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ARTICLE INFO ABSTRACT

Keywords: This study investigates the impact of zigzag tape on the aerodynamic performance and wake characteristics of
Zigzag tape the Delft Vertical Axis Wind Turbine (VAWT). The primary aim is to understand how the zigzag tape affects
VAWT . blade loads and the resulting aerodynamic wake. A comprehensive analysis was conducted using the Actuator
i\]ctuat;)r line model Line Model (ALM) with airfoil characteristics measured in the wind tunnel at the Technical University of

Denmark (DTU). Additionally, a 2-D CFD analysis with k- SST and y-Re, turbulence models were employed
to evaluate the influence of laminar transition phenomena on rotor characteristics. Results indicate that while
the zigzag tape linearizes the lift coefficient characteristic, it leads to a notable reduction in aerodynamic
efficiency due to increased drag and decreased lift below the critical angle of attack. The simulations were
performed at a tip-speed ratio (TSR) of 4.5 to avoid a dynamic stall, as this operating condition ensures that
the rotor blades remain below the static stall threshold and large offshore VAWTs are designed to operate near
their maximum aerodynamic efficiency (C,) for the majority of their operational time. The aerodynamic wake
behind the rotor also shows significant changes, with the zigzag tape promoting asymmetry and affecting the
wake recovery distance. The study’s findings highlight the importance of considering surface contamination
effects, represented by zigzag tape, in evaluating VAWT performance and wake behavior, offering valuable
insights for wind turbine design and optimization.

Aerodynamic wake

1. Introduction dynamic stall models) and can incorporate finite blade and added mass
effects [8].

The aerodynamics of a VAWT rotor are complex and challenging
to estimate, leading to significant differences in the aerodynamic char-
acteristics estimated by various researchers [9]. This variability arises
from the different modeling approaches employed, including numerical
methods such as computational fluid dynamics (CFD), as well as lower-
order models such as blade element momentum (BEM) and vortex
models, in addition to the inherent sensitivity of the NACA0018 airfoil
to operating conditions. For this turbine, the chord-based Reynolds
number Re, at a TSR of 4.5 is approximately 1.7 x 10° [10]. In the

In 2015, Tescione et al. [1] conducted extensive experimental stud-
ies on a 2-bladed H-shaped VAWT at Delft University of Technology,
using Particle Image Velocimetry (PIV) in the Open Jet Facility (OJF).
The turbine, featuring NACA0018 aluminum blades, had a height and
rotor diameter of 1 m, with a chord length of 0.06 m. The blades were
mounted at a point 0.4c from the leading edge. Operating at a free
stream velocity of 9.3 m/s, it achieved a tip speed ratio of 4.5.

Since 2015, numerous numerical analyses of this rotor have been
conducted. Rotors based on this geometry have been studied using
the classical 2-D CFD approach with various boundary layer model-

ing methods [2-5] and more advanced three-dimensional unsteady
Reynolds-averaged Navier-Stokes (URANS) equations [6]. While 3-D
CFD, particularly URANS, provides valuable insights into complex flow
phenomena such as tip vortices and dynamic stall, its high computa-
tional cost remains a limitation. Therefore, lower-order models such
as blade element momentum (BEM) and actuator line model (ALM)
remain popular alternatives [7]. These methods rely on airfoil aerody-
namic characteristics and additional corrections (e.g., flow curvature,
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“low Reynolds number” range (10 to 10°), viscous effects, laminar sep-
aration bubbles, and turbulence play a significant role [11]. According
to Winslow et al. [12], at low Reynolds numbers, the boundary layer
remains laminar over a larger portion of the airfoil surface, making
it more susceptible to separation due to an adverse pressure gradient.
The separated shear layer may transition to turbulence and reattach,
forming a laminar separation bubble (LSB). However, as the Reynolds
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number decreases, the reattachment point moves further downstream,
increasing bubble size and drag while reducing lift efficiency. In the
range of 10* < Re < 5 x 10%, the shear layer often does not reattach,
leading to trailing edge stall and significantly degraded aerodynamic
performance. The NACAO0018 profile, common in VAWT design, was
not examined under low Reynolds number conditions in a wind tunnel
until recently. Early studies, such as those of Jacobs and Sherman
(J&S) [13], were limited and influenced by high levels of wind tunnel
turbulence. The widely used database by Sheldahl and Klimas (S&K)
published in 1971 [14,15] was dominant for a long time, but recent
wind tunnel studies and numerical tools such as XFOIL and CFD have
provided more accurate data [16-18]. Modern measurements of C;
and Cp at around Re = 150k differ significantly from the S&K and
J&S data, showing that flow around a clean profile at sub-critical
angles is dominated by laminar bubbles. This causes the C, (a) curve to
follow two different derivatives rather than one. Gerakopulos et al. [19]
identified the point that separates these two regions. Contemporary
studies indicate that advanced transition models, such as y — Re, and
eV methods, often misestimate this region without calibration [20].
The aerodynamic characteristics of the NACA0018 profile, as in most
airfoils, are sensitive to variations in the Reynolds number. However,
in the case of the NACA0018 airfoil, which is often used in VAWT
applications, this sensitivity becomes particularly critical due to the
low Reynolds number regime in which these turbines are typically
operated [20,21].

