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Unsteady load alleviation is crucial for engineering applications such as tidal turbines.
Herein, we present an experimental study into the load alleviation capacities of constant-
section airfoils with flexible trailing-edges. The trailing-edge studied here consists of two
independent flexible skins, enabling large skin deformations and enhanced load alleviation
compared to conventional flexible trailing-edge designs. We test high-amplitude plunging
kinematics (up to peak-to-peak amplitude of one chord length) at reduced frequency
k = 0.2 and Reynolds numbers Re = O(10*). To quantify the role of airfoil flexibility,
we introduce two Cauchy numbers (Ca, and Ca,), which normalize the freestream and
plunging velocities, respectively. We demonstrate that both the trailing-edge deflection
and the resulting lift alleviation scale with these Cauchy numbers provide a fundamental
framework for understanding flexible airfoil dynamics. Furthermore, we propose semi-
empirical models for unsteady lift alleviation, which agree with our measurements. These
findings lay the groundwork for fully predictive low-order models, advancing the design
of passively morphing airfoils for efficient load control in unsteady flow environments.

DOI: 10.1103/6t51-spql

I. INTRODUCTION

Unsteady loads drive the design and performance of a wide range of technologies. For example,
predicting unsteady forces is critical for controlling small aerial vehicles such as drones [1], whose
low inertia compared to large air carriers makes them subject to large accelerations in response to
turbulent fluctuations [2—4]. Fatigue loads also drive the design of large structures such as high-rise
buildings [5], aircraft wings [6], and wind [7-9] and tidal [10] turbine blades.

The latter application has motivated the present work, in which a morphing blade concept is
considered for the mitigation of fatigue loads caused by the unsteady flow characteristics of the
tidal current [11]. Unsteadiness in the flow arises from wave-induced current [12], yaw, shear, and
turbulence [13].
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Theoretical studies have shown that morphing blades can almost cancel load fluctuations without
compromising the mean load [14]. In the aforementioned studies [11,14], two morphing technolo-
gies are suggested; one is passively pitching blades, and the other is the flexible trailing-edge blade.

For a passively pitching blade, Otomo et al. [15] developed a theoretical framework for optimal
pitching axis placement to alleviate loads during rapid freestream velocity changes. Liu et al. [16]
numerically confirmed similar results, showing the optimal axis is about one chord upstream when
the freestream velocity increases. Dai et al. [17] numerically demonstrated that a turbine with
passively pitching blades reduces thrust and torque fluctuations, which was later experimentally
verified by Gambuzza et al. [18,19].

For airfoils with passive trailing-edge flaps, the experimental and theoretical work by Arredondo-
Galeana et al. [20] shows that the maximum achievable unsteady load alleviation is proportional to
the ratio of the flap length over the chord length. Cordes et al. [21] proposed the combined use of
passive leading- and trailing-edge flaps, which are connected to each other so that the large pressure
difference at the leading-edge drives the angular displacement of the trailing-edge, resulting in a
large camber deformation. This measure achieved 60% reduction in the lift fluctuation.

Airfoils with flexible trailing-edges are another technology to mitigate unsteady loads acting
on the tidal turbine. This technology is suitable for rapid gust response due to the low inertia
of the moving parts. Experiments on extruded rubber blade sections demonstrated the potential
for unsteady load mitigation [22]. To achieve the best unsteady load mitigation, however, large
deformations are needed, and these may result in buckling of the compressed face of the blade.
To avoid issues with buckling, Maguire et al. [23] proposed an extruded fibreglass blade section,
where the flexible blade skins are both connected to a rigid leading-edge but disconnected at the
trailing-edge, resulting in an airfoil with an open trailing-edge. This concept has recently been
modeled on a model-scale 1.2 m diameter turbine, where substantial surge load alleviation is
projected. Although this technology seems feasible, the underpinning flow-structure interaction
has not been established. The present paper aims to investigate the fluid mechanics underlying the
unsteady load reduction observed in these recent studies on airfoils with an open flexible trailing
edge [23].

