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Notations

Variables and functions

S2 – area of the propeller disc;
SF – area at the actuator disc;
T – total thrust;
TD – ducted thrust;
TDP – ducted propeller thrust;
V1 – velocity at the actuator disc;
V4 – far wake velocity;
Δp – static pressure rise;
ρ – air density;
σ – duct diffusion ratio.

Abbreviations

AM – additive manufacturing;
CAD – computer aided design;
CFD – computational fluid dynamics;
DP – ducted propeller;
FEM – finite element method;
NACA – National Advisory Committee for Aeronautics.

1.	Introduction

Consistent efforts to find efficient propulsion systems are 
resulting in major changes in the aeromodeling ecosys-
tem. Ducted propellers, commonly called electric ducted 
fans, are popular propulsion systems in the aeromodeling 
world and are usually applied to relatively small aerial ve-
hicles or drones (Nugroho et al., 2018; Sharman, 2011; To-
guchi et al., 2016; Zhang & Barakos, 2020).

Thrust generation from electric propulsion systems has 
become a topic of interest for addressing the need for 
exploration and transportation (Moeckel, 1963; Weintraub 
et al., 2022). Using computational fluid dynamics (CFD) as 
a simulation tool provides a way to achieve faster pro-
duction of high-technology products at relatively lower 
costs than conventional trial‒error processes do (Akturk & 
Camci, 2012; Karpuk et al., 2022; Versteeg & Malalasekera, 
2007). However, the generation of thrust and energy pro-
pulsion is challenging because a ducted propeller is an 
extremely complicated system due to its many elements 
(Drela & Youngren, 2005; Harada, 2018; Seitz, 2012). There-
fore, a meticulous process is needed to engineer DPs into 
more effective products and systems.
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Comprehensive studies have been reported regard-
ing the design of DPs for generating thrusts (Geldenhuys, 
2015; Urban et al., 2023; Zhang, 2022). Recently, significant 
progress has been made in the design of DP systems with 
higher energy and velocity impacts. Several design and 
manufacturing methods, such as CAD, FEM, CFD, and AM, 
have been successfully integrated to construct systems 
(Ganesan et  al., 2022; Iljaszewicz et  al., 2020; van Rooij, 
2019). Moreover, the number of articles related to these 
topics has significantly increased to follow the frontier of 
the electric and digital technology era. Several software 
and CAD applications, e.g., Catia, Ansys, Abaqus, and 
Solidworks, can be utilized to build the DP into a more 
powerful system (SolidWorks, n.d.).

Brusell et al. (2017) and Dzulfikar et al. (2022) conduct-
ed tests to evaluate the thrust force of electric ducted fans 
via experimental methods. Experimental testing (Stosiak 
et al., 2018) is carried out to determine the flow of liquid 
through a pipe system via experimentation, analysis, and 
the finite volume element method of numerical modeling. 
Jiang et al. (2022) conducted experiments and simulation 
tests via Ansys CFX with the addition of outlets to deepen 
and recognize undected and ducted propeller character-
istics. The literature (Fan et al., 2020; Goudswaard, 2021; 
Muehlebach & D’Andrea, 2017; Zhang, 2022) provides an 
understanding of DP configurations and their aerodynamic 
performance. However, this paper focused on the interplay 
between the geometry and number of blades in the DP 

system from a simulation overview. Owing to SolidWorks, 
easy-to-use and broad tools for supporting solid and fluid 
modeling exist. Notably, the role of airfoil selection and 
the number of blades and their relationship with their 
thrust generation in the DP system are discussed.

This study aims to describe the impact and interplay 
between various airfoil geometries and blade quantities of 
ducted propeller systems on thrust generation. A simula-
tion method incorporating rotational speed variation was 
selected, followed by validation of the results through ex-
perimental data and numeric-analytical findings from oth-
er studies. The thrust-generating features and fluid flow 
properties are studied in depth, with a special emphasis 
on the geometry interplay. The thrust generating system 
from ducted propeller shown in Figure 1.

