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ABSTRACT:
Aviation has wide aspects to challenge and discover, the ability to land and take off at slow speed, sudden increase in
drag for short runway landings. This paper puts forth the solution by the use of adjustable multi slots configuration of
an airfoil. In this case, the slots extend from the wing leading edge to trailing edge. This causes change in the chord,
thereby changing the camber of unsymmetrical airfoil. An investigation was made to determine and compare the
aerodynamic characteristics of multi slotted adjustable airfoil with un-morphed unsymmetrical airfoil at varied speeds
and Angle of Attack (AoA). There are three slots distanced equally along the airfoil. The extension of these slots
increases the chord length by 10% of total chord. The slotted and un-slotted airfoil profile are then studied using
computational fluid dynamics of external flow over a body. The flow simulation is done at 10m/s, 20m/s, 30m/s, 40m/s
and 50 m/s flow velocity and at 0, 3, 6, 9 ,12, 15 AoA. The results were obtained for each case and the values for base
and slotted model were compared. It was found that lift of slotted model is slightly higher than base model at low flow
velocity. It was also seen that the use of slots at high speed causes a large amount of drag. This increased drag factor
can be used in UAV’s as spoilers during landing or for landing at shorter runways at lower speed, allowing a sudden
decrease in aircraft speed and also to glide at a steeper angle over obstruction.
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test were made on Clark Y wing in 5-foot vertical wind
tunnel of the NACA. Improvement of the aerodynamic
performance of NACA 4412 using adjustable airfoil
profile during the flight was examined by Ibrahim et al
[3]. The highlights of this paper were the investigation of
stall parameter, performance of the drag and lift force
analysis and the design of adjustable airfoil profile. Maki
et al [4] performed an experimental study on morphing
wing configuration with multi-slotted variable camber
mechanism. A designated segment of the base wing is
divided into overlapped five-elemental wings with a
shorter chord length 1. The slots can be spread or closed
to adjust the camber of overall wing. The mechanism
proposed has a single motor and a linkage system.
Beguin et al [5] assessed the aerodynamic
optimization of a morphing membrane wing where the
passive deformation of the membrane is controlled by
varying its pre-tension. This method effectively allows to
adjust the camber of the wing within certain range at a
given flow condition. Aircraft flight performance can be
increased by optimizing the wing design. However, fixed
wing design has disadvantages since the aircraft's wing
unable to achieve maximum flight performance in all
flight condition. Thus, the wing shape demanded to
evolve or change with view to adapt with different flight
condition by Zaini et al [6]. Different airfoil shape

1. Introduction
Morphing is the altering or changing of the shape in
order to alter its performance characteristics. The
maximum lift co-efficient was obtained with a highly
cambered fixed slotted airfoil but the minimum drag coefficient of the arrangement was high. This paper
presents the aerodynamic investigation of morphing
wing UAV with adjustable slotted airfoil. The airfoil can
be actively morphed by extending and closing the slots
[1]. Base model used for the study and morphing is
NACA 4412, an unsymmetrical airfoil, which allows the
change of camber by altering the total chord of airfoil.
The slotted airfoil investigated in this paper has four
slots distanced equally along the chord. This passive
morphing of airfoil is done using telescopic mechanism.
It alters the profile of airfoil, there by changing its
aerodynamic performance. Base profile and altered
profile are then simulated in ANSYS FLUENT. Fred et
al [2] tested different combination of slots to determine
the change in aerodynamic characteristics of equipping a
Clark Y airfoil with four fixed slots and a trailing edge
flap. Different slots combination has been analysed for
maximum lift co-efficient to obtain the optimum
combination. The same combinations have also been
analysed for rear flap tilted down by 45. Lift and drag
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change improves the aerodynamics of the wing. Slotted
airfoil shape also increases the camber of airfoil.
Kondapalli et al [7] investigated on the characteristics of
airfoil during shape optimization. Juan et al [8]
investigated on slotted wing by implementing fixed slots
along the span of the wing and found increase in
aerodynamic performance.
Wenzinger et al [9] calculated the aerodynamic
characteristics of the wing depending on airfoil slot
position and found that it will generate the greatest
increase in maximum lift co-efficient. Shortal et al [10]
found slots show great influence on the lateral stability
and can be controled by maintaining the wing controls
during flight at high AoA. Weick et al [11] stated that
fixed rectangular slotted wings behaviour at high AoA,
by slots the chord is changed in airfoil. Chord morphing
reduces the drag generated on wing [12]. By chord
morphing aerodynamics performances like lift
coefficient and lift to drag ratio is increased [13]. Chord
morphing on wing replaces conventional ailerons usage
[14]. Sun et al [20] investigated on the boundary layer
effect of multiple slotted airfoils and show how to
control boundary layer separation. Whitman et al [21]
offered a detailed design geometry of the slot. The
aerodynamic analysis of NACA 4412 airfoil is done by
Kevadiya et al [27]. This paper presents the aerodynamic
analysis and performance of NACA 4412 airfoil with
slots and without slots.

