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Underwater oscillations of rigid plates with H-shaped cross sections: an experimental

study to explore their flow physics

Burak Gulsacan and Matteo Aureli®
Mechanical Engineering Department
University of Nevada, Reno

1664 N. Virginia Street, Reno, Nevada 89557

In this work, we present a comprehensive experimental study on the problem of har-
monic oscillations of rigid plates with H-shaped cross sections submerged in a qui-
escent, Newtonian, incompressible, viscous fluid environment. Motivated by recent
results on minimization of hydrodynamic damping for transversely oscillating flat
plates, we conduct a detailed qualitative and quantitative experimental investigation
of the flow physics created by the presence of the flanges, that is, the vertical segments
in the plate cross section. Specifically, the main goal is to elucidate the effect of flange
size on various aspects of fluid-structure interaction, by primarily investigating the
dynamics of vortex shedding and convection. We perform particle image velocime-
try (PIV) experiments over a broad range of oscillation amplitudes, frequencies, and
flange size to width ratios by leveraging the identification of pathlines, vortex shed-
ding and dynamics, distinctive hydrodynamic regimes, and steady streaming. The
fundamental contributions of this work include novel hydrodynamic regime phase
diagrams demonstrating the effect of flange ratio on regime transitions, and in the
investigation of their relation to qualitatively distinct patterns of vortex-vortex and
vortex-structure interactions. Finally, we discuss steady streaming, identifying pri-

mary and secondary structures as a function of the governing parameters.
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I. INTRODUCTION

The study of underwater vibrations of bluff bodies plays both a central and distinguished

1-5

role in fundamental fluid dynamics' °, as well as a rich practical one in many science and engi-

neering applications® ', spanning several orders of magnitude in time and length scales'? 15,
For moderately low to large Reynolds numbers, vortex shedding has been identified as one
of the main mechanisms through which the energy exchange between fluid and structure
takes place!®17. Many, now classical, studies have investigated vortex shedding and vortex-
structure interaction of oscillating bluff bodies in a quiescent fluid environment or the os-
cillatory flow around them*®!" 1 In two of such seminal studies, Singh* and Williamson'®
conducted flow visualization experiments on a fixed cylinder (among other geometries) in an
oscillating flow and on an oscillating cylinder in water at rest, respectively. These works in-
troduced the pioneering concept of hydrodynamic regime classification based on the existence

5 conducted numerical and experi-

and symmetry of vortex shedding. Tatsuno and Bearman
mental studies on oscillations of a circular cylinder in quiescent water. They reproduced the
two dimensional (2D) vortex patterns visualized by Williamson'® and identified three dimen-
sional (3D) flow patterns, in addition to Williamson’s work. These regimes were found to be
driven by the interplay of the governing parameters of the flow, that is, a nondimensional
frequency parameter often denoted as (3, or equivalently an oscillatory Reynolds number, and
a nondimensional amplitude parameter, known as the Keulegan-Carpenter number?® KC. In

particular, Tatsuno and Bearman® reported increasing instability and symmetry breaking

in vortex shedding patterns as KC increases.

While many of these fundamental works focus on circular cylinders, other studies have

investigated unsteady fluid-structure interaction (FSI) for different geometries and, in par-

16,21-25

ticular, for thin beam- or plate-like shapes which are of significant practical interest in

26-29 30,31

, actuators and sensors 32,33

applications such as energy harvesters , piezoelectric fans

34-37 "and biomimetic propulsion®®*1°. While the majority of these

atomic force microscopy
works is concerned with the estimation of the hydrodynamic forces on the oscillating plates,
Ref. 41 focused on the qualitative aspects of the flow, conducting a 2D visualization study
for a broad range of governing parameters (nondimensional frequency and amplitude of
oscillation) on an oscillating flat plate in a quiescent water. This work investigated the

relationship between hydrodynamic force response, vortex dynamics, and other FSI mecha-
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nisms. A hydrodynamic regime map was provided based on vortex shedding and symmetry
breaking caused by the interplay of the oscillation governing parameters. Specifically, five
different flow regimes were identified, following the philosophy of the classical studies in
Refs. 4, 5, and 18. Recently, the investigation of hydrodynamic regimes has been signifi-
cantly expanded in Ref. 42 where the flow physics of an oscillating thin plate with three
different edges (flat, chamfered, and round edges) is investigated numerically. Remarkably,
novel V-shaped and C-shaped vortex shedding regimes are identified, while also recovering
the hydrodynamic regimes observed in Refs. 4, 20, and 41. In addition to elucidating the

22,3443-45 concerned with the

flow physics, these studies also contribute to the line of works
investigation the hydrodynamic loading on oscillating thin plates. It is well known that, for
small KC values, the flow physics is well described by the linear Stokes flow. For this type
of problem, the hydrodynamic loading can be solved with analytical and semi-analytical ap-
proaches??234, For large values of KC, vortex shedding and convection become dominant
and lead to nonlinearities in the force response of the oscillating bluff bodies*47. Refs. 43
and 45, among others, provided numerical approaches and semi-analytical correlations to
solve this nonlinear problem. These approaches were experimentally verified in Ref. 41 to be
generally accurate for predicting the nonlinear hydrodynamic forces over low to moderate
KC ranges. The works cited above highlight how, for moderately large KC numbers, hy-
drodynamic damping and power dissipation increase dramatically, and nonlinearly, with the

oscillation amplitude??2442:45

. One of the primary mechanisms responsible for the increase
lies in substantial vortex shedding and convection which, by transferring energy to the fluid,
necessarily subtracts energy from the structure. Vortex control thus appears as a possibly
viable avenue to reduce hydrodynamic damping and power dissipation in applications where
these characteristics are desirable. The potential of this approach has been demonstrated
via so-called shape-morphing structures where flexibility and shape of the vibrating solid
can be actively controlled?®4°. Without recourse to active control, in an effort to mitigate
the problems associated to intense vortex shedding, researchers have directed their attention
to the role of different cross sections and/or aspect ratios for oscillation of sharp-edged bluff
bodies**°9%3 For example, in Ref. 52, underwater oscillations of a beam with thick rectan-
gular cross section are investigated numerically to characterize the resulting hydrodynamic

forces as a function of cross section aspect ratio. They reported the existence, in selected

dynamic conditions, of multiple vortices shedding simultaneously from the corners of the
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rectangular cross section. This phenomenon is not observed in the case of very thin cross

3. The hydrodynamic forces are seen in Ref. 52 to be sensitive to vortex-vortex

sections
and vortex-structure interactions and particularly favorable conditions may occur for the
so-called “interactive vortex shedding regime”, when multiple shed vortices coalesce into a
single one. Departing from an ideally 2D flow, in Ref. 50, a circular disk performing oscil-
lations along its axis is investigated experimentally with particle image velocimetry (PIV).
Different aspect ratios are considered for very small amplitude and high frequency oscilla-
tion. The vortex patterns are, therein, classified in three different regimes and the vortices
are observed to shed at increasing angles with respect to the disk as the aspect ratio in-
creases. They also reported, in selected dynamic conditions, the occurence of interactive
vortex shedding with the amalgamation of two vortices that are shed simultaneously from

the cross section corners.

Simultaneous shedding of multiple vortices is a phenomenon also observed in Ref. 54.
Therein, the underwater oscillations of an H-shaped cross section are investigated with the
primary goal of understanding the effect on the hydrodynamic forces of the flange size to
width ratio, that is, the ratio of the height of the added flanges on both edges of the slen-
der plate to the width of the plate. It was there shown that it is possible to minimize
hydrodynamic damping and energy dissipation via a passive vortex—structure control mech-
anism, driven by the selection of optimal geometry configurations, akin to interactive vortex
shedding. Although in Ref. 54 it was remarked that the detailed evolution of vorticity, as
modulated by geometrical and dynamical properties, plays a major role in the FSI problem,
a systematic study of the flow physics and vortex-structure interaction for oscillating plates
with H-shaped cross sections, or “H-plates”, in the spirit of Refs. 5, 18, and 41 is currently
missing. In addition, despite a possibly very rich FSI behavior exhibited by these H-plates,
there has been comparatively little interest devoted to their study. Research interest is

mainly focused on flow past H-plates® 5

, primarily in the context of possible application
to bridge vibrations in cross winds. Remarkably, in Ref. 55, the qualitative investigation
of the flow past stationary H-plates and vibrating H-plates provide a fundamental insight
on relevant FSI in the presence of a background lateral flow. In addition, compared to
the cases of oscillating bluff bodies in a fluid at rest, the flow physics is slightly modified
by the presence of the so-called Froude-Krylov force?”. Thus, we conclude that qualitative

and quantitative understanding of the physics of underwater oscillations of H-plates remain

4



AlIP
Publishing

£

relatively limited.