An effective method to influence the behavior of the boundary layer
in experimental aerodynamics is the use of zigzag tape. In the TU Delft
VAWT experiment (Fig. 1), zigzag tape was applied at the length of the
8% chord on both sides of the blades to mitigate laminar separation
bubbles. The tape, a 3D-turbulator by Glasfaser Flugzeug, had a point
distance of 6 mm, was 0.20 mm thick, 12 mm wide, and followed a
zigzag pattern of 60° [1]. In addition to promoting transition, zigzag
tape is commonly used in experiments to improve control over the
aerodynamic characteristics of an airfoil by modifying the behavior of
the boundary layer and reducing the influence of laminar separation
bubbles [22], as well as mitigating aerodynamic noise [23].

The primary tool used to investigate the impact of zigzag tape on
VAWT aerodynamics in this paper is the Actuator Line Model (ALM).
To further verify these results and understand the impact of transition
phenomena, such as laminar separation bubbles, a 2-D CFD analysis
was also performed using the k- SST and y-Re, models. These models
have been shown to predict rotor loads accurately [4,24]. The k-w
SST model is a turbulence model that assumes a fully turbulent flow
throughout the boundary layer, providing robust and reliable predic-
tions, particularly in regions with strong adverse pressure gradients. It

(@)

Fig. 1. The VAWT model (dimensions in mm) (a); Schematics of the Open Jet Facility (OJF) [1] (b).
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has also been used successfully to approximate the effect of zigzag tape
by enforcing the early transition [22]. In contrast, the y-Re, model is a
transition model that explicitly accounts for the laminar-to-turbulent
transition, making it more suitable for capturing transitional effects
such as laminar separation bubbles and their influence on aerodynamic
loads. This distinction is particularly relevant when analyzing flow
conditions at low Reynolds numbers, where transition plays a critical
role. Similarly, Kruse et al. [25] studied the aerodynamic characteristics
of the NACA 63;-418 airfoil, demonstrating the significance of surface
roughness and transition modeling. Therefore, verifying whether the
k-w SST model’s rotor blade loads match the zigzag tape trend provides
further justification for its use in our simulations.

Our analyses revealed several important issues for understanding
the relationship between airfoil aerodynamic characteristics and rotor
wake. Firstly, in addition to the significant impact on aerodynamic
blade loads, the zigzag tape also affects the wake downstream of the
rotor-an effect not previously considered for VAWTSs but crucial for
analyzing the influence of dirty blades on wake geometry. Additionally,
using the S&K database results in notable differences in velocity profiles
compared to clean airfoils.

This paper has two main parts. The first part presents the aero-
dynamic characteristics of the clean NACA0018 airfoil and the zigzag
tape airfoil, measured at the Technical University of Denmark (DTU).
Comparison of the obtained C; and Cj, with XFOIL and the complete
2-D CFD results. The second part discusses VAWT aerodynamic char-
acteristics using the 3-D ALM approach, including a 2-D CFD analysis
to understand the impact of laminar transition effects on aerodynamic
loads and wake.

2. Experimental setup and wind tunnel testing

The blade model used for wind tunnel tests to determine aerody-
namic characteristics C; and C, was crafted from a section of a wind
turbine blade, as shown in Fig. 2. The blade is an extruded aluminum
wing with a NACA0018 airfoil profile. The chord and length of the
rectangular wing section were 60 mm and 500 mm, respectively. The
airfoil surface was smooth and polished using 800-grit sandpaper to
ensure minimal surface roughness.

The dimensions of the wind tunnel test section are H Xx W X L =
0.5m x 0.75m x 2.0m with a contraction ratio of 8.5, which provides a
very low turbulence intensity (T'I < 0.1%) of the mean flow, ensuring
that natural transition processes can develop. The maximum velocity
achievable in the tunnel is 40 m/s. Measurements were conducted with
a sampling rate of 125 Hz for 10 s at each angle of attack (a). Pressure
scanners from Pressure Systems were used, having a full range of

(b)
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(b)

Fig. 2. Experiment equipment and blade configuration.

+2.5 kPa for wall pressures and +7 kPa for wake pressures. Aerodynamic
forces were measured using force gauges, wall pressure measurements,
and wake pressure readings for the drag. The lift measurements from
the force gauge and wall pressures showed good agreement. However,
wake measurements are reliable only for a < +20 degrees; at higher
angles of attack, the wake becomes too wide for the rake used. Also,
the airfoil exhibited tonal noise around an angle of attack of 0 degrees.

The baseline aerodynamic characteristics of the clean NACA0018
airfoil were presented in detail in [26], where the discussion of the
experimental setup and fundamental data was provided. Due to space
limitations, this article does not repeat those details. Instead, it focuses
on entirely new results concerning the influence of zigzag tape on the
aerodynamic performance of the airfoil.

2.1. Impact of Zigzag tape on NACA0018 airfoil performance

The main goal of the experimental part was to obtain the C; (a) and
Cp(a) characteristics of the NACA0018 airfoil for a Reynolds number
as close as possible to the chord-based value, which for the considered
1-m VAWT at TSR=4.5 is 1.7x10°. Taking into account the chord length
of the airfoil (6 cm) and the maximum flow speed in the wind tunnel
(40 m/s), we obtained a Reynolds number of 1.6 x 10°. In our previous
work [26], we presented the characteristics of the NACA0018 airfoil for
a range of Reynolds numbers from 0.3x10° to 1.6x10°. The aerodynamic
forces that were obtained were validated based on experimental studies
by other authors and compared with the predictions of the XFOIL
approach. This work discusses the impact of zigzag tape on the airfoil
polars.

