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NUMERICAL STUDY OF THE AERODYNAMIC CHARACTERISTICS
OF AIRFOIL WITH HIGH-LIFT DEVICES

The subject matter of this article is the aerodynamic profile of the wing with high-lift devices in the aircraft
transport category. When high-lift devices are released, the aerodynamic flow of the wing changes significantly,
this changes the stress-strain state of the wing. This relates not only to an increase in lift force due to a change
in the curvature of the wing and an increase of the wing area, but also due to a change of the position of the
center of pressure relative to the chord of the wing. The goal is to study the influence of wing high-lift devices
on the aerodynamic characteristics of the profile during take-off, cruise, and landing cases using numerical
methods. The obtained data will be used to determine the loads on the wing in various flight cases. The task is
to determine the aerodynamic coefficients of lift and drag forces, changing the position of the pressure center
during flight cases: take-off, cruise, and landing. The aerodynamic profile b737c-il was used in the analysis. The
single-slot slat and double-slots flap were used in the analysis model. The numerical methods with the CAE
system ANSYS Fluent were used. The solver models k-epsilon and transition SST were used for comparison. The
use of numerical methods in the process of designing aircraft structures is widely used to accurately determine
the aerodynamic parameters of the wing in various flight cases. The following results were obtained: the
dependence of the lift coefficient on the angle of attack, the lift coefficient on the drag coefficient, and the position
of the center of pressure along the chord of the profile for cruise, take-off, and landing flight cases. Conclusion.
The scientific novelty of the results obtained is as follows: the use of numerical methods for determining the
aerodynamic characteristics of a wing with high-lift devices in particular, determining the dependence of the
position of the center of pressure relative to the chord and at different angles of attack. The obtained results will
be used to determine the load on the wing, in particular the distributed load on the slats and flaps, to clarify the
torque moment in the wing section where high-lift devices are used.

Keywords: high-lift devices; airfoil; numerical methods; center of pressure; aerodynamic characteristics;
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1. Introduction

Despite the fact that the high-lift devices of the wing
have existed for a long time, but its research and
modifications continue to nowadays. The development of
modern methods of analysis allows us to study in more
detail the one of most important elements of the wing as
high-lift devices. The design of an efficient high-lift
system is a challenging task in the aerospace industry.
For example, Qiang Ji and the others authors, in the
article [1], performed aerodynamic optimization design
of an ADHF (Adaptive Dropped Hinge Flap) high-lift
system. The Adaptive Dropped Hinge Flap (ADHF) is a
novel trailing edge high-lift device characterized by the
integration of downward deflection spoiler and simple
hinge flap, with excellent aerodynamic and mechanism
performance. In this paper, aerodynamic optimization
design of an ADHF high-lift system is conducted
considering the mechanism performance. Another study
of high-lift devices was done by Zhenhao ZHU and other
authors, which examined numerical investigations [2] are
conducted to explore the aerodynamic characteristics of

three-dimensional Co-Flow Jet (CFJ) wing with simple
high-lift devices during low-speed takeoff and landing.
These articles show considerable interest in the high-lift
devices.

When an aircraft is designed, it is necessary to have
the aerodynamic characteristics of the wing during
various flight cases, in particular, takeoff and landing.
Using of high-lift devices of the wing can significantly
reduce the length of takeoff ground roll and the length of
landing ground roll, as well as reduce one of the most
important characteristics of the aircraft - takeoff weight,
which ultimately affects the economic efficiency of the
operation of the aircraft. A modern wing with high-lift
devices is shown in Figure 1. Takeoff and landing speeds
increased on early jet airplanes, and as a result, runways
worldwide had to be lengthened.