Besides the primary flow which results in vortex shedding, oscillatory systems possess a
secondary flow known as steady streaming®'. This flow takes place in the background of the
main unsteady fluid motion as a result of the transverse periodic oscillatory motion of a body

submerged in a fluid. Several studies have investigated the phenomenon via analytical®62-66,

1426770 and experimental approaches”'™™ to highlight the interaction of steady

numerica.
streaming and the bluff body and estimate this background flow. In particular, Stuart™
developed a classification criteria for the steady streaming of oscillating cylinders. Therein,
steady streaming is classified based on the so called steady streaming Reynolds number
Res. The critical value for Res &~ 1 is where the steady streaming is governed by the full
Navier-Stokes equations. For Res < 1, the flow field is governed by the Stokes equation
and the boundary layer generated by the oscillation is denoted as “Stokes boundary layer”.
For Res > 1, a secondary boundary layer is present for oscillating cylinders. In Ref. 68,
particle trapping in the streaming cells of an oscillating cylinder is investigated in a numerical
and analytical study. The speed of the trapped particles is found to be increasing as the
Reynolds number increases. The particles outside the streaming cell, which is located in
the secondary boundary layer, are repelled as they are unaffected by the oscillation of the
cylinder, thereby confirming the secondary boundary layer as the dominant driver of steady
streaming. Beyond circular cylinders, Ref. 69 investigated 3D streaming patterns of an
oscillating flat plate via a numerical analysis over a broad range of governing parameters.
These classical and recent studies provide key understanding on distinguishing the structure
of steady streaming for thin plates from that of cylinders. However, no such investigation
exists for the case of H-shaped cross sections.

To address the above knowledge gaps, in this paper, we investigate the role of flanges in
an H-plate configuration on the flow physics of underwater vibrations, via an experimental
approach. For a broad range of governing parameters, including frequency, amplitude, and
flange size, we perform PIV experiments and present qualitative and quantitative results of
the flow patterns, vorticity, and steady streaming. We identify the hydrodynamic regimes
as a function of aforementioned parameters. Specifically, we present a phase diagram for
the occurrence of the hydrodynamic regimes for each flange ratio. By carefully examining
the occurrence of these regimes for each flange, we discover that transitions between hydro-

dynamic regimes are progressively delayed as the flange ratio increases. For the identified
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hydrodynamic regimes, we present a qualitative description based on flow visualization over
a period of oscillation. More in detail, we introduce novel quantitative and qualitative results
on the time history of vortex-structure and vortex-vortex interactions and their dependence
on the H-plate geometry and dynamical conditions. Among the qualitative differences of
vortex formation with different flange ratios, we observe that multiple simultaneously shed
vortices dissipate at different instants and the dissipation time scales increase as flange ratio
increases. We use previously presented formulations'''™ to predict the hydrodynamic forces
on the H-plates from PIV data, recovering qualitative agreement with the numerical results
of Ref. 54. Finally, in a first investigation of its kind, we study the inner flow component of
the steady streaming of H-plates and present the effect of flanges on the steady streaming
with both qualitative and quantitative results. We observe similar structures to the stream-
ing characteristics of other bluff bodies in literature and report on the dependence of velocity

flux, in the neighborhood of the H-plate, on the flange ratio.

The rest of this paper is organized as follows. In Section II, we introduce experimental
methods which include our PIV approach, the estimation of steady streaming characteristics,
and the methods of flow visualization. In Section III, we present and discuss the experimental
results including determination of flow regimes, qualitative path line evaluation, vortex-
structure interaction, estimation of hydrodynamic force, and steady streaming. Finally,

conclusions are presented in Section IV.

II. MATERIALS AND EXPERIMENTAL METHODS

In the present study, we investigate the effect of flanges on the flow physics induced by
harmonic oscillations of submerged plates, by focusing on a 2D flow field whose domain
encompasses a cross section of the structure. With reference to the schematics in Fig. 1,
the motion of the H-plate is a prescribed rigid translation along the y-axis, described by
0(t) = Asin(wt), where A is the amplitude, w is the angular frequency, and ¢ is the time

variable.
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FIG. 1. (a) View of the experimental setup. (b) Close up view of the plates and relevant nomen-

clature. (¢) Contour and control volume for force and streaming flux estimation.

A. Experimental Setup

All experiments are performed in a large 150-liter 910 x 460 x 430 mm? water tank, see
Fig. 1(a). We use seven different stainless steel plates which share the same total length
L = 120 mm, effective length L = 112mm, width b = 27.75 mm, and thickness A = 0.7 mm,
see Fig. 1(b). The plates are constructed with different flange sizes a to produce flange

ratios x = a/b in the range 0-0.6, with an increment of 0.1. This choice allows us to

ing
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explore the parameter range previously discussed in Ref. 54. Here, the “effective length”
indicates the part of the plate not covered by its attachments to the mechanical excitation
system. Note that the plate with x = 0 does not have flanges and is designed to replicate
the experimental conditions in Ref. 41; therefore, we will often omit the discussion of the
results for this configuration. Note that the plates are hand-fabricated and very minor
deviations from perpendicularity may occur. However, care was taken to minimize these
deviations. Similarly, test articles are repeatedly removed and reinstalled in the fixtures
for the experiments and minor misalignments may occur that may cause slight deviations
from the ideal purely transverse translation of the plate in the fluid. As we limit the
investigation to regimes in which we do not pursue effects such symmetry breaking or onset
of chaos, we posit that these possible defects and misalignment are not affecting the flow in
an appreciable way. Also, the large number of experiments is expected to smooth out the
effect of randomness in the experimental conditions.

Water is selected as the working fluid. All experiments are conducted at room temper-
ature with the assumption of standard values of density and dynamic viscosity of water as
p=998.2kegm™3 and p = 1.003 x 1073 Pas, respectively. Thus, the fluid kinematic viscosity
is estimated as v = u/p = 107m?s~!. Note that the laboratory in which the experiments
are performed is kept at reasonably constant temperature as to minimize possible drifts in
viscosity and density due to temperature changes. Thus, we expect a less than 4% change in
the viscosity values. The H-plates are submerged deep enough under the water free surface
to minimize the effect of surface waves and the presence of the solid wall at the bottom of
the tank. To provide the desired motion to the plate, a Vibration Research VR520 shaker
is mounted to the plate with a connecting rod, see Fig. 1(b). Frequency f = w/(27) and
amplitude A are specified with a function generator. The generated signal is then amplified
with a power amplifier and finally transmitted to the shaker. By controlling the H-plate
geometry and the excitation characteristics, we can prescribe the governing nondimensional
parameters of this experimental campaign, which are the nondimensional frequency param-
eter 3, the nondimensional amplitude parameter €, and the nondimensional flange ratio x,
see Ref. 54. These are defined via 8 = fb?/v, see also Ref. 76, ¢ = A/b, and x = a/b,
respectively.

A total of 2400 tests were performed spanning the range of 5 € [90, 2000], € € [0.01,
0.2], and x € [0,0.6], corresponding to a range of frequencies between 0.065 and 2.6 Hz,

8
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amplitudes between 0.278 and 5.55 mm, and flange sizes of 0 to 16.65 mm. For ease of
comparison with existing literature, it is convenient to express these parameter ranges also
in terms of the system’s Reynolds number Re = 27f¢, and Keulegan—Carpenter number
KC = 271A/b, so that Re € [6,2500] and KC € [0.063, 1.3], respectively.