The fluid mechanics of flexible airfoils/wings have been studied extensively in the context of
bioinspired aerial/water vehicle applications [24]. In particular, passively morphing wings/airfoils
that enhance lift [25-28] or propulsive performance [29-32] have been investigated. Cleaver
et al. [33] undertook an experimental investigation into the effects of a flexible trailing-edge on
the thrust generation of plunging airfoils, revealing that the flexible trailing-edge can enhance
thrust by 28%. Similarly, Dewey et al. [30] confirmed the improved propulsive performance of
flexible wings compared with rigid ones. They found scaling laws for thrust production and power
input, highlighting that in the flexible regime, the dominant forces are characteristic elastic forces,
whereas in the rigid limit, characteristic fluid forces prevail. Later, Quinn et al. [29] examined how
varying the wings’ flexibility and oscillation frequencies affected thrust production and propulsive
efficiency. The study found that wings operating near their resonant frequencies exhibited enhanced
thrust and efficiency, with performance scaling predictably based on effective flexibility. A linear
inviscid model for a passively flexible swimmer was developed by Floryan and Rowley [31]. The
study focused on metrics such as trailing edge deflection, thrust coefficient, power coefficient, and
efficiency. Fernandez-Feria and Alaminos-Quesada [32] present analytical formulations to analyze
the effects of flexibility on the propulsive performance of airfoils with passive chordwise deflection
undergoing prescribed pitching and plunging motions.

In fluid-structure interactions involving flexible bodies, the dimensionless Cauchy number Ca,
which represents the ratio of hydrodynamic forces to elastic forces, has been used to characterize
the coupling between fluid and structural dynamics. Gosselin ef al. [34] demonstrated through
wind tunnel experiments that Cauchy numbers collapse drag for flexible plates undergoing recon-
figuration. Kang et al. [35] extended the Cauchy number scaling approach to flapping wings and
derived empirical scaling laws linking Ca and wing-tip deformation to time-averaged thrust, power
input, and propulsive efficiency, with optimal performance occurring near resonant flapping. Luhar
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FIG. 1. Airfoil with a flexible and open trailing-edge.

and Nepf [36] applied the Cauchy number to a flexible plate mounted on a wall in wave-induced
oscillatory flows, identifying two distinct deformation regimes — quasi-steady and small-excursion
— each governed by different power-law scalings of effective plate length with Ca. Jin et al. [37]
used the Cauchy number to classify flow-induced motions of inclined flexible plates and uncovered
transitions between fluttering, twisting, and orbital modes, with distinct force scaling behaviors and
mode-dependent drag reductions. However, the scaling laws of passively deforming airfoils have
yet to be explored in the context of load alleviation.

Our research aims to bridge this knowledge gap by investigating the fluid mechanics of dynamic
load alleviation in highly deformable flexible airfoils. To this end, we experimentally investigate the
unsteady load alleviation of an airfoil with a flexible and open trailing-edge. To simulate periodic
gusts, the airfoil is subjected to a periodic plunging motion. We introduce two Cauchy numbers
— one based on the freestream velocity and the other on the plunging velocity — to represent the
mechanisms governing trailing-edge deflection and unsteady load alleviation, and develop semi-
empirical models to predict them. This study quantifies the load alleviation performance of the
flexible trailing-edge airfoil and establishes scaling laws for its deflection and unsteady loading
based on nondimensional flexibility.

The rest of the paper is as follows. Sec. II provides the details of the experiments: experimental
setup and airfoil kinematics (Sec. Il A), force measurement (Sec. 11 B), and deformation measure-
ment (Sec. II C). Sec. III presents the results of the experiment and scaling laws: lift and deflection
of the steady (Sec. IIl A) and plunging (Sec. III B) airfoils. Finally, the conclusions are drawn and
future research directions are suggested in Sec. IV.

II. EXPERIMENTAL DETAILS

A. Experimental setup and airfoil kinematics

Experiments were performed at the water channel facility of the University of Edinburgh. The
test section has dimensions of 0.4 m x 0.38 m x 2 m in width, height, and length, respectively. The
turbulence intensity measured by a Laser Doppler Anemometer and a Vectrino Acoustic Doppler
Velocimeter was [, = 2.8-6% over the freestream velocity range tested in this work [38—40]. A
rigid and a flexible airfoil were tested, both of which were NACA 0012 sections with a chord length
of ¢ = 150 mm and a span of s = 300 mm.

