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Abstract
This study presents a transition-model-based comparative computational investigation of four symmetric NACA airfoils 
(0012, 0015, 0018, and 0020) operating at low Reynolds numbers ranging from 3×10⁵ to 1×10⁶. In this flow regime, 
transitional effects such as laminar separation and delayed boundary-layer transition significantly influence aerodynamic 
performance. A two-dimensional steady Reynolds-Averaged Navier–Stokes (RANS) framework was employed using the SST 
k–ω turbulence model coupled with the γ–Reθ transition model to improve the prediction of lift and drag characteristics under 
low-Reynolds-number conditions. A structured C-type mesh with near-wall refinement was generated to ensure accurate 
boundary-layer resolution. Numerical results were validated against available experimental data, demonstrating good 
agreement in aerodynamic performance trends within the pre-stall region. The results indicate that aerodynamic efficiency 
increases with Reynolds number for all profiles due to delayed flow separation and enhanced boundary-layer stability. Among 
the airfoils investigated, NACA 0012 consistently exhibited the highest lift-to-drag ratios at moderate angles of attack (6°–
9°), whereas thicker profiles such as NACA 0018 and 0020 showed comparatively lower aerodynamic efficiency. This work 
provides a transition-aware comparative assessment of multiple symmetric NACA airfoils across a practical low-Reynolds-
number range relevant to small-scale wind turbines and unmanned aerial vehicle (UAV) applications. The findings highlight 
the importance of airfoil selection where transitional flow effects play a critical role in aerodynamic performance.
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Introduction
Understanding the aerodynamic performance of wind turbine 
blades is essential for improving the efficiency of wind ener-
gy systems, particularly under low Reynolds number condi-
tions where transitional flow phenomena significantly influence 
boundary-layer behavior. In this regime, laminar separation, de-
layed transition, and early stall can substantially alter lift and 
drag characteristics. Since airfoil geometry directly governs 
these aerodynamic responses, accurate aerodynamic assessment 
is critical for optimizing blade design in renewable energy and 
small-scale aerospace applications.

Horizontal Axis Wind Turbines (HAWTs), with blades rotating 
parallel to the wind direction, are widely used for large-scale 
energy generation. In contrast, Vertical Axis Wind Turbines 
(VAWTs), whose blades rotate orthogonally to the wind flow, are 
better suited for small-scale or urban environments due to their 
compact configuration and omnidirectional wind acceptance [1]. 
In both systems, symmetric NACA 4-digit airfoils are frequent-
ly adopted because of their geometric simplicity and balanced 
aerodynamic characteristics. Among them, the NACA 0012 air-
foil has been extensively utilized owing to its favorable lift-to-
drag performance across a range of angles of attack. Previous 
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studies have demonstrated that aerodynamic performance at low 
Reynolds numbers can be improved through surface modifica-
tions such as dimples and dynamic roughness elements, which 
enhance boundary-layer attachment and delay flow separation 
[2, 3]. Moderately thick airfoils such as NACA 0015 and NACA 
0018 have also been investigated for their structural advantag-
es while maintaining acceptable aerodynamic efficiency [4, 5]. 
Additionally, the application of flow-control devices, including 
Gurney flaps and vortex generators, along with comparative tur-
bulence model analyses, has further improved understanding of 
flow behavior over symmetric airfoils [6–8].

The NACA 0018 airfoil, in particular, has received significant 
attention due to its sensitivity to stall and laminar separation 
bubbles at low Reynolds numbers [9, 10]. These investigations 
consistently highlight the influence of Reynolds number and an-
gle of attack on aerodynamic coefficients, emphasizing the im-
portance of appropriate turbulence modeling for reliable CFD 
predictions [11]. Although thicker profiles, such as NACA 0020, 
are less frequently studied, their structural robustness makes 
them relevant for load-intensive configurations. However, pre-
dicting transitional effects at low Reynolds numbers remains 
challenging. Conventional Reynolds-Averaged Navier–Stokes 
(RANS) models often struggle to resolve laminar separation 
bubbles and transition onset, resulting in deviations from experi-
mental observations [12–14]. Studies by Lee et al. [15] and Sato 
et al. [16] underscore the need for accurate separation modeling, 
while foundational work by Lissaman [17] and Abbott and von 
Doenhoff [18] established early understanding of airfoil aerody-
namics and transition phenomena.

