Portland State University

PDXScholar

Mechanical and Materials Engineering Faculty

Publications and Presentations Mechanical and Materials Engineering

3-2024

Wavelength-induced shedding frequency modulation
of seal whisker inspired cylinders

Trevor Dunt
University of Wisconsin-Madison

Kirby S. Heck
University of Wisconsin-Madison

Kathleen Lyons
University of Wisconsin

Christin Murphy
University of Wisconsin-Madison

Raul Bayoan Cal
Portland State University, rcal@pdx.edu

See next page for additional authors

Follow this and additional works at: https://pdxscholar.library.pdx.edu/mengin_fac

0 Part of the Mechanical Engineering Commons

Let us know how access to this document benefits you.

Citation Details
Dunt, T., Heck, K. S., Lyons, K., Murphy, C. T, Cal, R. B., & Franck, J. A. (2024). Wavelength-induced
shedding frequency modulation of seal whisker inspired cylinders. Bioinspiration & Biomimetics.

This Post-Print is brought to you for free and open access. It has been accepted for inclusion in Mechanical and
Materials Engineering Faculty Publications and Presentations by an authorized administrator of PDXScholar.
Please contact us if we can make this document more accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/mengin_fac
https://pdxscholar.library.pdx.edu/mengin_fac
https://pdxscholar.library.pdx.edu/mengin
https://pdxscholar.library.pdx.edu/mengin_fac?utm_source=pdxscholar.library.pdx.edu%2Fmengin_fac%2F484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=pdxscholar.library.pdx.edu%2Fmengin_fac%2F484&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/mengin_fac/484
mailto:pdxscholar@pdx.edu

Authors
Trevor Dunt, Kirby S. Heck, Kathleen Lyons, Christin Murphy, Raul Bayoan Cal, and Jennifer A. Franck

This post-print is available at PDXScholar: https://pdxscholar.library.pdx.edu/mengin_fac/484


https://pdxscholar.library.pdx.edu/mengin_fac/484

Bioinspiration & Biomimetics

ACCEPTED MANUSCRIPT « OPEN ACCESS

Wavelength-induced shedding frequency modulation of seal whisker
inspired cylinders

To cite this article before publication: Trevor Dunt et al 2024 Bioinspir. Biomim. in press https://doi.org/10.1088/1748-3190/ad2b04

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2024 The Author(s). Published by IOP Publishing Ltd.

F@ O
As the ersmn of Record of this article is going to be / has been published on a gold open access basis under a CC BY 4.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 4.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.ora/licences/by/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 50.53.24.22 on 01/03/2024 at 21:49


https://doi.org/10.1088/1748-3190/ad2b04
https://creativecommons.org/licences/by/4.0
https://doi.org/10.1088/1748-3190/ad2b04

Page 1 of 25 AUTHOR SUBMITTED MANUSCRIPT - BB-103573.R1

oNOYTULT D WN =

" Wavelength-induced shedding frequency modulation

14 of seal whisker inspired cylinders

T K Dunt'}, K S Heck'}, K Lyons', C T Murphy?, R B:Cal®, J A Franck*

! Department of Engineering Physics, University of Wisconsin-Madison, Madison WI
2 Naval Undersea Warfare Center - Newport, Newport RI
23 3 Department of Mechanical & Materials Engineering, Portland State University, Portland OR

4
25 4 Department of Mechanical Engineering, University of Wisconsin—Madison, Madison WI

27 E-mail: jafranck@wisc.edu

T These authors contributed equally to this work.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BB-103573.R1

Shedding frequency of seal whiskers 2

Abstract

The spanwise undulated cylinder geometry inspired by seal whiskers hasibeen shown
to alter shedding frequency and reduce fluid forces significantly compared to smooth
cylindrical geometry. Undulation wavelength is systematically investigated in order
to explore its effect on unsteady lift force and shedding frequency~Prior research
has parameterized the whisker-inspired geometry and demonstrated/the relevance of
geometric variations on force reduction properties. Among the geometric parameters,
undulation wavelength was identified as a significant (contributor to forcing changes. To
analyze the effect of undulation wavelength, a thorough in’vestigation isolating changes
in wavelength is performed to expand_, upon ‘previous research that parameterized
whisker-inspired geometry and the relevancenof geometric variations on the force
reduction properties. A set of five Whisker-inspired models of varying wavelength
are computationally simulated at a Reynolds number of 250 and compared with an
equivalent aspect ratio smooth elliptical cylinder. Above a critical non-dimensional
value, the undulation wavelength reduces the amplitude and frequency of vortex
shedding accompanied by afreduction in oscillating lift force. Frequency shedding is
tied to the creation of wayvelength-dependent vortex structures which vary across the
whisker span. These vortices produce distinct shedding modes in which the frequency
and phase of'downstream structures interact to decrease the oscillating lift forces on the
whisker model withparticular effectiveness around the wavelength values typically found
in nature. The eculmination of the these location-based modes produces a complex and
spanwise-dependent lift frequency spectra at those wavelengths exhibiting maximum
force reduction. Understanding the mechanisms of unsteady force reduction and the

