Bioinspiration & Biomimetics

PAPER You may also like
Multicolor dye-based flow structure visualization Et—w s Lo
. . .SII'IQ .ore— cale an ore-Networl
for seal-whl.slfer geometry characterized by o g bk St
Computer vision Alex Jarauta et al.

- Rayleigh—Taylor mixing: direct numerical
simulation and implicit large eddy
To cite this article: Ondrej Fercak et al 2024 Bioinspir. Biomim. 19 016004 simulation
David L Youngs

- Statistics of the Navier—Stokes-alpha-beta
reqgularization model for fluid turbulence
Denis F Hinz, Tae-Yeon Kim and Eliot
View the article online for updates and enhancements. Fried

This content was downloaded from IP address 131.252.68.17 on 26/01/2024 at 16:21


https://doi.org/10.1088/1748-3190/ad0aa8
/article/10.1149/1945-7111/ac03f2
/article/10.1149/1945-7111/ac03f2
/article/10.1149/1945-7111/ac03f2
/article/10.1149/1945-7111/ac03f2
/article/10.1088/1402-4896/aa732b
/article/10.1088/1402-4896/aa732b
/article/10.1088/1402-4896/aa732b
/article/10.1088/1751-8113/47/5/055501
/article/10.1088/1751-8113/47/5/055501

I0P Publishing

@ CrossMark

RECEIVED
28 July 2023

REVISED
16 October 2023

ACCEPTED FOR PUBLICATION
8 November 2023

PUBLISHED
17 November 2023

Bioinspir. Biomim. 19 (2024) 016004

Bioinspiration & Biomimetics

PAPER

https://doi.org/10.1088/1748-3190/ad0aa8

Multicolor dye-based flow structure visualization for seal-whisker
geometry characterized by computer vision

Ondrej Fertak " (), Kathleen M Lyons’
and Jennifer A Franck’
1

[SSINY

* Author to whom any correspondence should be addressed.

E-mail: ofercak@pdx.edu

, Christin T Murphy’, Kristina M Kamensky’, Rail Bayoan Cal'

Department of Mechanical & Materials Engineering, Portland State University, Portland, OR, United States of America
Department of Engineering Physics, University of Wisconsin-Madison, Madison, W1, United States of America
Naval Undersea Warfare Center Division Newport, Newport, RI, United States of America

Keywords: pinniped vibrissae, dye-visualization, vortex tracking, computer vision

Supplementary material for this article is available online

Abstract

Pinniped vibrissae possess a unique and complex three-dimensional topography, which has
beneficial fluid flow characteristics such as substantial reductions in drag, lift, and vortex induced
vibration. To understand and leverage these effects, the downstream vortex dynamics must be
studied. Dye visualization is a traditional qualitative method of capturing these downstream
effects, specifically in comparative biological investigations where complex equipment can be
prohibitive. High-fidelity numerical simulations or experimental particle image velocimetry are
commonplace for quantitative high-resolution flow measurements, but are computationally
expensive, require costly equipment, and can have limited measurement windows. This study
establishes a method for extracting quantitative data from standard dye visualization experiments
on seal whisker geometries by leveraging novel but intuitive computer vision techniques, which
maintain simplicity and an advantageous large experimental viewing window while automating
the extraction of vortex frequency, position, and advection. Results are compared to direct
numerical simulation (DNS) data for comparable geometries. Power spectra and Strouhal

numbers show consistent behavior between methods for a Reynolds number of 500, with minima
at the canonical geometry wavelength of 3.43 and a peak frequency of 0.2 for a Reynolds number of
250. The vortex tracking reveals a clear increase in velocity from roll-up to 3.5 whisker diameters
downstream, with a strong overlap with the DNS data but shows steady results beyond the limited
DNS window. This investigation provides insight into a valuable bio-inspired engineering model

while advancing an analytical methodology that can readily be applied to a broad range of

comparative biological studies.

1. Introduction

The vibrissae (whiskers) of harbor seals, and most
other phocid seal species, are comprised of a pattern
of complex three-dimensional undulations which are
unique to this group. These undulated contours
provide beneficial fluid flow characteristics including
substantial drag reduction, oscillating lift force reduc-
tion, and shifting vortex-shedding to lower frequen-
cies when compared to smooth profiles [1-4]. The
geometric parameters that describe this topography,
and the effect they have on flow properties, however,

© 2023 IOP Publishing Ltd

have only recently started to be examined. These stud-
ies are mostly comprised of qualitative analog (experi-
mental), or quantitative digital (numerical), method-
ologies with little to no overlap [3, 5-7]. The present
study introduces a hybrid method, which is demon-
strated by combining a qualitative dye-visualization
experiment with open-source computer vision (CV)
techniques, to digitally characterize and quantify flow
response over the bio-inspired undulated profiles.
Fluid flow visualizations have relied on human
vision for qualitative analysis of water, dye, or smoke
flow behavior since the 1400’s [8]. This approach
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has fallen out of favor with the rise of compu-
tational power and highly specialized experimental
equipment. For example, particle image velocimetry
(PIV) and computational fluid dynamics (CFDs), can
provide extremely detailed quantitative information
about the fluid flow far beyond human visual abil-
ity. However, PIV requires extensive training, time-
consuming setup, and high cost and the increased
fidelity of CFD, such as large eddy simulations and
direct numerical simulations (DNSs), still have high
computational cost and, therefore, require high per-
formance computing systems. On the other hand,
dye is still used reliably for fluid visualizations, spe-
cifically in comparative biological investigations, like
the work of Gilpin et al [9] who used long exposure
dye visualization with a novel open-source software
to look at microfluidic structures of starfish larvae
[10—14]. Dye has also been used in combination with
PIV, simulations, or machine learning such as Raissi
et al [15] who trained a deep-learning framework to
recognize velocity and pressure fields from dye and
smoke experimental studies [16—-18].

