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ABSTRACT

This study investigates a simplified drag-based vertical-
axis wind turbine consisting of an autorotating rectangular flat
plate. The plate is mounted about its mid-chord and sub-
jected to cross-flow to exploit wind-induced autorotation for
energy harvesting. A custom-built non-contact eddy-current
damper is used as a proxy for a generator load. Time-resolved
particle image velocimetry (2D-2C TR-PIV) measurements
are performed in the near-wake region to examine the rela-
tionship between vortex dynamics and the power coefficient
over a range of tip-speed ratios. The temporal evolution of
the retreating-edge vortex (REV) and advancing-edge vortices
(AEVs) is quantified in terms of circulation, vortical area, and
duty cycle for representative cases at A = 0.32,0.29, and 0.22
at constant generator loading. Ratios of these quantities be-
tween REV (energy-producing structures) and AEVs (energy-
dissipating structures) are defined to characterize their relative
contributions and are correlated with the power coefficient.
The highest-performance case (A = 0.32, C, =7.6%) exhibits
approximately 35% higher circulation and area-based ratios,
along with about 20% higher temporal persistence, compared
to the lowest-performance case (A = 0.22, C, = 3.4%). Spec-
tral analysis further shows that the dominant vortex shedding
frequency aligns with the blade passing frequency, indicat-
ing strong synchronization between vortex dynamics and plate
motion. Higher C,, cases exhibit greater spectral energy con-
centration in the primary peak, reflecting more coherent vortex
shedding. Overall, the results establish a clear link between
vortex coherence, spectral characteristics, and energy extrac-
tion efficiency in an autorotating flat plate.

1 INTRODUCTION

Drag-based vertical-axis turbines have been extensively
studied using experiments and CFD simulations (Akwa et al.
(2012)). Most prior work has focused on evaluating energy ex-
traction efficiency under varying flow conditions and charac-
terizing the associated flow structures (Fernando ez al. (2020)).

However, the specific role of unsteady flow dynamics in gov-
erning energy generation remains largely unexplored for sys-
tems such as autorotating flat plates. Specifically, a clear
mechanistic understanding of how vortical structures, partic-
ularly the retreating-edge vortex (REV) and advancing-edge
vortices (AEVs), interact with the plate to generate torque
remains limited (Menon & Mittal (2021)). Furthermore,
the connection between phase-resolved vortex dynamics and
their spectral characteristics in the frequency domain remains
largely unexplored.

Autorotation of bluff bodies in cross-flow is characterized
by strongly coupled fluid-structure interactions, wherein the
rotating body and the surrounding flow evolve simultaneously
and influence each other (Lugt (1980)). The dynamics of the
autorotating system are governed by non-dimensional param-
eters such as Reynolds number, torsional damping coefficient
(generator load), and polar moment of inertia for a fixed aspect
and thickness ratio of a flat plate.

In the present study, wind tunnel experiments are con-
ducted over a range of operating parameters, including
Reynolds number, generator load, and polar mass moment of
inertia, to characterize autorotation response. The focus of the
current work is twofold. (a) First, the phase-averaged near-
wake flow field is analyzed to characterize the evolution of
REYV and AEV structures. Their circulation, vortical area, and
temporal persistence are quantified, and the resulting vortex-
based metrics are correlated with the power coefficient to iden-
tify the key mechanisms governing energy extraction. (b) Sec-
ond, frequency-domain analysis using FFT is performed to ex-
amine dominant flow frequencies and spectral energy distri-
bution, establishing a link between vortex dynamics, spectral
coherence, and energy extraction efficiency.

2 Experimental methodology

2.1 Flow facility and flat-plate model
Experiments were conducted in a suction-type, open-

circuit, subsonic wind tunnel with a test section of 5m X
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Figure 1. (Colour online) (a) Schematic of the experimental setup used to study autorotation of a flat plate in the wind tunnel. The
figure annotations identify the following components/systems: (1) flat plate mounted on a shaft, (2) neodymium magnets (eddy-current

damper component), (3) copper plate (eddy-current damper component), (4) additional mass moment of inertia assembly, (5) free-

stream velocity direction, (6) digital non-contact tachometer, (7) high-speed camera, (8) continuous wave laser, (9) laser sheet and
tracer particles, (10) lower end plate, (11) upper end plate, (12) micro-drive stage for maintaining the gap between magnets and the
copper plate, (13) XY stage for alignment of the overall assembly, and (14) transparent optical sheet for imaging.

