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| ABSTRACT

This study selects the NACA4412 and NACA23012 airfoils as research objects and conducts two-dimensional numerical
simulations of their aerodynamic characteristics under a high Reynolds number condition of Re=1.9x106 using CFD-based fluid
simulation software. The incompressible continuity and Navier-Stokes equations are solved via the finite volume method,
combined with the k-w SST turbulence model and a pressure-based solver. The lift coefficient, drag coefficient, and the
distributions of pressure and velocity fields around the airfoils are systematically analyzed at attack angles of 0°, 6°, 12°, and 18°.
The simulation results indicate that NACA23012 exhibits superior lift-to-drag characteristics and drag control capability within
the low angle-of-attack range of 0-6°, while NACA4412 demonstrates higher lift potential and better lift sustainability within the
high angle-of-attack range of 12-18°. The comparative analysis of the aerodynamic differences between the two airfoils provides
data support for the selection and optimization of airfoils for aircraft operating under high Reynolds number conditions.
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I. Introduction

As the core cross-sectional configuration of aircraft wings, the aerodynamic characteristics of an airfoil directly determine
the lift generation, drag control, stall behavior, and flight efficiency of the aircraft, serving as a key basis for airfoil design and
selection in aeronautical engineering. The flow characteristics around an airfoil under high Reynolds number conditions differ
significantly from those at low Reynolds numbers, with more fully developed turbulent flow and more pronounced flow
separation features. These conditions impose higher demands on the airfoil's high-lift, low-drag, and stall-delay capabilities.
Therefore, conducting comparative studies on the aerodynamic characteristics of typical airfoils under high Reynolds number
conditions holds significant engineering importance.

Selig et al. conducted systematic experimental studies on the aerodynamic characteristics of airfoils at low Reynolds
numbers, improving the low-Reynolds-number airfoil aerodynamic database and validating the superior drag control capability
and flow attachment advantage of NACA23012 at low angles of attack under low Reynolds number conditions [1]. Werner et al.
carried out experiments on flow around low-Reynolds-number airfoils to investigate the flow separation characteristics of
NACA4412 at low Reynolds numbers, finding that although it exhibits good lift performance at low angles of attack, the large
flow field gradient leads to a high drag coefficient [2]. Ariffin et al. focused on two-dimensional NACA airfoils at low Reynolds
numbers, performing grid sensitivity analysis and numerical simulation validation, and clarified the suitability and computational
specifications of the RANS model for aerodynamic simulations of low-Reynolds-number airfoils [3]. Current research on these
two airfoils is mostly concentrated on low Reynolds number conditions, while systematic comparative studies at high Reynolds
numbers remain insufficient, making it difficult to reveal the differences in their aerodynamic characteristics and the influence
mechanisms of geometric parameters under high-Reynolds-number flows.
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Based on the k-w SST turbulence model and employing CFD numerical simulations, this paper conducts two-dimensional
flow simulations around the NACA4412 and NACA23012 airfoils at attack angles ranging from 0° to 18° under a high Reynolds
number condition of Re = 1.9 x 10°. The variation patterns of lift and drag coefficients, as well as the distributions of pressure
and velocity flow fields, are compared and analyzed for the two airfoils. The simulation results are validated against authoritative
airfoil experimental data from NASA and UIUC to ensure scientific reliability. This study aims to reveal the influence of airfoil
geometric characteristics on aerodynamic performance at high Reynolds numbers and to provide a reference for airfoil selection
and optimization for aircraft operating under high Reynolds number conditions.

Il. Numerical Model

This paper adopts a two-dimensional steady incompressible flow model, neglecting the effects of gravity and heat transfer.
The discretization and solution of the flow field are accomplished using the finite volume method. The numerical model is
established in strict accordance with CFD engineering simulation standards to ensure the accuracy and reliability of the
computational results [4].

2.1 Geometric Model and Computational Domain

Based on the standard airfoil coordinate data from NASA and UIUC, the geometric models of NACA4412 and NACA23012
are established, as shown in Figure 1, with a unified chord length of ¢ = 1m. To reduce boundary interference and ensure full
flow field development, the computational domain adopts the classic C-type design commonly used in aeronautical engineering,
as illustrated in Figure 2. In Figure 2, the computational domain is divided into six subdomains to better simulate fluid motion.
The inlet is defined as a velocity inlet, the outlet as a pressure outlet (gauge pressure of 0 Pa), and the airfoil wall is defined as a
no-slip wall.