relationship between undulation wavelength and frequency spectra is critical for the
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application of this geometry to vibration tuning and passive flow control for/vortex-

induced vibration (VIV) reduction.

1. Introduction

Unsteady forces and the associated shedding frequency modification,of flow over seal
~
whisker inspired undulated cylinders are investigated. Seals possess an impressive ability
to follow hydrodynamic disturbances without visual or auditory stimuli [1] and even
distinguish between wakes shed by different objectsd[2].5These abilities are partially
attributed to the unique morphology of their whiskers. Unlike other mammals, seal
whiskers have undulations along their span. Opposing sets 3f undulations run along both
faces of the whisker length and can be defined by two tilted ellipses of varying aspect
ratio situated one half-wavelength sapart (Figure 1). A near-sinusoidal surface swept
between repeating sets of these elliptical, cross sections forms an undulated cylinder.
As flow passes over the whisker, undulations introduce spanwise momentum transport
leading to the breakup of the IOQ& connected vortex structures typically shed by smooth
cylinders [3]. A trademark of flow @ver cylindrical and similar bluff-bodies is the shedding
of coherent, alternating-signed vortices known as a von Karméan vortex street. The
alternating low pressure cores of these vortices give rise to a fluid-structure interaction
called vortex-induced,vibration. VIV is responsible for undesirable structural motion
causing fatigue@and failure in a wide variety of engineering systems [4]. Seals utilize their
highly sensitive whiskers to detect flow disturbances and their origin to track prey via
their hydrodynamic wake. As a bluff body flow sensor, even in calm or uniform flows,
VIV ean.overwhelm signal data from the targeted scale of flow disturbances of interest

[5). Bybreaking up the cohesive vortex shedding, a seal whisker geometry reduces VIV

and improves the signal-to-noise ratio when sensing disturbances in oncoming flow [5, 6].
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The quantitative relationship between geometric properties and the hydrodynamic
response can be shown through examination of the fluid dynamicsj including the
relationship between the undulation wavelength geometry and the frequency spectrum
of vortex shedding. The seal whisker geometry was first parameterizedtby Hanke et al.,
who laid out nominal geometric values based on measurements of.undulations on seven
harbor seal whiskers [3]. Since then, several investigations have examged variations of
this nominal geometry [3, 7, 8, 9, 10, 11, 12], uncovering important geometric features
influencing the flow response. For example, Hans etral. “dis¢overed that the dual
undulations of the whisker morphology were more ‘efficient at reducing forces than one
set of undulations in a single direction which were inadequéte in weakening or breaking
up shed vortices [7]. Liu et al. followed by eoncludingthat the phase difference between
the chord and thickness undulations is also eritical for lift and drag reduction [8]. In
an attempt to assess the relevance ofindividual geometric parameter modifications,
Lyons et al. concluded that mean,aspect ratio, undulation amplitude, and undulation
wavelength were most impactful to the réduction of lift and drag forces [9]. In follow-up
investigations, Yuasa et al. mo\re thoroughly documented the unsteady hydrodynamic
effects of varying undulation ‘amplitudes [11] and Lyons et al. explored mechanisms of
drag reduction asfa funetion of wavelength utilizing a turbulent kinetic energy balance
within the wakes[12]:. Vortex shedding by whisker-like geometries is also affected by the
angle of attack 6f the incoming flow. In their study of whisker wavelength and angle of
attack, Kim and,Yoon found that non-zero angles of attack less than 30 degrees reduced
but'did not eliminate the effects of surface undulations. However this prior research did
not inelude the analysis of wavelength-dependent vortex shedding frequency as relevant

to fluid. forces and wake structures.

