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Abstract

This work concentrates on the effect of a flex-skin trailing edge flap on the aerodynamic characteristics of SD7037
airfoil at low Reynolds numbers, in the range of 2-103 to 5-105 using computational methods. The study used a range of
angle of attack (AOA) associated with the take-off phase and different flap angles. The numerical model was set up in
Siemens STAR-CCM+ package using the k- shear stress transport turbulence model and the (y-Re0) transition model
which ensured the approximate solution of Navier-Stokes equations. The verification of the computational solution was
done by the comparison with the available experimental data of the plain flap, and it was discovered that the results
matched pretty well at lower AoAs. Results indicated that certain sets of AoAs and flap angles can notably achieve the
lift over the drag ratio above the baseline conditions, thus improved the performance especially during take-off stage.
Besides, some combinations were found to be inefficient, and these were recommended to be discarded. Additionally,
the results showed that the flex-skin flap generated higher lift coefficient but also higher drag coefficient at the same
range of AoAs as compared to that of the plain flap.
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AHHOTALHUA

C HCTIONB30BaHUEM BEIYHCIUTEIBHBIX METOJ0B U3YUEHO BIMSHME 3aKPBIIKAa OSCIMIOTHOTO JIETAaTeIbHOTO almapara
¢ ruOKoi OOIMBKOM HA a’pOAMHAMHUYECKHE XapakTepucTHKH npodurst SD7037 npu Hu3kux unucnax Peitnonbraca B
nuarnasone ot 2-105 mo 5-105. Uccnenosanue npoBOAMIOCH B quana3one yrios ataku (Angles of Attacks, AoAs),
CBSI3aHHBIX C (pa30¥i B3JIeTa M Pa3IMYHBIMHU yIJIaMH 3aKPbIIKA OSCITHIIOTHOTO JIETaTeIbHOTO anmnapara. YncieHHas Mojielb
peannzoBana B nakere Siemens STAR-CCM+ ¢ ncrnonb3oBaHUEM MOJAETH TypOYIEHTHOCTH MEpeHoca KacaTelbHbIX
HaIpsODKEHUH K-® U MOJeNH Tepexona y-Reb, kotopas obecrneunBaeT nmpuOiImkeHHOe pelleHne ypaBHeHuii HaBbe—
Croxca. [IpoBepka BEIYHCIUTENBLHOTO PELICHHS BEIIIONHEHA yTEM CPaBHEHHUS C HMEIOIIUMUCS SKCIIePUMEHTANIbHBIMU
JAHHBIMU, MOIyYEHHBIMH IS IIIOCKOTO 3aKpblIka. OOHApYKEHO, YTO PE3yNbTaThl JOBOJIBHO XOPOIIO COBMAJAIOT IPU
Oomee HU3KHX A0As. [lokazaHo, 4To onpeneneHHbIe HAOOPEI AOAS U YIIIOB 3aKpBIIKa MOTYT 3aMETHO 00ECIICUUTh
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HOIBEMHYIO CHIIy C a3POJIMHAMUYECKHM Ka4eCTBOM BBIIIE 0a30BBIX YCIOBHI, TEM CaMbIM YIIydIllasi XapaKTePUCTHKHY,
0CcOOCHHO Ha JTare B3JieTa. YCTAaHOBJICHO, YTO HEKOTOPbIe KOMOMHAIIMY MapaMeTPOB OKa3alich Hed((HEKTUBHBIMU, U
OT HUX OBLIO PEKOMEHI0BAaHO OTKa3aThes. OOHapykeHo, yTo rMOKast OOIIMBKA 3aKpbUIKA 00ecTieunBaeT Ooee BHICOKUM
K03()(PUIMEHT TOABEMHON CHIIBI, HO TakXke W 0oJiee BHICOKHN KO GHUINEHT I0OOBOTO COMPOTUBICHUS MIPH TOM K€
JIMAra30He YIJIOB aTaKH 0 CPABHEHHIO C OOBIYHBIM 3aKPBUTKOM OECIHIOTHOTO JIETATENILHOTO ammapara.

