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ABSTRACT
The high-altitude platform was built as an alternative approach to address the weakness 
of the terrestrial and satellite communication networks.  It can be an aircraft or balloon 
positioned 20 to 50 km above the earth’s atmosphere. The use of the Magnus effect was 
not noticeable in the production of the high-altitude platform, while past research study 
has denoted its aerodynamic performance in generating greater lift and stall angle delay, 
which would be beneficial in creating such a flying device. This research delineates the 
proposed designs using the computational fluid dynamics approach utilizing ANSYS 
WORKBENCH 2019 software. The embedment of the rotating cylinder onto the design 
would best portray the use of the Magnus effect in generating higher lift coefficients with 
probable delay in stall angle. Hereby, the design of embedding rotating cylinder onto Selig 
S1223 aerofoil and the flat plate is proposed to test their aerodynamic performances for 
high altitude platform purposes. Here, Fluent fluid flow analysis was simulated for 500 
RPM and 1000 RPM momentum injection with free stream velocities from 5 m/s to 30 
m/s for different angles of attack of 0 to 20 degrees. The analysis has resulted in a greater 
impact on its lift coefficient and stall angle delay of about 39% and 53% enhancement for 

modified aerofoil while showing 128% and 
204% betterment for modified flat plate 
than their respective unmodified model. 
Therefore, it is perceived that the CyFlaP has 
better stability yet is simplistic in a design 
suitable for HAP application.
Keywords: Computational fluid dynamic, flat plate, 
high altitude platform, rotating cylinder, Selig S1223 
aerofoil
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INTRODUCTION  

The high-altitude platform (HAP) has attracted constant growth of interest internationally 
for the past few years. It is a new concept of infrastructure which can be easily deployed 
to support the current or existing systems. It was built as an alternative approach to address 
the weakness of the terrestrial and satellite communication networks. Simultaneously, the 
existing infrastructure’s restrictions and disadvantages can be devoid of the application 
of HAP. HAP can be an aircraft, balloon, or airship positioned 20 km to 50 km above the 
earth and intended to provide surveillance, terrestrial, and telecommunication services 
(Gultom, 2016). It greatly gives an advantage of the ease of placement, low operating 
costs, low propagation delay, wide elevation angle, wide coverage. Moreover, it can be 
used for broadband services, broadcasts, and disastrous conditions. The HAP is available 
worldwide where several projects have been and are being conducted in the United States, 
Europe, and Asia involving national space agencies such as the National Aeronautics and 
Space Administration (NASA), the European Space Agency (ESA), the German Aerospace 
Center (DLR), the Korea Aerospace Research Institute (KARI), and the Japan Aerospace 
Exploration Agency (JAXA) (Fidler et al., 2010).

Furthermore, HAP is quasi-stationary vehicles that operate in the stratosphere region, 
which falls well above the clouds, civil air routes, and jet streams, but below the mesosphere 
and thermosphere region (Fidler et al., 2010; Tozer & Grace, 2001). Chunchuzov et al. 
(2015) denoted that the wind velocity in this region may go up to 10 m/s per 100 m and 
beyond. The relatively low wind speed and turbulence make it perfect for this region, so 
air navigation has no problems. However, it is important to note that the former design 
of the HAP is large to fly at such extreme operating conditions of height and wind speed. 
Based on history, the size of the HAP ranges from 23 m up to 305 m in length, and none 
incorporates the Magnus effect in their design despite the well variant of its high lift 
generation (D’Oliveira et al., 2016). 

In 1997, Modi studied Magnus effect embedment onto different configurations on a 
symmetrical aerofoil and thus resulted in a tremendous effect on its aerodynamic coefficients 
(Modi, 1997). The researcher denoted that a rotating cylinder application onto the model 
proves that it improves the lift capability over the ranges of low to a medium angle of 
attack (α). Furthermore, Ahmed et al. (2014) have conducted a numerical assessment of 
such embedment for NACA 0024 aerofoil, which has revealed an improvement in lift 
coefficient (CL) and stall angle delay of 36% and 122%, respectively, compared to its 
unmodified model. Following this, the numerical analysis by Huda et al. (2015) incorporated 
a leading-edge rotating cylinder onto the NACA 0010 aerofoil at a rotational speed of 30, 
60, 90, and 120 RPM, thereby generating a surprising improvement in the maximum lift 
of 145% in comparison with the unmodified NACA 0010 aerofoil model. Similarly, Faisal 
et al. (2017) have undertaken experimental and numerical analyses both by applying the 
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leading-edge rotating cylinder onto NACA 0018. However, the scholars did not record the 
pre- and post-aerodynamic characteristics of the modified aerofoil. Additionally, Salam et al. 
(2019) studied the effect of rotating cylinder on NACA0021 and discovered an increase in  
CL and reduction in drag coefficient (CD) for all α. Furthermore, a delay in flow separation 
was also viewed at higher α in view of momentum injection by the leading-edge cylinder.

