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SUMMARY

This study presents a framework for estimating the aerodynamic characteristics of vertical-axis wind
turbines (VAWTs), specifically designed to improve self-starting performance. The study is based on the
small-scale wind-tunnel experiments. Blades were equipped with passive flow control devices (PFCDs), i.c.,
Vortex Generators (VGs) and Gurney Flaps (GFs). All studied cases yielded an improved VAWT performance
compared to the baseline airfoil without PFCDs. More specifically, the blades with a GF with a height 2.5% of
the chord length yielded a 43.5% decrease in the self-starting time,19.0% increase in the average static torque
coefficient, 33.3% increase in the maximum average static torque coefficient, 31.9% increase in the maximal
average power coefficient, 27.8% increase in the rated tip-speed-ratio, all considered relative to the blades of the
baseline airfoil without PFCDs. These results indicate the suitability of VGs and GFs for the enhancement of the
VAWT self-starting performance, while further work, e.g., studying the wake effect on the downstream blade,
is still needed to entirely assess this topic.
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1. INTRODUCTION

Before a VAWT reaches its rated tip-speed-ratio (7SR), its blades regularly experience angles of
attack (4oA) significantly greater than the critical one, so flow separation and the dynamic stall
may occur, Damiola et al. (2023). The ability of the flow to remain attached can be enhanced by
implementing passive flow control devices (PFCDs), e.g., vortex generators (VGs) and Gurney
Flaps (GFs), Akhter and Omar (2021). VGs and GFs offer an optimal compromise between
simplicity and performance improvements, e.g., Tayebi and Torabi (2024). An efficient procedure
to enable a preliminary estimation of the VG and GF benefits, without the need for substantial
computational resources, is particularly needed at this moment. For this purpose, a method for the
static torque estimation of VAWTs equipped with VGs and GFs was developed by using
experimental data obtained on the NACAO0021 airfoil. The approach adopted in this study enables
a quick assessment of various VGs and GF cases. It provides insights into the underlying physical
phenomena.



2. METHODOLOGY

The effect of VGs and GFs on the self-starting characteristics of the NACA0021 airfoil-based
VAWT was previously assessed using a simplified aerodynamic model, Worasinchai et al. (2016).
In the present work, the following assumptions were assumed: a) inflow velocity is steady and
uniform around VAWT blades, b) the effect of velocity is negligible during the entire self-starting
since a VAWT rotates at low angular velocity, ¢) interaction between the blade and the wake of
the upstream blade is negligible, d) load on VAWT blades is represented as the load on an airfoil
during pitch motion. VAWT angular acceleration a, angular velocity w and azimuthal position are
calculated by the motion equations for circular motion:

a®) =12, (1)
w(t 4+ dt) = w(t) + a(t)dt, (2)
O(t +dt) = 0(t) + w(t)dt + %a(t)dtz, (3)

where ¢, T and [ are the time since the start of VAWT motion, the total aerodynamic torque on
VAWT, the VAWT moment of inertia, respectively. The VAWT moment of inertia is determined
for the assumption that the blades represent a point mass. The total torque is calculated by summing
up the torque created by each VAWT blade,

Tolade = —Fnky — Frkr — M, (4)

where Fy, Fr, ky and k; are the normal and tangential forces relative to the wind direction,
together with their distances from the axis of the VAWT rotation, respectively. All VAWTs
considered in this work are H-type, whereas the number of blades is variable.

Four blade configuration cases, by Ivankovic et al. (2026), are briefly outlined here. The baseline
case is the NACAO0021 airfoil-based blade section capable of rotating around 25% of its chord
length (0.25¢) point in a wind tunnel, VG blade is equipped with thirteen 0.037c¢ high counter-
rotating vane-type VGs placed 0.15¢ downstream of the leading edge, Figure 1a, smaller GF and
larger GF blades are equipped with 2 mm (0.014c) and 3.5 mm (0.025c¢) high GFs on the trailing
edge of the bottom airfoil surface perpendicular to the airfoil surface, Figure 1b.

a) b)
Figure 1. Schematic view of a) VGs, b) small and large GF, all lengths in mm, Ivankovi¢ et al. (2026)



The integration of the motion equation was performed in MATLAB, whereas it was observed that
the integration time step of dt = 1-10"*s was necessary to achieve the convergence of the
results. The second procedure was developed for the effect of the 7SR on the torque and power
coefficients, i.e., cr and cp. This approach provides insight in overall VAWT performance,
whereas the rotational speed of wind turbine is also considered. This was achieved by forcing the
rotation of the wind turbine at the constant TSR for one full circle and averaging the recorded cr
and cp. This was repeated for all relevant 0 < TSR < 5, with a step of 0.1 for various 7SR.