To minimize undesired dynamics in the system, we constrain our excitation frequency to
be well below the estimated natural frequency of the submerged structure. This is calculated
for a flat plate to be approximately 5.7 Hz using Chu’s formula as in Ref. 77. The flanges
increase significantly the moment of inertia of the cross section and, therefore, both its in
vacuo and submerged natural frequencies. Thus, these values are considerably higher than

the maximum excitation frequency of 2.6 Hz adopted in this work.

B. Particle Image Velocimetry Experiments

We use a time-resolved planar PIV system from TSI, Inc. to investigate 2D velocity fields
during the oscillation of the H-plates. A green laser sheet produced by a 5 W continuous
wave 532 nm laser beam generator (OptoEngine, LLC) is placed next to the water tank to
illuminate a vertical plane containing a cross section of the oscillating H-plate. Silver coated
hollow spherical glass particles with a diameter of 10 yum are used as seed. To avoid undesired
3D effects, as discussed in Ref. 41, the laser sheet is kept at an optimum distance from both
clamped and free end of the H-plate. Image artifacts may appear in the digital images due
to less than ideal exposure, due to reflections and other optical effects. To minimize these
artifacts, three sides of the water tank are covered by opaque material thus leaving only one
side for the laser optical access. Similarly, the stainless steel material of the test articles is
painted in matte black with non reflective spray paint.

The illuminated plane is imaged with a Phantom Miro 120 high-speed camera. Shutter
opening and timing on the high speed camera are carefully adjusted to prevent overexposure.
We select a resolution of 1920 x 1200 pixels with 12 bits per pixel for all cases. During the
experiments, we position the camera such that the field of view is at least 1.50 x 1.5b. The
H-plate is kept in the center of the field of view. We capture flow images after at least
20 cycles of oscillation have elapsed so that possible transients in the time history of the
data are eliminated. To avoid interactions between two consecutive experiments, we make

sure that sufficient amount of time has passed before starting the next experiment. While
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capturing a harmonic motion, aliasing can lead to misleading results. Therefore, for each
value, we select the acquisition frequency such that the time history of the data is adequately
resolved to eliminate such possibilities.

To minimize experimental uncertainties due to calibration drift, we perform an optical
calibration by determining the width of the plate during the post processing of the digital
images, in terms of pixels and identifying the corresponding length scale. The calibration
is performed for all quantitative results reported in this work. For post-processing of the
images, we use TSI INSIGHT 4G software. The post-processing algorithm adopts a recursive
Nyquist Grid with central difference offset method to extract the velocity fields by using a
multi-grid method with 50 % overlap of the interrogation area. Furthermore, we select an
interrogation area decreasing from 64 x 64 to 32 x 32, while ensuring that there are at least
10 particles in the interrogation area. We use a FFT correlator technique for the correlation
engine and a Gaussian peak with signal-to-noise ratio of 1.5 for the peak engine. To validate
the velocity vector data during processing and post processing of the velocity field, we use a
local validation method which checks the velocity data using a median test method within
the neighborhood a grid size of 5 x 5 with a tolerance of 2 pixels. The output of the post-
processing stage consists of 2D velocity fields, resolved at least 100 equally spaced sample

time points per oscillation period.

C. Pathline tracing and visual interpretation

The investigation of the flow physics of the H-plates is conducted, leveraging the acquired
PIV data, on a total 2400 experiments in which we systematically vary the flow governing
parameters in the ranges 5 € [90,2000], ¢ € [0.01,0.2], and x € [0,0.6]. Similarly to our
previous approach in Ref. 41, we use ImageJ software to process the images and produce
pathlines to assess the qualitative characteristics of the flow. Specifically, PIV images are
first digitally stacked and, successively, a maximum intensity projection is used on a subset
of the images. Image clarity is also enhanced by adjusting the brightness and contrast values
as needed. By doing so, we simulate digitally the effect of having the camera shutter open
so that the motion of the seeding particles around the H-plate is tracked into streaks as in
a long exposure mode. In the end, a set of pathlines is produced at different time intervals

during the oscillation.

10
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By visually interpreting the motion of particles and the structure of the pathlines, we
distinguish different flow dynamic regimes for different combinations of the governing pa-
rameters. Specifically, to classify these regimes, following in part the approach in Ref. 41, we
consider the following set of criteria: (i) particle trajectory, (ii) number of vortices existing
in the flow field, (iii) interaction patterns between vortices, (iv) change of vortex shape and
size from the two tips of the H-plates, and (v) elapsed time before vortex dissipation around

the H-plates.

D. Estimation of Steady Streaming

To assess the effect of the flanges on streaming characteristics, we study the instantaneous
fluxes over a fixed control domain surrounding the oscillating H-plate. The domain is a

square of side L¢y, see Fig. 1(c). Time-resolved fluxes ¢;(t) are estimated as:

+Lov/2
go(t) = - [ w(@,t) - Adl (1)

~ AwLev Jopey

across one of the sides, indicated by subscript s, of the control frame, T = 27/w is the
period of one oscillation cycle, u = ue; + ves is the 2D velocity vector acquired with
PIV, = ze; + yey is the position vector in the imaging plane, and 7 is the outward
unit vector to the fluid boundary, shown in Fig. 1(c). Here and in the following, e; and
e, indicate the unit vectors in the directions of the coordinated axes, with reference to
Fig. 1(c). Fluxes are calculated across each of the four sides of the control frame, as indicated
by the subscript s taking on the values top (z € [~Lev/2, Lev /2],y = Lev/2), bottom
(x € [-Lev/2, Lev/2),y = —Lev/2), left (v = —Lev/2,y € [—Leov /2, Lov/2]), and right
(x=Leov/2,y € [=Lov/2, Lov/2)).

III. RESULTS AND DISCUSSIONS
A. Phase diagrams of the hydrodynamic regimes

Following the approach in Ref. 41, digital images of the flow field are used to construct
pathlines of the flow by mimicking the photographic technique of long exposure with digital
methods. Qualitative analysis of such pathlines, combined by the classification criteria

given in Section II C, leads to the identification a number of different characteristic dynamic

11
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0.6. Dashed lines represent identified approximate transitions between the hydrodynamic regimes.

Markers indicate regimes experimentally observed. Regime A: ¢, Regime B: [, Regime C: A.
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Regime A | Regime B | Regime C

FIG. 3. Sketches of the salient features used to differentiate among the hydrodynamic regimes. Red
and blue traces exemplify representative particle trajectories during the upstroke and downstroke,

respectively.

regimes for the flow. The occurrence of these regimes is dependent on the interplay of the
governing parameters 3, €, and x. Similarly to the study of flat plates?!, experimental results
on the hydrodynamic regimes can be presented in the form of phase diagrams as a function
of the governing parameters.

Figure 2 displays such phase diagrams for each of the six non-zero flange ratios explored
for our H-plate configurations in log-log scale. Each panel is constructed to show the extent
of different hydrodynamic regimes as a function of § and ¢, as the flange ratio y increases
in panels (a) through (f). Based on experimental observations, each panel in Fig. 2 displays
three main regions in the (0, ¢€)-plane, approximately separated by dashed lines in each
panel, determined by the occurrence of qualitatively different hydrodynamic regimes. These
regions correspond to three main distinct hydrodynamic regimes are denoted with letters
A through C. While the nomenclature follows that of Ref. 41, the details of observed flow
structures differ due to the presence of the flanges. For ease of presentation, sketches of the
salient features used to differentiate among the regimes appear in Fig. 3.

More in detail, with “regime A” we indicate a flow regime in which particles exhibit
limited periodic motion in the vicinity of the flanges of the H-plates. Within this regime, the
amplitude of such motion appears generally independent of the flange ratios. All experiments
show particles adjacent to the solid structure displacing over a small distance along the
flange. Interestingly, particles near the flange tips are observed to perform curved trajectories
around the tips during an oscillation cycle.

