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ABSTRACT

We investigate the quasi-static reconfiguration of rear parallel flexible plates on the drag coefficient of a blunt body. The drag coefficient,
plates deformation, and main features of the turbulent wake are characterized experimentally in a towing tank. It is found that increasing the
flexibility of plates leads to an important drag reduction, induced by the progressive streamlining of the trailing edge due to plates deforma-
tion. The study of the Vogel exponent is adopted here to evaluate the limit on the potential drag reduction at large values of the Cauchy num-
ber, which is shown to be mainly caused by the growth in the vibrating amplitude response of plates. The plates deformation is analyzed by
means of image processing, showing that their shapes mainly follow the first modal form of a cantilever beam deflection, although a slight
concavity develops toward the plates tip for large Cauchy numbers. To further analyze this process, the empirical flow loading along the
plates is estimated by a modified beam theory assuming a distributed load given by a power law. The experimental fitting shows that for large
flexibility, the load diminishes at the rear tip. Besides, the progressive deformation of plates is shown to weaken the shedding of vortices and
reduce the size of the recirculation bubble. Finally, an affine direct relationship between recirculation bubble aspect ratio and drag coefficient
has been proposed in order to quantify the linkage between near wake modifications and hydrodynamic improvement provided by the trail-
ing edge streamlining.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046437

I. INTRODUCTION

The flow around blunt-based bodies represents a widespread sit-
uation encountered in many engineering systems, as, for instance,
heavy transport, civil structures, and marine applications. These types
of flows are characterized by a massive separation at the bluff trailing
edges and the subsequent development of a strong wake and a wide
recirculating bubble. Such flow separation is responsible for the low
base pressure and the vortex shedding. As a result, the blunt bodies have
large values of drag and experience important fluctuating forces, which
may entail poor aerodynamic performances or structural vibrations.

The previous considerations justify the intense work devoted
to develop wake control strategies applied to blunt-based bodies1,2

aimed to reduce the fuel consumption, increase the maneuverability
of vehicles, or reduce the risk of structural fatigue induced by vibra-
tions. In general, important reductions of the drag resistance by
means of base pressure recovery can be achieved using rear systems
acting on the body base or the trailing edge. That said, even though

the active systems may increase the performance and optimize the
drag reduction, they constitute sometimes difficult solutions to be
implemented in practice and demand external energy, what may
hinder their suitability in terms of global energy balance.3 Besides,
the passive devices present the advantage of its simplicity, although
they do not necessarily represent optimal solutions for any flow
condition.4

Among the passive control strategies for wakes behind blunt-
based bodies, the use of base rigid cavities5–7 delays the flow detach-
ment and modifies efficiently the base pressure component of the
drag. However, such devices do not work optimally for all flow condi-
tions,8 what might be partially overcome by using shape optimization
techniques to design improved cavities,9 or instead, flexible plates that
may adapt better to the flow and streamline the trailing edge. In that
sense, just a few recent works have studied the effect of implementing
flexible parallel plates at the rear of bluff bodies with the main focus
on flow-induced vibrations of the plates,10–12 showing that a moderate
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vibrating dynamics of plates may hinder the aerodynamic perfor-
mance of blunt bodies in laminar regimes.

As a compromise between simplicity and capacity of adaptation
to the flow, numerous attempts have been made to reproduce or
develop control strategies based on biological observations (see, e.g.,
Refs. 13 and 14). Of particular interest are those examples of self-
adaptive rigid moving flaps applied to improve the aerodynamic per-
formance of blunt-based bodies.15–17 In these cases, the quasi-static
adaptation of flaps entails the pressure recovery at the near wake by
delaying the flow separation. In a similar bio-inspired perspective,
important drag reductions can be achieved by reconfiguration of flexi-
ble parts, as it occurs in plants or trees.18,19 In particular, the observa-
tions of Vogel20,21 demonstrated that the deformation of some parts of
plants leads to lower values of drag force Fx and showed that the rela-
tionship between drag and velocity follows the scaling Fx / U2þc,
where c is a negative exponent. The reconfiguration of flexible struc-
tures has been extensively analyzed in applications concerning thin
plates and filaments placed transversely to the flow stream,22–28 where
the reduction of the drag is associated with the streamlining of the
bodies and the reduction of the exposed area. In view of these studies,
the use of flexible structures, able to adapt to the flow, seems an
interesting solution if a quasi-static streamlining of blunt bodies is
sought.

Hence, the present analysis aims to explore the effect of the
quasi-static reconfiguration of rear flexible cavities on the turbulent
wake and drag coefficient of a slender blunt-based body. The role of
the decreasing plates stiffness and their ability to comply with the flow
will be experimentally analyzed for a fixed Reynolds number. The
resulting understanding of the effect of flexibility will be useful for the
design of control devices in more realistic applications, including, e.g.,
heavy road transport and underwater vehicles or structures. That said,

this paper is organized as follows. Section II describes the problem
configuration and main variables, while the experimental details and
techniques are given in Sec. III. The main results and discussion are
included in Sec. IV. In particular, Sec. IVA is devoted to drag force
measurements. Sec. IVB presents the analysis of plates and flow forc-
ing, while Sec. IVC describes the near wake features. Finally, the main
conclusions are drawn in Sec. V.

II. PROBLEM DESCRIPTION

We study experimentally the wake behind a blunt-based body of
semi-ellipsoidal nose with a total length-to-height ratio l=h ¼ 3:9 and
width w ¼ 7:64h (see Fig. 1). Such body, which is a slightly modified
version of the model employed by Lorite-D�ıez et al.,29 implements a
rear cavity as passive control device, consisting of parallel flexible
plates of length lc ¼ 1:375h and calibrated thickness e. The plates,
which are rigidly embedded at the body base, are located at an inboard
distance of hc ¼ 0:075h with respect to the rear edges. The plates
width is slightly smaller than that of the body, so that a tiny gap of
0:013h exists between the plates and the wiglets (such intentional
small gap ensures the free vibration of plates without any interference
of friction with the end plates, while avoiding three-dimensional effects
on the plates deformation at the plates edges).

