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Abstract

This study aims to develop a simple and efficient design optimization methodology for the low Reynolds number airfoils.
XFOIL is used as an aerodynamic solver while modeFRONTIER workflow is employed for the design optimization purpose.
The airfoil SG6043 is used as the reference airfoil for optimization due to its common applications when long-endurance
characteristics are desired. A simple design optimization methodology with the integration of XFOIL in the modeFRON-
TIER workflow environment is proposed in this study. The proposed “software integration methodology” demonstrated up
to 10% improvement in the optimization parameter which makes it more efficient by reducing the optimization time and
steps without unnecessary user intervention which are the limitations conventionally associated with the optimization pro-
cess. The optimization results are further compared with the results of the numerical simulations. The use of the transition-
sensitive turbulence model allowed the evaluation of the behavior of the laminar separation bubble for different angles of
attack, observing that it shifts towards the leading edge and has its length reduced as the angle of attack increases. The newly
generated airfoil exhibits improved aerodynamic characteristics as compared to the base airfoil. The optimized airfoil can
be used in the applications of UAVs as well as in general aviation. Further validation of the airfoil using wind tunnel testing
is recommended and planned.

Keywords Airfoil optimization - Low Reynolds number - UAVs - Optimization software integration - Laminar separation
bubble

1 Introduction bubbles, which can significantly reduce the performance of

the airfoil [1-3]. Gross and Fasel [2] carried out wind and

For over 100 years, airfoil design has captured the inter-
est of researchers and aerodynamicists. Recently attention
has turned toward low Reynolds number aerodynamics in
an effort to obtain better performance for both military and
civilian applications. These applications include UAVs
at high altitudes, small UAVs at low altitudes, man-pow-
ered aircraft, sailplanes, and wind turbines. The design
and evaluation techniques of airfoil sections above chord
Reynolds numbers of 500,000 are well developed. Never-
theless, the problems related to boundary layer separations
and transition have been found below the Reynolds num-
ber of 500,000, such as the formation of laminar separation
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water tunnel experiments for the NACA 64, — 618 airfoil,
during the investigations for the lowest Reynolds number
(Re=64,200), a closed laminar separation bubble was iden-
tified near the leading edge for 10° <a < 15°. The turbulent
boundary layer downstream of the bubble was more resistant
to separation which yielded a lift recovery for 10° <a < 15°.
As the angle of attack was further increased, the downstream
separation and the leading edge bubble merged resulting in
an opening up of the leading edge bubble followed by a
complete stall of the airfoil.

Potential flow theory is commonly used to evaluate
the aerodynamic performance of airfoils, airplanes, wind
blades, etc. when speed is preferred over accuracy. Drela [4]
presented an analysis and design system for low Reynolds
number airfoils called XFOIL. In this system, the potential
flow is coupled with viscous models, allowing it to capture
viscous effects while maintaining the computational advan-
tages of the potential flow. The boundary layer and transition
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equations are simultaneously solved with the inviscid flow
field, thus, suitable for rapid analysis of low Reynolds num-
ber airfoils with separation bubbles. Besides, the grid den-
sity must be sufficient to define the surface of the geom-
etry, since XFOIL’s formulation is a simple linear-vorticity
stream function panel method and the accuracy of results
depends on the number of panels. Katz [5] investigated the
effect of grid density on computed results using the airfoil
NACAA4412. The airfoil shape was represented by 10, 24, 50,
100, and 200 elements and the case with 50 panels showed
very close results to the experimental data in terms of lift
coefficient. Drela [4] also carried out similar experiments
using XFOIL with a Joukowsky airfoil represented by 40,
60, 100, and 160 panels. The errors in lift coefficient were
0.766%, 0.34%, 0.175% and 0.085% respectively.

At the same time, multidisciplinary design optimization
(MDO) has been used frequently in recent studies. Buckley
[6] performed the optimization of a hypothetical aircraft
using practical aerodynamic requirements. Tirado [7] carried
out an optimization study of an airfoil shape to minimize
drag, which is one of the fundamental requirements of any
aerodynamic design. Ferreira et al. [8] used optimization
techniques to define a family of airfoils for stall regulated
VAWT (vertical axis wind turbines). The coupling of numer-
ical optimization tools with computational fluid dynamics
has benefited in terms of aerodynamic shape optimization
techniques that are efficient at producing configurations with
increased performance characteristics at a given operating
condition. When one thinks of design optimization, instead
of evaluating only one configuration, several configurations
need to be evaluated, given the fact that it is an interac-
tive process. In that case, for the design optimization, the
time required for the computational simulations to solve the
Navier—Stokes equations increases exponentially when com-
pared with a relatively simpler numerical simulation. With
that said, at a preliminary stage of design optimization, the
coupling of MDO with potential flow methods is considered
as the preferred choice due to better time performance, yet
providing sufficiently accurate predictions of aerodynam-
ics performance [9]. By doing this, the designer can locate
the most promising regions of the design space and then
proceed further with computational simulations for more
accurate results.