We indicate with “regime B” a flow regime in which the amplitude of particle motion
increases and the particle trajectory becomes more complex. Specifically, during half a cycle

of oscillation, particles adjacent to the flanges are observed to move against the flange side

13
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and recirculate in the suction region behind and under the flange in the first quarter cycle.
In the second quarter cycle, particles from the suction region are ejected away from the
plate along an almost-horizontal direction and travel a distance comparable to the flange
size before reversing their motion and approximately closing their trajectory in a “figure-8”
pattern. A similar, but not identical, figure-8 pattern was observed for the flat plate in
Ref. 41. In the second half cycle, as the motion of the H-plate is reversed, the particle
trajectories are largely symmetric to those of the first half cycle and mirrored with respect
to the H-plate width. For this reason, the primary flow structures that discriminate regime
B are the “double figure-8” patterns.

Finally, we denote with “regime C” a regime in which particle trajectories indicate full
vortex shedding from each tip of the flanges, in a total of two pairs for each half cycle of
oscillation. This is in contrast with what was observed in the case of the flat plate, for which
only a pair of vortices is shed during each half cycle. Generally speaking, the shed vortices
are short lived and observed to dissipate within a fraction of half a period.

Interestingly, compared to the vortex dynamics of flat plates, we are not able to observe
strong indications of regime D*!, in which the vortex formed in a previous half cycle survives
and interacts with the vortex formed in the cycle of interest. However, in some rare cases
at the upper boundaries of our € range, we observe characteristics of this regime, where
separated layer on the leading edge briefly interacts with the vortex of the previous case
for a short fraction of a period of oscillation. Due to the difficulty in unambiguously deter-
mining these occurrences, we focus in the remainder of the paper on the discussion of the
above mentioned three regimes which can instead be clearly distinguished. Remarkably, the
disappearance of regime D-like structures should be ascribed to the presence of even the
smallest flanges considered in this work, highlighting the important qualitative differences
of these structural modifications on the development of the resulting flow. In other words,
complex flow dynamics observed in other works for different geometries, including symmetry

417881 and transition to chaos and substantially 3D flow®, are delayed as the flange

breaking
ratio increases.

For each flange ratio, the dashed lines in each panel of Fig. 2 indicate approximate regime
transitions in the log-log plane of the governing parameters 5 and €. Both transitions from
regime A to regime B and from regime B to regime C are triggered by the interplay of

B and e and are observed to occur approximately along a line with slope —1/4 in log-log
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scale. Therefore, since these lines can be described via loge = loga — (1/4)log 8, with
log «v the intercept of the line, this observation suggests that there exists a critical € at which
transitions occur, given by e, = @371/%. In terms of a critical Reynolds number?!, the scaling
can similarly be identified as Ree, ~ 8%%. Interestingly, the dependence of the critical €. on
B4 was observed in our previous works for different plate geometries*'#3. More intriguing
is the observation that the same scaling power was identified in various studies on oscillating
circular cylinders in quiescent flows and on fixed cylinders in oscillating flows, albeit in terms
of the Keulegan-Carpenter number, given by KC = 27A/D for a cylinder of diameter D,
see Refs. 82 and 83. The origin of the scaling was ascribed to instabilities of the oscillating
boundary layers around the cylinder®. The fact that the same scaling appearing over many
different geometries and dynamic conditions seem to suggest the possibility that this is a

“universal phenomenon” in oscillating boundary layer dynamics.

To further investigate the effect of the flange ratio on the delaying of the hydrodynamic
transitions between regimes, we identify the numerical values of the intercepts log o on our
phase planes, and collect the values of « for the A-B and B-C transitions as a function of
X in the diagram in Fig. 4. The « values for the case x = 0 are obtained from the phase
diagram in Ref. 41 and confirmed by independent experiments conducted on a flat plate. It
can be observed that for both transition types, transition is delayed to larger values of €., as
the flange ratio increases. Specifically, for the case of flat plate, the A-B transition occurs
at approximately o = 0.15 and the B-C transition occurs at approximately o = 0.25. For
the H-plates, the A-B transitions occur approximately in the range « € [0.2,0.23] while the
B-C transitions occur approximately in the range a € [0.34,0.37]. However, the sensitivity
of o on x decreases as x increases. This “saturation” could be explained by considering the
diminishing mutual influence of the separated flow regions at the flange tips as the flange size
increases and, therefore, as the physical separation of the separated flow regions increases.
This peculiar vortex shedding was previously identified as “interactive vortex shedding” %54
and correlated with substantial changes in the hydrodynamic forces on the structure. In
Section III C, we will further discuss the significant differences observed on vortex formation

and dynamics on different H-plates.

15



AlIP
Publishing

£

0.4

035] -
03F

¢ 0.25¢

0.2F L

FIG. 4. Intercepts of the transition lines for each flange ratio. The coefficient a establishes a
correlation between the critical €., and § as €. = aﬁ’l/ 4 for both A-B and B-C transition types.

These transitions are likely dependent on instabilities of the oscillating boundary layers.

B. Flow physics of the hydrodynamic regimes

In Figs. 5, 7, and 9, we present, superimposed on actual experimental pictures, pathlines
determined with the digital imaging method described above. In addition to the these
figures, in Figs. 6, 8, and 10, we present instantaneous nondimensional velocity vector fields
merged with instantaneous streamlines obtained from postprocessing of the PIV velocity
data. For ease of presentation, velocity values are normalized with the characteristic velocity
of the plate wA. In each figure, a specific combination of § and e is selected to demonstrate
a particular hydrodynamic regime, as described in Figs. 2 and 3. Two distinct flange ratios
are displayed to illustrate the effect of varying x on the details of the flow field within each
hydrodynamic regime. For the two flange ratios displayed in the description of a single
hydrodynamic regime, the H-plate is moving through the flow with identical prescribed
displacement and, therefore, velocity. These figures display the time evolution of the flow
over one period T by capturing instantaneous snapshots from ¢ = T//4 to t = T, with an
increment of 7/4. Similarly, the velocity vector fields and the streamlines represent the
instantaneous flow field at the time shown. Small disturbances, that can be noted in the
pathlines, the velocity vector fields, and the streamlines located on the right side of the
H-plates, are caused by uneven illumination, as the light source is on the left of the flow

field, resulting in less illumination of the right side.
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Regime A. Regime A is seen to occur across the entire J range covered in this exper-
imental study for small € values for all flange ratios and is indicated with black diamonds
in Fig. 2. Specifically, this regime is observed for x = 0.1 below the €. curve passing ap-
proximately through (5,¢) = (100, 0.05) and (3,¢) = (2000,0.03). For the largest flange
ratio x = 0.6, the €., curve passes approximately through the points (8, €) = (100,0.06) and
(8,¢€) = (2000, 0.05).

Figure 5 illustrates time snapshots of the flow pathlines observed in regime A at § = 700
and € = 0.034, for x = 0.1 and 0.5, respectively. For the same experimental conditions,
Fig. 6 displays instantaneous velocity vector fields and superimposed streamlines. In regime
A, the pathlines exhibit temporal symmetry as well as reflection symmetries about the z-
and y-axis, as also confirmed by the shown streamlines at ¢ = 27'/4 and ¢ = T, where the
H-plate has peak speed. Common characteristics of the flow field in this regime are, besides
the above mentioned symmetry, the limited periodic motion of the particles in the vicinity
of the H-plate, and the absence of vortical structures. For all x values, pathlines tend to
form C-shape patterns while they wrap around the flanges during the oscillation, similar to
what observed in the case of flat plates?!.

However, as x increases, the particles trajectories deform from a circular shape for y = 0.1
to a more elongated one for y = 0.5 as the pathlines follow the flange lengths. Remarkably,
the spacing between adjacent streamlines in the suction side of the H-plate reduces signifi-
cantly for the larger x values at ¢t = 27'/4 and ¢ = T, indicating substantial increase in the
velocity field even if the motion of the H-plate is invariant among the different y values. In
addition, as the flange ratio increases, we note increased curvature of the streamlines in the
same region, suggesting the presence of concentrated low-pressure areas in the vicinity of
the trailing edge.

