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Abstract

Computational Fluid Dynamics (CFD) techniques are currently an alternative or complementary approach to
experimental tests in the field of fluid dynamics. Therefore, this article aims to numerically study the airflow
around the NACA 0012 airfoil profile at low speeds using ANSYS® Fluent and two turbulence models (Spalart-
Allmaras and k-g). The objective is to evaluate the coefficients of lift, drag, and pressure, as well as the lift-
to-drag ratio and turbulent wake distribution. The results were considered acceptable through experimental
research by Abbott, et al. [1] and Ladson, et al. [2] and showed promising results (C_with an error margin below
5% and maximum aerodynamic efficiency L/D at a = 9°), although they are physically coherent but not as precise
(C, demonstrated an error margin of 50%). It was also observed that the Spalart-Allmaras model exhibited better
physical coherence in the turbulent wake distribution results compared to the k-€ model, indicating that the
latter is not recommended for simulations subjected to adverse pressure gradients.
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Introduction

According to Cengel [3], fluid mechanics is a scientific field dedicated to the study of the behavior
of fluids at rest and in motion, as well as the interaction between fluids and solids. The experimental
approach involves tests and direct measurements, while the analytical approach seeks to solve differential
or integral equations using Computational Fluid Dynamics (CFD). These approaches complement each
other and are essential to ensure the accuracy of computational techniques.

Vasconcellos [4] highlights that recent research has focused on studying the flow around different
surfaces with relevant applications in the civil, automotive, and aerospace industries. Wind tunnels are
often used in the experimental approach to simulate flow conditions, while the analytical approach
employs numerical methods with the assistance of CFD. The choice between approaches depends on the
problem analysis and their specific advantages, and both are essential for enriching research.

According to Patankar [5], the discussion between experimental and computational approaches
does not seek to privilege one over the other but rather acknowledges that both play important roles
in fluid mechanics’ research. It is essential to analyze the specific problem at hand and consider the
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advantages of each approach. The author argues that these methods should be seen as complementary,
with experimental data playing a crucial role in verifying the results obtained through the computational
approach.

Therefore, in this article, a computational numerical analysis was conducted using ANSYS® Fluent to
investigate the flow around the NACA 0012 airfoil profile (2D) at low speeds using two turbulence models,
namely Spalart-Allmaras and k-€. The profile was chosen because of its symmetrical and uncomplicated
geometry, as well as the reasonable amount of research and analysis already carried out and available for
consultation.

The aim was to study the drag and lift coefficients (C_ and C ) as a function of the angle of attack (a) and
to evaluate the stall behavior of the airfoil as a function of the distribution of turbulence around it using two
different turbulence models (Spalart-Allmaras e k- realizable). In addition, the pressure coefficient (C,)
as a function of chord length was also evaluated for certain angles (a = 0°, 4° and 9°), as well as the lift-to-
drag ratio (L/D) for this airfoil profile. Last but not least, the results were compared through empirical data
from Ladson, et al. [2] and Abbott, et al. [1] in order to legitimize these previously mentioned parameters.
This reinforces the importance of the complementary nature between the analytical and experimental
approaches.

Airfoil profiles

Airfoil profiles significantly influence the performance and stability of aircraft. The geometry of the
airfoil, including its shape and thickness, affects the aerodynamic characteristics of the airflow around it,
leading to flow separation due to adverse pressure gradient, resulting in a wake of viscous turbulence.

The NACA (National Advisory Committee for Aeronautics) four-digit series profiles were developed
based on theoretical and experimental studies, and the nomenclature of these profiles indicates the
maximum camber, the position of the maximum camber, and the maximum thickness [6]. The aim of this
research was the NACA 0012 airfoil profile (see Figure 1), characterized as a symmetric airfoil with zero
camber that follows the centerline, with a thickness of 12% of the chord length.

According to Anderson [7], the drag force F_ and lift force F are expressed through coefficients (C, and
C) that depend on the fluid density, the chord length of the airfoil (for two-dimensional bodies), the flow
velocity, and the airfoil geometry. These relationships can be described by Equations (1.1) and (1.2), which

. . . 1 )
are written in terms of dynamic pressure E'OU“’ and reference area.

c, ZIL (1.1)
5 pU’ A
C =7 b (1.2)
5 pU’ A
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Name = NACA 0012 AIRFOILS
Chord = 100mm Radius = Omm Thickness = 100% Origin = 0% Pitch = 0°

Figure 1: Geometry of the NACA 0012 Airfoil - Due to its symmetry (non-cambered profile), it is widely adopted
in academic research and experimental tests.
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According to Rodrigues [8], the aerodynamic efficiency of an airfoil can be represented by the lift-to-
drag ratio (L/D) as a function of the angle of attack (a). The study of this parameter is of utmost importance
for aircraft performance, as it allows identifying the angle at which the airfoil can generate the highest lift
with the least possible drag.