Fig. 3 shows the performance of the NACA0018 airfoil with zigzag
tape; the lift and drag coefficients, Cre Cps and Cp, were estimated
using a gauge, wall pressure taps, and a wake rake, respectively. These
aerodynamic force characteristics as a function of the angle of attack,
shown in this figure, were obtained for Re = 1.6x 103 in the range from
—20° to 20°, and then back to —20° to obtain a complete aerodynamic
hysteresis loop. Two independent measurement techniques, pressure
taps, and force gauge, showed very similar lift coefficients. During the
“upward” measurement, the maximum lift coefficient, C;,,,,, reached
1.02 at a critical angle of attack of 14°. The lift for the same angle of

1.2
0.6
J oo
-0.6

Fig. 3. Experimental Lift Coefficient (C,) using wall pressure taps and a force gauge
(CL,) as well as Drag Coefficient (Cp,) Variation with Angle of Attack («) for zigzag
Configuration.

attack during the “downward” measurement decreased by 58.3%. The
Cmax during the “downward” measurement was 0.88 at an angle of
attack of 10°. A relatively large hysteresis loop is also visible in the drag
coefficient. The minimum drag coefficient, Cyp,,,;,, was 0.019. The tape
causes the lift coefficient to grow almost linearly for angles of attack
up to a,,;, at such low Reynolds numbers, with the derivative dC; /da
equal to 4.87 rad™".

A comparison of the obtained characteristics for the airfoil with
zigzag tape (Fig. 3) and the clean airfoil configuration is presented in
Fig. 4. The C; (@) characteristics of the clean airfoil are nonlinear below
«,,i;» which is due to the presence of laminar bubbles that form on both
sides of the airfoil up to the transition angle «, of approximately 6°-7°,
or only on the pressure side beyond «, [19,20]. Applying the zigzag
tape induces turbulence in the boundary layer, eliminating this effect.
Interestingly, despite removing laminar bubbles, the hysteresis loops
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Fig. 4. Comparison of aerodynamic performance for the NACA0018 airfoil: (a) lift
coefficient C; vs. angle of attack a, (b) drag coefficient C},, (c) lift-to-drag ratio C; /Cp,
and (d) C; vs. Cp. Results are shown for both clean [26] and zigzag tape configurations.

for both the clean airfoil and the airfoil with zigzag tape remain quite
similar in terms of value and shape. However, the presence of the tape
increases the minimum drag by approximately 73.4%. The nonlinearity
of the C; (a) curve leads to a significant improvement in aerodynamic
efficiency (Fig. 4c).

2.2. The effect of Reynolds number on the performance of NACA0018
airfoil with zigzag tape

The results given in Fig. 5 are compared for Reynolds numbers
0.83 x 10° and 1.60 x 10°. This comparison aims to highlight the zigzag
tape’s significant impact on the airfoil characteristics, especially within
the range of such low Reynolds numbers. As shown in Fig. 5a, the
zigzag tape linearizes the C; characteristics, resulting in very similar
dC; /da derivatives for both Reynolds numbers. The derivatives of
both characteristics, calculated in the range from 0° to 10°, have an
average value of 4.87 rad™'. This value is 22.5% lower compared to
the theoretical derivative of 2z of a thin airfoil as predicted by Thin
Airfoil Theory [18]. As mentioned earlier in the previous subsection,
two regions can be distinguished for the clean airfoil characteristics:
in the first region, laminar separation bubbles occur on both sides
of the airfoil, while in the second, they appear only on the suction
side. Gerakopulos et al. [19] demonstrated that for Re = 0.8 x 10°,
the derivative in the angle of attack range 0° < a < 6° is 0.14,
while in the range 6° < « < 10°, it is 0.03. In our measurements, the
transition angle «, occurred slightly earlier, at approximately 4°, with
aerodynamic derivatives for the first and second regions being 0.145
and 0.056, respectively. For Re = 1.6 x 10°, Gerakopulos et al. [19]
obtained derivatives for the first region (0° < « < 8°) of 0.11 and for
the second region (8° < a < 14°) of 0.02. Our predictions are 0.108
for the first region (0° < a < 8°) and 0.027 for the second region
(8° <a<14°).

Moreover, the Reynolds number significantly affects C;,,,, with
the observed differences becoming more pronounced as the Reynolds
number decreases. This effect is particularly evident in the case of the
clean configuration, where the lack of surface modifications leads to
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Fig. 5. Comparison of the lift coefficient C, (a) and drag coefficient C,, (b) for the
zigzag configuration of the NACA0018 airfoil, with clean airfoil data from [26], across
three Reynolds numbers (Re = 83k and Re = 160k) for angles of attack ranging from
0° to 20°.

greater sensitivity to flow separation and boundary layer behavior at
lower Reynolds numbers. The C;,,,. for the lowest examined Re is 0.8
at a = 8° for the clean airfoil and 0.94 at « = 12° for the zigzag config-
uration. When comparing these results to other studies, specifically for
the clean airfoil case, as no similar investigations involving zigzag tape
are known to the authors of this paper, Gerakopulos et al. [19] reported
a Cj,nay Of 0.88 at a = 10° for Re = 0.8 x 10°, and 1.02 at a = 14° for
Re = 1.6 x 10°. For the higher Reynolds number of Re = 1.6 x 103, the
differences in Cy,,,, between the clean and zigzag configurations are
relatively small. The C,,,,, for the clean configuration is 1.027, which
is 8% lower compared to the zigzag configuration. For Re = 1.6 x 10°,
the critical angle of attack a;; is 14°. This analysis demonstrates that
the measurement results presented in this paper are acceptable. The
differences between our results and those taken from the literature
increase as the Reynolds number decreases, and these differences are
influenced by the conditions in the wind tunnel and the measurement
tools used.

