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This case study deals with air flow around a NACA 4-digit cambered airfoil. The main aim is
to analyze the aerodynamic characteristics i.e., lift coefficient and drag coefficient at different
angles of attack and to capture physical phenomena. Validation of the numerical model is
obtained by comparison with available experimental data. All phases of CFD analysis are
conducted in Ansys Workbench.
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@ - Thrust

Airfoils are solid bodies manufactured in such a way that air flowing around them produces useful
motion, Figure 1. Examples of airfoils are aircraft wing, turbine blade, propeller blade etc. When set in
a velocity field, airfoils are subjected to pressure and viscous forces. The aerodynamic force R acting on
an airfoil consists of two components — a lift force L directed upwards and acting perpendicular to the
free stream direction and a drag force D acting parallel to the free stream direction, tending to resist
the object motion [1] [2].

Weight

O

Figure 1 : Aerodynamic forces
The lift and drag force at a certain angle of attack a can be calculated as:

L = Ncosa — Asina
D = Ncosa + Asina

where N is the normal force acting perpendicular to the chord line, and A is the axial force acting
parallel to the chord line (Figure 1 right).

The airfoil aerodynamic performance is higher if the drag force is small compared to the lift force,
i.e., if the airfoil has higher lift to drag ratio L/D. The determination of aerodynamic forces depends
on the flow field characteristics such as velocity, pressure, temperature and density which can be
experimentally measured or numerically obtained [3].

The airfoil is defined by the upper and lower contour that enclose a surface and are formed by
superposition of thickness distribution, symmetrically around the x-axis, on a camber line. If the upper
and lower contour are symmetrical around the camber line, the airfoil is symmetric, otherwise it is
cambered. The chord line connects the leading and trailing edge of the airfoil [4]. The airfoil geometric
parameters are shown in Figure 2. The National Advisory Committee for Aeronautics (NACA) has
developed standard airfoil shapes for aircraft wings which can be described by analytical expressions.
The first family of NACA airfoils is the four-digit series with the first digit defining the maximum camber
as percentage of chord, the second digit defining the distance between maximum camber and airfoil
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leading edge in tenths of chord and last two digits defining the maximum thickness as percentage of
the chord [5].
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Figure 2 : Airfoil nomenclature

The aerodynamic characteristics of NACA 4412 airfoil are numerically investigated using Ansys
Workbench software. The geometry of the airfoil is given in Figure 3 NACA 4412 is a cambered airfoil
with maximum camber at 4% of the chord and its position is at 40% of the chord length, while the
airfoil thickness is at 12% of the chord line. The airfoil chord length is c=1m. The advantages of a
cambered airfoil are lift maximization and minimal stall velocity compared to symmetrical airfoil with
similar wing loading.

Figure 3 : NACA 4412 geometry [6]

Available experimental data on NACA 4412 aerodynamic characteristics at Reynolds number of 9-10°
are found in Report no. 613 by R. M. Pinkerton [7].

Physical properties of air that are considered are constant density p=1,225 kg/m?and dynamic viscosity
=1,7894-10-5 kg/m-s.

The Reynolds number is the ratio between inertial and viscous forces and for airfoil is defined as:

v-c
Re = P
U

Thus, the freestream velocity v is calculated as v = }t—:‘ =13,15m/s. .

2.1.1 Defining the fluid domain

The NACA 4-digit airfoil generator [6] is used to obtain the airfoil coordinates. Two-dimensional (2D)

4 \nsys FLUENT



flow domain is defined in SpaceClaim?, Figure 4. Sufficiently long domain around the airfoil is chosen to
minimize influence of fluid disturbance on the leading edge (distance of 5 times the chord length) and
to avoid effects of the outlet boundary condition (distance of 20 times the chord length).
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Figure 4 : Flow Domain

2.1.2 Meshing

The mesh type and density influence the convergence of the solution and the accuracy of results.
By decomposing the computational domain, a fully structured grid is generated with 112710 nodes,
Figure 5 left. Considering the importance of proper mesh size near the wall to accurately capture the
viscous sublayer, finer mesh is generated around the airfoil (Figure 5 right) following the criteria of
keeping the y+ value beyond 1. Around the airfoil, an O-type grid is generated. Bias option was used in
Ansys Meshing. Far away from the airfoil, where large velocity gradients are not expected, the mesh is
less dense.

