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Unlike hinged flaps (e.g. ailerons, elevator and rudder), camber morphing devices vary
camber distribution in a smooth and continuous way, resulting in aerodynamic efficiency im-
provements due to the absence sharp changes in airfoil camber. One such camber morphing
concept, the Fish Bone Active Camber (FishBAC) device, has shown significant aerodynamic
benefits when compared to a flap. In this work, a quasi-2D wind tunnel test was performed to
investigate the aerodynamic performance of a FishBAC device and compare it to a trailing edge
plain flap. A combination of quasi-steady force balance and wake rake pressure measurements
were used to determine aerodynamic force coefficients. These measurements are complemented
by a flow visualization study performed using Particle Image Velocimetry, allowing for compar-
ison of the near field wakes in terms of size and vortical structure. Additionally, displacement
measurements were performed on the FishBAC to track deformed shapes under aerodynamic
loads. Results show that the FishBAC achieves greater than a 50% improvement in lift-to-drag
ratio for moderate to high lift coefficients where the device is significantly deflected, and at least

16% higher lift-to-drag ratio at all lift coefficients, even when the device deflections are low.

I. Nomenclature

uncorrected angle of attack
corrected angle of attack
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= span
c = chord length

Cp = drag coefficient

profile drag coefficient

lift coefficient

= drag force

= actuation input angle

= actuation efficiency factor
bottom balance measured force
= top balance measured force
= total pressure

= current

= torque constant

= lift force

= static pressure

= dynamic pressure

air density

e = corrected Reynolds number
= wing planform area

= torque
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II. Introduction

Modern fixed-wing aircraft are maneuvered by control surfaces that vary airfoil camber. These variations in camber
create time varying forces and moments that result in changes in flight path. Traditionally, these changes in camber
are achieved by actuating a series of hinged flaps located at the trailing edge of the airfoil (e.g. ailerons, elevator and
rudder). Although simple, effective, and ubiquitous, the sudden and discontinuous camber change created by flaps
causes a significant increase in drag. Also, because flaps are hinged, a structural gap must exist between the start of the
flap and the rigid wing so that it can rotate about its pivot point. These gaps are an additional source of drag and noise.

An alternative to hinged flaps is to change camber in a smooth and continuous way, without sharp surface
discontinuities, and also without the chordwise gap present at the start of the flap. Camber morphing devices are being
introduced to create these smooth and continuous changes in camber, and if designed correctly, they can produce the
same changes in lift coefficient that hinged flaps achieve, but with a much lower drag penalty [1]. Consequently, they
have been a subject of a significant amount of research in recent years, as reviewed by Barbarino et al. [2]. With the
reduction of the inherent drag penalty of hinged flaps comes a promising set of opportunities to use camber morphing
beyond control purposes—e.g. to continuously optimize performance throughout flight. These improvements in
performance can be both in a two-dimensional sense, by optimizing the lift-to-drag ratio of the airfoil at any flight stage,
and in a three-dimensional sense through spanwise variations of camber to optimize spanwise lift distribution and

reduce induced drag [3]].



Although not a new concept—indeed camber morphing mechanisms date from as early as 1920 [4-6]—interest in
these concepts has grown significantly in the past two decades due to advancements in smart materials, lightweight
composite structures, and sophisticated new analysis and design tools [7H12]]. Of particular note in previous camber
morphing literature are the F-111 Mission Adaptive Wing, based on a series of several hinged flaps [13[]; the Flexys
Flexfoil, capable of achieving +10° of out-of-plane deflection; the DARPA Smart Wing, which combined a plate
structure with a honeycomb core [[14]; the DLR Belt-Rib concept [[15] and the Fish Bone Active Camber (FishBAC)
morphing trailing edge device, which is subject of study of this wind tunnel experiment (Fig.[T)) [16].

However, it can be observed in the literature that most of the research efforts have focused on the structural design
and analysis. While numerical and experimental studies on camber morphing aerodynamic performance are fairly
common, direct aerodynamic comparisons between these devices and traditional hinged control surfaces—especially
wind tunnel comparisons—are scarce. Early studies in late 1980s and early 1990s introduced preliminary results that
show, quantitatively, an improvement in aerodynamic efficiency of up to 9% when variable camber morphing is used.
However, these results are not related to a specific morphing concept [[15,|17,[18]]. Another preliminary study based
on wind tunnel data even predicts a 3 to 6 percent reduction in fuel consumption, for a long/medium range civilian
aircraft [1]].

Daynes and Weaver [19] carried out a wind tunnel test of a compliant trailing edge, where an increase of lift
coefficient of ACy, = 0.5 can be observed when actuating the morphing device between +10° deflection. No flap
comparison was performed in this study. Bilgen et al. [20] also conducted a 2D wind tunnel test comparison of a
flapped airfoil versus a Macro-Fiber-Composite (MFC) actuated variable camber wing and results showed an increase
in lift-to-drag ratio of 10%-50% when camber morphing is used. Ai et al. [21]] also presented wind tunnel tests
results—which were compared to Computational Fluid (CFD) studies—of several camber morphing cases versus a
hinged flap. Although they showed improvements in aerodynamic efficiency, these improvements were limited to
low angles of attack, achieving an increase in L/D of about 9% at zero-degree angle of attack. Moreover, Yokozeki
et al. [22] presented wind tunnel test results for a corrugated camber morphing device. These results do not show
significant improvement in aerodynamic efficiency when compared to a flap. However, it is important to note that this
particular morphing device presents a smooth skin on the top surface only, leaving the core corrugations exposed on the

bottom surface, which likely adds drag to the camber morphing device.

Leading Edge Box Spar Central Rigid Section FishBAC

Leading Edge Mounting Plate

Fig. 1 FishBAC camber morphing trailing edge device attached to a NACA 23012 wing tunnel model.



The subject of this study, the Fish Bone Active Camber (FishBAC) concept, was originally introduced by Woods
and Friswell [16]]. The FishBAC is a morphing trailing edge device that is capable of generating large, smooth and
continuous changes in camber. It benefits from an anisotropic design, being significantly more compliant chordwise
than spanwise. This anisotropic design focuses the compliance in the camber direction reducing the actuation energy
requirements, while maintaining spanwise bending rigidity. The structure of the FishBAC consists of a central bending
plate (the spine), a series of spanwise stringers branching off of the spine which support an elastomeric pre-stressed skin,
and a series of antagonistic tendons that create bending moments about the trailing edge of the bending spine.

