D-shaped body wake control through flexible filaments
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In this study, we investigate the flow around a canonical blunt body, specifically a D-shaped body
of width D, in a closed water channel. Our goal is to explore near-wake flow modifications when a
series of rigid and flexible plates (I = 1.8D) divided into filaments (h = 0.2D) are added. We focus
on assessing the interaction between the flexible filaments and the wake dynamics, with the aim of
reducing the recirculation bubble and decreasing the velocity deficit in the wake. To achieve this,
we conduct a comparative study varying the stiffness and position of the filaments at different flow
velocities. The study combines Particle Image Velocimetry (PIV) measurements in the wake behind
the body with recordings of the deformation of the flexible filaments. Our observations show that the
flexible filaments can passively reconfigure in a two-dimensional fashion, with a mean tip deflection
angle that increases with the incoming flow velocity. Deflection angles up to approximately ~ 9° and
vibration tip amplitude of around ~ 4° are achieved for flow velocities U* ~ uoo/ frnD > 1.77, where
frn is the natural frequency of the flexible filaments. This reconfiguration results in a reduction of
the recirculation bubble and a decrease in the velocity deficit in the wake and the estimated drag
compared to the reference and rigid cases. In addition, curved filaments with a prescribed rigid
deformation exhibit very similar behavior to that of flexible filaments, indicating that the vibration
of flexible filaments does not significantly disturb the wake. The obtained results highlight the
interest of testing flexible appendages in the wake of blunt bodies for designing effective flow control
devices.

I. INTRODUCTION

The study of the flow around two-dimensional blunt bodies is a significant research field, as this configuration is
common in many engineering and environmental applications, including civil structures such as bridges and buildings,
as well as offshore structures like deep-water risers. In particular, flow separation at the rear of these bodies can
generate vortex shedding, caused by Bénard-von Karman instability (BvK), leading to the formation of a low-pressure
region. Research in this area is typically driven by practical goals such as reducing drag on the blunt body [I],
suppressing flow-induced vibrations (FIVs) [2H4], or modifying heat transfer around a body immersed in a given flow
[5].

In the study of two-dimensional bluff bodies, D-shaped geometries have been extensively analyzed, particularly due
to their characteristic fixed separation point at the trailing edge [6H8]. For these geometries, the mean base pressure
coefficient remains nearly constant along the third direction, with values around -0.6. This constancy emphasizes
the wake’s significant impact on overall drag, which ranges between 0.8 and 1 for the tested Reynolds numbers. The
Reynolds number, defined as Re = u, D /v, depends on the free-stream velocity (u) the body diameter (D) and the
fluid’s kinematic viscosity (). In this configuration, vortex shedding occurs at a specific frequency, f, or equivalently,
at a fixed Strouhal number St = fD/uq, as for instance, St = 0.25 at Re = 40.000. The shedding process produces
strong velocity fluctuations in the wake downstream of the body [7] that impact the body aerodynamics.

Various devices and strategies aim to actively or passively control the wake behind blunt bodies to reduce the
averaged or fluctuating drag or lift force coefficients. Active control devices include pulsed jets [9, [10], plasma
actuators [I1], or suction/blowing strategies [12] [13]. Examples of closed-loop flow control include sinusoidal zero-
net-flux actuation through spanwise slots 8, [14] and actuated flaps in 3D wakes [15]. However, implementing active
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flow control systems in real-world applications often requires significant power input or sophisticated systems, limiting
their practicality and efficiency. This makes passive control systems more attractive due to their simplicity.

Among passive strategies, initial studies by [16] examined the effect of including plates at the body base, while other
more recent studies introduced trailing edge modifications such as small tabs [7], base cavities [I7HI9] and boat-tailed
after-bodies [20H22]. Rear cavity devices can be further refined with multi-cavity arrangements [23] or optimized
geometries focused on reducing drag [24]. The efficiency of rear cavities in terms of drag reduction is linked to their
depth, as they move the wake formation away from the body base, generating a dead flow region that effectively
increases base pressure.

However, their aerodynamic efficiency may be reduced under different flow conditions, such as accelerated flows from
rest [25] or yawed orientations [26]. An interesting approach that can adapt to different flow conditions involves using
bio-inspired flexible devices, modifying the rear part of the body into a more aerodynamic shape through passive
reconfiguration [27H29]. This process is commonly observed in nature, where the reconfiguration of flexible parts
[30, B1], such as leaves in trees, reduces aerodynamic resistance and effective area [32] under different wind conditions,
(see [33], for a review). The passive reconfiguration of flexible systems to modify the wake behind bluff bodies has
been only scarcely investigated [34]. Recent studies [28|, 29] propose using rotary and flexible flaps to configure a
self-adaptive cavity, achieving drag reductions of up to 18% by reducing the wake bluffness and streamlining rear
separation.

Despite these advantages, the practical implementation of these devices may face challenges, such as ensuring
uniform mechanical properties in movable parts with large length-to-thickness ratios and managing significant loads
and potential torsional deformations. As an alternative, we propose using a modular system based on an array of small
filaments that can function as a single flexible flap with much lower mechanical loads. In the case of rigid arrays of
filaments, [35] examined the use of porous rear cavities in 3D blunt bodies, finding similar results for modular cavities
with small spacing between elements and fully solid rear cavities. Additionally, the device studied here incorporates
the degrees of freedom associated with the flexibility of the filaments, allowing the elements to adapt their shape to
the eventual three-dimensional features of the flow around the D-shaped body.