KiroueBble cjioBa

BHHA, aspoAuHAMMKa, IMoAbEMHAs Cuila, COIIPOTUBJICHHUE, IIPOU3BOAUTCIILHOCTD, OCCIUIIOTHBIN JIeTaTeIbHBIN arrapar
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Introduction

Aircraft lift can be boosted by the use of flaps which
also affects stall speeds, take-off, and landing distances by
lowering these characteristics. These effects are utilized
in Unmanned Aerial Vehicles (UAVs) to improve the
lift, but with increased drag. The UAV flight stability is
also enhanced. At specific situations the efficiency of
the airfoil is improved, which in return improves UAVs
range. For these positive outcomes various flap types have
been formed over the years to get definite aerodynamic
characteristics [1, 2]. Flex-skin flaps are very simple
and can be easily fabricated with very simple tools and
techniques at truncated cost. Comparing to other types of
flaps, this minimalism comes with limited reliability that
solely depends on the type of the material used to form the
skin of the airfoil and the flap, as presented by Ooda [3].
Therefore, studying airfoils with flaps, including flex-skin
type, could provide valuable insights for a broad range of
UAV engineers, hobbyist, and makers [4].

Literature Review

Due to its obvious importance many studies were
carried for various types of flaps on different airfoil
sections such as the work done by Frolov and Wenming
[5] who analyzed the effect of plain flap on airfoil lift
by using computational methods. The complex variable
function theory was used to analyze the proposed model
accompanied with conformal mapping and the discrete
vortex method. The study showed linear relation between
the increase of lift coefficient ¢/ and the increase of the
plain flap angle.

While Todorov [6] analyzed numerically a single
slotted flap airfoil NACA-23012, the study included a
numerical analysis of acrodynamic coefficient at Reynolds
number of 3-106 and simulated the forces on the flap using
computational fluid dynamics utilized by ANSYS Fluent
code. The proposed technique uses a turbulent model with
Spalart-Allmaras method. Also, the airfoil has 1 m chord
with an additional 0.32 m chord for the slotted flap. The
study found out that the slotted flap generated a greater lift
coefficient ¢/ than that of the (NACA-23012) profile, with
less drag coefficient ¢/ for the flap model.

Srivastava [7] modeled and analyzed airfoil NACA-
2412 with flap to generate high-lift. The 3D model
simulated using Reynolds number 1.4 million (velocity
20.42 m/s). The dimensions of the model were 1 m
and 0.332 m for the chord and flap, respectively. The

study showed that the maximum lift generated at 10° flap
angle.

The flap deflection on NACA-2412 airfoil was
simulated numerically by Dutta et al. [8]. The flow regime
selected to be subsonic. Also, for each angle of attack
(AoA) from the set (0°, 4°, 8°, and 12°) the model used
a different flap deflection. The model simulated using
ANSYS Fluent with structured mesh-grid and the model
dimensions set to be 150 mm and 300 mm for chord length
and span, respectively. The end results indicated that with
the increasing the AoA, the lift coefficient ¢/ enhanced
up to a certain degree. As well as, the study simulate the
relation between different flap deflection and the flight
condition.

Also, the airfoil section NACA-2412 with plain flap
was studied using computational techniques by Thejarju
et al. [9] using ANSY'S Fluent for various flap angles. The
study showed that the maximum lift coefficient ¢/ observed
at 32° flap angle.

Because the calculations of aerodynamic forces are
accurate for flows where boundary layer transition may
occur, such as in wind turbine and in many other crucial
aerospace applications, Michna et al. [10] evaluated the
accuracy of the y-Ref boundary layer transition method in
forecasting the aerodynamics of the DU-91-W2-250 profile
at high Reynolds numbers. The study inspects transition
onset, boundary layer development, and flow separation
by comparing numerical results with experimental
measurements. While the model effectively gets key
transition phenomena, inconsistencies arise in separation-
induced transition and turbulent reattachment regions. The
findings indicate that y-Re0 is suitable for preliminary
aerodynamic analysis but requires refinements for high-
fidelity simulations.

The aerodynamic effects of fixed wing UAV airfoil
SD-7037 were numerically evaluated by Ramanan et al.
[11]. The model simulated at low Reynolds number, with
dimensions of the model (719 mm, 292 mm, and 120 mm
for length, width and total height, respectively). The model
simulated using ANSYS Fluent. The result showed that the
simulation analysis is satisfying to meet the performance
aspects.