2.	Ducted propeller performance 
identification method

2.1. Geometry and number of blade models
The propeller design stage is carried out first before the 
simulation process. 

The modelling flowchart is schematically shown in Fig-
ure 2. The various blade profiles used are the Bergey BW 
series and the NACA 7 series. The blade designs with vari-
ous profiles are shown in Figure 3, which shows the Bergey 
blade, the NACA blade, and the DP system.

Figure 1. The airflow passes through the channeled 
propulsion system (source: Weintraub, 2024)

Figure 2. Modeling flowchart (source: created by authors)

(a) (b) (c)

Figure 3. Variation in the geometry and number of blades: (a) – NACA 7 series with 8 blades; (b) – Bergey 
BW series with 13 blades; and (c) – the ducted propeller system (source: created by authors)
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The NACA 7-series airfoil section has a greater prob-
ability of laminar flow at the lower surface than at the up-
per surface (Hassen, 2021; Liu, 2021; Panigrahi & Mishra, 
2014). This section provides a low throw moment coef-
ficient while maintaining a suitably high design lift coef-
ficient at the cost of some reduction in the maximum lift 
and critical Mach number. This blade has a thickness ratio 
of 15% (Abbott & Doenhoff, 1959).

The Bergey BW series is known for the cambered thin 
airfoil with 5% t/c (Giguère & Selig, 1997; Pope, 1951; 
Selig, 2003).

2.2. Computational fluid dynamic simulation
Computational fluid dynamics is a method that employs 
computational technology or computer-based simulation 
to analyze airflow circulation phenomena (Versteeg & 
Malalasekera, 2007). Computational fluid dynamics (CFD) 
is a subfield of fluid mechanics that employs numerical 
methods and algorithms to solve problems and identify 
solutions in both industrial and nonindustrial applications, 
such as rotorcraft aerodynamics (Zhang et al., 2022). The 
three approaches that can be employed to address engi-
neering problems are analytical, experimental, and numeri-
cal simulations (Schäfer, 2006; Stosiak et al., 2018).

After completion of the blade design process, the next 
step involves the assembly of the blade with other DP 
components to form a complete DP. The simulation meth-
od is conducted via SOLIDWORKS 2021 software, specifi-
cally for external flow simulation. This repeated method 
provides a dataset on axial flow, pressure, and thrust.

This research involves modifying the propeller by ad-
justing the geometry and number of blades, which is then 
executed with SolidWorks simulations of fluid dynamics to 
determine thrust generation. Then, a wind tunnel model is 
developed for setting the boundary conditions. With di-
mensions of 200 × 200 mm, the samples were extruded 
to 600 mm with a thickness of 2 mm, the inlet and outlet 
sides were covered with extruded boss 2 mm thick, and 
the merge result feature was turned off. The final outcome 
is depicted in Figure 4. The next step is to assemble the 
duct housing, propeller, front cone, and wind tunnel so 
that it looks like in Figure 5.

In this study, several stages of the simulation process 
were carried out:

1.	Preprocessing
a.	Domain Computing (Field)
In the computational field, a solid area (ducted prop.) 

and a fluid area (air). Figure 4 illustrates the 3-dimensional 
space geometry in which the computational field is con-
ditioned as a wind tunnel replacement simulation model.

b.	Meshing (Field Arrangement)
After the ducted propeller (DP) geometry is drawn and 

the computational domain is formed, the next process is 

(a) (b)

Figure 5. Meshing system: (a) – global mesh and (b) – cut plot 2D mesh (source: created by authors)

Figure 4. Simulation procedure (source: created by authors)



186 M. Dzulfikar et al. The interplay between geometry and numbers of blade in ducted propeller systems

meshing, which can be seen in Figure 5 via SolidWorks 
meshing software. The blue color indicates a refinement 
level of 0, which corresponds to the largest rectangular 
area. In the green color, refinement level 1 has a more 
detailed meshing of four squares from level 0. The greatest 
detail of the meshing area is shown in red. It has approxi-
mately 16 squares compared with level 0.

c.	 Boundary condition
After meshing, the boundary conditions are set as fol-

lows: inlet (front DP), outlet (rear DP), symmetry 1 (top and 
bottom of the DP), and symmetry 2 (right and left DP).