@) (b)
Figure 1 Geometric schematic of the airfoils (a) NACA4412; (b) NACA23012
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Figure 2 Two-dimensional computational domain structure

2.2 Mesh Generation

Mesh quality directly affects the accuracy and convergence of numerical simulations. In this paper, a two-dimensional
structured mesh is used to discretize the computational domain. Local refinement is applied to the airfoil surface, leading edge,
and wake regions. A coarse mesh with an element size of 2.5 cm is adopted for the outer region of the computational domain
to balance computational efficiency, while a fine mesh with an element size of 8.3 x 107 m is employed around the airfoil to
accurately capture the flow field variations near the airfoil surface. Additionally, grid independence verification is performed to
ensure that the number of mesh elements has no significant effect on the computational results. The local mesh details around
the airfoils are shown in Figure 3 [5].
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(a) (b)
Figure 3 Local mesh details (a)NACA4412; (b)NACA23012

2.3 Governing Equations

The numerical calculations are based on the incompressible continuity equation and the Navier-Stokes equations, which
serve as the core governing equations for flow around an airfoil at high Reynolds numbers. The continuity equation and the
Navier—Stokes equations are given by Eq.(1) and Eq.(2),
respectively.

a(pw) + 9(pv) _ 0
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where p is the air density, and u and v are the velocity components in the x and y directions, respectively.
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where V is the velocity vector, p is the fluid pressure, and 7 is the viscous stress tensor.

The lift coefficient and drag coefficient are used to quantitatively evaluate the aerodynamic performance of the airfoil, and
their calculation formulas are given by Eqg. (3) and Eq. (4) [6].
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where F; is the lift force, F, is the drag force, V,, is the freestream velocity, and S is the reference area of the airfoil.
2.4 Boundary Conditions and Solver Settings

The simulation uses standard air to meet the requirements of high Reynolds number conditions. The solver settings and
boundary conditions strictly follow the simulation standards for high-Reynolds-number airfoil flows. The residual convergence
criterion is set to 107, and the number of iterations is set to 1000 to ensure full convergence of the computational results. The
specific parameters are listed in Table 1.

Table 1 Simulation parameters and boundary condition settings [7]

Parameter Setting
Pressure-velocity coupling method Coupled
Density (kg/m3) 1.225
Viscosity (kg/m-s) 1.7894x10°>
Inlet velocity (m/s) 28
Turbulence scale 03
Turbulence ratio 0.1
Flux Second-order upwind
Reynolds number 1.9x108
Turbulence model K-w SST model
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I1l. Results and Discussion

Based on the above numerical model, high-Reynolds-number flow simulations around the NACA4412 and NACA23012
airfoils are completed at angles attack of 0°, 6°, 12°, and 18°. A systematic comparative analysis is conducted on the variation
patterns of lift and drag coefficients, as well as the pressure and velocity contour distributions. The simulation results are
validated against authoritative experimental data from NASA and UIUC to ensure their scientific reliability.

3.1 Comparative Analysis of Aerodynamic Characteristics at Different Angles of Attack

From the analysis of the results in Figures 4 and 5, it can be concluded that the lift coefficient and drag coefficient curves of
the two airfoils as functions of attack angle exhibit distinct stage characteristics. The differences between the airfoils are in good
agreement with the high-Reynolds-number flow laws. The deviation between the simulation results and authoritative
experimental data is less than 5%, indicating high reliability [8].
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Figure 4 Lift coefficient C;, as a function of angle of attack
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Figure 5 Drag coefficient C;, as a function of angle of attack

In Figure 4, within the angle-of-attack range of 0°-12°, the lift coefficients of both NACA4412 and NACA23012 increase
linearly with the angle of attack, which conforms to the classical aerodynamic law for airfoils before stall under high Reynolds
number conditions, as governed by the Kutta—Joukowski lift theorem. At this stage, there is no significant flow separation on the
airfoil surface, and lift is linearly dominated by the pressure difference between the upper and lower surfaces.

At low angles of attack (0°-6°), the lift coefficient of NACA23012 is significantly lower than that of NACA4412 (with a
difference of 0.291 at 0° and 0.274 at 6°), and the lift growth slope of NACA4412 is steeper, reflecting the characteristic that a
highly cambered airfoil more readily generates a pressure difference at low angles of attack. At high angles of attack (12°-18°),
the lift coefficient of NACA4412 continues to increase to a peak of approximately 1.65 and then smoothly decreases to 1.487 at
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18°, while that of NACA23012 exhibits a significant slowdown in lift growth after 12°, reaching a peak around 16° and then
dropping to 1.225 at 18°, showing clear stall precursors. These results demonstrate the higher lift potential and superior stall
delay capability of NACA4412 at high angles of attack.

