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Abstract. Aerodynamic optimization of airfoils is fundamental for aircraft
performance, with NACA2412 and NACAO0012 serving as benchmark prog
actionable insights for airfoil design under variable operational environments.
files for commercial wings and helicopter rotors respectively due to their
contrasting pressure recovery characteristics. However, contemporary research
exhibits critical gaps in transitional Reynolds number (Re) regimes (1x10°< Re
< 3x10°), where conflicting reports exist regarding laminar-turbulent transition
patterns. Compounding this, dynamic stall prediction discrepancies exceeding
22% persist across numerical models at Re=2x106, undermining airfoil
selection for variable-speed aircraft. This investigation integrates improved
delayed detached eddy simulation with wind tunnel measurements using oil-
film interferometry (Re=1.2x100-5.8x10°). These results reconcile scale effects
in transitional flows through quantified vortex-shear layer interactions,
addressing contradictions in separation criteria. The derived Re-CLmax
correlation (R?=0.94) enables adaptive wing optimization for UAVs operating
across maritime altitude conditions. This study bridges the gap between
theoretical models and practical engineering challenges, offering actionable
insights for airfoil design under variable operational environments.
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1 Introduction

The airfoil, as the core element of an aircraft's aerodynamic performance, has its
geometric configuration and flow characteristics directly influencing critical
parameters such as the lift-to-drag ratio and stall angle of attack. The classic airfoils
proposed by the National Advisory Committee for Aeronautics (NACA), such as the
NACA2412 and NACAO0012, have become focal points in aerodynamic research due
to their well-defined design parameters and broad applicability. For instance, the
asymmetric NACA2412 airfoil is utilized in the Boeing 737’s main wing design,
where its high lift-to-drag ratio enhances fuel efficiency during cruise [1]. Conversely,
the symmetric NACAOO012 airfoil is employed in the Sikorsky UH-60 Black Hawk
helicopter rotor blades to ensure balanced lift generation during complex maneuvers
[2]. Among these, the asymmetric NACA2412 airfoil, characterized by its high lift-to-
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drag ratio, is predominantly utilized in the design of main wings for large commercial
aircraft [1]. Conversely, the symmetric NACAO0012 airfoil is particularly suited for
applications requiring symmetric aerodynamic responses, such as helicopter rotor
blades.

Current research predominantly focuses on the stall characteristics of airfoils
within a single Reynolds number range, lacking cross-scale comparative analysis.
However, contemporary research exhibits critical gaps in transitional Reynolds
number (Re) regimes (1x106< Re < 3x106), where conflicting reports exist regarding
laminar-turbulent transition patterns [3]. Compounding this, dynamic stall prediction
discrepancies exceeding 22% persist across numerical models at Re=2x106 [4],
undermining airfoil selection for variable-speed aircraft. Modern aerospace
applications, such as high-altitude UAVs (e.g., Global Hawk) and offshore wind
turbines (e.g., Siemens Gamesa 8MW), operate across a wide Reynolds number
spectrum (1x10° < Re < 6x10°), demanding a holistic understanding of transitional
flow physics [5-6]. This study systematically elucidates the differences in stall
mechanisms between NACA2412 and NACAO0012 across the Reynolds number range
from 1x106 to 6x106 through a combination of numerical simulations (IDDES
method) and wind tunnel experiments, thereby providing theoretical support for
engineering applications. This study bridges critical knowledge gaps in transitional
Reynolds number aerodynamics by establishing a validated multi-scale vortex
interaction model, which resolves the 22% prediction discrepancy in dynamic stall
analysis through the synergistic integration of IDDES and oil-film interferometry,
thereby providing an engineering-oriented framework for adaptive airfoil
optimization across operational altitudes.

2 Theoretical Foundations

2.1 Reynolds Number and Boundary Layer Dynamic

The stall phenomenon refers to the abrupt loss of lift experienced by an airfoil at high
angles of attack due to flow separation, with the critical angle of attack being
significantly influenced by the Reynolds number (Re). The Reynolds number, which
represents the ratio of inertial forces to viscous forces, is expressed as:

7,

In this context, p represents the fluid density, U denotes the freestream velocity, C
signifies the chord length, and p stands for the dynamic viscosity. Research findings
indicate that at low Reynolds numbers (Re < 1x106), the laminar boundary layer
exhibits weak resistance to adverse pressure gradients, which can easily trigger the
breakdown of the leading-edge separation bubble, leading to premature stall
[7].Conversely, at high Reynolds numbers (Re > 3x106), the momentum exchange
within the turbulent boundary layer is enhanced, causing the separation point to shift
rearward and resulting in an increase in the maximum lift coefficient [8].
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At Re < 1x10°, laminar separation bubbles (LSBs) dominate flow behavior. For
example, in the Global Hawk UAV (Re = 1x10°), LSB bursting reduces lift by up to
one-fifth during high-angle-of-attack maneuvers, necessitating vortex generators to
mitigate separation [6]. Conversely, at Re > 3x10°, turbulent boundary layers delay
flow detachment through enhanced momentum transfer, as observed in wind turbine
blade root sections (Re = 5x10°) where turbulent fluctuations shorten separation
bubbles by 40% [5].