Other controlled, simple geometries reminiscent of some seal whisker features have
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been shown to cause similar effects as this more complex, bioinspired structure. The
addition of undulated or wavy patterns to smooth geometries have beenghown teo ereate
increasingly three dimensional flow as well as influence mean coefficient of drag and root
mean square (RMS) lift coefficient. By adding a wavy pattern to thetrailing edge of a
blunt edged half-ellipse, Bearman and Tombazis saw a reduction.of base drag of their
model as well as concentration of forces dependent upon spanwise positi\on along trailing
edge waves [13]. Also shown were the development of distinetishedding frequencies
with respect to spanwise location. This spatial depéndenceswas responsible for the
development of shedding modes defined by spanwise regions referred to as cells. Each
contains isolated vortex shedding behavior from adjacent’cells and, consequently, the
shedding frequency in each cell results in both symmetric and antisymmetric behaviors
depending on model wavelength. Lam and Linlater studied the effects of wavelength and
amplitude variation for a wavy surface applied to axisymmetric cylinder with sinusoidal
variations in radius [14]. They obgerved that their geometry formed a three-dimensional,
periodic free shear layer at all wavelengths tested and also documented the appearance
of optimal wavelengths resultin\g i the greatest reduction of mean drag and RMS lift
coefficients.

The keen senging abilities of seal whiskers are also desirable as a basis for bioinspired
sensing technoloegy. »Flow sensors utilizing a harbor seal whisker geometry have been
experimentally investigated and shown to identify vortex wakes generated from upstream
bodies.[ For the design and noise mitigation of these sensors, characterizing the
frequency effects of geometric variables has been an important focus of prior research.
Most prominently, Beem and Triantafyllou tested two different geometries of varying

undulation wavelength in a whisker-inspired sensor and found that a wavelength longer

than that originally reported by Hanke et al. was more successful at suppressing
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vibrations over a wide range of flow velocities [5]. Thus, within the parametric
exploration of seal whisker inspired geometries to date, undulation wavelength has been
noted as a contributor to flow response changes [15], but has yet to(be theroughly
investigated in terms of the underlying mechanisms leading to differénces in shedding
frequency.
~

This investigation utilizes a rigid numerical model of a whisker-inspired geometry
to assess the influence of spanwise undulation wavelength on the'lift frequency spectra
generated from unsteady, three-dimensional vortex shedding..<This is accomplished
through detailed computational simulations that link the changes in the amplitude and
frequency of the unsteady forces to the formation ¢f shed'vortices and wake structure
as a function of wavelength position. Such,modelstare useful in understanding how
whisker inspired geometry will respond to wvarious types of flow and in choosing the
appropriate undulation topography forra specific application. The conclusions drawn
between wavelength of undulation and resulting unsteady hydrodynamic performance
can inform the design and improve effectiveness of bioinspired applications of seal
whisker geometry for the supp?ession of VIV and modification of the vibration noise
spectrum.

The following sections are organized into Section 2 where the whisker geometry,
numerical model: and flow parameters are introduced, Section 3 in which the force

response and fluid dynamics mechanisms responsible for the changes in force patterns

are sumimarizedj and Section 4 where concluding remarks are given.
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2. Methods

2.1. Undulated Cylinder Geometry

The geometric parameters of the undulated cylinder follow those introdueed by Lyons
et al. [9] which produces an equivalent geometry to Hanke et al. [3] ‘except with
redefined parameters that can be independently varied and non-difhensionalized with
hydrodynamic significance. The schematic in Figure 1 shows the.nonsdimensional mean
thickness T' and mean chord length C' which are parallelhand /perpendicular to the
incoming flow along the positive z-direction, respegtively andare related by an aspect
ratio v = C/T. Both chord length and thicknes§ vary along the spanwise direction due
to surface undulations and are a function/of.z, the spanwise coordinate. The amplitudes
of these undulations are given by Ac and Ay andieach vary at a wavelength \ with all
three parameters non-dimensionalizedyby mean thickness 7'. Leading and trailing edge
undulations are offset by €, andytrough locations are shifted by a value ®. Due to the
influence of € and ®, the spanwise profile.is not perfectly sinusoidal and is instead defined
by a directionally biased piecevﬁse function.

In this researchy the values.of all geometric parameters remain fixed at v = 1.9,
Ar =0.09, Ac = 0:2235¢ =0.34, and ¢ = 0.015 except the non-dimensional wavelength,
A, which is varied\from A = 1,2,3.43,5, and 6.86. The non-dimensional wavelength
of 3.43 is chesen/becauseiit is equivalent to the geometric parameterization performed
by Hanke et al. 3], and has been widely investigated in literature. Thus, the nominal
wavelengthhof X = 3.43 is biologically relevant; however, it should be noted that there is
sufficient geometric diversity within and across species [16, 17] and not all seal whiskers
closely follow this model geometry. A smooth elliptical cylinder of equal aspect ratio is

also simulated.
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Figure 1: Whisker geometric parameter schematic diagram.