A preliminary wind tunnel test of the FishBAC [23]] showed a potential improvement in lift-to-drag ratio between
20 and 25 percent, compared to a 25%-chord trailing edge flap. It also showed a FishBAC lift control authority
of ACr = 0.72. However, this test had significant 3D aerodynamic effects due to the nature of their wind tunnel
setup. This means that while the test was still a direct comparison between flaps and FishBAC, as both devices had
the same flow environment, it was not indicative of what could be achieved in more two-dimensional flow regimes.
Additionally, the FishBAC concept has evolved significantly since that initial wind tunnel test: the morphing section is
now smaller, spanning between 0.75¢ and 0.9¢ of chord, instead of between 0.35¢ and 0.85¢. This more localized
FishBAC configuration has significantly improved structural and aerodynamic properties for both the device and the wing
it sits on. Previous studies showed that a 25%-chord FishBAC presents lower drag at high lift coefficients (compared to
having larger morphing sections, e.g. 50%- or 75%-chord). Also, having a smaller morphing device is useful from a
structural point-of-view, as a smaller portion of the baseline rigid wing is morphed. Therefore, the global stiffness and
strength of the wing may be higher and thus, more structurally robust [24]. In summary, additional wind tunnel tests are
warranted—especially if more sophisticated measurement techniques can be brought to bear to better interrogate the
physical sources of improved performance.

The objective of this wind tunnel experiment is therefore to more comprehensively assess the aerodynamic
performance of the FishBAC, experimentally, using an improved design of FishBAC installed into a higher aspect
ratio wing and tested in a closed return and closed test section tunnel for improved flow quality. Furthermore, the
instrumentation used to quantify the performance is significantly improved from the preliminary wind tunnel test by
Woods et al. [23]], as force balances and a pressure-based wake rake are used for more reliable measurements. Also, this
experiment addresses the lack of flow visualization and structural behavior studies of camber morphing devices in the
literature by performing flow visualization and structural displacement measurements using Particle Image Velocimetry
(PIV) and a stereo videogauge point-tracking system (VG), respectively. These measurements will be used to enhance
the understanding of the benefits of camber morphing by studying the changes in wake patterns and comparing them to
the wake of a hinged flap, while also providing insight into the coupled aeroelastic response of the system that is useful

for design improvements and for future validation of fluid-structure interaction (FSI) analysis.



II1. Methodology
This section introduces the wind tunnel testing methodology, including details of the tunnel itself, the equipment

and instrumentation used, and the configurations tested.

A. Wind Tunnel & Equipment

The Swansea University closed return low speed wind tunnel, with a 1.5 m wide X 1 m tall closed test section,
was used for this experiment. This tunnel has a maximum freestream velocity of 50 m/s, and flow characterization
studies have measured turbulence intensity, velocity uniformity and flow angularity values of 0.175%, 0.04% and +0.1°,
respectively. A turntable with movable range of +90° and accuracy of +0.05° controls the angle of attack of the wing.
Moreover, the wing was mounted vertically, fully spanning the test section and was attached to two strain-gauge based
AMTI MC12-1000 six-axis force balances, one on each end. Equipped with a temperature control system, a target
temperature of 20 °C is maintained within +2°C accuracy. A closed loop feedback system controls wind speed using
real time velocity calculations based on a precision differential pressure sensor with a range of +2500 Pa [25], which

measures the pressure difference at the contraction section upstream of the test section.

1. Pressure Wake Rake

A pressure-based wake rake for wake survey has recently been added to the Swansea University Low-Speed Wind
Tunnel. The rake consists of 60 total pressure and 3 static pressure tubes mounted 4.5 chords downstream of the
wing trailing edge. This mounting distance allows for pressure recovery in the wake. The total and static pressure
tubes, respectively, are aligned in the thicknesswise direction (which is horizontal with a vertical wing mounting), with
a modest spanwise offset between the total and static pressure tubes to avoid interference. A Scanivalve MPS4264
miniature pressure scanner is connected to the rake tubes and measures the total pressure at each tube, individually. The
total pressure tubes have variable thicknesswise spacing of between 3.9 mm (at center) and 15.9 mm (toward the ends),
covering a total thicknesswise width of 500 mm. This variable spacing allows performing more pressure measurements

in the wake region than outside the wake, improving the overall accuracy of the drag measurements.

2. Image Measurements
This section introduces the equipment used for both Particle Image Velocimetry (PIV) and displacement measurements

via stereo point tracking.
Particle Image Velocimetry (PIV)

An external LaVision® Particle Image Velocimetry system is used for aerodynamic image measurements, controlled
with the DaVis 10 software platform. An sSCMOS 5.5-megapixel double shutter camera is aligned with the trailing edge

of the wing and is used to measure the wake of both FishBAC and flap in a quasi-static flow condition. The camera has



an exposure time range between 15 ps and 100 ms and a frame rate of 50 fps. A particle generator was used to generate
seeding particles with an average diameter of 1 um. Lastly, a dual cavity, double pulse 200 mJ Nd:YAG green laser with

a wavelength of 532 nm was used to illuminate the measuring plane. Fig.[2[shows a schematic of the PIV setup.
Stereo Point Tracking System

An Imetrum® 3D Precision Displacement Tracker was used to track out-of-plane displacements. The system consists of
two 5 —megapixel cameras in a stereo configuration, recording at a rate of 117 Hz. These two cameras are mounted to a
3D measurement head (ICA-3D-0500-03)—a pre-calibrated frame where both cameras are installed at a fixed angle and
distance from each other. Since the cameras’ focus, position and angle cannot be altered from their default configuration,
no further calibration is required. For the selected 3D measurement head, a measurement area of 600 mm x 600 mm,
with a 14 ym accuracy can be achieved [26]]. In this experiment, an accuracy of 48.5 um was achieved. A series of

5 mm diameter bulls-eye stickers were used as target points. Fig. [2]shows a schematic of the videogauge setup.