The rotating cylinder embedment onto the bluff body occurred in 1925 (Wolff, 1925). 
Following this, studies pertaining to cylinder embedment on the flat plate (CyFlaP) are 
usually influenced by the past research known as leading edge cylindrical aerofoil (LECA). 
In comparison, the research on the bluff body has only come into the picture within the 
last decade where the cylinder to bluff body configuration was experimentally studied by 
Modi et al. (1991) but based only on drag reduction for automotive purposes. Accordingly, 
the researcher denoted that configuration resulted in a reduction of 75% in CD. Wang et 
al. (2013) investigated the use of flat plates in 2013 when they examined the flat plate 
configuration for its aerodynamic coefficient. At around 60% of the maximum lift coefficient 
(CLmax), they denoted that the flat plate could generate a high coefficient at higher α.

Therefore, this paper delineates two (2) proposed designs for the preliminary design 
of the HAP. First, the design of a rotating cylinder onto 1) Selig S1223 aerofoil and 2) 
flat plate are proposed. A two-dimensional flow testing has been simulated by using the 
Computational Fluid Dynamic (CFD) approach utilizing a Fluent analysis system from 
the ANSYS WORKBENCH 2019 Software for momentum injection of 500 and 1000 
revolution per minute (RPM) with free stream velocities ranging from 5 m/s to 30 m/s for 
different α of 0 to 20 degrees (o). Finally, the model is proposed to study its efficiency for 
aerodynamic generation purposes.

This study is a novel concept incorporating a new embedment of rotating cylinder onto 
Selig S1223 aerofoil and flat plate intended for HAP purposes. It can be used as a future 
reference and benchmark for designing HAP. The novelty of embedding such aerodynamic 
and bluff bodies together would further elevate the aerospace industry to explore such an 
objective sense. In addition, the results from this CFD simulation may be of interest to the 
CFD community for numerical studies that consider the Magnus effect in the same class 
of flow regions.

METHODOLOGY

The methodology is comprised of several subsections and thus offers an insight into the 
research flow for the study.

Geometry and Computational Modelling

The design parameters of the model were the most important consideration that had to be 
considered in this study. Therefore, a thorough study of the past research data has thus 
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implemented onto the CFD software. An embedment of rotating cylinder onto 1) Selig 
S1223 aerofoil and 2) flat plate are proposed. The design parameter was posed for the 
available resource data as follows.

Cylinder. In 2008, Badalamenti tested a rotating cylinder in the Handley Page Laboratory of 
Aerodynamics at City University by utilizing a wind tunnel (Badalamenti & Prince, 2008). 
For the effects of the rotating cylinder, he demonstrated the aerodynamic properties, which 
were then applied in comparison to other configurations from previous research. He also 
verified the data obtained by showing agreement with Betz’s analysis for the same aspect 
ratio (AR) of 4.7 (Barati et al., 2019). The formula used for the aspect ratio is Equation 1:

     [1]

Where b is the span of the cylinder, c is the chord, and A denotes the model area. 
Accordingly, the calculations and the formulas used were fully integrated for the study. 
Therefore, the data incorporated will be used for validation in a later subsection (refer 
to subsection 2.6). According to Badalamenti & Prince’s study (2008), the cylinder’s 
dimension was set at AR = 5.1, corresponding to a diameter (Ø) of 0.16 m, as shown in 
Figure 1. Duly noted that the cylinder is rotating clockwise, opposing the relative velocity to 
mimic the same condition (Badalamenti & Prince, 2008). Furthermore, Barati et al. (2019) 
have done the same concept over the clockwise rotation of the cylinder to aid the freestream 
flow on top of the cylinder while having the one at the bottom opposing it.  Therefore, it 
ensures an upward force for the generated lift. For 2D planar simulations, the geometry 

Figure 1. The geometry of the cylinder

is displayed as an XY plane, and the Z-axis 
is oriented away from the computer screen. 
Hence, a counterclockwise rotation is 
denoted as positive and clockwise rotation 
is negative based on the right-hand thumb 
rule. Therefore, the inserted value should 
be input as -500 or -1000 RPM (clockwise 
rotation) speed for the moving wall with the 
rotational motion for the cylinder’s wall.