The body is subject to an incompressible free-stream of relative
streamwise velocity u1, density qf, and viscosity lf, and the origin of
the coordinate system (x, y) is placed at the base of the cavity hollow,
and at half of the transverse height as shown in Fig. 1(b). The body is
impulsively started from rest, with an acceleration rate of a¼ 0.3 m/s2,
so that the permanent regime with a constant velocity u1 ¼ umax

¼ 0:3 m/s is reached at a time tp ¼ umax=a ¼ 1 s. The flexible plates
are characterized by their density qs and the Young’s module E. Thus,
if I ¼ we3=12 is the moment of inertia of the cross section of the plates

FIG. 1. (a) Sketch of the experimental setup in the towing tank and (b) problem configuration.
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about the bending (z-axis in Fig. 1 pointing out of the plane), the flex-
ural stiffness is then obtained as EI, whose value will be parametrically
changed in this study by using different materials and calibrated thick-
ness e.

That said, considering that the characteristic scales used for
length, velocity, time, and pressure will be, respectively, h, u1; h=u1,
and qf u

2
1, the definition of the non-dimensional parameters govern-

ing the problem is given next. The Reynolds number for the perma-
nent regime is obtained as,

Re ¼
qf umaxh

lf
; (1)

whose value will be kept constant for the present study at Re ¼ 12 000.
Besides, the non-dimensional stiffness of the plates under the flow
action can be quantified through the Cauchy number,23

Ca ¼
qf u

2
maxl

3
c

2EI
; (2)

which represents the ratio of the force produced by the characteristic
dynamic pressure of the flow and the bending stiffness of the flexible
plates. The modification of the plates’ material and calibrated thick-
ness, e, allows to modify the flexural stiffness EI, thus covering the
range of Cauchy numbers 0:006 � Ca � 56:221 for the present study,
as listed in Table I, where the main characteristics of the different flexi-
ble plates are summarized. Moreover, the variation of the plates flex-
ural stiffness can be also accounted for through their reduced velocity,

U� ¼ u1
-1;nh

; (3)

where -1;n represents the natural linear frequency of the flexible plates
corresponding to the first mode of vibration. In particular, the value of
-1;n is estimated using the Euler-Bernoulli beam theory, and modeling
the plate vibration as a free vibration of a cantilever beam.30 More pre-
cisely, the natural linear frequencies of the different k-th modes of
vibrations or eigenmodes can be then computed as,

-k;n ¼
bnlcð Þ2

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
EI

qsewl4c

s
; (4)

where bn is a dimensionless coefficient, which solves the frequency
equation cos ðbnlcÞ � coshðbnlcÞ ¼ 1. The solution involves infinite

roots, with the smallest one occurring somewhere past the point where
the cosine function first becomes negative. Thus, it is demonstrated
that b1lc¼ 1.8751 is the constant of the natural frequency for the first
mode of free vibration of a cantilever beam, with lc being the beam
length and b1 the coefficient of the first normal mode. As listed in
Table I, the present study covers the range of reduced velocity
U� ¼ ½0:077; 1:552�. Note that U� ¼ 0 would correspond to a per-
fectly rigid case (case #1 will be used here as a rigid reference configu-
ration). Additionally, a solid-to-fluid mass ratio m� ¼ qs=qf can be
defined, although the two materials employed in the study provide
with similar values, i.e., 8.4 and 7.9 for brass and steel, respectively,
and therefore, little effect is expected on the results.

The plates instantaneous deformation obtained for each value of
Ca can be quantified through the inclination angle of the fitted chord
line h, measured with respect to the streamwise direction, as depicted
in Fig. 1(b). Besides, the effect of the plates deformation will be ana-
lyzed in terms of force coefficients and characteristic frequencies. For
instance, the drag coefficient will be obtained as,

cxðtÞ ¼
f xðtÞ

0:5qf u2maxhw
; (5)

where f xðtÞ denotes the time-dependent drag force (i.e., in the stream-
wise direction). In addition, characteristic frequencies of the time evo-
lutions of the flow variables, -, will be presented in dimensionless
form as Strouhal numbers,

f ¼ -h
umax

; (6)

where the dominant frequencies will be calculated from the Fourier
transform of the corresponding time series. Any frequency can be also
presented in non-dimensional form by normalizing it by the natural
frequency of the first mode of vibration of the plates, as

f � ¼ -
-1;n

: (7)

In the following, all the variables will be given in dimensionless
form, unless otherwise stated. Besides, the time-dependent variables
will be denoted using lower case variables, wðtÞ, while their temporal
averaged will be expressed by capital ones, W ¼ �w. Additionally, the
instantaneous amplitude of any fluctuating variable w0ðtÞ ¼ wðtÞ �W,

denoted as ŵ, will be obtained by means of the Hilbert transform
(withH denoting the operator). In particular, to form the analytic sig-
nal on the complex plane,31 whose real and imaginary components
are, respectively, zr ¼ w and zi ¼ HðwÞ. Therefore, the instantaneous
amplitude (envelope) and phase in the complex plane can be obtained

as ŵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2r þ z2i

p
and ww ¼ arctanðzi=zrÞ, respectively, so that the

corresponding time-averaged amplitude is expressed as Ŵ ¼ ŵ .

III. EXPERIMENTAL DETAILS AND TECHNIQUES
A. Setup configuration

The experiments were carried out in a towing tank of 2 m� 0.6 m
� 0.6 m, which allows optical access from all sides. The body was
towed and controlled through an Adjustable Frequency Drive (AFD)
connected to an AC motor that provided a stable linear displacement
for velocities up to 0.66 m/s. The control of the velocity and the

TABLE I. Main features of flexible plates investigated.

Foil # Material e (mm) E (MPa) Ca fn;1 (Hz) U�

1 Brass 0.5 1.1 � 105 0.006 96.61 0.077
2 Brass 0.2 1.1 � 105 0.102 38.65 0.194
3 Brass 0.15 1.1 � 105 0.242 28.98 0.259
4 Brass 0.1 1.1 � 105 0.817 19.32 0.388
5 Brass 0.075 1.1 � 105 1.936 14.49 0.517
6 Steel 0.05 2.1 � 105 3.422 13.81 0.543
7 Brass 0.05 1.1 � 105 6.533 9.66 0.776
8 Steel 0.025 2.1 � 105 27.375 6.90 1.086
9 Brass 0.025 1.1 � 105 56.221 4.83 1.552
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acceleration by the AFD provided sensitivities of 70 lm=s and 80
lm=s2, respectively. The towing facility was systematically calibrated to
ensure a correct determination of the velocity and repeatability of the
flow conditions, leading to uncertainties in the value of umax of 60.005
m/s.