2.2. Numerical methods

The unsteady, time-accurate simulated d over whisker-inspired cylinders is

generated by solving the incomp r-Stokes equations using second-order
finite-volume libraries of the erical solver OpenFOAM [18] using direct
numerical simulation. Numeri ility is maintained while optimizing simulation

performance through the ic time stepping via the PIMPLE algorithm, a

the whisker geometry in the center. The y-z plane splits the outer boundary into inlet

and outlet’ conditions, no-slip conditions are enforced along the whisker surface, and
eriodic boundary conditions are applied along the span approximating an infinite-

gth whisker geometry. The model span is two wavelengths, L, = 2\, thus the

tal span L, will change for each wavelength as listed in Table 1. Previous research
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has determined that two full wavelengths are sufficient to capture the prominént flow
structures in the A = 3.43 model [19]. To confirm this is also truedin the smallest
wavelength models, an additional simulation of the A = 1 model is performed with
L. = 4)\. The frequency spectra consistently displayed the same peaks asithe model
with L, = 2\.
~

An accurate and repeatable structured computational meshdis generated using a
mesh morphing algorithm developed by Yuasa et al. [11]. Each simulation starts with a
smooth cylindrical mesh of near-wall resolution 0.003Zand 20 wall-normal nodes within
the boundary layer at the mid-chord. After the cylinder flow has converged to its fully
developed state the undulations of the whisker are/preseribed through a mesh motion
function, which maintains the structured mesh resolution throughout the domain, and
assures appropriate resolution on the near surface. Across the different models, the
radial, tangential and spanwise resolution is constant. As a result, the spanwise domain,

L., and thus the total number of points in the spanwise direction, varies to accomodate

the longer wavelength whiskers. Meshing numerical details are provided in Table 1.
N

2.3. Simulation and. Flow Parameters

Flow around each whisker wavelength model was simulated at zero angle of attack
(coincidence with “z-direction) to approximate nominal forward swimming where
undulated surface effects are most dramatic. All simulations were performed at Reynolds
number Re = Uy, T'/v of 250 where Uy, is the freestream velocity and v is the kinematic
visgosity of the fluid. Mean thickness T is chosen as a characteristic length as previously
defimed by dyons et al. and Yuasa et al. [9, 11]. Other seal whisker researchers have also
utilized hydraulic diameter, Dy, [20] as well as mean diameter, D,, [21]. Comparison can
be made to these alternate characteristic length scales by the ratio of mean thickness

to hydraulic diameter, T'/D;, = 0.781, thickness to mean diameter, 7/D,, = 0.685, or
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T/C = 0.521. This Reynolds number corresponds to a swimming speed of 0.5 meters

per second which is within a range of flow speeds commonly experiencedtby harbor seals

[3, 22]. Computational probes positioned a-priori in the near-wake region within the

shear layer of the flow (z/7T = 1.342,y/T = £0.625) sampled instantaneous velocity

and pressure at an interpolated constant time step along fifteen.spanwise locations at
~

intervals of Az/T = \/8 of which three are used in later analysis for locations shown

by the schematic in Figure 2.

4 U 1.342. 0.625
= Sy o
X I [

Probe 1 Probe2 Probe3

Figure 2: Top and side views definifigithe probe positions for sampled pressure spectra.

Time-resolved forces on the whisker body in the z and y directions are utilized to
calculate coefficients of drag and lift which are non-dimensionalized by the frontal area

TL, and planform area UL, of each wavelength model,

B 2F,(t) _2F,(¢)
Cpfed o and Cu(t) =t (1)