To improve predictive capability in wind turbine simulations, 
advanced turbulence modeling approaches have been increas-
ingly adopted. Although URANS-based solvers are frequently 
used in VAWT analyses, accurately capturing unsteady separa-
tion and reattachment remains challenging [19, 23]. The Shear 
Stress Transport (SST) k–ω model, which blends the near-wall 
sensitivity of the k–ω formulation with the freestream stability 
of the k–ε model, has demonstrated improved accuracy in flows 
with adverse pressure gradients and separation [20, 22]. Com-
parative CFD investigations have shown that the k–ε Realizable 
and k–ω SST models perform effectively in two-dimensional 
aerodynamic simulations [24]. Similarly, Gosselin [27] evalu-
ated Spalart–Allmaras, low-Re k–ω SST, and Transition SST 
models, identifying k–ω SST as a reliable option across vari-
ous operating conditions within low Reynolds number ranges 
[22]. Nevertheless, conventional k–ω and Spalart–Allmaras 
models may remain limited in resolving laminar separation bub-
bles [25], even though the SST formulation has demonstrated 
improved robustness under low-Reynolds-number conditions 
without requiring additional damping functions [26, 28]. Fur-
thermore, Mazumder [29] emphasized the critical influence of 
turbulence model selection on aerodynamic prediction accuracy, 
highlighting the strong performance of SST k–ω and Spalart–
Allmaras models in complex flow environments.

Despite extensive investigations of symmetric NACA airfoils, 
a notable gap persists in systematically incorporating transi-
tion-sensitive modeling within the practical Reynolds number 
range of 3×10⁵ to 1×10⁶ relevant to small-scale wind turbines 
and UAV applications. While numerous studies rely on fully 
turbulent steady RANS approaches, fewer works explicitly inte-

grate transition models such as the γ–Reθ formulation to capture 
laminar-to-turbulent transition and separation behavior under 
low-Reynolds-number conditions.

Accordingly, the present study conducts a transition-mod-
el-based comparative aerodynamic analysis of four symmetric 
NACA airfoils (0012, 0015, 0018, and 0020) using a two-di-
mensional steady RANS framework coupled with the SST k–ω 
turbulence model and the γ–Reθ transition model. By evaluating 
lift, drag, and aerodynamic efficiency across multiple Reyn-
olds numbers and angles of attack, this work aims to provide 
improved comparative insight into transitional effects on airfoil 
performance and to support informed airfoil selection for small-
scale wind energy and UAV applications.

Methodology 
Governing Equations
The aerodynamic flow around the airfoils was modeled using a 
two-dimensional steady incompressible Reynolds-Averaged Na-
vier–Stokes (RANS) framework. Since the operating conditions 
correspond to low-speed external aerodynamics, the flow was 
assumed incompressible with constant fluid properties.

Under these assumptions, the governing equations consist of the 
continuity and momentum equations expressed in tensor nota-
tion as follows:

where ui represents the mean velocity components, p is the mean 
static pressure, ρ is the fluid density, μ is the molecular viscosi-
ty, and   denotes the Reynolds stress tensor arising from 
turbulence modeling.

To close the RANS equations, the Reynolds stresses were mod-
eled using the Boussinesq hypothesis, which relates the Reyn-
olds stress tensor to the mean strain rate:

 
where μt is the turbulent eddy viscosity, k is the turbulent kinetic 
energy, and δij is the Kronecker delta.

Turbulence and Transition Modeling
The Reynolds stresses in the RANS equations were modeled us-
ing the Shear Stress Transport (SST) k–ω turbulence model. The 
turbulent eddy viscosity is computed as:

where k is the turbulent kinetic energy, ω is the specific dissi-
pation rate, and F2 is a blending function that limits turbulent 
viscosity in adverse pressure gradient regions.