The Reynolds number also significantly affects the drag coefficient
(Fig. 5b). The clean airfoil’s minimum drag coefficient strongly depends
on the Reynolds number. As shown in [26], Cp,,;, increased from
0.0084 for Re = 1.6x10° to 0.014 for Re = 0.83x10°, that is, by 65. 5%.
The zigzag tape, however, causes the drag coefficient to increase more
slowly, from 0.0195 for Re = 1.6 x 10° to 0.0196 for Re = 0.83 x 10°.
The increase in the angle of attack first causes a slight increase in
drag, followed by a sharp increase. Both the Reynolds number and
the zigzag tape significantly affect the angle of attack at which this
sharp increase in drag occurs. For Re = 0.83 x 10°, this sharp increase
appears in a = 7.95° for clean airfoil and 12.04° for zigzag tape. For the
highest Reynolds number studied in this work, a sharp increase in drag
is observed at the same angle of attack.
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3. Methodology
3.1. Actuator line approach

The three-dimensional Actuator Line Model (ALM), developed by
Sgrensen and Shen [27], combines classical blade element theory with
Navier-Stokes-based flow models. This study uses the turbinesFoam
library by Bachant et al. [28] within the OpenFOAM CFD frame-
work, significantly reducing computational costs compared to RANS
simulations solved with 3D blades.

The ALM represents wind turbine blades as lines of actuator ele-
ments at their quarter-chord position, using 2-D airfoil lift and drag
coefficients. Blade forces are calculated from local velocities using the
angle of attack and relative velocity for each blade element. The blade
element method couples with a modified Leishman-Beddoes dynamic
stall model [29-31] to determine dynamic blade force coefficients. The
calculated body forces are reintroduced into the Navier-Stokes solver
as momentum equation terms.

The relative flow velocity and angle of attack for each blade element
are computed using the vector sum of the tangential velocity V;, and
the local inflow velocity U;,. The tangential velocity V, = —wR is
determined by the rotor angular velocity w and the rotor radius R,
while Uj, is obtained from the surrounding flow field at the position of
the quarter-chord of the blade element. In OpenFOAM, the interpo-
lationCellPoint class is used for linearly weighted interpolation
of cell values, ensuring smooth sampling of U;,. According to Mendoza
et al. [32], this approach mitigates abrupt velocity variations caused by
mesh resolution, particularly when the mesh size is comparable to the
chord length and blade elements traverse approximately one cell per
time step.

Prandtl’s lifting line theory is applied in the ALM to account for
the blade’s end effects. The geometric angle of attack is expressed
as a function of the non-dimensional span position, allowing for the
determination of unknown Fourier coefficients that describe the cir-
culation distribution along the span. These coefficients are then used
to adjust the lift coefficient distribution, ensuring consistency with the
physical effects of blade-tip vortices. Based on the normalized spanwise
lift coefficient distribution, the correction function is incorporated into
the ALM to model the lift force variations near the blade tips accurately.

In this study, dynamic effects on lift and drag are taken into ac-
count using the Dynamic Stall Model (DSM), which ensures proper
aerodynamic modeling in different operating conditions. These effects
are characterized by the reduced frequency k = 8¢ where k depends
on the tip speed ratio (TSR), the length of the blade chord ¢, and the
radius of the rotor R. For the turbine examined in this manuscript, at
TSR = 4.5, the reduced frequency is 0.27, matching the conditions of
an experimental turbine studied by Bachant et al. [33]. Although the
range of attack angles experienced by the turbine blades in this study
did not exceed critical static stall angles, rendering the dynamic stall
effects negligible [7], the DSM was still implemented consistently [32]
to ensure robustness and accuracy in aerodynamic modeling.

Based on Mendoza et al. [7], who investigated various Large Eddy
Simulation (LES) approaches (including Smagorinsky, dynamic
k-equation, and dynamic Lagrangian turbulence models) and found
minimal differences, the Smagorinsky LES approach was used in this
study to calculate the velocity field. A detailed description of the ALM
methodology and additional models is available in Bachant et al. [33].
The Navier-Stokes equations for incompressible flow are solved using
the Pressure-Implicit with Splitting of Operators (PISO) algorithm [34].

The TU Delft VAWT (Fig. 1) simulated in this study is based on the
geometry of Tescione et al. [1], with the struts and supporting towers
excluded for simplicity. The simulation domain (Fig. 6) was set to 20D
to examine the wake at a greater distance behind the rotor.

The uniform distribution of hexahedral cells was used near the tur-
bine rotor, with a local refinement level of n = 4, gradually transition-
ing to a coarser mesh further from the rotor to accurately capture the
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Fig. 6. Schematic of the numerical simulation domain for the TU Delft VAWT for the
ALM approach.

details of the wake (Fig. 7). This topology remained consistent and was
globally refined, with the mesh scaled proportionally in all directions.
The finest refinement region extends 1D upwind and 11D downwind
from the central shaft, covering 1D horizontally and vertically from the
equatorial blade section.