Boundary layer

Anderson [7] and Cengel [3] say that the boundary layer is a region adjacent to the surface of an
aerodynamicbodywhereviscous effects are present. It exhibits a high velocity gradient, and its development
results in friction drag. The difference between laminar and turbulent flow within the boundary layer
affects the aerodynamics, with turbulent flow being less prone to separation due to its higher average
velocity near the surface, thereby resisting adverse pressure gradients more effectively (see Figure 2).

Mathematical model of the physical problem

In this research, the flow of atmospheric air was considered as a Newtonian fluid, incompressible (with
constant density p) and isothermal (with constant viscosity). The flow flows within a fixed arbitrary control
volume, bounded by a control surface, and assumes a steady-state hypothesis with a Mach number below
to 0.3.

According to Anderson [9], typical aerodynamic flows can be described by the governing equations for
fluid dynamics, including the continuity equation and the momentum equation too. Refer to Equations
(1.3) to (1.5) below.

ou ov
+—=

— 0
Ox Oy

(1.3)
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Figure 2: Velocity profiles for laminar and turbulent boundary layers - Having higher velocity on the surface
is detrimental in terms of drag, but regarding the detachment of the boundary layer, this excess velocity is
desirable.
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Where u,, represents the effective viscosity of the fluid, P is the static pressure and pg, , pg, arethe
source terms arising from field forces in each direction, in this case, the gravitational force.

Computational fluid dynamics

Computational Fluid Dynamics (CFD) employs numerical methods to solve partial differential equations
and study the behavior of fluids. According to Versteeg and Malalasekera [10], all CFD codes have three
main phases in their construction, namely, pre-processing, solving, and post-processing, as illustrated by
the block diagram in Figure 3.

Finite volume method

The finite volume method is an approach used in the analysis of fluid flow, where the computational
domain is divided into finite control volumes. Through a conservation balance of the property in each
volume, approximate equations are obtained. Maliska [11] emphasizes the importance of satisfying
conservative principles at a discrete level during fluid flow analyses. Patankar [5] mentions that the
differential equations governing fluid flow, heat transfer, and mass transfer phenomena can be rewritten

Import co-ordinates "
~ e S Domain shape and
GEOMETRY =>| ofthe airffoilcurves =3 Geometry criation >} i selections
to CAD
4
Mesh
Unstructured or .- )
MESH = siructured mesh _— Mesh sizing —> independence
study
N
Compressibility & . Boundary conditions
PHYSICS > Heattransfer: > DomBmshapeand Ls) g inial condiions | Turbuence model
ONIOFE size selections definition selection
N/
~ Cornvergent and lterations/Steps Numerical scheme L
SOLVE - residuals limite Ed denifition B solve > Initialization
A4
POST Forces or Verification and -
PRCECESSING > coeficients report [ XP Plot E adiustments > Validation
N
REPORTS = Cégr%t;}r;.:gs —>|  \Vectors definition =) Export data

Figure 3: CFD process - CFD techniques involve a set of mathematical models solved through numerical
methods, utilizing computational processing, to obtain information about thermal exchanges, fluid flow, and
other processes.
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in a generalized form known as the General Transport Equation, as shown in Equation (1.6).

8(pu¢)+6(pv¢) =Q(F%j+i r\.s (1.6)
Oox oy ox\_ oOx) oy\ Oy .

Where @ is the instantaneous property of the fluid (dependent variable), I is the diffusive coefficient,
and S is the source term.

Numerical methods discretize the differential equations through a discretization of the domain and the
equations. The finite volume method is a numerical method that approximates the transport equations,
enabling the computational resolution of the Navier-Stokes equations. By performing the integral over
the entire domain, we obtain the discretized General Transport Equation as shown in Equation (1.7) [5].

aP¢P = aE¢E + aw¢w+ azv¢1v + as¢s +b (1.7)

Where a,, a,, a, and a, are the coefficients distributed to the neighboring volumes around the
control volume P, b is the source term in its linearized form and ¢,, ¢., @,, ¢, and ¢, are the properties
under study for the variables at each nodal point of the control volume mesh.