The body, manufactured using a 3D printer, was connected to
the towing carriage using a steel shaft holding from a turntable plat-
form, which allowed a precise alignment of the body with respect to
the incident stream. The lower end of the shaft featured an external
casing with a streamlined 1 cm thick NACA profile shape to avoid the
massive flow separation close to the free surface. A load cell was
installed between the platform and the body to account for the drag
force measurement, as shown in Fig. 1(b). In addition, two thin acrylic
plates of 3mm thickness (chamfered at their front) were placed at the
body ends close to the free surface and ground, to avoid any effect of
the free surface waves and ground clearance. It should be noted that
the frontal submerged area offered by end plates and the holding
device represents only a 5.86% of the total body’s area, and therefore,
their contribution to the drag coefficient can be considered marginal
for such a comparative study. Blockage effects can be estimated from
the ratio between the spanwise height of the body h¼ 4 cm and the
width of the channel, wc ¼ 60 cm, providing h=wc ¼ 0.067 (6.7%)
which leads to a velocity variation of Du=u ¼ 0:71 (7.1%). With this
velocity correction, the drag coefficient correction should give
DCx=Cx ¼ 0:13 (about 13% lower). However, the data presented in
this work have not been blockage corrected since it is a comparative
study where the measurements reported were taken under the same
conditions, i.e., with a constant blockage. Besides, the rear flexible cav-
ity was installed at the body base using an add-on system that allowed
to rigidly hold the calibrated metallic foils, by means of adjustable slits
guided by holding screws. As a result, the flexible plates were located
at an inboard distance of hc ¼ 0:075h with respect to the rear edges
(Fig. 1).

B. Force and frequency measurements

The drag force was measured using a force sensor (model AMTI-
MC3A-100lb), connected to the moving carriage through a rigid sup-
port. The accuracy of the load cell was estimated to be of 60.001N
(using specifications of hysteresis, crosstalk, and non-linearity). The
data were acquired at a sampling rate of 1 kHz, performing a number
of runs of n¼ 6 with each plate to ensure a good repeatability of the
results.

On the other hand, the characteristic shedding frequency at the
wake was obtained for all cases from transverse velocity uyðtÞ mea-
surements, performed with a one-dimensional, 658 nm, miniature
LDV system (model MSE miniLDVTM), whose probe volume was
30� 60� 200lm3. To that end, the flow was seeded with 10 lm
neutrally buoyant hollow glass spheres. The probe was located at a
downstream distance of x ¼ 3h, where the amplitude of velocity fluc-
tuations was proven to be sufficiently energetic for the analysis. Thus,
using proper decimation, threshold and SNR values, approximately
5000 particles, were registered for each run, what, considering a run
temporal length of 6s, provided with an equivalent, equi-spaced tem-
poral resolution of Dt � 0:001 approximately. The transverse velocity
data were subsequently processed and fitted, to perform a spectral
analysis of the time-series u0yðtÞ ¼ uyðtÞ � Uy , to obtain the main fre-
quencies at the wake. Note that such frequencies are of order of

2–3Hz, far below the natural frequencies of the body-holding system,
which were checked to be above 15Hz.

Furthermore, additional force and frequency measurements were
also performed in a water tunnel facility with a test section of 0.4 m
� 0.4 m� 2.5 m. These additional measurements allowed to satisfac-
torily verify that the force and frequency values obtained at the towing
tank corresponded to permanent flow regime conditions. In fact, the
comparison between measurements from the towing tank and the
water channel was estimated to be lower than 5% both for time-
averaged drag force and main frequency results.

C. Particle image velocimetry

Wake visualizations of the xy plane were carried out at the towing
tank using time resolved, planar Particle Image Velocimetry (PIV). To
that aim, a 5W Diode-Pumped Solid State (DPSS) green laser with a
50mm cylindrical lens was used to create a horizontal sheet at z¼ 0,
illuminating from behind the body, as depicted in Fig. 1(a). As men-
tioned earlier, the flow was seeded with 10lm, neutrally buoyant hol-
low glass spheres. The images were acquired with a CCD-sensor,
12 bit, 1 Mpixel High-Speed Camera equipped with 60mm f/2.8 fixed
focal lens objective. The camera was located at the bottom of the car-
riage and towed alongside the body [see Fig. 1(a)]. This setup provided
with an approximate Field of View (FoV) of 3h� 2h behind the body,
which allowed to properly capture the recirculation region and the
vortex shedding. The images were recorded with a resolution of
1024� 1024 pixels and an acquisition rate of 1000 fps, with a time
interval Dt ¼ 2 ms after PIV processing. Moreover, the shutter speed
was accordingly adjusted to a value of 1/2000 s, to obtain static par-
ticles between consecutive snapshots.

Using the previous settings, series of around 2000 pair of
images were processed in each experimental case, using the
MATLABVR toolbox PIVlab.32 As an initial step, a mask was
applied to all images, in order to exclude the body base and the
region of plates displacement out of the analysis. Subsequently, a
pre-processing was done to all the images to increase the contrast
and brightness of points between images, after what a Fast Fourier
Transform (FFT) cross correlation algorithm was applied. In par-
ticular, to account for the differences of velocity in the region of
interest, three distinct consecutive interrogation windows with
respective sizes of 64� 64, 32� 32, and 16� 16 pixels were used
in combination with a 50% overlapping area. As a result, a vector
field of 124� 62 and a spatial resolution of 0:034h were obtained,
with the number of spurious vectors obtained being very small
and always less than 2% of the total.

The temporal and spatial uncertainties of the estimated magni-
tudes from the PIV measurements of velocity can be obtained from
Taylor series propagation,33 considering Dx and Dt as independent
variables,

Uu

u

� �2

¼ UDx

Dx

� �2

þ UDt

Dt

� �2

: (8)

The uncertainty in the time separation, UDt , in our case relies upon
information provided by the manufacturer of the high-speed camera.
Typical values of UDt are of the order of 1 ns, yielding a negligible rela-
tive uncertainty in our case. With respect to UDx , a great amount of
work has been developed to quantify uncertainties in PIV
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measurements.34 However, a rough estimation can be given by cdp,
being dp the particle image diameter and c � 0:1 a parameter associ-
ated with the uncertainty in locating the particle image centroid.35

Typical values of minimum measurement errors have been reported
in the range of 0.05–0.1 pixels for 32� 32 pixels interrogation window.
Thus, in our PIV measurements, it is expected to have uncertainties
lower than 1%. A similar derivation can be also used to estimate the
uncertainty for frequency, or plates deformation obtained from visual-
izations as described below.