The methodology used to characterize the flow
response over the pinniped geometry in this study fills
a gap between classic dye experimentation and com-
putationally expensive simulations, PIV, or a com-
bination thereof by leveraging readily available, lean,
open-source CV software. This approach is used in
parallel with DNS data for analysis and methodolo-
gical comparison where applicable.

Research into vibrissae-inspired profiles is relat-
ively new, but investigations into sinusoidal, wavy,
or undulated bluff-bodies utilizing visually inspec-
ted photographs, time-exposure photography, and
dye visualization have provided insight of potential
benefits [19-21]. Some care must be taken when ana-
lyzing dye visualized flows since the dye motion can
differ from the underlying flow [22, 23]. Nevertheless,
dye is invaluable when cost, safety, time, and equip-
ment are prohibitive. Further, the use of multiple
dye-colors is a distinct advantage that comparable
CFD results have difficulty implementing. The use of
multi-color dye has been exploited by researchers to
visualize a wide variety of flows [24—27]. Beyond bio-
logical studies, aeronautical research often employs
the use of multiple dye colors to visualize distinct
streak-lines and vortical structures [28-30].

The current work characterizes the effect of
seal whisker geometry on coherent vortex structures
and proposes several quantitative analysis methods
using CV techniques from multi-color dye-based
flow videos. First, the whisker-inspired geometries
are defined, and details of the computational and
experimental setups are presented in the experimental
methods section. Then, the quantitative methods
are outlined in the data analysis techniques subsec-
tions: color segmentation, Lagrangian vortex track-
ing, and background subtraction. Flow parameters
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of seal whisker topography and wavelength modific-
ations are investigated in the results section using the
dye visualization, CV, and CFD methods. The conclu-
sions section includes context and discussion.

2. Experimental methods

2.1. Model definition

The baseline undulated elliptical geometry is defined
by seven geometric parameter values based on the
work of Hanke et al [1]. The geometric paramet-
ers have been redefined and nondimensionalized
such that they are independent from one another as
detailed in the work by Lyons et al [5] and are sum-
marized in figure 1.

Borrowing from aerodynamic terminology, the
chord C is the width of the undulated cylinder model
in the streamwise direction (x-coordinate) and the
thickness T is the width of the model in the trans-
verse direction (y-coordinate) (figure 1(d)). The geo-
metry contains two spanwise undulations, one each
in chord and thickness, with their own amplitude, A¢
and Ar respectively. Both amplitude terms, as well as
the periodicity of the geometry, which is governed by
the wavelength ), are normalized by thickness T.

Five whisker geometries are shown in figure 1;
a baseline whisker geometry based on Hanke et al
three additional models with wavelengths varying
from the baseline, and an elliptical cylinder with no
undulations. All other wavelength models share the
same normalized values of AC=0.23, AT =0.09,
and T = 1.00 with only the value of A changing. The
elliptical cylinder has an equivalent aspect ratio of the
baseline whisker but no undulation.

To quantify and discuss the results, the response
of the flow over the undulated cylinder models is
nondimensionalized with respect to the freestream
velocity, s, and the mean hydraulic diameter, Dy,
The hydraulic diameter for the ellipse is 1.28 and Dy,
increases (1.27, 1.27, 1.28, and 1.32) along with the
respective A values (1.00, 2.00, 3.43, and 6.87) visual-
ized in figure 1.

Given the variation in diameter, D}, is calculated
using the mean cross-sectional area and perimeter, in
the same manner as Witte et al 2], among others [31,
32]. Thus, the Reynolds number is defined as,

_ UooDh
o 14

Re (1)
where v is the kinematic viscosity of the fluid. The
nondimensional time scales of vortex shedding can be
characterized by a reduced frequency,

«_ IDu

= 2
f = )
where the Strouhal number, St, is defined in this con-
text to be the strongest peak of the force frequency

spectra.
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Figure 1. Top and side views of investigated models including smooth ellipse and undulated cylinder geometries with four unique
wavelength, A values, which govern the periodicity. The model corresponding to A = 3.43 most closely matches the average
measurements obtained from harbor seal whiskers and shows the remaining nondimensionalized parameters that define the seal
whisker topography, where C is the average chord length and T is the average thickness. Undulation amplitudes along the chord

length and thickness are given by Ac and Ar, respectively.
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Figure 2. Dye probes release blue and red dye: (a) top view of two spanwise testing locations for each model, leading edge crest
and leading edge valley. (b) Experimental view of two nozzles releasing blue and red dye.

D el —

2.2. Dye visualization setup

The water tunnel in the affiliated lab space is an
open channel, 5689 1 (1503 gal) recirculating system
manufactured by Engineering Laboratory Design.
The test section measures 225 cm (L) X 45 cm
(W) x 45 cm (H) and is fitted with optical glass.
Volumetric flowrates between 0.6075 and 465.751s ™!
and flow velocities between 0.003 and 2.3 ms™! are
achievable.