Figure 5 : Mesh of the whole flow domain (left) and finer mesh around the airfoil (right)

After generating the mesh, the boundary surfaces are named as inlet, outlet, airfoil, top and bottom.

2D viscous and incompressible steady flow of air is modeled and simulated in the Ansys solver Fluent.
The boundary condition far upstream of the airfoil is velocity inlet. The calculated velocity 13.15m/s
which corresponds to Reynolds number of 9-105 is specified at the inlet boundary using the velocity
1 After the 2023R1 release, Ansys SpaceClaim became a legacy product and Ansys Discovery (a simulation-driven design
tool that combines instant physics simulation, high fidelity simulation and interactive geometry modeling in a single easy-

to-use experience) became the primary built-in Geometry tool. If you want to learn more about specifically modeling in
Ansys Discovery, check out this Ansys Innovation Course “Learn Solid Modeling with Ansys Discovery”.
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magnitude and direction method. The outlet is set to atmospheric pressure. The airfoil walls are set
to a no-slip wall condition. The top and bottom of the domain are periodic boundary conditions to
simulate an infinite freestream.

Numerical simulations are performed for angles of attack in the range of -20° to +30°. The angle of
attack is captured by setting the velocity direction.

2.2.1 Choice of turbulence model

The Spalart-Allmaras model is chosen for turbulence simulation. It is a one-equation model mainly
designed for aerodynamic and turbomachinery applications giving satisfactory results especially for
airfoil and turbine blade for which is calibrated. The Spalart-Allmaras model has been validated for
external flows and provides good agreement with experimental results in aerospace applications. It is
useful for boundary layer flows with arbitrary pressure gradients. Solving a single governing equation
to describe viscous flow, the model allows simpler resolution of the eddy viscosity near the wall thus
needing lower computational effort [8].

Turbulent-viscosity ratio was set to one. The strain-vorticity based model was selected. The solver is
pressure based with absolute velocity formulation.

2.2.2 Validation of numerical model

CFD results of the variation of coefficient of pressure along the airfoil for angles of attack , and are
compared to experimental results [7], Figure 6.
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Figure 6 : Comparison between CFD and experimental results for pressure coefficient at different angles of
attack
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The comparison shows good alignment between the numerically obtained results and the experimental
data. The pressure coefficient distribution along the top and bottom surface of the airfoil is fully
described by the CFD calculations.

2.3.1 Velocity distribution

Velocity vectors show the flow field around the airfoil at different angles of attack. Even at zero angle
of attack (Figure 7a), velocity is higher over the upper surface than the bottom surface due to the
cambered shape of the airfoil. This means lift is generated at zero angle of attack because there is
a pressure difference between the upper and bottom surface. In this case, the leading edge is the
stagnation point since it’s the location where the air velocity is zero.

Airfoil position in the flow field affects the velocity vectors distribution over the airfoil thus influencing
the aerodynamic parameters.

2.3.1.1 Positive angle of attack

In case of positive angle of attack (+8°, +12°, Figure 7b and 7c), the flow conditions around the airfoil
leading edge are such that the stagnation point moves further away from the leading edge on the
bottom surface. By increasing the angle of attack in a positive direction, the air accelerates at the upper
surface, while air at the bottom surface has lower velocity. Moreover, at higher angle of attack (+16°,
Figure 7d), the velocity on the upper surface is higher closer to the leading edge.
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Figure 7 : Influence of a positive angle of attack on the stagnation point location and the velocity distribution
around
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In case of positive angle of attack, the flow conditions around the airfoil trailing edge change. At larger
positive angles of attack (+12,+16°, +20°, Figure 8b, Figure 8c and Figure 8d), the flow tends to separate
from the airfoil top surface due to viscous effects. As the angle of attack increases, the separation
point moves from the trailing edge towards the leading edge. At a=+16° (Figure 8c), the flow starts
separating closer to trailing edge, on the upper surface. At a=+20° (Figure 8d), the flow is separated
around the middle of the upper surface. A large wake of dead air is created behind the airfoil; the flow
in this region is recirculating and part of it is reversed — moving in the opposite direction from the
freestream.
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Figure 8 : Influence of a positive angle of attack on the stagnation point location and the velocity distribution
around the airfoil trailing edge
2.3.1.2 Negative angle of attack