D. Plates deformation characterization

To characterize the plates displacement, a similar image acquisi-
tion procedure with the help of the high-speed camera was applied to
the region of interest of the plates. Thus, the light reflection created by
the metallic shining surface of plates due to the incidence of the hori-
zontal laser sheet was captured by the camera (to enhance the shin-
ning, the plates were covered by a solution with hollow glass particles).
The 12 bits gray-scale raw images, acquired with a resolution of
1024� 1024 pixels and a sampling rate of 1000 fps, were processed
with the help of the MATLABVR image processing toolbox, where a
series of filters were applied in order to improve the shape detecting
algorithm. In particular, a Gaussian filter was applied to the cropped
images to remove any particles from the flow [see Fig. 2(a)], and the
edges of the plate were subsequently detected applying a homogeneity
operator. The threshold for binarization was calculated applying the
Otsu’s method, using the value 1 for the pixels at the plate’s edge [see
Fig. 2(b)]. Additionally, to clear the image and reduce the remaining
noise, all the images were processed creating a weight matrix adding
all the pixels with values 1 from the different frames, thus obtaining a
spatial heat map around the area of the plate locations. Thanks to the
relatively small displacement of the plate, a well-defined area was
observed, what also helped to eliminate noise or particles. After that, a
second processing iteration was performed, where a geometric
weighed mean was computed for each column of the image to define a
line that represented the shape of the plate corresponding to each
snapshot. These points were finally fitted by a cubic spline interpola-
tion, applying the extra contour condition of a nil second derivative at
the embedding on the body base [see Fig. 2(c)].

IV. RESULTS AND DISCUSSION
A. Drag force

Figure 3 shows a typical time-evolution of the drag force cxðtÞ for
the bluff body with rear flexible plates. Due to the initially accelerated
motion from rest and the final deceleration of the carriage, the drag
force cxðtÞ displays an initial added mass positive peak and a negative
peak at the end of the run. The value of cxðtÞ corresponding to the
steady regime of the body can be then obtained after discarding the

accelerating and decelerating transients. The limits of the analysis win-
dow are illustrated in Fig. 3, where ti and tf denote, respectively, the ini-
tial and final times. Considering that the acceleration time taken by
the body to reach the steady regime was set to 1 s for all cases, a safe
value of ti ’ 1:35 s is defined. The suitability of such value ti to pro-
vide statistical convergence of the standard deviation of the drag, con-
sidering moving temporal windows of 0.3 s, has been also satisfactorily
tested. Finally, the value of tf is set after the detection of the decelera-
tion peak to obtain the windows of analysis with a length of Dt ¼ 4 s.

It still remains unanswered whether the run length is sufficient
long to obtain permanent regime values of the forces. In that sense,
according to the definition given by Fernando and Rival,36 the non-
dimensional run distance corresponding to the permanent motion of
the carriage is s=Dh ’ 21, where Dh ¼ 2hw=ðhþ wÞ is the hydraulic
diameter of the body’s section. After comparing this value to those
reported in previous studies on impulsively started bluff devices,36,37

such distance can be considered long enough to provide steady drag
values. Moreover, to discard any transient effect on the results, addi-
tional measurements of forces were performed in the water channel
facility for selected values of the Cauchy number, obtaining differences
always below 5% for the time-averaged drag Cx in all cases analyzed.

After the definition of the analysis windows for the steady regime,
the characteristic time-averaged drag Cx and the mean amplitude of
the drag fluctuations c0xðtÞ, i.e., Ĉx , are computed. The mean values, Cx

and Ĉx , obtained from the different n¼ 6 tests corresponding to each
Cauchy number (i.e., 1

n

Pn¼6
i¼1 Cx;i and 1

n

Pn¼6
i¼1 Ĉx;i) are depicted in

Fig. 4(a), while the corresponding relative variations with respect to

FIG. 2. Example of the different stages in the plate deformation detection algorithm corresponding to a random instant and plates configuration #7 in Table I: (a) pre-processed
image without background noise, (b) image with edge detection after application of the homogeneity operator, and (c) cubic spline fitting (red line) together with the original raw
image (background).

FIG. 3. Example of drag coefficient measurements for a Cauchy number of
Ca¼ 0.06, i.e., case #1, and analysis window for the steady drag analysis inscribed
between initial and final instants, ti and tf (see thin-dashed vertical lines).
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the rigid reference case (#1 in Table I) are included in Fig. 4(b). Note
that the variability of results in (a) is shown by means of error bars
that quantify the standard deviation of the measured values from the

different n¼ 6 runs, i.e., rðaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n�1
P6

i¼1 jai � ð1n
Pn¼6

i¼1 aÞj2
q

,

where ai is the values of Cx or Ĉx for each run.
As observed, the drag coefficient for the stiffest case of

Ca¼ 0.006 is Cx ¼ 1:099, which, in the following, will be consid-
ered the rigid reference value Cx;0. As the Cauchy number increases,
the drag decreases very slowly initially, but there is a sudden reduc-
tion for Ca � 1:936, presumably due to the deformation of the
plates to adapt to the flow streamlines, reaching a value of 0.944 for
the most flexible case with Ca¼ 56.221. Note that, a similar trend is
observed for the amplitude of drag fluctuations, Ĉx , due to that the
more streamlined trailing edge leads to a weakened shedding pro-
cess at the wake. The corresponding maximum variations of the
time-averaged drag DCx and magnitude of drag fluctuations DĈx

are, respectively, 13.9% and 10.4%, for the largest value of Ca, as
shown in Fig. 4(b).

The decrease in the drag force induced by the plates reconfigura-
tion can be also indirectly quantified by means of the so-called Vogel
exponent.20 In particular, the classical quadratic velocity-drag law at
large Re for rigid bodies Fx / U2

1 is modified to a smaller power law

Fx / U2þc
1 , where c is the Vogel exponent (typically negative values of

0 and �1 indicate, respectively, quadratic and linear relationships
between velocity and drag). As highlighted above, the computation of
c has been traditionally employed in problems concerning flexible fila-
ments or plates placed transversely to the flow stream, to evaluate the
effective front area reduction and the streamlining of the body for dif-
ferent shearing flows [see, e.g., Refs. 22, 23, and 38–40]. Thus, although
the present configuration is not rigorously equivalent in terms of the
fluid-structure interaction (the incident flow is parallel to the plates),
such exponent can be useful to establish similarities and to evaluate
the capability of the flexible plates to comply with the flow, or even to
determine the existence of a limit in the progressive decrease in drag
force with the Cauchy number. That said, the Vogel exponent can be
computed as

c ¼ 2
@ ln<
@ lnCa

; (9)

where < ¼ Cx=Cx;0 is the reconfiguration number.
The evolutions of < and c with the Cauchy number Ca are

depicted in Figs. 4(c) and 4(d), respectively. Evidently, the trend of <
is the same as that of DCx , displaying a strong decrease at large Ca.
The modification of the slope in the logarithmic scale is given by the
Vogel exponent, which displays negative values for Ca � 1:936, from