Further away from the plate, the motion of the particles is negligible, which confirms the
dominant role of viscous effects in this regime. The streamlines also suggest separation of
the flow from the sharp edges of the plate®”.

Regime B. The characteristics of regime B, indicated with red squares in Fig. 2, are
generally observed for all flange ratios across the entire g range for intermediate values of
€. More in detail, regime B is observed, for y = 0.1, at around 0.065 < e < 0.097 for
£ =100 and 0.037 < € < 0.046 for S = 2000. For x = 0.6, this regime is observed at around
0.077 < € < 0.11 for 8 = 100 and 0.044 < € < 0.051 for 8 = 2000.

17



FIG. 5. Particle pathlines at four instants of time in one oscillation cycle of regime A for g =

700, e = 0.034, and x = 0.1 (left column) and 0.5 (right column).
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FIG. 6. Instantaneous nondimensional velocity vector fields and superimposed streamlines at four
instants of time in one oscillation cycle of regime A for § = 700,e = 0.034, and x = 0.1 (left

column) and 0.5 (right column).
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FIG. 7. Particle pathlines with superimposed streamlines at four instants of time in one oscillation

cycle of regime B for 8 = 500, ¢ = 0.06, and x = 0.2 (left column) and 0.5 (right column).
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FIG. 8. Instantaneous nondimensional velocity vector fields and superimposed streamlines at four
instants of time in one oscillation cycle of regime B for 8 = 500, ¢ = 0.06, and x = 0.2 (left column)

and 0.5 (right column).
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Figure 7 shows the pathlines of regime B observed at § = 500,¢ = 0.06 for y = 0.2
and 0.5, respectively. For the same experimental conditions, Fig. 8 displays instantaneous
velocity vector fields and superimposed streamlines. Particles in this regime possess substan-
tial motion in the vicinity of the plate. Similar, but not identical, to the figure-8 pattern
in Ref. 41, particles tend to move further away from the edges of the H-plates and their
trajectories resemble the double figure-8 patterns sketched in Fig. 3. These should be not
considered fully developed vortical structures but precursors to vortex shedding.

The main effect of the H-plate cross section is evident at the leading edge of the motion.
As displayed by streamlines at ¢ = 27°/4 and t = T', the separation of the flow at the leading
edge causes prominent curvature in the pathlines than what observed in regime A. This
results in a secondary circulation, in addition to the circulation at the trailing edge, during
both upstroke and downstroke of the H-plates, see Fig. 3. At the end of one oscillation
period, a closed loop “figure-8” path is thus observed at all four tips of the H-plate. As yx
increases, the “figure-8” paths are elongated, as confirmed by both pathlines and streamlines,
and their characteristic size progressively increases beyond the flange size.

As the flange ratio increases, the two figure-8 pathlines of the particles corresponding
to the upstroke and downstroke tend to move apart from each other. As a result, their
overlapping region, adjacent to flange observed for small y values, progressively disappears
and the two half-trajectories become spatially separate. Similar to regime A, the spacing
between adjacent streamlines in the suction side of the H-plate reduces substantially for
the larger x values at ¢ = 27'/4 and ¢t = T, which pinpoints a drastic increase in flow
velocity, which is observed in the velocity vector fields as well. In addition, curvature of the
streamlines is observed to increase in the same region with increasing flange ratio, suggesting
the presence of concentrated low-pressure areas in the vicinity of the trailing edge.

Regime C. Regime C occurs across the entire 8 range covered, for relatively higher e
values, decreasing as [ increases, for all flange ratios and is indicated with blue triangles
in Fig. 2. This regime is observed for x = 0.1 between approximately 0.11 < € < 0.17 for
£ =100 and 0.048 < € < 0.11 for § = 2000. For x = 0.6, this regime is seen between
approximately 0.12 < € < 0.17 for 8 = 100 and 0.052 < ¢ < 0.18 for g = 2000.

In Fig. 9, we present time snapshots of the flow pathlines representative of this regime
at = 500,e¢ = 0.1 for y = 0.2 and 0.6, respectively. For the same experimental conditions,

Fig. 10 displays instantaneous velocity vector fields and superimposed streamlines. Note
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FIG. 9. Particle pathlines with superimposed streamlines at four instants of time in one oscillation

cycle of regime C for 8 = 500,¢ = 0.1, and x = 0.2 (left column) and 0.6 (right column).
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that, as compared to the figures for regimes A and B, the panels in Fig. 9 encompass a
larger domain around the H-plate to better highlight the larger flow structures that are
typical of this hydrodynamic regime. For regime C, the flow around the H-plate mostly
retains its symmetry about the z-axis and y-axis. The pathlines and streamlines indicate
increased motion in the flow field when compared to regime A and B for all flange ratios.
This large motion of the particles adjacent to the flanges results in the formation of two fully
developed vortices on the leading and trailing edges of the H-plate, during each upstroke
and downstroke half-period. As x increases, the particle trajectories elongate along the
flange size and the leading and trailing edge vortices become more prominent as shown by
streamlines at ¢ = T'/4 and ¢ = 3T'/4, see for example the case x = 0.6. In this case, the
vortices formed during the same half-stroke at the leading and trailing tips of the H-plate
do not display significant interaction due to this spatial separation. The vortex interaction
dynamics and its dependence on flange size will be addressed more in detail in the next
section. It can however be observed that, as the flange size increases, the angle formed
between both the leading and trailing flanges and the tangent to the streamline originating
from them becomes progressively more acute. Qualitatively similar phenomena were also

reported in Ref. 50 for an oscillating disk with varying thickness.

C. Vortex-vortex and vortex-structure interactions

To gain a better understanding of the effect of the flange size on vortex formation and
evolution, we present in Fig. 11 different vorticity patterns pertaining to regime C for differ-
ent flange ratios. The figure consists of superimposed experimental images, constructed the
same way as in Figs. 5, 7, and 9, taken at the end of first quarter of one cycle of oscillation
for 5 = 500 and € = 0.088, for three different H-plates with y = 0.1, 0.4, and 0.6, respec-
tively. For ease of illustration, the bottom panels of this figure display cartoon sketches of
the streamlines determined from the top panels. Note that the three plates as displayed are
subject to the same displacement and velocity and, as a consequence, all vortices shed at
the leading edge, captured in the figure, are approximately of the same characteristic size.
We posit that the different evolution displayed in the three panels depends on whether the
separated flow at the leading edge can reattach to the external side of the flange and on

the location of the reattachment point. This phenomenon has also significant impact on the
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hydrodynamic forces experienced by the plate.

Specifically, for small flange size, the vortex formations in Fig. 11(a) are reminiscent of
those generated by flat plates in our previous work?!. The vortex size is larger than the
flange size and there is no reattachment point on the structure. The flow is redirected to the
suction region where its energy is eventually dissipated, as evidenced by two conspicuous
vortices indicated by the red arrows in the top panel. No significant shedding is observed
at the trailing edge, although the leading edge vortex is transported in the vicinity of the
trailing tip. In contrast, in Fig. 11(b) for x = 0.4, the leading edge vortex size becomes
comparable with the flange size. The flow is there seen to reattach in proximity of the
trailing tip of the flange, leaving behind the leading edge vortex a segment of flange which
is largely shielded from shear stresses. We also observe the existence of a different vortex
pair on the trailing edge, as indicated by blue arrows in the top panel. Shedding of this
pair occurs because the flow is reattached at or before the tip. The separated flows from
each edge are seen to interact with each other and form a structure whose characteristic size
spans the entire outer edge of the flange, a circumstance that was denoted as “interactive
vortex shedding” in other works®*%54, Finally, in Fig. 11(c) for x = 0.6, the vortex sizes are
significantly smaller than the flange size. Reattachment occurs well within the flange length,

leaving a substantial fraction of the flange experiencing shear stress. The vortices on the

FIG. 11. Top: Particle pathlines at ¢ = (1/4)T for 8 = 500,e = 0.088. Arrows indicate shed
vortices. Bottom: Cartoon representation of the flow structures observed for (a) x = 0.1, (b)

x = 0.4, and (¢) x = 0.6.