Scale models with a mean chord length, C, of
1.32 cm, mean thickness, T, of 0.69 cm, and varying
wavelength, ), are created in clear acrylic resin using a
stereolithography 3D printer. Each model is mounted
horizontally in the tunnel within the first 50 cm of the
test section from struts fixed to the rails at the top of
the tunnel. After the model has been installed in the
tunnel, coarse and fine adjustment in the vertical and
lateral directions can be achieved at several locations
in the fixtures for both the model and dye nozzles.

Red and blue dye are stored in two dye wells above
the water tunnel. The dye is gravity fed and continu-
ously released upstream of the model by two nozzles,
blue above the center of the cylinder and red below
the center of the cylinder, as shown in figure 2. The
composition of the dye is as follows: for every 10 ml
of water, one drop each of food coloring and isop-
ropyl alcohol is used. The isopropyl alcohol helps to

counteract the increase of density of the added food
coloring in order to achieve the same density of water
to provide accurate flow visualization. The hydro-
static pressure at the dye outlet is adjusted by modify-
ing the mounting height of the wells above the water
tunnel. The dye flow is further adjusted by a needle
valve attached to each dye well. Thelocation and angle
of the dye ports can impact the dye trajectory, thus
considerable effort is made to ensure the dye colors
advect along the boundary layer. The dye port meas-
ures 0.159 cm in diameter and is carefully selected to
achieve the necessary dye volumetric flowrate while
minimizing flow disturbance.

For each geometry tested, the temperature of
the water and the pump speed are measured and
recorded. A Canon EOS 80D camera and Photron
FASTCAM Mini high-speed camera are used to
record video imaging of the dye in the flow over
each model and in the near wake region. Each exper-
imental video consists of 5K frames in total, a resolu-
tion of 1024 x 512, and a frame rate of 30 frames per
second (fps). A typical vortex shedding cycle occurs
over 100 frames (e.g. A =3.43, Re = 500). While the
CV algorithm itself is not affected by the number of
frames per cycle, it is preferable to have more than
a minimum of 20-30 frames for a typical camera
setup. Fewer frames may not be enough to smoothly
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Figure 3. The color segmentation process includes an input image whose color range is binned into a specified number of RGB
color ranges using K-means color quantization. The colors are then used to create any number of user defined masks, which are
then used on the original image to extract the desired color. Shown here is A = 6.87, Re = 250, at a peak position.

resolve velocity and acceleration components for vor-
tex advection. A grid poster with known dimensions
of 2.5x 2.5 cm is mounted to the outer backside
of the test section to allow for image pixel scaling
and help with fixture alignment. Velocity calibration
is completed by the manufacturer from the factory
using laser Doppler velocimetry. Local velocity is con-
firmed by highly repeatable timed dye tracking over
the test section length of 1.5 m.

Dye visualization data are collected for the
baseline model and the three modified configura-
tions, A = 1.00, 2.00, 3.43, and 6.87. Each of the mod-
els in the current study is observed at two flow speeds.
The low speed is equivalent to Re = 215-250 and are
referred to as Re = 250 throughout the text as flow
variations within this Re range are negligible. Data is
also recorded at a second, higher speed flow, approx-
imately equivalent to Re = 500. Because the model
geometry varies significantly along its span, two span-
wise locations are recorded for each configuration.
The first recording is taken when the dye is incident
on a leading-edge crest and the second is taken when
the dye is incident on a leading edge valley. All con-
figurations are tested at zero angle-of-attack with the
oncoming flow.

2.3. Data analysis techniques: color segmentation

The dye visualization videos are analyzed frame-by-
frame with standard CV methods using an open-
source image processing library (OpenCV) in the
Python programming language [33]. The meth-
ods discussed, however, can easily be implemented

via similar libraries in a variety of programming
languages.

In order to extract as much relevant data as pos-
sible from the images, the primary step in analysis
requires either distinguishing the flow in question
from the stationary background (background sub-
traction), or distinguishing the individual dye-colors
from each other (color detection), or a combina-
tion of both. In this section, accessible and robust
color segmentation methods are discussed, and back-
ground subtraction is discussed in the next section.

The concept of isolating red, blue, and green
(RGB) pixel intensities (0-255) is relatively simple.
However, this task can be fraught with frustration
since real world, or experimental, images have a broad
range of pixel intensities and overlap, making it dif-
ficult to isolate colors in a clean and efficient man-
ner. Human vision is excellent at detecting colors in
an image, partly because the distinctions can be com-
partmentalized, while a computer algorithm treats
each pixel as a distinct color. To simulate human
interpretation more closely, the colors that are rep-
resented in the image are reduced, or clustered, to a
chosen total number of colors. This is achieved with a
K-means color quantization summarized in figure 3.