Within the scope of the RANS equations and turbu-
lence models, Langtry—Menter [10] proposed the y-Ref
transition model using two transport equations for the
intermittency while Ref combined with the shear stress
transport turbulence model. The transition model includes
two empirical correlations for the onset and length of tran-
sition. Such turbulence model is frequently implemented
using commercial software such as ANSYS. Hiibbe [11]
compared the results obtained by Spalart—Allmaras and
SST k—w models and by two transition sensitive models
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(y-Re® and k-kL-w) for the airfoils E387 and S1223. Only
the transition sensitive models captured the formation of
laminar separation bubbles, resulting in considerable dif-
ferences in the lift at high angles of attack. In terms of
drag, the transition sensitive models demonstrated lower
error than the turbulent flow models when compared with
reference data.

Keeping in mind the previous studies as well as the cur-
rent and future developments of low Reynolds airfoils for
specific applications, the authors believe that there is still
room for the methodologies that couple MDO and the analy-
sis tools to generate new airfoils based on their practical
requirements. The methodologies developed for the new
airfoils can be potentially useful in the future low redesigns
of the UAVs, wind turbines, human-powered aircraft, and
sailplanes. The previous studies, especially of Tirado [7],
successfully coupled optimization techniques with far-field
analysis to minimize the drag force of NACAO0012 airfoil.
However, the study was conducted for a relatively higher
Reynolds number (M, = 0.85) at which the viscous effects
are less relevant for the aerodynamic characteristics of the
airfoils,hence, an inviscid flow assumption was adopted for
the analysis. Additionally, at the higher Reynolds numbers,
laminar separation bubbles are unlikely to appear. On the
other hand, for the low Re applications, viscous effects are of
core importance due to the possible presence of the laminar
separation bubble on the surface which significantly influ-
ences the aerodynamic characteristics.

Current research in the use of low Reynolds number air-
foils is primarily focused on forward flight-style and hover-
ing propellers, wind turbines, and turbomachinery [12-16].
Even though these efforts might improve the propulsive
characteristics, the performance of an aircraft is strongly
affected by the wing airfoil characteristics. Therefore, to
achieve maximum values of range and endurance, the proper
selection and design of the wing airfoil are quite relevant.

The recent forecasts of unmanned aircraft systems (UAS)
industry also suggest the future demand for more efficient
aircraft capable of flying for longer periods of time and
carrying more weight [17]. Therefore, the development of
low Re airfoils for such flying machines by using design
optimization methodologies can be useful for meeting these
future demands. With this motivation, this study focuses on
the application of design optimization methods by using an
integration of frequently used software XFOIL and lesser-
used optimization platform modeFRONTIER. The airfoil
design optimization is time-consuming and involves several
optimization steps, which must be handled manually. To
reduce the number of steps and duration of the optimiza-
tion process, in this study, the integration of XFOIL with
the modeFRONTIER is carried out by developing a code
in the modeFRONTIER workflow environment. This soft-
ware integration methodology for the design optimization of



International Journal of Aeronautical and Space Sciences (2021) 22:751-764

753

airfoils significantly improves the efficiency of the process
by reducing the steps and time of airfoil optimization.

A step-wise validation of the results was adopted for this
study: at first, the XFOIL results were compared with the
experimental results which show a good agreement in terms
of lift, drag, and moment coefficients with the experimental
results. In the second step, the design optimization of the air-
foil was performed by using the aforementioned integration
approach which manifests an increase of 10% in its optimiza-
tion parameter. Finally, the characteristics of the optimized
airfoil were further compared numerically in ANSYS Flu-
ent; the numerical results re-confirmed the improved aerody-
namic characteristics obtained from the design optimization
process. The methodology presented in this study can be
useful in the future multidisciplinary and efficient designs
of the low-speed airfoils.