FIG. 4. Evolution with the Cauchy number Ca of (a) time-averaged drag coefficient, Cx (dots), and magnitude of drag fluctuations, Ĉx (asterisks), and (b) corresponding relative
variations with respect to the rigid case, DCx and DĈx ; (c) reconfiguration number < ¼ Cx;i=Cx;0; and (d) Vogel exponent c ¼ 2@ ln<=@ lnCa. Error bars in (a) show the
respective standard deviation of results for Cx and Ĉx ; andrðCxÞ and rðĈx Þ, obtained from the different n¼ 6 runs.
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where the quadratic law Fx / U2
1 no longer holds. In particular, the

exponent displays a minimum value of –0.131 at Ca¼ 3.422, to subse-
quently increase and reach a value of �0.047 for the most flexible case
investigated. This trend is qualitatively similar to those reported for
reconfiguration processes of flexible plates placed transversely to the
flow (see e.g., Ref. 23), and it is likely that for larger values of Ca, an
asymptotic limit might be found, meaning that there is a limit on the
potential decrease in the drag force with the increase in flexibility.
However, it is evident that the present configuration, where the inci-
dent flow is initially parallel to the plate, is structurally different from
that of Gosselin et al.,23 and no further analogies can be established
with respect to previous works (a deeper analysis, including, for
instance, the effect of the transverse velocity profile at the trailing edge,
is beyond the scope of the present study). Nevertheless, after identify-
ing a possible limit on the drag reconfiguration at large Ca, we will
next analyze the plates deformation process to identify the underlying
mechanisms behind the force results.

B. Analysis of the plates deformation

The effect of the Cauchy number on the plates dynamic response
will be next discussed. To that aim, the deformation of the different
flexible plates has been analyzed by means of image processing, as
described in Sec. III. The time-averaged shapes of the plates for the
four selected representative values of the Cauchy number, i.e.,
Ca ¼ 0:817; 1:936; 6:533, and 56.221 (corresponding to cases
#4; #5; #7, and #9 in Table I, respectively), are depicted in Fig. 5. These
cases will be considered to illustrate the results, since they are represen-
tative of negligible, small, intermediate, and large relative reductions of
the mean drag coefficient and the amplitude of the drag fluctuations in
Fig. 4. As expected, the mean deflection of the cavity plates (thick solid
lines) increases with Ca, giving rise to a more streamlined configura-
tion of the bluff bodies for the less rigid cases. Thus, the decrease in
the drag coefficient reported in Sec. IVA can be, therefore, attributed
to a smooth reconfiguration process of the plates, which modifies the
flow detachment at the rear edges and reduces the bluffness of the
near wake, as it will be shown below.

Another remarkable feature of the plates deflection is the exis-
tence of a slight concavity upward close to the plates tip for larger val-
ues of the Cauchy number. Such behavior for highly flexible foils may
be induced by the decrease in the inward transverse fluid load occur-
ring near the tip, on the account of the shear layer detachment at the
rear edges. Such issue will be, however, addressed more in detail below.
Interestingly, the deformed shape for low stiffness in Fig. 5(d) resem-
bles the curved profile obtained by Lorite-D�ıez et al.9,29 using shape
optimization techniques. They showed that the use of a curved cavity
profile efficiently reduces the drag coefficient, when compared to the
classical device of rigid straight cavity, due to an induced inward flow
deflection, that reduces the wake extend and rises the base pressure.

The inclination angle, h, of the chord line (the straight line con-
necting the tip and root of the plates), defined with respect to the hori-
zontal direction [see Fig. 1(b)], is a good quantitative estimation of the
general plates deformation. In order to analyze, respectively, the quasi-
static plates reconfiguration and the response dynamics, we depict in
Fig. 6 the time-averaged chord angle, H [Fig. 6(a)], and the amplitude
of the angle fluctuation, Ĥ [Fig. 6(b)], for selected values of the
Cauchy number. As observed, the mean deformation of the plates
given by H increases monotonously with Ca, although three different
trends are observed. At low values of the Cauchy number, Ca � 0:816
(high values of the bending rigidity), the deformation is very small and
grows very slowly with increasing Ca. This range is associated with
negligible reductions of the drag coefficient, as observed in Fig. 4. At
intermediate values of the Cauchy number (0:816 < Ca � 27:375),
the mean angle grows at a considerable rate, indicating a strong recon-
figuration of the cavity plates that lead to a rapid relative drag reduc-
tion observed for such range in Fig. 4(a). Finally, at high values of Ca
(> 27.375), the rate of growth of the mean angle is seen to decrease,
inducing the increase in the Vogel exponent at large values of Ca
observed in Fig. 4(d).

On the other hand, the influence of the plates stiffness on the
dynamic behavior is analyzed next with the help of Fig. 6(b), where
the amplitude of the chord angle fluctuations is plotted against the
Cauchy number. As observed, the amplitude of plates angular

FIG. 5. Mean deflection of flexible plates for the selected values of Cauchy number (see Table I) (a) #4 Ca¼ 0.817, (b) #5 Ca¼ 1.936, (c) #7 Ca¼ 6.533, and (d) #9
Ca¼ 56.221: experimental deflection obtained from image processing (thick solid black lines); approximate shape of the first Euler–Bernoulli mode of free vibration (dashed
gray line); and estimate of static deflection according to the theoretical Euler–Bernoulli theory with varying distributing load (thin solid green line).
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oscillations Ĥ is negligible for Ca< 3.422, with values close to 0:1	.
The slight mean deformation and the weak amplitude dynamic
response of the plates suggest that they are too stiff to response to the
flow forcing. Thus, the small limit of Ĥ ’ 0:1	 for the stiffest cases
can be attributed to be the magnitude of the structural vibrations of
the experimental setup of a body and holding system, which can be
considered negligible (note that the image processing procedure
detailed in Sec. III provides a spatial resolution of 0.04mm, while the
transverse displacement of the plate’s tip for the minimum angle of
Ĥ ’ 0:1	 is approximately 0.1mm given the plate’s length). Besides, a
sudden increase in the angular oscillations takes place for higher values
of the Cauchy number, i.e., Ca � 6:533, indicating the beginning of a
regular flow-induced vibrations regime. The maximum amplitude of
the angular oscillations for the highest value of Ca under study is
found to be Ĥ ’ 0:8	, what remains small enough to consider the
general response of the plates as quasi-static. However, the oscillations
at Ca¼ 52.261 seem to hinder the growth with decreasing stiffness of
the mean deformation as observed in Fig. 6(a), what may represent a
practical limit in terms of drag reduction and justifies the selection of
the range of Cauchy number for the present study.