The solution of this system of algebraic equations must be obtained through an iterative process due
to the nonlinearity contained in the equations, not to mention that they are usually coupled with other
equations that model, for example, turbulence.

RANS turbulence methodology

The RANS (Reynolds Averaged Navier-Stokes) methodology separates the instantaneous properties of
a fluid into a temporal average and a fluctuation. The temporal average of a function is calculated over
time, while the fluctuation is the difference between the instantaneous property and its temporal average

[3].

According to Costa [12], there are several turbulence models within the RANS methodology, which
vary according to the number of additional equations needed to model the phenomenon. In this research,
the one-equation Spalart-Allmaras model and the two-equation k-¢ model were used to model the
turbulence. It is important to mention that most researchers avoid using the k-g turbulence model in CFD
simulations for airfoils because this model does not work well in the presence of an adverse pressure
gradient. Therefore, this article proposes using this turbulence model since the NACA 0012 airfoil stall
from the trailing edge. In other words, the adverse pressure gradient is not as severe at the leading edge.
It was therefore hoped to achieve good results for this turbulence model at low angles of attack - and not
at higher angles, close to the stall point.

Spalart-Allmaras model: The Spalart-Allmaras model is widely used in the analysis of aerodynamic
flows, especially in aerospace applications with adverse pressure gradients. Although it is effective in
these cases, its use in certain situations, such as flows in circular jets, can result in significant errors. This
model employs a transport equation to model the turbulent kinematic viscosity, which is a modified form
of the actual viscosity, especially in regions near the wall where viscous effects are significant [13].

Basha [14] reports that this model presents a single transport equation to model the turbulent
kinematic viscosity v. Versteeg and Malalasekera [10] show that the Reynolds stress tensor 7, as well as
the transport equation for v can be described by Equations (1.8) and (1.9).

dl'v(/0\7U)=i div[(u+p\7)gmd( )+Cb2pa—va—v}+Cb1pvQ CWIp( ]fW (1.8)
o ox, Ox,
ou,
=—pU,U, = pif,, a£+ (1.9)
ox,  Ox;

Where o,, C,,, C,,, C,, are constants, Q is the local mean vorticity, and f,, is a wall-damping factor.
This model can be interpreted as follows: The convective transport rate of v is equal to the diffusive
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transport of v plus the difference between the generation and dissipation rates of v in the control volume.

K-e model: The two-equation k- model is a commonly used approach for turbulence modeling in
computational fluid dynamics (CFD) simulations. Its two transport equations describe the turbulent kinetic
energy (k) and the rate of turbulent kinetic energy dissipation ().

According to Warsi [15], the Reynolds stresses are modeled, and the turbulent viscosity is expressed
in terms of turbulent kinetic energy, k, and the rate of turbulent kinetic energy dissipation, €, as shown in
Equation (1.10).

k2

u, =pC, — (1.10)

£

Where Cﬂ is a dimensionless constant. As explained by Vasconcellos [4], when applying this equation
to solve a CFD problem, the turbulent viscosity receives two additional variables. In order to solve it, two
new equations are incorporated, namely one for k and another for €, as shown in Equations (1.11) and
(1.12).

V-(pkU)=V- -

(ijv(k)}zu,sy .S, pe (1.11)

V-(peU)=V-K—JV(.9)}+CIS% u,S, -Sij—ngp% (1.12)

Where C,, C,, o, C,, and C,, are constants representing the k-e model. Versteeg and Malalasekera
[10] explain that the first term represents the convection transport of k or g, the second term is the net
rate of diffusive transport of k or €, and the last two terms represent the production and dissipation rate
of k or € within the control volume.

Materials and Methods

In this study, the fundamental assumptions and the boundary conditions for representing the proposed
physical phenomenon were defined according to Table 1.

The assumptions included an isothermal, incompressible, and steady-state flow, with the fluid being
considered as a Newtonian fluid (atmospheric air). The adopted definitions for the NACA 0012 airfoil
profile included a chord length of 1 m. Finally, the boundary conditions in the fluid dynamics simulations
consisted of no-slip at the airfoil surface, an impermeable wall, inviscid and irrotational external flow, and
an axisymmetric flow with respect to the z-coordinate.