Most of the design optimization studies focus on tran-
sonic optimization due to widespread applications in com-
mercial and military planes. However, low-speed airfoil
designs and their optimization has recently become more
popular and caught the attention of the researchers mainly
due to the UAV applications. In a recent study, Chen [18]
essentially utilized the genetic algorithm NSGA-II for the
multiple objectives of low-speed optimization. The optimi-
zation was mainly performed using CFD for each solution.
Only based on the CFD data, the optimal airfoil could be
chosen. Though the results were good, however, the evalu-
ation of each airfoil design could be more time consuming
primarily because of the CFD based calculations. On the
other hand, the optimization methodology proposed in this
study is ‘quick in use’ and efficient. The airfoil is optimized
independently using the proposed optimization methodology
while only as a secondary measure CFD analysis is used for
the further verifications of the characteristics of the (already)
optimized airfoil obtained from the proposed optimization
method. Liu et al. [19] also utilized the genetic algorithm
(NSGA-II) to perform the optimization procedure. For each
airfoil of the created population, the analysis was performed
on XFOIL. The calculations were performed to obtain the
values of the aerodynamic forces for different angles of
attack. After the XFOIL analysis, the solution was analyzed
using CFD. However, the study itself mentioned that the
iteration process during the optimization consumed a high
amount of computational resources and time. In a relatively
older study conducted in 1987, Maughmer [20], utilized an
optimization approach that targeted the same optimization
criteria as targeted in this paper. The airfoil was optimized
according to its characteristics and operational requirements.
The design goals were also set to maximize the lift coef-
ficient while obtaining the minimum drag coefficient. Even
though the classical optimization techniques were used, the
results of the study were satisfactory, however, they were
not verified by any other means which is mainly due to the

extremely limited or unavailability of the computational
techniques in those days.

Compared to previous studies, the optimization method
presented in this paper offers a faster optimization process
and utilizes lower computational resources. After valida-
tion (with the experimental data), XFOIL was chosen as the
aerodynamic solver and was coupled with the software mod-
eFrontier in order to make the optimization procedure auto-
matic and robust. The proposed optimization method also
reduces the time for the results validation process as instead
of conducting CFD simulations for each geometry (as in
the previous studies), only the final and (already) optimized
airfoil is recommended to be validated by CFD analysis.

The methodology developed for a 2-dimensional airfoil
optimization presented in this study is the first step towards
the series of upcoming research work(s). This methodology
will be useful for the selection and improvement of the aero-
dynamic characteristics of the airfoil. The proposed meth-
odology gives the possibility to further optimized the base
airfoil, therefore, the proposed airfoil design optimization
methodology is the first step in developing the future air-
craft/UAV capable of better flight endurance in the years to
come. By coupling Xfoil and modeFrontier, the optimization
process can be realized in a shorter time with the possibility
to adapt or customize the optimization variables. After the
process is completed and as per common practice, the final
airfoil is validated using CFD. In the future, to analyze the
wing performance and aerodynamics, a different method and
process can be attempted. Since the proposed methodology
presented in this work is valid for a 2-dimensional optimi-
zation, which in this case is exclusive for the airfoils only.

This study was carried out under the European Commis-
sion ERDF (European Regional Development Fund) pro-
ject for developing the experimental fluid dynamics facili-
ties including the high-speed wind tunnel at Riga Technical
University, Riga, Latvia. This study is also part of the series
of studies [21-23] under the mentioned project and will con-
tribute to developing the wind tunnel testing methodologies
for small-scale low/high-speed aircraft.

2 Methodology

The development of new airfoils in this work is composed
of four steps:

(1) The first step is the selection of typical low Re air-
foil for a specific application such as long endurance.
The airfoil SG6043 is chosen as the reference airfoil
based on its common application in wings when a
long-endurance flight is desired

(i1)) The second step is the validation of the use of XFOIL
as a reliable software for aerodynamics characteris-
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tics prediction. This is achieved by comparing the
results of the data generated by XFOIL for two air-
foils. Airfoils SG6043 and E387 are considered for
the investigation because of their widely available
wind tunnel results data. The results from the XFOIL
are compared with the wind tunnel results presented
in [24-27].

(iii) In the third step, the optimization of the airfoil geom-
etry will be performed. Since optimization is done
on the basis of C;, C, and C,,, XFOIL is used as the
aerodynamic solver. The airfoil geometry modifica-
tion is done by using the Geometry design routine
implemented in XFOIL, changing the airfoil’s maxi-
mum thickness, the position of maximum thickness,
maximum camber, the position of maximum camber,
and leading-edge radius. modeFRONTIER is used
as the optimization software which is coupled with
XFOIL, thus automating the iterative process of ana-
lyzing different airfoil geometries without the inter-
vention of the user. In addition, the use of a genetic
algorithm allows the optimization to follow a path
towards the objective and at the same time meeting
the constraints. Karman-Tsien compressibility cor-
rection is incorporated in XFOIL, which is valid up
to the critical Mach number of the airfoil. Beyond
that, the accuracy of the results reduces drastically,
since it is limited in predicting shock waves and
shocked flows. Thus, the maximum Mach number
used in this work is limited to 0.5.