In this work, we aim to study the effect of modular arrays of filaments resembling a cavity to manipulate and control
the wake behind a D-shaped body. The tested devices comprise an array of flexible filaments that interact with the
incoming flow, adapting their shape to different conditions. We will experimentally assess the interaction between
the filaments and the wake by measuring filament motion and wake features. The experimental details are presented
in Sect. [} followed by the main results in Sect[ITI} There, Sect. [[ITA] describes the flexible filaments motion, Sect.
[[ITB] covers the temporal synchronization between filaments and vortex shedding, and Sect. [[ITC| presents the wake
features for the four tested configurations. The main conclusions are drawn in Sect. [[V]

II. EXPERIMENTAL SETUP

The experiments were carried out in a closed water channel with a cross section of 0.1 x 0.1 m? and a turbulence
intensity below 3%, whose test section, shown in Fig. , must be emptied to introduce any modification in the
experimental setup. This water channel has been characterized and used in previous studies focused on 3D bluff body
wakes as [36H38]. Here, the D-shaped body used has a characteristic diameter D of 20 mm, a length L = 3.6D and
height H = 5D, which matches the height of the test section. By spanning the height of the body along the channel’s
height and minimizing the gap between walls and body sides, we try to avoid the three-dimensional effects stemming
from the body-edges. The blockage effect and the development of boundary layers in the channel walls have been
taken into account in our study, appropriately re-scaling the results for all flow conditions tested as in [39]. In this
case, the mean incoming velocity is first obtained using the measured flow rate. Then, a scaling factor based on
PIV measurements has been considered for areas of the measurement area not affected by blockage, boundary layer
development, or the body, where the velocity should be equal to us,. The scaling factor is almost 1.5 for the smallest
incoming velocity and close to one for the largest incoming velocity.

In our experiment, the coordinate system is centered at the body base, with the z-axis aligned with the streamwise
direction, the z-axis pointing vertically, and the y-axis completing a right-hand trihedron. In that reference frame,
the rotations in the anti-clockwise direction are considered positive. Four different configurations are tested and
compared, including the reference body with blunt trailing edges (reference), and three configurations that contain
two arrays of filaments with different stiffness and shapes implemented in the trailing edges of the D-shaped body.
Each array contains 17 filaments, with length [ = 1.8D and height &~ = 0.2D. Each filament is separated from the
following one by d = 0.1D so the filaments are free to move separately, while presenting a semi continuous flap as in
[35]. The filaments are made of TPU (Thermoplastic Polyurethane) 92A with an elastic modulus of Er = 16 MPa
(Flexible) and made of PLA (polylactic acid) with Er = 3600 MPa (Rigid). In the case of rigid arrays of filaments, we
have tested two shapes of filaments, one aligned with the body trailing edges (straight) and one with a given curved
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Figure 1. (a) Sketch of the experimental set-up and (b) Tested rear configurations and their corresponding characteristic
parameters.
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deformation (curved), corresponding to a tip deflection angle of 11° for a first Euler-Bernoulli vibration mode. This
reconfiguration angle is the maximum reconfiguration observed for a single flexible filament in our experiment. The
height of the body has been adjusted to mimic that of the water tunnel, but a distance of 1 mm has been set between
the filaments and the walls to allow them to move freely. However, due to the formation of boundary layers inherent
to any water tunnel experiment, the local flow velocity in the upper and lower filaments is affected by the proximity
of the walls, thus modifying their response, as we will later discuss.

The arrays of filaments were first designed through CAD and then manufactured using 3D printers. In particular,
the flexible filaments were produced with an Artillery X2 printer using TPU (Thermoplastic polyurethane), specifically
TPU-92A from Kimya. The number 92A refers to the hardness in shore scale, the reported young modulus (16 MPa)
from the vendor does not differ from our measurements. For the rigid filaments, a printer Stratasys Fortus 250mc
was employed using PLA. In addition to changing the employed material, different filament thicknesses were used to
manufacture appropriate rigid (not interacting with flow) and flexible filaments. For the flexible ones, a thickness,
er = 0.01D is used, while for the straight and curved ones, thickness, e = 0.05D is employed. Regarding the flexible
filaments, the dimensions were meticulously selected to induce a desired response within the range of flow velocities
of the experiments. To that aim, arrays of filaments of different lengths and thicknesses were designed and tested to
achieve a sufficient reconfiguration capacity.

it is necessary to couple the characteristics of the device with the range of flow velocities in the channel. In particular,
the flexible filaments must reconfigure before the maximum flow velocity is reached. To meet this requirement,
arrays of filaments of different lengths and thicknesses - key flexibility parameters - were designed and tested. If the
material /thickness made the filament too stiff, it wouldn’t deform enough with flow. If the filament was too long,
it could touch the filament on the other array. The preliminary tests helped us to refine the design and the final
parameters presented in the paper.

The employed water channel works in a range of free-stream velocities ranging between 0.05 and 0.28 m/s, corre-
sponding with Reynolds numbers from 1060 to 5200. Accordingly, the reduced velocity, defined as the ratio between
the free-stream velocity and the averaged velocity of the flexible filaments movement, U* = uq,/ f,, D results within
the interval [0.5,2.45]. The velocity of the filaments is determined by the flexible filaments corresponding natural
frequency. This natural frequency in vacuum has been firstly obtained with the following equation:
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where ( is a coefficient given by the Euler-Bernoulli deflection mode for a cantilevered beam, I the moment of inertia
of one filament around the bending axis and pp the density of the TPU 92A, which is the material employed for the
flexible filament array. The obtained result (f, = 5.7 Hz) matched accurately the natural frequency measured in
free-decay tests (f, = 5.67 Hz) made in air. These tests were conducted using a position laser sensor and initially
displacing the filaments from their equilibrium position. Note that no valid free-decay tests are available for plates



in water, as the motion is quickly damped; nevertheless, a simplified theoretical estimation of the natural frequency
in water, following [29], provides a value of f, ., < f,/3. This approximation does not consider any added mass
coefficient and therefore, its use for a deeper analysis of results has been discarded.