The procedures followed the block diagram illustrated in Figure 4 and were performed using hardware
equipped with the Windows® 11 Home 64-bit operating system, Intel® Core™ i9-12900H CPU @2.50 GHz
processor, 32 GB RAM, and NVIDIA® GeForce® RTX 3060 dedicated graphics card. Additionally, in this
study, the numerical analysis was conducted using the ANSYS® software, Academic Student version 2022

Table 1: Adopted Boundary Conditions - It was through the boundary conditions that the defined properties of the
fluid will be calculated.

Homogeneous velocity profile U_, with adjustable velocity components u and v as
needed, and the component w with zero velocity.

Static pressure equal to O Pa, or gauge pressure equal to atmospheric pressure.

No-slip condition, impermeable wall, stationary wall.

Atmospheric air as the working fluid used with a constant density of 1.225 kg/m? and
a viscosity of 1.7894 x 10” kg/m-s
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Figure 4: Procedures for conducting simulations - In total, disregarding the mesh independence test, 42
different scenarios were simulated to meet the objectives of this research.

R1, and its Workbench platform, which offers a variety of applications used for this computational analysis.
Although the student license has limitations in mesh generation (512k elements), it provides the same
quality as commercial solutions. The Airfoil Tools platform database was used to assist in constructing the
NACA 0012 airfoil geometry.

All the execution steps in the software were carried out according to the block diagram presented in
Figure 5.

The generated meshes (see Figure 6) had a C-grid format, which allowed for better fitting to the leading
and trailing edges of the airfoil. After testing the independence of the meshes, it was observed that mesh
1 was very coarse and that the results of the independence test for mesh 2 and 3 were not that far
apart, but the processing time for mesh 3 was much longer as this one was too much fine. Therefore, it
was considered for this research the mesh B (medium mesh), which consisted of 304,000 elements and
305,220 nodes.

Results and Discussion

In this chapter, the numerical results obtained using the Spalart-Allmaras and k- turbulence models
were verified through comparison with Abbott, et al. [1] and Ladson, et al. [2] experiments. The following
variables were analyzed for the NACA 0012 airfoil at low speeds:

» Drag coefficients C_ as a function of angle of attack (a).

e Lift coefficients C _as a function of angle of attack (a).

e Stall behavior of the airfoil based on the distribution of turbulence around it.
e L/D curve to identify the maximum efficiency of the airfoil.

*  Pressure coefficient C, as a function of chord length for o = 0°, 4°, and 9°.
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CFD-Post. Are they
consistent?
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Figure 5: Execution methodology - All numerical analysis was performed using the ANSYS® software package,
specifically the Academic Student version 2022 R1.

Verification of numerical results (error margin below 5%). However, for a > 12°,
larger differences were observed due to the strong

Regarding the coefficient of lift C., it was . )
garding ! ! Lo 1t W pressure gradient (see Figure 7). CLmax was reached

observed that the numerical results obtained were
very close to the empirical results for 0° < a < 12° for a = 15° and 18° in the Spalart-Allmaras and k-¢
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A) MESH 1: 84,000 elements and 84,520 nodes |B) MESH 2: 304,400 elements and 305,220 nodes |C) MESH 3: 500,000 elements and 501,650 nodes
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Figure 6: Mesh generated in Ansys® Meshing - The obtained result was a structured mesh with quadrilateral
elements.
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Figure 7: Comparative results for C, - It was identified that C,  the is achieved at a = 15° and 18°,
respectively, in the Spalart-Allmaras and k-€ realizable models. This was characterized as the stall angle of the
profile.
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Figure 8: Comparative results for C, - The results for C,, showed physically consistent behavior, despite the

imprecision in the results with a margin of error of 50%, probably due to mesh refinement level.

realizable models. This is characterized as the profile's stall point.

Similarly, the results obtained for the coefficient of drag C_ in ANSYS® Fluent were compared with the
experimental results of Abbott, et al. [1] in a wind tunnel (see Figure 35). The error margin was around
50% for 0° < a < 12°, as illustrated in Figure 8.

Regarding lift-to-drag ratio, it was also found that the optimum point on the L/D curve for the NACA
0012 airfoil was reached when a was 8 degrees for the Spalart-Allmaras model and when a was 9 degrees
for the k-€ model, as shown in Figure 9. Despite the small difference, the L/D curve indicates that, in
this condition, the numerical models used were qualitatively consistent with the experimental results of
Abbott, et al. [1], with a slight quantitative deviation from their results since the 9 degrees provides the
highest lift with the least drag penalty, i.e. the maximum aerodynamic efficiency of the airfoil. However,
beyond this angle, the pressure gradient increases rapidly and, if not controlled, can lead to boundary
layer separation and stall of the airfoil.