The rigid wing is made of two 3D-printed pieces, which are connected by stainless steel pins.
The flexible wing is made of glass fiber skins glued to an aluminum spar at maximum thickness.
The skins are not joined at the trailing edge, which allows a large deflection without buckling
(Fig. 1). Figure 1 shows the wing model with flexible and open trailing-edge. The leading-edge
is nominally rigid as it is strengthened by glass fibre/epoxy plies with the fiber direction aligned
with the span of the blade, to maximize strength and stiffness in this direction. The flexible part of
the airfoil is made of glass-fibre composite, which has Young’s (tensile) modulus £ = 1.86 GPa and
density p,, = 2600 kg m~>. The length of the flexible skin-section is 2/3 that of the chord (£/c =
2/3). The trailing-edge surfaces have thickness b = 0.6 mm, giving a second moment of area of
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FIG. 2. Geometric definitions of the airfoil with flexible trailing-edge.

I =sb3/12 = 5.4 x 1072 m* More detailed descriptions of the flexible wing design and manu-
facturing process are reported in Maguire et al. [23]. The geometric definitions for this airfoil are
shown in Fig. 2. The angle of attack « is defined as the angle made by the freestream u,, and the
line connecting the leading-edge and trailing-edge. The leading-edge angle of attack oy g is defined
as the angle made by the freestream and the leading-edge (rigid part). For the rigid airfoil, these two
angles are the same o = o .

The experimental setup is illustrated in Fig. 3. Two end-plates were fitted in the water tunnel
with 5 mm gaps from the wing tips to minimize three-dimensional effects while allowing the
flexible trailing-edge to deflect without contacting the walls. The gap between the end-plates
and the channel walls was approximately 0.05 m. Five different freestream velocities uo, €
[0.1,0.2,0.3,0.4,0.5] m s~ were tested to vary the streamwise Cauchy number, which is a

Linear motor
slider

(a)  Linear motor
slider =~

sensor

plate

End plate

FIG. 3. Schematic of the experimental plunging airfoil test rig: (a) detailed view and (b) side view.

114102-4



SCALING UNSTEADY LOAD ALLEVIATION IN ...

® 450 o ho/c=0.1 (b) 20
h()/C =0.2 15 i
0.251 Aho/e=03 /\
v hy/c=04 =5 10 /‘\ ass
% 000_ 0h0/C=0‘5 :—i :
< g 51
3
—0.251 0
—0.50 1 . : ‘ =93] , , ‘
000 025 050 07 100 000 0 050 075 100
t)T t)T

FIG. 4. Kinematics of the plunging motion: time history of (a) airfoil positions and (b) effective angle of
attack over a plunging period. The horizontal dashed line in (b) indicates the static stall angle ass = 10°.

nondimensional flexibility
% prus s
El

where pr is the density of water. This maintains the chord-based Reynolds numbers at the
same order O(10%) (Re € [1.5, 3.0, 4.5, 6.0, 7.5] x 10*) while varying the Cauchy number Ca, €
[0.26, 1.0,2.2,4.1, 6.5] by more than one order of magnitude, as it is proportional to the velocity
squared. As shown later in Sec. III A, hydrodynamic forces are nearly independent of the Reynolds
number in this range.