Selig S1223 Aerofoil. The Selig S1223 aerofoil is well known for its high lift generation at 
a low Reynolds number (Re), originally patented by Michael S. Selig in 1995 (Selig et al., 
1995). In addition, Oller et al. (2016) used the aerofoil in their study to test for hydrofoils’ 
effectiveness and obtained a tremendous effect for such fluid conditions. He further noted 
that the aerofoil yielded high separation flow aftward at high α. As a result, the LECA is 
investigated to determine the aerodynamic profile of such embedment.
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Ergo, the aerofoil was an upscale 
version of the original one with a ratio of 
1:1.45 from the unmodified model to meet 
the performance objective of the study 
(Figure 2). Validation of the unmodified 
aerofoil has been performed and is displayed 
in the next subsection in comparison to the 
experiment performed by Selig et al. (Selig 
et al., 1995; Selig et al., 1996).

LECA. The LECA design was presented in 
Figure 3, with a rotating cylinder embedded 
at the leading and trailing edges of the Selig 
S1223 aerofoil. This double embedment 
onto the aerofoil was adopted as per the 
study by Modi, where he incorporated 
several configurations of rotating cylinders 
onto a symmetrical aerofoil in 1997 (Modi, 
1997). Therefore, the researcher’s work 
inspired the creation of such a design, which 
was then used in this LECA investigation. 
The embedment was set up along the camber 

Figure 2. The geometry of the Selig S1223 aerofoil

Figure 3. The geometry of the LECA

Figure 4. The geometry of the flat plate

line of the aerofoil while maintaining a gap of 0.005 m between the cylinder and the 
aerofoil. The gap was set to optimum configuration performance for the model’s embedment 
(Abdulla & Hasan, 2018). The embedment of the cylinder at 3/20 of the camber line was 
utilized to optimize its diameter to fit the aerofoil’s leading edge and trailing edge, and 
thus satisfied with the experimental data by Michael S. Selig and James Gugliemo (Selig 
& Guglielmo, 1997).

Flat Plate. Another design that incorporates and utilizes the flat plate was developed to 
provide a simpler HAP design that can be compared to the LECA. The flat plate design 
by Torres (2002) and Wang et al. (2013) was duly referred on its capability for a flight at a 
higher value of α. As a result, the flat plate relevant to the researcher’s study was established 
with a flat plate length of 1.00 m, as illustrated in Figure 4.

CyFlaP. The idea of the design for the CyFlaP would not spark without knowing its 
existence which was first introduced in 1997 by Modi (Modi, 1997). At that moment, 
Modi was simply testing the concept for its drag reduction for a vehicle instead of its 
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lift generation. Therefore, the design will 
be used for the CyFlaP with dual cylinder 
embedment at both the flat plate leading 
edge and trailing edge, as shown in Figure 
5. A gap of 0.005 m was always enforced 
between the cylinder and the flat plate.

Turbulence Model
Figure 5. The geometry of the CyFlaP

Turbulence modeling, by definition, denotes a numerical technique designed to close a 
system of mean flow equations. It defines the design and usage of mathematical models 
to solve and simulate turbulence impacts, whereby their turbulence equations also provide 
simpler solutions using the averaging method. Turbulence modeling differs in the way they 
are calculated by extending the Navier-Stokes equations with additional terms consisting of 
some parameters such as local fluid velocity, wall distance, additional transport equations, 
eddy viscosity, turbulent kinetic energy, turbulence intensity, and others. Here, the Spalart-
Allmaras, K-epsilon (K-ε), and K-omega (K-ω) models are some of the turbulence models 
that are often used in applications (Monk & Chadwick, 2017).

