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ABSTRACT

The flow past the airfoils is continuously investigated in various experimental and computational aerodynamic
perspectives. In this paper, a comparative study on the aerodynamic characteristics of the turbulent incompressible flow
past four NACA airfoils is emphasized. Particularly, we classify these characteristics based on the basic geometries,
namely symmetric and asymmetric airfoils, as well as trailing edge angles. The results confirm the general aerodynamic
theory and include finding on the effect of sharp trailing edge, which complement the available airfoil datasets for

improving their designs and as reference cases.
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1. INTRODUCTION

Among early important researches that take
turbulent incompressible flow past an airfoil into account
is [1] where the numerical experiment was done in
investigating the flow properties. This type of research has
been going on since then. In particular, works done by [2]
and [3], for instance, indicate the necessity of continuous
numerical investigation of airfoil aerodynamics. This long
tradition can be explained, by the interests in airfoils
design [4], high lift device [5], ground effects [6]-[7], and
flow separation control [8]-[11].

This study aims not only to contribute to the
turbulent incompressible aerodynamic data for airfoils of
interest in order to complement those for compressible
flow, but also compare the outputs.

The Mach number M<0.3 is considered, where
the compressibility effect is assumed to be negligible.
Thus, it does not need to be taken into consideration in the
calculation  of  aerodynamic  properties. Such
incompressible flows are classified into subsonic flows
since M<1 [12].

The paper compares the aerodynamic
performance of the airfoils in turbulent incompressible
subsonic flow. A steady-state Reynolds-averaged Navier-
Stokes (RANS) investigation was performed using the
commercial CFD code ANSYS. The wing cross-sections
were divided into symmetrical or un-cambered (i.e.
NACA 0015 and NACA 0018) and asymmetrical or
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where u;, u, are time-averaged velocity vectors, u;’, u," are
fluctuating velocity vectors, P is the pressure, F;, F, are

cambered airfoils (i.e. NACA 2412 and NACA 63-415).
The characteristics of flow over four airfoils of interest
were evaluated. The airfoils form the cross sections of
passenger airplanes shown in Table I.

The comparison for both types of airfoil should
fall within the scope of the fundamental airfoil theories
such as in the case of the lift and drag production versus
angle of attack a as well as the critical or stall angle of
attack a, beyond which the lift degrades [13].

Table-1. Airfoils of interest and their corresponding
passenger airplanes.

Airfoil series Passenger airplane
NACA 0015 Lockheed L-1649A Starliner
NACA 0018 Boeing 314 Clipper
NACA 2412 Cessna 170

NACA 63-415 Convair CV-240

2. GOVERNING EQUATIONS AND MODELLING
ASSUMPTIONS

In the calculation of incompressible, steady, 2-D
turbulent flow around the airfoil, a finite volume
numerical method based on solving RANS equations was
used:
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body forces, and u is the dynamic viscosity. The continuity
equation,
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must be satisfied by (1) and (2).

The Reynolds averaging in the derivation of (1)
and (2) results in the Reynolds or turbulence stresses
which need to be mathematically modelled. In particular,
the Spalart-Allmaras turbulence model which gives a
general description of turbulence by means of single
transport equation was used to ensure the closure of the
equations. The reason why this model consists of only one
equation is that it is grounded on the assumption of zero
turbulence kinetic energy. Further explanation on the
selection of the turbulence model is given in [14].

The method is applied with second-order upwind
discretization schemes. The algorithm called SIMPLE is
employed for the velocity-pressure coupling. The airfoil
velocity and the Reynolds number are 5.4 m/s and 3.6 x
105, respectively. The Mach number of flow is 0.02. Thus,
the compressibility effects could be neglected. The density
as well as dynamic viscosity are set to be those at sea level
(i.e. 1.225 kg/m’ and 1.8375 x 10™ kg/ms, respectively). It
is necessary to vary the angle of attack in the investigation.

3. GEOMETRY, GRID AND DOMAIN

The flow of interest is that over the NACA 0015,
NACA 0018, NACA 2412, and NACA 63-415 airfoils.
Among these airfoils, NACA 0015 and NACA 0018 are
labelled here as symmetric airfoils based on their relative
geometries given in Figure-1. All airfoil models are in
unbounded flow. The grid used for calculations is given in
Figure-2.

For discretization of the computational domain,
an unstructured type of grid with quad elements was
selected. Inlet and outlet boundary conditions were
specified on the outer sides of computational domain with
necessary turbulence and flow parameters. The argument
that all solid surfaces are practically rough on a
microscopic scale supports the idea of no-slip boundary
condition. It is evidence that the energy lost through
viscous dissipation as a fluid passes over and around the
irregularities is sufficient to ensure that it is effectively
brought to rest [15]. Therefore the velocity of the air at the
surface of the airfoil was set to zero.

4. RESULTS OF CALCULATIONS

The velocity distribution, lift and drag profiles are
the focus of discussion. As shown in Figure-3, the velocity
fields of interest around the airfoils are those for a = a, =0
and a,. The airfoils are in unbounded flow.

A moment after a. is reached, the induced
velocity differences are higher, which result in the increase
of lift, and directly influence lift-to-drag ratio L/D. The
stagnation-points shift from the leading edges at «, to the
lower sides of the airfoils at a.. The field contours in
Figures 3(a)-3(b) at a, are symmetrical about the chord
lines as expected for un-cambered airfoil geometries (i.e.
NACA 0015 and NACA 0018), in comparison to those in
Figure-3(c)-3(d).
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Figure 1. Geometry of airfoils (a) NACA 0015(b)
NACA 0018 (c) NACA 2412 (d) NACA 63-415.
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Figure-2. Grid applied for airfoil moving in
unbounded flow.

The early signs of flow separation emerge at o,
which are yet to be fully developed. It is not clear which of
the flow is most attached in all cases, unlike in the case of
high Reynolds number compressible flow [4]. Note,
however, that the flow past NACA 2412 separation region
is the largest. More detailed study is necessary to relate the
onset of flow separation to a..
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Figure-3. Velocity contour in m/s at o, and a, (a) NACA 0015 (b) NACA 0018 (c) NACA 2412 (d) NACA 63-415.

Higher lift and earlier stall can be seen for both cambered
NACA 2412 and NACA 63-415 airfoils, while greater o,
are found for both symmetric NACA 0015 and NACA
0018 airfoils as in Figure-4.

The airfoil NACA 63-415 with the relatively
smallest trailing edge angle needs further attention. The
flow produces the highest lift prior to stall, and the highest
drag for a> 6. The flows past three other airfoils produce
relatively similar C, values as can be seen in Figure-5.

5. FINAL REMARKS

The comparative aerodynamic properties of four
airfoils, namely NACA 0015, NACA 0018, NACA 2412
and NACA 63-415, have been studied. The main
outcomes can be summarized as follows:

At stall angle of attack, the pressure side of the
airfoil prevents the incoming air to flow smoothly through
the top surface of the airfoil, where the flow separation
begins to take place.

At a given angle of attack, the pressure difference
across the asymmetrical airfoils (i.e. NACA 2412 and
NACA 63-415) results in higher lift than that across the
symmetrical —air foils (i.e. NACA 0015 and
NACA 0018).The former, however, experience rapid drop
of lift as stall angle of attack is reached.
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Figure-4.The lift coefficient C; profiles.
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Figure-5. The drag coefficient C, profiles.

In general, the airfoil NACA 63-415 experiences
the highest drag mainly due to the presence of small/sharp
trailing edge angle.
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