The wing was connected to two linear motors (PS01-23x80F-HP-R20, LinMot) that have
40.05 mm position repeatability. The same plunging rig was used in [20,41-43]. To simulate
oscillations in the angle of attack, the wing was subjected to a sinusoidal plunging motion,
h/hy = cos(2m ft) as shown in Fig. 4(a). Here A is the vertical position of the airfoil, Ay is the
plunging amplitude, f is the plunging frequency, and ¢ is time. The leading-edge angle of attack
was fixed at o g = 6°. This angle of attack was chosen because it is representative of the angle
of attack for a tidal turbine blade operating at its design point. For example, the mean angle
of attack at 75% span was 6° for the turbine used in [14], while Scarlett and Viola [13] and
Arredondo-Galeana et al. [20] tested 2D airfoil sections at @ = 5°. The effective angle of attack was
Qe = g — arctan(h/us, ) as shown in Fig. 4(b). Five different plunging amplitudes were tested,
ho/c €[0.1,0.2,0.3, 0.4, 0.5], which corresponds to the maximum dimensionless plunging veloc-
ities of hmax/Use € [0.04, 0.08, 0.12, 0.16, 0.20]. For amplitudes hg/c > 0.3, the effective angle of
attack largely exceeded the static stall angle of NACA 0012 (ass = 10°) in the Reynolds number
range tested in our experiments [marked as a dashed line on Fig. 4(b)]. The reduced frequency
was fixed at k = w fc/us = 0.2. The tidal turbine blade can experience A reduced frequency range
0 < k < 0.6 depending on the freestream velocity, tip-speed ratio, and gusts as reported by Sequeira
and Miller [44], Scarlett and Viola [13], and Pisetta et al. [14]. Our choice of the reduced frequency
(k = 0.2) and oscillation amplitude (0.04 < hyac/U0o < 0.2) can be generated, for example, by
pressure gusts resulting from waves and turbine rotation through the shear-layer [44].

Here, we introduce the Cauchy number due to the plunging motion,

Ca, = M )
El

Ca, = , (D

where Aimay is the maximum plunging velocity. The kinematics described above mean that a wide
range of Ca, was tested (2.4 x 107* < Ca, < 1.5 x 1071). Figure 5 shows the variation of Ca, and
Ca, tested in the experiments.
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FIG. 5. The range of the two Cauchy numbers and of the Reynolds number tested in the experiment: (a) Ca,
and (b) Ca,.

B. Force measurement

Forces were recorded at 1000 Hz by a 6-axis force sensor (NANO 17, ATI Industries) with a
range £25 N and a resolution 0.00625 N, which corresponds to force coefficients of 4 and 0.028
with freestream velocity of 0.5 m s~! and 0.1 m s~!, respectively. Phase-averaging was applied over
50 plunging periods. The recorded force signals were filtered in three steps as suggested by multiple
investigators [45—49]. The first filter was a Butterworth low-pass filter with a cut-off frequency of
35 Hz. Then the moving average of 31 points (0.031 s) was applied. Finally, a 4th-order Chebyshev
low-pass filter was applied with a cut-off frequency of 12 f [Hz] and a stop band of 20 dB. In order to
separate the inertial forces due to the plunging motion from the hydrodynamic lift and drag forces,
the force measurement was performed in quiescent air, and this “no-flow” value was subtracted from
the experimental data. Although the trailing-edge deformation is different between tests in water and
air, the rigid aluminium spar and the rigid part of the airfoil comprise more than 90% of the airfoil
mass, so the effect of trailing-edge deformation on the inertial forces was deemed negligible.

The dynamic load alleviation due to the trailing-edge deflection is evaluated by

_ ACL,flex

&= —, 3)
ACY rigid

where ACp = Cp max — Cr.min 1S the peak-to-peak amplitude of the lift coefficient over a plunging
cycle. A load alleviation factor of ¢ = 0 would indicate that the load is completely canceled.

C. Deformation measurements

A CMOS camera was used to optically measure the deformation of the flexible trailing edge,
with 120 instantaneous images captured over a plunging cycle. For the deflection measurements,
single-shot images were used for analysis (i.e., phase-averaging was not applied). To measure the
deformation, the images were processed using the Image Processing Toolbox of Matlab as follows.
Figure 6 shows an example of these image processes. Starting from the raw image [Fig 6(a)], the
following steps are applied using built-in MATLAB functions:

(1) Image binarisation by Otsu’s method with an image intensity threshold of 0.012 (imbinarize
function) [Fig. 6(b)].

(2) Remove all connected components that have fewer than 80 pixels for noise reduction
(bwareaopen function) [Fig. 6(c)].

(3) Close the gap of the open trailing-edge by detecting a flat morphological structuring element
(strel function) [Fig. 6(d)].

(4) Fill the enclosed region using the flood fill algorithm (imfill function) [Fig. 6(e)].
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FIG. 6. Surface detection technique: (a) original image (here the contrast is enhanced for the visualization
purpose), (b) image binarization, (c) noise removal, (d) fill the gap at the trailing-edge, (e) fill the region
enclosed by the wing surfaces, and (f) detect the wing surfaces.