The whisker/has no eamber and as a result the mean lift coefficient is nominally zero,
though wawvelengths/\ = 3.43 and 5 demonstrate small skewed mean values that likely
result from flow instabilities and not geometric asymmetry. Instead, the quantity of
interest is the amplitude and frequency of lift oscillations. The amplitude is represented
by the root-mean-square of the lift coefficient, or Cf gays. The pressure and shear
stresses are also integrated over 32 equal spanwise increments generating a discrete

spanwise representation of the forces, F,(z,t) and Fj(z,t), and a location dependence
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of the force coefficients, Cp(z,t) and Cp(z,t). To observe periodic trends a fast/Fourier
transform (FFT) is performed on an 800 convective time unit lift coefficientiseries
recorded after flow is fully developed for each wavelength with a sampling rateef 0.02.
This is used to transform the time-resolved quantities into the frequencyrdomain f,

where a reduced frequency,

=i £

is reported using mean thickness 7' as a characteristic length. Utilizing the spanwise
force binning procedure and the spanwise distribution of probes described above, the
L

reduced frequency can also be a function of span/(z) or a result of the span-averaged
lift force signal. For this application, in terms ef analyzing frequency of oscillations in
the lift force spectra, the Strouhal@umbes, S, denotes the reduced frequency with the
highest amplitude.

Finally, to visualize the vortexistructures that give rise to the oscillating forces,
isosurfaces of Q-criteria aresdigplayed, where @ = 3 [[|€;|[*—||S;;|[*] and €;; is the
velocity rotation rate tensor'and S;; is the rate of strain tensor. Positive @-criterion

denotes regions where the rotation of the flow dominates over elongation of the flow and

is associated with vortex structure [23].

Table 1: Geometry anesh size and resolution parameters of modified whisker models.

L.JT Az)T N. Ny N, Now
Ellipse 6.86 0.041 170 160 154 4.14M
A=1 2 0.041 50 160 154 1.20M
A=2 4 0.041 100 160 154 2.42M
A=343 6.8 0.041 170 160 154 4.14M
A=5 10 0.041 248 160 154 6.05M
A=06.86 13.73 0.041 340 160 154 8.30M
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3. Results

In this section the effects of wavelength changes on unsteady forces and the structures

and fluid behavior are investigated.

3.1. Shedding Frequency Dependence on Wavelength

~

All whisker models investigated show a reduction in amplitude of /mnsteady forces
between wavelengths of 1 to 6.86 compared with a sm@eth elliptical cylinder. Since
aspect ratio is an important factor in influencing (the amplitude of lift oscillations
[9] the smooth elliptical cylinder of equivalentsmiean taspect ratio is chosen as the
baseline comparison rather than a circular cylinder. :fhe RMS lift coefficient is
plotted against the non-dimensional wavelength, in Figure 3. Notably, the shortest-
wavelength undulations of A\ = 4 have.a minimal effect on the magnitude of the
unsteady lift coefficient with,a reductionhef only 2.2% with respect to the elliptical
cylinder. Fluctuating lift forces'them,decrease with increasing A\, and reach a minimum
Cr.rus = 0.02 at A = 3.43 which is an order-of-magnitude decrease in unsteady forcing
as compared to the elliptical cylinder. Literature for this wavelength provides rich
data and the RMS lift ' wvalues obtained at A = 3.43 are in strong agreement with prior
investigations [3].

Above the nominal wavelength of A\ = 3.43, lift forces continue to be suppressed
by an order-of-magnitude compared to the elliptical cylinder, up to the maximum
wavelength tested at A = 6.86. Although not shown, mean drag forces also decrease
significantly, at A > 3, with more details provided in Lyons et al [12]. The focus of
this analysis is in the frequency and amplitude of the unsteady lift forces that would

drive the VIV of the cylinder. The strongest frequency in the lift coefficient spectra

is extracted as a Strouhal number, shown in Figure 3 as a function of A\. This reveals

Page 12 of 25
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two distinct regimes with respect to wavelength. Coupled with similar trends in lift
forces, this split between wavelengths of A < 2 and A > 3.43 indicates afundamentally
different shedding behavior as Strouhal number varies by 4% or less within these separate
wavelength groups but drops by 23% between these values due to meehanisms explored

in following sections.

~
0.14 — , : : : : : -~ 0.21
° o
0121 @ {02
a
0.1} n . 1019
Z 008!l 018
= F
= i &
=006} - | 10.17
~ &
0.04 } { - 10.16
0.02 | 10.15
o ° B
a
0 . . . . \ . . 0.14
Ell. 1 2 3 ) 5 6 7
A

Figure 3: There is an order-offmagnitude deerease in unsteady lift forces in the vicinity
of (and above) a nominal seal whisker wavelength A\ = 3.43 relative to the 2-D elliptical
cylinder. Simultaneously, the shedding frequency as categorized by the Strouhal number
shows two regions, one of canonieal vortex shedding for A < 2 and a region of suppressed
vortex shedding A > 3.43!