Finally, the analysis of the distribution of the pressure coefficient C along the NACA 0012 airfoil for
different angles of attack showed that the numerical results were close to the experimental data, which
made the numerical model acceptable for this research. For an angle of attack of O degrees, the pressure
was nearly the same on the upper and lower surfaces of the airfoil due to symmetry.

On the other hand, for a = 4° and a = 9°, there is a slight fluctuation between the numerical results
and the experimental data on the lower surface of the profile. However, it is precisely because of this
difference of pressure that the profile produces the net lift force. Lastly, as the angle of attack increased,
there was an even greater pressure difference between the upper and lower surfaces, resulting in the lift
force (see Figure 10, Figure 11 and Figure 12).

Distribution of velocity, static pressure, and turbulent wake on the airfoil

Once the numerical model has been considered accepted, the distribution of velocity, static pressure,
and turbulent wake around the NACA 0012 airfoil was evaluated under the conditions of the k-€ and
Spalart-Allmaras turbulence models, as shown in Figure 13, Figure 14, Figure 15 and Figure 16.
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When analyzing the results for different angles
of attack, a symmetric pattern was observed in the
graphs for a = 0°, with a laminar boundary layer
transitioning to a turbulent regime beyond half of
the chord length (see Figure 13).

From 4 degrees, as shown in Figure 14, it was
possible to observe anincreaseinlift productionand
a displacement of the stagnation point towards the
lower surface of the airfoil, as well as an increase in
velocity and thickness of the boundary layer on the
upper surface.

For a = 9 degrees, Figure 15 shows that the
velocity reached its maximum value at the leading
edge, the static pressure increased, the turbulent
wake was more intense at the trailing edge, the
transition of the boundary layer occurred earlier,
and a greater thickness of the boundary layer on
the upper surface was observed.

Finally, Figure 16 shows the parameters for
angles of attack a equal to 16 degrees (Spalart-
Allmaras model) and 20 degrees (k-€ model). These
were the exact moments that followed the stall of
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Figure 10: Comparative results for C,, (o = 0°) - The symmetric results were due to the geometry of the airfoil.
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Figure 11: Comparative results for C,, (o = 4°) - The area of the graph represents the net lift.
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Figure 12: Comparative results for C, (a = 9°) - From this point onwards, the curve tended to shift more
towards the upper surface of the airfoil due to the loss of lift.

the airfoil (notice the significant increase in turbulent wake and the complete disorder downstream of the
airfoil's upper surface).

Conclusions

In this paper, numerical simulations of airflow over the NACA 0012 airfoil were conducted. The results
indicated thatincreasing the angle of attack leads to higher drag, with the maximum aerodynamic efficiency
obtained at a = 8 degrees (Spalart-Allmaras model) and a = 9 degrees (k-€ model). The comparison of
the results for the pressure coefficient showed agreement with experimental studies, highlighting that
the airfoil's upper surface exhibits significantly higher static pressure distribution compared to the lower
surface. The need to refine the chosen mesh (medium mesh) in order to predict the drag coefficients
can certainly be inferred from the mesh sensitivity results. This is due to the fact that these coefficients
exhibited a margin of error of 50% for a from 0 to 12 degrees, contrasting with a margin of error below
5% for the lift coefficients in the angle of attack range of 0 < a < 9 degrees.

From the simulation of the NACA 0012 airfoil, it was observed that when the angle of attack was 0
degrees, the turbulence wake distribution was very accurate and reliable for both turbulence models.
However, as the value of a increased, it was noted that the turbulence for the k-€ model always showed
greater oscillations compared to Spalart-Allmaras model, even for low values of a (adverse gradient not
severe). Furthermore, after the airfoil stall, the boundary layer separation was not as evident for the
realizable k-e model, even considering that it still had a stall angle that was 2 degrees greater than Abbott's
[1] experimental data.

As a suggestion for continuing and complementing this research, it would be interesting to redo the
same CFD analyses considering the flow as compressible. In this way, the effects of compressibility and the
formation of the shock wave and its expansion would be considered in the research. It is also suggested
that more precise techniques be used, such as LES and DNS, combined with a finer mesh.
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Figure 13: Numerical results for a = 0° - The results were symmetric due to the geometry of the airfoil.
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Figure 14: Numerical results for a = 4° - Despite the small angle of attack, it was possible to begin observing
changes in the behavior of these parameters.
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Figure 15: Numerical results for a = 9° - At this angle, the profile reaches its maximum efficiency.
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