Spalart-Allmaras model is a one equation model which solves its modeled transport 
equation for the kinematic eddy viscosity (Kim et al., 1999). This model has produced 
promising results in simulation that involves wall-bounded flows. Moreover, it produces 
excellent results for boundary layers subjected to adverse pressure gradients, especially 
the one that occurs during vortex separation and turbulent flows over the wing surfaces 
(Kölzsch & Breitsamter, 2014). However, the model is less sensitive to numerical errors 
when non-layered meshes are used near the walls. The near-wall gradients of the transported 
variable used in this model are far smaller than in the K-ε and K-ω.

The K-ω model was used for the current work with reference to the study by Mgaidi 
et al. (2018), which implemented two extra transport equations as a two-equation model 
to delineate the turbulent flow properties accordingly. Hence, the turbulent kinetic energy 
is referred to as K as the first variable transported, while the second transported variable is 
referred to as ω. However, it has difficulty converging and relies on an initial estimation at 
the beginning of the solution. Therefore, it is common in the industry to use the K-ε model 
first, where the kinetic energy dissipation rate is solved. However, the K-ω model is far 
more suitable for obtaining accurate results in many aerodynamic situations, especially 
for highly curved and separated flows (Ali et al., 2021a; Ali et al., 2021b; Mgaidi et al., 
2018; Monk & Chadwick, 2017).

Antecedent to this, Menter developed a two-equation eddy-viscosity model, otherwise 
referred to as the SST K-ω turbulence model, which is used in the near-wall region to 
combine and blend with the SST K-ω model in the far-field free stream K-ω model (Menter, 
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1994). The model is an advanced extension of the original model proposed by Wilcox in 
1988, which can demonstrate a strong turbulence formulation for both the adverse pressure 
gradients and the separating flow (Wilcox, 1988). Conversely, the SST formulation is built 
by the integrated modeling of the K-ω and K-ε formulations, whereby the amalgamation 
helps the SST in transitioning from the K-ω model to the K-ε model to prevent problems 
occurring in the inlet of the free-stream turbulence (Mgaidi et al., 2018). At the same time, 
the K-ω formulation is included in the inner portion of the boundary layer instead of its K-ε 
equivalent. Consequently, the general form of transport equations in the Fluent analysis 
system is as shown in Equations 2 and 3:

  [2]

  [3]

The generation of turbulence kinetic energy due to mean velocity gradient and 
output of ω is expressed in these equations as Gk and Gω, respectively. Meanwhile, the 
effective diffusivity of k  and ω due to turbulence is expressed as Γk and Γω, respectively. 
The dissipation of k  and ω is then presented as Yk and Yω, respectively, whereas the Dω 
presents the cross-diffusion concept. Finally, yet importantly, the Sk and Sω are the input 
by the user-defined source terms.

Concerning the above argument, the SST K-ω model is identical to the standard K-ω 
model but contains the following refinements (Ali et al., 2021a; Khalil et al., 2018):

(a) A blending function feature is used to multiply the standard K-ω model with the 
transformed K-ω model, which is then applied or added together.

(b) In the blending function, the standard K-ω will be triggered for a near-wall region, 
while the transformed K-ω will be activated zero away from the surface.

(c) The ω equation in the SST model is derived as a dampened cross-diffusion.
(d) The discrepancy between the turbulent shear stress transport and the modeling 

constant is compensated for by adjusting the turbulent viscosity definition.
All these refinements will allow the SST K-ω model to be extremely effective and 

efficient for a wider variety of flows, including aerofoils, adverse pressure gradient flows, 
and transonic shock waves, relative to the standard K-ω model (Khan et al., 2020). 
Therefore, the research study will mainly implement the SST K-ω model, which allows 
the model to be directly used on the wall through the viscous sublayer. Many who have 
worked with this particular model have found that promising results have been obtained 
in situations with adverse pressure gradients and separating flows (Ali et al., 2021a; Ali et 
al., 2021b; Hamisu et al., 2019; Mgaidi et al., 2018; Monk & Chadwick, 2017).
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Key Performance Parameter

This study’s Key Performance Parameters (KPPs) directly and precisely describe the output 
target. Here, the CL and CD equations used for the model formulation are presented in 
Equations 4 and 5. 

(a)

(b)

(c)

(d)

(e)

Figure 6. Domain and mesh generation for the LECA 
and CyFlaP model, from the domain setting for LECA 
(a) and CyFlaP (b), mesh generated for LECA (c) and 
CyFlaP (d), to the inflation set up on the model (e)

             [4]

             [5]

where L  is the lift force, D  is the drag force, 
ρ is the density of the fluid (i.e., air), V  is the 
free stream velocities, and S  is the projected 
area of the model.

