of the fan, and 
it can be used for pre-designing ducted 
horizontal axis fans. The proposed model 
requires only lift and drag coefficients as input 
parameters. Therefore, the present method 
requires considerably less computational time 
than the CFD method. Also, to improve the 
efficiency of the duct fan, the aerodynamic 
optimization of the fan blade geometry has 
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been carried out using the particle aggregation 
method that is taken from the group movement 
of birds. The length of the chord and the 
twisted angle of the various sections of the 
blade are considered as variable parameters 
and the maximum output power as the 
objective function in 3D optimization of the 
fan. Using the optimized geometry for the fan, 
the reported results indicate a 10% increase in 
the duct fan output. 
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