We carried out PIV measurements on the 4 employed configurations to analyze the wake behind the D-shaped body
in the xy plane for each case. To generate the illuminated measurement plane, we horizontally positioned at z =0 a
laser sheet generated by a Quantel Big Sky double pulsed Nd:YAG laser with 532nm emision with 250mJ per pulse
at 10 Hz, as shown in Fig[l] (a). That laser illuminated polyamide particles with a characteristic diameter of 20 pm
(Lavision HQ polyamide beads). To capture the seeding particle images, we employed a PIV system comprising a
LaVision®) PTU-X synchronizer and a SCMOS Imager Pro Plus 2M 12-bits camera equipped with a Nikon 50mm
objective and an aperture fixed at £/5.6 (see PIV Camera in Fig. The resulting images were 1600 x 1200 pixels
and were calibrated by measuring the distance between the channel walls, yielding a magnification factor of 10.58
px/mm. The recordings were conducted at a frequency of 10 Hz with laser pulses delayed by approximately 0.7 to
3 ms, capturing a total duration of 60 s (600 pairs of images per experiment). After correctly setting the region
of interest (123 x 87 mm), velocity vectors were obtained from cross-correlation in Davis 10 from LaVision®) with
interrogation windows of 32 x 32 pixels with an overlap of 50%, resulting in a spatial grid of 83 x 59 points. The
PIV measurement plane was set to cover the largest possible wake region, /D € [0, 6],y/D € [—2, 2] for the reference
case, while maintaining a reasonable resolution (13 vectors in the body diameter, D) so that we could characterise the
near and far wake and avoid laser reflections on the filaments. Finally, our measurements have a correlation-based
uncertainty [40] typically below 3% of the free-stream velocity for both u, and w,.

In addition, for the flexible filaments, after characterizing their mechanical properties, we recorded their tip de-
flection with a Basler ACE acA2000-165um CMOS camera, equipped with a CMV2000 Sensor, which is capable of
acquiring 2048 x 2048 pixel images at a maximum frame rate of 165 fps. Thanks to the available optical access at
one end of the water channel, this camera was able to characterize the filaments motion in the zy plane. In order
to track this motion, each filament edge was highlighted with white dots which were illuminated by a high-power
LED lamp. The camera recordings were made at 134 fps and the exposure time was adjusted to capture static white
dots. To analyze the captured images, we employed the open-source image processing tool DLTdv8 [41], which can
be integrated as a toolbox within Matlab@®). This tool allows precise tracking of specific points in a video. Initially, it
conducts an image analysis based on a predetermined threshold, followed by contour detection facilitated by intensity
discrepancies.

In terms of the experimental measurements reliability and precision, we repeated the deformation and PIV measure-
ments for two specific Re numbers (1196 and 3635) without observing any significant differences between analogous
tests at the same experimental conditions. This approach enabled the calculation of error estimates for these Re,
yielding an error below 5% (represented by error bars in Fig. |3).

In the following, time-dependent variables will be denoted using lower-case letters a, while time-averaged values
will be expressed with upper-case letters A = @. In addition, @ will denote the instantaneous fluctuating amplitude of
the variable a, which will be computed by means of the Hilbert transform, so that A will represent the corresponding
time-averaged fluctuating amplitude. On the other hand, the notation | A | will be used to indicate the modulus of a
variable. Finally, (a) stands for the spatial average of a variable.

III. RESULTS
A. Response of the flexible filament array

We will firstly analyze the motion of the two arrays of filaments. The tip deflection of the 34 flexible filaments (17 on
each side) is captured by a rear view that allows to compute the tip angles, 6, by using trigonometric transformations
and the filament length, [. The reference position for the lateral displacement is the reference body trailing edge. We
also checked that the filaments were deformed according to a first Euler-Bernoulli deflection mode for a cantilevered
beam by supplementary recordings from the top of the water channel (the recording location is similar to the one of
the PIV camera). The analysis of the captured images depicts that all filaments bend on average inward the wake
while describing a periodic fashion once a certain flow velocity is set. They move in phase along the span as well as
between the two arrays of filaments. The analysis of the temporal deformation of the filaments provides both the
mean deflection angle © and the angular oscillation amplitude © for each filament, whose spanwise distributions for
U* ~ 1.77 (Re ~ 3636) are shown in Fig. The filaments on the left (y < 0), 61, and right (y > 0), 6o, sides are
shown along the spanwise direction, z. Figure [2| (a) shows a clear reaction in a quasi-static 2D way of the flexible
filament arrays under the influence of the flow. At the depicted U*, the flexible filaments reach an averaged tip
deflection around 9° along with moderate oscillations of approximately 4° (see Fig. ) The spanwise distribution
of the flexible filaments deflections and oscillations shows a seemingly constant behaviour in the central part of the
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Figure 2. (a, b) Time-averaged tip angle deflection, ©, and the corresponding averaged oscillations amplitude, (:)7 for the
flexible filaments along the spanwise direction, of the D-shaped body at Re ~ 3636 and U™ ~ 1.77. We depict in orange circles
the filaments on the left side (y < 0, 61) and in purple asterisks those on the right side (y > 0, 62).

D-shaped body with distinguishable differences close to the water channel walls (z/H < 0.15, z/H > 0.85). There,
the response of filaments placed close to walls is likely to be affected by velocity gradients defining the boundary layers
and 3D edge structures, which cannot be avoided in the closed water channel set-up the local velocity. However, for
the sake of simplicity, the approximately uniform response in the central part, will be used, in a first approximation,
as an estimation of the quasi two-dimensional response of the arrays of filaments.
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Figure 3. Evolution of (a) the spatio-temporal averaged tip deflection angle, (®), and (b) the spatio-temporal averaged
amplitude of tip angle oscillations, (©), with respect to U* and Re. We depict in orange circles the filaments on the left side
(y <0, 1), and in purple asterisks those on the right side (y > 0, 62). Error bars depicted for selected values of U* quantify

the standard deviation of the measurements for repeated experiments.

The evolution of the mean tip deflection angle, averaged in time and in space across the spanwise direction, is
presented in Fig. |3] (a) for the range of U* (Re) tested here. The mean deflection, (©), increases with increasing
Reynolds numbers and reduced velocities until reaching a saturation value, around 9°, at U* ~ 1.77 or Re ~ 3636.