Grid Generation

The standard CFD process will need a mesh 
appropriate for the computational domain 
boundaries. It involves the generation of 
a computational mesh appropriate for the 
expected 2D Navier-Stokes equations, in 
which a set of grid points are defined for the 
domain and its boundaries. A grid structure 
like this is referred to as grid generation.

Mesh Topology. Two meshing zones were 
integrated into the Fluent fluid flow analysis 
system. The domain consists of an inner 
zone with a block of 2Ø × 3Ø around the 
model and an outer zone with a block setup 
of 6Ø × 15Ø across the inner zone [Figures 
6(a) and 6(b)]. The block setup was applied 
based on the research work of Mgaidi et al. 
(2018) and Yao et al. (2016). The LECA and 
the CyFlaP models use the identical domain 
configuration throughout the investigation. 
The model surfaces were fixed with y-plus 
(y+) less than 1, which was located from the 
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Table 2 
Mesh configurations

Mesh specifications
Growth rate 1.2
Defeature size 5.e-004 m
Curvature minimum size 1.e-003 m
Curvature normal angle 18.0o

Smoothing High
Inflation specifications

Inflation option First layer thickness
First layer height 1.e-005 m 
Maximum layers 10
Growth rate 1.2

Table 1 
Specifications of boundary conditions

Boundary conditions Type
Inlet Velocity-inlet
Outlet Pressure-outlet
Cylinder Wall
Cylinder Aftward Wall
Selig aerofoil Wall
Flat Plate Wall
Wall Symmetry
Interior surface body Interior
Surface body Interior

wall to the first mesh node in compliance 
with the inflation criterion of a maximum 
of 10 layers and with a growth rate of 1.2 
to obtain good results [Figures 6(c), 6(d) 
and 6(e)]. This y+ is a non-dimensional 
distance often used to determine how 
fine or coarse a mesh is for a particular 
flow pattern. It is a ratio between laminar 
and turbulent influence in a cell. Here, 
it was used to determine the proper size 
of the cells near its domain walls which 
were important in turbulence modeling. 
A faster flow near the wall will produce 
higher values of y+, so the grid size near 
the wall must be reduced. Therefore, an 
inflation layer between 10 and 15 layers 
on the domain wall will generally resolve 
the boundary layer and accurately predict 
any separation or reattachment points. In 
addition, the wall function strategy could 
be conveniently achieved for a particular 
turbulence model. The specifications 
of the boundary conditions and mesh 
environment for this analysis are provided, 
as per Tables 1 and 2.

Mesh Independency Test. In order to monitor the solution grid independence before 
commencing with the model testing phase, a mesh independency test (MIT) was 
recommended (Abdulla & Hasan, 2018). It was obtained by establishing a new cell grid and 
testing it utilizing various alternatives. Ergo, as seen in Figures 7 and 8, MIT is conducted 
for the LECA and CyFlaP to obtain the best data quality. Consequently, at approximately 
1.560e+005 (LECA) and 1.640e+005 (CyFlaP) cells, the grid refinement for CL resulted 
in the highest accuracy and durability for CFD research from now on. At this point, the 
simulation solves time was denoted with an increase of elements where the system’s 
response converges to a solution where further refinement of the mesh would not affect 
the solution. Therefore, refinement past this intersection point is an inefficient application 
of CFD; hence the selected number of cells would be appropriate in capturing the system 
behavior while reducing the solve time. The percentage error from the described grid 
refinement was less than 1% to achieve the optimal time efficiency.
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Solver Setting

Before beginning the simulation solutions, it is critical to specify the settings for the 
targeted condition in the CFD solver interface. The best setup was introduced to evaluate 
the computational simulations, as seen in Table 3.

Validation

Validation for the cylinder, Selig S1123 aerofoil, and the flat plate was studied to obtain 
better results before starting deeper through the CFD process. The validation method has 
been referred to based on a few research as a guidance for the validation used (Boye et al., 
2017; Gowree & Prince, 2012; Merryisha & Rajendran, 2019; Salam et al., 2019). Based 

Figure 7. MIT for the LECA’s convergence versus solve time

Figure 8. MIT for the CyFlaP’s convergence versus solve time
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on this validation analysis, the embedment of the LECA and CyFlaP was cautiously carried 
out. Badalamenti and Prince (2008), Torres (2002), and Selig et al. (1995) performed 
experimental fluid dynamics (EFD) on the rotating cylinder, Selig S1223 aerofoil, and flat 
plate, which were then validated by using the CFD approach, as illustrated in Figures 9 to 
11. The validation analysis for each of the situations culminated in an error of less than 10%. 