(5) Detect the wing surface by the Moore-Neighbour tracing algorithm (bwboundaries function)
[Fig. 6(f)].

Assuming that the pressure variation along the trailing-edge is approximately linear, the detected
camber line n(x’) is fitted to a fifth-order polynomial, which is the solution of Euler-Bernoulli
beam theory for the deflection curve of a cantilever beam under a linearly varying load distribution
[red dotted line on Fig. 6(f)]. As examples of the force and deflection measurements, Figs. 7(a)
and 7(b), respectively, show the time history of the lift coefficient C; for both rigid and flexible
trailing-edge, and trailing-edge deflection 6 for u,, = 0.5 ms™!, hy/c = 0.5 (Re = 75000, Ca, =
3.7, Ca, = 0.15). Both lift and trailing-edge deflection are sinusoidal. As shown in the figures, we
define both AC, and A as peak-to-peak amplitude.

@ 15 ®)15.0 —
125
1.0
10.0
5 ’gj
0.5 < 751
© IACL rigid = Af
ACT fex 5.0 1
0.0 _/
[
Rigid 25 D B’
— Flex
0.5 - , , 0.0 : : .
0.00 0.25 0.50 0.75 .00 0.00 0.25 0.50 0.75 1.00
t/T t)T

FIG. 7. (a) Time history of lift coefficients of the rigid C; igiq and flexible airfoils Cy gex and (b) time
history of the trailing-edge deflection for u,, = 0.5 ms™!, hy/c = 0.5(Re = 75 000, Ca, = 3.7, Ca, = 0.15).
The shaded regions in (a) show the 95% confidence intervals.
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FIG. 8. Steady lift coefficient of the rigid airfoil. The solid black line shows the linear fitted curve, yielding
the lift slope of aygiq = 4.23°.

II1. RESULTS

A. Steady flow

The steady-state lift coefficients (Cy) for the rigid airfoil are plotted in Fig. 8. The lift calculated
from an XFOIL simulation [50] is also compared to the measured values. In XFOIL, we set N =
0.01. From the relationship between N and turbulence intensity [51], Ny = —8.43 — 2.41log1,,
this N corresponds to a turbulence intensity of approximately 3%. This is within the range
measured in the water tunnel [Sec. IT A].

The turbulence transition location on the airfoil was not specified in XFOIL since the separation
and transition locations were not measured. Nonetheless, we set N = 0.01, which resulted in the
transition to occur almost at the leading-edge, at X/c ~ 0.005.

The discrepancy between the measured data and XFOIL simulation could be due to the finite
height of the water relative to the wing, which is not taken into account in XFOIL [52]. In addition,
it is possible that the three-dimensional effects were not completely suppressed because of the gap
between the wing tip and the side walls, and this will have led to a smaller lift slope due to the
reduction in loading on the outer sections of the wing.

The solid line is the linear best-fit curve C;, = argigar With the lift slope arigia = 4.23. The result
shows that the effect of Reynolds numbers on both lift and drag is negligibly small. The steady lift
coefficients (Cy) for the airfoil with the flexible trailing-edge are plotted in Fig. 9. Lift coefficients
are respectively plotted against o g in Fig. 9(a), and against « — ay—¢ in Fig. 9(b).

For a cambered airfoil, the theoretical lift curve follows

Cr = agex(@ — ap—p). €]

Here oy is the zero-lift angle due to the effect of the camber line distribution n(x’) [53,54],

__ L [T 1d 5
aL:o——;/O L cosg — 1)d. 5)

Here ¢ is Glauert’s angle x’ = ¢(1 — cos ¢)/2. Since the trailing-edge is flexible, its camber changes
with the angle of attack org and freestream velocity (Re and Ca,), which is why C; varies
significantly with Re or Ca, when plotted against o g in Fig. 9(a). Instead, if we plot C; against
o —ap—g, we see the data collapses more clearly onto a single line as shown in Fig. 9(b). In
Fig. 9(b), the solid line is the lift slope (agex = 2.92) obtained by fitting to the measured data for
0° < o — az—p < 20°. The corresponding XFOIL results are shown as hollow markers in Figs. 9(a)
and 9(b), showing agreement when Ca, (and Re) is high, or when the angle of attack (¢ — az—¢) is
small. In XFOIL, the optically measured airfoil shape is used (see Section I C).
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FIG. 9. Steady lift coefficient of the flexible airfoil, (a) plotted against ¢y g, and (b) plotted against & — o7 —o.
The black solid line in (b) is the lift slope (agex = 2.92°) obtained by fitting to the measured data for 0° <
o — oo < 20°. Hollow markers in (a) and (b) are the results of XFOIL simulation using the measured angle
of attack and camber line.