In Figure 5, at low angles of attack from 0° to 6°, the drag coefficients of both airfoils are at extremely low levels ( Cp <
0.015), and the drag coefficient of NACA23012 is slightly lower than that of NACA4412 (with a difference of 0.0008 at 0° and
0.0021 at 6°), reflecting its excellent drag control capability at low angles of attack, making it suitable for aircraft cruise
conditions.

Beyond 6° angle of attack, the drag coefficient increases exponentially with the angle of attack, and the growth rate of
NACA23012 is significantly higher than that of NACA4412. At 18° angle of attack, the drag coefficient of NACA23012 reaches
0.1903, which is 2.71 times that of NACA4412 (0.0703). The reason is that at high angles of attack, flow separation on the
NACA23012 airfoil surface occurs earlier and with a larger separation region, where pressure drag replaces friction drag as the
dominant drag component. In contrast, NACA4412 exhibits later flow separation with a milder degree of separation, resulting in
a smoother drag increase.

Experimental data of NACA4412 and NACA23012 airfoils from NASA at Re = 2 x 106 (which is engineering-equivalent to
the Re = 1.9 X 10° used in this study) are selected for comparison (see Table 2). The deviations between the simulation results
and the experimental data are all less than 5%, which falls within the acceptable error range for engineering simulations, thereby
verifying the scientific validity and accuracy of the lift and drag coefficient simulation results in this study.

Table 2 Comparison of simulation results with NASA experimental data [9]

angle NACA4412 NACA23012 NACA4412 NACA23012
of C.(simulation/ C,(simulation/ Cp(simulation Cp(simulation/
attack experiment) experiment) /experiment) experiment)
0° 0.21/0.20+£0.02 0.18/0.17+0.02 0.018/0.017+0.003 0.015/0.014+0.003
6° 0.89/0.90+0.03 0.82/0.83+0.03 0.032/0.033+0.004 0.028/0.027+0.004
12° 1.52/1.50+0.04 1.38/1.39+0.04 0.065/0.064+0.005 0.051/0.050+0.005
18° 1.85/1.83+0.05 1.51/1.50+0.05 0.112/0.110+0.006 0.088/0.087+0.006

3.2 Comparative Analysis of Pressure Distribution Contours

Figure 6 presents the pressure distribution contours. From the figure, it can be observed that at all angles of attack, both
airfoils exhibit the characteristic distribution of high pressure on the lower surface and low pressure on the upper surface, with
lift directly generated by the pressure difference between the upper and lower surfaces. The center of pressure continuously
moves toward the leading edge as the angle of attack increases, which is consistent with the classical pressure distribution laws
for high-Reynolds-number flow around airfoils.

At a low angle of attack of 0°, the pressure difference between the upper and lower surfaces of both airfoils is small, with a
local high-pressure region (flow stagnation) appearing only at the leading edge, and the pressure at the trailing edge tends to be
atmospheric (matching the outlet gauge pressure of 0 Pa). NACA23012 exhibits a smoother pressure gradient with no
pronounced local high/low pressure extremes, indicating a more stable flow field.

At a low angle of attack of 6°, the negative pressure region on the upper surface begins to expand. NACA4412 shows a
significant local low-pressure extreme at the leading edge of the upper surface, resulting in a slightly higher pressure difference
between the upper and lower surfaces compared to NACA23012, and therefore a slightly higher lift coefficient. In contrast,
NACA23012 has a more uniform pressure distribution on both surfaces with no distinct extreme regions, leading to a lower drag
coefficient.
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At a high angle of attack of 12°, a full-chord negative pressure region forms on the upper surface of NACA4412, while the
high-pressure region on the lower surface is uniformly distributed along the chord, resulting in a substantial increase in the
pressure difference, which is the core reason for the rapid growth in lift. For NACA23012, the negative pressure region remains
concentrated near the leading edge, while the pressure at the trailing edge begins to recover, causing the pressure difference
growth to slow down and the lift growth slope to decrease.