RESULTS AND DISCUSSION

The numerical results were obtained for flow over the proposed LECA and CyFlaP 
embedment for free stream velocities of 5 m/s up until 30 m/s at different α (i.e., 0°, 5°, 
10°, 15°, and 20°) and for a rotational speed of 500 RPM and 1000 RPM. For LECA 
and CyFlaP conditions, a gap of 0.005 m was set between the cylinder, the aerofoil and/

Table 3 
ANSYS Fluent 19 solver setting

General
Type Pressure-based
Velocity formulation Absolute
Time Transient
2D space Planar

Model
Viscous SST k-omega

Reference values
Density (kg/m3) 1.225
Pressure (pascal) 101325
Temperature (K) 288.16
Velocity (m/s) 5,10,15,20,25,30
Viscosity (kg/m-s) 1.789e-005

Turbulence
Specification method Intensity and length scale
Turbulent intensity (%) 5
Turbulent length scale (m) 9.310e-002

Solution
Method Pressure-velocity coupling
Scheme Coupled
Residual error 1.e-006

Spatial discretization
Gradient Green Gauss Node Based
Pressure PRESTO!
Momentum QUICK
Turbulent kinetic energy QUICK
Specific dissipation rate QUICK
Transient formulation Bounded Second Order Implicit
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Figure 9. Validation of rotating cylinder

Figure 10. Validation of Selig S1223 aerofoil

Figure 11. Validation of flat plate
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or flat plate. Additionally, it is often necessary to estimate the turbulent intensity on the 
inlet when setting boundary conditions for a CFD simulation. For simulations at this class 
of stratosphere flow region in which the inlet involves a turbulent boundary layer for 
wall-bounded flows, the inlet turbulent intensity level is set to the recommended default 
“Medium,” which is 5%, together with its turbulent length scale of 9.310e-002, respectively 
(ANSYS, 2013; Šidlof et al., 2017; Russo & Basse, 2016). 

Numerical Simulation

In compliance with the following clauses, the numerical simulation was specified 
accordingly. As a result, the aerodynamic flow analysis is dominated by the dimensionless 
parameters C L , C D , RPM ,  Re, and α, resulting in a functional relationship with the 
numerical solution’s performance. 

Effect of Magnus Effect. As shown in Figures 12 to 19, the computational analysis for 
the proposed LECA and CyFlaP resulted in the following results. The Magnus effect on 
the LECA and CyFlaP is demonstrated in Figures 12 to 19 by injecting a momentum 
injection of 500 RPM and 1000 RPM, respectively. In all cases for this analysis, the cylinder 
rotation was set on all the CFD simulations examined, rotating in the clockwise direction. 
The planned environment was to uphold the momentum injection on the aerofoil’s upper 
surface aligned with the free streamflow’s path.

Figures 12 and 13 present the aerodynamic performance of the Magnus effect on 
LECA at 500 RPM. Here, the performance of the LECA was increased at α = 0° for 5 m/s 
to 10 m/s conditions yet still had some aerodynamic performance below the unmodified 
model from Selig at higher α for 15 m/s to 30 m/s conditions (Selig et al., 1995; Selig et 
al., 1996). Despite this variance, the application of cylinders at both sides of the aerofoil 
has resulted in slight CL improvement. Next, the 5 m/s conditions have resulted in a 53% 
stall angle delay at α = 20° beyond the unmodified model. The help of flow recovery at low 
wind speed may be the one that contributed the most to this model condition. However, 
the lowest CL can be seen at α = 20° with a 37% coefficient below the unmodified model 
for 15 m/s conditions, where it was caused predominantly by the shape of the aerofoil, 
which formed high separation and burbling at the aftward surfaces of the aerofoil as the 
flow broke away that clearly shows the reason of high CD as seen in Figure 13. Therefore, 
it can be denoted that the LECA behaved the best at a higher 𝛼 for lower wind velocity. 
A higher rotational speed would amplify the recovery of depleted CL at the lower 𝛼 later.