The lift decreases with increasing Ca, because the trailing-edge deflects downwards due to
gravity when Ca, is low, i.e., when the pressure-side pressure is not high enough to push the
skin upward. Therefore, this results in higher angles of attack (o« — o;—¢) for lower Ca, as shown
in Fig. 10, comparing between Ca, = 0.19 and Ca, = 4.87. At higher freestream velocity, the
trailing-edge becomes squeezed as shown in Fig. 10(b).

B. Trailing-edge deflection and lift alleviation in plunging kinematics

We first look at the forces on the rigid airfoil. Figure 11(a) illustrates the amplitude of the lift
coefficient for the rigid airfoil. The lift amplitude increases approximately linearly with the plunging
amplitude 5y /c, agreeing with the prediction of unsteady lift based on thin-airfoil theory [54,55]

TC . h
CL rigid = _Wh + arigia| @ — | (6)
o0

where the first and second terms represent added mass and circulatory forces, respectively. Here we
use the experimentally measured ayigiq = 4.23 (c.f. Fig. 8) instead of 2. Equation 6 is the same as
Theodorsen’s theory [56], with Theodorsen’s function being C(k) = 1, which is the value at k = 0.
Here we take C(k) = 1, following the approach of Baik er al. [46] who found Theodorsen’s theory
with C(k) = 1 successfully captures the lift coefficient when the effective angles of attack are high.
Figure 11(b) compares lift between the experiments and theory for 4y/c = 0.1 and hy/c = 0.5,

FIG. 10. Comparison of trailing-edge deflection for the steady flow case at o g = 0° between (a) Re =
15000, Ca, = 0.19 and (b) Re = 75000, Ca, = 4.87.
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FIG. 11. (a) The amplitude of lift coefficient AC, for the rigid airfoil undergoing plunging motion,
compared between experiments and theory (Eq. (6) and (b) the time history of lift coefficient for hy/c = 0.1 and
ho/c = 0.5 compared between experiment and theory (Eq. (6). The shaded regions show the 95% confidence
intervals.

respectively. The predicted lift is in good agreement with the measured values, even at the largest
amplitude tested in this work (hy/c = 0.5), where the instantaneous angle of attack exceeds the
static stall angle for a large part of the cycle (c.f. Fig 4), and so some departure from the linear
model is expected. Figure 12 shows the mean trailing-edge deflection # and mean lift coefficient C;,
for the flexible foil under each plunging motion. The data are plotted against Ca, and compared with
that of the steady case at o g = 6°. It can be seen that the mean values depend on Ca,, and are not
influenced by the plunging motion (i.e., hy/c or Ca,). In addition, the mean values are comparable to
those of the steady flow case. The mean trailing-edge deflection @ for the steady case at Ca, = 2.2
is smaller than that for the plunging cases. We interpret this as a non-physical result caused by
measurement errors in the instantaneous deflection measurement, since the lift coefficient C;, for the
steady case at Ca,, = 2.2 aligns with that of the plunging case.

This collapse in mean deflection # and lift C; shows that the trailing edge deflection, and hence
lift, is dependent on the dimensionless group associated with flexibility, the Cauchy number Ca,,
and not on the plunging amplitude. Figure 13 depicts the deflection amplitudes over each plunging
cycle. In Fig. 13(a), the deflection amplitude normalized by the maximum induced angle of attack
A6/ (hmax /Uso) is plotted against Ca,,. The fitted curve is A6/ (hmax JUoo) = a1Ca1/ 4 with a constant
a; = 0.82 is found by the least-squares method. We leave the reasoning as to why the normalized
deflection is proportional to Cal/ 4 for future studies. Since Af / (Mmax /Uoso) X Cal/ 4 Ca, x u2

a b
ol o) ]
0_
o0 —o— h/o/(f:O.l 1.0_
ﬁ h(,/CZO.Q G
1> =51 —h— h()/C:0.3
—¥— ho/c=04
101 —— hy/c=05 051
Static
—15 r " T " r " T
0 1 2 3 0 1 2 3
Cay Cay,