First, the input image, or video frame, is loaded
into the software in order to generate a mask for
color segmentation. The example used in figure 3,
is that of A =6.87, Re =250, at a peak position.
The K-means parameters, including the number of
clusters k, termination criteria ¢, and optional initial-
ization criteria, are then input to initialize the color
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(a) (b)

(d)

(c)

Figure 4. Vortex identification process: (a) the original image snapshot. (b) Red dye segmentation. (c) Blue dye segmentation.
(d) The original image snapshot with vortices highlighted. (e) Red segmentation after erosion and dilation. Green highlights the
border of remaining structures, and red shows an enclosing circle satisfying the input criteria. (f) Blue segmentation showing
process described in e. (g) The original image snapshot with vortices highlighted and inter-vortex distances displayed. (h) Red
segmentation showing only the remaining structures and distances. (i) Blue segmentation showing process described in h.

quantization. The number of clusters is dependent on
the image to be processed and requires some initial
testing. Typical values range from x = 8-15. The K-
means algorithm is an iterative algorithm and the ter-
mination criteria ¢ may be software dependent but
is typically specified as the accuracy of the desired
result (i.e. the convergence value of successive itera-
tions). If the change between iterations is less than
€, the algorithm will terminate. Other termination
parameters can include a maximum iteration (in the
case of no convergence) and initialization parameters.
This study used x = 12 clusters, an accuracy termina-
tion criterion € of 0.05, a max iteration criterion of 30,
and a center initialization technique based on Arthur
etal [34]. Typical applications can use default termin-
ation criteria if included with the respective software
library since their changes will be minimal compared
to changes in x = 8-15. Default criteria, for example,
can range between ¢ of 0.1-1.0, a maximum iteration
criterion of 10-50, and a random center initialization
technique.

Once the RGB values are calculated for each of the
clusters (e.g. k = 12), they can be used for color seg-
mentation as the user chooses. For this study, three
separate hues were chosen for both blue and red dye
colors as seen in figure 3. These hue choices are then
used to generate masks for the blue and red dyes from
the clustered image. The masks are then used on the
original image to extract the full range of colors that
make up the hues in question. Since the distances in
the image are inherently in pixels, a reference, or cal-
ibration, image needs to be taken with an object of
known size to establish proper scaling, which is cal-
culated at 0.185 cm/pixel for this study. These extrac-
ted colors can now be used for further analysis with
respect to shape, size, distance, or motion of the spe-
cified dye.

2.4. Data analysis techniques: Lagrangian vortex
tracking

When coherent structures such as vortices are vis-
ible in the isolated dye-color images, it is possible to

track these structures in a time series of images, mak-
ing it possible to retrieve a simple Lagrangian track-
ing algorithm. For this to be effective, it is import-
ant to establish a flow that is not overly diffuse and
shows structure coherence in the region of interest.
In other words, if the dyed vortices are not distinct
enough from the background, obscured, or missing
such as in figure 3, they cannot be calculated from
flow field vector data such as PIV, even if present.
The vortices themselves need to be distinct for CV to
identify them to obtain the benefits outlined in the
methodology of this study. For similar reasons, this
study uses the canonical A = 3.43 cylinder at Re = 500
for vortex tracking.

For each dye color, the images are first converted
to a binary (0 or 255) image for ease of calculations,
and a combination of morphological image trans-
formations are used, specifically erosion and dilation,
for vortex identification. A 3 x 3 pixel kernel is used as
a structuring element to implement 2D convolution
for the following operations. Erosion removes noise
in the image and any bordering pixels unbounded by
like pixels, effectively shrinking the structures in the
image leaving only the dominant ones. Dilation, the
inverse to erosion, is then used to make the dominant
structures more robust for further analysis. The sur-
viving structures are fitted with a minimum enclos-
ing circle, which is the smallest circle into which the
structure shape can fit and is usually tangent to the
structure at several points. This circle can now be used
to quantify the roundness, size, and position of each
structure as seen in figure 4.

To minimize outliers during vortex identification,
a few reasonable assumptions are used to further filter
the structures. These assumptions are parameterized
to include each structure’s maximum size, minimum
size, and roundness. Since there is no machine learn-
ing involved in the algorithm, these limits are required
in lieu of a more intensive training data set. The max-
imum and minimum sizes are estimated from ini-
tial test images where vortical scales can be visualized,
where the minimum size should be large enough as to
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avoid pixel scale noise (e.g. small dots versus vortices)
and the maximum size should be small enough to
avoid identification of simultaneous vortices or large-
scale dye advection (e.g. large sections of the image).
The roundness can easily be estimated by a ratio of
areas between the minimum enclosing circle and the
structure itself. The closer the ratio is to one, the
more round the structure and, therefore, more likely
to contain a vortex. These parameters need to be fine-
tuned by the user but are intuitive and easy to imple-
ment due to the immediate visual feedback. Once
the algorithm is established, the minimum enclosing
circle centers can be used to quantify vortex position
and identification.

2.5. Data analysis techniques: background
subtraction

A complimentary method for extracting dye motion
from image frames is background subtraction and
is illustrated on a subset of dye data in this study.
The input frames (Vi,) are initially brightened (Vy)
using inverse gamma correction of the form Vo =
Vlln/ ? seen in figure 5(a). To differentiate the dye from
the background, each frame is compared with previ-
ous frames to establish changing and stationary por-
tions of the image.

The algorithm implemented in this study util-
izes an improved adaptive mixture of Gaussians based
model as described by Zivkovic et al [35, 36]. The
resulting frames show only the dye motion and are
converted, where the resulting mask pixel values are
black (0) for stationary pixels and white (255) for
pixel motion similar to the previous masks (figure 5).
The mask pixels known to be outside of the dye wake
are forced to black to avoid outlier noise. Any sin-
gular pixel outliers are removed through a median
blur, which is a 2D convolution with a 7 x 7 ker-
nel used to replace a pixel value with a median
value.