26



AlIP
Publishing

£

leading and trailing edges, indicated via red and blue arrows in the top panel, respectively,
are shed independently from each other and do not significantly interact with each other.

A quantitative representation of the vortical structures associated to regime C is demon-
strated in Fig. 12, which consists of vorticity ¢ contours of H-plates for 5 = 900,¢ = 0.12
for all flange ratios, including a flat plate with x = 0. Flange ratio increases from top to
bottom in the figure. Vorticity is calculated as ¢ = dv/dx — du/dy, and represents the
out-of-plane component of the vorticity vector 2 = V x u. Snapshots are captured at five
instants during a cycle, that is, at t =0, t = T/4,t = 2T /4, t = 3T /4, and ¢t = T. The flow
fields pertaining to all flange ratios attain a similar maximum vorticity magnitude over one
cycle of an oscillation.

The effect of the flanges can be seen for x = 0.1 in Fig. 12, as two different vortices on the
leading and trailing edges are observed to merge. Here, the leading edge vortex formed on
the outer side of the flange and the trailing edge vortex formed around the trailing edge are
located very close to each other. This case is similar to interactive vortex shedding discussed
above for Fig. 11(b). In previous work from our group®, we showed that this regime hinders
vortex shedding, hence leading to reduction of nonlinear hydrodynamic damping exerted on
the H-plate.

Increasing the flange ratio to x = 0.2 results in a transition to the independent vortex
shedding seen in Fig. 11(c). Quantitative PIV data reveal that the leading edge vortex is
weaker than the trailing vortex at the instants ¢t = 27°/4 and t = T'. Indeed, for larger flange
ratios such as x = 0.3 and beyond, we observe that the a trailing edge vortex is prominent
at t = T/4 and ¢ = 3T /4 while leading edge vortices cannot be clearly identified, within the
adopted vorticity scale. Further increasing the flange ratio leads to further separation of the
vortices, without significant changes in qualitative and quantitative results.

At the instants ¢ = T/4 and ¢t = 37/4 in Fig. 12, where the plate velocity crosses zero
and changes sign, for selected flange sizes greater than x = 0.2, it is possible to observe the
permanence of trailing edge vortices. These are not present for the case of smaller flanges.
This indicates that the time scales over which leading and trailing edge vortices dissipate are
affected by the flange size. In addition, the experimental results, although with the limited
resolution available, suggest that the leading and trailing edge vortices occur at slightly
different locations in the vicinity of the tip plates. A similar result is observed, for flat

plates with different thicknesses oscillating at large 5, in Ref. 53, where the z-component
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FIG. 12. Instantaneous vorticity patterns of the H-plates at § = 900, e = 0.12. Flange ratios from

x = 0 (flat plate for comparison) to x = 0.6 increase top to bottom.
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FIG. 13. Time history of vorticity of top and bottom edge of the left side of the plate at 8 =

900, ¢ = 0.12, for (a) x = 0.1 and (b) 0.4, respectively.

of the pressure, responsible for vortex formation, is reduced for higher aspect ratio cases.
This result translates to our study since the presence of flanges provides a qualitatively
comparable effect.

These observations motivate us to investigate the behavior of this vortex pair by following
the method suggested in Ref. 53, by monitoring the time history of the vorticity in one
period of oscillation. Specifically, we search for maximum and minimum vorticity values in
two moving square areas in the half plane < 0, of extent 1.56 x 1.5b located at y > ()
for the vortices at the top left and at y < 06(¢) for the vortices at the bottom left of the
H-plate. After qualitative verification, we plot their time histories. In some cases, a vortex
from a previous quarter period survives in the next one and two opposite vortices can be
found in one region of interest for a fraction of the oscillation period. In these instances, we
compare the evolution of the two vortices and display the magnitude of the stronger one.
Results are shown in Figs. 13(a) and (b), for x = 0.1 and 0.4 respectively, for oscillations at
B =900 and € = 0.12. Here, we classify the vortices based on their location as top (y > 0)
and bottom (y < 0) on the left (z < 0) side of the H-plate, referring to a prototypical flow
field such as those in Fig. 12. Vertical dashed lines in the figure track the instants of plate
velocity reversals at ¢t = 1/4T and ¢t = 3/47T, and therefore the approximate switching times
when the leading edge vortex becomes the trailing edge vortex, and vice versa.

The first result is the phase lag between the dissipation of the vortices on top and bottom

of the flanges. The lag suggests that the leading edges vortex dissipates more quickly than
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the trailing edge vortex, for both short and long flange cases. The physical mechanism
for this effect should be sought in the proximity of the trailing edge vortex to the suction
side, and in its intense interaction with it. Specifically, the leading edge vortex (top left for
t < T/4, bottom left for T'/4 < t < 3T'/4) dissipates as soon as the direction of the oscillation
changes (dashed lines). However, the trailing edge vortex (bottom left for ¢ < T/4) lasts
beyond the velocity reversal and its intensity remains larger than that of the new developing
leading edge vortex. The permanence of the trailing edge vortex is longer for the larger flange
ratio, whereas the leading edge vortex dissipates approximately at the same time for both
flange ratios. Moreover, the leading and trailing vortices display similar vorticity for x = 0.1
whereas the leading edge vortex has smaller vorticity magnitude than the trailing edge vortex
for x = 0.4. This is indicated by the repeated “jumps” of the vorticity value in the general
switching region. It is likely that two vortices attain similar vorticity magnitudes for the
“interactive vortex shedding” regime. In contrast, the leading and trailing edge vortices

possess different vorticity magnitudes for non-interactive shedding.

D. Estimation of hydrodynamic forces

To support our conclusions on the role of vortex dynamics on the hydrodynamic forces
on the H-plates, we use the PIV velocity fields to extract time histories of these force data.
To estimate these forces, we apply the “Flux Equation” formula provided in Refs. 75 and

85 which, with the current nomenclature, reads:
F(t)= pf 7 - Gdl + pSi(t)es (2)
Cr

Here, F'(t) is the estimated force vector (per unit length) on the H-plate at time ¢ during the
oscillation, §(t) is the prescribed rigid body displacement of the H-plate defined above, S is
the cross sectional area of the H-plate, C'r denotes the fixed outer boundary of the control
area, see Fig. 1(c), n is the unit outer normal vector to the fluid domain boundary, and G

is a tensor defined as*!
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where Q = (es is the vorticity vector with es the unit vector in the direction of the z-axis.
Here, | is the identity tensor and D is the symmetric part of the velocity gradient tensor, that
is, D = %(Vu + VuT), where ()T denotes transpose. In our notation above, consistently
with Ref. 75, juxtaposition of two vectors denotes their tensor product so that the (i, j)-th
component of the tensor ab is a;b;. Similarly, the j-th component of the divergence V - D
of tensor D is defined as 0D;;/0x;. Once the forces are estimated according to Eq. (2), the
component in the direction of motion can be isolated as Fy,(t) = F(t) - ea. We then calculate
the fundamental harmonic of the time history of this force component, assuming periodicity
of period T = 27 /w, via a single term Fourier series over a given identification time window,
such that F,(t) = a cos(wt) + by sin(wt). Finally, we estimate the hydrodynamic function

54,

©(8, €, x) from the implicit relations®:
O(B, €. x) = (b +ia1)/[p(r/4)0*w? A] (4)

where the coefficient in square brackets is a scaling factor that has the physical meaning of
mass times acceleration (phasor) of a cylinder of fluid of diameter equal to b (the dominant
structure dimension) oscillating as the structure. The physical meaning of the Fourier coef-
ficients b; and a; is therefore that of real and imaginary part of the hydrodynamic function
O, which in turn correspond to the terms “added mass effect” and “hydrodynamic damp-

ing effect”, respectively?3:86,

In other words, these terms indicate forces in phase with the
acceleration or the velocity of the structure, respectively. In Fig. 14, we present results of
the hydrodynamic function estimation using Eq. (4) to highlight the influence on Re[©] and
—Im[©)] of the flange ratio x. Representative data are provided for € = 0.12 for values of g
equal to 300, 500, 900, and 1200.