This absolute increase of the deflection shown by (©), has an opposite sign for each array of filaments, due to the
sign convention employed, where a rotating angle in the counterclockwise direction is positive (see Fig. ) Thus,
the filaments on the left side (61) have increasingly positive angles as filaments deflection increases with U* whereas
the ones on the right side (#2), depict increasingly negative angles with increasing U*. Furthermore, it is noteworthy
that there is an initial part of the range, until U* < 1 and Re < 2052, where an initial deformation in the outward
direction is observed for both flaps, meaning that the position of the filament tips extends beyond the limits of the
D-shaped body. This is why both data series cross (©) = 0 immediately after U* ~ 1 (Re ~ 2052). In absolute terms,
this region with a negative mean deflection indicates that the flow momentum is insufficient to deform and move
the filaments and the filaments preserve their initial random dry loading. The evolution of the mean tip deflection
angle depicted in Fig. [3[ (a) illustrates an increasing passive reconfiguration of the flexible filaments in the studied
range of U* (Re) for both arrays of flexible filaments for reduced velocities above U* > 1, what may lead to efficient
reduction of the drag coefficient. However, the passive reconfiguration reaches a saturated state around © = 9° for
U* > 1.77, suggesting a limit on the potential for drag reduction from this point onward, that may translate into an
asymptotic value of the Vogel exponent [see e.g. [42] (note that such a negative exponent is typically used to quantify
the aerodynamic effect of passive reconfiguration of flexible structures [29] 32]).

Regarding the filaments vibrations, the spatio-temporal averaged amplitude of the tip angle fluctuations, <é)>, is
shown in Fig. (b). Again, both arrays of flexible filaments show a very similar behaviour on both sides of the

D-shaped body. The evolution of (©) depict a classical Stuart-Landau bifurcation behaviour with a critical reduced
velocity close to U* ~ 1, matching the start of the passive reconfiguration observed for the average tip angle, (0) in
Fig. (a) Below this value, the filament oscillations are very low or practically non-existent ((8) < 0.2°), confirming
that the flow loading is unable to excite the flexible filaments at those velocities. Then, a sudden increase in the
oscillations takes place reaching up to (0©) ~ 4° for U* = 1.77 or Re = 3636, matching again the saturation phase of
(0) growth. The attained value can be considered as a saturation of the non-linear coupling between the wake flow
and the flexible filaments, since further increasing of the flow velocity (U* > 1.77) leads to a quasi-saturation zone
of the filaments oscillations amplitude. We will analyze further this saturation phase in terms of temporal/frequency
locking. However, it is worth mentioning that unlike the average angle, (©), in which the saturated zone had a
constant or even decreasing mean deflection, in the case of the filaments oscillations, there is a small increase in the
vibration magnitude. For the maximum U* and Re, the flexible filaments deflect with an averaged deformation around
8.6° along with a vibration of 4.2°, exhibiting a nearly symmetrical behavior on both sides of the body. Therefore,
in the following, we will use the averaged data from both arrays of filaments. The performed experiments present a
good reliability and precision, since the error bars included in Fig. [3| for Re ~ 1196, 3635 correspond to very little
dispersion.

B. Fluid-structure interaction

In this section, we discuss the connection between the flexible filaments and the vortex shedding behind the D-
shaped body. The Power Spectral Density (PSD) related to the spatially averaged flexible filament motion, (©),
and the transverse flow velocity fluctuations, u;, are presented in Fig. [] (a). These measurements were taken at
the location of maximum transverse velocity fluctuations, specifically at (4.25D,—0.4D,0), for the flexible filament
case, corresponding to U* ~ 1.80 (Re ~ 3800). The wake information is derived from the temporal evolution signals
captured through PIV measurements. At the selected flow conditions, the filaments are passively deflected and
vibrating which causes the appearance of an energetic peak around f* = f/f, ~ 0.52 (St ~ 0.28), indicating a
nearly periodic behaviour for the flexible filaments oscillation. In terms of vortex shedding, the velocity probe depicts
a frequency peak close to the vibration frequency, which may indicate some synchronization between the flexible
filaments and the shed vortices. As the filament deformation and wake velocity field are not recorded in the same
experiment, experimental conditions may slightly differ, likely inducing the small differences in the identified dominant
frequency.

To further analyze this temporal locking, Fig. b) depicts the trend of the dominant frequencies obtained from
the filaments motion, (0), at the tested reduced velocities, U* (Re) with black asterisks. Additionally, the vortex
shedding dominant frequency is also represented with orange squares. This frequency is obtained from the fluctuating
transversal velocity temporal evolution at (4.25D, -0.4D, 0). Finally, a Strouhal law, corresponding to the averaged
dominant vortex shedding frequency of the D-shaped body (St = 0.27) is depicted in a green dashdotted line in Fig.
b) for the sake of comparison. Note that the associated values of Re (or St) are not exactly the same between
PIV and visualization high-speed visualizations as they were recorded separately in successive experimental runs,
as these two measurement methods cannot be performed simultaneously. The lack of synchronization between both
experimental techniques results into slight differences in the value of the dominant frequencies (see fig. ), as the data
were likely obtained at slightly different incoming velocities. The small uncertainty in f* values has been computed
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Figure 4. (a) PSD spectra of spatial averaged tip angle deflection signal and transverse velocity fluctuations located at (4.25D,
-0.4D, 0) for U* ~ 1.83 (Re ~ 3797). (b) Dominant frequencies of the filament tips’ fluctuations (f) in black solid asterisks.
The vortex shedding dominant frequency ( f{uy>) for the flexible filaments is included in orange squares. A Strouhal law for the
reference case (St ~ 0.27, with f* = St - U") is also included with a green dashdotted line. (c¢) Strouhal, St, number evolution
with U™ (Re) for vortex shedding in the reference case (green solid line and diamonds); straight rigid filaments (yellow dashed
line and crosses); curved rigid filaments (purple dotted line and stars) and flexible filaments (orange solid line and circles)
attached to the D-shaped body.

to yield an error of approximately A f* ~ 0.03.
As observed in fig. b), the amplitude response of filaments begins at U* = 1.13 for which f<*9> ~ 0.3. This value

might be close to the expected natural oscillation frequency of the filaments in water, f, o, < f/3 [29], what promotes

the beginning of oscillations. That said, since the exact value of f, ., is not known here, the data has been analyzed

considering f,). Results show that the dominant frequencies of vortex shedding, f.¥ , and filaments oscillations, f<*0>,
Y

are similar (slight differences are accountable to implicit errors from the different experimental techniques used) and
increase linearly with U™, following approximately the Strouhal law defined by the shedding frequency associated to
the reference case. As shown in other flow-induced vibrations problems [see e.g. 29], the beginning of the amplitude
response is typically guided by the Strouhal law during the initial branch, defined at low values of reduced velocities
U*. Thus, we presume that the oscillating dynamics reported here is exclusively characterized by an initial branch
like response.