0.75m x 0.5m (length x width x height). The tunnel provided
a free-stream velocity range of 0.5m/s to 17.2m/s, with a low
turbulence intensity of 1%.

A rectangular flat plate made of poly-methyl methacrylate
(PMMA, acrylic), with a length-to-chord aspect ratio (AR = 2)
and thickness-to-chord ratio (7 = 0.023), was used. The plate
was mounted on a stainless steel shaft (SS316) passing through
its mid-chord and supported at both ends by low-friction bear-
ings (make: SKF), as illustrated in annotation (1) of Figure 1.
The shaft alignment was carefully adjusted and verified to
within 1° using a self-leveling cross-line laser (Class II). End
plates were installed at both ends of the assembly to enforce
two-dimensionality in the mean flow. The maximum area
blockage induced by the flat plate was approximately 7%, and
therefore, no blockage correction was applied to the measured
autorotation rate (Miller et al. (2018)). Autorotation was ini-
tiated by imparting a small angular perturbation to overcome
the static equilibrium of the mid-chord mounted plate.

The governing non-dimensional parameters for the
present study are the Reynolds number Re, torsional damp-
ing coefficient C;, polar mass moment of inertia I*, and the
tip-speed ratio A, defined as

Re=UsC. oo G o Lt ch
v 8 pacilUs Pacl 2Us
ey

Here, U.. is the free-stream velocity, c is the chord length, v
is the kinematic viscosity of air, p, is the air density, / is the
span, C; is the torsional damping coefficient, I is the structural
mass moment of inertia, /, is the added polar mass moment of
inertia due to the surrounding fluid, and 8 is the mean autoro-
tation rate, averaged over at least 30 cycles. The mean autoro-
tation rate was measured using a non-contact digital tachome-
ter (Kusam-MECO, model KM-2241) with a resolution of 0.1

RPM. The polar mass moment of inertia I* was varied from 4
to 15 by placing additional masses at different radial locations
from the axis of rotation, as illustrated in annotation (4) of
Figure 1. All experiments were conducted at a laboratory tem-
perature of 24 +2°C under standard atmospheric conditions.

2.2 Power extraction mechanism

Energy extraction was achieved using a custom-built
eddy-current-based torsional damper comprising a stationary
copper plate and rotating neodymium magnets (Figure 1, an-
notations (2) and (3)). This configuration mimics a generator
load with a controllable torsional damping coefficient Cg. The
damping is tuned by varying the gap G between rotating mag-
nets and a stationary copper plate, similar to Soti et al. (2018).
The extracted power is given by P, = Cg 62. The power co-
efficient is thus defined as the ratio of extracted power to the
available fluid power and is given as follows:

P, 2C,6?
Cp= =2 x100% )
Py paApUS

where A, = cl is the projected area of the plate.

2.3 Flow diagnostics

Velocity and vorticity fields in the near-wake region were
obtained using planar time-resolved particle image velocime-
try. The flow was seeded with ethylene glycol fog particles
having a nominal diameter of 1-3 um, introduced using a fog
generator (make: Stan Z-1500). Seeding was injected approx-
imately 10m upstream of the test section, ahead of the tun-
nel impeller, to ensure uniform particle distribution and ade-
quate mixing. The seeded flow was illuminated using a SW
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Figure 2. (Colour online) Contours of the power coefficient in the non-dimensional domain: (a) Reynolds number versus torsional

damping coefficient; (b) tip-speed ratio versus torsional damping coefficient. Red regions indicate higher power coefficients, and

blue regions indicate lower power coefficients. The yellow markers (A—C) in panel (b) indicate cases at constant torsional damping

Cg = 0.082 with varying tip-speed ratios, selected for further analysis.

continuous-wave Nd:YAG laser (A = 532nm, make: CNI)
equipped with a cylindrical concave lens to generate a thin
laser sheet of approximately 2 mm. Image acquisition was car-
ried out using a Photron Fast-Cam Mini UX-100 fitted with a
25mm f/2.8 lens. Image sequences were recorded at a frame
rate of 1000Hz with a shutter speed of 1/2000s and a reso-
lution of 1280 x 1080 pixels. Each experiment was recorded
for 8.7s (8700 snapshots), capturing at least 30 half-rotation
cycles (0° < 6 < 180°). The acquired images were processed
using the PIVIab suite on MATLAB (version 3.06) (Stamhuis
& Thielicke (2014)), employing a multi-pass FFT window de-
formation algorithm with four successive passes of decreas-
ing interrogation window size. The final interrogation window
size was 64 x 64 pixels with 50% overlap, resulting in a spa-
tial resolution of Ax = 0.054c. The spanwise vorticity field,
o, = dv/dx — du/dy, was phase-averaged at azimuthal posi-
tions O = 2° +0.3° over the range 0° < 6 < 180°, using data
from a minimum of 30 half-cycles. A nearly constant angular
velocity was assumed for phase binning.

