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ABSTRACT

The two-dimensional characteristics of the NACA 0018 airfoil were measured and analyzed for Reynolds
numbers between 1.5 X 105 and 1.0 X 108 to establish lift, drag, and moment curves serving as inputs to

performance calculations of vertical-axis wind turbines (VAWTs). At the lower surface, laminar separation
occurs at low to medium angles of attack and significantly influences the aerodynamic characteristics and the
radiated noise. For conditions with a lower-surface laminar separation bubble, spanwise wake-rake traverses
revealed an irregular three-dimensional pattern. Broadband noise reduction was achieved by applying zigzag
tape at the 70—80% lower-surface chord station. Significant post-stall hysteresis loops were observed,
indicating a high loss of lift during down-sweep and implications for dynamic stall in VAWT operation.
Keywords: NACA 0018, low Reynolds number, VAWT, laminar separation bubble, aerodynamic hysteresis,

airfoil noise, zigzag tape
LINTRODUCTION

The global pursuit of sustainable energy has
intensified the focus on harnessing wind power in
diverse environments, including urban and low-
wind-speed areas. Vertical Axis Wind Turbines
(VAWTs) present a promising alternative to
traditional Horizontal Axis Wind Turbines
(HAWTs) for these applications due to their
omnidirectional operation, reduced noise emissions,
and simpler generator placement [1, 2]. However, the
operational efficiency and structural integrity of
VAWTs are intrinsically linked to the aerodynamic
performance of their constituent airfoils, which
operate under unique and challenging conditions
characterized by low Reynolds numbers (Re) and
dynamic stall [3, 4]. The NACA 0018, a symmetrical
airfoil with an 18% thickness-to-chord ratio, is a
prevalent choice for VAWT applications,
particularly in mid-to-large-scale designs such as the
H-Darrieus rotor [5, 6]. Its symmetrical profile
ensures identical performance at positive and
negative angles of attack, which is advantageous for
the continuously changing direction of flow
encountered by a VAWT blade throughout its
rotation. Furthermore, its relatively high thickness
provides the necessary structural strength while

maintaining acceptable aerodynamic characteristics
[7].Aerodynamic behavior at low Reynolds numbers
(typically 1074 < Re < 10”5 for small VAWTS) is
markedly different from that at higher Re. At these
regimes, the performance is dominated by the
formation, growth, and eventual separation of a
laminar separation bubble, which can lead to a
significant reduction in lift and an increase in drag
prior to the nominal stall angle [8, 9]. For VAWT
blades, this is compounded by dynamic stall, a
phenomenon where the airfoil experiences rapid
changes in the effective angle of attack, causing
delayed stall and the shedding of intense vortices that
induce large fluctuating loads and hysteresis effects
[10, 11]. This hysteresis, particularly in the post-stall
region, is critical as it leads to significant deviations
in lift (C_1) and drag (C_d) coefficients between the
ascending and descending phases of a dynamic pitch
cycle. These deviations are not captured by static
airfoil data and can profoundly impact the prediction
of turbine performance, structural loading, and
fatigue life [12, 13]. Accurately quantifying this post-
stall hysteresis is therefore essential for reliable
numerical simulations and robust turbine design.
Beyond force coefficients, the aero acoustic
signature of the airfoil has become a subject of
increasing importance, especially for urban
integration.
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The noise generated by an airfoil at low Reynolds
numbers is primarily linked to the interaction of
turbulent boundary layers with the trailing edge and
the unsteady flow structures associated with dynamic
stall [14, 15]. A comprehensive understanding of the
noise characteristics of the NACA 0018 under these
conditions is vital for designing quieter VAWTs.
Therefore, this study aims to provide a detailed
experimental and/or computational investigation of
the low-Reynolds-number aerodynamic
characteristics of the NACA 0018 airfoil, with a
specific focus on its application in VAWTs. The
objectives are to characterize its static and dynamic
lift, drag, and moment coefficients, to quantify the
post-stall hysteresis behavior, and to correlate these
flow phenomena with the generated aero acoustic
noise. The findings will contribute valuable high-
fidelity data for improving the design and
performance prediction models of efficient and
durable Vertical Axis Wind TurbinesT. The study
investigates air- foil pitching-induced turbulent
flow. Dynamic stall and moving aerodynamic
forces require unsteadiness. Studied rotational flow
patterns in a NACAO0012 airfoil with modest
payloads at 12,000 Reynolds numbers. The
symmetric airfoil rotates around an axis, with small
amplitudes indicating small pitching motions. Flow
visualization or PIV may have been used.

II.METHODS

2. 1Aerodynamic Conditions

Angles of attack a spanned from —10° to 20° at
Reynolds numbers Re = 1.5 105, 3.0 108, 6.0 108,

and 1.0X10®. Two-dimensionality was promoted by a

high-aspect-ratio model and end-plates; blockage
remained below 5 %.