There are economical limits to the length of
runways; there are safety limits to takeoff and landing
speeds; and there are speed limits for tires. So, in order to
hold takeoff and landing speeds within reasonable limits,
more powerful high-lift devices were required. Wing
trailing-edge devices evolved from plain flaps to Fowler
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Figure 1. Modern wing with high-lift devices

flaps with single, double, and even triple slots. Wing
leading edges evolved from fixed leading edges to a
simple Krueger flap, and from fixed, slotted leading
edges to two and three-position slats [3].

Unfortunately, the existing theoretical methods for
calculating the aerodynamic characteristics of wing with
high-lift devices are very laborious and cannot always be
implemented [4].

In order to obtain reliable data of wing with high-
lift devices, one has to perform laborious, expensive
experiments. As an example, we can consider
aerodynamic research performed in the aerodynamic
wind tunnel T-3 KhAI (Kharkiv Aviation Institute).
During the experiment, the aerodynamic characteristics
of a scale model of a rectangular wing with mechanical
high-lift devices and considering a flat interface were
obtained. The experiment was performed in the
aerodynamic wind tunnel with work area 1.5x1.5 meters
and Re = 3-10°. More details about the experiment are
described in the works [5] and [6].

During the design process, wing parameters may
change, or multiple wing configurations may need to be
researched to select the optimal configuration.
Unfortunately, full-scale tests are not always reasonable.
Therefore, at present time, numerical simulation is being
used more and more. Numerical simulation is
increasingly used in the design of aircraft structures to
determine the optimal parameters for given operating
conditions. This makes it possible to create more
advanced aircraft designs that meet modern requirements
for safe operation and economic benefit. As an example
of the using numerical simulation ANSY'S for the study
of aerodynamic characteristics of the wing is presented in
the article [7].

In this article, the aerodynamic characteristics of the
wing with extended high-lift devices (slats and flaps in
the take-off and landing positions) was obtained and
compared with a pure airfoil (cruise case). All analysis
was accomplished using numerical simulation in
ANSYS. In this article, presents the results of a numerical
analysis of the aerodynamic characteristics of a wing

with two slots flap at landing edge and simple extension
slat at trailing edge. Analyses were performed at three
flight cases: takeoff, landing, and cruise mode.

2. Materials and Methods

In the article, the finite element method based on the
ANSYS Fluent program was used. The ANSYS Fluent
Tutorial Guide [8] was used to perform analysis of
aerodynamic characteristics of the wing section for
takeoff, landing and cruse flight cases with appropriated
flight parameters (speed, flight altitude, high-lift devices
position).

The airfoil Boeing 737 Midspan b737c-il was used,
with maximum thickness 10 % at 39.9 % chord [9]. The
airfoil chord is 2000 mm (airfoil with retracted slats and
flaps). The airfoil models were created using the CAD
SIEMENS NX system and imported into ANSYS
DesignModeler, where the angle of attack of the airfoil
was subsequently set in the parametric mode. The angle
of attack varied from -10 to 39 degrees. The step of the
angle of attack was reduced depending on the area of
interest at a given angle of attack (at small angles, the step
was 5 degrees, at large 2 degrees). The calculation
environment has dimensions of 20x45 meters. To obtain
more accurate data, the mesh size, around the airfoil, was
reduced at area with a radius of 4 and 1.5 meters. The
calculation area, mesh and boundary conditions are
shown in Figure 2.

In the ANSYS Mesh module, the boundary layer
and mesh parameters were set. The results of the mesh
are shown in Figure 3.

3. Results

3.1. Calculation model validation

First of all, aerodynamic characteristics were
obtained for clear airfoil for validation calculation model
in ANSYS. Obtained results were compared with public
sources from [9] for Reynold’s number is 10°.
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Figure 2. Calculation area, mesh and boundary conditions
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Figure 3. Mesh of analyzed airfoil with takeoff (a) and landing (b) positions of slat and flap

The Reynold’s number is a dimensionless value
(similitude parameter) that measures the ratio of inertial
forces to viscous forces and describes the degree of
laminar or turbulent flow. Systems that operate at the
same Reynold’s number will have the same flow
characteristics even if the fluid, speed and characteristic
lengths vary [10].