(iv) The fourth and final step is the validation of the newly
generated airfoil using RANS based simulations in
ANSYS Fluent with the transition-sensitive turbu-
lence model y-Red, which allows the assessment
of the aerodynamic performance of the airfoil and
evaluation of laminar separation bubbles with higher
accuracy. The transition SST model utilizes the SST
Kk—@ transport equations; one equation for intermit-
tency, and one equation for the transition onset.
This model is suitable for the flows that develop a
boundary layer, which contains a freestream veloc-
ity. ANSYS Fluent utilizes an empirical correlation
developed by Langtry and Menter, which covers
flows in a low freestream turbulence environment
[28]. The values of the aerodynamic coefficients
obtained in the computational analysis are compared
with the results obtained from XFOIL for the opti-
mized airfoil.

This methodology offers a fast and reliable optimization
analysis. A significant time reduction is achieved for airfoil
optimization. By using modeFRONTIER, a higher number
of iterations can be performed in a shorter time. This repre-
sents an efficient method that allows the user to have fast and
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reliable optimization data. Also, by making the process fully
automated, a prominent amount of computational resources
could be saved, which could also increase the number of
analyses performed during a specific amount of time. As
previously mentioned, this is possible by establishing the
optimization objectives and constraints. The objectives
are based on the aerodynamic coefficients of lift, drag, and
moment. CFD simulations are only performed for the newly
generated optimized airfoil. This offers a significant advan-
tage in terms of computational time by eliminating multi-
ple geometries to be tested in CFD. The main constraint of
the proposed method is the limitation of the Mach number.
XFOIL contains the Karman—Tsien correction, which has a
limit up to the critical Mach number of the airfoil. This study
as previously mentioned is limited to (low-speed) subsonic
or very early transonic regimes. If a supersonic regime will
be used on this methodology, the results will have a lack of
accuracy. The methodology is only restricted to low-speed
airfoils and focuses on future UAV applications; hence, the
methodology fulfills the aim of the investigations i.e. low-
speed airfoil optimization.

2.1 Optimization Workflow

Figure 1 demonstrates the workflow environment of the
optimization process. In the DOE (design of experiment)
module, the initial population is generated. A random sam-
ple is created and for each variable, the points are randomly
and uniformly distributed. The genetic algorithm used is the
NSGA-II (non-dominated sorting genetic algorithm). This
algorithm is a fast and superior multi-objective optimization
algorithm. It implements a fast non-dominated sorting pro-
cedure. The algorithm performs a clever sorting strategy by
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Fig. 1 Optimization workflow
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being selective for multi-objective search. The selectiveness
that NSGA-II uses, is introduced by storing all non-domi-
nated solutions which so far have been founded from the
initial population. For the process, parameter-less diversity
preservation is used. The solutions are spread and diverse,
without sharing parameters. This is caused by the adoption
of a suitable parameter-less approach. It uses the crowding
distance, which estimates the density of the solutions in the
objective space. Also, the crowded comparison operator is
utilized which guides the selection process to a uniformly
spread Pareto Frontier. These will be the solutions chosen as
optimal, only if an objective could not be improved without
sacrificing another one. The NSGA-II algorithm allows con-
tinuous (real-coded) and discrete (binary-coded) variables.
Continuous variables have a base equal to 0, while discrete
variables have a base equal to a positive integer. The origi-
nal aspect is the application of a genetic algorithm in a field
of continuous variables. The version of NSGA-II which is
implemented in modeFRONTIER automatically recognizes
real-coded and binary-coded variables.

In Fig. 1, green boxes at the top are the input variables,
from left to right: maximum thickness (tc), maximum cam-
ber (camber), position of the maximum thickness (xtc),
position of maximum camber (xcamber), leading-edge
radius (raioba) and blending distance from the leading edge
(xraioba), respectively. The input variables are linked to the
input file “xfinput”, which is a text file containing a code
which authors specifically developed for the optimization
purpose to execute the XFOIL analysis. The output vector
“CI” and the output variable “Cd_at_Cl_1"" are connected to
the “polarfile”, which is a text file that contains the results
from XFOIL. The output vector is sent to a MATLAB script
that finds the maximum value of C; and returns it as the out-
put variable “Clmax”. The workflow ends with the calcula-
tion of the parameter to be maximized.

Aircraft endurance is directly related to the so-called
3/2

endurance parameter CL . At first sight, it might be

:%a

i

HH

HH

thought that the airfoil having the highest endurance param-

3/2

c .
eter é— would offer the best aircraft endurance perfor-
d

mance. However, since the airfoil has an impact on the wing
area, tail size, and so forth, the airfoil with the highest endur-
ance parameter does not ensure the highest three-dimen-
sional endurance parameter. Because of that, to maximize
the aircraft endurance, the airfoil should be designed so that
the wing area is decreased by increasing C;,, and reduce
section profile drag at the operational lift coefficient. For this
work, the operational lift coefficient will be considered equal
to 1 for being a common value for aircraft that adopt this
type of airfoils. Thus, the parameter to be optimized is:

Clmax
Cc,@C, =1

The minimum value of

d 1=
value obtained for the reference airfoil SG6043.