3. RESULTS

A VAWT generally experiences cr and cp at various 7SR. This encompasses several phases of the
self-starting process of VAWTs, Worasinchai et al. (2016). The first phase is the linear angular
acceleration, followed by the dead-band region of reduced, yet constant, acceleration, while the
self-starting ends by a rapid acceleration until the VAWT settles on the optimal 7SR. This is due
to the changes that blades experience at various 7SR, which yields different cr and wind-turbine
acceleration.

A comparison of the static torque estimated here and the one in Worasinchai et al. (2016) is shown
in Figure 2a. There is a good qualitative agreement between the two methods, while some
discrepancies are probably due to the airfoil type and its motion. This indicates that, despite the
limitations, the proposed method is suitable for properly assessing the dominant trends of the self-
starting phenomenon.

Figure 2b shows cr for 7SR in all VAWT cases. It can be observed that all studied cases yield an
increased cr for all TSR, whereas the increase is most pronounced for the larger GF case. An
increase in cr is observed for all 7SR, thus indicating possible improvements in the self-starting
time.

a) b)
0.35 ¢
Baseline! 04
03 Worasinchai et FiN
‘, Fi \ 035 | Baseline
al. (2016) \ 3 :
0.25 | { \_. VGs
\ 0 GF (0.014¢)
GF (0.025¢)
0 2 t [ A Y 18 |
: 0.25 | {
(49 .'. ‘.\_ - .||I
0.15 J - o 027 |
| % |
I.'. -.\ ) |l|
f % 0.151]
017 /
i \ 0.1 ¢ /
0.05 F LN . / \ s Vi
~ B 0.05 N /
0 L A i e i - y - - [1 i i i 1 Ll
0 05 1 1.5 2 25 3 35 0 > 3 4 5
TSR TSR

Figure 9. a) Our cr for various 7SR in comparison with Worasinchai et al. (2016), b) cr for various 7SR in all tested
VAWT cases

A summary of the performance of each case, together with the percentage of improvement
compared to the baseline case, is outlined in Table 4. These results clearly show that equipping the
airfoil with any of the tested PFCDs yields significant improvements in the VAWT performance.
In general, VGs improve blade performance only at 4oA4s close to the critical 404, while GFs
increase the lift and lift-to-drag ratio for a wider range of AoAs, thus yielding a larger VAWT
performance increase when compared to VGs, proportional to GF height.



Table 4. Summary of improvements obtained by using VGs and GFs

Average static Maximal Maximal Rated TSR Self—starting

cr average cr average cp time, s

Baseline 0.058 0.30 0.72 3.6 17.0

VG 0.061 0.32 0.77 3.9 16.5
(+5.2%) (+6.7%) (+6.9%) (+8.3%) (-2.9%)

GF small 0.067 0.35 0.85 3.8 12.8
(+15.5%) (+16.7%) (+18.1%) (+5.6%) (-24.7%)

GF large 0.069 0.40 0.95 4.6 9.6
(+19.0%) (+33.3%) (+31.9%) (+27.8%) (-43.5%)

4. CONCLUSIONS

An approach was developed to improve the self-starting characteristics of VAWTs equipped with
VGs and GFs. The study is based on wind-tunnel experiments performed on the NACA0021
airfoil. The motion of a VAWT was estimated using motion equations. All studied VGs and GFs
cases yield an improved VAWT performance relative to the baseline airfoil (without PFCDs). GF
with a height of 0.025 of the airfoil chord length yields the largest enhancement, i.e., 43.5%
decrease in the self-starting time, 19.0% increase in the average static torque coefficient, 33.3%
increase in the maximum average static torque coefficient, 31.9% increase in the maximum
average power coefficient, 27.8% increase in the rated tip-speed-ratio. The results indicate the
suitability of VGs and GFs to enhance the self-starting of VAWTs. The obtained enhancements
are influenced by modelling assumptions and the selected airfoil aerodynamics data. Further
experimental validation is required to confirm the predicted trends and to quantify their practical
significance.
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