The steady incompressible transport equations for k and ω are 
given by:
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where Pk represents turbulence production, and F1 is the blending 
function that transitions between the k–ω and k–ε formulations.

Although the SST model performs well in separated flows, 
conventional turbulence models often fail to accurately capture 
laminar-to-turbulent transition at low Reynolds numbers, espe-
cially in the presence of laminar separation bubbles. To improve 
transition prediction, the SST model was coupled with the γ–Reθ 

transition model.

The γ–Reθ framework introduces two additional transport equa-
tions:

 
where γ controls turbulence intermittency and Reθ determines 
transition, onset based on empirical correlations and local flow 
parameters.

The coupled SST–γ–Reθ formulation enables distinction be-
tween laminar, transitional, and fully turbulent regions within 
the boundary layer, thereby enhancing predictive accuracy for 
low-Reynolds-number airfoil simulations compared to conven-
tional fully turbulent RANS approaches.

Aerodynamic Coefficients

The lift force L and drag force D were obtained by integrat-
ing pressure and viscous stresses over the airfoil surface. The 
non-dimensional aerodynamic coefficients were computed as:

Where Sref is the reference area and U∞ is the velocity of flow in 
the freestream.

Computational Domain
Geometry Specification
The computational procedure began with the generation of a 
two-dimensional flow domain around each symmetric NACA 
airfoil. A C-type topology was adopted to ensure smooth grid 
distribution and accurate resolution of the near-wall flow region. 
As illustrated in Figure 1, the outer boundaries of the computa-
tional domain were positioned at a distance of 15 chord lengths 
from the airfoil in all directions. This extended domain minimiz-
es blockage effects and reduces artificial boundary interference 
on the aerodynamic solution.

Figure 2 presents the geometric configuration of the airfoils con-
sidered in this study. The maximum thickness of each NACA 
profile corresponds to its respective designation: 12% of the 
chord length for NACA 0012, 15% for NACA 0015, 18% for 
NACA 0018, and 20% for NACA 0020. A chord length of 1 
m was used for normalization purposes in all simulations. The 
airfoil geometry was subtracted from the surrounding fluid do-
main using a Boolean operation to define the computational flow 
region.

Figure 1: Computational domain and boundary extents around the airfoil.

Figure 2: Geometric configuration of symmetric NACA airfoils (0012, 0015, 0018, and 0020).
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To enhance solution accuracy, local grid refinement was applied 
around the airfoil surface through strategically placed projection 
lines. This approach ensured increased mesh density in regions 
where strong velocity gradients, pressure variations, and bound-
ary-layer development occur.

Mesh Generation and Grid Independence
The meshing strategy plays a critical role in ensuring the ac-
curacy and reliability of Computational Fluid Dynamics (CFD) 
simulations. A high-quality mesh must completely discretize the 
computational domain without gaps, overlaps, or distorted el-
ements. Mesh topology, element size, and grid distribution di-
rectly influence numerical stability, convergence behavior, and 
solution accuracy, particularly when aerodynamic results are 
compared with experimental data.

Among available meshing approaches, structured, unstructured, 
and hybrid—structured meshing is generally preferred for exter-
nal aerodynamic simulations due to its reduced numerical diffu-
sion and improved solver efficiency. Structured grids typically 
employ quadrilateral elements in two-dimensional domains and 
hexahedral elements in three-dimensional configurations, which 
enhance numerical accuracy compared to triangular elements. In 
the present study, a structured quadrilateral mesh was adopted to 
achieve high solution accuracy with a comparatively lower cell 
count, consistent with findings reported in earlier investigations 
[16, 17].

Figures. 3 and 4 present the computational grid used in this 
study. Figure 3 illustrates the overall grid distribution across the 
computational domain, while Figure 4 provides a detailed view 
of the refined mesh near the airfoil surface. Grid clustering was 
applied in the vicinity of the airfoil to accurately resolve velocity 
gradients and boundary-layer development.