To complement the analysis of the rear cavity response and
approximate coupled dynamics, the deformation of the plates has
been also compared to the shape of the first Euler-Bernoulli mode of
free vibration. In particular, the equation of deflection for the first
normal mode reads30

y1;n ¼ A sin b1x � sinhb1x � anðcos b1x � coshb1xÞ½ �; (10)

with an ¼ ðsin b1lc þ sinhb1lcÞ=ðcosb1lc þ coshb1lcÞ and b1lc
¼ 1:8751. The amplitude A has been adjusted for each case under
study using a least squares approximation, to give the plates deflection
represented in Fig. 5 by thick-dashed lines. As observed there, the
shapes of the normal modes seem to capture properly the plate defor-
mation, although for larger values of the Cauchy number, the reported
concavity upward close to the tip deviates the foil profile from the the-
oretical normal mode estimation. Nevertheless, to identify whether
such concavity is associated with any vibration of the plates caused by
secondary Euler–Bernoulli modes, a proper orthogonal decomposition
(POD) has been performed to snapshots of the plates deformation (see
Garc�ıa-Baena et al. for details12). In that sense, the dominant (and
coherent) POD mode shape, containing nearly 95% of the vibration
energy, is remarkably close to the first Euler-Bernoulli mode deflec-
tion, thus discarding the concurrence of a secondary vibration mode.

The frequency response of the plates has been also analyzed with
the image processing procedure described above. In particular, at
least 2000 frames corresponding to the permanent regime (identified
in Fig. 3) have been processed, covering a minimum time interval of
2 s, what means that approximately 5 vibration cycles have been cap-
tured for the slowest plates dynamics. The frequency ratios defined
with respect to the first natural frequency of vibration, fn;1 (see
Table I), and given by the main characteristic frequencies of the plates
vibration, f �p ¼ fp=fn;1, are depicted in Fig. 7 for selected values of the
Cauchy number. As observed, f �p grows linearly with U� (i.e., monoto-
nously with Ca), although they lie below f � ¼ 1 for the whole range of
U� investigated, meaning that the plates oscillate with a frequency
lower than their corresponding natural frequencies of vibration.
Additionally, the characteristic frequency ratios of the wake vortex
shedding f �w ¼ fw=fn;1, obtained for each U� (by means of the LDV
measurements taken at x¼ 3), have been included in Fig. 7 (asterisks)
for comparison, along with the Strouhal linear law given by the vortex
shedding behind the rigid case, i.e., f � ¼ Strw U

� ¼ 0:26U�. The dom-
inant shedding frequency ratio is seen to coincide with that of the
plates vibration, indicating that the wake dynamics governs the fre-
quency response of the plate. Interestingly, the values of f �w are above
the linear law given by the Strouhal number of the rigid cavity, taken
to be that at Ca¼ 0.006. This observation indicates that the resulting
shedding frequency fw grows with U� (or Ca), i.e., as the plates mean
deformation becomes larger. Thus, as the distance between rear plates
edges decreases, the interaction between the closer shear layers is fos-
tered and the shedding process accelerates. Besides, this frequency
response characterized by f � < 1 and governed by the vortex shedding
dynamics is a typical scenario in vortex-induced vibration problems at
low values of the reduced velocity (see, e.g., Ref. 12). In particular, if
U� is increased above 2, it is expected that the frequency ratio reaches
eventually f � ’ 1, what would define the beginning of the synchroni-
zation, surely leading to enhanced vibrations of large amplitude.
Therefore, the mitigated amplitude response of vibrations observed in
Fig. 6(b), even for the largest value of Ca¼ 55.26, is the result of the
range of low values of U� explored in the present study.

In view of the weak dynamic amplitude response of the plates, we
next perform a quasi-static analysis to estimate, theoretically, the time-
average foil deflection and the flow loading distribution giving rise to
the plates deformations illustrated in Fig. 5. To that aim, the same
linear Euler-Bernoulli beam theory approach used by Sathessh and
Huera-Huarte40 to quantify the deflection of flexible foils being towed

FIG. 6. Mean deflection angle H and amplitude of oscillations Ĥ. Error bars show the respective standard deviation of results, rðHÞ and rðĤÞ, obtained from the different
n¼ 6 runs.
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normal to the flow will be employed here. In particular, the transverse
deflection y for a cantilever uniform beam is given by EI@4y=@x4 ¼ q,
where q is the applied load (see e.g., Ref. 41). Thus, for the present
analysis where the flow loading is unknown, we can assume that the
plate is subject to a distributed load that varies along the span with the
form q ¼ q0ð1� x=lcÞn, where n is the loading exponent. Therefore,
n¼ 0 represents a uniformly distributed load with a constant value q0,
and n¼ 1 gives a uniformly varying load, with nil and maximum force
attained, respectively, at x¼ lc and x¼ 0. Substituting the loading
expression into the beam equation, one obtains

EI
@4y
@x4
¼ q0 1� x

lc

� �n

; (11)

that can be integrated with the proper boundary conditions to yield,

y ¼ q0l4c
EIðnþ 1Þðnþ 2Þðnþ 3Þðnþ 4Þ

� 1� x
lc

� �nþ4
� 1� x

lc

� �
ðnþ 4Þ þ ðnþ 3Þ

" #
: (12)

Equation (12) has been used to obtain the load exponent, i.e., the
flow loading distribution estimation, by fitting the experimental data
of the four cases represented in Fig. 5, where the corresponding fits are
also depicted (see thin green lines). As expected, the theoretical static
estimation of the linear deflection is nearly identical to the shape of
vibration modes. The approximate exponents leading to the fits of
Ca ¼ 0:816; 1:936; 6:533, and 52.261 are, respectively, n ¼ �0:5;
�0; 4;�0:22, and 0.8. The resulting load distributions q=q0 are plot-
ted in Fig. 8, where it can be observed that for Ca ¼ 0:816; 1:936, and
6.533, the flow loading increases toward the plate rear tip since the
exponent is negative, while it decreases toward the tip for Ca¼ 52.261,
which features a positive exponent. Thus, it is shown that the plate
concavity upward develops for low stiffness cases, as the loading at the
rear tip drops with increasing Ca. The modifications on the flow sepa-
ration inducing such estimated loading change will be subsequently
analyzed using PIV measurements.