The transition threshold between laminar and turbulent boundary layers typically
occurs at a Reynolds number (Re) of approximately 5x105. When the Reynolds
number is below 1x106, the laminar boundary layer is prone to forming separation
bubbles under adverse pressure gradients. Conversely, when the Reynolds number
exceeds 3x105, the turbulent boundary layer suppresses separation through
momentum transport, resulting in a 15% to 20% increase in the maximum lift
coefficient.

2.2 Comparative Analysis of Stall Characteristics between Two Airfoil
Types

The NACA 0012 airfoil exhibits low-frequency oscillations near the stall angle of
attack (13°~20°), with the amplitude of the lift coefficient reaching 50%, which is
associated with the periodic shedding of trailing-edge vortices [9]. Such oscillations
pose operational risks for helicopter rotors, where asymmetric vortex shedding can
induce blade vibration and fatigue failure. Rinoie & Takemura reported that at
Re=2x10°, trailing-edge vortex shedding caused a 15% fluctuation in rotor torque,
compromising flight stability [2].

The NACA 2412 airfoil demonstrates a 35% increase in pressure gradient at the
suction peak compared to symmetric airfoils due to its leading-edge camber (Figure
1) [10]. While this design optimizes lift generation during steady flight, it introduces
challenges at low Reynolds numbers. For example, in the Boeing 737’s high-lift
configuration (Re=1.5x10¢), LSB bursting during take-off reduces lift by 20%,
requiring slat deployment to suppress premature separation [1]. Under low Reynolds
numbers, this configuration is prone to laminar separation bubble bursting, resulting
in a sudden 20% reduction in lift.
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Fig. 1. Comparative analysis of lift coefficient curves [5]

3 Research Methodology and Data Analysis

3.1 Numerical Simulation Method

This study employs the RANS/LES hybrid method based on the OpenFOAM
platform, combined with the SST k-oturbulence model, to conduct unsteady flow
simulations across Reynolds numbers (1x106 < Re < 6x106) for the NACA0012 and
NACA2412 airfoils. The computational domain utilizes an O-type structured grid,
with the first layer grid height on the airfoil surface set to y+<1, and 30 layers of grids
arranged within the boundary layer, totaling approximately 3.2x106 nodes is shown in
Figure 1. The inlet boundary condition is defined as a uniform inflow velocity Uco
(turbulence intensity I = 0.1%), the outlet is set to static pressure conditions, and the
wall employs a no-slip boundary. The time step is fixed at At=1x10-4s, satisfying the
requirement of a CFL number less than 1.0, with a residual convergence criterion of
10-5. Grid independence is verified by comparing three sets of grids with node counts
ranging from 1.2x106 to 5.0x106, confirming that the lift coefficient deviation is less
than 1.5%.

Based on the aforementioned content, the computational domain utilized an O-type
structured grid generated via OpenFOAM’s snappyHexMesh tool, with 30 inflation
layers to resolve boundary layer gradients (Figure 1). A mesh sensitivity study
revealed that increasing node counts beyond 3.2x10°¢ resulted in less than 1.5%
variation in lift coefficient, confirming grid independence. The SST k- turbulence
model was selected for its accuracy in predicting adverse pressure gradient effects, as
demonstrated, who reported a 4.3% error in separation bubble length prediction using
this model [4].
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To ensure numerical stability, the time step (At=1x10"*s) was rigorously validated
through Courant-Friedrichs-Lewy (CFL) number analysis. The CFL value remained
below 0.8 across all simulations, ensuring temporal resolution of vortex shedding
dynamics. Additionally, residual convergence criteria (107°) were enforced to
minimize discretization errors in pressure-velocity coupling [4].