To properly capture near-wall behavior and potential laminar 
separation bubbles, the first cell height was selected to main-
tain a dimensionless wall distance of y+<1. This near-wall res-
olution is essential for the accurate implementation of the SST 
k–ω turbulence model coupled with the γ–Reθ transition model. 
The transition-sensitive modeling framework enables improved 
prediction of laminar-to-turbulent transition compared to con-
ventional fully turbulent RANS approaches, while maintaining 
a reasonable computational cost relative to higher-fidelity meth-
ods such as LES and DES.

A mesh independence study was conducted to ensure that the 
numerical results were not sensitive to grid resolution. The mesh 
was progressively refined by increasing the number of grid el-
ements until variations in the lift coefficient became negligible 
[18, 30]. As shown in Figure 5, approximately 200, 000 grid 
elements were sufficient to achieve grid-independent results at 
an angle of attack of 3° for NACA 0012. Further refinement 
produced insignificant changes in the aerodynamic coefficients, 
confirming the adequacy of the selected mesh density while 
maintaining computational efficiency.

Figure 3: Structured quadrilateral mesh distribution over the entire computational domain.

Figure 4: Close-up view of the grid distribution near the airfoil surface.
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Solver and Numerical Setup
The numerical simulations were performed using ANSYS Flu-
ent to investigate the aerodynamic behavior of the selected sym-
metric NACA airfoils under low Reynolds number conditions. A 
two-dimensional, steady, pressure-based solver was employed 
in accordance with the incompressible flow assumption. ANSYS 
Fluent solves the integral form of the governing mass and mo-
mentum conservation equations [31].

Pressure–velocity coupling was handled using the coupled algo-
rithm to enhance numerical stability and convergence efficiency 
[32]. Second-order upwind discretization schemes were applied 
to the momentum and turbulence transport equations to improve 

spatial accuracy. Gradients were evaluated using the least-
squares cell-based method. Convergence was achieved when the 
residuals of all governing equations decreased below 10−6, and 
the lift and drag coefficients exhibited negligible variation with 
additional iterations.
. 
Although it is challenging to ensure that the simulation's oper-
ating conditions perfectly match those of wind tunnel experi-
ments, the assumptions made in this study are validated by the 
strong agreement between the numerical and experimental re-
sults. The boundary conditions and key simulation parameters 
are summarized in Table 1.

Table 1: The boundary conditions are listed in the table below.
Boundary Conditions Type

Fluid Air
Flow Condition Steady-state

Inlet Velocity inlet
Outlet Pressure outlet
Airfoil Wall

Operating pressure 101325 Pa
Density of fluid 1.225 kg/m3

Chord 1m
Reynolds Number 3× 105, 5× 105, 7× 105, 1× 106

Model SST k-ω with γ–Reθ transition
Viscosity 1.7894 × 10-5

Angle of Attack 0°, 3°, 6°, 9°, 12°, 15°, 18°
Convergence factor 10-6

Solver Pressure Based

Figure 5: Mesh independence test.

Results & Discussions
Validation
The numerical predictions for the NACA 0018 airfoil were val-
idated against the experimental data reported by Timmer [11] 
at a Reynolds number of 1, 000, 000. The comparison of lift 
coefficient (CL) and drag coefficient (CD) variations with angle 
of attack (AOA) is presented in Figure 6. The numerical results 
closely follow the experimental trends across the investigated 
range of angles of attack. In the linear and pre-stall region (AOA 

≤ 15°), the predicted lift curve slope and drag characteristics 
show strong agreement with the experimental measurements, 
indicating that the coupled SST k–ω and γ–Reθ transition frame-
work effectively captures boundary-layer development and tran-
sition behavior. The model successfully predicts the progressive 
increase in lift up to the stall angle, which occurs between 15° 
and 16°, consistent with the experimental observations. Slight 
divergence is observed beyond the stall region, particularly in 
drag prediction, which is expected due to the highly separated 
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Results
Figures 7 to 14 present the variations of lift (CL) and drag (CD) 
with angle of attack for the four symmetric NACA airfoils across 
the investigated Reynolds number range. Overall, CL increas-
es with angle of attack up to the pre-stall region, while CD re-
mains relatively low at small angles and rises more rapidly at 
higher angles due to increased viscous losses and the onset of 
separation. In all cases, increasing Reynolds number generally 
improves aerodynamic performance by delaying separation and 
reducing relative viscous effects, leading to higher CL and com-
paratively lower CD in the pre-stall regime.