The change of the flap angle influences on the
performance of airfoil type NACA-4415 is studied in
the research carried by Vinod and Joth [12]. The model
simulated at Reynolds number 4:10¢ and AoA varied from
—10° to 30°, using Xfoil software. Also, the flap angle was
(-90°, —45°, +45° and +90°). The analysis showed that
during the take-off situation the flap can be useful due to
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the generation of sudden lift. The viscosity effects were
not considered in this work as the Xfoil software provides
limited supported for boundary layer simulation.

The lift and drag forces of airfoil (M21) with plain
flapper at diverse AoAs was investigated numerically by
Patel et al. [13]. The different flapped designs simulated
using ANSYS Fluent. Also, the x-® turbulence model
used with 2,000,006 Reynolds number as initial boundary
conditions. The chord length selected to be 1.0148 m. The
mesh/grid generation tested around 395,846 elements. The
study showed that the drag and lift increase with the AoA
increases. The angle of stall found out to be around 24°.
The plain flapper angle that improved the lift found out to
be around 10°.

Flaps are also used in wind turbines to reap its benefits,
thus, Ma et al. [ 14], simulated numerically and analyzed the
effect of adding flap to airfoil S 809 wind turbine. The flap
added to the upper surface of the S 809 airfoil with a cord
length of 1 meter and the Reynolds number value of 1-10°,
The 2D model was simulated using ANSY'S Fluent with 2D
incompressible Reynolds Averaged Navier-Stokes (RANS)
equations. The total mesh selected to be around 160,000
cells. The study showed that the added flap improve the
aerodynamic performance of the optimal performance
found out to be at AoA = 14°, where the drag decreased by
3.98 % and the lift increased by 13.67 %.

Computational and experimentally methods was used
to investigate the flap angles on the performance of a
home-built wing NACA-23012 in the work of Salam et
al. [15]. The tested angles of attack were 0°, 5°, 10°, 15°
and 20°, and the flap angles were —15°, 0°, 15°, 30°, and
45°. The chord and the span of the model was taken as
1.6 m and 0.29 m, respectively. The study found out that
the maximum drag was at 20° AoA and 45° of flap angle.
Whereas, the maximum lift was at 0° AoA and at 15° of
flap angle. The model optimal performance was at 15° AoA
and 45° of flap angle.

Krishnan et al. [16] conducted a simulation to illustrate
the consequences of adding flap at different angles on a
wing NACA-6412. The AoA for the model varied from —4°
to 16° and Mach number from 0.2 to 0.4. The flap angles
used were 10°, 20°, and 30°. The model was simulated
using ANSYS ICEM CFD. The aerodynamic analysis
showed that the maximum lift occurs at 14° AoA. Also, the
drag and the lift increased with increasing the flap angle.

Soman et al. [17] investigated the outcomes of changing
the numerical settings on the behavior of the y-Re® model
in simulating both two dimensional and three dimensional
bluff body transitional flows using the Open-FOAM
software. The influence of various solver configurations
and turbulence models on the accuracy and convergence
of the simulations was examined, and it was shown that
numerical settings significantly affect the transition
prediction, especially in complex flow scenarios involving
separation and reattachment. The findings emphasize the
need for careful optimization of computational parameters
to improve the reliability of transition modeling in practical
applications, such as aerodynamic design and fluid-
structure interaction analysis.

The well-known NACA-4412 airfoil with a plain flap
was evaluated numerically by Xiao et al. [18] as this type of

airfoil is widely used in UAVs. The simulated model uses
k-o Shear Stress Transport (SST) method with 1 m chord
length and 6-10° Reynolds number and around 4° AoA.
The study showed that at a certain AoA with increasing
the flap angle, the suction shortfall increases on the lower
wing surface.

Parluhutan et al. [19] evaluated numerically the effect
of plain flap on the lift of symmetrical airfoils NACA-
0015. The model simulated at 4-10% Reynolds number with
k-Epsilon turbulent model and different angle of deflection
of 15° and 30°, the AoA selected to be from 0° to 25°. The
study found out that the lift coefficient ¢/ increases due to
the presence of the flap.