The Strouhal aumber eategorizes the entire spectrum of hydrodynamic forcing into
a single frequeney; which for two-dimensional cylinders can often sufficiently capture
the dominant flow structures governing periodic vortex shedding. In contrast, cylinders
with spanwise variation create fully three-dimensional wake structures that are not well
categorized, by a single Strouhal number or dominant vortex shedding frequency. Thus,
the full lift spectra are displayed in Figure 4, and directly compared to a smooth ellipse
at_the same Reynolds number (gray line).

The peaks in the lift spectra of the short wavelength models (A < 2) are all within

reduced frequency values of f* = 0.195—0.200, and are close in frequency and amplitude
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Figure 4: Spectra of unsteady dift forcing for varying wavelength with baseline ellipse
geometry underlaid in gray. Spectra aremormalized by the number of samples and result
in non-dimensional amplitude spectral density units of C/f*.

to the smooth ellipse.' Higher'wavelengths of A > 3.43 have peaks at lower frequencies,
f* = 0.147 for ¥ =343, f* = 0.145 for A = 5.00, and f* = 0.151 for A = 6.86,
but solely repertingithe Strouhal number obscures a secondary peak frequency for the
longest wavelength model'at A = 6.86 in the lift spectrum near f* = 0.22.

The bimodality in the A = 6.86 lift spectrum is highlighted by examining local

downstream ‘pressure coefficient defined as C), = i’;{}? where p is the probe pressure
2 oo
and pg, isdhe freestream pressure. Pressure coefficient spectra is recorded in the shear

layerrof the whisker model at probe positions defined in Figure 2. The pressure spectra

in the wake of a whisker chord peak and trough locations as defined by Figure 5 have
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N
Figure 5: Spectra of pressure fields at the leading-edge trough and peak spanwise

locations (Probe 1,and Prébe 2; respectively), non-dimensionalized to thickness T,
for different undulation,wavelengths. Amplitude spectral density units based on non-
dimensional pressure coefficient are C,,/ f*.

one distinct peak for all whisker models which coincide with their unsteady lift signal
presented«in Figure/4. However, in the highest wavelength model, different spanwise
locations,show distinct peak shedding frequencies of f* = 0.151 in trough regions and
f71=0.22 for geometric peak regions which constitute both peaks observed in Figure 4.

While Figure 5 demonstrates the presence of spatially dependent shedding
frequency as a function of wavelength, it does not display information about vortex

shedding phase, computed as the argument of the complex Fourier coefficients. For
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03 Probe 1
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Figure 6: Time-resolved pressure coefficient C), from probe points,in the center wake of
adjacent undulation periods for three wavelength values:

wavelengths of A < 2, the phase angle of the vortex.shedding is constant across the
z-axis location. However, as shown in the pressurg probe’ data in Figure 6, there is a
spanwise variation in the phase angle with respect to z-location corresponding to the
timing of vortex shedding for larger wavelength models. For A = 3.43, the phase angle
between two consective trough probes‘is,approximately 180°. This indicates that the
vortex structures are alternating; or have a two-wavelength periodic pattern. In contrast
at A = 5, there is no phase difference. At the largest values A = 6.86, there is a small but
non-zero phase difference betw;n consecutive geometry trough probes. The presence of
shedding phase differences motivates a closer look at three-dimensionality in the flow to

understand the implications of these frequency and phase variations on resulting fluid

forces.

3.2. Three-dimensional Vortex Wake Structure

Dué to the surface undulations, the whisker geometry has a cross section that varies
significantly with respect to spanwise location. This spatial variation has important
implications in the total force and shedding frequency of the whisker model. Figure 7

compares the fluctuating lift coefficient, normalized by the RMS value, for three
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wavelength models. The spanwise position for each model is defined on the horizontal
axis and convective time on the vertical axis. The color limits and gradients between
plots highlight the variation of forces with respect to time and spanwise locationzelative
to the time-averaged RMS lift coefficient. Although not shown, thesellipse:model and
wavelengths A = 1 and 2 display oscillations of nearly constant magnitude across their
span contributing to larger oscillating forces. In contrast, Wavelengal A = 3.43 and
above demonstrate variation across the span. While these three, models experienced
similar reduction in magnitude of forces, the shedding@patternwith respect to spanwise
location has a non-uniform progression with increasing wavelength.