Figures 14 and 15 display the aerodynamic performance of the Magnus effect on LECA 
at 1000 RPM. The trends showed better CL for lower freestream flow but not for larger 
value of freestream flow. For lower freestream flow, i.e., 5 m/s, LECA generates higher  
CL and lower CD than the rest of the free stream velocities, which has 39% better CLmax 
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Figure 12. C L of LECA versus α at 500 RPM of rotational speed

Figure 13. C D of LECA versus α at 500 RPM of rotational speed

Figure 14. C L of LECA versus α at 1000 RPM of rotational speed
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than the unmodified model at α = 15° before stalling. At a velocity of 10 m/s and 25 m/s, 
the trend rose then stalled from α = 5° to 10°, yet rose back on higher α onwards. This 
diminution was caused by a flow separation aftward of the LECA, which was recovered 
with momentum injection from the trailing edge rotating cylinder. As for LECA at 15 m/s 
and 20 m/s free stream velocities, a slight plateau effect was seen at the initial flow from α 
= 0° to 5°. This sudden plateau effect was caused by the gradually reducing aerodynamic 
coefficient but did not stall immediately. Despite some of the 1000 RPM momentum 
injections showing better performances against the 500 RPM yet, the high drag effect due 
to the swirling vortices aftward of the cylinder was not able to recover fully, which has 
affected the LECA’s aerodynamic performance, especially in generating inconsistent CL. An 
increase in the cylinder rotational speed may help elevate its aerodynamic performance for 
certain free stream velocities conditions. However, it may not be suitable for the intended 
HAP, designed to operate at high altitudes with such inevitable turbulence. 

Figures 16 and 17 show the aerodynamic performance of the Magnus effect on CyFlaP 
at 500 RPM. At this condition, the highest CL was denoted at 5 m/s conditions with a 
128% improvement to the unmodified model. However, the lowest was 26% for 30 m/s 
free stream velocities. Moreover, a slight plateau effect can be seen at α = 5° to 10°, but 
the condition may recover with a further increment of momentum injection on the model. 
Overall, the CL performance showed satisfactory results beyond the unmodified model 
(Torres, 2002). Figure 17 showed the CD of CyFlaP, which showed high values of CD due 
to the swirling vortices carried away from the trailing edge section of the model. However, 
it is significantly better than the LECA’s CD and is on par with the unmodified model CD. 
The matter can be resolved with higher momentum injection to elevate its aerodynamic 
performance, reducing the drag even further.

Figure 15. C D of LECA versus α at 1000 RPM of rotational speed
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Figures 18 and 19 show the aerodynamic performance of the Magnus effect on CyFlaP 
at 1000 RPM. The graph trend for CyFlaP is better than LECA embedment, which showed 
a tremendous effect on all the free stream velocities and α. The freestream velocities of 5 
m/s to 15 m/s resulted in a modest increase in performance, which might be attributed to 
the separation bubble. It recovered for a higher α, which further elevated its aerodynamic 
coefficient and stall angle delay by up to 204% better than the unmodified model. Based 
on this trend, the CyFlaP may go for a higher α beyond the α = 20°. The negative CD trend 
in Figures 17 and 19 is equivalent to a positive thrust which resulted in a high CL value 
recorded. Nevertheless, for higher free stream velocities of 20 m/s to 30m/s, the trend 
showed an increase in CL yet plateau from α = 5° to 15°. The same plateau effect from 
LECA and CyFlaP is due to the partial separation bubble during the flight. However, it 
may be recovered with an increment of the momentum injection, which helps reattach the 
air stream towards the LECA and CyFlaP surface body. 

Figure 16. C L of CyFlaP versus α at 500 RPM of rotational speed

Figure 17. C D of CyFlaP versus α at 500 RPM of rotational speed 
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Comparatively, the unmodified Selig S1223 aerofoil has better CL than the unmodified 
flat plate in terms of aerodynamic performance. In this case, the momentum injection for 
the flat plate, known as the CyFlaP, works well in attaining its aerodynamic coefficient 
and is thus more stable and suitable for the application of HAP than the modified LECA. 
Furthermore, the wobble in the LECA trend may not be suitable for HAP as this may be 
dangerous and difficult to control at such a high altitude. Previously, the highest recorded 
data on the leading-edge cylinder embedment has a maximum lift of 145% for NACA 0010 
aerofoil by Huda et al. (2015), followed by 36% in CL by Ahmed et al. (2014). On the 
contrary, this research study has proved that the LECA generated 39% and 53% improvement 
while the CyFlaP has denoted 128% and 204% enhancement on its CL and stall angle delay, 
respectively. These recorded data clearly show that the use of double rotating cylinders on 
both designs would be beneficial in stabilizing its aerodynamic performance, especially 