The reduction in aerodynamic efficiency with increasing airfoil 
thickness can be attributed to enhanced pressure drag and earli-
er boundary-layer separation. Thicker profiles generate stronger 
adverse pressure gradients on the suction surface, which pro-
mote earlier flow separation at low Reynolds numbers. Conse-
quently, the drag component increases more rapidly for thicker 
airfoils as the angle of attack rises. Conversely, thinner airfoils 

such as NACA 0012 exhibit reduced form drag and improved 
boundary-layer stability, resulting in delayed separation and 
higher lift-to-drag ratios within the pre-stall region.

Among the airfoils, NACA 0012 consistently produces the most 
favorable aerodynamic behavior. As shown in Figures 7 to 14, 
it achieves comparatively high lift while maintaining the lowest 
drag across most angles of attack, which directly translates into 
superior aerodynamic efficiency. NACA 0015 also shows a clear 
increase in lift with Reynolds number and reaches its peak perfor-
mance at moderate angles of attack; however, its drag penalty is 
higher than NACA 0012, resulting in a noticeable lift–drag trade-
off. NACA 0018 demonstrates strong lift generation, but with a 
higher drag coefficient than NACA 0012 and NACA 0015, indi-
cating that the additional thickness increases aerodynamic losses 
under these operating conditions. NACA 0020 exhibits the least 
favorable aerodynamic response, showing comparatively lower 
lift and higher drag, which reduces its overall efficiency despite 
some improvement at higher Reynolds numbers.

Figure 6: Validation of Numerical “CL & CD” with Experimental Data [11]

and unsteady flow structures that are inherently challenging 
to resolve using steady RANS-based simulations. Overall, the 
close correspondence between numerical and experimental data 
confirms the reliability of the adopted turbulence–transition 

modeling approach. The validation results establish confidence 
in the numerical methodology and support its application in the 
subsequent comparative analysis of the selected airfoils.

Figure 7: CL Vs AOA for different NACA Profiles at Re= 
300, 000

Figure 8: CD Vs AOA for different NACA Profiles at Re= 
300, 000
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Figure 9: CL Vs AOA for different NACA Profiles at Re= 
500, 000	

Figure 10: CD Vs AOA for different NACA Profiles at Re= 
500, 000

Figure 11: CL Vs AOA for different NACA Profiles at Re= 
700, 000	

Figure 12: CD Vs AOA for different NACA Profiles at Re= 
700, 000

Figure 13: CL Vs AOA for different NACA Profiles at Re= 
1000, 000	

Figure 14: CD Vs AOA for different NACA Profiles at Re= 
1000, 000

Figures 15 to 18 provide airfoil-wise comparisons of aero-
dynamic efficiency using the lift-to-drag ratio (CL/CD). The 
results show that NACA 0012 achieves the highest CL/CD 
values across all Reynolds numbers, with peak efficien-

cy consistently occurring in the moderate angle-of-attack 
range of approximately 6°–9°. NACA 0015 follows with 
relatively high CL/CD values but exhibits a sharper drop 
beyond its peak. NACA 0018 shows improved efficien-
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cy with increasing Reynolds number, reflecting enhanced 
boundary-layer stability at higher Reynolds numbers, but 
its CL/CD remains below NACA 0012 due to the higher 
drag levels associated with increased thickness. NACA 

0020 maintains the lowest CL/CD values across the range, 
and its efficiency decreases rapidly at high angles of at-
tack, where drag growth becomes dominant.