B. Wind Tunnel Wing Model
A quasi—two-dimensiona wind tunnel model of a NACA 23012 airfoil fitted with a FishBAC morphing device was
designed and manufactured for this work. The wing spans the 1-meter height of the tunnel test section and has a chord
length of 270 mm. The wing has two main sections: a front rigid module that starts at the leading edge and ends at 75%
of the chord, and a trailing edge section. The front rigid segment is composed of 3D-printed plastic leading edge and
center parts that are bolted to an aluminum (6082T alloy) box spar located at the quarter chord. Three interchangeable
trailing edge ‘cartridges’ were created for testing the three different configurations: the baseline NACA 23012, a 25%
trailing edge flap version, and a 25% trailing edge FishBAC. These cartridges bolt to the center wing section and can be
easily slid out to change the wing configuration. The aluminum spar is clamped in one end to the bottom force balance,
which rotates with the turntable. Since the top force balance does not rotate, the other side of the spar connects to it via
a spherical bearing, allowing changes in angle of attack and minimizing the bending moments transferred to the upper
force balance. Details of the construction of the three configurations follow:
1) Rigid NACA 23012 Airfoil (Fig. Bp)
A 3D printed rigid NACA 23012 trailing edge section is tested to obtain a baseline data set of lift and drag
properties of this airfoil section when no changes of camber occur. Results from the baseline airfoil will be used
to validate the tunnel instrumentation, before being used as a reference against which the flap and FishBAC will

be compared.

2) Trailing Edge Flap (Fig. Bb)

*In this context, quasi-two-dimensional is used to acknowledge the existence of 3D aerodynamic effects in this two-dimensional setup. Since the
FishBAC is actuated at two discrete spanwise points, its deflection is not uniform along the span. Therefore, spanwise variations in aerodynamic loads
exist. However, the wing still spans the test section as in standard 2D wind tunnel tests.



A 3D-printed hinged flap of the same chord dimension of the FishBAC is tested to directly compare the two
approaches. The flap is mounted to a steel shaft and actuated by two KST X10 high voltage servos that are
connected to the flap by a system of external control horns and linkage bars. The flap is a plain flap, with no
aerodynamic overhang (which is sometimes used to reduce hinge moments at the expense of added drag) and
with the minimal realizable gap between the flap and the rigid wing section, on the order of 2 mm. The front of
the flap has a semicircle shape with an 8.5 mm radius, and is centered at 50% thickness at the chordwise location
x/c =0.75. The 2 mm gap between the front of the flap and the rest of the airfoil was the smallest achievable
given the materials used, the manufacturing tolerances, and the desire to avoid interference or contact when

under load.
3) Camber Morphing: FishBAC (Fig. 3t)

The central bending spine of the FishBAC was manufactured using three plies of 8552/IM7 carbon fiber prepreg,
with a total cured thickness of 0.39 mm. A stacking sequence of [90/0/90]7 (with 90 degrees being the spanwise
direction) was used to provide additional material anisotropy to complement the geometric anisotropy of the
FishBAC. A total of eight stringers (four on each surface) were 3D-printed along with a solid trailing edge insert
and then bonded to the spine using a cyanoacrylate adhesive. Moreover, the FishBAC is actuated at two spanwise
points located between [0.07b,0.095b] and [0.93b, 0.955b], respectively. Each actuation point is fitted with
two KST X10 high voltage servo actuators with a maximum output torque of 1.05 N m each. The torque is
transmitted from the actuators to the composite spine using an antagonistic tendon system. A 25 mm wide aramid
(Kevlar) fabric tape was used for the tendons, which run through slots in the stringers and over the trailing edge
insert before being stitched and bonded to the trailing edge of the carbon spine. Transverse deflections of up to
+ 10% chord can be achieved when actuated in absence of aerodynamic loads. It is worth noting here that the
use of two fairly spaced out actuation points along the span will lead to variations in camber along the span due
to elastic washout, introducing 3D effects to the wind tunnel test. In this particular specimen, the use of printed
plastic stringers instead of composite ones significantly reduces the spanwise rigidity, increasing the amount of

elastic washout.

C. Aerodynamic Predictions: XFOIL

To compare against the wind tunnel results for the baseline airfoil, two-dimensional numerical predictions of the
aerodynamic performance of the baseline airfoil were obtained using the XFOIL panel method software [27]. Reynolds
and Mach number were set to 540, 000 and 0.087 respectively to match the experimental values. Additionally, to roughly
match the turbulence intensity of the Swansea University Wind Tunnel, a value of N equal to 5 was used for all

XFOIL estimates.
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Fig.2 Schematic of the wind tunnel test setup, including wind tunnel wing model, force balances and PIV and
VG equipment

(a) Baseline NACA 23012 (b) Plain Flap (c) Camber Morphing: FishBAC

Fig. 3 The three configurations that were tested: (a) Baseline, (b) Plain Flap and (c) FishBAC.

IV. Test Cases

For the three wing configurations, experiments were run at a freestream velocity of 30 m/s, which corresponding
to a Reynolds number of about 540, 000. The angle of attack was varied from @ = —5° to @ = +14°, in increments
of @ = 1°. Force balance data were recorded for 30 s for each test condition at a sampling rate of 300 Hz, and then
time averaged to give quasi-steady results. The same data recording process was followed for wake survey, which was
synchronized with balance measurements using a sampling time and rate of 20 s and 10 Hz, respectively. Two types
of wake rake measurements were performed: (7) actuation and angle of attack sweeps with the wake rake at a fixed
spanwise location, and (ii) spanwise wake rake location sweeps at fixed angle of attack and actuation input. These two
types of measurements allow quantification of drag as a function of both angle of attack and spanwise location. A

summary of test cases can be found in Table/[T}

V. Data Processing
The following section outlines the data analysis process, including equations used to post-process the balance and
the wake rake data, the wind tunnel corrections for three-dimensional effects and post-processing parameters for the PIV

system.
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Table 1 Wind tunnel test configurations and test cases

Configuration Actuation Input Angle PIV  Videogauge
Baseline N/A No No
Flap § =[-20°: +10° : +30°] Yes No
FishBAC 6 = [+0° : +10° : +40°] (6 =-10° PIV only)  Yes Yes