Fig. 8 compares the power coefficient cp for the entire rotor at three
mesh resolutions: D/60, D/80, and D/96. Although small differences
in the curves can be observed, particularly for finer mesh resolutions,
these differences remain minor and are natural in the case of the
applied LES approach, where finer meshes capture more detailed flow
structures. This observation is consistent with the findings of Mendoza
et al. [7], who showed that increasing mesh density within the range
of D/40 to D/96 leads to minor changes in aerodynamic wake profiles.
However, these changes remain at the flow details level and do not
significantly impact the velocity profiles behind the rotor, which could
influence the power characteristics of a downstream turbine.

Similar conclusions were drawn by Huang [35], who validated the
ALM approach for a similar but slightly smaller rotor with a diameter
of 0.3 m. Huang’s work, which involved PIV measurements of a signifi-
cantly longer aerodynamic wake, demonstrated that using the k-epsilon
turbulence model provides sufficiently accurate results to estimate the
wake deficit, even with less dense computational meshes.

Given the scope of our study, the reference mesh resolution for this
work is D/80. This resolution offers a practical balance between compu-
tational efficiency and accuracy, ensuring reliable predictions of flow
characteristics within the rotor aerodynamic wake, which are crucial
for assessing the potential placement of downstream wind turbines in
a wind farm.

As recommended by Mendoza et al. [7], the maximum Courant
number (Co) should be kept below 0.25. In this study, it remained
below 0.15.

3.2. 2-D CFD modeling

The 2-D computational domain (Fig. 9) represents the equatorial
plane of the TU Delft VAWT with a high blade aspect ratio (H/c) of
16.7 and a zero-pitch angle; therefore, the 3-D tip effects are insignif-
icant [2,36]. The domain width is W = 25D, providing a blockage
ratio, defined as the ratio of turbine diameter D to domain width W,
of 4%. Rezaeiha et al. [37] showed that for CFD simulations of VAWTs,
a blockage ratio of less than 5% is necessary to minimize the effect of
boundary conditions on the results. The distance from the inlet to the
rotor axis was set to 10D, while the total domain length was 35D. In the
rotor area, a moving ring with an outer diameter of 2D and an inner
diameter of 0.5D was used. The dimensions of our domain meet the
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Fig. 7. Mesh for VAWT simulations using the ALM approach. The figure shows the
full view of the mesh in the x-z plane with a zoomed-in section illustrating different
levels of local refinement: n=1, n=2, n=3, and n=4.
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Fig. 8. Comparison of the moment coefficient c,, for a single rotor blade (top) and
the power coefficient ¢, for the entire rotor (bottom) at three mesh resolutions: D/60,
D/80, and D/96.

minimum criteria specified in Rezaeiha et al. [37] for small VAWTs of
low solidity that operate at moderate tip speed ratios.

Fig. 9 presents the mesh for the TU Delft VAWT, consisting of
quadrilateral mapped elements. Following a grid independence study
(Fig. 10) conducted on meshes ranging from 1000 to 2000 nodes on
the airfoil edges, a mesh with 1460 nodes and a total of approximately
1,276,000 elements was selected for use. The grid convergence study
was conducted using a refinement factor of \/5 The coarser mesh
contained approximately 1,033,000 elements, while the finest mesh
comprised 2,104,000 cells.

The boundary conditions applied include a uniform velocity at
the inlet, zero gauge pressure at the outlet, no-slip conditions on the
airfoils, and symmetry along the domain sides. The rotating ring is
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connected to the stationary surrounding domain via a sliding mesh
interface. The turbulence intensity (TI) at the inlet was set to 5%, while
the turbulence length scale was assumed to be 0.004 m. The turbulence
decay is observed, and TI levels before the rotor become 0.25-0.35%,
consistent with the estimation formula proposed in the ANSYS Fluent
Theory Guide [38]. The turbulence intensity level is consistent with the
experiment [1] where the maximum available values of TI are 0.5%.

Fig. 10 presents the results of the instantaneous moment coefficient
at the 20th rotor revolution for the three investigated mesh distribu-
tions. As can be seen from the figure, the differences between the curves
are minimal. Furthermore, the coefficient of determination R? of the
curves compared to the finest mesh result is greater than 0.9999 for
both N = 1460 and N = 1000 cases.

4. Results and discussion
4.1. Aerodynamic blade loads

Fig. 11 presents the local angle of attack of the TU Delft VAWT
blade calculated using the 3-D ALM approach based on the lift and
drag characteristics of the NACA0018 airfoil measured in the DTU wind
tunnel. The blue curve represents the data for the clean airfoil, while
the red curve shows the zigzag tape configuration. For comparison, the
figure also displays the angle of attack obtained using the airfoil char-
acteristics from Sheldahl and Klimas [14] (black curve). The blade’s
angle of attack calculated using this database is almost perfectly in
line with the results of Mendoza et al. [7], who also used polars from
the S&K database in their work. This confirms that the ALM approach
implemented in this study is accurate and reliable.