Structured mesh is done around the airfoil to get precise
values and unstructured mesh [22] is done apart from the
airfoil. The meshing has total 210055 nodes and 208794
elements. Body of influence is done at different
condition they are 0.01, 0.0075 and 0.005 to get the
efficient flow analysis and accurate flow values.
Inflation is also carried out with this of 15 layers and
constant growth rate of 1.2 were used for inflation option
as shown in Fig. 2(a). Edge sizing is also done and the
airfoil was divided into 1000 segments. Grid
independence study [16] results are given in Table 1.
Table 1: Grid independence study results for NACA 4412 airfoil

Elm. length, m Elements Nodes
∆Cl
0.01
208794 210055 0.42616
0.0075
355489 356775 0.41643
0.005
771192 772482 0.39733

∆Cd
0.011132
0.011658
0.01284

2. Slotted airfoil design and meshing
The airfoil model considered for investigation is a twodimensional (2D) NACA 4412 airfoil. The aerodynamic
characteristics of NACA 4-series airfoil at different
Reynolds’s number were taken from the standard data.
Another geometry considered for investigation is a
morphed model of NACA 4412. The morphed model has
three adjustable slots dividing the airfoil in four equal
sections. This alters the chord length depending on the
operation. The distance of each slots were referred from
Weick et al [3] report of multi-slotted Clark Y airfoil.
Fig. 1(a) represents the NACA 4412 airfoil of 1m chord
length. Fig. 1(b) represents the slotted NACA 4412
airfoil [26] and it has 3 slots of equal distance of 0.1m.
Hence, the chord of slotted airfoil is increased to 1.3m
considering the gap between each slot as 0.1m.

Fig. 2(a): Meshed airfoil (NACA 4412) and CFD domain

Fig. 2(b) represents NACA 4412 meshed airfoil with
different boundary condition, body sizing, edge sizing
and inflation to get the precise values and accurate
results. Maximum face sizing is 0.1m and the same is
given for the maximum face thickness. In the body
sizing, the element sizes considered are 0.01, 0.0075 and
0.005. The airfoil is divided into 1000 equal parts in
edge sizing. Finally, inflation for the airfoil is
investigated with 15 layers. Fig. 2(c) represents slotted
NACA 4412 meshed airfoil. Primarily it is divided into 4
parts comprising of 3 slots. The slots separated by an
equidistance of 0.1m, are also meshed under body sizing,
edge sizing, and inflation. In body sizing maximum face
sizing and thickness as 0.01m. In edge sizing, the airfoil
is divided into 1000 equal parts comprising 200, 300,
300 and 150 segments respectively for the 1st, 2nd, 3rd and
4th part of the slotted airfoil. Finally, inflation for the
airfoil is investigated with 15 layers

Fig. 1(a): NACA 4412 airfoil

Fig. 1(b): Slotted NACA 4412 airfoil

Meshing of the slotted and the base model is done
by means of ANSYS meshing software tool. Curvilinear
grid is chosen for meshing the airfoil section. Hybrid
mesh is created with fine mesh near the airfoil in order
of 0.01 to get accurate and precise flow values. Hybrid
mesh has both structured mesh and unstructured mesh.

Fig. 2(b): NACA 4412 meshed airfoil
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Fig. 4(a): Velocity contour of the base model at 10 m/s

Fig. 2(c): Slotted NACA 4412 meshed airfoil

3. CFD simulations
Ansys Fluent [15, 24] is used to study the effect of slots
in the airfoil. The solver settings are 2D external flow,
double precision and Spalart-Almaras turbulence model
[23, 25]. The simulations of un-slotted and slotted
NACA 4412 airfoil are carried out for pressure based
steady state condition [28-30]. The results are observed
for 10m/s, 20m/s, 30m/s, 40m/s and 50m/s flow velocity
at 0, 3, 6, 9, and 12 AoA respectively. The applied
boundary conditions are velocity inlet, pressure outlet
and boundary wall for the far field and airfoil domains.
Fig. 3(a) and 3(b) show the static pressure contours for
the un-slotted airfoil simulations at 10m/s and 50 m/s
velocities. The static pressure varies from 42.9Pa to
57.9Pa and -1170Pa to 1460Pa respectively at 10m/s and
50 m/s. The difference in pressure at the upper surface is
around 1.41% and 1.247% respectively at 10m/s and 50
m/s. When the altitude increases, the pressure decreases
gradually. The static pressure is concentrated at the
leading edge of airfoil compared to the top surface of the
un-slotted NACA 4412 airfoil.