Figure 18. C L of CyFlaP versus α at 1000 RPM of rotational speed

Figure 19. C D of CyFlaP versus α at 1000 RPM of rotational speed
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on the CyFlaP, where the coefficient 
may extend beyond the recorded α. 
Finally, it should be noted that the LECA 
and CyFlaP designs perform better at 
lower free stream velocities, which are 
appropriate for the stratosphere region.

Effect on Velocity Magnitude Contour. 
The flow evolution was derived from 
the CFD post-processing for this 
investigation. The velocity inlet of 5 
m/s to 30 m/s was used to express the 
physical vector quantity. For free stream 
velocities of 5 m/s to 30 m/s at 1000 
RPM, the velocity magnitude contour 
for twelve (12) different conditions at α 
= 20° is shown in Figure 20. Here, partial 
flow separation can be seen behind 
the LECA and smooth flow contour 
for the CyFlaP at 5 m/s free stream 
velocity. A higher value of free stream 
velocities resulted with flow separation 
starting from 10 m/s onwards, where a 
swirling vortex started to occur aftward 

Figure 20. Velocity magnitude contour on LECA (Left) 
and CyFlaP (Right) at α = 20°

of the model. Meanwhile, the trailing edge rotating cylinder momentum injection aids in 
reattaching the flow to the surface before catastrophic phenomena such as stall occur. A 
higher momentum injection would be suggested to study the flow reattachment as moving 
surface boundary control. Flow reattachment would be sufficient to bring the stable flight 
back into its path for HAP application.

Effect on Pressure Coefficient Contour. Another set of flow evolution for pressure 
coefficient (Cp) was derived from the CFD post-processing to study its pressure distribution 
along the surface body of the model, as shown in Figure 21. This analysis represented 12 
conditions for free stream velocities ranging from 5 to 30 m/s at 1000 RPM momentum 
injection at α = 20°. Here, the partial flow separation from the previous clause indicates 
the existence of Kármán vortex street. Furthermore, it was a condition in which swirling 
vortices emerge aftward the model, affecting the present flow over time. In Figures 20 
and 21, a larger formation of swirling vortices can be seen aftward of the LECA, which 
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Figure 21. C p contour on LECA (Left) and CyFlaP 
(Right) at α = 20°

may be the factor with the wobble for 
its aerodynamic coefficient, resulting in 
high CD, which may cause vibration and 
inconsistent flight. 

Based on Bernoulli’s principle, 
low pressure on the upper surface and 
higher pressure on the lower surface 
body resulted in higher lift and lower 
drag generation. The rotation of the 
rotating cylinder is further enhanced, 
thus reattaching the flow onto its 
surface body whenever flow separation 
occurs. Furthermore, a formation of 
higher pressure was depicted towards 
the lower rotating cylinder surfaces 
with an increment of free stream 
velocities, concluding upon the success 
of Magnus effect generation for the 
model’s embedment in HAP application. 
Therefore, a momentum injection 
played a vital role in improving the flow 
boundary layer back onto its surface 
body. Therefore, a higher momentum 
injection is suggested to reattach the flow 
further, thus reducing its drag generation.

CONCLUSION

The numerical simulation analysis by embedding rotating cylinders onto LECA and CyFlaP 
has tremendously affected their aerodynamic coefficients. The analysis yielded the effects 
on CL and stall angle delay of about 39% and 53%, respectively, for LECA while showing 
128% and 204% better for CyFlaP than their respective unmodified model. It is believed 
that the CyFlaP provides more stability while being simple in design, making it appropriate 
for HAP applications. Despite having a better aerodynamic coefficient than the CyFlaP, the 
LECA is unsuitable for the task due to uneven flow and excessive vortices. The momentum 
injection on the model showed a rise in CL, reduction in CD, and yet extended its stall 
angle delay, thus concluded upon the successful Magnus effect application on the model. 
Overall, further research, such as momentum injection increment, will be recommended 
to improve its aerodynamic performance for the intended HAP application.
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