A. Force Balance Data

Aerodynamic forces and moments were measured by the two force balances, individually, and then combined to
calculate the total resultant forces and moments. Each balance measures in its own respective coordinate frame. Since
the bottom balance rotates with the turntable while the top balance is fixed, the forces measured by the bottom balance

need to be converted to the global coordinate frame. Hence, the total lift force is calculated by

L = Fy cos(ay) — Fx, cos(a,) = Fy, and D = Fy cos(a,)+ Fy, cos(a,) + Fx, (1)

where Fy, and F, correspond to the bottom balance, Fy, and F, correspond to the top balance and a,, is the rotation
angle of the turntable corresponding to the angle of attack before wind tunnel correction is applied (as presented in
Section[V.C)). Furthermore, zero wind speed tare measurements were recorded before and after each angle of attack
sweep. These were later subtracted from the force balance data set to account for any offsets or time drift in the measured
values.

Obtaining accurate two-dimensional drag measurements from balance setups such as the one used can be difficult,
due in part to the large differences between lift and drag forces, the range of the load cells used, and the presence of
end gaps and wall effect. Therefore, wake survey measurements were used to give more accurate two-dimensional

measurements of drag using wake momentum deficit [28]].

B. Wake Rake Data
Drag can be measured by comparing the momentum of the air in the freestream against that measured in the flow

behind the wing model. This method assumes that the wind tunnel walls are parallel and with negligible shear stresses.



This theory is based on the assumption that, as the flow passes over a wind tunnel model, it suffers a loss of momentum

that is equal to the profile drag of the body [28]. Profile drag coefficient can then be estimated using the expression,

Cd0:2/ H-p H-p 922/( /i_i)ﬂ 2)
Ho—-po Ho-po) ¢ qo0 qo) ¢

where H, p and g are the total, static and dynamic pressures at the wake, respectively, and Hy, po and gg are the same

pressure quantities in the freestream. Additional information regarding these wake rake survey measurements can be

found in Rivero et al. (2020) [29]].

C. Wind Tunnel Corrections

To correct for three-dimensional effects, wind tunnel corrections are applied to account for solid and wake blockage
and streamline curvature. The correction factors implemented in this study are the standard ones given by Barlow et
al. [28]. These factors are then used to correct the lift and drag coefficients, as well as the angle of attack and Reynolds

number. A detailed derivation of these correction factors can be found in Rivero et al. (2020) [29]].

D. Particle Image Velocimetry

Two-dimensional two component PIV measurements were performed to measure the flow velocity in a portion of
the near field wake of both FishBAC and flap configurations. A 200 mm x 200 mm calibration plate was used to define
the measuring area, which was placed at a spanwise location of 0.467b (i.e. just below the midspan). This location
is well outside the wind tunnel wall-effect regions, and is very near the plane of symmetry of the wing, and so the
measurements are as two-dimensional as possible (considering that the flap’s control horns introduce three-dimensional
flow properties at and around their location). All PIV measurements were performed at a fixed angle of attack of & = 5°
to ensure attached flow. To compare the impact of camber deflection on wake size and velocity for both the morphing
and hinged trailing edge devices, PIV measurements were taken for a total of four FishBAC and flap deflections.

For each configuration, a total of 1000 images were taken at a frequency of 10 Hz, with a differential time of
dt =13.5 us between the two laser pulses. To reduce noise, a minimum image intensity was calculated for each data set,
and then subtracted from all images in that set. Post-processing of images was performed using LaVision® DaVis
10 software. A seeding particle size of 1 um was used throughout the experiment. An interrogation area of 48 pixels
was chosen (equivalent to 3.6 mm in both directions), as suggested by DaVis 10 for a flow velocity of 30 m/s. With a
seeding particle size of 1 um, the authors aimed to achieve a seeding density of 16-20 particles per interrogation area.
Lastly, a Tamron 70-200 mm F/2.8 DI VC USD G2 lens with a standard Nikon mount was used. The focal length was
fixed at 150 mm for all measurements, and a maximum aperture was set to maximize the amount of light to reach the

camera sensor.

10



E. Videogauge Point Tracking System

To study the FishBAC’s deformation under aerodynamic loads, displacements were measured at a number of points
along the FishBAC’s chord and span. As mentioned in Section[[II.A.2] 5 mm bulls-eye stickers were used as tracking
points. These tracking points were placed every 50 mm along the span at the trailing edge, as well as every 10 mm along
the chord at the following locations: mid-span, three-quarter-span, chordwise free edge and at the center of the tendon.
Three-dimensional position and displacements of each point were directly obtained from the point tracking software,
and time averages are calculated at each point. The presence of outliers was determined based on shape continuity, and
were later removed from each data set.

Additionally, these displacement measurements were complemented with actuation torque input estimates. Torque
can be calculated by first measuring the current draw of each actuator, and then assuming a linear relationship between

the two [30], such that

T = ek,1 3)

where € is the mechanical efficiency factor of the actuation mechanism and k; is the torque constant—which defines the
linear relationship between mechanical torque and current. The torque constant of the KST X10 servo actuators was
obtained in a previous experiment by Rivero et al. (2018) [31]], and it has an estimated value of k, = 0.82N A~'— for a
driving voltage of 6 V, which was used throughout the wind tunnel test. Four (one per actuator) LEM® 6 A CASR
6-NP Hall Effect current sensors are used. These sensors measure the strength of the magnetic field induced by the
current flow through the the actuator leads and generate an output voltage that is directly proportional to the magnitude
of current—at a rate of 312.6mA V~!. Finally, voltage and current measurements were recorded using a National
Instruments® USB-6211 data acquisition card. Lastly, the mechanical actuation system efficiency (including tendons)
was obtained experimentally by comparing analytical predictions [32] with experimental displacements in absence of

aerodynamic loads, and its estimated value is € = 0.503.

VI. Results
The following section presents the results of this wind tunnel test campaign. These include a comparison between
the aerodynamic behavior of the FishBAC and the flap using both balance data and pressure-based wake survey

measurements. Finally, PIV and VG results are also shown.