2.	Processing
At this stage, several parameters are set according to 

the simulation needs, namely, the fluid airflow around the 
prop that is channeled, as shown in Table 1.

Table 1. Simulation parameters

Parameter Simulation Value

Unit System 80 mm Inner diameter
Angular velocity 50k Rotation per minutes
Analysis type Internal
Physical features Rotational
Fluids Air with density of 1.225 kg/m3
Flow characteristics Laminar & turbulent
wall conditions -Roughness 0 micrometer
Pressure 101325 Pascal

3.	Postprocessing
a.	Numerical data
The simulation is performed by changing the fluid flow 

to the other variants, and the data that can be taken are 
Vx, P, and FT. The parameter unit system of the ducted 
propeller used in this study is shown in Table 2.

Table 2. Simulation object

Parameter
Unit System

Airfoil

NACA 7 series Bergey BW

Duct Inner Diameter (mm) 81
Tip Diameter (mm) 80
Hub Diameter (mm) 35
Number of Blades 5, 8, 13, 18, 21
Rotational Speeds (rpm) 40000, 45000, 50000

b.	Picture data
In addition to obtaining numerical data, we can also 

obtain image or contour data with color gradations ob-
tained in the postprocessing step.

3.	Numerical analysis

The experiments were implemented within the SolidWorks 
environment. For each variation, the DP simulations were 
conducted twice. Entering the same parameters ensures 
that the geometry and other data remain unchanged. 

Hence, the following data are collected. Table 3 below 
shows that the data can be converted into a curve, as 
shown in Figure 6.

Table 3. Selective results

Propeller Type T (N) ω (rpm) ratio T: ω in rad/s

B-13 26.9 50000 0.20
B-5 23 50000 0.17
B-5 19.4 45000 0.16
N-21 15.9 45000 0.13
N-8 16.7 40000 0.16
N-21 12.6 40000 0.12

3.1. Effect of the number of blades and 
propeller airfoil geometry
The curve in Figure 6 illustrates that the thrust force gen-
erated by the DP from each variant of the propeller type 
continues to rise as the rotation of the DP electric mo-
tor (rotations per minute) increases. The thrust force of 
the N-21 ducted propeller with a 40000 rpm variation was 
12.6 N, which increased by 26% to 15.9 N at 45000 rpm. 
The thrust force in the B-5 system was 19.4 N at 45000 rpm 
and increased by 19% to 23 N at 50000 rpm. The thrust-
to-angular velocity ratio subsequently varied between 0.12 
and 0.20.

In Figure 6, the NACA and Bergey ducted propellers 
that were tested are illustrated. The NACA DP achieves 
its optimal performance in the 8-blade variant, where the 
thrust values increase from 16.7 N to 22.6 N for a 20% in-
crease in motor speed (40,000 rpm vs. 50,000 rpm). More-
over, the best Bergey blade variant was achieved with a 
total of 13 blades. Motor rotation at 40k rpm and 50k rpm 
resulted in an increase in thrust from 21.7 N to 26.9 N.

Conversely, the Bergey airfoil was the optimal set-
ting geometry for the maximum angular velocity angle of 
view in the case of an 8-blade propeller. Nevertheless, the 
NACA 7 series is equipped with a sturdier blade that is ca-
pable of operating within the 80% angular velocity range 
of the motor drive.

Figure 6. The effect of the interplay between the geometry 
and number of blades on the thrust generated by a ducted 
propeller system (source: created by authors)
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3.2. The effect of interactions on airflow 
simulation
The fluid flow phenomenon through the ducted propel-
ler was determined through a SolidWorks simulation. Two 
varieties of blades were chosen to show the fundamental 
differences between the samples: NACA series 7, with a 
thickness ratio of 15%, and Bergey, with a thickness ratio 
of 5%.