In case of negative angle of attack, the flow conditions around the airfoil leading edge are such that by
increasing the angle of attack in negative direction (Figure 9), the stagnation point slowly moves away
from the leading edge on the upper surface.
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Figure 9 : Influence of a negative angle of attack on the stagnation point location and the velocity distribution
around the airfoil leading edge

In case of negative angle of attack, the flow conditions around the airfoil trailing edge change. For a=-
12° (Figure 10c), the separation point is very close to the trailing edge. For a=-16° (Figure 10d) the flow
is already fully separated on the bottom surface with the separation point close to the leading edge.
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Figure 10 : Influence of a negative angle of attack on the location of stagnation point and the velocity
distribution around the airfoil trailing edge

In conclusion, results obtained from CFD calculations of incompressible flow around the cambered
airfoil at zero, positive and negative angle of attack indicate the flow conditions around the airfoil
leading edge, the flow separation along the airfoil top and bottom surface and the vortices formation
behind the airfoil trailing edge.

2.3.1.3 Flow field adaptation in front of and behind the airfoil

Velocity profiles are shown along the flow domain at the following locations: inlet, line 1 at 100mm
in front of the airfoil, line 2 at 10mm in front of the airfoil, line 5 at 10mm behind the airfoil, line 6 at
50mm behind the airfoil, line 7 at 100mm behind the airfoil, line 8 at 200mm behind the airfoil and at
outlet.

Velocity profiles at zero angle of attack in front of and behind the airfoill are shown in Figure 11. The
velocity at the inlet is constant as assigned, while the velocity profile is disturbed moving closer in front
of the airfoil (Figure 11a) and behind the airfoil (Figure 11b).
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Figure 11 : Comparison of velocity profiles in front and in rear of the airfoil for angle of attack :
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In front of the airfoil, the intensity of velocity profile change is higher closer to the airfoil and more
stable further away from the airfoil. The symmetrical velocity profile in front of the airfoil indicates
there is a shock-free flow. Behind the airfoil, the velocity profile is disturbed due to the airfoil presence,
while flow uniformity is achieved further away from the airfoil.

In case of positive and negative angle of attack, velocity profiles in front of the airfoil are given in
Figure 12.Figure 12 left shows the velocity profile at 100mm in front of the airfoil; it can be seen
that the velocity profile is more uniform by height (changing between 13-14m/s) at 0° except in the
area affected by the airfoil presence (y=+0,2m) with velocity of 11,5m/s, whereas for positive angle of
attack +8° there is an acceleration above the top surface (~15 m/s) since it is a low pressure zone and
deceleration below the bottom surface (~12 m/s) since it is a high pressure zone; for negative angle of
attack -8° the deceleration is above the top surface (~ 11 m/s) and the acceleration is below the bottom
surface (~14.5 m/s).

Figure 12 right shows the velocity profile at 10mm in front of the airfoil; the velocity profile is more
uniform by height (between 13-14m/s) at 0° except in the area affected by the airfoil presence
(y=10,2m) when the velocity lowers to 5.5m/s. For positive angle of attack +8° there is a more
noticeable acceleration above the top surface (~17.5 m/s) and deceleration below the bottom surface
(~7 m/s). For negative angle of attack of -8° the deceleration is above the top surface (~6.5 m/s) and
the acceleration is below the bottom surface (~¥19.2 m/s).
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Figure 12 : Comparison of velocity profiles for angles of attack: 0°, +8° and -8° at 100mm in front of the airfoil
(left) and 10mm in front of the airfoil (right)

The results show that velocity is higher at the airfoil top surface in case of positive angle of attack and
higher at the airfoil bottom surface in case of negative angle of attack.