Figs. 12 and 13 compare the components of the sectional aero-
dynamic blade load, namely the normal and tangential components,
calculated using the 3-D ALM and 2-D full CFD approaches. The angle
of attack of the blade and the sectional forces differ slightly from
each other. It is essential to clarify that the “sectional angle of attack”
refers to the angle of attack calculated locally for the blade element
in the equatorial plane based on the velocity components and airfoil
characteristics specific to that section. This term differs from the “blade
angle of attack”, which represents the angle calculated for the entire
blade, assuming uniform flow conditions. In Fig. 11, the local blade
angle of attack is compared with the sectional blade angle of attack
for the blade element in the equatorial plane. The color scheme of
the curves corresponding to the various airfoil characteristics has been
preserved, but dashed lines have been used for differentiation. Fig. 11
shows that, particularly in the upwind part of the rotor, the differences
between the a(f) curves are small enough that an additional zoomed-
in plot Fig. 11b was prepared to capture them. Higher angles of attack
are achieved for the S&K database and for the zigzag configuration,
which corresponds to linear C, (a) characteristics. For the zigzag case,
the maximum sectional angle of attack is 13.48° at an azimuth of 106°,
while for the S&K database, it is 13.46° at an azimuth of 103.3°. In the
case of the clean airfoil, the maximum angle of attack is 12.9° at an
azimuth of 104.3°. The average sectional maximum angle of attack is
3.22% lower compared to the blade angle of attack.

For the S&K database, the maximum static lift coefficient of the
NACA0018 at Re = 1.6 x 10° is reached at a.; = 12°, meaning that
dynamic stall effects are not significant, as also confirmed by Mendoza
et al. [7]. For the VAWT blade angle of attack with the measured airfoil
characteristics, the static Cy,,, is never reached for both the clean
airfoil and the zigzag configuration, a.; = 13.92° (Fig. 5).

The differences between all curves are also insignificant in the
downwind part, although they are slightly larger than in the upwind
part. For the azimuth range of § =~ 260° — 280°, there is a slight
deviation in the angle of attack characteristics calculated for the S&K
case compared to the results of Mendoza et al. [7]. This discrepancy
arises only because the effect of the rotating tower is not considered in
our simulations. However, even without accounting for this effect, the
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Fig. 9. Computational domain and numerical grid for 2-D CFD simulations. The top scheme illustrates the overall computational domain with boundary conditions and key
dimensions. The bottom left image shows a cross-sectional view of the mesh, while the bottom right images provide detailed views of the mesh refinement around the blade.
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Fig. 10. Instantaneous moment coefficient from 2-D CFD simulations. Mesh sensitivity
test. N is the number of nodes on the airfoil edges.

differences between our calculated results and those from the literature
are minimal.

The azimuth range corresponding to the largest differences in the
angle of attack estimation is  ~ 197° — 300°. These differences are

caused by the velocity field affected by the blade moving in the upwind
part of the rotor and by the airfoil characteristics. The velocity field
behind the clean airfoil is more disturbed due to laminar separation
bubbles that form on the airfoil surfaces, shed vortices, and evolve in
the wake, as also shown in Section 4.2. The differences between the
blade and the sectional angle of attack are also more significant than
in the upwind part of the rotor.

Since the rotor of the considered TU Delft VAWT operates at a TSR
= 4.5, dynamic stall effects are not particularly significant. Therefore,
the primary influence on the aerodynamic blade loads, namely the
normal and tangential components shown in the non-dimensional form
in Figs. 12 and 13, is exerted by the local angle of attack and static
airfoil characteristics. The instantaneous sectional loads obtained using
the 3-D ALM method and presented in these figures are additionally
compared with the 2-D CFD predictions.

It is worth noting that the differences between the 2-D CFD results
for the two turbulence models, the k-w SST and the y-Re,, are minimal,
despite the noticeable differences in the static C;(«) and Cp(a) char-
acteristics generated by both models, as shown in studies by [16,20].
Similar conclusions regarding aerodynamic loads for this 2-D VAWT at
TSR = 4.5 examined using SST-based turbulence models can be found
in [10]. Determining the local angle of attack using the full 2-D CFD
approach is quite challenging. Melani et al. [39], who attempted to
determine the local angle of attack for the considered VAWT, concluded
that the resulting angle of attack trends showed significant sensitivity
to the chosen method, especially in the range of azimuths where the
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Fig. 11. Local angle of attack characteristics for the TU Delft VAWT. The results
obtained by Mendoza et al. [7] using the LES approach are included for comparison.

blade angles of attack reach their maxima. Nevertheless, these authors
demonstrated that, depending on the method used, the maximum local
blade angle of attack ranges between 8 and 11 degrees. Therefore, the
flow should be considered as mostly attached. Furthermore, within the
angle of attack range of 8 to 11 degrees, the C; («) results obtained with
the k-w SST model are slightly higher compared to the y-Re, approach,
which explains the slight excess in tangential blade loads (Fig. 13).
Laminar separation bubble effects captured by the y-Re, model are
evident in the aerodynamic load coefficients up to approximately 6 ~
80°. It can be observed that the loads generated by the transition model
are slightly greater, with small vortex structures appearing.

It should be emphasized that the differences between the results
from the ALM with polars of the clean airfoil (excluding the S&K
database) and 2-D CFD are minimal in the upwind part of the rotor,
while they are somewhat larger in the downwind part. This results
from the two different ways of modeling rotor flow: 3-D ALM and
full 2-D CFD. In the downwind part, the 2-D CFD approach has the
advantage of determining aerodynamic characteristics by considering
local flow conditions. On the other hand, in the ALM approach, airfoil
characteristics measured or calculated under low-turbulence conditions
are used for the entire rotor revolution. However, the full 2-D CFD
does not account for the influence of the third dimension. Huang [35]
analyzed the TU Delft VAWT for various aspect ratios (AR) ranging
from 1 to 10 (where AR = H /D) using the ALM approach. He showed
that for AR = 10, the 3-D effects are much less significant. Therefore,
it can be assumed that the aerodynamic loads in the downwind part of
a 3-D rotor will be smaller than suggested by the 2-D CFD model, as
also demonstrated by Lam and Peng [6].

