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ABSTRACT
This research aims with the advent of advancements in the evaluation of liquids and gases, Computational
Fluid Dynamics technique has found widespread applications in various fields including aerodynamics. The
wing is an important aerodynamic feature that has seen modifications in recent years to suffice the growing
need for a greater maximum lift coefficient (CL). Existing designs make use of greater lift gadgets such as
flaps and slats these are enhancers of the lift force and are at large used as attachments on the main wing
body. This project investigates the 4 digit NACA 2412 airfoil improved using a 5 digit NACA 24012 Fowler
flap. The two airfoils are set at particular angles to each other with an overlap and gap distance. Optimization
of the flap deflection angle ∂flap, the horizontal gap, and overlap between the flap and wing is simulated using

model configurations. It is noted that the coefficients of lift and drag increase to a certain point as the flap
deflection angle increases. However, beyond a certain angle, CL drops. This new multi-element wing
configuration will find its applications in low-speed aircraft used for general aviation and to reduce the need
for longer runways.
KEYWORDS: Aerodynamics, Airfoil, CFD, Coefficient of Drag, Coefficient of Lift, Multi-Element Wing, NACA
Series & Flap

Original Article

CFD tools and the obtained coefficients of lift and drag experimentally validated to determine the optimum

INTRODUCTION
Computational Fluid Dynamics
The name CFD is a technological discipline of mathematics which solves the partial derivative equation in order
predicts the flow domain with/without heat transfer. They are extensively used to solve the turbulent, multiphase
and large scale eddy simulations.[1] Equations such as the Navier- Stokes equation demonstrates various factors
such as temperature, pressure, velocity, and density of the fluid and examines these properties[1]. In order to
study the flow of fluids without making a compromise on the accuracy, CFD has now become widely used as a
solution generating tool to demonstrate the flow over various bodies including in the fields of aerodynamics,
hydrodynamics. Using CFD, quantities such as the forces of lift and drag or properties such as pressures and
velocities are obtained.
In recent years, Numerical techniques are becoming the backbone for a lot of research labs and
manufacturing industries. CFD is one of the commercially extensively used numerical technique on fluid flow
and heat transfer front. CFD has come of use in various disciplines due to their great potential to save time and
money. The major advantage of running these simulations is that results can be obtained simultaneously.
However, approximation using CFD is to an extent limited and thus validation by experimentation is to be
performed.
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CFD DISCRETIZATION METHODS
Finite Volume Method
Partial differential equations as of algebraic equations are examined by FVM. Partial differential conditions (PDEs) are
regularly called conservation laws; they may be of various nature, for example elliptic, illustrative or hyperbolic. The
principal equations derived are from FVM:

Finite Element Method
FEM have their application more on the structures and solids analysis. FEM has been noted to have a much more stable
approach when compared to FVM. However, it is noted to take a long time and a greater amount of memory. The
governing equation is given by:

Finite Difference Method
FDM has chronicled importance and is known for ease during programming. It is as of now just utilized in a few specific
codes, which handle complex geometry with high precision and productivity.

Airfoils
An aircraft consists of a wing which is crucial in the flight of the plan. The cross-sectional area of the wing is called the
airfoil. During the flight, it produces aerodynamic forces called the lift force and the drag force. The lift force is
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Figure 1: Terms Used to Describe an Airfoil (Author: Oliver Cleynen),
(Courtesy: wikipedia.org).

in the perpendicular direction and the drag force is in the parallel direction. The airfoil consists of various parts like upper
surface, a lower surface, camber, leading and trailing edges and the chord length as shown in Figure 1

THE NATIONAL ADVISORY COMMITTEE OF AERONAUTICS (NACA) AIRFOIL SERIES
Before the development of the airfoil series by NACA, designers made use of data from experimentation and valuable
experience to develop airfoil designs. NACA then came up with a series of equations to describe the coordinates along the
airfoil section. The series developed were namely the 4-digit series, 5-digit series as well as the 4-/ 5- digit series.
The 4-Digit Series
The basic airfoil series developed were the 4-digit series where maximum camber (m) corresponds to the first to digits, in
terms of percentage of the chord. The consecutive digit is the maximum camber (p) in tenths of the chord, and the final two
digits are the maximum thickness of airfoil (t) in the percentage of the chord. The coordinates can be generated using the
formula:
To calculate the mean camber line
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Distribution of thickness above + and below – the mean line