The masks are then used to calculate frequency
spectra by using the vertical motion along the
upper and lower edges of the dye. Vertical pixel
motion is collected at eight fixed horizontal loca-
tions spaced relative to the whisker center, which
is indicated by the white line in figure 5. Four loc-
ations are used to capture the upper edge of the
wake (red) and four for the lower edge (blue).
The eight locations are spaced asymmetrically to
prevent wavelength synchronization. The upper
probes are placed at x/Dy, values of 4.41, 5.20, 6.37,
and 8.33 while the lower probes are positioned
at 4.45, 5.28, 6.62, and 8.82.

Any outliers or missing positional data are
replaced with their preceding values. The power spec-
tral density (PSD) is then calculated using Welch’s
method using a Hann window size of two-thirds of
the data length, a two-thirds overlap, and 10K zero-
padding [37]. The eight data sets are then averaged
together and peak frequencies above thresholds of 0.1

6
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Figure 5. Frequency analysis process: (a) image
initialization with brightness optimization, assignment of a
streamwise cylinder-centered datum (white line), and mask
creation. (b) Mask with red and blue line probes to capture
upper and lower dye motion.

and 0.35 for Re = 250 and Re = 500 are documented,
respectively.

2.6. Direct numerical simulations

The CV analysis is compared to the DNSs per-
formed by Lyons et al [38]. The computations
simulate the flow field around the six geometric
models investigated, by solving the incompressible
Navier—Stokes equations using the open-source soft-
ware OpenFOAM [39]. Full details on the numer-
ical schemes, mesh resolution, and validation are
provided in references Lyons et al [38] and Yuasa et al
[40] but are summarized here in brevity.

A three-dimensional two-wavelength spanwise
periodic computational domain is utilized, simulat-
ing an infinite span whisker profile, and neglect-
ing any tip effects. The mesh generation process of
Yuasa et al [40] maintains a structured body-fitted
mesh for the precise undulation geometry. The total
mesh size is 4.14M cells for the baseline model, and
decreases/increases with respect to wavelength due to
the variation in total span across the various mod-
els. The results have been previously validated against
prior whisker simulation data using the mean drag
and RMS lift forces.

3. Results

3.1. Qualitative observations of dye visualization

Before discussing CV analysis, the flow is qualitat-
ively observed with respect to the two independent
variables, Reynolds number Re and wavelength A, to
establish overall trends. Regardless of the geometric
whisker model, several differences are apparent when
comparing dye traces at different Reynolds numbers.
At the lower Re = 250, the dye forms shear layers that
oscillate in the y-direction as they move downstream.
These layers remain largely connected forming wavy
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Figure 6. Time progression of flow over the A = 3.43 model behind the crest location: (a) dye traces form oscillating shear layers
at Re = 250. (b) At Re = 500, dye traces detach and roll up into more coherent vortices before diffusing and dissipating into

chaotic structures downstream, marked with boxes and arrow respectively. Frames are chosen to capture a single shedding cycle,
therefore time between frames approximately twice as long for Re = 250 as for Re = 500.

0.35
% sim. crest * exp. crest
O sim. valley O exp. valley
0.3+
&n 0.254
@ 0254 o
U
[ ]
o
c +
0.2} e
®

0.15

0 1 2 3 4 5 6

-
AT

(a) Rre=250

0.35
x
0.3
®
e
& 0.25 o
*
e 8
0.2
0.15
01 2 3 4 5 6 7
NT
(b) Re= 500

Figure 7. Comparison between calculated shedding frequencies from simulation and those computed from dye visualization
video analysis shows a consistent downward trend of St with respect to A up to A = 3.43, the nominal seal whisker wavelength.
The spanwise differences for the A = 6.87 model are captured within simulation results but are unresolved by the dye visualization

analysis.

filaments in the wake as shown in figures 6(a) and 3.
These wavy filaments are likely evidence of hairpin
vortices, which are more prominently identified from
the y—z plane, and are identified in the computational
work of Liu et al among others [1, 6, 38].

At the higher Re = 500, the dye traces in the shear
layers roll up and detach into more coherent vor-
tices seen boxed in last panel of figure 6(b). A trend
of detached structures is consistent across geomet-
ric models even though many of the flow patterns
diverge from a typical von Kérman vortex street. In
the downstream region of the high Re cases, more
chaotic structures are visible such as those near the
arrow also shown in figure 6(b), indicating increased
turbulent fluctuations. Similar development of tur-
bulent structures has been noted in dye visualization
of flow over smooth circular cylinders, which trans-
ition to a turbulent wake [19].

3.2. Automated extraction of shedding frequency
Previous dye experiments could only provide a single
shedding frequency calculated by manual vortex

counting, but with the use of CV analysis, a more
resolved shedding spectrum is extracted from the
unsteady phenomena. Although dye visualization can
provide diagnostic cues for assessing the forces on the
body, such as formation length and development of
turbulent structures, drag and lift force calculations
can only be determined through the inclusion of addi-
tional experimental sensors or numerical simulation
and are thus not included here. A full discussion of lift
and drag is detailed in Lyons et al [38].