Vortex structures were identified using the Q-criterion. A
threshold of Q > 0.1 Qmax was applied, where Qmnax is de-
fined as the mean of the ten highest Q values in the flow field
to isolate coherent vortical structures from background noise
(Menon & Mittal (2021)). The spanwise circulation was com-
puted at every 2° interval using Stokes’ theorem within the
identified vortex boundaries as I" = | @, dA where dA = dxdy
is the differential area element. The vortical area is defined
as A = ndxdy, where n is the number of grid points satisfying
QO > 0.1 Omax, and dxdy is the area of an individual grid cell.

3 Results

The results are organized into four sections. Section 3.1
presents the power coefficient contour maps at varying lev-
els of torsional damping coefficients, Reynolds numbers, and
tip-speed ratios. Sections 3.2-3.4 focus on three representa-
tive cases (labelled A, B, and C in Figure 2(b)) at constant
C; = 0.082 with A = 0.32, 0.29, and 0.22 with associated

power coefficients of 7.6%, 6.7%, and 3.4%. Section 3.2
examines phase-averaged flow fields, focusing on the forma-
tion and evolution of the retreating-edge vortex (REV) and
advancing-edge vortices (AEVs) over the rotation cycle. Sec-
tion 3.3 analyses the circulation and vortical area of REV and
AEV and their correlation with the power coefficient, while
Section 3.4 investigates velocity spectra to identify dominant
flow frequencies and energetics of the flow structures.

3.1 Power coefficient contours

Experiments were conducted by systematically varying
the Reynolds number Re, torsional damping coefficient C;,
and polar mass moment of inertia I*. The Reynolds number
was varied via the free-stream velocity, the damping coeffi-
cient was controlled by adjusting the gap in the eddy-current
damper, and the inertia was varied by changing the radial lo-
cation of additional masses.

Using dimensional analysis, the tip-speed ratio and power
coefficient for an autorotating flat plate (at fixed AR and 7) can
be expressed as A = fi(Re, Cy, I*) and C, = fo(Re, Cy, I*).
Figure 2 presents the contour maps of C, in the parame-
ter space of Re, C, and A. The ranges explored are Re €
0.5 % 10%, 1 x 10°], C; € [0.01,0.10], I* € [4,15], and A €
[0.05, 0.50], within which C,, varies between 0.5% and 8%.
The dataset comprises approximately 300 experiments (each
with three realizations), each corresponding to a unique com-
bination of Re, Cy, I*, and A. The repeated measurements
show good consistency, with variations in Cj, remaining within
+5%. An optimal operational regime is identified at low
Reynolds numbers Re € [1 x 10*, 4 x 10*], moderate torsional
damping C; € [0.04,0.10], and intermediate tip-speed ratios
A €10.25, 0.45], where C), attains values between 4% and 8%.
This region is referred to as the optimal autorotation zone (or
sweet spot), representing the most efficient operating condi-
tions for power extraction. Beyond I* > 10, no significant vari-
ation in C), is observed, indicating that the results are largely
independent of the moment of inertia.
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Figure 3.

(Colour online) Phase-averaged spanwise vorticity @} in the near-wake region for a representative case A with A = 0.32:

(a) 8 =0°,(b) 6 =60° (c) 8 =80°, (d) 6 =100° (e) 6 = 120°, and (f) O = 140°. Blue and red contours denote the retreating-edge
vortex (REV) and advancing-edge vortices (AEVs), respectively. The dark yellow contour line indicates regions of strong vorticity,
defined by w; > 8. Measurements were performed in the streamwise mid-span plane over a fixed field of view: x/c € [0.5,1.5] and
y/c € [—1,1], where x and y denote the streamwise and transverse directions. The plate center is at (0,0), with clockwise rotation and

freestream from left to right. Both spatial coordinates are normalized by the chord length c.