In case of positive and negative angle of attack, velocity profiles behind the airfoil are given in Figure
13. Figure 13 left shows the velocity profile at 10mm behind the airfoil; it can be seen that the velocity
profile is more uniform by height for all angles of attack except in the area affected by the airfoil
trailing edge (y=10,05m) when the velocity abruptly decreases (from ~12.5m/s to 6m/s for 0° and -8°)
especially for -8° for which the airfoil bottom surface characterizes with air flow deceleration (from
~12.5m/s to 4/5m/s). The velocity changes are smaller at 200mm behind the airfoil as shown in Figure
9 right, i.e., from ~13m/s to 10+10.5m/s.
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Figure 13 : Comparison of velocity profiles for angles of attack: 0°, +8° and -8° at 10mm behind the airfoil (left)
and 200mm behind the airfoil (right)

Higher disturbance of velocity profile behind the NACA 4412 airfoil is caused in case of a negative angle
of attack.

2.3.2 Pressure distribution

The relation between pressure and velocity in a flow is represented by the Bernoulli equation which
states that total pressure p,_, is constant along a streamline in a fluid flow. Total pressure is the sum of
static pressure p and dynamic pressure Payn i.e.:

15,2

Prot :p+pdy11 :p—l_p?

Dynamic pressure can be measured (as difference between total and static pressure) in flight by using
a Pitot-tube to determine the aircraft speed :

- zpdyn _ z(ptot - p)

P p

According to the vectors of velocity distribution, at zero angle of attack, the upper surface of the airfoil
has higher dynamic pressure due to the higher velocity, while the bottom surface has lower dynamic
pressure. By increasing the angle of attack, the dynamic pressure further decreases at the bottom
surface because of air deceleration.

At zero angle of attack, static pressure at the bottom surface is higher than at the upper surface.
Increasing the angle of attack leads to higher static pressure at the bottom surface. For higher positive
angles of attack, in the areas of flow separation on the upper surface close to the trailing edge, the
velocity decreases causing increase of static pressure; the static pressure is low on the upper surface
close to the leading edge where the velocity is highest.

The pressure coefficient C, describes the relative pressure in the flow field as a ratio between the static
and dynamic pressure, i.e.:

_p_poo

%pmvé
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where p_,v_ is the static pressure and velocity of the freestream and is the freestream fluid density.

Figure 14 shows pressure coefficient distribution along the airfoil at angles of attack 0°, +8° and -8°.
For zero angle of attack, the stagnation point is at the airfoil leading edge where velocity is zero and
the static pressure is highest thus Cp is highest at this location. Since the fluid accelerates on the upper
surface, the static pressure is higher, and the dynamic pressure is lower on the bottom surface where
the Cp has higher absolute values compared to the upper surface.

By increasing the positive angle of attack, the static pressure on the bottom surface is getting higher,
while the dynamic pressure is lower because of the deceleration so the values of Cp are higher along
the bottom surface; on the other hand, there are negative values of Cp at the upper surface since the
dynamic pressure is higher than the static pressure i.e., the fluid accelerates at the upper surface for
positive angles of attack.

For negative angles of attack, the static pressure is higher on the upper surface, for which Cp values are
higher compared to bottom surface. Increasing the negative angle of attack leads to higher negative
values of C on the bottom surface.

As much as the angle of attack is higher, the pressure difference between the upper and bottom surface
of the airfoil increases which means generation of a higher lift. It can be concluded that most of the lift

is generated at the front part of the airfoil, closer to the leading edge.
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Figure 14 : Comparison of pressure coefficient in relation to attack angle 00 for different angles of attack: a)
+8°; b) -8°
At zero angle of attack, negative value of pressure coefficient on the top surface is obtained. In case
of positive angle of attack, the value of pressure coefficient on the airfoil top surface is negative and

with higher magnitude compared to zero angle of attack. For a negative angle of attack, the value of
pressure coefficient on top surface is positive and larger than in the case of zero angle of attack.