Ciomax - is defined as 175.0615,

2.2 Computational Methodology

ANSYS 15 CFD modules were used for the comparison of
the aerodynamic characteristics of the newly designed and
optimized airfoil. The modules used were:

e [CEM CFD—grid generation.
e ANSYS Fluent—case setup and solver.

Several structured grids schemes were generated in a 2D
rectangular domain with quadrilateral elements, as shown in
Fig. 2a. The domain height was set to 20 chord lengths while
the length was set to 30c, the airfoil was positioned in the
domain 10c after the inlet, as indicated in Fig. 2b.

In Fig. 2b, the velocity inlets can be identified. At
these boundaries, the components of velocity are speci-
fied. The magnitude of the velocity was defined to
match the Reynolds number of 300,000, considering air

(b) + -

Velocity Inlet

10c 20c

Velocity Inlet

10c

Wall

i
e

\d ~
Pressure Outlet 10c

Velocity Inlet

<4 — = v

Fig.2 Domain. a Structured mesh; b dimensions and boundary conditions
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Fig. 3 Structured mesh around the airfoil
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density at sea level (p=1.225 kg/m?), dynamic viscosity
1=1.7894 x 10 kg/m s and chord length ¢=0.1 m. The
turbulence conditions are also set at the velocity inlet. As
described in [24], the measured turbulence intensity of
the wind tunnel where the tests were conducted was 0.1%,
thus, the same value was defined for the simulations. At
the outlet, the gauge pressure is equal to zero and the air-
foil was defined as a wall with the no-slip condition.

A grid independence study was carried out using the
optimized airfoil at an angle of attack of 0°, varying the
number of nodes in the dense region around the airfoil. The
mesh size was increased up to the condition where the val-
ues of lift and drag coefficients were nearly constant. This
process yielded five different grids schemes; Fig. 3 shows
the overall mesh around the airfoil. The height of the first
cell adjacent to the airfoil was set to 3.1073 chord length to
achieve a y+less than 1, a requirement for the turbulence
model chosen for this study i.e. Transition SST (also known
as y-Ref SST). Figure 4 shows the results of the mesh inde-
pendence study. In this case, the values for C,, Cy. and C,,
were constant after 1700 iterations on the second-order dis-
cretization. From this point, the analysis can be considered
as “converged”, since those values will not change as more
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iterations are performed. The residuals were set to 1e—06,
while the coefficients were considered up to 6 decimals.

It can be seen that the values of lift and drag coefficient
are practically constant for a number of elements above
approximately 200,000. With that said, all further simula-
tions in this work were carried out with the number of ele-
ments above 200,000. In addition, the sweep in angle of
attack was done by keeping the airfoil at 0° and inserting
the velocity components at the inlet based on the desired
angle of attack.

Each simulation starts the calculations using first-order
upwind discretization. After 1000 iterations, the discretiza-
tion is then switched to second-order upwind. Then the
simulation runs for up to 2000 iterations or until the values
of lift and drag coefficients reach convergence. The pres-
sure—velocity coupling uses a Coupled Scheme for both
discretization cases. The Transition SST model utilizes
two parameters that are useful in this type of analysis. The
first parameter that identifies the state of the flow locally is
“gamma”. It can have a value between zero and one. When
gamma has a value of zero, the flow is locally laminar; while
in the case when gamma has a value of one, the flow is fully
turbulent. In a case when gamma possesses a value between
zero and one, it means that a transitional boundary layer is
present. Another way to understand this parameter would be
that gamma is the percentage of time when turbulent fluctua-
tions are on the boundary layer. Another applied parameter
is Rey which is the momentum thickness Reynolds number.
The value of Rey is calculated in each cell from the transport
equation solution. The parameter Re, defines the distance
from the leading edge where the transition occurs.

3 Results

This section presents the results of the steps mentioned in
Sect. 2.

3.1 XFOIL Validation

Since XFOIL is utilized for design optimization purposes,
as a first step, the authors conducted a short study to vali-
date the effectiveness of this software. For this, the airfoils
SG6043 and E387 were selected because of their widely
available wind tunnel results data.

Figure 5 presents a comparison of the experimental and
XFOIL results. The results suggest that the aerodynamics
coefficients predicted by XFOIL are quite consistent with
that obtained from the wind tunnel. Thus, XFOIL is a suit-
able choice for the evaluation of the performance of an air-
foil and a first-hand tool for the design optimization process
of this study. In order to calculate Cm, % of the chord was
used as the reference point in XFOIL.
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3.2 Design Optimization

For the optimization of the airfoil geometry, XFOIL was
integrated into the modeFRONTIER work environment as
the aerodynamic solver. This integration methodology of
two software automated the iterations for several geome-
tries of the base airfoil i.e. SG6043 without user interven-
tion. Using this integrated environment, approximately
2600 iterations were needed to reach convergence. Fig-
ure 6 shows the design history of the objective of the opti-

mization, i.e. % The graph only shows the feasible
d 1=

designs, meaning that only the airfoils that have a ratio

% greater than 175.0615 (optimization constraint) are
d 1=

shown. A maximum value of 192.55, which is approxi-
mately 10% greater than the value of 175.0616 obtained
for the SG6043 airfoil.