Figure 15: CL/CD Vs AOA for NACA 0012 Profiles at dif-
ferent Reynolds Numbers

Figure 16: CL/CD Vs AOA for NACA 0015 Profiles at dif-
ferent Reynolds Numbers

Figure 17: CL/CD Vs AOA for NACA 0018 Profiles at dif-
ferent Reynolds Numbers

Figure 18: CL/CD Vs AOA for NACA 0020 Profiles at dif-
ferent Reynolds Numbers

Figures 19 to 22 compare CL/CD among the airfoils at each 
Reynolds number. Comparative analysis across Reynolds 
numbers confirms that peak aerodynamic efficiency con-
sistently occurs at moderate angles of attack (6°–9°), be-
yond which separation-induced drag dominates. Across all 
Reynolds numbers, NACA 0012 remains the most efficient 
profile, whereas thicker airfoils show progressively low-

er CL/CD. These findings indicate that thinner symmetric 
airfoils are preferable when aerodynamic efficiency is the 
primary design objective, while thicker profiles may be 
considered where structural requirements or manufactur-
ing constraints are prioritized, despite the associated effi-
ciency penalty.
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Figure 19: CL/CD Vs AOA for different NACA Profiles at 
Re= 300, 000

Figure 20: CL/CD Vs AOA for different NACA Profiles at 
Re= 500, 000

Figure 21: CL/CD Vs AOA for different NACA Profiles at 
Re= 700, 000

Figure 22: CL/CD Vs AOA for different NACA Profiles at 
Re= 1000, 000

Conclusions
This study presented a comparative computational inves-
tigation of the aerodynamic performance of symmetric 
NACA airfoils (0012, 0015, 0018, and 0020) under low 
Reynolds number conditions. A two-dimensional steady 
RANS framework was employed, incorporating the SST 
k–ω turbulence model coupled with the γ–Reθ transition 
model to account for laminar-to-turbulent transition effects 
relevant to low-Reynolds-number aerodynamics. Valida-
tion against available experimental data demonstrated 
good agreement in the pre-stall regime, confirming the 
reliability of the adopted numerical approach for compar-
ative analysis.

The results revealed a consistent improvement in aero-
dynamic performance with increasing Reynolds number, 
primarily due to delayed boundary-layer separation and re-
duced viscous influence. Among the investigated profiles, 
NACA 0012 exhibited the highest lift-to-drag ratios across 
all Reynolds numbers, with peak efficiency occurring at 
moderate angles of attack (approximately 6°–9°). NACA 

0015 and NACA 0018 produced competitive lift charac-
teristics but experienced higher drag penalties associated 
with increased thickness, resulting in comparatively low-
er aerodynamic efficiency. NACA 0020 demonstrated the 
lowest lift-to-drag performance due to its higher drag lev-
els and earlier separation tendencies under the investigated 
operating conditions.

The findings highlight the sensitivity of low-Reyn-
olds-number aerodynamic performance to airfoil thickness 
and boundary-layer transition behavior. Thinner symmet-
ric profiles were found to be more suitable when aerody-
namic efficiency is the primary design objective, whereas 
thicker profiles may be selected when structural consider-
ations outweigh efficiency requirements.

While the present two-dimensional steady RANS frame-
work provides reliable comparative insight in the pre-stall 
regime, post-stall predictions remain limited by steady-
flow assumptions. Future investigations incorporating un-
steady simulations and three-dimensional effects are rec-
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ommended to further improve prediction fidelity for practical wind turbine and UAV applications.

Nomenclature
Symbol Definition

CL Lift coefficient
CD Drag coefficient

CL/CD Lift-to-drag ratio
Re Reynolds number
Sref Reference surface area
U∞ Freestream velocity
ρ Fluid density
p Pressure
u Velocity vector

AOA Angle of Attack
RANS Reynolds-Averaged Navier-Stokes
HAWT Horizontal Axis Wind Turbine
VAWT Vertical Axis Wind Turbine
CFD Computational Fluid Dynamics
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