Experimental results in Fig. 14(a) show that the added mass effect Re[O] increases ap-
proximately with a linear trend with increasing flange ratio. In other words, as the flange
size increases, the H-plate entrains a larger amount of fluid within its oscillatory motion,
thus increasing the inertia forces. On the other hand, results on —Im[©] show a more com-
plex nonmonotonic dependence on x. The hydrodynamic damping attains its maximum
value of approximately 0.4 at relatively low 5 = 300 and xy = 0.1, where vortex shedding
exhibits similar characteristics to those of a flat plate with x = 0. Damping decreases as
the flange size increases, for all 5 values presented, in the neighborhood of the interactive

vortex shedding regime. Both Re[0] and —Im[©] exhibit qualitatively similar behavior to
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FIG. 14. Behavior of the fundamental harmonics of the hydrodynamic force as described via the
complex hydrodynamic function ©. Added mass is Re[O] in (a) and hydrodynamic damping is

—Im[©] in (b), at € = 0.12, 8 = 300,500,900, and 1200.

what described in Ref. 54. We note, however, some discrepancies in the quantitative values
of the numerical calculation® and of our present experimental results. The cause for these
discrepancies could possibly be ascribed to potential 3D effects not captured in the simula-
tions, as well as to experimental limitations stemming from inconsistent illumination inside

and on the right side of the H-plate.

E. Steady streaming

The instantaneous streamlines displayed in Figs. 6, 8, and 10 provide initial evidence for
steady streaming. Although steady streaming is a classic result in the flow generated by
periodic oscillations of circular cylinders®!, investigation in the context of H-plates, and the
study of the potential effect of flange ratio on the characteristics of streaming, has not been
discussed before. Qualitatively, in our experiments, the streamlines exhibit structure similar
to those of oscillating cylinders® 7. For instance, in Fig. 10, the instantancous streamlines
around the midpoint (z = 0) of the H-plates are aligned along the vertical direction, that
is, in the same direction of transverse oscillations. In this case, the PIV seeding particles
are seen to move away from the plate along the y-axis in both directions. Vice versa, at the
instants ¢t = 7'/4 and ¢ = 37'/4, the streamlines are aligned in the horizontal direction, and

the particles are moving towards the plate from the left and right sides of the frame.
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FIG. 15. Average particle pathlines (on the left of each panel) and sketch to aid visual interpretation
(on the right of panel) over one oscillation cycle. In (a): 8 = 160, ¢ = 0.02; in (b): 8 = 160, ¢ = 0.02;
in (c): B =700, e =0.021; in (d): B =900, € = 0.018; in (e): B = 1200, ¢ = 0.025; in (f): B = 1200,
€ = 0.025; in (g): B =100, € = 0.155; in (h): B = 100, € = 0.155.
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To develop insight on the steady streaming for our problem, we present in Fig. 15 the
time-averaged flow patterns (on the left of each panel) and idealized streamlines (on the
right of each panel) over one period of oscillation. The time-averaged pathlines on the
left panels are constructed differently from those shown in Figs. 5, 7, and 9, as we keep the
position of the H-plate fixed in the field of view, rather than fixing the camera position. This
approach is inspired by the classical visualizations of steady streaming in the monographs by
Schlichting®! and by Van Dyke®” which emphasize the fluid motion relative to the oscillating
body.

In Fig. 15, we present the analysis of the flow generated by distinct H-plates with varying
flange ratio. For each, we show qualitatively different conditions based on the oscillating
boundary layer classification for oscillating cylinders developed by Stuart™. Therein, stream-
ing is classified based on the so called steady streaming Reynolds number Reg defined, using
the nomenclature of the present paper, as Res = 27?3, In Ref. 74, it is observed that for
Res < 1, the flow field is governed by the Stokes equation and the boundary layer generated
by the oscillation is called “Stokes boundary layer”. For Rey > 1, a secondary boundary layer

08,88 which is referred to as recirculation cell or streaming

is present for oscillating cylinders
cell. Although Re; is expected to control the characteristics of the steady streaming, we
don’t anticipate that Re, = 1 indicates the transition in the case of the H-plate.

For the present case, we show in Fig. 15 different experimental conditions, covering a
range of steady streaming Reynolds number of Re; = 0.4, 1.9, 4.7, and 15. For each of
these values, a small and large flange ratio case is displayed. Specifically, in (a): x = 0.1,
B =160, and € = 0.02; in (b): x = 0.4, 8 = 160, and € = 0.02; in (c): x = 0.2, 8 = 700, and
e =0.021;in (d): x = 0.5, 8 =900, and € = 0.018; in (e): x = 0.1, B = 1200, and € = 0.025;
in (f): x = 0.4, 8 = 1200, and € = 0.025; in (g): x = 0.1, § = 100, and € = 0.155; and in
(h): x = 0.5, 8 =100, and € = 0.155.

In Figs. 15(a) and (b), we present a moderately low steady streaming Reynolds number
case, with Re; = 0.4. The pathlines indicate substantial vertical motion as a result of
the oscillation. At the top and bottom of the H-plates, we observe diagonal motion of
particles towards the suction side for each up and down stroke. The particles in these regions
exhibit paths resembling the letter “V” | indicating the presence of additional horizontal
motion caused by the pressure gradient. These structures are similar to those observed

in Ref. 73 for particles in the neighborhood of an oscillating cylinder. We note, however,
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that in Ref. 73 the trajectories pertain to multiple oscillation cycles for absolute velocities,
and therefore the “zig-zag like” traces defined therein look more complicated that the “V”
observed here. While these trajectories hint to comparable magnitudes of the steady and
unsteady components of the flow velocity™, the horizontal motion seen here may also be in
part an experimental consequence of the overall low velocities in the field, comparable to
background velocity due to noise. Importantly, increasing the flange ratio does not result in
major qualitatively changes in the flow patterns for this case. The qualitative aspects of the
flow remain the same in Figs. 15(c) and (d), where the steady streaming Reynolds number
is of the order of the critical value of steady streaming for oscillating cylinder. The flow in
these panels further demonstrates that the parameter 8 and € do not independently affect
steady streaming, as they are substantially different between the case in Figs. 15(c) and
(d). Similarly, no qualitative difference seems to be elicited by the different flange ratios.
Vice versa, for the case in Figs. 15(e) and (f) with Re, = 4.7, the flange ratio appears to
affect the details of the flow. In the neighborhood of the flanges, we observe illuminated
particles performing closed loop periodic orbits that are likely happening inside the primary
streaming cell. The size of this cell is of the order of the flange size. By using the scaling
arguments in Ref. 68, and originally developed by Stuart™, the thickness of the primary
cell for the current value of § is predicted to be approximately half the thickness of the
flange, as confirmed visually. From our experiments, due to the challenging size of the cell
(approximately 0.4 mm), we are not able to fully describe the dynamics of the flow along the
flange; however, it looks like there may be two separate primary cells in the neighborhood
of the flange tips, rather than one as in the circular cylinder case.

We should note that in the classical definition of Res, the characteristic length scale for
the oscillating cylinder is the radius. In this work, we are using as characteristic length
the whole width of the H-plate, that in some sense would be equivalent to the diameter
of a cylinder. If a steady streaming Reynolds number were to be calculated based on the
diameter, the critical transition should be observed at Reg =~ 4. This does not appear to
be the case for the H-plates, for which we are not able to pinpoint a critical Res for the
transition.

However, a secondary streaming cell can be easily identified by selecting a moderately
large steady streaming Reynolds number case, as presented in Figs. 15(g) and (h). Here, the

H-plates oscillate at Res; = 15. Particles retain substantial vertical motion for this case as
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well. The visualizations strongly indicate the presence of a secondary boundary layer around
the flanges, revealed by the curvature of pathlines in the vicinity of the flanges. We note
that this boundary layer corresponds to a vortex shedding regime and the vortices are shed
inside the secondary boundary layer. As explained in Ref. 68, the Reynolds stress decreases
exponentially further away from the flanges and the flow around the plate drives the steady
streaming outside of the boundary layer. The streamlines outside of the boundary layers
show a curvature with a smaller radius around the streaming cell, as compared to the other
cases in the same figure. Although we are unable at this time to pinpoint the incipient
appearance of the secondary boundary layer to a specific value of Re, it is interesting to
note that the same qualitative critical streaming Reynolds number governs the flow for the
case of the H-plates, as it does for the case of a circular cylinder.