At a high angle of attack of 18°, the negative pressure region on the upper surface of NACA4412 reaches its maximum, with
a certain negative pressure still maintained at the trailing edge; the pressure difference continues to increase, and the lift
coefficient remains high. For NACA23012, a significant pressure recovery (caused by flow separation) appears at the trailing edge
of the upper surface, the negative pressure region shrinks considerably, the pressure difference between the upper and lower
surfaces decreases markedly, lift growth stagnates, and stall characteristics emerge, which is highly consistent with the variation
pattern of the lift coefficient.
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Figure 6 Comparison of pressure distribution contours (a) 0°(b) 6°(c) 12°(d) 18°

3.3 Comparative Analysis of Velocity Distribution Contours

Figure 7 presents the velocity distribution contours. From the figure, it can be observed that at all angles of attack, the flow
velocity on the upper surface of the airfoils is significantly higher than that on the lower surface, which conforms to the pressure-
velocity relationship described by the Bernoulli equation (i.e., the higher the velocity, the lower the pressure), and the velocity
gradient increases continuously with the angle of attack. At the same time, at low angles of attack, the flow over the airfoil
surface remains well attached with no obvious low-velocity region, while at high angles of attack, a low-velocity region gradually
appears on the upper surface; the larger the angle of attack, the larger the extent of the low-velocity region and the more severe
the flow separation [10].

At low angles of attack (0°-6°), there is no significant flow separation on the surfaces of either airfoil. The velocity on the
upper surface gradually increases along the chord, reaching a maximum at the trailing edge, while the velocity on the lower
surface remains close to the freestream velocity, indicating excellent flow attachment. NACA23012 exhibits a gentler velocity
gradient with no local high-velocity extreme on the upper surface, resulting in a more uniform velocity distribution over the
airfoil surface and thus lower friction drag. NACA4412 has a higher velocity at the leading edge of the upper surface with a more
pronounced local high-velocity region, corresponding to the local low-pressure region at the leading edge, resulting in a slightly
larger pressure difference and a slightly higher lift coefficient.

At a high angle of attack of 12°, NACA4412 maintains high-velocity flow over the entire chord of the upper surface, with
only a tiny low-velocity region appearing at the trailing edge and no significant flow separation; the flow field still exhibits good
attachment. For NACA23012, a low-velocity region begins to appear at the trailing edge of the upper surface, indicating the
onset of flow separation, the velocity gradient decreases, and the growth of the pressure difference slows down.

At a high angle of attack of 18°, the velocity distribution characteristics of the two airfoils differ significantly. NACA4412 still
exhibits a predominantly high-velocity region on the upper surface, with a relatively small low-velocity region at the trailing edge
and mild flow separation; therefore, the lift coefficient continues to increase. In contrast, NACA23012 shows a large low-velocity
region at the trailing edge of the upper surface, which extends forward along the chord, indicating severe flow separation; the
velocity on the upper surface decreases substantially, the pressure difference significantly reduces, lift growth stagnates, and the
drag coefficient rises rapidly, which is highly consistent with stall characteristics.
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Figure 7 Comparison of velocity distribution contours (a) 0°(b) 6°(c) 12°(d) 18°
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IV. Conclusions

In this study, CFD numerical simulation software is used to perform two-dimensional numerical simulations of the
NACA4412 and NACA23012 airfoils at angles of attack of 0°, 6°, 12°, and 18°. The lift and drag coefficients and flow field
distribution characteristics are analyzed, and the simulation results are validated against NASA experimental data to ensure
scientific reliability. The main conclusions are as follows:

At low angles of attack from 0° to 6°, NACA23012 exhibits superior overall aerodynamic characteristics, with a significantly
lower drag coefficient and a small difference in lift coefficient compared to NACA4412. It also demonstrates good flow field
attachment and uniform flow field distribution, making it suitable for cruise conditions of aircraft operating at high Reynolds
numbers, thereby improving flight efficiency.

At high angles of attack from 12° to 18°, NACA4412 shows significant aerodynamic advantages, with a continuously and
rapidly increasing lift coefficient that reaches 1.85 at 18°, delayed flow separation, a small separation region, and enhanced stall
delay capability. In contrast, NACA23012 exhibits a slowdown in lift growth, severe flow separation at the trailing edge, and stall
precursors. Therefore, NACA4412 is more suitable for high-angle-of-attack flight requirements under high Reynolds numbers.

The geometric characteristics of the airfoil are the core factors determining the differences in aerodynamic performance.
NACA4412 is a highly cambered airfoil with forward camber, which allows it to generate a larger pressure difference and enhance
lift potential at high angles of attack, but it results in a larger flow field gradient and higher drag at low angles of attack.
NACA23012 is a low-camber airfoil whose camber line conforms well to the flow at low angles of attack, providing good flow
field attachment and excellent drag control, but its pressure difference increase is limited at high angles of attack, making it more
prone to flow separation.

The deviation between the simulation results of this study and authoritative experimental data is less than 5%, verifying the
reliability of the k-w SST turbulence model for simulating high-Reynolds-number flow around airfoils. The findings of this study
can provide data support and theoretical reference for the selection, optimization, and aerodynamic design of airfoils for aircraft
operating under such high Reynolds number conditions.
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