A. Aerodynamic Forces
This subsection directly compares the NACA 23012 rigid airfoil configuration described in Section [[II.B| with

previous experimental data from the literature and 2D XFOIL predictions. Fig.[5|shows both experimental and predicted

11



lift and drag curves. The experimental data was obtained from Ashenden et al. [33]] and Pouryoussefi et al. [34], which
both tested at similar Reynolds numbers (Re = 550,000 and Re = 600, 000, respectively). However, it is important to
note that these two experiments used pressure taps on the surface to obtain both lift and drag. Hence, some discrepancies
are expected due to differences in measuring techniques.

Fig. [5|shows that the lift curve measured in this work is similar to Pouryoussefi et al.’s results [34], whereas Ashenden
et al. [33] has a more similar behavior to the XFOIL predictions. The reduction in measured lift performance could be
due to the different measuring techniques: Ashenden et al. measured local section lift coefficient using pressure taps,
whereas the present results correspond to the average total lift as measured by the force balances. Although 3D effects
exist due to the presence of wall gaps of around 2 mm (i.e. 0.75% chord), these will not compromise the conclusions of
this experiment as the same wing setup was used to test all three configurations (baseline, flap and FishBAC).

Moreover, Leishman [35]] and Jacobs and Sherman [36] show NACA 23012 experimental maximum lift coefficients
for similar Reynolds numbers. Both results show a maximum lift coefficient estimates of C, ~ 1.25, which is closer
to the Cr,,. = 1.14 obtained in this experiment and suggests that XFOIL may over-predict the maximum lift coefficient.
Lastly, it is important to point out that the presented results suggest the possibility of a slight angle of attack offset in the
current wing model setup, as the lift coeflicient at @ = 0° is perhaps closer to zero than expected for this cambered
airfoil (Fig. [3).

When analyzing the drag coefficient results in Fig.[3] it is observed that the obtained experimental results (wake
rake) are similar to those obtained by Ashenden et al. [33]]. Unlike lift coefficient, drag coefficient was calculated using
local section wake rake data instead of average forces (force balance). This difference in measuring technique is a likely
explanation of the better agreement between the currently measured drag results with Ashenden et al.’s results. It is
important to point out that due to the difference in magnitude between lift and drag forces (i.e. lift is two orders of

magnitude greater than drag) and the force balances being calibrated to measure forces up to 4500 N, a wake rake is
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Fig.5 NACA 23012 rigid configuration experimental lift and drag curves vs 2D panel method results (XFOIL).
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more suitable to measure drag. Consequently, lift and drag measurements present different experimental uncertainties,
which has been considered in the data analysis.

In order to assess repeatability and estimate the uncertainty in the obtained lift coefficients, four different angle of
attack sweeps were performed using the baseline configuration (Fig. [6). An maximum relative standard deviation of
2.92% was calculated for these lift coefficient estimates. Furthermore, a maximum standard deviation of 0.3% was
calculated across all pressure measurements performed using the wake rake. These low levels of deviation indicate
that the lift and drag measurements are highly repeatable. Furthermore, if these two relative standard deviations are
combined (by addition), it can be stated that the lift-to-drag ratios have an uncertainty of 3.22%.

In summary, the NACA 23012 baseline results show similar trends to experimental and XFOIL data, especially
given the variation seen between different sets of results in the literature. However, it is observed that the obtained
results have a lower maximum lift coefficient than some of the previous results and those from XFOIL. One potential
reason for this is the presence of aluminum tape at the various connection points between subsections of the model,
which could potentially affect the boundary layer. However, it is very likely that the main cause of this reduction in
maximum lift coefficient is the existence of 3D effects in this wind tunnel setup. It is worth noting that the primary
aim of this study is to compare the FishBAC to the flap, and so the relative (as opposed to absolute) aerodynamic

performance is of key importance, and any performance impacts from the construction of the model are present in both.

1. FishBAC vs. Flap

The measured lift and drag coefficients for the FishBAC and flap are shown in Figs. [7]and [8] respectively. It is
observed in these figures that deflecting both the FishBAC and flap has a similar impact on the lift curves. As expected,
increasing camber shifts the lift curve up and to the left, increasing lift at a given angle of attack, but also lowering

the angle at which stall occurs. In terms of lift control authority, the FishBAC and flap show an overall ACy ~ 0.55
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Fig. 6 NACA 23012 lift curve measured at four different runs (left) and resulting averaged data and error bars

(right)—where error bars correspond to the standard deviation at each angle of attack.
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and ACy, =~ 0.57, respectively—considering trailing edge down deflections only. Note that, although the FishBAC
can deflect upwards, these downward deflections are not presented as these measurements presented a high levels of
experimental uncertainty. It is also noticed that for both devices the amount of additional lift (ACr) generated for each
deflection increment diminishes with increasing deflections, as observed in previous studies [37].

While the FishBAC and flap both have a very large lift control authority, comparison of the associated drag
coefficients in Figs. [7}{8] shows that the flap configuration incurs a much higher drag penalty. This drag increase over the
baseline airfoil ranges from 74% to 80% for the § = +10 and 6 = +30 configurations, respectively (Fig.[8). To directly
compare aerodynamic efficiency, lift-to-drag ratios as a function of both angle of attack and lift coefficient are presented
in Figs. 0] and [I0] for FishBAC and flap, respectively. It is observed that, for a given deflection, the FishBAC achieves

starkly higher lift-to-drag ratios across the operating envelope.
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Fig. 7 FishBAC lift and drag coefficients as a function of angle of attack at various actuation input angles.
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Fig. 9 FishBAC aerodynamic efficiency as a function of both angle of attack and lift coefficient.
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Fig. 10 Flap aerodynamic efficiency as a function of both angle of attack and lift coefficient.

To further visualize these efficiency improvements and to compare the performance of the three tested configurations,
an ‘efficiency envelope’ that displays each configuration’s best obtainable lift-to-drag ratio as a function of lift coefficient,
is introduced. By doing so, the two parameters that can vary lift coefficient—angle of attack and actuation input—are
condensed into a single curve that describes the best obtainable performance for each configuration (Fig. [TT) [38]. This
condensed metric is particularly useful when comparing the aerodynamic performance of different trailing edge devices
(e.g. FishBAC vs flap), as it can establish a direct comparison between different configurations that is independent of
parameters that may vary with each specific device—e.g. actuation inputs, camber deflections, angles of attack and flap
angles. The key factor is that each device is allowed to perform to the best of its abilities.