A complementary analysis focusing on the evolution with the reduced velocity of the vortex shedding frequency,
given by the corresponding dimensionless Strouhal number St(U*), is included in Figc). As observed therein, all
configurations show an initial increase of the Strouhal number, followed by a subsequent saturation phase, which is
a typical feature of transitional regimes [43]. When flexible and curved filaments are employed, the vortex shedding
frequency is generally reduced. Interestingly, the wake is almost steady for U* < 1 (Re < 2052) when the flexible
filaments are mounted, and therefore, no values are depicted for that trend of St(U*). This reduction of St displayed
by filaments configurations seems to be related to the modification of the wake formation, as we will describe later.

To analyze the near wake changes induced by the reconfiguration of the flexible filaments, we next focus on a
selected value of the reduced velocity U* ~ 2.38, corresponding to a Reynolds number of Re ~ 5015. This reduced
velocity displays the deformation of the flexible filaments that most closely resembles the shape of the curved rigid
filaments, allowing for a meaningful comparison between both configurations. In this regard, Figure [5| illustrates
phase-averaged snapshots of spanwise vorticity contours and velocity field flow vectors, for an equivalent shedding
phase, for the different configurations. In particular, straight filaments seem to produce more elongated shear layers,
producing smaller transversal velocities in the near wake in comparison with the other cases. In addition, the velocity
vectors appear to be aligned with the incoming flow direction for the straight cavity configuration, indicating a nearly
horizontal separation angle. On the other hand, the slanted shape of the curved and flexible cases induce an inward
flow separation angle, evidenced by the vectors direction, that reduces the recirculation region bluffness as shown in
Fig (¢c,d) and increases the transverse velocity in the near wake. This decrease of the recirculation region bluffness
has been shown to reduce both the drag and the shedding frequency in D-shaped bodies wakes [29]. The magnitude of
the vortices in the wake is also reduced, although the flow disturbance extends further downstream. More importantly,
these two configurations eliminate areas of negative streamwise velocity in the near wake.
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Figure 5. Contours of phase-averaged spanwise vorticity (w.D/uc) and the corresponding flow vectors (U, Uy) at Re ~ 5015
(U ~ 2.38). The four configurations are depicted: (a) Reference case; (b) Straight rigid filaments; (c) Curved rigid filaments
and (d) Flexible filaments. In (d) the filament vibrations are represented by a gray area, while the spatio-temporal averaged
filament deflection is shown in black. One over two vectors are represented for the flow field.

C. Effects of the different filament configurations on the near wake

Figure[f] depicts the time-averaged contours of the streamwise velocity, Uy, and the streamwise velocity fluctuations
amplitude, U, for the four tested configurations: Reference (a), Straight (b), Curved (c) and Flexible (d) cases. In
addition, we depict the corresponding averaged flow streamlines (U, Uy). At Re ~ 5015 (U ~ 2.38), the flow around
the reference D-shaped body produces a near wake composed by two symmetric recirculating zones, whose extension is
up to x ~ 1.25. The massive flow separation at the body trailing edges generates vortex shedding provoking important
flow fluctuations in the near wake (see Fig. @L) The extension of the recirculation region is considerably reduced
when rigid straight flaps are mounted, also weakening the recirculating velocity magnitude. In addition, the presence
of the flaps prevents the flow to recirculate close to the body base, but increases the area with small velocities, in
accordance with the elongated vortices depicted in Fig. ) As a consequence, a dead-flow region is formed near
the body base. The straight flaps are also able to reduce the unsteadiness in the near wake by reducing velocity
fluctuations, as shown in Fig. @(b) When the curved and flexible filaments are mounted, the wake features are
pretty similar (see Fig. @:,d). Both configurations are able to suppress the recirculation regions downstream of the
flaps trailing edges. However, they both increase the flow fluctuations in comparison with the Straight case. These
devices can deviate the flow at detachment, inducing an inward separation that generates additional flow fluctuations,
as noted in [44, [45]. While these fluctuations may hinder drag reduction, the elimination of the recirculation region
behind the body will ultimately lead to a significant reduction in drag, as we will see later. Additionally, flexible
filaments introduce more unsteadiness in the wake than curved ones, particularly at velocities around U ~ 2. This
increased excitation of the vortex shedding process may be linked to filament vibrations, illustrated by the gray areas
in Fig. [6(d)