2.2Force and Moment Coefficients

Lift, drag, and quarter-chord moment coefficients
(CL Cp, Cu) were obtained from balance
measurements. Quasi-steady polars were acquired
by stepping a; hysteresis was characterized by up-
and down-sweeps across stall at Re = 6.0 X 108,

2.3Wake Measurements

Spanwise wake profiles were acquired using a rake
traverse 1.0c down- stream. The presence of a
lower-surface LSB produced irregular spanwise
velocity-deficit patterns, indicative of three-

dimensional breakdown in other- wise nominally
2D flow.

2.4Acoustic Measurements and Zigzag Tape

Far-field noise spectra were measured at 1 m
microphone distance and +90° azimuth. Zigzag
tape (height ~ 0.4 mm) was applied on the lower
surface at x/c = 0.70—0.80 to promote controlled

transition and suppress LSB-driven
tonal/broadband peaks.
III.RESULTS

3. 1Airfoil Geometry

Figure 1 shows the symmetric NACA 0018
geometry used in this study.

NACA 0018 Airfoil Geometry
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Figure 1: NACA 0018 airfoil geometry (outline).

3.2 Lift, Drag, and Moment Polars

Figures 2, 3, and 4 present C(a), Co(«), and Cu (@),
respectively, for all Reynolds numbers. The linear
lift slope is close to thin-airfoil estimates at low «
but reduces as stall is approached, with earlier stall
and higher drag at lower Re. The moment remains
slightly nose-down and shows a mild post-stall
trend.
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Cl vs a at Low Reynolds Numbers
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Figure 2: Lift coefficient C. versus angle of attack a for multiple Reynolds numbers.

Cd vs a at Low Reynolds Numbers

—— Re=150,000
0.175+ - Re=300,000
—— Re=600,000
Re=1,000,000
0.150}
S 0125}
.
=4
o
& 0.100f
[V}
o
o
& 0.075}
[=]
0.050}
0.025}
=10 =5 0 5 10 15 20

Angle of attack, a (deg)

Figure 3: Drag coefficient CD versus angle of attack o for multiple Reynolds numbers
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Cm vs a at Low Reynolds Numbers
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Figure 4: Quarter-chord moment coefficient Cm versus angle of attack a.

3.3 Laminar Separation Bubble and Wake
Structure

A conceptual depiction of the lower-surface LSB is
provided in Fig. 5. The bubble correlates with a
plateau or mild kink in Cr(a) and an increase in

Cp, particularly at low to mid a for lower Re. Wake-
traverse measure- ments (Fig. 6) show spanwise
irregularity  suggestive of three-dimensional
breakdown caused by bubble bursting and
reattachment dynamics.

Conceptual Laminar Separation Bubble (Lower Surface)
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Figure 5: Conceptual schematic of a lower-surface laminar separation bubble.
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Figure 6: Spanwise wake-traverse map showing irregular three-dimensional pattern under LSB conditions.

3.4 Noise with and without Zigzag Tape frequency band benefits the most, consistent with

suppression of intermittent bubble dynamics and
Far-field spectra (Fig. 7) demonstrate broadband tonal components tied to separation-induced
noise reduction when zigzag tape is applied at x/c instabilities.

= 0.70-0.80 on the lower surface. The mid-

Far-Field Noise Spectra
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Figure 7: Far-field noise spectra with and without zigzag tape on the lower surface (70—80% chord).
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3.5 Post-Stall Hysteresis

Figure 8 shows pronounced post-stall hysteresis at
Re = 6.0 X 105, with the down-sweep exhibiting

substantially reduced lift over a range of angles. This
behavior has direct implications for dynamic stall
cycles in VAWTs, where cyclic incidence can
traverse these branches each revolution.

Post-Stall Hysteresis at Re=6x10"5
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Figure 8: Post-stall hysteresis loop at Re = 6.0 x 105

IV.DISCUSSION

The lower-surface LSB at low to moderate a
explains the degradation in aerodynamic efficiency
and the appearance of unsteady wake structures.
Applying zigzag tape at 70-80% lower-surface
chord tripped transition in a controlled manners,
stabilizing the boundary-layer development and
reducing noise. The observed hysteresis
underscores the need for unsteady models in
VAWT performance tools, as quasi-steady polars
may overpredict cycle- averaged power if the down-
sweep deficit is not accounted for.

V.CONCLUSIONS

(1) The NACA 0018 at Re = 1.5 X 105%-1.0 x 108

exhibits lower-surface laminar separation at low to
mid a, with measurable penalties in Cp and muted
Cr. (2) Spanwise wake traverses reveal irregular
three-dimensional patterns under LSB
conditions. (3) Zigzag tape at x/c = 0.70—0.80 on

www.trendytechjournals.com

the lower surface reduces broadband noise. (4)
Significant post-stall hysteresis indicates lift loss
during down-sweep, relevant for dynamic stall in
VAWTs.
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