The Reynold’s number is calculated like:

__pvl
R, = o @
where p — density of the fluid;

v — velocity movement of the fluid;

1 — characteristics length, the chord’s width of an
airfoil;

1 — dynamic viscosity of the fluid.

To obtain more accurate results, different mesh
shapes (quadrilateral - Quad4 and triangular - Tri3) and
different solvers models (k-epsilon [11] and transition
SST [12]) were used. The result of analyses is shown in
Figure 4. As shown on lift coefficient vs angle of attack
dependence, best results (the greatest agreement between
the result ANSY'S and the experimental public sources)
are the calculation performed with solver model
k-epsilon. Both mesh shapes Tri3 and Quad4 have good
results.

As a result, for analysis of aerodynamic
characteristics of the airfoil in cruise, takeoff and landing
flight cases, calculation model with solver model k-
epsilon and mesh shape Tri3 was chosen. The mesh shape
Tri3 was chosen because such type of mesh is easier to
build difficult airfoil shape/geometry (in particular airfoil
with extended slats and flaps, see Figure 3) and this type
of mesh has less number of nodes, that will reduce the
calculation time.

3.2. Expected results

Based on literature review of public sources of wing
with extended high-lift devices, with the extended high-
lift devices, a significant increase lift force is expected as
a result of a change in curvature and an increase in wing
area.

The similar research was accomplished in study
[13]. Based on the data in this study, conclusions can be
performed about the reliability of the calculations
obtained by the numerical method in this article.

The study used a system of two profiles simulating
a wing and a flap «NACA 2142» and «B — 14%» with
chords bl =0.015 m and b2 = 0.005 m, with stream speed
Voo = 1 m/s, kinetic viscosity at temperature T=25 °C.
The Reynold’s number is 1000. The scheme of the
calculation model is shown in Figure 5.
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Figure 5. Airfoil (a) and its modification in the system of two separate airfoils (b)

The angle of deflection (8) of the airfoil that imitates
a flap, varied from 0 to 15 degrees with a step of 5
degrees.

It is expected that the dependence of the lift
coefficient vs the angle of attack will shift upwards with
an increase in the deflection of flap (Figure 6). Also,
according to the dependence of the lift coefficient vs the
drag coefficient, it will be possible to observe an increase
in the drag force, which, as a result, leads to a decrease
aerodynamic efficiency (Figure 7).

It should be noted that the leading edge slat was not
used in the study [13]. The slat provides a more stable
flow around the wing at high angles of attack. The slat
forms a aerodynamics downwash of the flow and an
increase in the speed of the boundary layer, which
prevents the flow from shock stall and leads to an
increase the maximum lift coefficient and an increase the
critical angle of attack [14].

Therefore, the evaluation of the obtained results can
be performed at small angles of attacks (see Figure 6 and
Figure 7).

Re=100f)

0.2+

Figure 6. The dependence of the lift coefficient vs
the angle of attack at different angles
of deflection of the flap
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Figure 7. Polar curve of wing with flap
at different flap deflection angles

3.3. Lift coefficient vs angle of attack
and lift coefficient vs drag coefficient diagrams

For an aircraft, three design flight cases, of the
design configuration of the aircraft, can be considered, as
sufficient to take into account various flight conditions:

- takeoff at a safe speed with devices to increase lift
in takeoff mode;

- cruising with retracted position of high-lift
devices;

- landing with a device for increasing the lifting
force in the appropriate landing position.