Additionally, to analyze the changes induced by the filaments on the near wake, we depict the velocity distributions
downstream the D-shaped body for the different configurations using the averaged velocity profiles represented in
Fig. |7l In particular, the axial and cross-sectional velocity profiles for streamwise and transversal velocities (averaged
and fluctuations amplitude) are compared for the 4 tested configurations. Furthermore, the turbulent kinetic energy,
computed as k = 1/2((Uy /tio)? + (Uy/tiso)?), transversal profile is also included. The streamwise distribution of U,
at y = 0 (Fig. |z|a) shows quantitatively the effect of the different rear geometries previously depicted in Fig. @ In
comparison with the reference case, the straight filaments attenuate the recirculation region and the velocity gradient
outside the recirculation region at Re ~ 5015 (see Fig. ) As shown in the same figure, both curved and flexible
filaments are able to suppress the negative velocity values, decreasing the velocity deficit downstream the filaments
trailing edges. The similarities between these configurations are based on the similar averaged orientation of the
flexible filaments ((©) ~ 9°) in comparison with the curved filaments (11°) at U* ~ 2.31. The performed comparison
can also be made in terms of streamwise velocity fluctuations, which are mainly associated to vortex shedding in
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Figure 6. Contours of time-averaged of streamwise velocity, U, (top half of each panel) and contours of the time-averaged
streamwise velocity fluctuations, U,, (bottom half of each panel) corresponding to: (a) Reference case; (b) Straight rigid
filaments; (¢) Curved rigid filaments and (d) Flexible filaments configurations. The corresponding averaged flow streamlines
(Uz,Uy) are also included included. In (d) the filament vibrations are represented by a gray area, while the spatio-temporal
averaged filament deflection is shown in black. A black dashed line marks the velocity profile position for Fig. [7] Data
corresponding to Re ~ 5015 (U™ ~ 2.38).

two-dimensional wakes. These flow fluctuations are related to the generation of unsteady lift force fluctuations and
the consequent increase of drag. In that regard, Fig. b) depicts the classical evolution of streamwise velocity
fluctuations at y = 0 for the reference case, with a peak that places the vortex formation length [12] of the shed
vortices (at /D ~ 1.5). After that position, the velocity fluctuations decay due to the viscous dissipation and
pressure recovery. For the straight configuration, the filaments move away the formed vortices and the associated
flow fluctuations are reduced, as it can be seen in Figs. [5] [f] The curved and flexible filaments depict similar
trends, illustrating the decay of flow fluctuations observed for the reference case. Interestingly, the streamwise extent
of the near wake velocity fluctuations at y/D = 0 is considerably reduced with the flexible filaments, reaching a
constant value of velocity fluctuations around x/D ~ 4. As previously mentioned in reference to Fig. |§|, in both the
curved and flexible configurations, the shape of the filaments, adapted to the flow, causes a change in the averaged
vectors at separation, inducing more intense transverse velocities. This effect also increases the level of transverse
velocity fluctuations since the vortex interaction during vortex shedding is no longer occurring parallel to the axial
flow direction but in the center of the wake (see Fig[fk,d). To illustrate that, Fig. [7c) shows the transverse velocity
fluctuations evolution along the flow direction. The curves from flexible and curved filaments maintain approximately
the same trend as the reference case across the entire velocity range. However, the straight rigid filaments, reduce
significantly the transverse velocity fluctuations, as discussed in Sect.

Regarding the transversal direction, we depict in Fig. m(d) the streamwise velocity cross-sectional profiles for the
4 tested configurations. The selected streamwise position is z/D ~ 1.26 for the reference case (at the maximum flow
fluctuations location) and at /D = 3.06 for the filament cases (Straight, Curved, Flexible) to maintain the distance
between the selected positions and the different trailing edges. These positions can be seen in Fig. [6] marked by
black dashed lines indicating both the z-position and the transversal distance considered. The transversal profiles,
illustrated in Fig. d), obtained at Re ~ 5015 depict a strong velocity gradient at y/D 4 0.5 for the reference and
straight cases. These gradients are reduced when curved and flexible filaments are set, also, the negative velocities
reached by these configurations is smaller, indicating a different wake formation mechanism and an eventually lower
drag coefficient.

Streamwise velocity and turbulent kinetic energy profiles at the mentioned streamwise positions are shown in Figs.
m(ei). In all cases, the streamwise fluctuations show a predominant double peak in the transverse direction as
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Figure 7. (a) Time-averaged streamwise velocity longitudinal profiles, U,. (b) Time-averaged streamwise velocity fluctuations
longitudinal profiles, U,. (c) Time-averaged transversal velocity fluctuations longitudinal profiles, ﬁy (d) Time-averaged
streamwise velocity transversal profiles, U, (e) Time-averaged streamwise velocity fluctuations transversal profiles, U, and ()
Turbulent kinetic energy transversal profiles k. The longitudinal profiles are selected at y/D = 0. The transversal profiles are
placed z/D = 1.26 for the reference case and at z/D = 3.06 for the other configurations (see Fig. [6]), at Re ~ 5015 (U* ~ 2.38).
The four configurations represented are: the Reference case (green solid line); Straight rigid filaments (yellow dashed line);
Curved rigid filaments (purple dotted line) and Flexible filaments (orange solid line).

evidenced by Figs. [§ and [f] indicating the shedding of alternative vortices detached from each side of the body. The
curved case exhibits a third, smaller peak in the central part of the body, which is linked to the vortex interaction
taking place in the middle of the wake (see Figs. , ) However, the reference case displays the typical transverse
distribution of flow fluctuations in the transverse velocity for two-dimensional wakes behind blunt bodies [46], with two
symmetrical peaks of streamwise velocity fluctuations at the end of the recirculation region (see Fig. ) These flow
oscillations, in addition to the transverse flow fluctuations, generate a zone of high turbulent kinetic energy, k, in the
center of the wake (see Fig. ) and are responsible for generation of large hydrodynamic forces. Notably, the straight
case significantly reduces these flow fluctuations due to the delay of flow separation until the extended trailing edges,
generating long shear layers that need to be developed to induce any unsteadiness in the flow (see Fig. . Furthermore,
the curved and flexible filaments modify the flow direction at x/D = 0, which in turn alters the flow fluctuations
downstream. They exhibit similar transverse distributions of flow fluctuations, with intermediate unsteadiness levels
between the reference and straight cases. However, the transversal extension of these flow fluctuations is slightly
greater than in the other two configurations. Finally, the flexible filaments generate the largest streamwise velocity
fluctuations at y/D=+0.4, closer to the symmetry axis compared to the other configurations and nearer to the reference
case. In this setup, the flow fluctuations are likely driven by the vibrations of the filaments.