Table 1 shows the comparison between geometric param-
eters of the base SG6043 airfoil and the new optimized
airfoil. For convenience, the authors named this modified
airfoil SG6043mod and will be used throughout this study.
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for SG6043 at Re=300,000; ¢ lift and moment coefficients versus
angle of attack for E387 at Re=200,000; d drag polar for E387 at
Re=200,000

To better visualize the airfoils, Fig. 7 plots both airfoils
with their normalized y and x coordinates.

It is possible to see that the SG6043mod’s maximum
thickness is greater than the SG6043’s. The position of max-
imum thickness has moved frontwards (closer to the leading
edge), while the position of maximum camber has moved
rearwards (closer to the trailing edge). The SG6043mod is
slightly more cambered than the SG6043. Lastly, the leading
edge radius of the SG6043mod is greater than the SG6043’s
radius. The effect of these geometric parameters can be visu-
alized in terms of lift, drag and pressure coefficients and
boundary layer behavior. Figure 8 shows the plot of the lift
coefficient against the angle of attack.

The most notable differences between the airfoils are
the SG6043mod greater values of C; and stall angle i.e.
1.7968 at 17.5° against 1.6326 at 16° of the SG6043. This
increase can be explained by the increase in thickness,
camber, and leading-edge radius. Thicker airfoils also have
thicker boundary layers (i.e. more turbulent), which makes
it more resistant to the adverse pressure gradient, allowing
the airfoil to reach higher angles of attack. Besides that, with
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Fig.6 Optimization objective
versus iterations
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Table 1 . Geometric parameters Airfoil Max t/c Position of max t/c Camber Position of max  LE radius
comparison camber
SG6043 10.00% 32.32% 5.50% 50.50% 1.69%
SG6043 mod 11.90% 23.23% 6.00% 52.52% 2.17%
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Fig.7 SG6043 and SG6043mod
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Fig.8 C; versus angle of attack for SG6043 and SG6043mod airfoils

more camber, there is a better “alignment” of the leading
edge with the flow at higher angles of attack, thus lower-
ing the suction peak on the upper surface and reducing the

@ Springer
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adverse pressure gradient. The increased leading edge radius
also lowers the suction peak. The lower suction peak of the
SG6043mod airfoil can be seen on the pressure coefficient
graph at 16 degrees shown in Fig. 9. The value of zero lift
angle (a,) of SG6043mod is slightly more negative than the
SG6043’s, which is an effect mainly caused by the increased
camber. The same goes for the increased value of C o> which
is greater for the SG6043mod. In terms of stall behavior,
both airfoils presented gentle stalling characteristics, without
subtle changes in lift coefficient after the stall angle.

In Fig. 9a, it is possible to see that for an angle of attack
of 16°, the transition from laminar to turbulent for the
SG6043 occurs at 0.038c, while for the SG6043mod it
occurs at 0.092c. Besides that, when the Cp distribution is
almost horizontal on the upper surface, it shows the occur-
rence of flow separation. One can identify the separation by
examining a magnified C, graph in Fig. 9b. For the SG6043,
separation occurs at around 0.6¢, while for the SG6043mod
it occurs further away at around 0.66¢. With less turbulent
and separated flow, the SG6043mod at 16° should have less
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Fig.9 a C, distribution at a=16°; b Magnified C,, distribution

drag, which is consistent with the results. At 16 degrees,
SG6043 has Cy = 0.074 and SG6043mod has C; = 0.065.
Nevertheless, it is not sufficient to analyze the drag coef-
ficient for only one point. Thus, the drag polar for the airfoil
is plotted in Fig. 10.