In each of these configurations, possible design
cases must be taken into account during design wing. One
of the important dependencies of aircraft aerodynamics
is lift coefficient vs angle of attack. In Figure 8 lift
coefficient vs angle of attack diagrams are shown for
various flight conditions. This diagram can show the
following characteristic points:

Cya Cyamax b — — L
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where a, — angle of attack of zero lift. This is the angle
of attack at which the lift coefficient is zero;

ag, —angle of attack corresponding to the beginning
of the separation of flow around the airfoil. It is called the
shaking angle, because. the pilot begins to feel the
shaking of the controls when reaching this angle;

a.. — critical angle of attack corresponding to the
maximum value of the lift coefficient. It is called critical,
because with an accidental increase in this angle, the
boundary layer separates, the aircraft becomes poorly
controlled, prone to stalling and going into a “spinning
maneuver”.

One more important aerodynamic characteristic that
determine the force interaction of the aircraft or its parts
with the air flow is the “Polar” (lift coefficient vs drag
coefficient diagrams, see Figure 9).
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The following characteristic angles of attack can be
determined from the wing polar:

- the point of intersection of the polar with the
abscissa axis corresponds to the angle of attack of zero
lift (ao);

- the point of contact of the polar with a straight line
parallel to the coordinate axis corresponds to the angle of
attack of least drag coefficient (a,);

- the most profitable angle of attack is at the point
of contact of the polar with a straight line drawn from the
origin (a,;,). This is the angle at which the aerodynamic
efficiency of the wing is maximum.

For illustration purposes of difference airfoil flow
during difference flight cases like a cruise, takeoff, and
landing, velocity near airfoil are shown in Figure 10. In
Figure 11, pressure distribution near airfoil for different
cases are shown. The angle of attack 12 degrees was
chosen. At this angle of attack, at cruise mode (Figure 10,
a) we can see area of beginning of the separation of flow.
At the same angle of attack, there is no separation of flow
on the upper surface of wing at takeoff and landing mode
(Figure 10, b and c).
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Figure 8. Lift coefficient vs angle of attack for cruise, takeoff,
and landing flight cases (numerical analysis)
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Figure 9. Lift coefficient vs drag coefficient for cruise, takeoff,
and landing flight cases (numerical analysis)
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In addition, Figure 11 shows us how is large the area
of low pressure on the upper surface of airfoil during
takeoff and landing mode compared to cruise case. This
can be explained by an increase in the curvature of the
airfoil during the extend of high-lift devices.

3.4. Location of pressure point relative
to the length of the airfoil chord

When designing a wing, it is important to know the
position of the center of pressure on the airfoil. Since the
mismatch between the pressure point (point of lift force)
and the center of shear center leads to an undesirable
effect of twisting the wing.

The position of the center of pressure can be
determined from the condition of equilibrium relative to
the leading edge of the airfoil according to the
formula (2):

O]

M,

M,=Y" Xpc = Xpe = ¥
The position of pressure point for a clean profile is
approximately 25 % of the chord width. From the
obtained results, it can be seen that the pressure center
(p.c.) at the airfoil with the extended high-lift devices is
shifting to the trailing edge (Figure 12), which can be
explained by the fact that the pressure redistributes closer
to the trailing edge when the high-lift devices is released.

(b)
Figure 10. Velocity near airfoil: (a) cruise, angle of attack 12 degrees, V= 243.5 m/s, H=11000 m;
(b) takeoff, angle of attack 12 degrees, V=95.2 m/s, H=0 m
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(©)
Figure 10. Velocity near airfoil: (c) landing, angle of attack 12 degrees, V= 83.34 m/s, H=0 m

(b)
Figure 11. Pressure near airfoil: (a) cruise, angle of attack 12 degrees, V= 243.5 m/s, H=11000 m;
(b) takeoff, angle of attack 12 degrees, V=95.2 m/s, H=0 m
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Figure 11. Pressure near airfoil: (c) landing, angle of attack 12 degrees, V= 83.34 m/s, H=0 m
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Figure 12. Position of the pressure point along the chord for cruise,
takeoff, and landing flight cases

3.5. Influence of the interface
on the aerodynamic characteristics
of a wing with high-lift divaces

When an aircraft is flying near the ground (during
takeoff or landing), the physical conditions of the flow
around the wing change, since the influence of the earth's
surface significantly changes the flow around the profile.
As a result of an increase in pressure under the wing, the
speed sharply increases on the leading edge of the wing,

which leads to a redistribution of pressure along the
profile (Figure 13) [15].