The 4 Digit is at an advantage due to its good stall characteristics and smaller CP (Centre of Pressure)
development across a very high-velocity range.
The 5-Digit Series
The 5-Digit series are similar to the 4-Digit series except that the naming convention and mean camber line are defined in a
different manner. 3/2 times the first digit gives design lift coefficient (CL) in tenths, the successive two digits, when halved
gives the position of the camber (maximum) in tenths cord, the last two digits represent the thickness(maximum) in % of
chord. Calculations are similar to that of the 4-digit series i.e. the formulas used in the 4-digit series can be used in the 5digit series as well:
from x = 0 to x = p
from x = 0 to x = p

conveyance of thickness above + and below the mean line

last organizes for the upper surface (XU, YU), and lower surface (XL, YL)
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Where
The thickness and final coordinates are generated using the same equations like those in the 4-digit series.
The various advantages of these series are higher maximum lift coefficient, low pitching moment and the
roughness has little effect. However, the disadvantages include; poor stall behavior and relatively high drag. The 5 digit
series finds its applications in general aviation, piston-powered bombers, commuters, and business jets.

CFD SIMULATION
Modeling

Figure 2: Isometric View of the Wing.

Figure 2.1: Dimensions of the Wing (All
Dimension are in mm).

For the increased coefficient of lift, the selected airfoil is NACA 2412, which is a 4 digit NACA airfoil and has a
considerable lift coefficient.To increment the lift of the airfoils, high lift gadgets such as flaps and slats can be used.
In order to increase the lift of NACA 2412, Fowler flap of NACA 24012 5 digit series is used as the high lift
device.
Coordinates of both the airfoils were obtained using the online airfoil plotter.
The obtained coordinates were later imported in Solid Works and required model was obtained.

Figure 2.2: Mesh Scene of the NACA 2412 Airfoil with NACA
24012 Flap.
www.tjprc.org
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Figure 2.3: The Flap and Wing with Inflations, Face
Sizing, Body Sizing Using Y+ Calculations.

Meshing
•

After modeling, the model should be meshed for performing analysis.

•

The mesh should be fine with prism layers and wake refinement.

•

The meshing was done in ANSYS.

•

Y+ calculator was used to determining the first boundary layer thickness.

•

Meshing was done for different angle of attacks, flap deflection angles.

SIMULATION

Figure 2.4: Scalar Scene of the Wing- Flap Configuration at 32
Degrees Flap Deflection Angle and 10 Degrees AOA.

Figure 2.5: Scalar Scene of the Wing-Flap Configuration at
32 Degrees Flap Deflection Angle and 10 Degrees AOA.
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EXPERIMENTAL ANALYSIS
An experimental set up is used to validate the results obtained from simulations, after fabrication of the optimized
configuration under various parameters that are a variation of the angle of attack from a range of -5 degrees to 20 degrees
and a fixed speed of 40m/s. The fabricated model is made of composite fiber. In this case, a scaled-down version of the
wing of dimensions 300mm span length and 180mm chord length with a flap attachment of the same span length and chord
36mm is tested in an educational open circuit wind tunnel. The wind tunnel consists of various parts such as; the drive
motors which are used to drive the fan, a compressor which are the fans used to produce the wind at different speeds, a
diffuser, and drafter used to manipulate the flow rate. Vanes are usually placed at the corners to ensure that when the wind
turns at a 90 degree angle there is no loss of energy. Mufflers may also be placed to help reduce the high decibels of noise
produced from within the tunnel. Also, an air dryer removes any moisture from the air. Along the chord of the wing, at a
position of 100mm from the left side of the wing, six pressure taping points are created on both the upper and lower
surfaces of the wing and 3 on the flap. Each of these pressure points has tubes of 0.5mm diameter inserted in them which
are all connected to a hollow central shaft that passes through the wing at a point 1/3rd of the chord.

Figure 3.0: Subsonic Wind Tunnel.

Figure 3.1: Wind Tunnel Chamber.

Angle
15
20
25
30
32
35
40
45
www.tjprc.org

Table 1: Flap Deflection Angle Vs CL& CD
Coef of Lift
Coef of Drag
Sim.
Exp.
Sim
Exp
Results
Results
Results
Results
2.038
1.951
0.031
0.037
2.234
2.058
0.037
0.039
2.431
2.248
0.042
0.054
2.598
2.399
0.048
0.064
2.643
2.507
0.050
0.068
2.270
1.845
0.066
0.071
2.317
1.923
0.080
0.096
2.372
1.941
0.093
0.112
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Graph 1: Comparison Between Exp. & CFD Results.

CONCLUSIONS
•

From the obtained results it is clear that maximum CL is obtained at a flap deflection angle of 32 degrees from the
chord of the wing.

•

It can be concluded that there is a minimal variation in the values between CFD and Experimental results.

•

Hence the CFD validation can be used to get the optimized results since the error is minimal.

•

This optimized design configuration will find its application in low-speed aircraft (CESSNA).
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