C. Near wake visualizations

To evaluate the wake topology modifications induced by the
plates deformations, we conducted several PIV measurements for

selected values of the Cauchy numbers. First, the spanwise vorticity
distributions were computed from the measured velocity fields and
made dimensionless using the free-stream velocity and the body’s
height. Thus, Fig. 9 displays the time-sequence of half of a shedding
cycle through snapshots of the instantaneous vorticity contours,
xzðx; yÞ, and streamlines, for Ca¼ 1.936, 6.533, and 56.221 corre-
sponding to cases of small, intermediate, and large plates deformation
(see Fig. 6), respectively. The shedding sequence in these cases is
described as follows. At / ¼ 0, a clockwise vortex developed at the
lower plate grows and covers most of the near wake, as the flow
detaches from the lower shear layer. Subsequently, a counterclockwise
vortex starts to form at the edge of the upper plate (/ ¼ p=4) and
interacts with the lower one. The upper vortex growth precludes the
lower one to penetrate inside the cavity (/ ¼ p=2), which is advected
downstream from the body as the upper vortex shifts toward the axis
(/ ¼ 3p=4). Thus, the counterclockwise vortex covers most of the
near wake in / ¼ p, from which a new shedding process begins and a
clockwise vortex starts to form. In general, although the wake dynam-
ics are similar in the three cases, differences are discernible at the wake
as the plates deform with increasing Ca. A progressive weaker magni-
tude of the vortices is observed as the Cauchy number grows and the
plates deform. Thus, the more streamlined shape of the trailing edge,
defined by the closer location of rear plates edges, leads to a

FIG. 7. Main characteristic frequency ratios of plates vibration f �p ¼ fp=fn;1 (open circles) and wake vortex shedding f �w ¼ fw=fn;1 (asterisks), as a function of the reduced veloc-
ity U� and Cauchy number Ca. The solid line represents the Strouhal law vs U� given by the reference rigid cavity body f � ¼ Strw 
 U�, with Strw ¼ 0:26. Error bars show the
standard deviation of results rðf �Þ obtained from the different n¼ 6 runs.

FIG. 8. Load distribution along the cantilever for different magnitudes of the loading
exponent.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 045102 (2021); doi: 10.1063/5.0046437 33, 045102-9

Published under license by AIP Publishing

https://scitation.org/journal/phf


progressive smoother flow separation. The decrease on the vorticity
magnitude, together with the limited size of the eddies at the near
wake, which is restricted by the span between plates edges, may entail
an important pressure recovery what would be the origin of the
reduced drag coefficient observed for large values of Ca. Additionally,
it is seen that the vorticity dissipates faster as it is advected down-
stream for increasing values of the Cauchy number, suggesting a faster
recovery from the wake momentum deficit in the axial direction as the
plates reconfigure. The overall weaker magnitude of vorticity observed
in the near wake for increasing Ca may account as well for the reduc-
tion on the fluctuations amplitude of the drag coefficient shown in
Fig. 4.

Furthermore, the plates reconfiguration occurring with increas-
ing Ca decreases the distance between the shear layers, thus leading to
a stronger interaction of vortices and an increase in the characteristic
frequency. Moreover, the existence of a small step between the body
base outer edge and the clamping grooves of the flexible moves the
boundary layers away transversely from the plates for the stiffer cases,
as seen, e.g., in Fig. 9(a). However, the strong deformation of the plates
in Fig. 9(c) induces a closer attachment of the boundary layer on the
cavity wall and a smoother flow separation. Such modifications may
weaken the transverse pressure gradient toward the axis at the trailing
edge, thus producing the decreasing loading distribution toward the
tips obtained previously and sketched in Fig. 8.

The near wake modifications are further discussed with the help
of the time-averaged contours of the axial velocity, Uxðx; yÞ, and the
corresponding streamlines, depicted in Fig. 10, for Ca¼ 0.817, 1.936,
6.533, and 56.221. It is observed that the progressive mean reconfigu-
ration of plates reduces the size of the recirculating bubble (note that
there is a slight asymmetry in the recirculating bubble, which may be
associated with the small number of cycles used in the averaging pro-
cess). In particular, the deformation induces the flow to leave the

cavity edges with a higher momentum toward the axis in the y coordi-
nate (the concavity that develops the plate close to the rear edge may
play an important role in that process, as illustrated in Lorite-D�ıez
et al.9). As a result, the transverse height or bluffness decreases with
increasing Ca (since it is defined by the span between the rear edges of
the cavity), and the recirculating bubble is also shortened. The modifi-
cation of the structure of the near wake also reduces the backflow
velocity, Ux < 0 (as well as the vorticity magnitude as seen in Fig. 9).

In order to estimate the effect of the plates reconfiguration on the
near wake, we compute the mean values of the recirculating bubble
bluffness, Hr, and length, Lr, from the PIV measurements. The value
of Hr is defined as the span between the midpoints of plates rear edge,
while the length Lr is characterized as the maximum downstream loca-
tion from the body base (x¼ 0) where Ux � 0. The trends with the
Cauchy number of Hr and Lr are, respectively, depicted in Figs. 11(a)
and 11(c). As observed, the variation of Hr with Ca is very similar to
that of Cx shown in Fig. 4. In particular, due to its dependence on the
evolution of the time-averaged angular deformation of plates [Fig.
6(a)], very small changes of Hr take place initially with increasing Ca
for the stiffer cases, while a sudden decrease occurs for Ca � 1:936.
Note that the reference value corresponding to the rigid case (#1 in
Table I) is Hr;0 ¼ 0:85, while the minimum value of Hr for
Ca¼ 56.221 is 0.476. On the other hand, the recirculating length Lr
undergoes a monotonic decrease with increasing Ca, although it does
feature neither any clear plateau at low values of Ca nor a linear trend
in the logarithmic scale for larger Ca, as the bluffnessHr does.

The impact of the recirculating bubble size on the drag coefficient
is next discussed with the help of Figs. 11(b) and 11(d), where the
mean drag coefficient is, respectively, plotted vs Hr and Hr=Lr , which
can be used as a good estimation of the near wake configuration,
including the cavity length. The relation between separation length
and base drag is a classical result for blunt-base bluff bodies. However,

FIG. 9. Contours of instantaneous spanwise vorticity xz and corresponding streamlines for (a) Ca¼ 1.936, (b) Ca¼ 6.533, and (c) Ca¼ 56.221, describing a characteristic
shedding cycle (note the flow is viewed from the bottom, i.e., negative z).
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FIG. 10. Time-averaged contours of axial
velocity Uxðx; yÞ and corresponding
streamlines for (a) Ca¼ 0.817, (b) 1.936,
(c) 6.533, and (d) 56.221.