2.3.3 Aerodynamic characteristics

The airfoil characteristic is indicated by the values of the lift coefficient and drag coefficient for an angle
of attack a. They are aerodynamic parameters which influence performance.
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2.3.3.1 lift coefficient C,

The lift coefficient is calculated as:

L
CL:

%pv?—A

The lift coefficient value is obtained directly from Ansys Fluent. The change of the lift coefficient for
different angles of attack is shown in Figure 15 for both the experimental [7] and numerical case. It can
be seen that good agreement with experimental data is achieved for range of angles from -8° to +8°;
out of this region, higher discrepancies are present, but the trend of the lift curve is the same.
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Figure 15 : Lift Coefficient dependence on angle of attack

By increasing the angle of attack in positive or negative direction, the lift force increases and depending
on the angle of attack, it can be directed vertically upwards (positive lift) or downwards (negative lift).
The lift coefficient is positive for angle of attack in the range -4° to 20° and it is negative for angle of
attack in the range -20 to -4°.

In this case, the lift force is zero at negative angle of attack, i.e. ~-4° (also called the zero-lift angle of
attack) because the airfoil analyzed is with a positive camber (above the chord line). It can be noted
that at low to moderate angles of attack, the lift coefficient varies linearly with the angle of attack; for
this range of angles of attack the air flows smoothly over the surface and is attached on most part of
the airfoil as shown in Figure 7a, b, ¢ and Figure 9b.

As the angle of attack increases, the lift coefficient also increases until reaching a maximum value prior
to a certain angle of attack called the stall angle when the flow is separated (Figure 8c). Beyond this
angle (Figure 8d), the aircraft shouldn’t operate due to stability issues and difficulties with control.
According to the results, maximum lift coefficient of C__=1,64 is achieved at stall angle 18° (which
actually corresponds to angle of 16° in the experiment). Further increment of the angle of attack above
the stall angle value causes a significant decrease in lift coefficient due to large increase in drag and the
curve cl( is not linear furthermore.

The results from CFD calculations give higher value of Cl for both positive and negative angles of attack

which alludes to the need of incorporating additional input data such as surface roughness, variable
thermophysical properties of fluid etc.
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2.3.3.2 drag coefficient C,

The drag coefficient is calculated as:

The drag coefficient value is obtained directly from Ansys Fluent. The change of the drag coefficient for
different angles of attack is shown in Figure 16 for both the experimental and numerical case. It can be
seen that good agreement with experimental data is achieved for range of angles from -8° to +16°; out
of this region, higher discrepancies are present.

0.55
0.5
0.45
04
0.35
0.3
0.25 Cd CFD
0.2
0.15
0.1
0.05

Cd EXP

-30 -20 -10 0 10 20 30 40

a(®)

Figure 16 : Drag Coefficient dependence on angle of attack

The drag force can only be positive — acting opposite of the solid body motion, so the drag coefficient
is always positive and it increases with increasing the absolute value of the angle of attack. At higher
angles of attack, the drag coefficient is higher because flow separation occurs close to the trailing edge
and vortices are formed around the trailing edge contributing to the drag force. The drag coefficient
physically originates from the viscous effects of skin friction (skin friction drag) and flow separation
(pressure drag).

Ansys Workbench is used as a tool to model and simulate turbulent flow around airfoil NACA4412 in an
infinite freestream. The whole process of geometry creation, meshing, solving and data processing is
performed in Ansys Workbench which integrates all steps. Numerically obtained results are compared
with available experimental data. Results on velocity and pressure distribution and airfoil aerodynamic
characteristics are discussed. The analysis shows the influence of the airfoil presence on the flow
field i.e., the destabilization and non-uniformity of the velocity distribution close to the airfoil body.
It is seen that the airfoil position in the flow field represented by the angle of attack affects the fluid
adaptation to the solid body.
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