Borrowing terminology from Bearman & Tombazis who made similar observations
using their wavy model [24], the sheddingibehavioriseen at these wavelength values
can be described in terms of similar cell-based ‘modes but which evolve differently
with trends in wavelength from their study of trailing edge undulations. Wavelength
A = 3.43 demonstrates a two-cellbantisymmetric shedding mode across two undulation
wavelengths. Here, two distinet vortical structures shed with equal frequency but from
opposite sides while sepa,rated\in span which represents a marked departure from the
fully-connected structures of the'smaller wavelengths and smooth geometries. For A =5
these structures are instead shed in tandem while still dislocated about the center
similar to a two-cell, symmetric mode. Finally, A = 6.86 demonstrates a three-cell
antisymmetric shedding mode with alternating regions of differing shedding frequency.
Higher frequenéy shedding aligns with undulation peaks in the chord direction, while
lower frequeney oscillations occur in the trough regions. At regular intervals, these
distinet_shedding frequencies appear in-phase where they represent span-symmetric

rollerstype vortices, or out of phase showing an alternating shedding behavior similar to

the A = 3.43 case.
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Figure 7: Spatiotemporal plots of normalized lift coefficient for 30 simulation time units
for wavelengths of A = 3.43, 5, and 6.86 scaled horizontally by geometry length.

Next, the mechanism responsible for thesesforcesnis investigated by examining
isosurfaces of Q-criterion at () = 0.5. The observed phas; difference in peak shedding
frequencies manifests here by the timing of vertex formation. Closely mirroring results
of prior literature, small wavelength models A = 1 and A = 2 (not shown) demonstrate
little difference in shedding pattern with zespect to spanwise location as consecutive
undulations shed in tandem, primarily producing long, connected “roller” type vortices
reminiscent of the canonical vortex streets found trailing circular or elliptical cylinders
at low Reynolds numbers [9)¢ For wavelength A = 3.43, “horseshoe” vortices from the
top and bottom of the whisker in an alternating pattern along the span and are out
of phase by nearly 180° between peak and trough locations [9, 3]. As a result of this
phase difference, pressure oscillations responsible for peak shedding frequencies occur
in oppositesdirections at approximately the same time as the low-pressure centers of
vortices act on the surface. This indicates that beyond a critical wavelength value,
sufficient spanwise transport is induced to cause an apparent dislocation of vortex
structures with respect to each undulation period. This effect is shown from a top-

down perspective in the top row of Figure 8 for a full period of vortex shedding. This

phenomenon leads to a breakup of the previously observed long, connected vortex street
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shedding pattern which has been observed in literature. These structures also ¢orrelate
directly with patterns in previous plots of spanwise forcing behavior shewn in Figure 7.

Wavelength A\ = 5 shows similarly dislocated vortices about the trailing edge
geometric peak. However, vortex shedding periods with respect to spacey though divided
along the span, are now aligned in phase. At the largest wavelengthhaA = 6.86, tandem
and alternating shedding patterns are both present as a function ef the r;ultiple spanwise
shedding frequencies present at this wavelength. The final row of Figure 8 shows one full
period of the dominant shedding frequency followingsthe. trailing edge trough regions
which are separated by regions of a higher shedding, frequency corresponding to the
secondary peak shown in Figure 4. The interaction of thesé two shedding regions is also
evident in a small tertiary peak frequency equal to the sum of the two previous peaks.

Evidence suggests that the alternating,spanwise shedding behavior is not the
primary cause of reduced force magnitude for drag and root mean square lift. Instead,
the shedding frequency behavior is one aspect of an ensemble of effects contributing to
the observed change in forces ‘and shedding frequency. A more likely mechanism for the
largest reduction of forces is the\formation of horseshoe vortices and the modification of

the magnitude and location ofturbulent kinetic energy production and dissipation as

recently investigated by Lyons et al. [12].

4. Conclusions

In this work, flow around five bioinspired undulated cylinder geometries, varying only in
wawelength, is analyzed through measuring unsteady forces, computing lift and pressure
spectragand identifying vortex patterns from direct numerical simulation data. Of the
wavelengths simulated, lift forces reach a minimum at A = 3.43, and remain suppressed

as wavelength increases up to A = 6.86. The RMS lift fluctuations are 96.2% lower than
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Figure 8: One period (T') of vortex shedding for wavelengths A = 3.43,5, and 6.86 case
at low Reynolds number plotted by isosurfaces of Q-criterion at () = 0.5. Red and blue
coloring represent positive and negativesz-vorticity, respectively.

the smooth ellipse of the same aspect ratio, and 92.4% lower than undulations with
wavelength of A = 2. In addition to lower amplitudes, the peak shedding frequency is
reduced between the A =2 and\)\ =3.43 models. Wavelengths A = 3.43 and A = 5 both
demonstrate similar elear Stipeaks between f* = 0.145 and 0.151. At A = 6.86, the
increasingly gentle curvatureof the lengthened undulations gives rise to second peak at
a higher frequency of f* = 0.22.