D. Velocity deficit and drag estimation

To quantitative characterize the flow changes, we next focus on the velocity deficit in the near wake — the reduction
in U, due to the influence of the body relative to the uso, i.€., Uy /s < 1 — from which we can compute an estimation
of the drag force, Cp, based on the integration of the momentum equation in the streamwise direction, as in [47], 4§].
Thus, we have computed the spatio-temporal averaged streamwise velocity, (U, /u), distribution along the wake to
compare the different configurations in terms of velocity deficit. These velocity distributions are averaged in the range
y/D £ 1.25 to cover the transversal extension of the wake for each streamwise location. Thus, Fig. |8 represents the
global streamwise velocity deficit in the near wake of the four tested configurations for three selected flow conditions,
which are representative of different qualitative responses of the flexible filaments.

As observed in Figa—c), the recirculation zone is similar between the reference and straight cases, with nearly
parallel velocity deficit distributions between both configurations for the three selected flow conditions, the only
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difference being an offset corresponding to the z/D = 1.8 extension of the straight filaments. The curved configuration
produces a smaller velocity deficit than the straight cavity for all the displayed conditions. Interestingly, there is a
increasing velocity reduction further downstream from the base that is not seen for the other configurations.

The increasing deformation of the flexible filaments, as U* grows, has a clear effect on the velocity deficit in the
wake behind the body. For low flow velocities, i.e. U* ~ 0.533, the flow loading is not able to induce deformation on
the flexible filaments (see inset in Fig. [8d). As a result, the pre-existing outward deflection alters the velocity in the
wake, displaying a trend that differs from other configurations. However, when the filaments reconfiguration takes
place, as e.g. for U* ~ 1.57, the corresponding streamwise velocity distribution starts to resemble those of the other
configurations, especially that provided by the curved filaments. That said, the velocity deficit is stronger for the
flexible filaments, since the averaged reconfiguration angle is still moderate, (©) ~ 6° (see Fig. [8¢). In the saturated
phase of response, U* > 1.77, both flexible and curved configurations shows a very similar velocity deficit in the near
wake. However, the velocity decrease observed in the far wake for the curved case is not seen in the flexible case,
which may indicate an advantageous reduction of the drag coefficient due to passive, dynamic reconfiguration.

The analysis of the spatially averaged streamwise velocity, (U, /u«), in relation to velocity deficit enables us to
assess changes in the near wake, associated also with pressure and velocity fluctuation levels, as well as in the far wake,
where the average velocity significantly influences the drag on the D-shaped body. From here, we have estimated
the drag force, C'p, based on the time-averaged flow data by integrating the momentum equation in the streamwise
direction following [47]:

1.25D
Co@)= [ (= ) dy )
—1.25D Uoo Uoo
Note that such estimation is intimately related to the velocity deficit and does not take into account the contribution
of pressure and Reynolds stresses to drag. However, these two factors are mainly relevant in the near wake and,
consequently, direct comparisons between configurations based on Cp(z) will be next made in the far wake, where
approximate asymptotic velocity distribution are obtained.

The distributions of Cp () are displayed in Fig. [§[(d-f) for the different configurations and selected flow conditions.
As observed therein, the trends of drag estimate for the reference and straight configurations remain nearly parallel
over the streamwise direction for the studied velocity range. Initially, for Re ~ 1125, the straight filaments seemingly
increase the body’s drag in the far wake. However, at higher flow velocities, some drag reduction is observed, as
the filaments help to displace the wake region away from the body. As far as the curved filaments is concerned, at
low reduced velocity, e.g. U* ~ 0.533 (Re ~ 1125), a significant drag increase is observed in the far wake, with a
steeper trend than that observed for the straight rigid filaments (see Fig. ) However, as the velocity increases,
this drag increase in the far wake is attenuated and the drag globally decreases in comparison with the reference case,
displaying a trend which is similar to that of the straight filaments (see Fig. ,f). Finally, the flexible filaments
effectively reduce drag across the entire analyzed wake region. Despite their low reconfiguration and oscillation, they
significantly reduce drag at low velocities (see Fig. ) possibly due to the wake stabilization. As U* increases, the
flexible filaments configuration consistently proves to be the most effective at reducing drag, highlighting the efficiency
of these devices with a certain level of flexibility.

We will next examine how the Reynolds number (Re) and characterized velocity (U*) affect the wake changes
caused by different devices. For this comparison, we have chosen a streamwise position of /D ~ 3.06 (x/D =~ 1.26
for the reference case) to analyze the averaged streamwise velocity and turbulent kinetic energy in the near wake.
Additionally, we selected a position of /D ~ 5 (x/D = 3.2 for the reference case) to assess the drag coefficient, as it
is best estimated in the far wake. This allows us to evaluate both the averaged and fluctuating velocities in the near
wake, as well as the estimated drag in the far wake, providing a comprehensive understanding of how configurations
affect different flow conditions.

Figure |§| depicts the spatio-temporal, averaged streamwise velocity distribution (both averaged, (U, /us) , and
fluctuating, (k), components) and the estimated drag, Cp, for the aforementioned relative locations. Note that, by
keeping the same relative position to the trailing edges of the filaments, the comparison of the tested devices can
be considered consistent. The reference case depicts a slight decrease (respectively, increase) of the velocity deficit
(respectively, estimated drag) for the studied range of Re numbers (see Fig. Eh, b), suggesting the development of
a more intense wake. The straight filaments show a similar trend (only small differences are observable at low flow
velocities) and induce drag reduction, in comparison with the reference case, for Re > 2000. Besides, the curved
filaments display an important reduction of the velocity deficit and the drag, which is however reverted as Re grows
above Re > 4000. The trends are qualitatively different for the configuration with flexible filaments. For low reduced
velocities, U* < 1, the velocity deficit is similar to that one corresponding to rigid filaments, as the flow loading
cannot still deform the flexible filaments. Interestingly, the estimated drag from the far wake is small, probably due
to the wake steadiness observed under these conditions (also supported by Fig. @:) Then, a sudden velocity deficit
decrease and drag increase is observed at U* ~ 1. This drag enhancement might be related to the abrupt increase of
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filaments fluctuations which is not yet overcome by the mild adaption of the averaged shape. The situation is however
soon reverted, as the filaments adopt a quasi-static reconfiguration at larger U*. In fact, for the saturation regime,
U* > 1.77, the curved and flexible flaps display similar velocity deficit and estimated drag. Notwithstanding, the
drag increase observed when Re > 4000 for the curved case is not seen for the flexible filaments, which are shown to
efficiently improve the aerodynamic coefficient.