Using the background subtraction methods
described in the data analysis techniques subsec-
tion, background subtraction, unsteady flow patterns
are quantified through analysis of the dye streaks.
Images at both the geometric crest and valley whisker
cross-sections are analyzed for all A profiles at both
Reynolds numbers. The PSD is computed for each
image sequence, then the dominant, or peak fre-
quency is non-dimensionalized as the Strouhal num-
ber (St) number and plotted in figure 7. Whisker crest
and valley data points match well with one another,
especially at low Re. At higher Reynolds number, this
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(b) Simulation Re = 500, 1 =3.43
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Figure 8. Power spectral density (PSD) for A = 3.43 share similar peak shape and location at Re = 250 for both simulation
(a) and experiment (c). At Re =500, PSD spectra follow a downward slope for both simulation (b) and experiment (d) but lack
the distinctive nature of the peaks seen at Re = 250, resulting in an imprecise selection of St values for the A = 3.43 case at

Re = 500 and the data spread seen in figure 7(b).

deviation between crest and valley is larger at the
intermediate wavelengths, A =2 and 3.43 but con-
verge again at the highest wavelength.

The global trend for the dye frequencies is a
drop in St with respect to A, consistent across both
Reynolds numbers. For comparison the DNS fre-
quency spectra is extracted from a transverse velocity
probe directly downstream of the body using the sim-
ulation data from Lyons et al [38], at the same geo-
metric crest and valley locations.

The simulations reveal a similar trend, with
the Strouhal number decreasing with respect to
wavelength. However, the decrease is more extreme
for the DNS data, ranging from St = 0.242 to St =
0.177, whereas the dye data is St =0.228 to 0.183
for low Re, while at high Re measurements, the dye
follows DNS more closely. Furthermore, the simula-
tions display a rapid decrease between A =2 and 3.43
at both Reynolds numbers, whereas the decrease in
experimental measurements is more gradual between
A=1and 3.43.

The simulation data also reveals that the valley
and crest locations produce the same dominant fre-
quency for all cases except A = 6.87. Both figures 7(a)
and (b) show the alignment of the purple markers for
A <= 3.43 and then a sudden diversion at the largest
(A =6.87) wavelength. Further inspection of the sim-
ulation data at A =6.87 reveals competing frequen-
ciesaround f* = 0.18 and 0.26 (figure 9), and both are
present at the crest and valley probes, with one slightly
stronger than another. The dye visualization calcula-
tions are not able to discern the two frequencies along
the span, and only pick up the lower of the two fre-
quencies. The simulations are able to maintain perfect
symmetry, while the dye data are affected by various
real-world factors such as model precision, deviations
in angle of attack, intermittent flow instabilities, and
background noise in the water tunnel.

The spread between dye calculated frequencies
for the A =3.43 at Re =500 and A\ =6.87 for both
Reynolds numbers are larger than observed for the
other cases. Therefore, the A = 3.43 and \ = 6.87 case
are analyzed in more detail to gain a better under-
standing of the flow. To fully compare the frequency
content contained in collected dye visualization data
for A=3.43, a PSD is calculated for the simulated
lift signal in the same manner as the dye visualiza-
tion pixel locations outlined in the background sub-
traction subsection. The PSD plots for Re = 250 in
figures 8(a) and (c) show distinct peaks near f* = 0.2
for both the simulation and experimental data. A sec-
ondary peak in the simulation results near f* = 0.35
also appears in the dye data albeit with a less distinct
and broader peak.

For Re = 500, the same geometry displays a more
complex lift spectra with broad peaks and gentle
slopes rather than steep sharp peaks as seen in
figure 8(b), and a dominant peak from the simulation
data is difficult to discern. The PSD trends for the dye
analysis are shown in 8(d) and follow a similar down-
ward slope at higher frequencies and both plots are
noticeably noisier than the Re = 250 case.

Similarly, a PSD is calculated for A=6.87 and
shown in figure 9. At Re = 250, both the simulation
(a) and experimental (c) spectra show large promin-
ent peaks at just under f* = 0.2, including the exper-
imental crest location, albeit with a reduced mag-
nitude. However, the DNS data shows a repeating pat-
tern of large peaks, decreasing in magnitude to either
side of the dominant frequency. This behaviour is
likely to produce competing frequencies such as the
one around f* = 0.27 seen in figure 9(a). The spectra
showing Re = 500 in figures 9(b) and (d) are compar-
able to the Re = 500 data in figure 8, where a more
noisy downward slope is observed. The main distinc-
tion between A =3.43 and A =6.87 is that the latter
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Figure 9. Power spectral density (PSD) for A = 6.87 share similar peak shape and location at Re = 250 for both simulation

(a) and experiment (c), but the simulation reveals additional decreasing peaks on either side at constant frequency intervals. At
Re = 500, PSD spectra follow a downward slope for both simulation (b) and experiment (d) but while the peaks for the
experiment are approximately at the Re = 250 range, the magnitudes are small and the simulation is inconsistent.
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Figure 10. Tracked vortices at position &, /Dy, and convective time, fiioo /Dy, for A = 3.43 and Re = 500. (a) Normalized dye
position snapshot. (b) Normalized dye position data. (c) Normalized DNS position snapshot (vertical lines in snapshot indicate
region of poor mesh resolution in DNS analysis). (d) Normalized DNS position.

shows more prominent and competing peaks with a
higher frequency near f* = 0.32 slightly larger than
the other peak near f* = 0.22.