FIG. 11. Main time-averaged magnitudes
of recirculating bubble and drag coeffi-
cient: (a) recirculating bubble bluffness Hr
and (c) recirculating lengths Lr vs the
Cauchy number Ca. Mean drag coefficient
vs the (c) recirculating bubble bluffness Hr
and (d) aspect ratio Hr=Lr . The solid lines
in (b) and (d) represent, respectively, the
fitting equations Cx ¼ 1:099þ 0:423ðHr
�0:85Þ and Cx ¼ 1:099þ 1:259ðHr=Lr
�0:420Þ.
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unlike the results reported in the literature for other wake control
strategies, such as base blowing (see, e.g., Ref. 42), for which an
increase in the recirculating length is related to a base drag recovery, in
the present analysis, a direct relationship between recirculating length
and drag can be inferred from results (not shown) because the recircu-
lating bubble becomes smaller as Ca increases, as shown in Fig. 10.
Therefore, it seems reasonable to think that the base pressure recovery
is governed by the decrease in the bubble bluffness Hr and the near
wake aspect ratio Hr=Lr . In fact, the bluffness reduction acts decreas-
ing the flow curvature around the separation, as inferred from Fig. 10,
what is consistent with lower values of base suction and force coeffi-
cients (as discussed by Wu43 and Roshko44 for bluff bodies wakes).
Interestingly, a clear direct linear relationship exists between Hr and
Cx. In particular, the affine relationship obtained through the data fit-
ting reads

Cx ¼ Cx;0 þ a1ðHr � Hr;0Þ ¼ 1:099þ 0:423ðHr � 0:850Þ; (13)

withHr;0 ¼ 0:85 and Cx;0 ¼ 1:099 being the bluffness and drag corre-
sponding the reference case (#1 in Table I). Similarly, the data plotted
in Fig. 11(d) fit reasonably well another direct relationship. Thus, it is
shown that the mean drag coefficient Cx fairly varies linearly with the
near wake aspect ratioHr=Lr , following:

Cx ¼ Cx;0 þ a2ðHr=Lr � Hr;0=Lr;0Þ; (14)

where Hr;0=Lr;0¼ 0.420 is the wake aspect ratio corresponding to the
reference case, and a2 ¼ 1:259. Thus, considering that for blunt-based
bodies, it is accepted that variations of drag coefficient are proportional
to variations of the base suction, defined as the negative pressure coef-
ficient, i.e., DCx / Dð�CpbÞ, the relation (13) or (14) can be used to
estimate the variations of base pressure induced by simply considering
the transverse rear deformation of plates.

The previous result agrees well with the experimental observation
of Bearman,45 who showed for two-dimensional wakes that �Cpb

varies linearly with the reciprocal of the wake formation length, Lf,
given by different splitter plates. These results were later generalized for
wakes behind axisymmetric and symmetric plates of different bluffness
by Humphries and Vincent.46 Hence, although the downstream length
Lr defined here is not necessarily the same as the lengths used in previ-
ous studies, as Lr also considers the cavity region, the general behavior
is very similar. Unfortunately, the lack of pressure measurements at the
base precluded us from further devise an argument on the precise role
of the bubble shape and their influence on the inner stagnation flow
region. However, a general empirical trend can be articulated from pre-
sent and previous results on the dependence of base pressure or drag
coefficients and the geometry of the near wake in bluff bodies.

V. CONCLUSIONS

The present experimental work has demonstrated the positive
effect of the quasi-static reconfiguration of rear parallel plates on the
drag coefficient of a slender blunt-based body. In general, increasing
the flexibility of plates, within the range of Cauchy number
Ca ¼ ½0:006; 56:221�, produces a progressive streamlining of the trail-
ing edge that translates into important reductions of the mean drag
coefficient and amplitude of fluctuations, with respective maximum
values of nearly 14% and 10.5%. The limit on the potential reduction
and the modification of the scaling law between drag force and velocity
due to plates reconfiguration have been analyzed by means of the

computation of an equivalent Vogel exponent. The minimum value
has been found to be c ¼ �0:131 for Ca¼ 3.422, from where the
exponent increases to seemingly reach an asymptotic value, as occurs
in typical reconfiguration processes of flexible plates and filaments
placed transversely to the flow stream, in spite of the different configu-
ration of the fluid-structure interaction. Such trend for large Ca can be
interpreted as a practical limit on the increasing drag reconfiguration,
partly motivated by the beginning of stronger vibrations of plates.

The analysis of the deformation has revealed that the plates adapt
to the flow mainly following shapes corresponding to primary normal
modes of a deflected cantilever beam. However, a slight concavity devel-
ops toward the tip for large Cauchy numbers, on the account of the
modifications on the flow loading that the increase in flexibility induces.
Such progressive deformation translates into a weakening of the shed-
ding process and a reduction of the recirculation bubble size character-
ized by an attenuated backflow. From such results, an affine direct
relationship between recirculation bubble aspect ratio and drag coeffi-
cient has been finally proposed to unveil the connection between near
wake modifications and hydrodynamic improvement provided by the
trailing edge streamlining. Such empirical relation might be useful for
the design of efficient passive control strategy in engineering systems
concerning blunt bodies as, e.g., road transport or underwater vehicles.

The work reported here is in line with previous numerical studies
developed by the same group. Considering the addition of the winglets
and the large aspect ratio of the body used in our experiments, two-
dimensional numerical simulations could be performed to comple-
ment this experimental study. The study could include the non-slip
boundary condition at the sidewall of the tank to account for the
blockage effect without having to apply any type of correction. The
coupled dynamics between plates and flow could be resolved by means
of Fluid Structure Interaction (FSI) simulations, carried out using
nowadays extended approaches, e.g., OpenFOAM, which implements
a partitioned, strongly coupled solution procedure. In that sense, con-
sidering the slow motion and progressive deformation of plates, the
flexible plates may be modeled as a St. Venant-Kirchhoff elastic mate-
rial, to properly account for finite strains and large deformations.
Alternatively, the quasi-static reconfiguration of the plates would allow
not only to perform FSI simulations but also a static study of the wake
in the search for cavity shapes optimized for different Reynolds num-
bers, simplifying the computational time and resources needed. In any
case, regardless of the undertaken analysis, such numerical work may
help to identify limitations of the experimental study in the towing
tank and extend it to other setup configurations.
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