Changes. in reduced frequency are accompanied by changes in vortex shedding
patterns. Wavelengths A = 2 and lower demonstrate constant phase as a function
of spanwiselocation typical of two-dimensional vortex shedding on a smooth cylinder.
Wavelengths \ > 3.43 are highly three-dimensional and exhibit different modes of vortex
shedding that are prevalent in the unsteady force and pressure data. At \ = 3.43,
vortices form a two-cell antisymmetric mode. In this pattern, single disconnected

horseshoe vortices are shed in an alternating pattern across the span, which is visualized
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by isosurfaces of Q-criterion and demonstrated by pressure probes in the wake. For
wavelength A = 5, the structure of shed vortices is similar to thatyof \ =,3.43,
however adjacent wavelengths shed vortices in tandem, forming a two<cell symmetric
shedding mode. The longest wavelength model of A = 6.86 demonstrates a three-
cell antisymmetric mode with shedding in distinct cell regions.,comprising of both
primary shedding frequencies observed for this geometry. Pressure pgbes at adjacent
wavelengths demonstrate a small phase angle difference, and the interaction of the
two shedding frequencies is visible in the intracycle #ariation.ifi spanwise forces and
isosurfaces of Q-criterion.

Despite the variety of vortex shedding modes/for A*> 3.43 wavelengths, all are
accompanied by a strong suppression of fluctuating lift forces, with a decreased between
86-96% compared to a smooth ellipse. The observed effects of undulation wavelength
provide both perspective on the mechanism of force reduction using this geometry
as well as insights on how shedding frequency can be altered and managed through
controlling wavelength. The presence of multiple shedding patterns and phase variation
within the longer Wavelengths\where oscillating force suppression is present suggests
that the primary means of reducing unsteady forces does not result from alternating
shedding pattern jeffectsibut does accompany them in ensemble with other important
factors. As a praectical consideration for the field of bioinspired passive flow control and
VIV reduction using whisker-inspired geometry, characterization of wavelength-induced

shedding frequency may influence design and act as a basis for future study including

fluid structure interaction or optimization of wavelength for particular applications.
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Appendix A. Reynolds Number Effects

The frequency and amplitude of lift oscillations are dependent on flow conditions,
including Reynolds number. However, the,overall trends in the reduction of forces
and influence of shedding frequency are shown to persist for these specific wavelength
models at Re = 500. While in¢reasing,Reynolds number results in more turbulent flow
behavior, root mean squaré liftscoefficient and reduced frequency behave similarly in
this regime showing an ordér of magnitude decrease in lift forces. Conversely, at this
Reynolds number there is'an upward shift in shedding frequency as wavelength increase
beyond A = 3.43:

Accompanying the modification to peak f*, the entire frequency spectrum for all
wavelengths undergo changes at higher Reynolds number. An anticipated increase in
mixing. for this/regime results in less coherent peaks for all wavelengths as shown in
Figure A1l.; The most significant change occurs for A = 3.43 where the entire spectrum
shows a radically different structure. At this wavelength, low-frequency noise disrupts
the periodic vortex shedding and produces a near-monotonically decreasing spectrum

with only a faint peak near f* = 0.18. At the two largest wavelengths, noticeable peak
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Figure A1l: Spectrum of unsteady lift forcing for wavelengths for cases at Re = 500 with
baseline ellipse geometry underlaid in gray. The frequency spectra for all wavelengths
undergo some manner of shiftrat higher Reynolds number, though A = 3.43 experiences
the greatest change. Here, periodig vortex shedding is eschewed in favor of low-frequency
noise with a near-monetonically decreasing spectrum.

frequencies appear once more and the two peaks observed for A = 6.86 are attributed
to bimodalityfin shedding with respect to spanwise location remain.

In the longest undulation wavelength simulated, the three-dimensional alternating
vortices are still present but suppressed while the two-dimensional tandem vortices are
not. Thisstandem mode overtakes the first shedding mode for the peak frequency.
Beyondithe scope of this paper, the flow response at order of magnitude larger Reynolds
number regimes remains an open question with important implications for the behavior

of flow sensors in conditions other than those ideal for actual seal whiskers.
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