It is worth to mention that less complex methods, other
than those that uses control volume methods applied in
Computational Fluid Dynamics (CFD), may be used to
analyze aerodynamic characteristics of airfoils with flaps,
such as the panel method, both linear and non-linear,
utilized by Ali [20, 21], but it lacks the capabilities to
calculate viscosity effects. These methods can’t be used
to calculate airfoil performance for practical applications
although it requires much less computational power as
compared to control volume methods used in this work.

From the presented literature review it can be seen
that neither recent nor previous studies have investigated
the use of the SD7037 airfoil with a flex-skin flap, in
spite of its potential to improve efficiency and its simple
manufacturing methods.

This work is a continuation of a previous study carried
by Abed [4]. In this work, there exists the aerodynamic
performance of the SD7037 airfoil section with trailing
edge flex-skin flap, employing CFD at low AoA and
Reynolds numbers within the range of 2:105 to 5:105. The
analysis encompasses a variety of low AoA alongside
differing flap angles at take-off phase by solving the flow
equations of Navier-Stokes by the application of CFD with
utilizing k- SST turbulence method and y-Re0 transition
method available in Siemens STAR-CCM+ package to
help in the prediction of the performance of UAV during
take-off phase.

Numerical Modeling

For this research, the SD7037 airfoil has been selected,
with a 0.23 m as the chord length (¢) to be compared with
the plain flap data from Abed [4]. A flex-skin flap is added to
the trailing edge of the airfoil section at the (0.79¢) position,
thus the flap chord is (0.21c¢) of the total chord. The study
is carried at sea level conditions. The value of Reynolds
number for the flow is set to be ranging from 2-105 to 5-10°.

These settings were preferred to assess the numerical
calculations against the experimental measurements for
verification, and also to be compared with CFD results from
Abed [4]. It is to be noted that no experimental information
is available for such case, thus the verification will be
carried based on the general behavior of the numerical
results for the flex-skin flap with the data from MS Selig
et al. [22] for the plain flap of the same airfoil section.
The airfoil profile information were based on those from
[22] and shaped using utilities provided by the software
package, which are presented in Fig. 1.
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Fig. 1. Drawing of the airfoil and the flex-skin flap with
deflection angle 6f

For the presented case, it is expected that the flow
across the airfoil to be mixed of both laminar and turbulent
nature, due to the local Reynolds number could reach and
may surpasse the value of 5-103, thus become turbulent and
encounter a transition phase. Therefore, RANS equations
were applied to estimate the viscosity influences. The
airfoil has been numerically simulated for steady-state
viscous flow conditions at sea level at two dimensions with
constant density.

In order to accurately account for the viscosity effects
and include the calculations of the transition phenomena,
K-o with shear stress transport turbulence model presented
by Menter, F.R. [23] with y-Re0 transition method has been
selected. The correlations required to formulate this model
is based on those typically provided within the model with
no calibration, Menter [24].

The computational domain has been chosen to be a
square of a large size, 20 m were defined as shown in
Fig. 2, this is to eliminate and reduce the effects from
the domain boundaries on the airfoil. The inlet has been
established to be a velocity inlet, and the outlet at the
domain exit was set to a pressure outlet.

Unstructured mesh is preferred to discretize the domain
because of its flexibility as presented by Versteeg, H.K.
and Malalasekera [25], while a structured mesh was used
to model the surface of the airfoil and the flex-skin flap
so as to capture the flow nature correctly and in details.
The polygonal type of elements has been applied due to
their higher quality, accuracy, and stability as compared
to the other available types. This type of elements requires
more time due its higher requirements of computational
power [25].

introduced in [25]. The wake of the airfoil was modeled
with a length of 20 times of the airfoil chord. Mesh
refinement was applied and checked by running a mesh
independence study to achieve the accuracy and stability
of the solution.

From Fig. 3 below, it can be concluded that the
numerical solution will stabilize around 1,563,143
elements, with acceptable accuracy. At higher number of
elements the solution become more stable but requires
much higher computational power, which will limit the
number of cases that can be computed.

Thus, compromise between the level of the accuracy
of the solution and the computational power required
may be applied. It can be seen from Table 1 below that
the difference of the lift coefficient ¢/ value between the
successive assessments is very small for the last three
trials in the mesh independence study, thus the selected
mesh yields results with acceptable accuracy and less
computational time. Similar technique was used by Abed
[4] to increase computational efficiency.

Based on this analysis, the mesh applied in the solution
with 1,563,143 elements is presented in Fig. 4 below.