It is possible to note two regions where SG6043 drag
coefficient is smaller than SG6043mod; 0.35 < C, < 0.995
and 1.053 < C; < 1.43. However, the differences are in the
order of 0.002-0.003 in these regions. For values of C,
above 1.43 up to SG6043 C; , it has higher values of drag
coefficient, due to separation that likely has already started
at this point. In addition to that, SG6043mod reaches
higher values of C;, which has already been observed in
Fig. 8. The purpose of Fig. 10b is to illustrate the drag
coefficient values when the lift coefficient has a value of
1. In this case, SG6043mod has a slightly lower C,; when
C,=1. Figure 10b is a ‘zoomed-in’ version of Fig. 10a.
Figure 10b is taken from the region inside the red box in
Fig. 10a. The ‘red box’ region in Fig. 10a is demonstrated

204
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in Fig. 10b and shows the insight of the two curves. As it
can be observed in Fig. 10a, the curves cross each other at
several points. This means that each airfoil has a better C,
to C, ratio, depending on the value of lift or drag on which
we are looking. So, Fig. 10b focuses on the value of C,=1.
At this point, SG6043mod has a lower value of drag com-
pared to SG6043. Now examining the value of the drag
coefficient for C; = 1, the design point, SG6043mod dem-
onstrates slightly lower values, which can be seen in
Fig. 10b. For 0.995 < C; < 1.053, SG6043mod drag coef-
ficient is slightly smaller than SG6043. From the lift coef-
ficient and drag polar graphs, one can observe the strategy
adopted by the optimization algorithm, minimize the drag
coefficient at C; = 1 while increasing the value of C; .
This is consistent with the parameter that had to be maxi-

. C
mized: —lmax .
C,@C =1

In terms of the moment coefficient, SG6043mod pre-
sented higher values, as shown in Fig. 11.

(b)

1.05 -

—— SG6043
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1.04 4
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o 1024
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0.99 T 1
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Fig. 10 a Drag polar of SG6043 and SG6043mod airfoils; b drag polar around the design point; ¢ drag polar around the design point with differ-

ent axis values
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Fig. 12 Lift coefficient of SG6043mod obtained by Fluent and
XFOIL

This characteristic is related to the increased camber of
the SG6043mod airfoil. Airfoils with higher cambers tend to
present higher aerodynamic loads closer to the trailing edge,
which increases the nose-down moment.

3.3 Numerical Simulations

Figure 12 shows the plot of lift coefficient versus angle of
the attack obtained by the numerical simulations in ANSYS
Fluent and compared to the results obtained by XFOIL. Even
though Fluent predicted an earlier stall in comparison to
XFOIL, the overall comparison is highly accurate.

Table 2 summarizes the comparison between Fluent and
XFOIL results.

The drag polar obtained from XFOIL and Fluent simula-
tions is plotted in Fig. 13.

@ Springer

Table 2 Fluent and XFOIL results comparison

Parameter Fluent XFOIL
Clm 1.7814 1.7968
a stall (degrees) 15 17.5

o 0.8099 0.8271

0
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0.0000 0.0200 0.0400 0.0600 0.0800 0.1000 0.1200 0.1400

Cd

Fig. 13 Drag polar for SG6043mod, obtained by XFOIL and Fluent

The drag coefficient of numerical simulations is higher
than the one predicted by XFOIL for the entire curve. Never-
theless, the values predicted by XFOIL are very close to the
ones obtained by Fluent; differences are only in the order of
30 drag counts (i.e. 0.0030), which are minor and negligible.

The formation of laminar separation bubbles (LSB) is
predicted by Fluent and it was observed that, as the angle of
attack is increased, the bottom surface bubble disappears,
while the top surface bubble moves towards the leading
edge, as displayed in Fig. 14 where the LSB can be seen at
different angles of attack, with a close-up of each region.
Laminar separation bubbles have also been detected for low
Reynolds number in the works of Hiibbe [11] and Aftab
et al. [29].

Inside the separation bubbles, the flow is reversed, which
creates a dead zone. In practice, the bubbles increase the
local thickness of the airfoil, which usually increases the
drag. The reversed flow inside the bottom surface bubble
can be seen in Fig. 15.

Figure 16 shows the pressure coefficient distribution for
the same angles of attack as in Fig. 14. In every pressure
coefficient distribution, a plateau followed by a sudden
decrease in the curve can be observed. This is indicative of
laminar separation bubbles with a turbulent reattachment.
For higher angles of attack, it is notable that there is the
same plateau near the trailing edge, which indicates flow
separation. It is also possible to note that this plateau moves
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Fig. 14 Velocity contour for SG6043mod. a a=0° b a=4°% ¢ a=8%
da=12°

towards the leading edge as the angle of attack increases, in
agreement with the velocity contours shown in Fig. 14. At
an angle of attack equal to zero Fig. 16a, the bottom surface
also has a plateau followed by a sudden decrease in pressure
coefficient, indicating another laminar separation bubble.

Plots of the skin friction coefficient along the chord can
be very helpful to identify the length of the bubbles and tran-
sition and reattachment points. Figure 17 displays the skin
friction coefficient along the chord for the same angles of
attack that have been discussed so far. For the angle of attack
zero Fig. 17a), the skin friction coefficient for both surfaces
has been plotted due to the presence of two laminar separa-
tion bubbles. For the further angles of attack Fig. 17b—d,
only the skin friction coefficient of the top surface has been
plotted, since the bubble on the bottom surface disappears.
The length of the bubble can be estimated by identifying the
positions of laminar separation and turbulent reattachment.
Table 3 summarizes the laminar separation bubble behavior
for different angles of attack.