Different thrusts were measured during the motor’s 
rotation at 40000 and 50000 rpm. To understand the im-
pact of the rotational speed and the interaction of various 
blade geometries and numbers on the aerodynamic per-
formance, the angular velocity was considered a variable. 
The flow patterns of types B-13, with a speed of 50k rpm, 
and N-21, with a speed of 40k rpm, exhibit the greatest 
disparity in thrust values. The flow simulation in Solid-
Works was employed to generate the thrust force. The 
sample datasheet was created by compiling the derived 
flow trajectories, pressures, and velocities and subsequent-
ly conducting feature extraction.

Figure 7 sequentially shows the distribution of airflow 
around the DP with a variation in the number of Bergey 
13 blades. The air density through B-13 results in a ta-
pered and dense flow shape. The thin blade character of 
Bergey, with its curvature, allows the wind to pass easily 
at high speed. The wind speed at the outermost side of 

Figure 7. Airflow on B-13 was conducted at 50000 rpm (source: created by authors)

the blades, as it passes through the shrouded fan, ranges 
between 49.7 and 80.6 m/s.

Figure 8 sequentially shows the distribution of airflow 
around the DP with variations in the NACA 21 blades. The 
sweep area of the N-21 fan, which is arranged with 21 
blades, looks very tight. The 15% thickness ratio of the 
NACA 7 series blades creates a stretching phenomenon in 
the airflow. The shape of the flow when exiting the ducted 
propeller is similar to a hollow vortex with a wide diameter. 
The wind speed at the tip of the inner blade is 33–61 m/s.

Figures 9 and 10 show the pressure contour plot at the 
surface of the ducted propeller in the cut plot region. The 
findings reveal the various phenomena associated with 
flow simulation. The color in Figure 9 is characterized by a 
bluish–green hue and can be interpreted as the pressure 
distribution at the wind entry face, which is between 95 
and 100 kPa. Then, the pressure increases to approximate-
ly 100–105 kPa at the blade tip region inside the sheath.

In Figure 10, 13 Bergey-type blades rotate at a speed 
of 50 krpm. The result is pressure variation in the area 
of the ducted propeller face and the inner blade tip. The 
pressure increased from light blue (91 kPa) to bright yel-
low (108 kPa). The predominance of bright colors indicates 
high compression pressure through the ducted propeller 
blades. This shows the effectiveness of the thin and con-
cave blades in sucking in the wind.

Figure 8. Airflow on the N-21 duct Prop at 40000 rpm (source: created by authors)
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4.	Discussion

There has been substantial progress in the development 
of mathematical simulation technology and computational 
fluid dynamics. Anderson and Bowden (2022) presented a 
new theory of flight. Researchers have discovered that the 
actual flow (turbulent) can be computed and understood 
following the Kutta condition, potential flow, elegance, 
and 3D rotational slip separation.

Then, Voogd (2020) proposed a new experimental in-
vestigation method for the ingestion of boundary layers 
in integrated propulsion systems. This method identified 
a relatively new definition of propelling efficacy. Fan et al. 
(2020) conducted a parametric analysis of a ducted fan 
rotor via a free-form method. They discovered that the ef-
ficiency and pressure ratio are enhanced by the blade twist 
and sweep through computation. Harada et al. developed 
a ducted fan optimal design program, OptDuct (Masashi, 
2022). They calculated the configuration of the “ducted 
propeller” with the highest efficiency.

In this work, the emphasis is on the interaction be-
tween the geometry and number of blades in the ducted 
propeller aerodynamic performance. Geometry and num-
ber of blades associated with the aerodynamic perfor-
mance of the ducted propeller. The CFD analysis and static 
test bench results revealed that the propeller’s angular 
speed can be engineered to be 50% of the real constraint. 
More studies were implemented with blade specifications 
from the NACA 65 series (Kriebel & Mendenhall, 1964; Ryu 
et al., 2017; van Rooij, 2019).

Bergey airfoils are thin and curved blades. Airflows 
faster at the curved part of the blade and rotates faster to 
increase its energy.