3.3. Lagrangian vortex advection

To avoid reliance on user vision and automate vor-
tex identification while limiting computational cost,
the Lagrangian vortex identification and tracking
algorithm described in the data analysis techniques
subsection, Lagrangian vortex tracking is used to
track three vortices as they move through time.
Figure 10(b) shows a snapshot of the tracking res-
ults and positional data for the red dye. The choice
of dye color is arbitrary, and symmetry is assumed
for advection of the vortices visualized by the blue
dye in the streamwise direction. Vortices show slight

displacement in the vertical direction, but this mag-
nitude is negligible compared to the streamwise dis-
placement and will, therefore, be excluded from the
following analysis. Vortex 1 (figure 10) is seen form-
ing behind the whisker and vortices 2 and 3 can be
seen advecting at different rates downstream.

The position of each vortex in the streamwise, x-
direction, through time is also seen figure 10. The
x-position is non-dimensionalized by the cylinder
hydraulic diameter, Dy, and time, f, by the free-stream
velocity, u, and Dj. Vortex 1 moves a distance
of Dy &~ 0.7 downstream by 1o, /Dy, = 3.6, which is
similar to the distance covered by vortex 2. However,
vortex 2 covers more distance for the remaining time
of Dy = 1.7 versus that of Dy = 1.1 for vortex 1.
Vortex 3 on the other hand can be seen to move in
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a linear, or constant, increase in position per time for
the entire duration. Compared to vortex 1 and 2, for
the first time interval discussed (#1o, /Dy, = 3.6), vor-
tex 3 shows the largest increase in distance of D, =~ 1.1
and continues to cover a distance for the remaining
time of Dy, & 1.7, which is comparable to the tail end
of the increase in position for vortex 2.

For comparison, DNS data showing Q-criterion
structures is tracked with the same algorithm, a snap-
shot of which can be seen in figure 10(c). Q-criterion
is defined here as the second invariant of the velo-
city gradient tensor, Ou;/0x;, calculated from the vor-
ticity and rate-of-strain tensors as defined by Haller
[41]. While Q-criterion and dye are not visualizing
the same phenomena, Q-criterion is good at show-
ing vortex cores and is, therefore, a suitable quantity
to track for comparison with the dye vortices. Due to
the computational expense of DNS, the data from the
simulations is limited to the region directly behind
the whisker cross-section up to 3D downstream,
where mesh stretching begins to numerically dissip-
ate vortex structures (figure 10(d)). It should also be
noted that although the DNS is three-dimensional, a
two-dimensional slice is analyzed and thus can only
reveal motion in the streamwise direction. In con-
trast, the dye has engulfed multiple z-planes due to
the width and diffusion of the dye, many of which
are captured simultaneously by the camera image.
These differences should be noted when discrepancies
between methods are considered.

The two tracked vortices move in mostly linear
increments through time (figure 10), although the
retrieved DNS positions are much closer to the undu-
lated geometry than the dye experiment. In fact, this
is a limitation of DNS since a large computational
domain is expensive, while dye experiments are lim-
ited by camera position and flow coherence.

To investigate the motion of the vortices fur-
ther, the distance, ., between vortex 1 and vor-
tex 2 (Vortex 1-2), and between vortex 2 and 3
(Vortex 2-3) is shown in figure 11(a). The normal-
ized downstream distance x/Dj, is referenced from
the upstream vortex position from each vortex pair
and ¢, is normalized by the hydraulic diameter D,
as before. The distance between vortex 1-2 displays a
sharp increase from formation to a position of D, ~
3.5 with a power of 0.21 seen in the first black lin-
ear fit in figure 11(a). Vortex 2-3 shows the same
trend for values upstream of Dy, ~ 3.6 indicating a
cyclic vortical behavior. The distance between vor-
tex 2-3, however, becomes effectively constant from
Dy, =~ 3.6-5.2, as seen with the downstream black
linear fit in the figure, suggesting that the inter-
vortex distance is steady for downstream distances
beyond Dy, =~ 3.6.

In contrast to the dye, the DNS data is limited to
the near wake, and exhibits a much sharper increase
from Dy, ~ 1.8-2.2 than the dye results. One reason
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Figure 11. (a) Normalized vortex distances (., /Dy,) as a
function of position (x/Dj,) for A = 3.43 profile and

Re = 500. (b) Normalized vortex velocities (uw/uco) as a
function of position (x/Dj,) for A = 3.43 profile and

Re = 500.

for this disparity is likely due to the different met-
rics employed between the Eularian Q-criterion and
the Lagrangian dye tracer tracking. Another reason
may be due to the CFD representation of a two-
dimensional z-plane slice of the domain. This means
that the same Lagrangian particles are not necessarily
captured because the dye is simultaneously diffusing
through the z-planes.

From the position data, convection velocity of the
vortices can be easily computed. The vortex velocit-
ies u,,, normalized by the freestream velocity, uoo,
are expressed as a function of the normalized down-
stream position x/Dj, in figure 11(b). It can be seen
that there is a large initial disparity between vortex 1
and 2 velocities, with vortex 1 starting at u,,/ue =
0.24 while vortex 2 starts out much faster at u,, /to =
0.4. However, vortex 1 increases in velocity signific-
antly up to u,/ue 2 0.5 for Dy & 3, while vortex
2 only increases to u, /U =~ 0.6 by D, =~ 4.2 and
then levels off. This is consistent with the trend seen
in figure 11(a), where the vortex distances become
steady. More outliers are visible around this transition
point of Dy, = 3.4, while the velocity becomes more
consistent farther downstream. Vortex 3 is seen to
hold a more constant velocity throughout with minor
deviations indicating a steadier state behavior.