The aerodynamic blade loads obtained for airfoil characteristics
with zigzag tape differ the most from the others but are qualitatively
the closest to the blade loads computed using the S&K database. The
differences arise from the balance between the lift and drag coefficients.
As shown in the experimental section, the airfoil with the zigzag tape
maintains the maximum lift coefficient at the level of the clean airfoil’s
Crmax- Still, the lift is significantly lower below the critical angle of
attack. Since, as discussed in the paragraph on the local angle of attack,
the static critical angle of attack is not exceeded, the rotor blade at
TSR = 4.5 operates at much lower C; and simultaneously at higher C,
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Fig. 12. Comparison of the normal force characteristics for the TU Delft VAWT using
different airfoil polars and a 2-D CFD approach.
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Fig. 13. Comparison of the tangential force characteristics for the TU Delft VAWT
using different airfoil polars and a 2-D CFD approach.

than the clean blade. This finding explains the much lower maximum
values of the tangential and normal force coefficients than the other
characteristics. Due to the similar linear behavior of the lift coefficient
in the case of the S&K database, the nature of the aerodynamic loads
is similar to that of the zigzag configuration. However, the very low
drag coefficients in the case of this database mean that the maximum
aerodynamic loads are higher than the zigzag.

There are publications [25] showing that the k-w SST turbulence
model, treating the entire boundary layer as turbulent, can approximate
the effect of zigzag tape or profile contamination to some extent. This
particular example shows that the impact of the applied zigzag tape
on airfoil performance is significant enough that attempting to model
the effect of the tape using the 2-D CFD approach with the k-w SST
turbulence model yields results that are more similar to those of the
clean airfoil.

To contextualize these findings further, it is worth noting that
similar observations have been made in previous studies. For exam-
ple, Mendoza [40] analyzed a 3-bladed 12 kW turbine operating at an
optimal TSR of 3.44, comparing results obtained using two independent
sources for airfoil polars: XFOIL and the S&K database. Their findings
indicated that the Cp curve was significantly underestimated when
using S&K data, while XFOIL results led to a slight overestimation.
Despite the fact that the rotor diameter in Mendoza’s study was more
than six times larger than that of the TU Delft VAWT, the normal force
results obtained for both polar sources showed qualitative agreement
with our findings.

Furthermore, Mendoza [40] noted that the dynamic stall model
(DMS) they applied tended to overestimate drag, which consequently
led to an underestimation of the tangential force and thus lower C, val-
ues. This aligns with our findings regarding the impact of different polar
sources on aerodynamic loads, particularly for the zigzag configuration.
These results reinforce the need for further refinements in dynamic stall
modeling within the ALM framework to improve simulation accuracy.
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Fig. 14. Comparison of the normalized u, velocity profiles at various distances x/D downstream of the rotor, obtained using the ALM with experimental results from [1] and

velocity profiles from [7].
4.2. Velocity profiles in the aerodynamic wake

Fig. 14 compares the profiles of the average u, velocity component
normalized by the undisturbed flow velocity ¥}, at various distances
x/D downstream behind the rotor, obtained by the Actuator Line
Model. In the experiment, the velocity profiles were recorded up to
x/D = 2.0. Our paper extends this range to x/D = 10 to demonstrate
the effect of the zigzag tape on the aerodynamic wake at a distance
suitable for installing another wind turbine. For this comparison, we
used two sets of polars from our experiment and two from the litera-
ture: Bianchini et al. [41] and Sheldahl and Klimas [14]. The velocity
profiles from Mendoza et al. [7] were also used for comparison. The
figure shows that the velocity profiles using S&K polars, calculated
by both this study (green curve) and Mendoza et al. (orange dashed
curve), are similar. The minor differences in these profiles are likely
due to the influence of the rotating shaft and struts, which were not
included in our simulations. This conclusion is supported by Huang
et al. [42], who also neglected the struts and supporting towers in
their simulations of the TU Delft VAWT. The velocity results show the
asymmetry of u, profiles around y/D = 0 for the S&K polars and zigzag
tape, compared to the clean profile, which is due to vortex structures
generated on the profile with the free transition. Fig. 14 shows that, for
a turbine operating in the wake of another, this effect can be significant
at x/D > 1.75. As shown in Fig. 15, the profile’s surface condition has
little impact on the lateral velocity component u,, in the wake. However,
effects related to laminar bubbles remain noticeable at x/D = 4.

Fig. 16 shows the u, velocity component distributed along lines
parallel to the turbine shaft at several x/ D positions. The ALM approach
with S&K characteristics yields results similar to Mendoza et al. [7]. Up
to x/D = 1.0, the ALM with both S&K and zigzag tape characteristics
closely matches the experimental data. However, accuracy declines
as x/D increases, likely due to modeling issues, such as boundary
conditions and empirical relationships for a finite-length blade.