These efficiency envelopes show that the FishBAC achieves significantly higher lift-to-drag ratios than the flap
configuration over the full range of angles of attack tested. This improved efficiency increase ranges from 160% to 27%,
for low (0° < @ < 5°) and high (@ > 10°) angles of attack, respectively (Fig.[T2). Furthermore, when shown in terms of
lift coefficient—the control of which is the goal of camber change—it can be seen that the FishBAC performs better over
the full range of lift coefficients achieved, and significantly better at moderate to high lift coefficients (i.e. Cr > 0.8).
These efficiency improvement is 200% or greater for C;, = 1.1 — 1.25. Even in the case of lower lift coefficients, where
the most efficient deformations of the active camber devices are effectively zero, the FishBAC has lift-to-drag ratios that

are at least 16% higher than the flap’s. Which is to say that even when the device is not being used, the FishBAC is still
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significantly more efficient (Fig. [T3).

In summary, the FishBAC is more aerodynamically efficient than the flap at all angles of attack and lift coefficients.
However, the benefit of camber morphing is particularly remarkable at higher lift coefficients. The minimum efficiency
improvement is of 16% at Cy, ~ 0.5, whereas improvements above 200% are observed at higher lift coefficients. It is
important to note that the FishBAC’s drag measurements were performed at a ‘high drag’ region—i.e. near the actuation
tendon, where the largest camber deflections occur and tunnel wall-model interactions are more likely—whereas the
flap’s drag measurements were performed at midspan, far away from the external control horns required to drive the
flap and any wall effects. Lastly, it is important to note that differences between undeflected FishBAC and flap and
baseline results exist. In the FishBAC’s case, the § = 0° shows higher lift than baseline NACA 23012. This is most
likely due to the FishBAC having a small downward deflection, induced by either a small positive offset on the actuation
input or an uneven skin tension between the top and bottom surfaces. Moreover, in the flap’s case, the increased lift
is potentially due to a small positive deflection angle due to an input offset. This offset is likely due to a mismatch
between the actuation angle input and the flap angle. This is consistent with the higher drag results for the undeflected
configuration (Fig. [7). The impact of these small offsets on the overall results is minimal though, as sweeps for both

devices are presented and the efficiency envelopes, in particular, help mitigate the impact of camber offsets on the

comparison.
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B. Spanwise Wake Rake Drag Measurements

Wake rake survey measurements were performed at different spanwise locations to further investigate the variation in
drag along the span. For these measurements, both angle of attack and actuation input angle remained constant. Fig.[T4]
presents FishBAC wake rake drag measurements at a fixed angle of attack (¢ = 5°) and maximum actuation input
(6 = +40°). The pressure ratio distributions on the top half (i.e the portion of the wing adjacent to the top force balance
as seen in Fig.[2) of the wing span are only shown since the testing and actuation configuration is symmetrical about
the midspan of the wing. Results show a drag coefficient variation of 22% between the lowest and highest values—at
midspan and at quarter-span, respectively. The wake distribution data also shows that the wake shifts down in the
thicknesswise direction as the rake scans along the span, having a maximum displacement of 40 mm moving from about
the midspan close to the tendon. This is likely due to variation in camber along the span due to elastic washout, as
mentioned previously. Additionally, the pressure ratio peak values and distribution are fairly uniform, with a maximum
variation of less than 2.5% between the lowest and highest value. These observed differences in dynamic pressure ratio
explain the relatively low variation in drag coefficients.

Similarly, Fig. [I5]shows wake rake drag measurements for the flap at several spanwise locations. Once again, the
angle of attack was fixed at @ = 5°, but the actuation deflection input was fixed at § = +20°. The higher steadiness
of the pressure data makes the § = +20° case more suitable to be displayed than the § = +30° case, although the lift
coeflicient in this case is slightly lower that the FishBAC configuration (6 = +40°) presented in Fig. In order to
quantify the drag increase due to the presence of external actuator control horns, extra measurements were performed
around their location. If the very high drag region near the control horns is excluded, the flap shows a higher variation in
drag coefficient of around 55% between the lowest (at midspan) and highest (at quarter-chord) values. Additionally, a
466% increase in drag coefficient is observed at the control horn. This increase shows that the control horn significantly
disrupts the flow and, therefore, justifies the decision to perform all flap’s drag measurements presented in Section[VI.A.T]
at midspan (to avoid over-penalizing the flap). Moreover, it is observed that near the control horn there are two separate

but overlapping wake regions, perhaps due to the control horn shedding its own wake.
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C. Particle Image Velocimetry

PIV measurements were performed to visualize the differences in the wakes created by the FishBAC and the flap.
These results are useful to further establish the reasons for the significant improvement in performance seen with the
FishBAC. These measurements were performed at actuation input angles between 6 = —10° and +20°, in increments of
6 = 10°. To further understand the wake behavior, the results are analyzed using four different metrics: time-varying
and average velocity fields for measuring wake thickness, and Reynolds stresses and turbulence kinetic energy for
measuring turbulence levels. It is worth mentioning that, even though the flap’s and FishBAC’s PIV measurements were
not performed at the same lift coefficient, Figs[7}{8]show that both devices have very similar lift coefficients at @ = 5°.

Therefore, a fair comparison between the two devices can be established.

1. Velocity Fields

Fig.[16]|shows FishBAC vs. flap time-varying velocity fields (0.1 s intervals) when actuation input is set to 6 = +20°.
These results show the unsteady nature of the flap case, where a bluff body like vortex sheet seems to have developed.
On the contrary, the wake in the FishBAC case is significantly narrower and more stable. To assess how wake thickness
varies with increasing camber deflection, time-averaged velocity fields across a 100 s time interval (10 Hz sampling
frequency) are calculated at different actuation input angles.