The moment coefficient versus angle of attack obtained
by XFOIL and Fluent is illustrated in Fig. 18. XFOIL and
Fluent predictions show good agreement at low angles of
attack (from —4° to 2°). The difference grows, as the angle
of attack increases, with XFOIL slightly underestimating the
values of the moment coefficient. Nevertheless, the overall
differences in C,, for higher angles of attack are negligible
and the curves demonstrate a similar trend, with the curve

External flow direction

H 6.142e+01
4.607e+01

3.071e+01

1536e401 — =

0.000e+00
[m 1] :

Fig. 15 Vectors of velocity inside the bottom surface bubble for
SG6043mod

predicted by XFOIL with a more positive derivative between
0° and 15°.

4 Discussion and Conclusions

In this work, design optimization of a low Reynolds
number airfoil was performed by the integration of two
software i.e. modeFRONTIER and XFOIL. The newly
generated airfoil demonstrated improved aerodynamic
characteristics in comparison to the reference airfoil.
Numerical simulations in ANSYS reconfirmed the
improved results obtained from the proposed optimiza-
tion methodology.

The airfoil design is often a time-consuming and iterative
process. The proposed software integration methodology for
the design optimization of airfoils significantly improved
the efficiency of the process by reducing the steps and time
of airfoil optimization. The optimization method proposed
in this study can be useful because its multidisciplinary
nature of the optimization allows the user to define different
requirements that are not only related to the aerodynamic
features but also to geometric constraints. The proposed
methodology can be considered as a universal approach for
optimizing the airfoils with particular features in terms of
geometry; for example, the minimum value of the internal
volume of a wing can be a constraint in some applications,
in that case, the thickness of the airfoil can be limited to a
specific value or becomes a potential design goal. Hence, by
using the proposed optimization methodology, the user can
easily adapt according to the design goals and constraints
without any additional steps.

From the numerical simulations, the newly generated
airfoil presents better 2D aerodynamic characteristics than
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the reference airfoil. Since SG6043mod has been opti-

mized based on the parameter c C@‘)"gx it can be applied for

b
d =1

long-endurance UAVs with a design lift coefficient around
1, due to its improved values of Cp,,, and C;@C, = 1. In
addition to UAVs, the newly generated airfoil can also be
a potential candidate for general aviation purposes operat-
ing within the range of low Reynolds numbers.

Since the numerical simulations are also associated with
their particular limitations, the authors believe that further/
final evaluation of the airfoil should be done with wind
tunnel testing. To widen the scope of the present work, in
the future, alongside wind tunnel testing, an analysis of
the general endurance parameter would also be included
in future studies. Since the general endurance parameter is
influenced by wing aspect ratio, weight, 3D drag polar, and
other parameters. a detailed process would be established to
ensure the accuracy of the analysis by designing (two) wings
from the airfoil. The analysis of both wings using SG6043
and SG6043mod as a base and optimized airfoils will deter-
mine real-life applications, where 3D characteristics are the
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most relevant when it comes to the performance evaluation
of a wing and aircraft. Nevertheless, improved 2D aerody-
namic characteristics of the airfoil SG6043mod is a starting
point for long endurance flights of aircraft.

Following conclusions can be drawn from the study:

(1) The airfoil design optimization methodology pre-
sented in this study by the integration of XFOIL in
modeFRONTIER is flexible and efficient with sig-
nificantly reducing the time associated with the con-
ventional optimization process.

The optimized airfoil showed significant improve-
ments in the optimization parameters (10% increase
in %); hence, design optimization targets were
met which demonstrates the effectiveness of the pro-
posed optimization methodology of this study.

The proposed design optimization method can be
useful for a variety of applications and required aero-
dynamic characteristics.

(i1)

(iii)
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Table 3 Position of laminar separation and turbulent reattachment o (deg)
5 0 5 10 15 20
and bubble length 0.00 L L ! L i
a (deg) Laminar separation (x/c) Turbulent reat- Length (x/c)
tachment (x/c) 0054
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0.36 0.65 0.29 5
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Fig. 18 C,, versus angle of attack obtained by XFOIL and Fluent for
(iv) For the low Reynolds number airfoils, XFOIL pro- SG6043mod

vided good agreement with the experimental results
and proved to be a reliable tool. However, future

investigations on the high lift airfoils using XFOIL generated airfoil while it can also be considered for
are recommended and planned. general aviation applications.

(v) Numerical results of the newly generated airfoil (vi) Further evaluation of the airfoil using wind tunnel
confirm the improved aerodynamic characteristics. testing is recommended and planned.

UAVs are the potential applications of the newly
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