We will finally focus on the analysis of the flow fluctuations, estimated here with the spatio-temporal average of
the turbulent kinetic energy over y/D + 1.25, (k), which are displayed in fig. |§|(c) for the four configurations. This
analysis complements the conclusions extracted for the velocity deficit (U, /uoo) and the estimated drag Cp as the wake
fluctuations are known to contribute to the drag generation. For the reference case, the flow unsteadiness seems to
converge around Re ~ 1755, as it happened with the shedding frequency (see Fig. ) As previously observed, straight
filaments significantly reduce wake unsteadiness across all tested Re, maintaining a constant fluctuation amplitude
throughout the entire range. Moreover, curved filaments provoke a wider near wake (as seen in Fig. ) which
produces larger spatio-temporal flow fluctuations in comparison with other configurations. The distinct behavior of
the flexible filaments is also evident in Fig. |§|(b) At low reduced velocities, flow fluctuations are minimal, as the flow
is insufficient to displace the filaments or generate a significant near wake. As the flow velocity increases, fluctuations
sharply rise, coinciding with the increasing passive reconfiguration and vibration of the filaments. However, at highest
reduced velocities, U* > 1.77, the flexible filaments behave similarly to the curved configuration, with minimal impact
from filament vibrations on wake unsteadiness.

(a) 1 (b) 1 (c) 1
U* ~ 1.57 Velocity deficit U*~ 2.04
Re ~ 3301 o omy dend Re ~ 4301
/G// o
————— Reference - Curved
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Figure 8. Spatio-temporal averaged streamwise velocity, (Us/us) (a,b,c) and estimated drag, Cp, (d,e,f), streamwise evolution
at: (a,d) Re ~ 1125 (U* ~ 0.533), (b,e) Re ~ 3301 (U* ~ 1.57) and (c,f) Re ~ 4301 (U* =~ 2.04) for the four tested
configurations. The Reference case is represented in green solid dashed-dotted lines; Straight rigid filaments is illustrated by
yellow dashed lines; Curved rigid filaments in purple dotted lines and Flexible filaments are depicted in orange solid lines.
In each case and configuration at subfigure a, b and c, the location chosen for the study of the velocity profiles and the Re
dependence is indicated by a black circle ((Us/uc)) or a black triangle (Cp). For each case, the spatio-temporal averaged
deflection of the flexible filaments is shown in an inset by black solid lines, the filament vibrations are depicted with a gray
shading, and the reference position of the filaments are indicated by red dashed lines.

IV. CONCLUSIONS

In this study, we experimentally compared the effect of 4 different afterbody configurations in the flow around
a two-dimensional D-shaped blunt body. The main goal of the work was to asses the efficiency of rear flexible
filaments to reduce the wake extent and the flow unsteadiness behind the body, which contribute to the generation of
undesirable forces in several applications. This problem is a simplified configuration of many associated industrial and
environmental problems, and the study may constitute a first approximation to a quasi two-dimendional analysis (note
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Figure 9. Evolution of the (a) spatio-temporal averaged streamwise velocity, (U, /uc), (b) estimated drag, Cp, and (c) spatio-
temporal averaged turbulent kinetic energy, (k), with Re (U*). The four configurations represented are: the Reference case
(green diamonds); Straight rigid filaments (yellow crosses); Curved rigid filaments (purple stars) and Flexible filaments (orange
circles). Note that the spatial averaging in (a) and (c) has been performed over y/D +1.25 at z/D ~ 1.26 for the reference case
and at y/D £ 1.25 and /D ~ 3.06 for the other configurations. For the drag analysis, the reference point is set at /D ~ 3.2
for the reference case and z/D ~ 5 for the others.

that a value of the aspect ratio H/D larger than the one used here might be required to characterize more canonical
two-dimensional responses). The experiments, performed in a closed-loop water channel, were conducted at different
flow velocities to analyze the relation between the tested afterbodies and the corresponding near wake. In the case of
the flexible filaments, they are seen to interact with the flow around the body in different regimes (see Fig. . At
small flow velocities, U* < 1, the filaments are not affected by the flow and they preserve their initial loading. When
the flow velocity is increased 1 < U* < 1.77, the flexible filaments start to passively reconfigure as well as displaying
mild vibrations (see Fig. [3). The response of the flaps saturates at U* > 1.77, fixing an averaged tip deflection
deformation of (@) ~ 9° associated to (@) ~ 4° vibrations. This saturated passive reconfiguration is selected to
produce the curved filament configuration. The response of the filaments is almost two-dimensional (see Fig. and
it is coupled with the vortex shedding produced in the wake behind the model (see Fig. . This coupling induces
the reduction of the shedding frequency when this flexible filaments are implemented. Regarding the wake changes
induced by the different afterbodies, in comparison with the reference case, flexible and rigid (straight or curved)
filaments delay the flow separation, increasing the distance between the recirculating flow or velocity fluctuations and
the body base, eventually increasing the base pressure and reducing the unsteady loads on the body (see Figs. @
@. Quantitatively speaking, the streamwise velocity deficit in the wake and the corresponding estimated drag are
reduced when the filaments are employed (see Figs. andE[), especially for U* > 1, when the flexible filaments interact
with the flow. In addition, their vibrating dynamics affects the wake features, improving the aerodynamic features
of the body in comparison to the rigid curved ones. These results prove the potential of flexible filaments as efficient
solution for aerodynamic improvement through passive reconfiguration, without the disadvantages that may feature
continuous flexible parts (such as significant loads and potential torsional deformations). That said, its application
to engineering problems may require a deeper analysis under more complex geometries and flow conditions.
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