Therefore, when studying the loads on the wing, it
is also necessary to take into account the design case near
the ground (boundary).

Some results of the influence of the fixed boundary
on aerodynamic characteristics can be found in the study
[13]. Figure 14 shows the dependence of the lift
coefficient vs the angle of attack at various distances to
the interface.
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Figure 13. Effect of ground proximity on pressure
distribution:1 — near the ground,
2 —away from the ground
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Figure 14. Dependence of the lift coefficient vs
the angle of attack at different distances to the interface

As you can see from the Figure 14, as the profile
approaches the section difference, the lift coefficient
increases and can reach a difference of 2.5 times (h/b =1
and h/b=0.1), that is confirmed by full-scale test [6].

4. Discussion

The results of a numerical study of the aerodynamic
characteristics of the Boeing 737 Midspan b737c-il
airfoil in cruise, takeoff and landing modes are presented.
The calculation model was verified with publicly
available aerodynamic data for clear airfoil. The obtained
data shows the effect of flap and slat extension on the
airfoil flow.

From the obtained graphs, it can be seen how the lift
coefficient changes during takeoff and landing in
comparison with the cruising flight mode. It should be
noted that the ground effect was not taken into account in
the numerical calculations (effects of distance to surface).
But, some investigation about influence of the earth on
aerodynamics parameters was performed by Y. A.
Krashanytsya [13] and can be used for analysis.
According to the pictures of distribution of the velocities
along the profile, it can be seen that a clean profile at an

angle of attack of 12 degrees has signs of flow separation,
while an airfoil with high-lift devices separation is not
present. Released two slotted flap leads to delaying of
flow separation.

The center of pressure (pressure point) is not a
constant point, however, rather it moves depending on
the angle of attack. For convenience, it's customary to
consider the lift and drag forces as being centered at a
point that is on the chord line 25% back from the leading
edge [16]. Obtained results, related to the location of
pressure point for clear airfoil, show that this point is
located approximately at 25% (Figure 12) that
corresponded open data results. In addition, the position
of the center of pressure was obtained for the takeoff and
landing flight cases, which contributes to the calculation
of wing loads for these design cases.

The results of current article were used to determine
the load on the wing of a transport category aircraft at the
high-lift section of the wing [17] for later study loading
of wing during takeoff/landing flight cases.
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YUCEJIBHE JOCIII)KEHHA AEPOANHAMIYHUX XAPAKTEPUCTUK
MEXAHI30OBAHOI'O ITPO®LJIA