3.2 Phase-averaged flow fields and vorticity
dynamics

To understand the flow physics underlying the variation in
power coefficient, time-resolved PIV measurements were per-
formed across a range of operating conditions. Figure 3 shows
the phase-averaged, non-dimensional spanwise vorticity field
for the representative high-performance case A (A = 0.32),
where ®f = w,¢/Us. The flow field reveals the formation,
growth, and shedding of vortical structures over the rotation
cycle. During each half-revolution, multiple vortices are gen-
erated, including both isolated structures and elongated vor-
tex trails. A consistent shedding pattern is observed: a sin-
gle large, coherent vortex forms on the retreating edge, while
weaker, sheet-like vortices are shed from the advancing edge.
The vortex, rotating in the same direction as the plate, is identi-
fied as the retreating-edge vortex (REV), whereas the counter-
rotating sheet-like structures, are referred to as advancing-edge
vortices (AEVs), similar to Uchibori & Tamura (2019) . As
the REV convects downstream, it deforms and eventually un-
dergoes bursting at approximately x/c = 0.7-0.9. Although
the exact mechanism of this breakdown remains unclear, it
is likely associated with three-dimensional vortex interactions
and the inherent instability of large-scale vortical structures
(Medina & Jones (2016)).

The REV exhibits a characteristic horseshoe-shaped
three-dimensional structure, commonly associated with rotat-
ing bluff bodies, as shown in Figure 3(d); similar structures
have been reported by Rolin & Porté-Agel (2018). In con-
trast, the AEVs appear as persistent sheet-like trailing vor-
tices present throughout the rotation cycle, followed by rel-
atively weaker coherent vortices, particularly at later phases
0 ~ 140°-160° (Figure 3(f)). The relative strength, temporal
persistence, and coherence of the REV compared to the AEVs

are therefore expected to play a key role in determining the
overall energy extraction.

3.3 Phase-resolved evolution of circulation
and vortical area

Using the Q-criterion, vortical structures were identified,
and the circulation strength and vortical area of the retreating-
edge vortex (REV) and advancing-edge vortices (AEVs) were
quantified. The non-dimensional circulation is defined as
Iipy = T'rev/(cUs) and T gy = TAEV/(cUs). and are pre-
sented as a function of azimuthal angle in Figure 4(a-b).

The REV circulation shows a single dominant peak over
each half-revolution, corresponding to the formation and shed-
ding of a primary coherent vortex (Figure 4(a)). The peak
occurs at 0 ~ 90°-120°, with a maximum value of approxi-
mately 2.2 for A = 0.32. As A decreases, the peak circula-
tion reduces, indicating a weakening of the primary energy-
producing vortex. In contrast, the AEV circulation exhibits
a more complex structure, with a primary peak at 6 ~ 120°-
150° and secondary peaks distributed over 6 ~ 0°-90° (Fig-
ure 4(b)), reflecting more fragmented and less coherent vortex
dynamics.

Based on the above observations, a set of non-
dimensional parameters is introduced to quantify the relative
strength of the REV and AEV structures within the field of
view. The peak circulation strength ratio ¥ and vortical area
ratio A of REV with respect to AEVs are defined as:

peak(Aggy)

peak(I'ggy) _
Ziy: | peak (Aj\EV,» )

a ):?]:1 peak(l“ngvi) ,

3

where A}y represent the areas of the i h AEV vortices within
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(Colour online) Circulation of the retreating-edge vortex (REV) and advancing-edge vortex (AEV) at varying tip-speed

ratios. (a) Non-dimensional REV circulation versus azimuthal angle, (b) non-dimensional AEV circulation versus azimuthal angle.

The labelled positions (I-VI) for the A = 0.32 case correspond to the phase-averaged flow fields shown in Figure 3. Solid lines

represent five-point weighted moving averages. Vortex identification is based on a threshold of Q > 0.1 Opax for all cases.

Table 1. Ratio of peak circulation and vortical area of REV
with respect to AEV at varying A and C,,.

Case A C, (%) vy A

A 0.32 7.6 1.34 1.24

B 0.29 6.7 1.04 1.19

C 0.22 34 0.85 0.83

a half rotation cycle. The number of AEV peaks is taken as
N =2 for A =0.32 and 0.29, and N = 3 for A = 0.22, based
on the observed circulation profiles.

The results presented in Table 1 show a clear correlation
between the vortex-based metrics and the power coefficient.
Case A (A =0.32, C, = 7.6%) exhibits higher peak circula-
tion ratios, larger vortical area ratios, and longer REV duty cy-
cles relative to the AEVs. This indicates that efficient energy
extraction is associated with a strong, coherent, and persistent
REV that dominates over dissipative AEV structures.