Fig.[T7] shows these time-averaged velocity fields for both the FishBAC and flap. Unlike the FishBAC, the wake
thickness of the flap increases significantly with deflection. This wake thickness was calculated by measuring the
distance, across the wake, at a location of 0.1c aft of the trailing edge (Table[2). The wake limits were assumed to be the
points when the flow speed is equal to at least 99% of the freestream velocity. Results show that the wake thickness of
the FishBAC does not significantly grow with increasing deflection (over the range of ¢ shown here), achieving a stable
value of approximately 16 mm (i.e. 6% of chord length). These results are consistent with the marginal drag increases
with increasing deflection that are observed in Fig.[/| and suggest that the flow remains attached over the FishBAC

surface. Conversely, it is observed that the the flap’s wake thickness ranges from 28.59 mm to 47.02 mm (i.e. 10.5%
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and 17.5% of chord length), for inputs of 6 = 0° and 6 = +20°, respectively. When compared to the FishBAC, these
flap results represent an increase of between two to three times in wake thickness, which correlates to the significant
higher drag shown in Section[VI.LA.T] Also, it is conceivable that the flap induces earlier flow separation due to the
sharp change in camber shape, whereas the FishBAC deflects in a smooth and continuous way and with no structural

gaps, thus keeping the flow attached to its surface.

Table 2 FishBAC’s and Flap’s wake thickness for different actuation inputs. Results correspond to a fixed
angle of attack of @ = 5° and freestream velocity of V = 30 m/s.

Configuration Input Angle (deg) Wake Thickness (mm) Normalized Wake Thickness (¢/c)

-10 16.1 0.060

FishBAC 0 14.6 0.054
+10 16.2 0.060

+20 16.3 0.060

-10 29.9 0.11

Flap 0 28.6 0.11
+10 31.9 0.12

+20 47.0 0.17

2. Turbulence

Turbulence is assessed by two different criteria: Reynolds stresses and turbulence kinetic energy. Reynolds stresses
are a way to quantify velocity fluctuations due to turbulence by measuring the additional momentum fluxes due to
unsteady turbulence motion [39]. Fig.|18|shows the normalized Reynolds stress components #’u’ and v/v’. Note that
both quantities have been normalized by density and freestream velocity squared (i.e. poV?2). A large value of u’u’
indicates the presence of strong turbulent shear layers downstream, whereas large values of v'v” shows regions where
vortices are propagating in the streamwise direction [40]. Results show that the flap’s Reynolds stresses u’u’ and v/v’

are at least one order of magnitude higher than in the FishBAC. In fact, the turbulence structure in the wake of the flap
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is similar to that of a blunt trailing edge airfoil (see Manolesos and Voutsinas (2016) for example [40]). This is in
agreement with the snapshots shown in Fig.[T6] It is conceivable that the vortices are shed in an alternating manner
from the flap sharp trailing edge (lower vortex) and from the hinge (top vortex). Also, it is observed in the FishBAC’s
results that there are two regions where '’ is non-zero, which define the limits of the airfoil wake.

Lastly, to measure the turbulence intensity, the turbulence kinetic energy (TKE) in both FishBAC and flap cases is

calculated. TKE is defined as one-half of the sum of the squares of the velocity fluctuations [41]], such that

1 /— .
TKE = 5 (u'2 + v’2) . (4)

Fig. [19] shows the turbulence kinetic energy of both FishBAC and flap when actuation input is equal to 6 = 0° and
0 = +20°, respectively. It is observed that, when deflected, the flap’s turbulence kinetic energy is approximately one
order of magnitude higher than the FishBAC’s, which shows the significantly higher turbulence intensities associated
with flap deflections. It can also be seen that there is much less turbulence for the FishBAC than the flap even in the case

of no deflection, which corroborates the conclusions made above with regards to the improvements in lift to drag ratio.
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Fig. 16 FishBAC (top) and Flap (bottom) instantaneous velocity fields under uniform actuation (symmetric
actuation inputs about the midspan). The freestream velocity and angle of attack for all these images are V =
30m/s and a = 5°, respectively.
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and a = 5°, respectively.
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Fig. 19 FishBAC (top) and Flap (bottom) turbulence Kinetic energy (TKE). Images on the left correspond to
an actuation input angle of 6 = 0°, whereas images on the right correspond to 6 = +20° (symmetric actuation
inputs about midspan). The freestream velocity and angle of attack for all these images are V = 30m/s and
a = 5°, respectively.

D. Displacements: Point Tracking System

Following on from the PIV measurements, three-dimensional displacement fields of the morphed FishBAC under
aerodynamic loads were measured using a point tracking stereo videogauge system. These measurements were performed
at two angles of attack—at @ = 0° and @ = 5°—and at a freestream velocity of V = 30ms~'. Note that, for all these
configurations, the chordwise displacements were measured at the center tendon and at the three-quarter span, whereas
the spanwise displacements were measured along the trailing edge. Fig. [20|shows the FishBAC displacement with
varying actuation input at & = 5°, along the chordwise and spanwise directions, respectively. Table 4] shows a summary
of maximum transverse displacements at three different locations—midspan, three-quarter-chord and tendon—for each
test configuration. Lastly, Table [3]shows the actuation torque estimates for each given flow condition and actuation
input, which were calculated using Eq. (3). The average uncertainty in this measurements was estimated to be 48.5 pum.

As expected, it is observed in Table 4] that aerodynamic loads reduce the FishBAC’s maximum displacements (at
tendon) by between 30% and 40% for the @ = 0° case, and by between 42% and 60% for the @ = 5° case. This is
consistent with the fact that aerodynamic pressure increases actuation requirements, and increasing angle of attack
increases aerodynamic loads. Additionally, results show that the highest actuation loads are applied at the V = 30ms™!,
a = 0° case, followed by the zero freestream and the V = 30m s~ @ = 5° cases. Lastly, to compare the actuation
energy requirements of both FishBAC and flap, the total power draw by the entire actuation mechanism was measured.
Table [5] shows the average power draw as a function of actuation input angle. Results show that, while the power draw

for both wings is quite low in real terms (= 20 W max), the FishBAC does require significantly more power than the
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flap (on average 4x the power draw) to achieve the desired changes in camber. These results are consistent with the
fact that camber morphing devices have both the elastic stiffness and aerodynamic loads resisting the change in shape,
whereas the flap only has the aerodynamic loads and a small hinge friction resisting the motion. Results shown in Table
[3are then plotted in Fig. 2] where it is observed that the FishBAC power draw increases significantly with increasing
actuation input. Therefore, there are not only diminishing returns in terms of change in lift coefficient between each
actuation input step, but also in the amount of energy that it is required for each deflection increment. This, combined
with the results in Fig. [IT] implies that the best achievable camber morphing performance, when considered from a

system level perspective, will likely use low to moderate deflections for all but the largest of desired lift coefficients.
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Fig. 20 FishBAC’s chordwise deflection about the three-quarter-span (left) and tendon (right) locations. Both
freestream velocity and angle of attack were fixed at V =30ms~! and a = 0°

Table 3 FishBAC’s actuation torque estimates as a function of actuation input angle, angle of attack and
freestream velocity. Torque estimates [M,, , M,,] refer to to the actuators near the top and bottom force
balances, respectively.