The optimization results of the propeller suggested 
that the airfoil Bergey of the blade increased gradually as 
the number of blades increased. This result was dissimilar 
from that of the NACA blade; from the CFD simulation, a 
blade number of 8 had the best performance at every an-
gular speed. The addition of blade number for the NACA 
airfoil decreases the resultant thrust from 10% to 25% 
lower than the optimum design, as shown in Figure 6.

From a numerical point of view, the ratio of thrust to 
omega varies from 0.12 to 0.20 for different geometries, 
and the number of blades for similar angular velocities is 
displayed in Table 3.

Figure 9. Pressure gradient in N-21 channel buffer at 
40000 rpm (source: created by authors)

Figure 10. Pressure gradient at the B-13 duct support at 
a speed of 50000 rpm (source: created by authors)

An early study (Jiang et al., 2022; Masashi, 2022; Wein-
traub et al., 2022) that evaluated a duct fan lifting system 
revealed that the aerodynamic effect of the duct on the 
fan was quantified via momentum theory. Equations (1) 
from the Jiang model and (2) from the Masashi model, as 
shown in Figure 11, were used to calculate and validate 
the thrust of the ducted propeller.

( ) 2
2 2 4DP DT S p T S V= Δ + = ρσ ;	 (1)

2
1FT S V= ρ ,	 (2)

where ρ is the air density, SF and S2 are the areas of the 
propeller disc, σ is the duct diffusion ratio, V1 is the ve-
locity at the actuator disc and V4 is the far-wake velocity.

The ducted propeller thrust obtained from numerical 
analysis was validated via experimental data generated 
from (Dzulfikar et al., 2022). Interplay between the geom-
etry and number of blades, indicating three samples: the 
FMS airfoil model with 12 blades, the NACA 7 series with 
8 blades, and the Bergey model with 13 blades. For the 
40000 rotational speed of the blades, the numerical results 
agreed well with the experimental results according to the 
present model. The more the propeller rotates, the greater 
the thrust force produced. At the experimental side, it be-
comes steeper than from the numerical point of view, as 
shown in Figure 12.

The aforementioned results confirmed the extensive 
potential of SolidWorks flow simulation. After the data and 
knowledge obtained in the ducted propeller geometry op-
timization study in this paper, several challenges need to 
be evaluated and investigated. These challenges include 

Figure 11. Ducted propeller system free body diagram 
(source: Masashi, 2022)
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Figure 12. Comparison and validation of the thrust 
generated by the Ducted Propeller from numerical 
simulations (N 8 and B 13) and the experimental setup  
(FMS 12)

the comprehensive scope of parametric systems, various 
numerical simulations and mathematical backgrounds, 
material and vibration mechanics, and the application of 
ducted propellers on rotorcraft or UAVs (Zhang et al., 2022; 
Zhang & Barakos, 2020).

5.	Conclusions

In this SolidWorks simulation, the aerodynamic perfor-
mance of the ducted propeller system was clarified. The 
interplay between geometry and numbers of blade in 
ducted propeller system has been investigated. Two types 
of blades were evaluated: Bergey BW series and NACA 7 
series. Blade geometry was found to be impactful for the 
ducted propeller systems at certain number of blade. The 
Bergey DP has a higher thrust generation than that for 
NACA DP systems. This is because the airflow from Bergey 
DP is better than that of NACA DP systems. Therefore, a 
model of proper ducted propeller systems is needed to 
generating thrust. The model has been simulated on the 
SolidWorks and results show that the DP systems simu-
lates the change of the thrust generation quite accurately. 
The real actuator disk area between the hub and the duct 
is a key factor that impacts the interplay between geom-
etry and numbers of blade in ducted propeller systems.

The final conclusion is that a great deal of research 
on modelling and simulation of ducted propeller systems 
have been made, but there is still a need for further re-
search. A future research objective is to study the dynamic 
interaction between ducted propeller parts and the total 
propulsion system of aircraft in detail.
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