10. O. Kpawanuuys, /1. 10. Kupaxos

IlpenMeToM BHBYEHHS B CTaTTi — MEXaHI30BaHHMU aepoJuHAMiuyHMN Npodiiab Kpuia JiTaka TPaHCIIOPTHOI
kateropii. [Ipu BUKopucTaHHI MexaHi3alii Kpuia aepoJHaMIYHHUH MOTIK KPUJIa iCTOTHO 3MIHIOETHCSI, 10 TPU3BOAUTD
JI0 3MIHH HaIpyXeHo-/1e(opMOBaHOro craHy kpuia. Lle moB'si3aHO He TNBKK 31 301IBIICHHSIM MiAHOMHOI CHITH 3a
PaxyHOK 3MiHM KpUBU3HH KpHJIa 1 30LIBIICHHSM IUIOII KPHIIa, alie 1 31 3MIHO0 MOJIOKEHHS LIEHTPY THCKY IIO0 XOPIU
kpwia. MeTol0 po0OTH € BUBYECHHS BIUIMBY MEXaHi3allil Kprja Ha aepoJMHAMIuHI XapaKTepUCTUKH Mpodinto mpu
3aJIbOTHOMY, KPEHCEpChbKOMY 1 MOCaJOYHOMY PO3paxyHKOBHMX BHUIAJKaX YHCEIbHUMH MerofaMu. OTpuMaHi AaHi
OyIoyTh BUKOPHCTOBYBATHCS JUI1 BHU3HAUEHHS HABAHTAXKEHb HAa KPWIO NPH DPI3HUX PO3PAaXyHKOBHX BHIIAAKaX.
3aBaaHHs NOJIATae Y BU3HAYCHHI aepOJIMHAMIYHHUX KOS(III€HTIB MiIHOMHOI CHJIM 1 OTIOPY, 3MiHI MTOJI0KEHHS LIEHTPY
TUCKY MiJI 4ac: 3JbOTY, KpeicepchbkoMy 1 nocajouHoMy pexxumi. [Ipu anainizi OyB BUKOPHCTaHUI aepoAMHAMIYHUIN
npodins b737c-il. B anamituynii Mozmeni OynyM BHKOPHCTaHI OJHOIIIIMHHUNA TEPEAKPHIOK 1 JABYXIIUIMHHUIMA
3akpwiok. [Ipu BuBYeHHI, Oynu BUKOpUCTaHI 4yncebHi MeTomu 3a aornomoroto cucreMi CAE ANSYS Fluent. /s
MIOPiBHSIHHSI BUKOPUCTOBYBAJIMCS PO3paxyHKOBI Mojieni k-epsilon i transition SST. 3acrocyBaHHs YHCETbHUX METO/IIB
B TIPOLIEC] MPOEKTYBaHHS KOHCTPYKIIi JliTaka IIUPOKO 3aCTOCOBYETHCS JUISl TOYHOTO BU3HAUCHHS a€pPOIUHAMIYHUX
rnapamerpiB Kpuia B PI3HUX PO3PaXyHKOBHMX BHIAJKaX. Bymu oTpumaHi HACTYMHI pe3yJabTaTH: 3aJISKHICTh
koedilieHTa miIHOMHOI CHIIH Bijl KyTa aTaku, KoedilieHTa mia#oMHOT CHIH BiJl KoedillieHTa J000BOro OMopy a TAKOXK
TIOJIOXKEHHSI LIEHTPY THCKY 10 XOpAi MPOQLI0 MPH 3aJbOTHOMY, KPEHCEPChbKOMY 1 MOCaIOYHOMY PO3PaXyHKOBHX
Bunaakax. BucHoBku. HaykoBa HOBH3HA OTpHMaHUX Pe3yNbTATIB IOJATa€ B HACTYITHOMY: BUKOPHUCTAHHS YUCEIBHIX
METO/IIB JUIsl BU3HAUECHHS aepOJANHAMIYHHUX XapaKTEPUCTHK KPUJIA 13 MEXaHI3aIll€l0 30KpeMa, BU3HAYCHHS 3aJIeKHOCTI
TIOJIOXKEHHS IIEHTPY TUCKY LIOAO0 XOPAM NPH Pi3HHMX KyTax aTaku. OTpuMaHi pe3ynbTaTH OyayTh BUKOPUCTaHI AJII
BU3HAYEHHS HABAaHTa)KEHHS Ha KPWIO, 30KpeMa PO3MOIIICHOr0 HABAaHTAXKCHHS HA NEPEIKPHIKH 1 3aKPHIKH, AJII
YTOYHEHHS KPYTHOT'O MOMEHTY B IONIEPEUHOMY TIepepi3i Kpuiia, Jie yCTaHOBJIEHa MeXaHi3allisl.

KarwouoBi ciioBa: MexaHi3allis Kpuiia; aepoArHaMiuyHUN MPOQLb; YUCIICHHI METO/IU; MOJIOKEHHI [IEHTPY THUCKY;
aepoaMHAMIYHI XapaKTEePUCTHKY; YHCIO PeifHombaca.
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