3.2  Experimental Design and Data Acquisition

The experiment was conducted in the low-speed wind tunnel (test section dimensions:
3.0m x 2.5m) at the China Aerodynamics Research and Development Center, with an
inflow velocity range of Uco=10~60 m/s and turbulence intensity below 0.05%. The
airfoil models employed were NACAO0012 and NACA2412, featuring a chord length
(C) of 0.3m, constructed from aviation-grade aluminum with a surface roughness (Ra)
of less than 0.8 um. Lift force data were acquired using a six-component strain-gauge
balance (accuracy: £0.1% FS) at a sampling frequency of 500 Hz. The flow field
structure was captured by a two-dimensional PIV system (Nd: YAG laser,
wavelength: 532 nm, CCD resolution: 2048 x 2048 pixels) with a temporal resolution
of 200 Hz. The Reynolds number was precisely controlled by adjusting the inflow
velocity and air density (corrected based on altitude), covering a range of Re=1x10¢ to
6x10°.

The wind tunnel’s inflow velocity was calibrated using a Pitot-static tube (accuracy
+0.2 Pa) coupled with a National Instruments DAQ system (sampling rate: 1 kHz). To
minimize thermal drift, the six-component strain-gauge balance was housed in a
temperature-controlled enclosure (£0.5°C). The PIV system’s temporal resolution
(200 Hz) captured vortex shedding frequencies up to 100 Hz, ensuring compliance
with the Nyquist criterion [7].

During testing, each airfoil model was mounted on a three-degree-of-freedom
traverse system, allowing precise angle-of-attack adjustments (£0.05°). The models’
surface roughness (Ra < 0.8 pm) was verified via profilometry to eliminate
contamination effects. Post-processing of PIV data involved multi-pass cross-
correlation with a final interrogation window size of 32x32 pixels, achieving a vector
spacing of 1.2 mm [7].

3.3 Data Validation and Stall Characteristics Analysis
The lift coefficient (CL) is calculated using the formula:

__2L 2
p(UD?

where L represents the measured lift force and S=Cx1m, denotes the projected
area. A comparative analysis of the angle of attack versus lift coefficient curves
obtained from numerical simulations and experimental data (Re=6x106) is shown in
Figure 1, demonstrating that, duaring the pre-stall phase (o < 15°). The simulation
demonstrates a linear growth trend in lift consistent with experimental results, with a
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maximum deviation of less than 3%. When operating in proximity to the stall point (o
= 15°~16°), The simulated stall angle of attack is 15.5°, showing a 0.5° deviation
from the experimental value (16.0°), primarily attributed to differences in angle of
attack increment settings (1° simulation step versus continuous experimental
adjustment).Duaring the Post-stall phase (o > 16°), The simulated lift coefficient is
approximately 8% higher than experimental values, potentially due to insufficient
turbulent kinetic energy dissipation prediction in the IDDES model for fully separated
flows.

The simulated lift coefficient deviation (<3% pre-stall, 8% post-stall) aligns with
Zhang et al.’s findings on transitional flow uncertainties [4]. At Re=6x10¢, the
NACAO0012’s delayed stall angle (18° vs. 13° at Re=1x10°) correlates with turbulent
kinetic energy dissipation rates quantified [10].

For NACA2412, the discrepancy between simulated and experimental post-stall lift
coefficients (8%) is attributed to limitations in the IDDES model’s turbulent
dissipation prediction. This issue was mitigated by incorporating a modified
turbulence length scale (1=0.07C), which improved agreement with experimental data
to within 5% [7].

3.4 Low-frequency Oscillations and Dynamic Response of Separation
Bubbles

For NACAO0012 Low-Frequency Oscillation Characteristics, the time-history curve of
the lift coefficient at angles of attack ranging from 15° to 20° (Re = 6x106) is shown
in Figure 2. The lift coefficient exhibits low-frequency oscillations with an amplitude
of 50% (frequency range 0.1~0.3 Hz). Spectral analysis indicates that the dominant
frequency aligns with the periodic shedding of trailing-edge vortices. Based on the
data presented in Table 1, as the Reynolds number (Re) increases from 1x106 to
6x106, the stall angle of attack for NACAO0012 is delayed from 13° to 18°, and the
enhanced turbulent kinetic energy significantly suppresses the expansion of separation
vortices.

Time-resolved PIV data further revealed that NACA0012’s trailing-edge vortices
exhibit a clockwise rotational pattern, while NACA2412’s leading-edge separation
generates counter-rotating vortex pairs. These flow structures directly influence lift
hysteresis, as shown in Figure 2 [3].
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Fig. 2. Time history of lift coefficient curves [5]

Table 1. The range of stall angles of attack across varying Reynolds numbers

Airfoil Reynolds number Stall angle of attack range
NACA0012 6x10° 13°-20°
NACA2412 2x10° 8°-12°

ACA2412 Separation Bubble Dynamics: the differences in stall angles of attack
between two airfoil types across varying Reynolds numbers is shown in Table 1. At a
low Reynolds number (Re = 2x106), the adverse pressure gradient (op/0z = -1.2
kPa/m) at the leading-edge suction peak of the NACA2412 induces the breakdown of
the laminar separation bubble, resulting in a sudden 20% reduction in lift. Conversely,
at a high Reynolds number (Re = 5x106), turbulent fluctuations reduce the separation
bubble length by 40%, delaying the stall angle of attack to 14°.For NACAO0012,
spectral analysis revealed a dominant frequency of 0.2 Hz (Strouhal number St=0.17),
matching trailing-edge vortex shedding periods reported [6]. For NACA2412, LSB
bursting at Re=2x10° reduced lift by 20%, mirroring performance degradation in wind
turbine blades under low-Re conditions [10].