FIG. 12. (a) Time-averaged trailing-edge deflection 6 and (b) time-averaged lift coefficient C; scaled by
Ca,, for different plunging amplitudes.
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FIG. 13. Scaled trailing-edge deflection amplitude A6: (a) deflection amplitude normalized by the maxi-
mum induced angle of attack by the plunging motion A8/ (fimax /o) versus Ca,. The solid line is the best-fit
curve (A8 (fimax /tts) = a;Cal/* with @, as a fitting parameter), and (b) the deflection amplitude A6 versus
Ca;'/*Ca!/?. The solid line is the linear regression line.

(Eq. (1), and Ca, i.zﬁm (Eq. (2), the deflection amplitude A6 should follow A6 Ca;l/ 4Ca11/ 2,
This is shown in Fig. 13(b), in which the data collapse onto the linear regression line.

The lift coefficient amplitudes of the flexible airfoil normalized by the induced angles of
attack ACY flex /(hmax /o) are plotted against two different parameters in Fig. 14. In Fig. 14(a),
ACy fiex/ (hmax /Uoo ) 1S plotted against Ca,,. The normalized lift amplitude decreases with increasing
Ca,, but also depends on the plunging amplitude hy/c. When taking Ca,Ca, as the horizontal
axis, all the data collapse onto a single curve as shown in Fig. 14(b). This curve is found to be
ACy fiex / (Mmax /Uso) = (Ca,Ca,)~'/* + a, with a, being a constant and hence the lift amplitude is
expressed as

l:lm X hm X
ACL,ﬂex = (Caucav)_l/4_a +az z (7)
Uoo Uoo
For a flexible airfoil, we can rewrite the circulatory part of the linear theory (Eq. (6) as
< h(r)
Cglacex(t) = Qflex (aLE + amorph(t) - _) . (8)
Uoo
(a b
/“)8- . ( ) e hy/c=0.1
:>8 g ho/C =0.2
et | . A hyfc=03
.QE A v h()/C =04
§§6' . ° o |1 *  hylc=05
iE} v u 2 — Semi-empirical
O .
< 4 +
4 1 . . ‘ | | . ; .
0 1 2 3 0.0 0.2 0.4 0.6
Cay, Ca,Ca,

FIG. 14. Scaled lift coefficient amplitude of the flexible airfoil ACy gex/ (Fanax /U~ ) plotted against (a) Ca,,
(b) Ca,Ca,.
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FIG. 15. Dynamic lift alleviation ¢ plotted against (a) Ca, and (b) Ca,Ca,.

The first term on the right-hand side is the mean term that is not affected by the plunging motion, as
we see in Fig. 12. The second term oyormpn () is the change in the angle of attack due to the flexible
trailing-edge, which also includes the change in the camber. The third term is the contribution
from the plunging motion, due to the change in the plunging-induced angle of attack //uq.
Comparing the two equations above (Eqgs. 7 and 8), the second term on the right-hand side of
Eq. (7) represents the contribution from the plunging motion, and hence the fitting parameter a,
is the lift slope of the flexible airfoil. In fact, if we take a, = agex = 2.92 as shown in the solid line
in Fig. 14(b), the agreement with the measured values is remarkable.

The first term on the right-hand side of Eq. (7), (Ca,Ca,)~"/*hpax /oo, is related to the change in
the angle of attack and camber due to the passive morphing, but we leave the theoretical explanation
for future studies.