Velocity ~ AOA Torque [My,,My,] (Nm)
(m/s) (deg) 8 = +40° 6 =+30° 6 =+20° 5 =+10° 5=0° 5 =-10° 6 =-20°
30 0 [0.63,0.77]  [0.54,0.52] [0.28,0.28]  [0.18,0.20]  [0.20,0.12] [-0.27,-0.22] [-0.33,-0.38]
5 [0.66,0.75]  [0.53,0.54] [0.30,0.33] [0.17,0.19] [0.20,0.12]  [-0.25,-0.23] [-0.33,-0.37]
0 0 [0.60,0.66] [0.52,0.39] [0.21,0.23]  [0.19,0.15] [0.21,0.11] [-0.24,-0.23] [-0.33,-0.38]

Table 4 FishBAC’s maximum deflections at three spanwise locations, and as a function of angle of attack and
freestream velocity.

Velocity ~ AOA Midspan Three-quarter-span Tendon
(m/s) (deg) o6 =+40° &6=-30° 6 =+440° 6=-30° 6 =+440° 6=-30°
) 0 -5.60 3.47 -10.8 9.45 -13.3 10.7
Displacement 30
(mm) 5 N/A 3.58 -6.34 5.71 -10.9 7.12
0 0 -10.8 8.16 -17.7 14.3 -19.1 17.9
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Table 5 FishBAC and Flap total power draw as a function of actuation angle input.

. i Power (W)
Configuration
6=+40° 65=+430° §=+420° 6=+10° 6=0° 6=-10° 6=-20° &6=-30°
FishBAC 20.37 13.49 8.67 5.37 4.60 6.95 10.03 17.64
Flap N/A 3.19 2.88 2.15 1.060 1.047 2.72 N/A
20| FiShBAC — — — -Flap

Power (W)

-30 -20 -10 0 10 20 30 40
Actuation Input Angle (deg)

Fig. 21 FishBAC and Flap total power draw as a function of actuation angle input.

VII. Conclusions

A wind tunnel study has been performed to investigate the aerodynamic performance of the FishBAC camber

morphing device and to compare it against traditional trailing edge flaps. A 1-meter long NACA 23012 wind tunnel

wing model was designed and manufactured for testing three different trailing edge configurations: baseline, FishBAC,

and flapped. The wing was designed to span the height of Swansea University low-speed wind tunnel to create a

quasi-two-dimensional flow condition. Force balance and wake rake survey data were used to quantify the aerodynamic

performance of the different configurations at a range of angles of attack and camber deflections at a freestream velocity

of 30 m/s. Additionally, optical aerodynamic and structural measurements were performed using PIV (aerodynamics)

and videogauge (structural deflection), respectively. Results for the baseline airfoil have been compared to previous

experimental results presented in the literature, as well as XFOIL numerical simulations. These are similar to previous

literature and XFOIL estimates, with the main differences being attributable to different measuring techniques—force

balance and wake rake versus airfoil pressure taps. Consideration of the experimental data leads to the following
conclusions:

1) The FishBAC shows a significantly higher lift-to-drag-ratio than the hinged flap. This improvement is remarkable

at moderate to high lift coefficients (i.e. Cr, > 1), where the improvement are at least of 50%, and often over

200%. For lower lift coefficients, where the most efficient configurations have very small camber deformations,

the improvement is still at least 16%, implying significant benefits from camber morphing even when its not

being actively used. In general, the FishBAC presents a higher aerodynamic efficiency than the flap, for all angles
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of attack and lift coefficients.

2) Wake rake results show that, for a fixed angle of attack and similar actuation input, the flap wake thickness
presents significant variation along the span, whereas the FishBAC’s remains relatively constant. In terms of
wake thickness, the flap shows two to four times thicker wake than the FishBAC.

3) PIV results show that the FishBAC’s wake thickness is nearly constant with increasing deflection, having a stable
value of 6% of chord length. Conversely, the wake thickness of the flap increases by 64% from its undeflected
value, achieving a maximum wake thickness of 17.4% of chord length. Additionally, when comparing the two
configurations, the flap has a wake that is two to three times the thickness of the FishBAC’s wake. These results
suggest that the flow is highly separated in the flap case, which is consistent with the drag increments observed in
the pressure wake survey results of the hinged flap.

4) Aerodynamic loading was shown to decrease FishBAC’s maximum deflections by between 42% and 60% at
a =0° and @ = 5° respectively. It is expected that this reduction in deflection will increase with increasing angle
of attack and freestream velocity, and highlights the importance of considering aerodynamic loads for actuation
sizing purposes.

5) Flap’s Reynolds stresses (u’u’ and v’v’) and Turbulence Kinetic Energy are around an order of magnitude higher
than the FishBAC’s (at an actuation input angle of § = +20°). Results suggest the existence of bluff body like
vortex shedding when the flap is deflected, while the wake of the FishBAC is similar to that of attached flow over
the airfoil.

6) The FishBAC has significantly higher actuation power requirements than the flap, requiring 300% more power
on average. Additionally, these power requirements grow significantly with increasing FishBAC deflection.

In summary, these results show the great promise that the FishBAC has in terms of aerodynamic efficiency and shape

optimization. Future work will focus on 3D aerodynamic tests, 3D PIV measurements and additional displacement

measurements for fluid-structure interaction validation purposes.
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