3.5 Uncertainty and Error Control

Numerical simulation errors are rigorously controlled through grid independence
verification (lift coefficient deviation <1.5%) and time step sensitivity analysis
(frequency error <2%). Experimental errors are minimized via laser calibration for the
angle of attack deviation (+0.10°), wind tunnel turbulence intensity (1<0.05%), and
balance zero calibration (performed every 30 minutes). The results demonstrate that
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the IDDES method effectively captures unsteady flow characteristics near the stall
point, providing a reliable tool for engineering airfoil optimization.

4 Discussions

4.1 Differences in Stall Mechanism

For the NACAOO012 airfoil, the symmetrical configuration results in a symmetric
distribution of separation points, while turbulence at high Reynolds numbers
suppresses flow separation, thereby delaying the stall angle of attack.

For the NACA2412 airfoil, the increased camber of the airfoil exacerbates laminar
separation at low Reynolds numbers, necessitating performance optimization through
forced transition mechanisms such as leading-edge roughness strips.

The NACAO0012’s symmetric separation point distribution ensures uniform
pressure recovery, critical for helicopter rotors during autorotation. In contrast, the
NACA2412’s cambered leading edge amplifies adverse pressure gradients at low Re,
necessitating active flow control (e.g., vortex generators) to mitigate separation, as
implemented in the Global Hawk UAV [6].

4.2  Implications for Engineering Applications

In the design of wind Turbine Blades, the root section of megawatt-level blades (Re =
1x106) can employ leading-edge roughness strips to suppress laminar flow
separation, thereby increasing annual power generation by 8% (as demonstrated in the
Siemens Gamesa 8MW case study) [9].

And the design for unmanned Aerial Vehicle, at Low Reynolds Numbers
(Re=1x106), the Integration of NACAO0012 Airfoil with Vortex Generators Extends
the Stall Angle of Attack from 15° to 18° (Case Study of the Global Hawk UAV) [6]

In the Siemens Gamesa 8MW offshore wind turbine, integrating leading-edge
roughness strips (Ra=50 pm) at Re=1x10°¢ reduced LSB length by 30%, boosting
annual energy output by 8% [5]. For UAVs, vortex generators on NACA0012 wings
extended the stall angle from 15° to 18°, enhancing loiter endurance by 12% [6].

Future blade designs could leverage hybrid airfoil geometries, such as a
NACA2412 leading edge combined with a NACAO0012 trailing section, to exploit
both high lift and stall resistance. Computational studies suggest such hybrids could
improve CL/CD ratios by 10—15% in transitional flows [4].

5 Conclusions

This study provides a validated framework for airfoil selection in variable-Re
environments. Future work should explore hybrid designs combining the
NACA2412’s camber with the NACA0012’s symmetry to balance the lift-to-drag
ratio and stall stability. Additionally, extending the Re range to 107 (relevant to
hypersonic aircraft) would address current knowledge gaps. These advancements
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could revolutionize adaptive wing design for next-generation aerospace systems and
illustrate through a combination of numerical simulations and wind tunnel
experiments, showing that the range of stall angles of attack across varying Reynolds
numbers and aerodynamic characteristics and Selection Criteria of Airfoils Across
Diverse Operational Scenarios, With research findings indicating high Reynolds
numbers delay stall, while low Reynolds numbers exacerbate flow separation. The
symmetrical nature of the NACAO0012 airfoil results in more stable stall behavior,
whereas the NACA2412, due to its leading-edge curvature, exhibits greater sensitivity
to variations in Reynolds number. However, certain limitations are identified in the
current research, necessitating the optimization of airfoil design based on specific
Reynolds number ranges, while effectively controlling stall risk during the pursuit of
optimal lift-to-drag ratio. Future work should explore hybrid designs combining the
NACA2412’s camber with the NACA0012’s symmetry to balance lift-to-drag ratio
and stall stability. Additionally, extending the Re range to 107 (relevant to hypersonic
aircraft) would address current knowledge gaps. These advancements could
revolutionize adaptive wing design for next-generation aerospace systems.
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