Motivated by the variety of structures observed in the average particle pathlines in Fig. 15,
we ask the question whether pathlines with the same Re, might differ qualitatively depending
on the particular hydrodynamic regime of the flow and on the characteristics of vortex
shedding, as also observed in Ref. 89. To investigate these potential differences, we present
in Fig. 16 the average pathlines for three different regimes, by keeping y and Re; fixed at
0.3 and 15, respectively. By using the phase diagram information in Fig. 2 for x = 0.3,
regime A in panel (a) is selected from S = 1800 and ¢ = 0.036, regime B in panel (b) is
selected from = 700 and e = 0.058, and regime C in panel (c) is selected from g = 100
and € = 0.154. We remark that the pathlines in Fig. 16 are constructed with the relative
fluid motion (using the “fixed H-plate” approach in this section) and therefore look different
from the pathlines exemplified in Fig. 3, which are constructed from the absolute velocity
fields (using the “fixed camera” approach). Because of the moderately large value of Reg, the
following discussion focuses on the characteristics of the secondary boundary layer, although
the primary boundary layer could still be identified in the visualizations.

In regime A, occurring for high 8 and low ¢, in Fig. 16(a), the average pattern exhibits
closed loop periodic orbits around the flanges (more apparent on the left side). These
are different structures than those mentioned above in Fig. 15. Switching to regime B,
for intermediate § and €, results in larger closed loops and corresponds to the relative
velocity version of the “figure-8” patterns. Finally, in regime C, occurring for low § and
high e, pathlines display open in proximity of the flange tips. Consistently with the scaling

predictions in Ref. 68 for the thickness of the secondary boundary layer which should decrease
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FIG. 16. Average particle pathlines for different hydrodynamic regimes, for Res = 15 and x = 0.3.
In (a): regime A with B = 1800, ¢ = 0.036; in (b): regime B with 8 = 700, ¢ = 0.058; in (c):
regime C with 5 = 100, € = 0.154.

as [ increases, the thickness of the boundary layer seems to decrease from left to right, from
regime A to regime C.

For the cases discussed, the flange ratio does not seem to play a major role in triggering
this transition, as the flow fields are comparable between moderately small and moderately
large x values. However, the quantitative details of the flow are affected by x. To understand
the dynamics of the flow in the vicinity of the streaming cells in a quantitative perspective,
we consider a square control volume centered on the H-plate, with sides equal to 1.5b.
We conduct a Fourier analysis on the space averaged fluxes ¢s(¢) across the top and bottom
boundary of this control volume, as derived from Eq. (1), to assess periodicity characteristics
of this flow. We present in Fig. 17 two cases at moderately large Reg, both with ¢ = 0.12,
for § = 300 (Res; = 27) in panel (a) and S = 1200 (Re; = 109) in panel (b). We select the
same € in the two cases since the size of the secondary streaming cell is only affected by the
value of (3, see Ref. 68.

In the figure, we present the magnitude of the first three harmonics of the normalized
vertical fluxes as a function of flange ratio. The first harmonic is consistently the dominant
component and approximately one order of magnitude larger than the second and third
harmonics. The first harmonic is seen to generally increase in an approximately linear
fashion with x for the two values of 5 shown. The increase in average flux can be explained by
considering the increasing boundary layer size in the y-direction as the flange ratio increases
and by recalling that the boundary layer is the driving mechanism for the outer flow of

the streaming cell®. Interestingly, the slope of the linear trend decreases for higher 3. In
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FIG. 17. Magnitudes of the first three harmonics of the Fourier analysis of normalized fluxes along
vertical direction at the top and bottom boundaries. First harmonic: O top and [0 bottom. Second
harmonic: A top and < bottom. Third harmonic: + top and x bottom. Line fit to aid visual
interpretation for the first harmonics: dashed line. In (a): 8 =300 and € = 0.12. In (b): 8 = 1200

and € = 0.12.

Ref. 68, the thickness of the streaming cell is associated with 37!, such that it decreases with
increasing 5. As this boundary layer thickness decreases, the flow at a sufficient distance
away, outside of it, is less and less affected by the geometric details of the structure inside the
layer. At the same time, the analysis of the space- and time-averaged fluxes yields non-zero
mean values, i.e. “zero”’-th harmonics, whose magnitude is comparable to that of the first

harmonic; however, it does not display a definite trend as a function of the flange ratio.

IV. CONCLUSIONS

In this work, we investigated quantitatively and qualitatively the flow dynamics of an os-
cillating H-plate immersed in a stationary, incompressible and Newtonian fluid environment.
In addition to the governing parameters used in the literature on oscillating flat plates, that
is, nondimensional frequency /5 and amplitude of oscillation €, a third parameter, the flange
ratio , establishes the geometry of the plate. We performed a broad experimental campaign
based on particle image velocimetry to demonstrate both quantitative and qualitative flow
physics characteristics, including pathlines, vorticity contours, vorticity time history, and

steady streaming, and their dependence on the three governing parameters.
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We identified and presented qualitatively distinct hydrodynamic regimes in novel phase
planes and discussed their dependence on flange ratios. Based on qualitative aspects of
vortex formation, we identified three primary regimes occurring for most flange ratios. In
the first regime, indicated as Regime A, the flow is linear and governed by the unsteady
Stokes equations. As frequency and amplitude increase, the flow exhibits nonlinearities,
defining regime B. Here, the flanges shape the flow, as vortex formation occurs on the
pairs of leading and trailing edges, resulting in unique and distinctive flow physics. Finally,
for regime C, in which vortex shedding is the dominant transport mechanism, the effect
of the flange ratio is to modify the vortex dynamics, for example by transitioning from
one shed vortex to two shed vortices on the leading and trailing edges. By analyzing the
hydrodynamic regime phase planes, the pathlines, and the vorticity contours, we identified
conditions in which these vortices have strong or weak mutual interactions, and correlated
these interactions with the flange ratios. Strong interaction of the leading and trailing
edge vortices was associated to circumstances in which minimum hydrodynamic damping

is achieved, consistently with previous findings®*.

Key results include the delayed regime
transitions as a function of the flange ratio, the vortex shedding attenuation with increasing
X, and the modulation of vortex dynamics time scales.

The interplay of the three governing parameters is also central to the characteristics
of steady streaming for our system. We show that steady streaming of H-plates can be
approached in terms of the streaming Reynolds number, that was originally defined for
circular cylinders. Specifically, for relatively small Res, we observed the presence of a Stokes
layer. Vice versa, for relatively large Re,, we identified a secondary boundary layer or
streaming cell. Streaming is studied quantitatively, by analyzing the harmonic content
of the space-average flux in the vicinity of the H-plate. We found that the fundamental
harmonics of the vertical streaming flux are dominant and increase with increasing flange
ratio, while this increase seems to be less sensitive for higher § values.

We believe that this works provides fundamental insight to the flow physics of oscillating
H-plates and can shed light on the effect of the governing parameters on vortex-vortex and
vortex-structure interactions shaping the flow. While the primary goal of this study is to
explore the fundamental physics of this relatively untapped system, we envision practical
applications for the theoretical findings of this paper. The knowledge of how the flanges affect

the vortex formation and shedding, and in particular on their delaying effects, could be useful
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in the design of vibrating systems, either for structural applications, such as suspension H-
shaped bridges, or for mechatronics applications, such as fluid-based energy harvesters. In
both exemplary cases, the intended dynamics of the system is dependent on careful control
of the flow energy and of the mechanisms of energy exchange between the flow and the
structure. As demonstrated, the presence of the flanges can modify the energy dissipation
profile in the vibration process and modulate the hydrodynamic forces in fluid structure
interactions. This, in turn, can be leveraged in passive flow control scenarios towards efficient

manipulation of fluid energy.
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