Results and Discussion

As it was mentioned before, the general behavior of the
numerical results for the flex-skin flap is compared with
that of the experimental measurements from MS Selig,
et al. [22] for the plain flap of the same airfoil section in
order to verify the correct application of the suggested
CFD model.

The behavior of the numerical results show conformity
with the experimental information from [22] for the studied
cases, as shown in Fig. 5 below, where experimental
measurements presented in (Exp) in the figure as solid
lines for various flap deflection angles df are compared to
the computational results (CFD) presented in bullets. Thus

Table 1. Change of lift coefficient ¢/ among the last trails of the
mesh independence study

Percentage change of lift coefficient ¢/

Number of Elements . .
between successive trails, %

The boundary layer over the model has been 1,563,143 0.19
studied, using 60 layers of prism cells near the model 2 635.899 011
solid boundaries. The height of the cell next to the = .
wall calculated to be at 1.2:10-5 m using the method 5,625,178 0.00

=
N AP Flaj
Velocity Pressure  Airfoil 5
Inlet \ \ Outlet "
Airfoil + Flap

Fig. 2. The computational domain, airfoil with flap
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4

Number of Elements

Fig. 3. Mesh Independence Study

Domain mesh

R RN

Fig. 4. The applied mesh of the model
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b
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0.4 . CFD, 8f=5°
] \ . CFD, 8f=10°
01 N . . :
N 0.02 0.04
cd

Fig. 5. Validation of CFD results (CFD, bullets) with experimental measurements (Exp, the solid lines) for lift coefficient ¢/ (a) vs.
AoA and drag polar (b) vs. drag coefficient cd for Reynolds number 3-105 for various flap deflection angles in degree

the suggested numerical model may be used to calculate
the aerodynamic characteristics for the flex-skin flap on
the SD7037 airfoil with acceptable accuracy.

In this work, calculations was carried over the range
of AoA from 0° to 6° for a set of various flap deflection
angles at 0°, 5°, 10°, 15°, and 20° in the range of Reynolds
numbers from 2-105 to 5-105 with a 0.5-103 step, totaling
140 cases. The results are shown and discussed in the
following paragraphs.

By the analysis of the computational results shown in
Fig. 6, a—d below, it can be determined that the value of
the lift to drag ratio coefficients (c//cd), or the aerodynamic

performance of the model, is the highest at AoA 2°
at all values of Reynolds numbers, while at AoA 6° is the
lowest.

At AoA 2°, 6/10°, Re 3-105 further examination of the
flow uncovers that near the flap hinge and in the direction
of the trailing edge the pressure gradient is unfavorable
with many small regions of separated flow as shown in
Fig. 7 below. The pressure and velocity contours indicate
that drag is much higher in the case of 6/ 10° as compared
to that of 8f'5° due to the small regions of flow separations
on the upper surface and due to the drop in pressure at the
hinge region of the flap on the lower surface.
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Fig. 6. Lift to drag coefficient ratio c//cd of the model at various flap angles for different Reynolds numbers at AoA 0° (a), 2° (b),

4°(c), 6° (d)
Fig. 8 shows a closer view of the velocity contours at Fig. 9 demonstrates the moment coefficient (cm) as a
the flap hinge region which confirms the turbulent nature  function of &f for different Reynolds numbers for various
of the flow near and around the flap. AoAs. The moment coefficient ¢cm is calculated at the

' s Pressure Coefficient lll

Velocity, m/s

22

Fig. 7. Pressure and velocity contours at AoA 2°, Re 3105, 8f'5° (a, ¢), 8/ 10° (b, d)
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Velocity, m/s

--1'27

Fig. 8. Velocity contours near flap hinge at AoA 2°, Re 3-105, 8/5° (a), 8/ 10° (b)

airfoil leading edge with its negative values indicates a
counterclockwise direction, or the pitch down moment
coefficient cm. It can be concluded that as the AoA
increases the pitching moment increases as well. This is
due to the increase in the forces over the top surface of the
model, which means that during take-off a higher df causes
the airfoil to pitch down to counterbalance the moment. It is
to be taken into considerations that Reynolds number has a
limited effect on the moment coefficient cm, except at AoA
6°, 6f20°, as shown in Fig. 9, d.
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A comparison of the aerodynamic characteristics has
been carried between the model with the flex-skin flap and
that with the plain flap presented by Abed [4] showed that
at Reynolds number of Re 3-105 for the lift coefficient ¢/
for different AoA at various flap deflection angles is
practically the same as can be seen in Fig. 10. This is true
except for the situation when the AoA is at 4° and 6° at
flap deflection angle of 10°. In those cases the lift for the
plain flap model drops noticeably as compared to that of
the flex-skin flap. The flex-skin flap retained a more steady