Figure 15(a) shows the result of the dynamic lift alleviation ¢ against Ca,,. The dynamic lift has a
dependency on both the Cauchy number Ca,, and the plunging amplitude A /c. A lift alleviation of
approximately 52% is achieved at Ca, = 3.7 for the maximum plunging amplitude tested (hy/c =
0.5).From the circulatory lift from linear theory for rigid airfoils (Eq. (6), the peak-to-peak lift
amplitude is

Pina
ACy rigia = 2arigid:1_a~ 9
Thus, from Eq. (7) with a; = agex and Eq. (9), the lift alleviation & should follow
_ ACL,flex _ 1
ACprigid  2arigia

[(Ca,Ca,) "* + dpex]. (10)

This is plotted as a solid line in Fig. 15(b), showing a reasonable agreement with the measured
dynamic lift alleviation &, which collapses when plotted against (Ca,Ca,)"/*. The semi-empirical
model slightly underpredicts & = ACy fiex/ ACy rigia because ACy g is slightly overpredicted by
thin-airfoil theory [Eq. (6) and Fig. 11(a)]. From Eq. (10), in the limit of Ca,Ca, — oo (i.e., the
trailing-edge has perfect flexibility), the asymptotic value takes £ca,ca, o0 = @fiex/ (2aigia) = 0.345
with arigi¢ = 4.23 and agex = 2.92. In the quasi-steady model developed by Arredondo-Galeana et
al. [20], the load alleviation for an airfoil with a passive trailing-edge flap is equal to the ratio of the
flap length over the chord length: ¢ = 1 — £/c. For our airfoil with £/c = 2/3, this is €ca,ca,—00 =
1 —¢/c = 0.333, which is close to our formulation. This means that the lift slope in our formulation
agex implicitly includes the effect of the length of the flexible trailing-edge, i.e., the longer the
flexible trailing-edge, the smaller the lift slope.
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IV. CONCLUSIONS

An experimental investigation has been undertaken into the unsteady load mitigation of sinu-
soidally plunging, constant-section airfoils with flexible and open trailing-edges at the Reynolds
number Re = O(10*) and reduced frequency k = 0.2. The open trailing-edge design allows a large
deformation (over 15°) and hence a large load alleviation (up to ~50%). Two different nondimen-
sional parameters for plunging kinematics have been defined, which govern the flexibility: Cauchy
numbers (Ca, and Ca,) based on the freestream velocity and the plunging velocity, respectively. For
the present work, the ranges tested are 0.26 < Ca, < 6.5 and 2.4 x 1074 < Ca, < 1.5 x 107°L.

A load alleviation of approximately 52% was observed at the highest Cauchy numbers. Scaling
laws have been identified both for the deflection and the load of airfoils with flexible trailing-edges.
The trailing-edge deformation amplitude A8 has been found to be proportional to Ca;l/ 4Ca,1/ 2. The
normalized lift amplitudes of the flexible airfoil ACy fiex/(Fmax/Us0) collapse with the product of
the two Cauchy numbers, Ca,Ca,, and are proportional to (Ca,Ca,)~!/4. The proportional constant
was found to be the lift slope of the flexible airfoil; this has been explained by analysis of the
quasi-steady circulatory lift model for flexible airfoils. It has been further shown that the dynamic lift
alleviation, &¢ = ACy fiex/ ACy rigid, i proportional to (Ca,Ca,)~ /4. Again, the result is consistent
with thin-airfoil theory.

We expect the scaling laws to apply to other airfoil geometries as the material stiffness E1 is
the only necessary structural parameter. Future studies should be performed to see if the scaling
laws are applicable to different kinematics (pitching, combined pitching and plunging, or canonical
gust flows). For pitching airfoils, the velocity induced by the pitch motion can be represented at the
three-quarter chord, based on unsteady thin-airfoil theory. Therefore, the induced velocity can be
decomposed into streamwise and stream-normal directions, which can be included in Ca, and Ca,,
respectively.

We deem the scaling law presented in this paper may need to be corrected for massively separated
flows where the effect of coherent vortices, such as leading-edge and trailing-edge vortices, is
significant. In other words, this occurs when Ca, is comparable in magnitude to Ca,. For example,
Martinez-Muriel et al. [57] reported that their quasi-steady lift model fails when a coherent leading-
edge vortex is formed and interacts with the passively deflecting trailing-edge flap, as it advects
downstream. Future studies can be conducted for such aggressive kinematics and include the effect
of coherent vortices by estimating the induced velocities due to coherent vortices.
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