3.4 Velocity spectra: Dominant flow frequen-
cies and energy distribution

The spectral content of the transverse velocity fluctua-
tions, V/(¢), was analyzed at representative locations in the
REV, AEV, and centerline regions. Spectral analysis was per-
formed using Welch’s method (pwelch) on velocity signals
containing approximately 10* samples (corresponding to a
minimum of 30 half-cycles), ensuring statistical convergence.
The resulting power spectral density (PSD) is plotted as a func-
tion of the Strouhal number St = fys¢/Us, where f,; denotes
the vortex shedding frequency, for A = 0.32,0.29, and 0.22
(Figures 5(a) and 5(b)). Figure 5(a) corresponds to a repre-
sentative location in the REV region (x/c = 0.75, y/c = 0.6),
while Figure 5(b) corresponds to a location in the AEV region
(x/c=0.75, y/c = —0.6), as indicated by the yellow markers
in Figure 3(d).

The FFT spectra across different spatial locations and tip-
speed ratios exhibit qualitatively similar features, character-
ized by a dominant peak followed by harmonics, an inertial
subrange, and a dissipation regime. For all cases, the en-

ergy spectrum shows a clear first dominant peak correspond-
ing to the vortex shedding frequency f,s, where most of the
spectral energy is concentrated. This dominant peak closely
corresponds to the blade passing frequency (BPF), defined as
BPF = 2f,, where f, is the rotational frequency of the flat
plate. More precisely, f,s lies within the range 0.90-1.15BPF,
indicating lock-in between vortex shedding and plate rotation.

A clear dependence on tip-speed ratio is observed in
the spectral energy distribution. Case A with A = 0.32 and
Cp = 7.6% exhibits overall higher PSD magnitudes across the
energy-containing range, consistent with stronger and more
coherent vortex dynamics. In contrast, the lower tip-speed ra-
tio case C with A = 0.22 and C,, = 3.4% shows reduced PSD
levels in the energy-containing range but relatively higher en-
ergy in the dissipation region. In the inertial range, the PSD in
the REV region exhibits a shallower spectral decay (~ f~2),
whereas the AEV region shows a steeper decay (~ f~3). This
suggests that the REV region is more coherent and energeti-
cally efficient, whereas the AEV region is more dissipative.

The vortex shedding frequency and the corresponding
Strouhal number were evaluated at 12 spectral locations (in
REYV, AEYV, and centerline regions) for tip-speed ratios in the
range A = 0.22 to 0.38, and the results are presented in Fig-
ure 5(c). The mean and standard deviation of St. were com-
puted across these spatial locations, with the standard devia-
tion found to be less than 10% of the mean, indicating strong
spatial coherence and the dominance of a single frequency.
The variation of Sz, with A4 is found to be approximately linear
and can be expressed as St ~ 2A /7, based on the relations
fvs = BPF = 2f,, St; = f15¢/Us, and A = cfy/Us. Opti-
mal energy extraction occurs near A =~ 1/3, corresponding to
St = 0.21, where higher C}, values are observed.

The spectral energy percentage, Ef, is defined as the
fraction of energy contained within the first dominant peak,
bounded by the Strouhal number range [a,b] in the neigh-

borhood of the peak, such that Ef = <Z§,L:aPSDASfc) X

-1
(X5, 0. PSDASt.) % 100%. The value of E is maximum

at A &~ 1/3, where approximately 55% of the spectral energy
is contained within the first dominant peak in the AEV region
and about 40% in the REV region (Figure 5(d)).
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(Colour online) Normalized energy spectra (PSD) at tip-speed ratios A = 0.32, 0.29, 0.22 for (a) a point in the REV region

and (b) a point in the AEV region (see yellow markers in Figure 3(d) for spectral locations). (c)Variation of Sz. with A for 10 cases,
showing linear dependence; error bars indicate standard deviation across 12 spectral locations. (d) Variation of the percentage of
spectral energy in the first dominant peak with A, with corresponding power coefficient values annotated at each data point.

4 Conclusions

This study examines the power coefficient of an autoro-
tating flat plate over a range of Reynolds numbers, torsional
damping coefficients, polar mass moment of inertia, and tip-
speed ratios. An effort is made to correlate near-wake vor-
tex dynamics with energy extraction. Overall, efficient en-
ergy extraction is associated with strong REV dominance, co-
herent vortex dynamics, and concentrated spectral energy. In
contrast, increased spectral spreading and dissipation in AEV-
dominated flows lead to reduced performance.
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