Fig. 4(b): Velocity contour of the base model at 50 m/s

Fig. 5(a) depicts that the static pressure is varying
from -1760Pa to 1500Pa for the slotted airfoil at 10m/s.
The difference in pressure is around 1.173%. The static
pressure is concentrated at the leading edge of airfoil
when compared to the top surface of the slotted airfoil.
Fig. 5(b) depicts that the velocity is varying from 15.8m/s to 63.4 m/s for the slotted airfoil at 10m/s. The
velocity is concentrated at the top surface and at the
bottom of the leading edge due to high pressure at the
leading edge of the slotted airfoil. The difference in
velocity will be 4.012% compared with base model
velocity at 10m/s. The velocity is minimum between the
slots and top of the trailing edge of the slotted airfoil.

Fig. 3(a): Static pressure contour at 10 m/s – Un-slotted airfoil
Fig. 5(a): Static pressure contour at 10 m/s – Slotted airfoil

Fig. 3(b): Static pressure at 50 m/s – Un-slotted airfoil

Fig. 4(a) and 4(b) show the velocity contour of the
base model for the simulations at 10m/s and 50 m/s
velocities. At 10 m/s, the velocity varies from 0.0204m/s to 13m/s. The velocity is uniformly
distributed at the leading and trailing edges of the airfoil.
At 50 m/s, the velocity varies from 0m/s to 66.4m/s. The
velocity is concentrated at the top surface of airfoil due
to low pressure. When the pressure decreases, the
velocity will increase automatically since the velocity is
inversely proportional to the pressure.

Fig. 5(b): Velocity contour at 10 m/s - Slotted airfoil

4. Results and discussion
Graphic contours and XY plot obtained from different
cases of simulation are studied. The flow velocity, static
pressure, pressure co-efficient, lift co-efficient and drag
co-efficient with respect to AoA were noted for base
model and slotted model. The results obtained from
computational flow field analysis at different velocities
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and different AoA [17-19] are considered for further
assessment. Fig. 6 shows the variation of Cl for a range
of AoA at 10 m/s. Cl of the slotted airfoil has gradually
increased from 0 to 6 AoA after wards it decreases
gradually due to stalling angle and slots in the airfoil. Cl
for un-slotted NACA 4412 airfoil has progressively
increased up to 15 AoA. Slotted airfoil has produced
high lift compared with the base model airfoil from 0 to
6 AoA. Therefore, slotted airfoil has optimum lift than
the base model airfoil at lower AoA but at higher AoA
the base model airfoil dominates the lift performance.

trailing edge. This causes the flow to slow down near the
cusped region of airfoil lower surface. Velocity is
inversely proportional to pressure. Therefore, the coefficient of pressure is high at the lower surface and low
at the upper surface for un-slotted airfoil. Due to the gap
between each slot, the flow slows down between the
slots and it is increased at airfoil parts as shown in Fig. 9
for the slotted airfoil. The maximum Cp is noticed at Part
1. The Cp of the lower surface at the 1st slot is at 0.05. Cp
was constant at second and third slots and Cp is about 0.7
thereafter. Cp peaks heavily to maximum at the lower
surface of airfoil and drops at the slots of slotted airfoil.
The Cp drops down heavily due to the formation of high
pressure associated with the presence of slots between
the airfoil surfaces.

Fig. 6: Coefficient of lift vs. AoA at 10 m/s

Fig. 7 shows that the drag of slotted airfoil has
decreased by 0.05% compared with base model at 10
m/s. Cd of slotted airfoil has decreased up to 6 AoA and
then increased suddenly up to 9 AoA and thereafter
reduced again. This is due to the existence of slots in
airfoil and by the formation of vortices in between the
slots which tend to push the airfoil backwards. Due to
wake formation at 6 AoA, more drag was generated
suddenly.

Fig. 8: Cp at 50m/s - Un-slotted airfoil

Fig. 9: Cp at 50 m/s – Slotted airfoil

5. Conclusion
Fig. 7: Coefficient of drag vs. AoA at 10 m/s

The Aerodynamic investigation of two dimensional
NACA 4412 airfoil and adjustable slotted airfoil
configuration was performed and results were compared.
This morphing technique done using adjustable slotted
configuration is employed to alter the chord and camber
of the airfoil during flight. It was noted that the use of
these slots on an aircraft is to land at lower speed at
shorter runways. During investigation it was assessed

Cl and Cd distribution of airfoil is due to pressure
difference created around the airfoil. Fig. 8 and 9 show
the co-efficient of pressure (Cp) along the chord length
for the un-slotted airfoil and slotted airfoil respectively at
50 m/s. For un-slotted airfoil, the Cp peaks at the lower
surface of the airfoil and drops at the upper surface of
the airfoil. NACA 4412 airfoil lower surface is cusped at
100
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that the lift increases slightly due to the presence of slots
at low speed (10m/s) at low AoA. Hence, slotted airfoils
can effectively be used for the wings of the UAVs.
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