4.3. Velocity fields in the wake of a rotor

The previous subsection discussed velocity distributions along se-
lected lines behind the rotor, showing that the zigzag tape increases

wake asymmetry. This section presents instantaneous and averaged
velocity fields in the rotor area to highlight further this asymmetry
caused by the absence of laminar bubbles. The experiment by Tescione
et al. [1] included PIV measurements of the velocity field in the rotor
area, with an example of the instantaneous velocity u,/V;, shown in
Fig. 17. The results of the ALM approach from Mendoza et al. [7] are
presented alongside. Fig. 17 compares our ALM-derived velocity field
distributions for the clean and zigzag tape configurations. Compared
to Mendoza et al. [7], the slightly coarser grid reveals fewer details.
For the clean profile, a wide, more symmetrical low-velocity region is
visible compared to the zigzag tape results. Fig. 18 essentially shows
the same results as Fig. 17, but it covers a much longer area behind
the rotor, extending ten rotor diameters. The figure compares the
instantaneous velocity u, /V, for the clean profile and zigzag tape. From
this perspective, two features are apparent: the aerodynamic wake is
wider for the clean profile, and wake recovery occurs later for the
zigzag tape profile.

Fig. 17 shows that both turbulence models in our 2-D CFD simula-
tions yield similar results, closely matching those from the zigzag tape
and the ALM approach by Mendoza et al. [7] using S&K data.

Fig. 19 provides another view of the velocity field behind the rotor,
showing time-averaged streamwise velocity contours at various x/D
locations. At x/D = 10, the wake recovers faster with S&K data and
zigzag tape than with the clean airfoil. Closer positions, up to x/D ~
4.0, reveal a higher velocity region for negative y/D.

5. Conclusions

The research presented in this paper focuses on investigating the
impact of zigzag tape on the performance of the TU Delft VAWT and
the aerodynamic wake downstream behind it. Numerical studies were
conducted using the actuator line model and airfoil characteristics
measured in the DTU wind tunnel. The conclusions drawn from this
study are as follows:

» The measured aerodynamic characteristics of a rectangular wing
with a NACAO0018 airfoil, without the use of turbulators, show a
strong nonlinearity in the C; («) characteristic, resulting from the
formation of laminar bubbles on both the suction and pressure
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Fig. 15. Comparison of the normalized u, velocity profiles at various distances x/D downstream of the rotor, obtained using the ALM, with experimental results from [1].
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» The zigzag tape, despite “linearizing” the static lift coefficient
characteristic without reducing the maximum lift, significantly
lowers the aerodynamic loads on the rotor blades operating at
a tip-speed ratio where high aerodynamic efficiency, i.e., a high
power coefficient, is expected. It also leads to a substantial change
in the wake velocity field behind the rotor.

sides of the airfoil. This indicates that the selected airfoil performs
poorly under these flow conditions, especially at such a low
Reynolds number. The application of turbulators allows for the
linearization of the lift coefficient characteristic without a signif-
icant loss in the maximum C,; value. However, this procedure
ultimately leads to a deterioration of the overall aerodynamic
characteristics of the rotor, as the lift coefficient values below a,,,,
degrade significantly, and the presence of turbulators generates
substantial additional drag.

» The zigzag tape, in addition to controlling flow separation on
the airfoil, can also be used to emulate surface contamination
caused by factors such as insects, dust, etc. A tape of such a large

10
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Fig. 17. Contour plots of the normalized instantaneous « /¥, velocity component in the turbine wake for clean and zigzag tape configurations. The top row compares PIV
measurements with the ALM model from [7], the middle row shows velocity distributions for both configurations, and the bottom row presents 2-D CFD results.

Clean of the rotor. Higher angles of attack are observed for the S&K
4 database and zigzag configurations, while the clean airfoil has
2 a slightly lower maximum angle of attack. The static maximum
lift coefficient is not reached for the measured airfoil character-
% 0 istics, regardless of the clean or zigzag configurations. The most
significant differences in estimating the angle of attack occur in
2 the downwind azimuth range, which is influenced by the velocity
4 field and airfoil characteristics. These differences are primarily
ZigZag caused by the more disturbed velocity field in the clean airfoil
4 case due to the laminar separation bubbles.

2 » The 2-D CFD results indicate little difference between the turbu-
B lence models used, even though the static airfoil characteristics
> vary between them. The k-w SST model produces slightly higher
2 lift coefficients compared to the y-Re, model within the relevant
angle of attack range, which explains the minor increase in tan-
-4 gential blade loads. Overall, the flow around the blade should be
considered mostly attached, and the laminar separation bubble

effects are visible only in the early stages of the rotor cycle.

u'X/V 0 1 1 .

00 02 04 06 0.8 1.0 12 » The comparison between ALM and 2-D CFD shows that the aero-
dynamic blade loads are very similar in the upwind part of the
rotor but differ more in the downwind section. This difference

Fig. 18. Contour plots of the normalized instantaneous u /¥, velocity component in arises from the 3-D ALM approach COHSidering blade characteris-
the far wake downstream behind the rotor. tics under low turbulence, whereas the 2-D CFD accounts for local

flow conditions. Although 2-D CFD does not capture 3-D effects,
existing studies suggest that the actual 3-D aerodynamic loads in
the downwind section may be lower than predicted by the 2-D
model.

size relative to the blade’s chord length can simulate a case of The nonlinear lift characteristic results from the formation of

rather extreme surface contamination. Therefore, the results of laminar separation bubbles on the airfoil surface. This leads to

this study can be considered as a test for such situations. a “fuller” and more symmetric aerodynamic wake compared to

the case with a linear lift characteristic. The turbulization of the

» The analysis shows that the differences in the angle of attack boundary layer also causes the appearance of a small side force
estimation are generally small, especially in the upwind section acting on the rotor.
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