8 °

~ Re 400K -= Re 450K - Re 500K

Fig. 9. Moment coefficient cm of the model vs. various flap angles for different Reynolds numbers at AoA: 0° (a), 2° (b), 4° (c), 6° (d)
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Fig. 10. Lift coefficient ¢/ comparison between the flex-skin and the plain flap at Re 3-10° for various flap deflection angles at AoA:
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Fig. 11. Drag coefficient cd comparison between the flex-skin and the plain flap at Re 3103 for various flap deflection angles at
A0A: 0° (a), 2° (b), 4° (¢), 6° (d)
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flow and enhanced pressure gradient over the upper surface
due to the continuous surface with no abrupt changes in
the geometry.

The flex-skin flap model showed higher drag coefficient
cd than that of the plain flap as can be concluded from
Fig. 11 for the same conditions and cases. This is because
of the unsmooth change in the flow route on the bottom
surface of the model with flex-skin flap at the hinge point
between the wing and the flap. This sudden change of the
direction of the flow as it passes the hinge area produced
losses of energy resulting in the increase of the drag.

clled

clled

40

clled

20

Analysis of the value of the lift to drag of the model
presented in the current work as compared to that of the
model with the plain flap from Abed [4] is shown in Fig. 12
in similar conditions. It can be deuced that the flex-skin
flap offers higher performance at AoAs 0° and 2° while
it provides less performance at AoA 4° and 6° with the
highest performance recorded at AoA 2° for the model with
the plain flap. This is because of the higher drag produced
by the application of the flex-skin flap.

The moment coefficient cm of the model with the flex-
skin flap at Reynolds number of 3-105 is compared to that

100
80 — —— ------.__
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-+ Plain flap

Fig. 12. Lift to drag ratio cl/cd comparison between the flex-skin and the plain flap at Re 3-105 for various angles of attack at 3f:
0° (a), 5° (b), 10° (¢), 15° (d), 20° (e)
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Fig. 13. Moment coefficient cm comparison between the flex-skin and the plain flap at Re 3-103 for various angles of attack at AoA
0° (a), 5° (b), 10° (¢), 15° (d), 20° (e)

of the plain flap results from Abed [4] which showed that
there are insignificant differences, as can be seen in Fig. 13
below.

Conclusion

This research investigates the aerodynamic behavior
of an airfoil with SD7037 profile and flex-skin flap at the
trailing edge during take-off phase with small Angles of
Attack (AoAs) and Reynolds numbers within the range of
2-105 to 5-105 by the application of Computational Fluid
Dynamics (CFD) simulation through the use of Siemens
STAR-CCM+ software package.

The research showed that using the k- SST model
together with the y-Ref transition method is suitable for
capturing the complex flow behavior around the SD7037

airfoil with a flex-skin flap at small angles of attack, since
it can represent the mixed laminar-turbulent characteristics
with acceptable accuracy. The numerical results showed
that the best aerodynamic performance, in terms of lift-to-
drag ratio, was obtained at a Reynolds number of 4.5-103,
AoA 2°, and flap deflection angle of 5°. In fact, for the
different Reynolds numbers considered, the maximum
lift-to-drag ratio consistently appeared at AoA = 2° and
Of = 5°, whereas the lowest lift-to-drag ratio occurred at
AoA = 6° for the various flap deflection angles examined.
The analysis also indicated that the flex-skin flap can
provide a higher lift coefficient ¢/ than the plain flap,
but this improvement is accompanied by an increase in
drag, which ultimately reduces the overall aerodynamic
efficiency, even though the pitching-moment coefficient
remains comparable.
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To further enhance the reliability of the numerical

predictions, additional work on the correlations and
parameter settings within the y-Re0 transition model is
recommended, particularly with respect to identifying the
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16.

18.
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