DNS vortex 1 starts close to zero initial velocity at
Dy, =~ 1.2 and accelerates to u,,/t, ~ 0.24 to match
the other vorticities at the same position downstream.
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There is clear overlap with DNS vortex 2 and the
experimental vortex 1 between x/Dj, of 1.4-2.4. Since
the the vortex velocities display good agreement, it is
reasonable to attribute the slow initial velocity of DNS
vortex 1 to the vortex rollup and formation above and
below the geometry cross section and that the increase
in velocity occurs once the vortex sheds, or detaches,
from the shear layers seen in the images.

4, Conclusions

Open-source and accessible CV methods are used for
analysis of flow over pinniped vibrissae-inspired geo-
metry. This study is not meant to be an exhaustive
study of CV algorithms, rather, available techniques
are highlighted to show the potential speed and reli-
ability of these methods for extraction of funda-
mental flow information from experimental images
frames. Additional algorithms can easily be adap-
ted to the specific needs of experimentalists beyond
this study. This type of analysis allows researchers to
reduce their reliance on human vision and expens-
ive computations, which fills a middle ground often
missing for experimental studies. Further specializ-
ation can include a broader range of dye tracking,
wake growth quantification, or the addition of lean
machine-learning algorithms.

The flow behavior observed in the qualitat-
ive observations of dye visualization reveals a clear
Reynolds number dependence, specifically vortex
roll-up and formation at Re =500 versus oscillat-
ing shear layer flow at Re =250 for the geometry
most closely resembling that of the pinniped vibris-
sae (A =3.43). The formation of coherent vortices
behind the cylinder followed by downstream dif-
fusion and mixing of the dye are also seen. Both
DNS and dye visualization qualitatively reveal that
the whisker topography increases spanwise flow
when compared to a smooth ellipse, even at small
wavelengths.

Further quantitative analysis is difficult, however,
without the aid of computational methods. Two dis-
tinct computational methods were employed in this
study, CV on the aforementioned dye images and
DNSs on comparable cylindrical geometries.

Shedding frequencies for both CV and DNS
methods show a consistent downward trend of the
Strouhal Number (St) as a function of A. The CV
method outlined in background subtraction subsec-
tion is in high agreement with the DNS data and more
computationally efficient for calculating the Strouhal
Number for all cases below A = 6.87. Since the wakes
of the lower lambda values have continuous bound-
ary layers present at the edges of the wake, the back-
ground subtraction method can easily find the fre-
quencies at the wake edges, which is not the case for
A =6.87, where that edge is not resolved due to dif-
fusion of the dye. This suggests that the canonical
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A = 3.43 geometry is optimal for reducing oscillatory
frequency and therefore, vibration of the cylinder.

For this optimal A =3.43 case, the full PSD is
also extracted, and the CV method produced sim-
ilar trends to that of the DNS data at a fraction of
the time. The peak frequency response for the cyl-
inders is at 0.2 for Re = 250, which is confirmed by
both methods. DNS data for the Re = 500 case trend
downward in a similar manner as the CV data and a
dominant frequency is not discernible from the DNS
data for comparison. There are peaks ranging from
0.2 to 0.4 suggesting a comparable frequency response
with Re = 250 but larger amplitude variation is also
present, so confirmation of peak response is unclear.
What is clear is that the non-dimensional wavelength
closest to biological measurements of seal whiskers
(A =3.43) exhibited a higher degree of force reduc-
tion properties when compared other A values.

Vorticity, Q-criterion, and critical-point calcula-
tions can be done via simulations but are compu-
tationally expensive. Tracking experimental dye vor-
tices using simple CV techniques can be more time
consuming than background subtraction depending
on the K-means color quantization parameters used.
However, there are several benefits of CV for this
analysis.

Counting vortices by hand in each frame is time
prohibitive and prone to human error. Tracking sep-
arate dye colors individually is not possible with DNS
and the computational domain for simulations can
also be limited, which means that resolving flow far
down stream is usually limited. For example, in this
study, the DNS data extended x/Dj;, = 5 downstream,
while the dye experiment’s field of view included up
to x/Dy, ~ 14.

The wide experimental field of view showed a
fast increase of the vortices behind the cylinder up
to the point of steady velocity. Isolating the vortices
is susceptible to error if the vortices are not coherent
enough or if the dye is too diffuse, but since the nature
of vortices is such that they are coherent, this method
is reliable and comparable to Q-criterion visualiza-
tion. A full scale Re and A comparison is, therefore,
not reasonable for all the cases, since coherent vor-
tices were not present in all cases.

For A =3.43, the region directly behind the cyl-
inder has a reduction of vortex velocity, u,,, relat-
ive to the inflow velocity u., but recovers shortly by
x/Dy =~ 6.75 where u,, becomes steady. This beha-
vior is further corroborated by the vortex spacing, d,,,
which illustrates how the downstream vortices accel-
erate in the low pressure region behind the cylinder
and catch up to each other downstream. This fast
wake recovery visualized by the vortices along with
their subsequent dissipation within a single frame,
provides additional validation of the benefits of this
undulated cylinder topography. This geometry has a
wide range of application potential including indus-
trial mixing, combustion, and chemical reactions,
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underwater marine applications where oscillation or
vibration reduction is needed, structures that require
limited wake formation, and potential improvements
to bio-inspired sensors and biomimetic underwater
vision [42-46].
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